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Preface

The formation, characterization, and application of polymer colloids, a
subject that has been extensively investigated, remains a topic of great
scientific and technological importance, rich in unexplored and far from
understood phenomena and observations. Polymer colloids represent a class
of soft matter that has enabled mature technologies including latexes
for paints and coatings, personal and home care formulations, cosmetics,
food additives, and reinforcing additives in composite materials. While
these fields continue to advance, emerging technologies such as targeted-
controlled drug delivery, medical imaging, enhanced oil recovery, and
photonics are rapidly developing. Continued advancement of the field
of polymer colloids will require: (i) new synthetic and physical-based
approaches to generating colloids with internal and external structure,
encapsulation of hydrophobic and hydrophilic cargo, hybrid and multi-
functional properties, and autonomous and triggered activity, (ii) the de-
velopment of tools for physical and chemical characterization, and (iii)
theory and simulations to enable detailed molecular-scale understanding
that will provide new insights and accelerate the finding of new structures
via machine-learning. Indeed, the field remains filled with the potential for
new advances in the formation, characterization and application of polymer
colloids.

This book was, in part, motivated by a short course organized by the
editors at the 2017 American Physical Society Annual Meeting as part of the
Division of Polymer Physics programming, aimed at providing an overview
of recent advances in the formation, characterization and application of
polymer colloids. The book is meant to both provide an update on mature
topics and introduce new ones for the seasoned soft matter scientist. Part I
of the book focuses on recent advances in polymer colloid formation in-
cluding Dow Chemical’s Bluewave Technology and Flash NanoPrecipitation.

Soft Matter Series No. 9
Polymer Colloids: Formation, Characterization and Applications
Edited by Rodney D. Priestley and Robert K. Prud’homme
r The Royal Society of Chemistry 2020
Published by the Royal Society of Chemistry, www.rsc.org
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Part II highlights recent advances in colloid characterization including
simulations, microscopy, and physical property measurements. Finally,
Part III addresses recent advances in the application of polymer colloids,
including Pickering emulsions, medical applications, and personal care. It is
our desire that this book, as part of the Soft Matter Series, will serve as a
reference to both the novice and expert in polymer colloid science, and help
inspire new fundamental insights and disruptive technologies.

Finally, we’d like to offer our sincere gratitude to our colleagues who have
contributed their expertise to this book, and for their commitment to the
creation and dissemination of new knowledge in the field of polymer colloid
science. We’d also like to acknowledge the staff of the Royal Society of
Chemistry for their support of the book. RDP gratefully acknowledges the
support of a Leverhulme Trust Visiting Professor Fellowship that allowed
him to visit Imperial College, London and co-develop this book.

Rodney D. Priestley
Robert K. Prud’homme

vi Preface
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CHAPTER 1

Development, Characterization,
and Application of Novel High
Temperature Thermoplastic
and Thermosetting Dispersions

D. L. MALOTKY, D. L. DERMODY,* D. SCHMIDT,
T. J. YOUNG AND M. KALINOWSKI

Dow Chemical Company, Michigan, USA
*Email: DLDermody@dow.com

1.1 Introduction
Dow’s HIPE (High Internal Phase Emulsion) process, also known as
BLUEWAVEt technology, has been practiced at Dow for over 20 years. It is a
process and formulation approach for creating aqueous emulsions or dis-
persions of polymers, which cannot otherwise be made via polymerization
of monomers in aqueous systems (i.e. by emulsion or suspension polymer-
ization). Examples of such polymers include polyurethanes, epoxies, poly-
olefins, silicones, polyesters, and alkyds. Advantages of this process include:

� Controlled internal phase concentration (very dilute to 495% internal
phase)

� Controlled particle or droplet size (200 nm–50 mm, although 500 nm–5 mm
is most typical)

Soft Matter Series No. 9
Polymer Colloids: Formation, Characterization and Applications
Edited by Rodney D. Priestley and Robert K. Prud’homme
r The Royal Society of Chemistry 2020
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� Minimal surfactant requirements (typically 2–6% based on internal
phase)

� Ability to process high viscosity materials (4100 000 cP)
� Solvent free

Compared to emulsion polymerization, BLUEWAVEt technology generally
requires slightly higher surfactant amounts and generates slightly larger
particle size because it is a direct emulsification technique, as opposed to a
polymer synthesis technique. The use of appropriate process equipment and
surface active ingredients also allows for the creation of emulsions of polymer
melts at temperatures above the boiling point of water. For example, an
emulsion of high density polyethylene (HDPE, melting temperature¼ 135 1C)
in water can be generated at a process temperature of 150 1C and then cooled
down to room temperature to give a stable HDPE in water dispersion.

Once the polymer is present in the form of a water-borne dispersion, it can
be processed using standard emulsion application tools, such as printing or
coating processes, dipping, spraying, and froth foaming. This provides a very
different set of physical properties, such as the high crystallinity and melting
temperature of a polyolefin, with the application convenience of an emul-
sion polymer. Compared with an extruder applied coating of the same
polymer chemistry, water-borne submicron particles allow for significant
down gauging of coating thickness.

There are a number of commercial products made with BLUEWAVEt
technology, including:

� CANVERAt polyolefin dispersions for metal beverage packaging
� ECOSMOOTHt polyolefin dispersions for skin and hair care
� HYPODt polyolefin dispersions for paper coating
� ProSperset epoxy dispersions
� ACCENTt polyolefin co-polymer dispersions for oil and gas

Small particle size emulsions can be generated by a range of mechanical
equipment or non-mechanical processes. Examples of mechanical emulsi-
fication techniques include rotor–stator mixing systems,1,2 ultrasound,3

high pressure impingement systems,4–6 and membrane emulsification.7,8

The non-mechanical processes for emulsion formation include phase in-
version,9 either by composition or temperature, as well as precipitation and
solvent exchange.10 However, the ability of these standard processes to
create very small (sub-micron) particle dispersed systems of very high vis-
cosity materials, such as polyolefin elastomers, is limited. BLUEWAVEt
technology combines mechanical (process) and non-mechanical (formu-
lation) approaches to generate challenging dispersions.

A general schematic of the continuous process used in BLUEWAVEt
technology is shown in Figure 1.1. The particular equipment that is used for
the primary mixer and dilution mixer unit operations depends upon the
material properties of the polymer being fed into the process. For example,
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a thermoplastic polyolefin may have both mixing operations performed in
series in a single twin screw extruder. For an amorphous polymer feed, such
as an alkyd or high molecular weight polydimethylsiloxane, it may be more
effective to use separate rotor stator mixers as the primary and secondary
mixers.

In the BLUEWAVEt technology, a polymer melt phase, a surfactant, and a
small amount of initial water are combined in a primary mixing device at a
temperature above the glass transition temperature (Tg) and melting tem-
perature (Tm) of the polymer to create a polymer melt in water High Internal
Phase Emulsion (HIPE). The HIPE can be thought of as a liquid/liquid foam,
and is, by definition, an emulsion where the internal phase is greater than
74.5% of the total volume, which is the limit for close packed mono-
dispersed spheres. Figure 1.2 shows a scanning electron micrograph of a
polyolefin high internal phase ratio emulsion that has been allowed to cool
below the polymer Tm without dilution. The polyhedral nature of the solid
internal phase particles, as well as their high volume fraction, is clear.

With the BLUEWAVEt technology, the particle size of the internal phase
droplet is set with the creation of this HIPE, which is then combined with
additional dilution water to yield the final dispersion product at the desired
internal phase volume concentration. For some applications, such as cos-
metic emollient concentrates,11 the final product may itself be a HIPE, as it
is desirable that it contains as little water as possible. In other applications
where a low viscosity dispersion is desired for spray coating, the final solids
level may be in the range of 50% by volume. Internal phase polymers that
solidify above room temperature must be diluted down below B60% by
volume before the polymers cool and solidify to avoid mechanical inter-
locking of the HIPE, which makes further dilution of the dispersion
impossible.

The rest of this chapter is separated into two sections. In Section 1.2, we
will discuss the advantages, in the context of droplet breakup theory, of
passing through this HIPE phase to produce small, mono-disperse emulsion

Figure 1.1 General schematic for BLUEWAVEt technology process.

Application of Novel High Temperature Thermoplastic and Thermosetting Dispersions 5
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particles. The mechanism of droplet breakup in the concentrated (concen-
trated internal phase) system differs from the droplet breakup in the con-
ventional (dilute internal phase) system. These differences result in the
production of the small, monodisperse droplets generated by our process.
We will also discuss the complications of finding a stabilizing agent that is
effective at helping to form this polymer melt/water interface at high tem-
peratures. In Section 1.3, we will discuss the applications that are enabled by
the BLUEWAVEt technology.

1.2 Droplet Breakup Theory
In the following sections we will discuss classical droplet breakup theory,
and how it has been extended to more concentrated systems in order to gain
insight into the mechanisms that allow for the formation of small, mono-
disperse particles with our BLUEWAVEt mechanical dispersion process
technology.

1.2.1 Classical Droplet Breakup Theory

The particle or droplet size of an aqueous emulsion depends upon how the
internal oil phase breaks up during mixing. Promoting drop deformation
and breakup is the shear stress, t, caused by the flow field within the mixer,

Figure 1.2 SEM of cooled polyolefin co-polymer in water HIPE.
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which is generally defined as t¼ Zc _g where Zc is the continuous phase
viscosity and _g is the shear rate. Counteracting that force is the interfacial
stress s/R, where s is the oil–water interfacial tension and R is the drop radius.
The ratio of these values is the dimensionless capillary number Ca:

Ca¼ t
s=R
¼ Zc _gR

s
(1:1)

Taylor12 was the first to provide a theoretical analysis of droplet deform-
ation and breakup. Within the constraints of his system (simple steady-state
shear flow, no droplet–droplet interactions, small drop deformation, and
zero inertial effects), Taylor showed that the drop behavior depends on only
the capillary number and the viscosity ratio, l, defined as follows, where Zi is
the internal phase viscosity:

l¼ Zi

Zc
(1:2)

For a given flow field and viscosity ratio, there exists a critical capillary
number, Cacrit, above which a drop of radius R is unstable and breaks up
into smaller drops. The maximum droplet radius, Rmax, which can exist at a
given critical capillary number is expressed in eqn (1.3). Drops with a radius
below Rmax are stable; drops with a radius above Rmax will break up into
smaller drops.

Rmax¼
s
Zc _g

Cacrit (1:3)

Numerous theoretical and experimental studies on droplet breakup
have been reviewed by Rallison,13 Bentley and Leal,14 Stone,15 Leng and
Calabrese,2 Cristini and Renardy,16 and others. One of the most widely cited
works is the extensive experimental study conducted by Grace.17 Grace de-
termined the critical capillary numbers, Cacrit, below which a drop in dilute
conditions would remain stable and not break for both simple shear and
elongational flows under steady-state conditions. His work showed that for
steady-state conditions, the smallest droplet size is always attainable at a
viscosity ratio of 1 and that above a viscosity ratio of about 4, droplet breakup
in simple shear is impossible.

1.2.2 Concentrated Emulsion Systems

In BLUEWAVEt technology, small droplet sizes are achievable across a very
broad viscosity ratio range. There are several reasons why this technology is
effective even when the viscosity ratio is far from unity. One is that a HIPE,
because of the close-packed nature of the droplets, is more effective at
transferring shear energy to the small droplet than would be the case for a
single droplet in a dilute system. The use of a HIPE to control particle size

Application of Novel High Temperature Thermoplastic and Thermosetting Dispersions 7
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in a batch process has been known for some time.18 Aronson19 created
emulsions of controlled droplet size by preparing surfactant solutions of
20–60 wt% and then slowly adding oil while mixing to create a concentrate.
He showed an inverse relationship between the viscosity of the surfactant
solution and the particle size of the droplets and proposed that instead of
the true continuous viscosity, an effective continuous viscosity should be
used that takes into effect the increased viscosity due to the surfactant and
the packing of the system. By using the effective continuous phase viscosity,
he argued that his system had a droplet breakup similar to that observed by
Taylor.

Jansen, Agterof, and Mellema20 also showed that in concentrated systems
under steady-state simple shear flow, the experimental Grace curve will shift
downward and to the right. They looked at emulsion concentrations from
about 0% up to 70% oil phase. At 70% oil, the critical capillary number was
reduced by a factor of about 10 and the optimum viscosity ratio increased by
close to two orders of magnitude. The authors found that if they replaced the
continuous phase viscosity in Cacrit and l with the emulsion viscosity at the
critical shear rate (a necessary correction since the emulsion is shear thin-
ning), the data fell very close to that reported by Grace. Finally, Tcholakova
et al. experimentally demonstrated that by increasing the drop volume
fraction up to HIPE concentrations (F475%) they could dramatically
improve the efficiency of emulsification for viscous oils in turbulent flow.
They were then able to describe the behavior of the concentrated emulsions
using a simple scaling expression.21

1.2.3 Beyond Steady State – Transient Breakup

Another reason for the insensitivity to the viscosity ratio is the nature of the
shear stress experienced by the droplet. Up to this point, only steady-state
shearing conditions or systems with changes in shear rate so small that they
can be considered steady state have been reviewed. Under real mixing con-
ditions, shear rates will be far from equilibrium. Torza, Cox and Mason22

observed that the rate of increasing shear rate (d _g/dt) influences both when
and how the droplet will burst. In particular, they observed that large and
viscous drops were more easily pulled into liquid threads than smaller, in-
viscid drops. This is explained by a relaxation time in which large, viscous
drops readjust their shapes very slowly so that high rates of increasing shear
stretch the drops directly into threads which have no time to relax but break
up into many drops via Rayleigh instabilities. This capillary breakup mode is
quite different from the splitting of a drop into two daughter droplets (binary
breakup) which is characteristic of most of the steady-state work.
A schematic comparing the mechanisms for breakup of different size drops
is shown in Figure 1.3.

Elemans, Bos, Janssen, and Meijer23 observed that under transient simple
shear flow conditions where a shear stress is suddenly applied such that the
CacCacrit, a Newtonian droplet within another Newtonian fluid will extend

8 Chapter 1
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into a thread. After a certain time, the thread will exhibit sinusoidal dis-
tortions and break up into several droplets. Also, Janssen and Meijer24,25

examined the transient breakup mechanisms for Newtonian fluids in both
simple shear and elongational flow. The extending thread formed under flow
undergoes capillary instabilities at the interface. In quiescent conditions,
one wavelength will dominate at the thread diameter and lead to breakup.
With an extending thread, the dominant wavelength is continuously chan-
ging as the thread thins and thus the breakup of the thread is delayed
compared to the fixed width thread. Eventually, the amplitude of a wave-
length will exceed the diameter of the continuously decreasing thread and
breakup will occur. The droplets formed will be independent of the original
droplet radius. The conclusion of their work is that the optimum viscosity
ratio for transient breakup is much larger than unity. This is partly because
capillary disturbances develop more slowly on a highly viscous thread and
thus it has more time to thin before breakup.

Janssen and Meijer’s theoretical and experimental work was only carried
out with Newtonian fluids. The presence of a viscoelastic continuous phase
may help further improve the droplet breakup. Zhao and Goveas26 experi-
mentally observed that a viscoelastic continuous phase greatly narrowed the
distribution of thread widths at breakup, as well as the resulting droplet size
distribution compared to a Newtonian continuous phase.

Similar to Aronson, Mason and Bibette27,28 also created stable, mono-
dispersed emulsions by shearing a pre-emulsion within a mixing apparatus
containing a well-defined, narrow shear gap and by creating viscoelasticity
within the emulsion either through increasing the emulsion volume fraction
to create a HIPE or varying the surfactant concentration to create a viscoelastic
continuous phase. A similar thread breakup mechanism has been proposed to
explain their work29 and their observations further suggest that partial elas-
ticity in the emulsion is necessary to achieve the monodispersity.30

1.2.4 Surfactant Effects on Rheology and Droplet Breakup

The surfactant added to reduce the interfacial tension and stabilize the final
emulsion against agglomeration will also affect the interfacial rheology.

Figure 1.3 Binary vs. capillary breakup.

Application of Novel High Temperature Thermoplastic and Thermosetting Dispersions 9

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

00
01

View Online

https://doi.org/10.1039/9781788016476-00001


It has been recognized as early as Rumscheidt and Mason31 that droplet
breakup changed when emulsifiers were present, most likely because of
the formation of viscoelastic interfaces. Flumerfelt32,33 modeled droplet
deformation in steady-state simple shear and elongational flows that ac-
counted for interfacial properties such as surface shear viscosity and surface
dilational viscosity. When interfacial properties are significant, they can
dominate over the viscosity ratio. Davies and co-workers34 compared
emulsion drop size to rates of turbulent energy dissipation for a series of
high shear emulsifiers and noted the critical role of the non-continuous
phase viscosity in final droplet size as well as the role in adsorbed
surfactant in droplet breakup. The influence of surfactant on interfacial
rheology may also amplify the transient breakup effects discussed above by
increasing the effective continuous viscosity and dampening out the
disturbance formed at the interface, allowing the thread to extend and thin
even more before breakup. The viscoelastic nature of the interfacial film
may also help to narrow the size distribution similar to that observed for
viscoelastic fluids by Zhao and Goveas. Mabille and co-workers,30 in ex-
tending the work of Mason and Bibette, argue that the elasticity of the
emulsion is absolutely necessary to get a monodisperse emulsion and that
this elasticity can be controlled either by controlling the rheology of the
continuous phase using surfactant and polymers or by concentrating the
emulsion into the HIPE regime.

1.2.5 Confined Boundaries and Wall Effects

A final factor that can affect drop breakup is the nature of the boundaries
within the shear field. Migler and co-workers35–37 have shown that drops in
confined shear flow will form strings or threads more readily than in the
bulk. In tight gaps, the walls will act to stabilize the formation of the threads
and prevent them from rupturing during flow. The threads will remain
stable until they thin down to a point where they no longer experience the
stabilizing effect of the walls, at which point they break up into droplets by
Rayleigh instabilities. Thus, smaller drops can be generated within small
gaps as long as the drop size is not significantly smaller than half of the gap
width. More recently, Squires and co-workers38 characterized droplet
breakup of closely spaced fluid threads using a microfluidic multi-inlet co-
flow system. Their experiments indicated that the Rayleigh–Plateau in-
stability of adjacent, closely spaced threads (HIPE-like conditions) were
collective and the cooperative breakup led to reduced polydispersity in the
emulsion.

1.2.6 Surfactant Optimization

A simple way of expressing the effects of different variables on the droplet
size is shown in eqn (1.4), where the droplet radius (R) is directly pro-
portional to the oil–water interfacial tension (s), inversely proportional to
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the shear rate ( _g), and a function of the viscosity ratio, temperature (T) and
time (t).

R / s
_g * f

Zi

Zc

� �
* f T ; tð Þ (1:4)

It is quickly apparent that reducing interfacial tension is an easy way to
reduce droplet size with the same energy input. The interfacial tension is
dependent not only on the identity and concentration of the surfactant, but
on the concentration of all of the phases: surfactant, oil, and water. In a
batch process, the local concentrations of the phases will vary widely as the
surfactant, water, and oil are mixed together. In BLUEWAVEt technology,
the ratio of oil phase, water phase, and surfactant can be precisely controlled
at the point where they first meet and mix together, allowing for precise
optimization of the interfacial tension for the creation of emulsion droplets
of controlled size. By concentrating the surfactant in the water phase, the
effects of dynamic interfacial tension, or the increase of the interfacial ten-
sion due to the time required for surfactant to diffuse to the newly created
interface, can also be reduced. Of course, the viscosity of the continuous
phase can also be influenced by the presence of the surfactant, especially in
the concentrated (low amount of dispersed phase) system, where a HIPE is
formed.

1.2.7 Surfactant Selection for Emulsification in Water at
Elevated Temperature

A unique obstacle with many polymer systems is that they require high
temperatures, typically over 100 1C, in order to flow. Besides the compli-
cations of maintaining pressure in the equipment above the boiling point of
water, there is the additional problem of finding a surfactant that will be
effective above 100 1C. The use of a surfactant is required because even at
higher temperatures, the interfacial tension of a typical polymer in water
system without surfactant will still be too high for good emulsification. For
example, the interfacial tension of a styrene-isoprene (SI) oligomer (a free
flowing room temperature liquid) with water in the absence of surfactant is
shown in Figure 1.4. These measurements are made with a high temperature
pendant drop tensiometer (Tracker, from IT Concept-Teclis), similar to the
work done by Chaverot and co-workers.39

Also, most surfactants lose their effectiveness at high temperatures. For
example, non-ionic surfactants become less soluble at high temperatures
and become ineffective above their cloud point, at which point the solubility
drops enough that the surfactant precipitates into separate phase.40 Anionic
surfactants also change in both solubility and effectiveness at elevated
temperatures, sometimes in counterintuitive fashion. As temperature in-
creases, the hydrophobicity of the surfactant hydrocarbon tail can decrease
rendering the molecule more hydrophilic, and therefore less interfacially

Application of Novel High Temperature Thermoplastic and Thermosetting Dispersions 11
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active and less effective at reducing interfacial tension. The anionic sur-
factant head group will also increase in solubility with higher temperature,
further reducing the interfacial activity of shorter hydrocarbon chain
surfactants.

Figure 1.5 shows the interfacial tension of the same styrene-isoprene (SI)
oligomer as in Figure 1.4 with water in the presence of a series of carboxylic

Figure 1.4 Interfacial tension of styrene-isoprene (SI) oligomer in water measured
with Tracker pendent drop tensiometer.

Figure 1.5 Interfacial tension of styrene-isoprene oligomer (SI) in water with KOH
neutralized fatty acids measured with Tracker pendent drop tensiometer.
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acid potassium soaps, as a function of carbon chain length. As temperature
increases, the size of the surfactant hydrocarbon tail required for a min-
imum interfacial tension also increases. The much higher molecular weight
C50 fatty acid has a much lower interfacial activity at these temperatures.

By measuring interfacial tension of materials at elevated temperatures, we
have identified materials that are not particularly interfacially active, or
water soluble, at room temperature, but are effective surfactants at elevated
temperature. Use of these materials by themselves can cause issues in room
temperature storage stability, since they lose their interfacial activity as the
dispersions cool. This is usually remedied by blending them with surfactants
that are more effective at room temperature.

Some conventional ionic and non-ionic surfactants are effective at ele-
vated temperatures. For example, some EO-PO type surfactants have cloud
points over 100 1C, as do some alkyl polyglucosides where the –OH func-
tionality loses its hydrophilic nature slowly with increasing temperature
because of strong hydrogen bonding interactions.41

1.2.8 Conclusions

In conclusion, the BLUEWAVEt dispersion technology can be used to pro-
duce sub-micron sized, low polydispersity dispersions for many challenging
high viscosity resin systems. We do this by taking advantage of high con-
centration emulsion conditions to better enable more efficient mechanical
mixing of the oil and water phases as well as to promote a thread breakup
mechanism within our dispersion devices. Through careful selection of
surfactants we are able to maintain low interfacial tension during particle
formation and stabilize the resultant dispersion formulations to ensure
good shelf stability.

Classical droplet breakup theory can provide many useful insights into
high concentration emulsification approaches such as the BLUEWAVEt
mechanical dispersion process. However, a rigorous description is more
challenging because of the difficulty in directly characterizing interfacial
tension and internal and external phase rheology under normal BLUE-
WAVEt technology process conditions, which can be significantly above the
boiling point of water. In addition, selecting the most effective high tem-
perature interfacial stabilizer for a particular resin can be challenging for
similar reasons. Continued research in the area of high temperature emul-
sification as well as the development of new in-situ characterization methods
would greatly assist the improvement of fundamental understanding of
these interesting and useful colloidal systems.

1.3 Applications
As mentioned previously, a wide range of polymer types can be converted
into a water-borne form factor through the BLUEWAVEt mechanical dis-
persion technology. This includes materials such as high molecular weight

Application of Novel High Temperature Thermoplastic and Thermosetting Dispersions 13

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

00
01

View Online

https://doi.org/10.1039/9781788016476-00001


and/or high viscosity polyurethanes, epoxies, polyolefins, silicones, poly-
esters, and alkyds, which cannot be synthesized by emulsion polymerization.
Once these chemistries are incorporated into a water-borne dispersion, they
can be processed using the standard emulsion polymer application tools
such as rotogravure coating, dipping, spray application, and even frothed
foam. This range of chemistries and application techniques allows for a wide
variety of uses including coatings on substrates such as metal, paper, or
plastic, as well as additives for oil and gas applications, or use as personal
care ingredients in products such as skin creams or lotions, shampoos, and
body wash.

Other form factors for the polymer chemistries can be generated with
water-borne dispersions as the starting point. With proper additives, many
of the higher Tg/Tm materials such as polyolefins and polyesters can be spray
dried into a powder, such as that shown in Figure 1.6. This powder may or
may not be water re-dispersible, depending upon the application. For ex-
ample, a spray dried polyolefin elastomer powder could be used in roto-
molding applications, where it would have benefits in both cost to
manufacture and flowability, compared to a powder of the same elastomer
generated by cryo-grinding.42 Powder coating with these dispersion based
powders is also possible, as well as the generation of interesting combin-
ations of chemistries not possible with traditional techniques.43

An aqueous dispersion can also be used in place of a viscous polymer
melt/resin in the creation of a composite part.44 Typically, a viscous resin is
forced into a dense fiber weave under pressure and it is challenging to fully
coat all the fiber with the resin. When the resin phase is emulsified into an
aqueous dispersion the viscosity of the resin is effectively decoupled from
the viscosity of the material being infused into the fiber. This allows the fiber
to be completely wetted without the use of high pressure infusion techni-
ques and can result in the creation of composite parts with the same
strength as the conventionally manufactured piece utilizing less resin, re-
ducing both weight and cost.

Figure 1.6 Micrograph of a 50 micron diameter composite particle generated by
spray drying of polyolefin dispersion.
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1.3.1 Considerations for Design of Aqueous Polyolefin
Dispersions and their Applications

In the next sections, we will discuss additional application areas for some
specific polyolefin dispersions in more detail. However, first we will describe
why polyolefins are a particularly useful polymer type to use from a water-
borne form factor. There are a wide range of polyolefin chemistries available,
with widely differing physical properties such as flexibility and melting
temperature. In general, as the amount of crystallinity in a polyolefin in-
creases, both its melting temperature and its modulus increase, but it be-
comes more brittle. For example in Figure 1.7 the low crystallinity elastomer
would have a low melting temperature (perhaps 65 1C) and be very flexible.
However, it would be a poor barrier to the diffusion of water or grease be-
cause of its low level of crystallinity. The highly crystalline HDPE would
provide good barrier properties, but would require a high melting tem-
perature to generate a cohesive film (T4135 1C), and would be inflexible and
more prone to cracking upon large deformations.

In all cases, a temperature above the melting temperature of the polyolefin
base resin is required to generate a coalesced film from the dispersion
particles. This is in contrast to materials such as the emulsion polymers
used for architectural paints, which are amorphous and have a Tg below
room temperature, and are therefore able to coalesce into cohesive films
without additional heat. Because of this required ‘‘cure temperature’’ for the
polyolefin dispersions to form a continuous film, they are best suited for
factory applied or OEM (original equipment manufacturer) applications, as
opposed to ‘‘field applied’’ applications; however, the polyolefin dispersions
can be used as additives in another film forming polymer.

After it is generated with the BLUEWAVEt technology, the polyolefin
dispersion has the general morphology of a core of non-functional ‘‘base
resin,’’ such as the highly crystalline HDPE discussed above, and a shell of
the dispersant, which is used to lower the interfacial tension during the
manufacturing process and provide colloidal stability at room temperature,
as seen in Figure 1.8.

Figure 1.9 shows the formation of a coalesced film from a collection of
polyolefin dispersion particles. As the temperature increases, the

Figure 1.7 Illustration of polyolefin morphology as a function of crystallinity.
LLDPE is linear low density polyethylene, HDPE is high density
polyethylene.
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morphology of the film changes from being a collection of individual
particles continuous in the stabilizing agent (upper left), to become a phase
inverted film continuous in the base resin. At this point, the individual
particles are no longer observed in the coating morphology (lower right).

When developing a dispersion for a specific application, we need to select
the components of the dispersion to take into account both the needs of the
BLUEWAVEt process technology, as well as the performance requirements
of the application. For example, in a paper coating application, it may be
important to have a low cure temperature to allow for fast coating line
speeds, and a high barrier may not be as important, as the coated article is

Figure 1.8 Illustration of aqueous polyolefin dispersion particle generated by
BLUEWAVEt technology.

Figure 1.9 Coalesced coating formation from a polyolefin dispersion with applied
temperature.
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intended only for a single, short term use (e.g. paper beverage cup). For a
metal coating application, it will likely be more important to have the barrier
from the higher crystallinity polyolefin, even if it requires a higher curing
temperature.

A dispersion for metal coating may also require some functional olefin to
help with the adhesion of the coating to the metal substrate. Fortunately, in
many cases this functional olefin can double as the dispersant for the
BLUEWAVEt technology. This dispersant may not be melt miscible with the
base resin in certain cases, such as a functional polyethylene dispersant and
a polypropylene base resin. The representative coating morphologies that
result from ‘‘compatible’’ and ‘‘incompatible’’ base resin and stabilizing
agent are shown in Figure 1.10.

These large domains of stabilizing agent in the coating can act as defects
for coating failure and are undesirable. Even in the system with the ‘‘com-
patible’’ stabilizing agent, the coating morphology may not be entirely single
phase, as can be seen in the cross sectional micrograph of the ‘‘compatible’’
system shown in Figure 1.11. The stabilizing agent is visible as very small
domains scattered throughout the coating thickness.

In addition to control of coating morphology through the use of specific
base resin and stabilizing agent combinations, it can also be controlled
through the blends of different dispersions. This concept is well known in
the emulsion polymer field,45 but we propose that the BLUEWAVEt

Figure 1.10 Surface microscopy of a coating generated with a stabilizing agent that
is ‘‘incompatible’’ (left) with the base resin, compared to a coating
generated with a stabilizing agent that is ‘‘compatible’’ (right) with the
base resin.

Figure 1.11 Cross section microscopy of compatible base resin and stabilizing
agent system from Figure 1.10 (right).
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technology provides an advantageous way of creating specifically designed
dispersions of other types of polymers for the design of exotic coating
morphologies. For example, a water vapor permeable hydrophobic coating
can be generated from a bi-modal aqueous polyolefin dispersion.46

A population of large particle size, high melting point (TmH) particles of a
hydrophobic polymer, such as HDPE, is combined with a population of
small particle size, lower melting point (TmL) polymer particles in an ap-
propriate ratio to create a coating that is porous, but mechanically robust,
when cured at a temperature TmLoToTmH. Appropriate selection of com-
position, formulation, and cure conditions result in a coating that assembles
into a water vapor permeable morphology, but is resistant to liquid water
(contact angleB1301). Key to achieving this useful combination of properties
is both the very hydrophobic nature of the large particle population and its
presence above the critical pigment volume concentration, such that the
cured coating is porous with a rough surface. However, a sufficient popu-
lation of lower melting point binder particles is still required to provide
mechanical integrity. A surface micrograph of such a coating is shown in
Figure 1.12, as well as the image of a water droplet beading up with a high
contact angle on the same coating.

1.3.2 Hybrid Particles for Optical Hiding

In addition to the morphology of a stabilizing agent shell around a base
resin core, shown in Figure 1.8, it is easy to imagine other possible particle
morphologies47 that could be prepared by the BLUEWAVEt mechanical
dispersion process technology. Illustrations of some possible morphologies
are shown in Figure 1.13, with the morphology of Figure 1.8 represented by
the upper left drawing. The illustrations of the lower middle and lower left of
Figure 1.13 show a more substantial shell than that from the stabilizing
agent alone. This type of shell may be generated by interfacial polymer-
ization, for example.48 This type of morphology would have the benefits of

Figure 1.12 Surface micrograph (left) of porous, hydrophobic polyolefin coating
from a bi-modal blend, and a macroscopic image of a water droplet on
the same coating (right).
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the controlled particle size distribution generated by the BLUEWAVEt
technology, combined with the protective barrier of an interfacially poly-
merized shell, perhaps for the encapsulation of actives in a cosmetic
application.

In the two middle illustrations of Figure 1.13, the added element of an
individual inorganic particle, on the order of size of the dispersion particle
itself, is included within the dispersion particle. A micrograph of a poly-
esterþTiO2 dispersion system, with the upper middle morphology of
Figure 1.13, is shown in Figure 1.14. Because of the small volume % loading
of the TiO2 in this particular example, not every dispersion particle contains
a TiO2 particle.

Figure 1.13 Illustrations of possible dispersion particle morphologies. White hexa-
gons and red circles represent inorganic materials, blue and pink
represent different polymer compositions, and black is dispersant.

Figure 1.14 TiO2 pigment encapsulated in polyester dispersion particles.
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This ‘‘encapsulated pigment’’ morphology is particularly useful in en-
hancing the efficiency of a pigment in an optical hiding application.49

Figure 1.15 shows opacity data for three different architectural paint for-
mulations, where a TiO2 pigment is added alone (control), added with an
ethylene acrylic (EAA) co-polymer to help act as a pigment dispersant, or
added encapsulated in a linear low density polyethylene (LLDPE) dispersion.
As the pigment goes from unmodified, to well dispersed by the EAA, to fully
encapsulated in the LLDPE, the pigment efficiency (opacity at a given volume
% loading) increases until it hits a limiting value of B95%. The pigment
volume % at this limiting value is lowest for the fully encapsulated pigment,
at B23 vol%, compared to B27 vol% for the EAA dispersed pigment, and
B32 vol% for the TiO2 control.

The advantage of the encapsulated pigment comes from keeping each
individual pigment particle separate, and therefore able to scatter at the
maximum efficiency. The more efficient hiding of the encapsulated pigment
greatly reduces the total amount of pigment required in the formulation to
reach the desired level of opacity. There may also be the advantage of an-
other refractive index mismatch between the LLDPE encapsulating polymer
and the coating matrix.

1.3.3 Polyolefin Dispersions as Adhesion Promoters for
Plastic Substrates

Polyolefins have excellent mechanical properties, recyclability, and chemical
resistance50,51 at a reasonable cost. However, because of their low surface

Figure 1.15 Coating opacity, as a function of pigment volume concentration, for
different pigment preparations.
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energy and lack of polar functional groups, polyolefins have poor adhesion
to paints requiring modification of both the substrate and paint for prac-
tical use in applications where paintability is required. Various technolo-
gies have been developed to improve the paintability of polyolefins. These
include bulk modification by blending with polar polymers or additives
like polyurethane,52,53 surface pretreatment such as flame, corona, or
plasma treatments,54,55 and application of primers such as solvent-borne
or aqueous-based chlorinated polymers as adhesion promoters.56,57 How-
ever, there is still a need for better performing, more environmentally
friendly solutions such as a chlorine-free and solvent-free aqueous ad-
hesion promoter system.

In a recent study by Wan and co-workers,58 the BLUEWAVEt mechanical
dispersion technology was used to produce water-borne dispersions of
functional polyolefins. These materials were proposed as an adhesion
promoter to improve the paintability of treated thermal plastic olefins
(TPO). The functional polyolefins contain a polar functional group that
increases the surface energy relative to that of the TPO substrate, which
allows for good adhesion with a conventional polyurethane or acrylic
top coat.

Three different polyolefin dispersions were evaluated as adhesion pro-
moters: a dispersion of an unfunctional polyolefin base resin (control), a
dispersion of an –OH functional polyolefin base resin, and a blend of the
–OH functional dispersion with a dispersion of a maleic anhydride (MAH)
functional polyolefin base resin. These dispersions were all low viscosity
(o500 cP), and high solids (44%–52%), similar to a conventional water-borne
latex. They were coated onto a TPO substrate with a Meyer rod to form a
20 mm wet film thickness and dried at 90 1C for 15 minutes. The primed
substrates were then coated with 50 mm wet film thickness layer of either a
water-borne acrylic topcoat, or a solvent-borne polyurethane topcoat (PU)
and dried at 60 1C for 15 minutes.

Crosshatch adhesion was used to evaluate the adhesion strength of
primerþ topcoat system to the TPO substrate. In the crosshatch adhesion
test, a crosshatch scribe is used to make parallel linear cuts through
the coating. A similar set of linear cuts is then made perpendicular to the
original cuts in order to obtain a checker board pattern. Adhesive tape
(3M #810) is then applied to the scribed surface and rubbed down with
fingers in order to apply adequate pressure to ensure good contact between
the tape and coating. The loose end of the tape is then pulled smoothly at an
angle of 1351 to remove the tape from the surface. After the tape is removed,
the coating is visually evaluated for adhesion and ASTM D3359 is followed to
rank the adhesion strength. The adhesion is ranked from 0B to 5B with 0B
being the worst (465% squares fail) and 5B being the best (0% squares fail).
Representative photographs of a ‘‘0B’’ and a ‘‘5B’’ crosshatch adhesion rank
are shown in Figure 1.16.

Table 1.1 summarizes the crosshatch adhesion ranking of three primers
with polyurethane (PU) and acrylate top coating on the thermoplastic
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polyolefin substrate (TPO). The unmodified polyolefin dispersion primer has
poor adhesion for both PU and acrylate topcoats, with crosshatch adhesion
ranking of 0B, where the majority of the squares would peel off with the
ASTM tape, as illustrated in Figure 1.16 (left image). The MAH-g-polyolefin
and OH-g-polyolefin blend dispersion has excellent crosshatch adhesion to
both PU and acrylate topcoats, with crosshatch adhesion ranking of 5B,
where none of the scribed squares peeled off, as illustrated in Figure 1.16
(right image). Maleic anhydride modified polyolefin dispersion has excellent
adhesion to the PU topcoat (5B), and slightly inferior adhesion (4B) to the
acrylic topcoat.

Both PU and acrylic topcoats are more polar than unmodified polyolefin,
and therefore do not adhere well to the unfunctional polyolefin primer layer
or to the unprimed TPO substrate (data not shown), and easily delaminate in
the crosshatch adhesion test. Maleic anhydride or hydroxyl functionalized
polyolefins increase the polarity, and thus, the surface energy, of the primed
surface. These functional groups can also provide some chemical bonding,
polar–polar surface interaction, or hydrogen bonding of primed surfaces
with PU or acrylic topcoats. Therefore, the overall adhesion performance is
greatly improved, and there is little, to no, adhesive failure in the top coated
systems with these primers.

Figure 1.16 Representative photographs of typical crosshatch adhesion ranks.

Table 1.1 TPO crosshatch adhesion for polyolefin dispersion primers with top
coats.a

Primer dispersion
PU
top coating

Acrylic
top coating

Control polyolefin (unfunctional) 0B 0B
–OH functional polyolefin 5B 4B
Blend of MAH functional and –OH functional

polyolefin dispersions
5B 5B

aAdhesion rating: 0B – No adhesion; 5B – Excellent adhesion.
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1.3.4 Dispersion Enabled Heat Activated Pressure Sensitive
Adhesive

Pressure sensitive labels represent a large and growing market segment
within the packaging industry.59 A typical pressure sensitive label consists
of a facestock (either paper or plastic), a pressure sensitive adhesive (PSA),
and a siliconized release liner, which serves the purpose of protecting
the label during manufacture and storage, and which must be disposed of
at the time of application. The siliconized release liner is not currently
recyclable and represents a large amount of waste. Labels which do not
require a release liner, or ‘‘linerless’’ labels, are gaining popularity in order
to reduce waste and overall cost (Figure 1.17). The most widely adopted
solution for linerless labels is to top-coat the label surface with a silicone
release coating. This eliminates the liner stock, but not the cost associated
with the silicone itself. The top coating approach also does nothing to
address the problems associated with the adverse impact on the appear-
ance of the label or difficulty printing, which a topcoated silicone release
layer creates. An alternative approach is to use an activatable adhesive,
which can be transformed from hard to tacky with heat, UV, or some other
activation method.

There are several potential approaches to a heat-activated adhesive, such
as the encapsulation of the adhesive,60,61 or blending a dispersed polymer
with a solid plasticizer (a dispersed tackifier is also commonly included in
the formulations), which then combine upon heating. The requirement of
heterogeneity on the micro scale precludes solvent-borne or hot melt poly-
mers from being used in this application. Therefore, a water-borne adhesive
must be used in order to prevent premature mixing of the polymer and the
plasticizer.

The water-borne formulation has the advantage of being highly tunable
with a variety of additives such as rheology modifiers, wetting agents, and
other surfactants. It can be applied by a broad range of coating methods
such as curtain, gravure, reverse gravure, and pattern coating techniques
that are not accessible with hot melt polymers, which must be coated by
extrusion methods.

The materials used as tackifiers and plasticizers in the deconstructed
water-borne pressure sensitive adhesive (PSA) are low molecular weight, low
melting temperature molecules that can be dispersed by conventional phase

Figure 1.17 Structure of a typical pressure sensitive label construction (left) and a
linerless label with a heat-activated adhesive (right).
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inversion or direct emulsification17 processes. The polymers typically used in
this water-borne approach are those readily available in a water-borne form
factor such as acrylics, styrene-acrylics, polyurethanes, and natural rubber
derivatives.62–64 It would be advantageous to be able to use styrene-isoprene-
styrene (SIS) type block co-polymers in these deconstructed pressure sensi-
tive adhesive formulations, but it is not possible to synthesize this type of
polymer via emulsion polymerization. However, through the use of BLUE-
WAVEt mechanical dispersion technology, it is possible to generate SIS
dispersions to combine with water-borne tackifier, and plasticizer to form
the novel pressure sensitive adhesive.65 Alternative methods to generate SIS
dispersions including grinding66 and using solvent to aid the dispersion
process, are not desirable from a process economics standpoint because of
the elastomeric nature of the polymer, and the need to remove the solvent
from the dispersion before use, respectively.

Neat SIS polymers are of such high modulus that they have very low room
temperature tack. There are many tackifiers for SIS that have glass tran-
sitions above room temperature, are available as dispersions, and also have
limited tack at room temperature. At higher temperatures, above the Tg of
the tackifier, a precipitous drop in modulus is measured as the phases mix
and the adhesive activates. The wide range of tackifier molecular weight,
glass transition temperature, and hydrophobicity that are readily available
offer many additional formulating options. These changes can markedly
affect rheology, tackifier partitioning, and can be used to engineer the
performance targets for a given adhesive application. The plasticizer for
the SIS-based PSA is selected based on its compatibility with the styrene
domains.

Scanning electron microscopy (SEM) was used to visually observe the
morphological changes within the SIS-based PSA coating during the heat
activation step. A formulation containing SIS (tri-block co-polymers with
16% polymerized styrene units and 56% diblock) dispersion, benzyl-2-
napthyl ether plasticizer dispersion, and Snowtack 100G rosin ester tacki-
fier dispersion is shown in the SEM image of Figure 1.18, both before and
after activation at 110 1C. In the image of the unactivated adhesive film
(Figure 1.18, left), the large benzyl-2-napthyl ether crystals are dominant at
the surface. After heat activation at 110 1C (Figure 1.18, right), the film is
much more uniform.

Pressure sensitive adhesives (PSAs), suitable for use in label applications
without a silicone-coated release liner (so-called ‘‘linerless’’ labels), were
developed utilizing heat-activated aqueous adhesive formulations comprised
of dispersed styrenic block copolymers (SIS), dispersed plasticizers, and
dispersed tackifiers. A water-borne system of an SIS polymer with 19% di-
block dispersed with a long-chain primary carboxylic acid combined with a
sucrose benzoate plasticizer resulted in the best combination of high peel
and low blocking in the end-use application. Peel forces upwards of 10 N/in
were obtained for the heat-activated adhesive, indicating their applicability
for many label applications.
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1.4 Conclusions
The previous sections have provided an introduction to the types of particles
that can be generated and applications that can be addressed by thermo-
plastic polyolefin dispersions generated by the BLUEWAVEt mechanical
dispersion technology. We have also pointed out the limitations of these
systems, such as the requirement of heat above the polymer Tg/Tm to co-
alesce the particles to form a defect-free film for protective coating appli-
cations. The application sections are not intended to be exhaustive, but to
provide examples of the types of problems that can be addressed with
BLUEWAVEt mechanical dispersion technology. Some important appli-
cation areas, such as polyurethane dispersions, and reactive systems such as
dispersion enabled thermosetting composites,44 are not discussed here be-
cause of their complexity.
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CHAPTER 2

Synthesis of Core–Shell
Polymer-based Colloids

MENGCHEN WU AND RUI LIU*

Key Laboratory of Advanced Civil Engineering Materials of Ministry of
Education, School of Materials Science and Engineering, Tongji University,
Shanghai 201804, China
*Email: ruiliu@tongji.edu.cn

2.1 Introduction
Nanoparticles (NPs) have become an important topic in colloid and ma-
terials science with diverse applications in energy, the environment and
bioengineering.1–5 A particle with spatially core–shell architecture on a
nanoscopic length scale is an engrossing subject by virtue of the fascinating
improved physical/chemical properties over its single-component
counterpart.6–9 Huge interest has been elicited in the usage of core–shell
NPs in drug delivery,10 catalysis,11 sensors,12 etc. Being partitioned in space,
the core and the shell can perform independent or complementary func-
tions. The two divisions are both interfaced and molecularly permeable to
build molecular interactions between them, i.e., one side is able to affect
the other.13,14 For example, a hydrophilic shell not only provides different
surface functional groups, but also protects the core from environmental
corrosion. The core, on the other hand, can endow appropriate mechanical
functionality (e.g., hard or soft) or particular properties (e.g., physical or
biological), making the whole NPs effective in practical applications.

With regard to the core–shell type, the core generally features a single
sphere (Figure 2.1A) or an aggregation of several small spheres (Figure 2.1B)
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within a continuous layer.15 An outer layer of minor spheres attached to the
core is also accepted as a core–shell structure (Figure 2.1C).16 Derivative
structures include rattle-like or yolk–shell NPs, where a core is encapsulated
in a hollow shell (Figure 2.1D), and NPs with complex multiple continuous
or scattering shells (Figure 2.1E and F).17 Alternatively, depending on the
compositions of the core and the shell, they can be categorized into four
classes: inorganic/inorganic,18 inorganic/organic,19 organic/inorganic20 and
organic/organic.21 Publications that deal with the fabrication of particles
consisting of inorganic materials can be found elsewhere.22–25 Here, we will
focus on the polymer related morphology.

Synthetic protocols that enable the feasible production of core–shell NPs
with controlled size, shape and composition, have a profound inter-
disciplinary effect on scientific research. Moving forward, an understanding
of how to carefully select methods to harness the specific strengths of dif-
ferent technologies has the potential to be transformative. Understanding of
the process by which polymer-based core–shell structures with an array of
features are formed is becoming clearer. Contemporary methodologies
involve a wide range of available techniques, which can be generally
categorized into four types: (i) grafting approaches, (ii) polymer deposition,
(iii) self-assembly and (iv) electro-spinning or electro-jetting.26–30 The first
three methods are conducted in solution, which utilizes the mutual relation-
ship between pristine core and shell resources or unique properties inherent
in polymer self-assembly. The last method relies on particular extrinsic forces.

It is the intention in this chapter to review the current state of knowledge
about the preparation of polymer-based core–shell particles. At the same
time, it will provide researchers with relevant information about their choice
of targeted applications. We will look at both theoretical and experimental
insights to identify modern techniques used in this paradigm and finally
discuss future prospects.

Figure 2.1 Schematic representation of different types of core–shell particles.
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2.2 Grafting Approach
Grafting is a conventional method involving either a two-step or a multiple-
step process, which begins with an initial modification of the
pre-synthesized cores and then their use as seeds in a subsequent poly-
merization.31,32 The key point that governs the manufacture of core–shell
particles is the efficiency of the initiation from the achieved core and the
uniform formation of the desired shell. An attractive feature is the in-
dependence of the steps, which allows the particle size to be chosen ranging
from a few nanometers to micrometers.

2.2.1 ‘‘Grafting To’’

In the ‘‘grafting to’’ approach, the polymer chain grows primarily in the
polymerization media rather than directly from the core surface. The fun-
damental idea is to solidly incorporate an orthogonal functional group onto
the core surface which will serve as a link to couple the pre-synthesized
polymer. A typical example is grafting polyethylene glycol (PEG) onto poly-
styrene (PS) cores. PEG molecules with different end-functionalized groups
and molecular weights suit various synthetic routes to form PEG shells. As
shown in Figure 2.2a, PS@PEG core–shell NPs can be prepared through: (i) a
diisocyanate-coupling agent linking the hydroxyl-functionalized PEG chain
to amine-functionalized PS NPs,33 (ii) a carbodiimide-coupling reaction
occurring between amine-functionalized PEG chains and carboxyl-
functionalized PS NPs34 and (iii) a Decker–Forster reaction between PEG-
bearing Schiff base end groups and chloromethylated PS NPs.35 Similarly,
bromo-functionalized cores could also serve as desirable handles with
grafting efficiency. For example, Liu and co-workers successfully anchored
poly(4-vinyl pyridine) (PVP) on mesoporous silica by simply grafting PVP
with a bromo-functionalized silica surface through quaternized pyridine
groups, yielding polymer-mesoporous silica core–shell hybrid materials as
responsive drug carriers.36

Much current investigation is focusing on the control of chain-end func-
tionality and the efficiency of click chemistry between the shell and the core.
Until now, copper-catalyzed azide/alkyne (CuAAC) is the most frequently
used ‘‘click’’ reaction, consisting of copper-catalyzed Huisgen 1,3-dipolar
cycloaddition of azides and terminal alkynes.37 Other available catalysts
include Ni21, Pd21, Pt21 and Au1.38,39 Breed et al. used an alkyne-azide click
reaction to graft PEG molecules to the surface of PS particles (Figure 2.2b).40

Initially polymerized PS particles were reacted with sodium azide (NaN3)
through nucleophilic substitution of the halide group to prepare azide-
functionalized nanoparticles, followed by a CuAAC reaction. It is this func-
tional group that provides an adequate quantity to produce the requisite
density of sites and serves as a link to the PEG segment. The reaction may
also be extended to other exotic polymer beads, such as different functio-
nalized latexes or poly(methyl methacrylate).41

32 Chapter 2
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Figure 2.2 (a) Varied ‘‘grafting to’’ approaches for the formation of a PEG shell. Adapted from ref. 26 with permission from Springer
Nature, Copyright 2010. (b) The preparation of PS@PEG core–shell particle via ‘‘grafting-to’’ click reaction. Reproduced from
ref. 40 with permission from American Chemical Society, Copyright 2009.
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Dual click reactions from a surface with dual clickable functionalities
have greatly facilitated the synthesis of hybrid macromolecular structures.
Kang et al., used a primitive silica@poly(methacrylic acid-co-propargyl
methacrylate-co-divinylbenzene) (SiO2@P(MAA-co-PMA-co-DVB)) core–shell
hybrid nanosphere as a structured template, where alkyne–azide and
thiol–ene surface click reactions were given in sequence to obtain hybrid
core–shell nanospheres (Figure 2.3).42 A dense silica core was encapsulated
by a rough polymer shell by a prior distillation–precipitation polymerization.
Subsequent alkyne–azide and thiol–ene click reactions of PS and PEG in the
‘‘grafting to’’ process consequently increased the average diameter. Simi-
larly, quantum dots,43,44 or Au NPs,45 have also been grafted with various
polymers through the ‘‘grafting to’’ approach. However, it should be noted
that an obstacle to achieving a high grafting density is the steric hindrance
of reactive surface sites occupied by the prior grafted polymers. Hence, the
thickness of the shell layer is usually limited to below 100 nm.

2.2.2 ‘‘Grafting From’’

In the ‘‘grafting from’’ approach, the polymer chains grow from initiators
attached to the surface prior to polymerization. Alternatively, an initial
preparation of seed cores with reactive functional groups or initiators in-
corporated onto them, followed by the consecutive attachment and growth
of monomer molecules can be used. The method is also known as surface-
initiated polymerization (SIP).46,47 In this realm, atom transfer radical
polymerization (ATRP), nitroxide mediated polymerization (NMP) and re-
versible addition fragmentation transfer polymerization (RAFT) are exten-
sively described SIP techniques, where the polymer chain growth can be well
controlled.

2.2.2.1 ATRP

The ATRP reaction happens in a multi-component system, consisting of an
initiator, a metal halide complexed with ligand(s) and a monomer.48 The
initiator, in most cases, should have a structure homologous to the corres-
ponding polymer end group. Control over the reaction is dependent on all
the parameters used in the polymerization (e.g., the nature of the catalyst
complex and solvent). Thus far, the copper-based ATRP system has been
adapted for controlled/living polymerization and shell formation from a
series of monomers (e.g., styrene, acrylate, methacrylate, acrylonitrile).49

Patten et al. prepared SiO2@PS core–shell NPs by ATRP; spherical silica par-
ticles tethered with a surface ATRP initiator (2-(4-chloromethylphenyl)ethyl)-
dimethylethoxylsilane (CDES)) were used as macro-initiators for ATRP of
styrene with CuCl/4,40-di-(5-nonyl)-2,20-bipyridyl (CuCl/2dNbipy) as the cata-
lysis system.50

As well as the addition of an ATRP initiator onto the core, the residual
surface groups from the core can also be used as initiation sites for
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Figure 2.3 (a) Illustration of the synthesis of silica@co-polymer core–shell hybrid nanosphere surface via the alkyne–azide and thiol–ene
dual click reactions. TEM micrographs of (b) SiO2 NPs, (c) SiO2@P(MAA-co-PMA-co-DVB) NPs and (d) SiO2@P(MAA-co-PMA-co-
DVB)-click-PS/PEG nanospheres.
Reproduced from ref. 42 with permission from American Chemical Society, Copyright 2010.
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subsequent ATRP. For instance, Stöver et al. reported grafting an outer PS
layer from poly(divinylbenzene) (PDVB80) microspheres using ATRP.51

As illustrated in Figure 2.4a, PDVB80 microspheres were prepared by
precipitation polymerization of DVB80 using AIBN as the initiator, which
consequently left residual vinyl groups outside the core. Then ATRP of
styrene was started from these initiator sites using a CuBr/2bipy catalyst
system. TEM images showed that PS was uniformly grafted from the particle
surfaces with increased particle size.

2.2.2.2 NMP

NMP is based on coupling an active chain-end radical with a nitroxide
leaving group. There are two different systems applicable to this polymer-
ization. One is bimolecular, in which a conventional free radical initiator is
grafted onto the surface of particles and then nitroxides are introduced. The
other is unimolecular, where alkoxyamine is directly grafted onto the surface
of the particle. For either alternative, surface-initiated NMP requires the
presence of a sacrificial initiator to achieve good control of the polymer-
ization.47 Bérangère and co-workers have grafted PS chains onto the surface
of silica NPs through NMP and obtained silica-PS core–shell particles via
further mini-emulsion polymerization through two steps. N-tert-butyl-1-
diethylphosphono-2,2-dimethylpropyl nitroxide (DEPN) was used as an
alkoxyamine initiator to develop a terminal functional group in situ, which
then grafted onto the silica surface. The resultant functional groups were
employed to initiate the growth of PS chains. The as-prepared PS-grafted
Stöber silica could be successfully redispersed into styrene by
mini-emulsification, giving rise to the formation of silica-PS core–shell
particles. One advantage of this route was that it was possible to control
inter-particle distance, and the spatial distribution of the core within the
polymer shell.52

Developments in the elaboration of new materials have enabled this
technique to fabricate core–shell structures comprising a wide range of or-
ganic polymers tethered onto special surfaces. Hawker et al. have reported
the synthesis of a series of well-defined, three-dimensional nanostructures
via NMP.53 As described in Figure 2.4b, the structure features a PEG outer
shell, a hydrophilic DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
acetic acid) inner shell and a central hydrophobic core. In the experiment,
PEG was coupled to a chloro-functional NMP initiator to obtain macro-
initiators. By starting with well-defined linear diblock co-polymers, the
thickness of each layer, overall size/molecular weight and the number of
internal reactive functional groups could be tuned accurately, all of which
led to final products with varied outer- and inner-shell thicknesses. It is
important to note that, due to the use of the DOTA metal chelator in this
system, all synthetic methodology was designed to be metal-free to avoid
trace contamination.
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Figure 2.4 (a) ATRP from initiated PDVB-80 to obtain a PS outer layer and the corresponding SEM images of starting particles, particle
initiators and polystyrene-grafted particles. Reproduced from ref. 51 with permission from American Chemical Society,
Copyright r 2002. (b) NMP synthetic process and structure model. Adapted from ref. 53 with permission from American
Chemical Society, Copyright 2008.
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2.2.2.3 RAFT

RAFT polymerization involves a series of reversible addition-fragmentation
steps based on the transfer of a moiety, e.g., dithioester, between active and
dormant species. Either conventional free radical initiators (usually an azo-
initiator such as AIBN, 2,2-dimethoxy-2-phenylactopheneone (DMPA)), or
RAFT agents can be grafted onto the surface of particles to conduct surface-
initiated polymerization. Huang et al. reported the grafting of PS from the
surface of BaTiO3 by an in situ RAFT polymerization to obtain core–shell
structured BaTiO3/PS nanocomposites (Figure 2.5a).54 BaTiO3 NPs were
treated with H2O2 to provide an amount of –OH groups. Then a certain
amount of free RAFT agent activated N-hydroxysuccinimide-S-1-ethyl-S0-
(a,a0-dimethyl-a00-acetic acid) trithiocarbonate (NHS-EDMAT) and styrene
was added to the system to control the polymerization. TEM images in
Figure 2.5b and c suggested that a higher monomer concentration contrib-
uted to a thicker shell. To conclude, not only was the additional functionality
successfully conferred to the spheres by grafting from the surface of the
cores, but also the size could be tailored by changing the feed ratio.

RAFT works with a range of conventional radical polymerization monomers
and can be carried out in various experimental conditions, such as in bulk,
solution or emulsion. As an enticing approach to functionalization of a solid,
conceptually, the nature of the polymer shell allows for a great versatility. Feng
and co-workers grafted poly(N-acryloxysuccinimide) (PNAS) onto mesoporous
silica (MS) through RAFT to achieve intelligent polymer coated nanocompo-
sites (PNAS-MS).55 MCM-41-type mesoporous silica particles were used as
nanocontainers for the attachment of chain transfer agent to the pore outlets.
RAFT polymerization occurred when AIBN was introduced into the system. In
Figure 2.5e and f, a uniform, thick polymer coating shell can be observed
around the silica particle after grafting, which would work as an on-off switch
in response to redox signals. In view of the omition of a metal catalyst in RAFT
polymerization and the versatility of monomers, it provides a promising
synthesis, especially for biosensors and in vivo site-specific drug delivery.

2.2.2.4 Other Polymerization Techniques

Ionic, metal-catalyzed and UV- or photo-induced polymerizations are other
types of surface-initiated polymerization in the manner of core–shell con-
struction. Ballauff et al. prepared well-defined poly(N-isopropylacrylamide
(PS-PNIPA) core–shell particles using photoemulsion polymerization
(Figure 2.6a).56 The PS cores were covered by a thin layer of the photo ini-
tiator 2-[p-(2-hydroxy-2-methylpropiophenone)]-ethylene glycol methacrylate
(HMEM). Shining light onto a suspension of these particles could thereby
generate radicals on the surface for further photo-emulsion polymerization
of cross-linked N-isopropyl-acrylamide (NIPA) chains. TEM images of
PS@PNIPA in Figure 2.6b show that a homogeneous and regular PNIPA shell
was affixed on the spherical PS core as well as the desired monodispersity.
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Figure 2.5 (a) Illustration of the synthesis of activated RAFT agent NHS-EDMA and preparation of core–shell nanocomposites via RAFT.
(b, c) TEM images of core–shell structure with monomer increased. Reproduced from ref. 54 with permission from John Wiley
and Sons, Copyright r 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) The synthesis of PNAS-MS. (e, f) TEM
images of MCM-41 and PNAS-MS core–shell nanoparticles. Reproduced from ref. 55 with permission from American Chemical
Society, Copyright 2008.
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Figure 2.6 (a) Schematic representation of the preparation of PS@PNIPA core–shell particles by photo-emulsion polymerization and
(b) TEM images of PS@PNIPA core–shell particles.
Reproduced with permission from ref. 56 with permission from John Wiley and Sons, Copyright r 2006 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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2.3 Polymer Deposition
A coating can be constructed and deposited atop a substrate of almost any
composition or topology lying on complementary affinities from polymer
molecules. The fabrication methods rely on different mechanisms to
form coatings on substrates, including in situ formation of resin or poly-
dopamine coating, covalent linkages and supramolecular assemblies of bio-
polymer coatings, and electrostatic interactions between layered materials.

2.3.1 Resin or Polydopamine Coating

Stöber method is a classical synthetic approach of a silica sphere and
coating, in which the hydrolysis and condensation of silica precursors
such as tetraethylorthosilicate (TEOS) occur in a solvent of alcohol, water
and ammonia at room temperature.57–60 Resorcinol-formaldehyde (RF) or
phenol-formaldehyde (PF) resin nanospheres have been synthesized by a
protocol analogous to the silicate sol–gel process. Interest has been gener-
ated by the excellent properties of the extension of the Stöber coating in the
fabrication of core resin/polymer shell nanostructures with a smooth surface
and a controllable shell thickness. For example, Yu and co-workers reported
a facile one-pot route for the large-scale synthesis of mono-core and multi-
core/shell silver-PF nanospheres with controlled particle size.61 A mono-
core/shell structure was prepared as a result of the parallel reduction of
silver NPs by formaldehyde (HCHO) and in situ polymerization of phenol
and HCHO around silver NPs. The size of core–shell spheres is related to
phenol-to-hexamethylenetetramine (HMT) molar ratio. In addition, multi-
core/shell spheres were produced from high starting concentrations of
AgNO3.

Fuertes and co-workers developed a one-step synthesis of highly mono-
disperse silica enveloped within RF polymer (SiO2@RF) under Stöber con-
ditions62 (Figure 2.7a), which amplified the formation mechanism. NH4

1

ions aggressively covered the negatively charged Stöber silica spheres, while,
OH� ions catalyzed the slower reaction between resorcinol and formalde-
hyde to form hydroxymethyl-substituted species, which diffused onto the
NH41 modified silica particles through electrostatic interaction. These spe-
cies condensed within the nanospace of the silica particles to create RF
polymeric layers (Figure 2.7b). Furthermore, internal cavities could be gen-
erated within the RF shell by dissolving the silica core of the SiO2@RF sphere
(Figure 2.7c). The one-step fabrication of core–shell nanospheres and related
capsules immediately foreshadowed the possibility of simplifying the mul-
tiple coating process. For example, Priestley and co-workers reported an Ag,
AgBr–silica–RF core–shell–shell (CSS) structure based on the simultaneous
reduction of AgNO3 and the polymerization of silica and RF from a one-step
process.63 Simply feeding AgNO3, TEOS, resorcinol and formaldehyde into
hexadecyl trimethyl ammonium bromide (CTAB) in an alcohol and aqueous
ammonia mixture constructed a CSS architecture (Figure 2.7d). The CSS

Synthesis of Core–Shell Polymer-based Colloids 41

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

00
30

View Online

https://doi.org/10.1039/9781788016476-00030


Figure 2.7 (a) Synthesis scheme for the formation of silica@RF spheres. TEM images of (b) SiO2@RF core–shell particles and (c) RF
hollow capsules. Reproduced from ref. 62 with permission from the Royal Society of Chemistry. (d) One-pot synthesis of Ag,
AgBr–SiO2-RF core–shell–shell and Ag@C yolk shell nanoparticle. TEM images of (e) Ag, AgBr–SiO2-RF and (f) Ag@C yolk shell
nanoparticles after carbonization and etching silica, respectively. Reproduced from ref. 63 with permission from the Royal
Society of Chemistry.
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structure of these particles is obvious from the TEM image in Figure 2.7e.
In addition, Ag@carbon yolk–shell spheres can be easily derived through
carbonization of the composite and etching silica, which is vital for extended
applications in catalysis (Figure 2.7f).

Polydopamine (PDA) is another type of surface engineered coating to
obtain core–shell topology, which is exclusively carried out in aqueous
solution. Inspired by the adhesive proteins in mussels, Messersmith et al.
proposed an adherent PDA coating approach, where dopamine (DA) con-
taining both catechol and amine functional groups self-polymerizes at
weakly alkaline pH values. The thickness of the PDA layer could be simply
controlled by varying the dopamine concentration or reaction time.64 This
approach has been demonstrated as a straightforward functionalizable
platform for immobilization atop a series of materials, including nano-
carbon, metal particles and cells.65–67 Priestley et al. prepared Fe3O4@PDA
core–shell nanoparticles through the classical PDA coating method. They
further exploited the fascinating properties of Fe3O4@PDA as a metal cata-
lyst support, carbon adsorbent and drug carrier (Figure 2.8a–b).68 Deng et al.
developed a simple technique for the preparation of nanoscale PDA-
encapsulated porous sulfur (S@PDA) core–shell nanospheres as cathodes
for lithium–sulfur batteries (Figure 2.8c).69 Monodispersed porous sulfur
spheres were prepared through the reaction of sodium thiosulfate (Na2S2O3)
with hydrochloride acid (HCl) in the presence of polyvinylpyrrolidone (PVP).
The PDA-coated sulfur nanocomposites could then be obtained through
in situ self-polymerization of PDA in aqueous solution (pH¼ 8.2) for 1 h.
From the TEM image in Figure 2.8d the PDA shell was measured to be
B20 nm thick and the sulfur core was about 500 nm in diameter.

2.3.2 Biopolymer Coating

A number of interesting physicochemical phenomena can be observed in
the range of ubiquitous natural entities, such as proteins, bacteria and
polysaccharides, which show that these biopolymers are also capable of
capturing target molecules effectively in proximity to the surface through a
multiplex bonding mechanism.

Phase-transitioned lysozyme (PTL) coating makes use of superfast
amyloid-like lysozyme assembly on a range of particle surfaces, from which a
robust and biocompatible nanoscale film can be obtained. This method is
widely applicable to various materials because of its general and multiplex
surface binding affinity to virtually arbitrary material surfaces.70 Yang and
co-workers reported that the a-helix of native lysozyme could assemble into a
b-sheet structure to form amyloid-like assembled oligomers in a lysozyme
buffer solution. These assembled oligomers would preferentially aggregate
at the air/water interface to form a PTL-nanofilm. When macroscopic
substrates were directly immersed and incubated in the PTL solution, PTL-
nanofilms could be attached atop the substrates. The PTL coating is color-
less and stable over a wide pH window ranging from 1 to 12. With this

Synthesis of Core–Shell Polymer-based Colloids 43

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

00
30

View Online

https://doi.org/10.1039/9781788016476-00030


strategy, the same group recently reported a PTL-shell coating on micro/
nanoparticles (e.g., PS, SiO2, and metal particles) and extended this techni-
que to prepare Janus particles and hollow capsules (Figure 2.9a).71 Since the
PTL nanofilm inherently includes a series of functional groups (e.g. –NH2,
–COOH, –OH, –SH, –(CH)n–CH3, and aromatic rings), it can afford further
modification. For instance, a continuous layer of Ag or Cu was successfully
deposited on the surface of PS particles with PTL as the adhesion promotion
layer between them, giving rise to Ag-coated PS particles. From this point,
the PTL coating is important in offering a new generation of bio-inspired
adhesives that harness the ability to couple the centre core strongly with the
outer features.

A biopolymer shell can also be constructed by electrostatic interactions
between oppositely charged molecules. The formation of an electrostatic
complex is usually a reversible process and is influenced by variables such as
pH and ionic strength. Chitosan is polycationic due to the presence of amino
groups, which has been previously used to establish a secondary layer
around negative charged particles, such as emulsion droplets and

Figure 2.8 (a) Fe3O4@PDA as a versatile NP platform and (b) TEM image of
Fe3O4@PDA core–shell nanoparticles. Adapted from ref. 68 with permis-
sion from American Chemical Society, Copyright 2013. (c) Synthesis of
S@PDA composites and (d) TEM image of S@PDA. Adapted from ref. 69
with permission from Elsevier, Copyright 2015.
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biopolymeric particles.72 Laye et al. mixed cationic chitosan solutions with
anionic liposome suspensions produced by homogenizing 1% soy lecithin in
acetate buffer to obtain stable dispersions of chitosan-coated food-grade
liposomes.73 Similarly, Santipanichwong et al. successfully prepared core–
shell biopolymer particles using electrostatic deposition of an anionic
polysaccharide (beet pectin) onto cationic heat-denatured protein
b-lactoglobulin [b-lg].74 These biopolymer-coated particles were freed from
aggregation when the pH value was in the range 4 to 6 or even in NaCl so-
lution, indicating the possibility of protecting functional food components
(i.e., aspeptide, protein or nutraceutical). Likewise, Madrigal-Carballo et al.
prepared biopolymer-coated liposomes by adding cationic (chitosan) and
anionic (dextran sulphate) biopolymers to a suspension of anionic lipo-
somes (soybean lecithin) under carefully controlled solution compositions.
Furthermore, ellagic acid was loaded onto the liposome core during the
process to evaluate the release capability (Figure 2.9b).75

2.3.3 Layer-by-layer Deposition

Layer-by-layer (LbL) methodology is a bottom-up strategy for the con-
struction of core–shell structures by building up multi-layered films on
various templates. A prominent feature is the electrostatic attraction be-
tween oppositely charged surfaces of alternating layers of polyelectrolytes.76

Components with distinct structures can be intimately and harmoniously
combined within LbL assembled nanofilms. Accordingly, LbL has rapidly

Figure 2.9 (a) Schematic illustration of the PTL coating process on particles, SEM
images of PS micro/nanoparticles before (left) and after (right) coating
with the PTL film. Reproduced from ref. 71 with permission from John
Wiley and Sons, r 2018 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) Chemical structure of ellagic acid and the process of
preparing multi-layered biopolymer shell. Adapted from ref. 75 with
permission from Elsevier, Copyright 2010.
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emerged as a versatile methodological platform for core–shell products.
Caruso and co-workers have reported the deposition of polymer multi-layers
atop enzymes with positive charge. Polyelectrolyte layers, such as negatively
charged polystyrenesulfonate (PSS) and positively charged poly(allylamine
hydrochloride) (PAH), were deposited sequentially through the surface
charge reversal that occurred upon adsorption of each layer.77 As another
example, PS particles covered with polyelectrolyte (PE) multi-layer films were
prepared through LbL assembly of poly(diallyldimethylammonium chloride)
(PDDA) and poly(sodium 4-styrenesulfonate) (PSS) in NaCl aqueous
solution.78 TEM images directly showed discernible changes between the
uncoated and coated PE shell on PS particles (Figure 2.10a). Similarly,
negatively charged polyacrylic acid (PAA) combined with the positively
charged PAH also gave core–shell formation via this route.76

Apart from the frequently used electrostatic interactions, other
molecular interactions have also been developed to construct core–shell
architectures using the LbL assembly technique. For example, Huang et al.
reported a core-corona structure with a raspberry-like polymer composite
using a hydrogen interaction mechanism.79 Small poly(ethyleneglycol
dimethacrylate-co-acrylic acid) (poly(EGDMA-co-AA)) microspheres effectively
self-assembled on poly(ethylene glycol dimethacrylate-co-4-vinylpyridine)
(poly(EGDMA-co-VPy)) surfaces through an affinity complex between the
carboxylic acid and pyridine groups. Caruso’s group reported a versatile and
robust coating method using one-step assembly of coordination complexes
on various substrates (Figure 2.10b). The natural polyphenol tannic acid (TA)
and Fe(III) were chosen as the organic ligand and the inorganic cross-linker
to make TA-Fe coordination layers.80

Host–guest interaction is another force that can be chosen to fabricate LbL
multi-layer assemblies.81 Ma and co-workers reported the engineering of

Figure 2.10 (a) Multi-layer film formation on a PS core achieved by LbL and TEM
images of the uncoated and coated particles. Adapted from ref. 78 with
permission from American Chemical Society, Copyright 2004. (b) Illus-
tration showing the coordination interaction modes of TA and Fe(III) for
LbL coatings. Reproduced ref. 80, https://doi.org/10.1021/cm403903m,
with permission from American Chemical Society, Copyright 2014.
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core–shell nanospheres by interaction between a host macromolecule and a
guest substance.82 b-cyclodextrin (b-CD) with a hydrophilic block was
selected as the host unit for a link with another hydrophilic segment, such as
a diblock hydrophilic co-polymer, polyethylene glycol-b-polycyclodetrin
(PEG-b-PCD) or hydrophobic small molecules. Based on the different
solubilization effects of various cyclodextrins (a, b or g) in a broad range
of hydrophobic compounds, these could be developed into novel types of
universal nanocarriers. But it should be emphasized that host–guest inter-
actions demand explicit recognition provided by selective interactions be-
tween the host cavities and corresponding guest molecules.83

2.4 Self-assembly
A feature of amphiphilic block co-polymers is the simplicity with which they
can form ordered nanoscale structures under special circumstances. Self-
assembly is the preferred method for providing access to core–shell
morphology through purely physical forces (noncovalent forces). The ad-
vantage of omitting washing steps or reducing synthetic steps has created
huge interest.

2.4.1 Co-precipitation

A selective solvent will preferentially dissolve one part of the molecule
(comprising both hydrophobic and hydrophilic parts) over another. As a
result, the hydrophobic segment is shielded from the solvent in the core of
the structure whereas the hydrophilic part primarily dissolves in the solvent.
Co-precipitation involving the spontaneous self-assembly of inorganic NPs
and amphiphilic block co-polymers in a selective solvent is a method for
locking the preformed inorganic NPs into polymer micelles to form core–
shell colloids. Taton et al. synthesized g-Fe2O3@polymer core–shell nano-
structures from the co-assembly of magnetic particles and PS250-b-PAA13

co-polymer (Figure 2.11a).84 The block co-polymer and oleic acid-stabilized
g-Fe2O3 were dissolved in the corresponding good solvents N,N-
dimethylformamide (DMF) and tetrahydrofuran (THF). The anti-solvent
water (H2O) was then added gradually into the mixture to desolvate both
the particles and the hydrophobic polymer block simultaneously. It was
observed that the hydrophobic PS block from PS250-b-PAA13 enveloped the
hydrophobic NPs through hydrophobic–hydrophobic interactions. In add-
ition, the average number of encapsulated particles per micelle could be
controlled by varying the starting concentrations of NPs and block co-
polymer. Au NPs, single-walled carbon nanotubes and other inorganic ma-
terials have been functionalized using a similar approach.85 Subtly tuning
interactions between the inorganic NPs and corona blocks, such as the
composition of the block co-polymers, the functional ligands on the in-
organic NPs or the environmental conditions, may remodel self-assembled
structures. For example, Park and co-workers have studied the influence of
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Figure 2.11 (a) Schematic illustration and TEM of co-precipitation of PS-b-PAA and Fe2O3 NPs. Adapted from ref. 84 with permission from
American Chemical Society, Copyright 2005. (b) Self-assembly of nanoparticles and block co-polymers for three different
morphologies, as well as the corresponding TEM images. Adapted from ref. 86 with permission from American Chemical
Society, Copyright 2011.
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solvent/polymer combinations on the final structures.86 Figure 2.11b depicts
three different morphologies of nanoparticle-polymer assemblies: (i) poly-
mersomes with NPs packed in the wall (magneto-polymersomes), (ii) core–
shell assemblies with NPs radially arranged at the interface between the
polymer core and the shell (magneto-core/shell) and (iii) polymer micelles
with NPs homogeneously incorporated (magneto-micelles). It was revealed
that the overall morphology and the NP arrangement in the polymer
matrix could be precisely tuned by parameters, such as the relative volume
ratio between the hydrophobic block and the hydrophilic blocks of the
amphiphilic block co-polymer, solvent and the intimate NP-polymer
interaction.

Apart from the aforementioned solvent exchange process, solvent
evaporation is another co-precipitation process for the generation of self-
assembled core–shell structures. Due to the physical generality of the
formation mechanism, this evaporation method opened up a wide variety of
polymers, particularly block polymers, for constructing complex structures
(i.e., one-dimensionally stacked lamellar, Janus and core–shell structures).
For example, Yabu and co-workers prepared fine-sized PS NPs by means of
evaporating the volatile THF from a PS solution containing both a poor
(water) and a good solvent (THF).87 The same group used amphiphilic block
co-polymer stabilized Au micelles as templates to prepare Au NPs/polymer
composite particles. In relation to the solvent evaporation process, the so-
lution of polymer (e.g., polyisobutylene (PIB), PS or polymethylmethacrylate
(PMMA)) was mixed with block co-polymer-stabilized Au NPs in THF. The
different hydrophobicity of these homopolymers led to three different self-
assembled structures, including: (i) a core–shell particle with Au NPs in the
shell (Figure 2.12a), (ii) a Janus structure with Au NPs located only in one
domain (Figure 2.12b) and (iii) a core–shell structure with Au NPs congre-
gating in the core (Figure 2.12c).88 Light-absorbing dyes, paramagnetic
particles and other functional materials were introduced into similar poly-
mer composite particles.89

Figure 2.12 TEM images of Au/polymer composite NPs produced by evaporating
THF from different mixed solutions.
Adapted from ref. 88 with permission from John Wiley and Sons,
Copyright r 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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2.4.2 Flash NanoPrecipitation (FNP)

FNP is a rapid self-assembly technique using a small chamber, such as a
multi-inlet vortex (MIV) or confined impinging jets (CIJ) mixer to create NPs
of uniform size ranging from 30 to 800 nm.90 In general, two high velocity
linear jets of fluid, i.e., one containing the block co-polymer solution and the
other containing a non-solvent for the polymer, will be expelled manually
from two different syringes into a chosen reservoir. Depending on the rapid
super saturation after mixing, the polymer swiftly assembles and precipi-
tates into NPs. Note that the process has facile-operation, high reproduci-
bility and low energy consumption. The particle size can be precisely
controlled via changing the polymer and/or the electrolyte concentration.91

In particular, the technique successfully tackled the possibility of engulfing
active components within polymers that have distinctive solubility prop-
erties. Prud’homme et al. reported the co-encapsulation of hydrophobic
organic actives (b-carotene) and inorganic Au NPs into poly(ethylene glycol)-
block-poly(e-caprolactone) (PEG-b-PCL) using FNP in a four-stream vortex
mixer.92 In Figure 2.13a, hydrophobic Au NPs in conjunction with b-carotene
and PEG-b-PCL were dissolved in THF. A custom-designed MIV mixer

Figure 2.13 (a) Preparation of multi-component core–shell nanoparticles via FNP in
a MIV and corresponding TEM image. Adapted from ref. 92 with
permission from American Chemical Society, Copyright 2008. (b) Sche-
matic process of FNP to produce metal@PS-b-PVP. (c) TEM image of
Au@PS-b-PVP. Adapted from ref. 95 with permission from the Royal
Society of Chemistry.
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afforded the mixture with an anti-solvent of H2O and precipitation of all
hydrophobic components, including Au NPs, b-carotene and the hydro-
phobic block of PEG-b-PCL. Sterically, b-carotene was encapsulated, in
conjunction with Au NPs, within the cores of PEG-b-PCL shells. Likewise,
magnetic and quantum dot, photo-sensitizer and organic dye NPs have also
been encapsulated into co-polymers by FNP.93,94

On the other hand, an outer layer of inorganic NPs attached to polymer
NPs can be obtained through FNP. Priestley et al. prepared Au NPs decorated
polymer core–shell particles with tunable overall particle size and metal
nanoparticle arrangement.95 As schematically showed in Figure 2.13b, a
syringe containing polystyrene-b-poly(4-vinylpyridine) (PS-b-PVP) dissolved
in THF was placed at the inlet of stream 1, and a syringe containing HAuCl4

in H2O was placed at the inlet of stream 2. These two streams were merged
into a mixing stream and then diluted into a water medium containing
NaBH4 and sodium dodecyl sulfate (SDS). The AuCl4

� ions converted into Au
seeds due to the reducing capability of NaBH4 and grew within the PVP layer
to form stable Au@PS-b-PVP composites NPs (Figure 2.13c). Likewise, Liu
and co-workers successfully prepared other metal (e.g., Ag, Pt) NPs loaded
atop co-polymer NPs through the same methodology.96,97

2.4.3 Microfluidics

Microfluidics concerns small (from 10�18 to 10�9 liter) volumes of fluids,
whose appendix channels have dimensions from tens to hundreds of mi-
crometers. Self-assembly is preceded by a mixing step that rapidly distrib-
utes the reactant molecules within a microreactor. It ordinarily requires the
generation of single- or multi-phase emulsions, e.g., W/O/W (water/oil/
water), O/O/W and O/W/O emulsions. Subsequent solidification or gelling of
these droplets yields core–shell particles, which are carried toward the outlet
of the reactor.98–101 Michael et al. fabricated monodisperse poly(lactic-co-
glycolic acid) (PLGA)-alginate core–shell microspheres by using a capillary
microfluidic device. A schematic diagram is illustrated in Figure 2.14a: fluids
of three phases were guided into the microfluidic device to generate PLGA-
alginate double emulsion droplets,102 specifically, a PLGA solution in
dichloromethane (DCM) containing rifampicin, a polyvinyl alcohol (PVA)
solution containing alginate and toluene containing span 80. They were
used as the inner oil phase, middle aqueous phase and outer oil phase,
respectively. After mixing, the double emulsion droplets were collected in a
beaker containing calcium chloride solution to cross-link the alginate
shell layer.

Alternatively, the self-assembly of core–shell structures can be triggered in
a reactor by radiation/high temperature, or by the diffusion of reactants to
the locus of targeted cores. Fleischmann et al. fabricated a core–shell
elastomer containing liquid crystalline elastomer (LCE) shells filled with a
liquid core in a designed microfluidic set-up (Figure 2.14b).103 The micro-
fluidic device comprised a triple-channel: a concentric cylindrical glass
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Figure 2.14 (a) Fabrication process of PLGA-alginate core–shell microspheres. Adapted from ref. 102 with permission from Elsevier,
Copyright 2013. (b) Preparation of core–shell elastomers through microfluidics in a designed reactor. Reproduced from
ref. 103 with permission from Springer Nature, Copyright 2012.
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micropipette containing the LC monomer (blue), a tapered square glass
capillary containing glycerol (red) and an outer cylindrical glass micropipette
containing silicone oil (yellow). The low viscosity of the monomer in its high-
temperature isotropic phase made it easily continuous in a microfluidic
device for the formation of the core–shell particles. Glycerol droplets
encapsulated by a monomer shell were then placed into silicone oil. This
co-flow microfluidic geometry allowed good control of the preparation of
core–shell particles, and avoided coalescence of the particles until they were
photo-polymerized downstream.

2.5 Electro-spraying/Jetting

2.5.1 Electro-spraying

The electro-spraying process involves an external electrical field of high
voltage and a coaxial set-up. During electrospraying, micro/nano-sized solids
directly reach the receptor, accompanied by the quick solvent evaporation of
the charged droplets and the entrapment of targeted materials (such as
drugs and cells). One outstanding feature is the ability to tune the size and
morphology of the generated droplets by optimizing the overall physical/
chemical properties of the precursor solution and processing parameters
(e.g., flow rate, external voltage). Wu and co-workers prepared core–shell
structured polymeric particles with protein as the core and an amphiphilic
biodegradable polymer as the shell.104 Figure 2.15a described the single-step
electrospraying process. PCL-PPE-EA [poly(e-caprolactone)-polyamino-ethyl
ethylene phosphate] was used as the amphiphilic polymer. Aqueous protein
was dispersed drop by drop into a dichloromethane (DCM) solution con-
taining PCL-PPE-EA co-polymer to produce a water-in-oil (W/O) emulsion,
which was then electrosprayed and delivered onto a collector. The electro-
sprayed PCL-PPE-EA polymeric core–shell spherical particles had rather
smooth surfaces and uniform size distribution. Additionally, this process
hints at an innovative way of constructing core–shell polymeric particles,
which enables hydrophilic and hydrophobic parts to be ideally randomly
distributed.105–107

2.5.2 Electro-jetting

Electro-jetting is a cost effective and versatile technique to optimize core–
shell particles on an industrial scale. As an electro-hydrodynamic process, it
is governed by the interactions between the electrostatic repulsion induced
by an applied electric field and the polymer concentration to guarantee a
liquid droplet.108,109 Daniel and co-workers reported a type of alginate-based
hydrogel microcapsule with core–shell structures using a two-fluid co-axial
electro-jetting system.110 As shown in Figure 2.15b, the shell fluid consisted
of a cell-free alginate solution while the core fluid contained the cell ag-
gregates or therapeutic cells. Under an electrostatic force, microdroplets
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with core–shell structures were formed and dropped into the gelling bath.
The composition and thickness of both the core and the shell were adjust-
able by the material selection and their respective flow rates. Analogous to
electro-jetting, coaxial electro-spinning is another electro-hydrodynamic
method for manufacturing core–shell materials, especially preferred in
one-dimensionally arranged nanofibers.111

2.6 Conclusion
In this review we have discussed different synthetic routes that are capable of
creating an explicit polymer-based core–shell morphology with sizes ranging
from a few nanometers to micrometers. The strategies included: (i) the at-
tachment of particular polymer chains onto the surface of functionalized
cores (‘‘grafting to’’) and the surface-initiated polymerization of monomer
from reactive seeded cores (‘‘grafting from’’); (ii) direct deposition or LbL
coating; (iii) self-assembly approaches and (iv) electro-spraying/jetting.
By using the different synthesis methods, functional NPs or polymers can be
located in a particular configurable structure, which in turn changes or
adjusts the properties of the whole materials.

Whilst assorted approaches to fabricating core–shell structures have
been outlined, there are nevertheless crucial concerns to be taken into
account. It is advisable for the research community to rationally evaluate
the advantages and disadvantages of various methods with a view to im-
proving its future burgeoning developments. Note that most current
grafting methodologies often require stringent experimental conditions.
Ideally avoiding organic solutions, metal catalysts or tedious purification
processes is a great benefit for environmental concerns. At this point, ionic

Figure 2.15 (a) Schematic representation of the formation of core–shell structured
particles through electro-spraying an emulsion solution. Adapted from
ref. 104 with permission from John Wiley and Sons, Copyright r 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Schematic
depictions of two-fluid co-axial electro-jetting for core–shell capsules
and cell encapsulation. Reproduced from ref. 110 with permission from
the Royal Society of Chemistry.
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liquid, an environmentally friendly, nontoxic and nonaqueous solvent is of
technological interest.112–115

The development of new coating layer has become of great importance
with the emergence of promising versatile materials. Among them, diverse
coordination polymers appear to be broadly compatible and suggest several
potentially fruitful avenues for constructing complex polymer networks as
thin films or coatings on particle surfaces.116–118 Regarding self-assembly, it
is challenging to find a feasible, commercially viable way to produce various
functional core-shell polymer NPs. The continuous self-assembly process
seems to have a major advantage in industrial scale production.119,120 For
example, using continuous flow in the current FNP geometry would enable
production of 3.5 kg day�1 of NPs and scale-up is possible from laboratory
apparatus to industrial continuous production at 1400 kg day�1.91

The engrossing core-shell types of polymer have the advantage of un-
limited applicability in versatile areas, such as biomedicine, imaging and
chemical sensing, and catalytic applications. Meanwhile, more chemical or
physical transformation mechanisms are emerging that will expand the
scope of innovative preparation. From these perspectives, stimulating chal-
lenges for the creation of core–shell polymer-based NPs with different
compositions as well as properties in practical utilization still await us, while
huge efforts are being elicited for versatile approaches with the hope of
promoting commercial merit and industrial scalability.
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CHAPTER 3

Flash Nano-precipitation
and -complexation to Produce
Polymer Colloids

VICTORIA E. LEE,a DOUGLAS M. SCOTT,a

ROBERT K. PRUD’HOMMEa AND RODNEY D. PRIESTLEY*a,b

a Department of Chemical and Biological Engineering, Princeton
University, Princeton, NJ 08540, USA; b Princeton Institute for the Science
and Technology of Materials, Princeton University, Princeton, NJ 08540, USA
*Email: rpriestl@princeton.edu

3.1 Introduction
Polymeric nanoparticles and colloids have generated a great deal of interest
for their realized and potential applications in a variety of fields.1,2 Polymer
colloids can be used to deliver therapeutics or imaging aids to specific
targets in the body3–6 or to probe biological responses to foreign objects.7

Those which respond to chemical or physical stimuli can assemble to create
nanocircuits or electronic displays,8,9 and their propulsion behavior can give
insights into the microrheology of their environment.10,11 In other systems,
immiscible mixtures can be compatibilized upon the introduction of poly-
mer colloids which act as interfacial property modifiers.12,13 Many of these
applications require polymer colloids with anisotropic surface chemistries,
complex internal morphologies, or specific surface charges. In order to be
utilized in industrial applications, these colloids must be produced at large
scale using an economical process.
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Motivated by this array of applications, significant effort has been made in
the last few decades to develop processes to produce such complex polymer
colloids. Current techniques such as emulsion polymerization and micro-
fluidic approaches can be used to reliably generate kilograms of material per
day but can be limited in the range of sizes and complexity of the colloid
morphologies that can be produced. Other processes such as masking or
solvent exchange can generate more complex morphologies, but this is often at
the expense of yield, requiring multiple time-consuming or chemistry-specific
steps. Flash NanoPrecipitation (FNP) and Flash NanoComplexation (FNC)
have recently emerged as promising platforms to generate complex polymer
colloids on industrial scales with a high degree of flexibility. Operated in a
continuous manner at room temperature, FNP is a solvent-exchange process
based on the precipitation, nucleation, and agglomeration of polymer chains
upon exposure to a poor solvent to produce monodisperse polymer colloids.
Phase separation between different polymers and electrostatic interactions
between components can be exploited to create internally-structured and
hybrid polymer–inorganic colloids with simple changes to the process.
Using the same equipment, FNC relies on the electrostatic complexation of
oppositely-charged polymers upon mixing to form polymer colloids, instead
of the precipitation and aggregation behavior of polymer chains.

In this chapter, we will introduce the fundamental concepts behind the
FNP and FNC processes as well as discuss practical considerations for their
use. We will also review examples of polymer colloids generated by these
processes, highlighting the variety of polymer colloid morphologies which
can be produced from these economical and scalable processes and their
utility in a variety of applications.

3.2 The Flash NanoPrecipitation Process
Flash NanoPrecipitation has been used to prepare polymer colloids of a wide
range of sizes, compositions, and morphologies. It is particularly attractive
as a processing platform as it can be scaled up from the lab bench to in-
dustrial production while product attributes can be controlled by making
simple adjustments to a set of process parameters.14–16 In the following
sections, we review the dynamics of polymer chain collapse and particle
stabilization as well as the equipment and material properties to consider
when performing FNP.

3.2.1 Polymer Collapse, Nucleation, and Aggregation

The formation of colloids via FNP is enabled by the collapse, nucleation, and
aggregation of individual polymer chains upon a change in solvent quality.
When the polymer feed stream and the anti-solvent stream are rapidly
mixed, the polymer is suddenly placed under high supersaturation con-
ditions, thereby inducing chain collapse into globules which each act as a
nucleation point. In traditional crystallization theory, fluctuations in the
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concentration of molecular species result in the formation of nuclei. In such
systems, the nucleation rate, J, is defined in eqn (3.1):

J¼ A exp
�DGcr

kT

� �
(3:1)

where A is a constant, k is Boltzmann’s constant, T is the absolute tem-
perature, and DGcr is the critical free energy for nucleation, comprising the
energy required to form an interface and the free energy of the bulk phase.17

This critical free energy can be defined in terms of the supersaturation,
surface tension, and solute properties to result in eqn (3.2):

J¼ A exp
�16pg3v2

3k3T3 lnðSÞð Þ2

 !
(3:2)

in which g is the surface tension, v is the molar volume, and S is the
supersaturation ratio of the solute. From eqn (3.2), it can be seen that the
nucleation rate increases as the solution supersaturation increases.18

The formation of nuclei results in a drop in the solute concentration and
a halt to the formation of new nuclei. The individual polymer globules then
diffuse and aggregate until stabilization occurs. Low levels of supersatur-
ation or inhomogeneous mixing result in the formation of polydisperse
particles as uniform nucleation may not occur. Fast mixing, on the order of a
few milliseconds, is therefore essential to create high supersaturation and
uniform nucleation conditions which produce monodisperse polymer col-
loids.19 These short mixing times are a critical feature of the FNP process,
and millisecond mixing times have been confirmed using known reaction
kinetics as benchmarks (see Characteristic Times of the FNP Process for
more detail).20

Each of the nuclei that forms upon mixing is composed of a single
collapsed polymer chain. The Flory theory can be used to relate the radius
of gyration, Rg, of this collapsed polymer chain to its degree of polymer-
ization, N, in different solvent conditions.21,22 Before mixing, when poly-
mer chains are dissolved in a good solvent at dilute concentrations, the
interactions between the polymer and the solvent are thermodynamically
favorable. This results in an extended and swollen chain conformation,
such as that shown in Figure 3.1a, in which Rg is proportional to
N according to eqn (3.3):

RgBN0.588 (3.3)

In a poor solvent, however, the interactions between the polymer chain
and the solvent are less favorable and the polymer collapses in on itself
to form a globule, such as that in Figure 3.1b, with a new relation between Rg

and N according to eqn (3.4):

RgBN1/3 (3.4)
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It will be shown in Section 3.3.1 that for rapid mixing conditions, the size
of homopolymer colloids formed via FNP scales with polymer concentration
according to a power law with an exponent of approximately 0.30. This in-
dicates that the number of polymer chains in each colloid is proportional to
the polymer concentration in the mixture and that the process is growth-
controlled under these conditions rather than nucleation-controlled.

In some cases, an amphiphilic block copolymer is used to form a pro-
tective shell, or corona, around the colloid core. This is advantageous for
certain applications, for instance in medical applications where a corona of
polyethylene glycol (PEG) can lengthen circulation in the bloodstream and
prevent protein adsorption.23–25 The amphiphilic block copolymers are in-
corporated in the feed stream with the other polymeric components and
experience the same change in solvent quality upon rapid mixing with the
anti-solvent stream, leading to the collapse of one block of the copolymer.
From here, the adsorption of the partially-collapsed block copolymers atop
the collapsed polymer globule nuclei follows adsorption kinetics with two
stages.26,27 The first fast stage involves diffusion of the block copolymer to
the nucleus surface and continues until an overlapping brush layer forms on
the surface of the particles. This first stage is followed by a second, slower
stage in which further adsorption of block copolymers is limited by the
ability of the block copolymers to penetrate the adsorbed overlapping brush
layer. The brush density can be controlled by tuning the percent of core
material in the system and varies between two regimes. In the mushroom
regime, block copolymer chains act as if they were free chains in solution at
the particle surface. In the more dense brush regime, the block copolymer
chains are more crowded at equilibrium and are stretched to create a thicker
layer at the interface.28,29 With or without amphiphilic block copolymers, the

Figure 3.1 Polystyrene chain conformation in good solvent conditions (a) and poor
solvent conditions (b).
Adapted from ref. 22 with permission from American Chemical Society,
Copyright 2018.
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aggregation of the collapsed polymer chains continues as they diffuse
through the solvent until stabilization conditions are met. The mechanism
of stabilization has been found to depend on the polymers and solvent
system used, and the various forces at work will be discussed in
Section 3.2.3.

Characteristic Times of the FNP Process
The rapid mixing time, tmix, and the particle formation time, tflash, are
important parameters of the FNP process (Figure 3.2).32 When multiple
components are incorporated in the process, tflash can be broken down
into the times for each of the components to nucleate and grow. For
example, when a core material is being encapsulated and stabilized by an
amphiphile, tflash consists of the time for nucleation and growth of the
core material, tng, and the aggregation time of the amphiphilic stabilizer,
tagg. When these two timescales are matched by tuning the properties of
the amphiphilic block copolymer, the block copolymer can adsorb on the
surface of the growing core material.28 Similarly, if two hydrophobic
polymers with similar dynamics are incorporated in the feed stream, they
can interact to form internally-structured colloids.30,31

One key to creating monodisperse polymer colloids using the FNP
process is to achieve uniform and homogeneous nucleation, in which the
effect of the mixing time is minimized. This is the case when mixing is
rapid and tmix is smaller than tflash. The Damköhler number, Da, is the
ratio of these two values (tmix/tflash), so this condition is met when Dao1.

Figure 3.2 Characteristic timescales involved in the formation of stabilized
nanoparticles via FNP.
Reproduced from ref. 32 with permission from CSIRO Publishing.
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This results in a ‘homogeneous’ starting condition which removes the
effect of mixing time on the final particle properties. When Da41 and
mixing is slow, the particle formation is transport-controlled, and the
particle size is a function of mixing speed. When Da¼ 1 and the values of
tmix and tflash are equal, the particle size ceases to be a function of the
mixing rate.

To better understand the process and develop scaling laws for FNP, it
was necessary to determine these characteristic times for different in-
jection rates and mixer geometries. A set of competitive chemical re-
actions with known reaction rates was therefore used as a ‘‘chemical
ruler’’ to determine the value of tmix.20 These reactions took place while
the particles were in the process of forming, where the amount of one of
the products could be measured. Because the initial concentrations and
reaction rates were known for the reactions, the value of tmix could then
be calculated from the measured concentration of the reaction’s product.
Further, the value of tagg for a variety of amphiphilic block copolymer
stabilizers was determined once tmix was known for a specific geometry
and injection rate. With only an amphiphilic block copolymer in the FNP
feed stream, tflash was equal to tagg for that specific block copolymer and
therefore, Da¼ tmix/tagg. As described, colloid formation transitions from
being transport-controlled when Da41 to being independent of mixing
time when Dao1. The value of tagg could therefore be determined by
identifying the mixing time where particle size became homogeneous as a
function of mixing rates, the point when Da¼ 1.32

3.2.2 Solvent and Polymer Choice

Based on the mechanism of polymer collapse and aggregation, there are
certain constraints on the solvents and polymers used in the FNP system to
create monodisperse, stable polymer colloids. The first is that the solvent in
the feed stream and the solvent in the anti-solvent stream must be a good
and poor solvent for the chosen polymers, respectively. FNP is a solvent
exchange process, and the formation of uniform polymer colloids relies on
the quick transition from complete dissolution of the polymer in the feed
stream to high supersaturation conditions where polymer chains collapse to
form globules. The complete dissolution of the polymer in the feed stream
allows for uniform formation of globule nuclei which then aggregate to form
larger colloids.

The second constraint is that the two solvents must be miscible. This
allows for uniform and rapid solvent exchange upon mixing of the two
solvents and for the immediate collapse of the polymers, which are super-
saturated in the new solvent conditions. Table 3.1 includes a list of example
polymers, solvents, and anti-solvents that have been used to form colloids
via the FNP process. The most common combination is a solution of a
hydrophobic polymer in THF flashed against water as the anti-solvent.
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When forming more complex polymer colloid morphologies such as Janus
or core–shell particles which include the use of more than one polymer, the
interactions between different polymers and between any additives and the
polymers will affect the final colloid morphology. The molecular weights of
the polymers, charge of polymer functional groups, and surface charge of
additives will significantly change the morphology of the products. These
effects will be discussed in later sections. Block copolymers with different
properties have been tested for their ability to stabilize particles against
coalescence, suggesting that the amorphous content and glass transition
temperature (Tg) of the polymer affect the stability of the formed nano-
particles.36 In addition, nanoparticles which will be used in drug delivery or
personal care applications may also necessitate the use of biocompatible or
biodegradable polymers. These properties must be considered when pre-
paring polymer colloids via FNP for various applications.

3.2.3 Mechanism of Stabilization

The formation of monodisperse, stable aggregates of collapsed polymer
chains is made possible due to the presence of stabilizing forces during FNP
processing. These forces can arise from electrostatic repulsion between
colloids or from steric stabilization of polymer brushes on the surface of the
colloids. Electrostatic stabilizing forces between colloids are often described
in terms of the z-potential, or the electric potential at the slipping plane of
the colloid, and absolute z-potential values above 30 mV are generally
deemed sufficient to stabilize colloids.41 In the case where hydrophobic
polymers such as polystyrene (PS) or polyisoprene (PI) are incorporated in
the feed stream, the resulting polymer colloids exhibit a significant negative
z-potential between �30.0 and �40.0 mV, shown in Figure 3.3, despite the
lack of charged groups in the polymer itself. The origin of this negative
charge has generated debate for decades.42–44 Microbubbles in water have

Table 3.1 Examples of polymers, solvents, and anti-solvents that have been used in
FNP.

Polymer Good Solvent Anti-solvent References

Polystyrene (PS) THF Water 33
Polyisoprene (PI) Acetone 30
Polybutadiene (PB) 34
Polylactic acid (PLA) 35
Polycaprolactone (PCL) 36
Poly(lactic-co-glycolic acid) (PLGA)

Poly(butyl acrylate)-b-Poly(acrylic acid) DMSO Water 37
Methanol Chloroform 38

Acetone

Poly(ethylene glycol)-b-dimyristoyl lipid
(PEG-b-DMG)

Ethanol Water 39
40
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been experimentally observed to exhibit significant negative surface charges,
and oil droplets in oil/water emulsions have had similar charges which sta-
bilize them against coalescence for months either in the presence of non-ionic
surfactants or in the absence of surfactants altogether.45–49 The surface
charges on these air and oil droplets, indicated by the measurement of
z-potentials, are negative at high pH and become less negative as pH de-
creases until finally becoming positive at pHB2–4, suggesting that it may be
the preferential adsorption of hydroxyl ions at the interface which generates
this negative charge.42,50,51 This mechanism is further supported by obser-
vations that the pH of an oil/water emulsion decreases linearly with an in-
crease in surface area and more NaOH is required to maintain a constant
pH.52 However, competing theories propose that the negative charge at water/
hydrophobic interfaces is due to the adsorption of bicarbonate anions rather
than hydroxyl ions or carboxyl impurities in the oil containing system.53

Other theoretical simulations and spectroscopic measurements have
suggested that hydronium cations are more strongly attracted to water/vapor
interfaces than hydroxyl anions, in contrast with the experimentally-observed
negative charge on air bubbles and oil droplets.43,54,55 Alternatively, molecular
dynamics (MD) simulations have proposed that water molecules can collect-
ively organize at an interface, producing a charge transfer effect that would
result in a negative z-potential, though the magnitude of that z-potential does
not match experimental results.56 While the magnitude of the negative
z-potential for plain PS or PI particles more closely matches that of air bubbles
and oil droplets, suggesting that the preferential adsorption of hydroxyl ions
results in the stabilization of homopolymer colloids prepared via FNP, the
mechanism behind this stabilization clearly remains a topic of debate.

Many polymer colloids formed via FNP are sterically stabilized with
amphiphilic block copolymers. As described in Section 3.2.1, the hydrophilic
block of the amphiphilic block copolymers can adopt different conform-
ations on the surface of the polymer colloids depending on the polymer

Figure 3.3 z-potential of PS and PI particles prepared via FNP, and hai is radius of
the colloid.
Reproduced from ref. 33 with permission from American Chemical
Society, Copyright 2016.
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surface density (i.e. chains per nm2). In the brush regime, colloids with
solvophilic coronas are sterically stabilized by that polymer brush on the
colloid surface. This brush resists chain interpenetration when two colloids
approach one another, creating a repulsive force between colloids.

3.2.4 Equipment

In practice, there are two main mixing designs used to perform FNP: the
confined impingement jets (CIJ) mixer and the multi-inlet vortex mixer
(MIVM). The designs of these two setups are illustrated in Figure 3.4.
Irrespective of geometry, the colloid formation mechanism is common to
both. However, as noted below, the MIVM can provide some additional
capabilities. A video tutorial of the operation of the CIJ and MIVM mixers has
been presented by Markwalter et al.57

The CIJ mixer has two inlet streams, one for the polymer feed solution, and
another for the anti-solvent. The two streams must have equal momentum
when they are injected to ensure rapid and complete mixing of the two solv-
ents.56 The two inlet streams can be attached to pumps to use the CIJ mixer in
a continuous manner. Alternatively, small volumes of colloidal suspensions
can be prepared manually to conserve material, which is advantageous for
small-scale research projects.58 One syringe can be loaded with the polymer
solution to be used as the feed stream and another loaded with the anti-
solvent, and these syringes can be depressed manually. After mixing of the two
feed streams, the effluent is deposited in an anti-solvent reservoir to provide
an additional quenching step. Additional components can be incorporated in
the anti-solvent reservoir, giving the FNP process more flexibility.

For certain applications, it is advantageous to have more than two
inlet streams or to have different flow rates for different components.
The four-stream MIVM can accommodate both options.59 Rather than

Figure 3.4 Schematic illustrations of the (a) CIJ mixer configuration and (b) MIVM
configuration for FNP.
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impinging directly into one another as the streams do in the CIJ mixer, in the
MIVM, they inject tangentially into the mixing chamber allowing for im-
balances in stream momentum. MIVM setups can range in size. The original
design used syringe pumps to control the feed rates of each stream. The
process of priming the pumps and reaching steady state can result in waste
that may be unacceptable if the materials being used are limited in quantity or
expensive. To prevent this waste, a scaled-down version of the MIVM system,
termed the micro-MIVM, has been designed where syringes are used for the
feed streams, as they can be for the CIJ mixer.60

3.3 Homopolymer Colloids
In its most basic configuration, FNP can be used to produce homogeneous
polymer colloids with uniform surface composition by incorporating a
single homopolymer in the feed stream. These homopolymer colloids re-
main suspended and stable due to the net negative surface charge as de-
scribed in Section 3.2.3. Even with this setup, a range of particle sizes can
be achieved by tuning various process parameters such as polymer feed
concentration and mixing time. These effects will be discussed in the fol-
lowing section.

3.3.1 Concentration Effects

Homogeneous colloids of various hydrophobic polymers such as PS and
PI have been generated via FNP and range from 50 to 500 nm in diameter.
With the same simple setup in a CIJ or MIVM configuration, the particle
size can be tuned by controlling the concentration of polymer in the
feed stream.

As the concentration of polymer in the system increases, more collision
events occur between collapsed globules before stabilization is achieved, and
each colloid is composed of more polymer chains. The radius of the final
colloids, a, showed a dependence on polymer concentration, F, that could be
fit to a power law relation to give aBF1/3, as shown for both PS and PI
colloids in Figure 3.5.33 Simulations of the FNP process have confirmed this
scaling law and also revealed that while polymer chains near the core of the
colloid assume a melt conformation, those at the surface are more collapsed
due to their proximity to the poor solvent environment.33 This scaling re-
lation also applies for colloids prepared from block copolymers of these two
hydrophobic polymers.61

The collapse and aggregation of individual polymer chains is essential to
the formation of monodisperse polymer colloids via FNP. Above the overlap
concentration, however, polymer chains become entangled and can form
networks that lead to large aggregates rather than monodisperse colloids.62

Therefore, there is an upper limit on polymer concentration in the FNP
process at that polymer’s overlap concentration, and the higher the polymer
molecular weight used, the lower that limit is.63,64

70 Chapter 3

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

00
61

View Online

https://doi.org/10.1039/9781788016476-00061


3.3.2 Mixing Time Effects

Colloid size can also be controlled by varying the mixing rate of the good
and poor solvents in FNP, which is controlled by varying the flow rate of
the inlet streams. As shown in Figure 3.6, as the mixing time decreases,

Figure 3.5 Effect of polymer concentration on colloid radius.
Adapted from ref. 33 with permission from American Chemical Society,
Copyright 2016.

Figure 3.6 Effect of inlet stream flow rate during FNP on colloid radius.
Reproduced from ref. 33 with permission from American Chemical
Society, Copyright 2016.
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corresponding to an increase in the Reynolds number, Re, colloid
diameter decreases until, at sufficiently high Re, colloid diameter remains
roughly constant. This is due to changes in the nucleation rate as a
function of supersaturation, described in Section 3.2.1. As discussed with
respect to eqn (3.2), the nucleation rate increases as the supersaturation
ratio increases. Under slower mixing conditions, the polymer is exposed
to lower supersaturation conditions with fewer nuclei, and the colloid
growth proceeds by a nucleation and growth mechanism where growth
proceeds as polymer is depleted from the solution. The smaller number
of nuclei therefore results in the formation of larger colloids. As Re in-
creases and the mixing time is reduced, the solvent quality changes more
rapidly, creating higher initial levels of supersaturation, and therefore,
more collapsed polymer chains, which act as nuclei. Formation of the
colloids then proceeds according to a nucleation-aggregation model,
resulting in colloids with smaller diameters as faster mixing times are
achieved.

The effect of mixing time on homopolymer colloid formation can also be
thought of in terms of the Da. As described in Section 3.2.1, Da¼ tmix/tflash.
It was shown in such systems that when tmix is large and mixing is
slow (Da41), particle size is a function of mixing speed. However, a
minimum size plateau is reached when Dao1.32 The data in Figure 3.6 are
generated without the presence of a stabilizing block copolymer; therefore
stabilization is due to electrostatic surface charging, as described in
Figure 3.3. At low Re, the larger particle sizes reflect the heterogeneity in
supersaturation and nucleation under poor mixing conditions. The smaller
sizes and plateau in size, at high Re, reflects assembly under diffusion
limited aggregation (DLA), where the solvent exchange has happened more
rapidly than the DLA assembly time.28 Under these conditions, nanoparticle
size follows aBF1/3.

3.4 Colloids from Homopolymer Blends
The polymer colloids discussed up to this point have been prepared from
solutions of a single homopolymer and have, therefore, had homogenous
surface compositions. However, more complex colloid morphologies can be
generated via FNP by exploiting the propensity of sufficiently dissimilar
polymers to phase separate. By incorporating blends of homopolymers in
the feed stream, FNP can be used to produce Janus, core–shell, and patchy
spherical particles as well as non-spherical colloids.

To form internally-structured polymer colloids, the component homo-
polymers must experience a driving force to phase separate. This driving
force arises from the difference in interaction energies between mixture
components and is captured by the Flory interaction parameter, w. Using
expressions for the free energy of mixing for a polymer blend, binodal and
spinodal curves can be determined which delineate between regions of
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stability in terms of w. The critical interaction parameter, wc, is the minimum
or maximum of the spinodal curve, or the value of w which separates a single-
phase system from a two-phase system, and is given by the expression in
eqn (3.5):

wc¼
1
2

1ffiffiffiffiffiffi
NA
p þ 1ffiffiffiffiffiffi

NB
p

� �2

(3:5)

in which NA and NB are the degrees of polymerization of the component
polymers. Longer polymer chains thus have lower critical interaction par-
ameters and are more likely to phase separate while shorter polymer chains
are more likely to be miscible.

An empirical relationship has been developed to capture the temperature
dependence of the Flory interaction parameter and is indicated by eqn (3.6):

w Tð ÞD Aþ B
T

(3:6)

In this expression, A denotes the entropic contribution, and
B
T

indicates

the enthalpic contribution to the interaction parameter. Values of A and B
have been determined for many polymer blends and can be used to deter-
mine the value of w for the system of choice.65 In order to produce phase-
separated colloids via FNP, the interaction parameter must be greater than
the critical value (w4wc), indicating that there are sufficient repulsive forces
between the polymers to induce phase separation.

Once a homopolymer blend is determined to phase separate, the
morphology of the final colloid is then dependent on the surface tensions of
the two polymers with one another and of each with the surrounding solvent
environment. Examining a drop of water in contact with a polymer solid
phase as in Figure 3.7, the contact between the solid and liquid at equi-
librium can be described by the Young eqn (3.7):

cos y¼ gSA � gSL

gLA
(3:7)

Figure 3.7 Surface tension components involved in the formation of a liquid droplet
on a solid substrate.
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in which y is the contact angle, and gSA, gSL, and gLA are the interfacial
tensions between the solid and air, the solid and liquid, and the liquid and
air phases, respectively.66 The values of y and gLA can be easily measured
experimentally while gSA and gSL are more difficult to obtain.

The coalescence of immiscible liquid drops has been studied extensively
and can be used to explain the equilibrium morphologies of polymer
colloids as well.67–71 For two immiscible liquid droplets in a third liquid
medium, a critical parameter is the spreading coefficient, S, defined in
eqn (3.8):

Si¼ gjk� (gijþ gik) (3.8)

where g is the interfacial tension between the different liquids. When the
three spreading coefficients are calculated, the results fall under one of three
situations, as illustrated in Figure 3.8. In the first case, shown in Figure 3.8a,
when the spreading coefficient of one liquid and the surrounding medium
are negative and that of the other liquid is positive, complete engulfing
occurs. This creates a core–shell droplet in which one liquid covers the entire
surface of the other. In the case where all three spreading coefficients are
negative, as in Figure 3.8b, partial engulfing is observed, and a Janus
morphology emerges. Finally, when the spreading coefficients of both
liquids are negative and that of the surrounding medium is positive, a non-
engulfing morphology is observed in which the two liquids form separate
droplets, as is illustrated in Figure 3.8c. The same phenomenon is seen for a
system of two polymers in a liquid medium, as will be discussed.

Figure 3.8 Potential colloid morphologies and the spreading coefficient values
which correspond to each.
Reproduced from ref. 67 with permission from Elsevier, Copyright 1970.
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Together, the values of the Flory interaction parameter, w, and the
spreading coefficients, S, determine the morphology of colloids prepared via
FNP with blends of homopolymers in the feed stream. Examples of such
morphologies will be discussed in the following sections.

3.4.1 Janus Particles

The simplest iteration of a homopolymer blend in FNP is the use of two
hydrophobic polymers in the feed stream which have similar collapse times
and solvent interactions. We showed in Section 3.3 that homopolymer PS
and homopolymer PI particles can be generated via FNP and have similar
properties with regards to surface charge and colloid diameter. For PS and
PI of moderate molecular weights, the Flory interaction parameter is
greater than the critical value (w4wc) at most temperatures, driving the
polymers to phase separate. These two hydrophobic polymers also have
high and approximately equal interfacial tensions with the solvent mixture
employed (gPS�WaterBgPI�Water) and the interfacial tension between the two
polymers is significantly lower (gPS�PI{gPS�Water and gPI�Water). According
to eqn (3.8), the spreading coefficients for the three components are
as follows: SPSo0, Swatero0, and SPIo0. When equilibrated, therefore,
the combination of these properties drives the colloids made from a mix-
ture of PS and PI to adopt a Janus morphology with two distinct surface
domains.

With this system, the diameter and the composition of each Janus colloid
can be independently controlled. As described in Section 3.3.1 the colloid
size can be controlled by the polymer concentration in the system. Simul-
taneously, the composition of each Janus colloid can be tuned by adjusting
the composition of the feed stream. As the ratio of the homopolymers in
the feed stream changes, it is directly reflected in the composition of each
colloid, as shown in Figure 3.9. Like homopolymer colloids, these Janus
colloids are stable without the use of additional stabilizers, but rather by a
negative surface charge of approximately �33 mV.

3.4.2 Patchy Particles

More complex spatial distribution of heterogeneity on the surface of patchy
particles is of interest for the unique self-assembly behavior that the patches
can impart to the colloidal systems. These patchy particles can form porous
Kagome lattices, photonic crystals, or flexible chains depending on the
number of patches and their spatial distribution on the colloid surface.72–75

Producing these patchy particles with control over the particle size and
morphology can be difficult, with several current approaches requiring
multiple synthetic steps and post-fabrication sorting to achieve patchy
equilibrium structures.76,77 Kinetic trapping of block copolymer colloids in
non-equilibrium morphologies has also been demonstrated with the use of
one polymer component which vitrifies at processing temperatures.78,79
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However, with mixing times on the order of a few milliseconds, FNP can be
used to create patchy particles by arresting polymer diffusion before equi-
librium morphologies can be achieved.

Patchy particles have been generated via FNP with a blend of homo-
polymers in the feed stream. The patchiness of these colloids can be con-
trolled by tuning the composition of the feed stream, the overall feed
concentration, and the glass transition temperature (Tg) of the vitrifying
polymer.80 In experiments with PS and PI blends in the feed stream, the PS
acts as the vitrifying agent due to its Tg of approximately 100 1C and there-
fore, its glassy properties at room temperature. From Figure 3.10 it can be
seen that at higher feed concentrations, colloids prepared with an excess of
PS formed patchy colloids with surface PI patches while the patchy particles
prepared with an excess of PI had PS surface patches. The emergence of
these surface patches can be explained by comparing timescales of vitrifi-
cation with those of homopolymer demixing, and a scaling argument has
been developed to delineate the boundary between Janus and patchy colloid
formation conditions.30 The number of patches on the colloid surface can
also be controlled by tuning the amount of the vitrifying polymer in the feed
stream; as more PS is incorporated, more surface PI patches form.

As these patchy particles are kinetically arrested in non-equilibrium
morphologies, the Tg of the vitrifying agent was shown to be an important
parameter in their formation. Colloids prepared from blends of PI and low-
molecular weight PS (850 g mol�1) adopted Janus morphologies while those
prepared with high-molecular weight PS (1 600 000 g mol�1) were patchy. The
increase in PS molecular weight corresponded to an increase in Tg and zero
shear viscosity which increased polymer viscosity sufficiently to slow

Figure 3.9 Control over PS/PI Janus colloid size and anisotropy using FNP.
Reproduced from ref. 30 with permission from American Chemical
Society, Copyright 2016.
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Figure 3.10 Colloid morphologies for homopolymer blends of PS and PI over a range of feed concentrations and polymer ratios.
Reproduced from ref. 80 with permission from American Chemical Society, Copyright 2017.
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polymer diffusion, and to allow vitrification before complete separation to a
Janus state. The ease of independently tuning colloid size and patchiness by
adjusting the polymer concentration, ratio, and Tg, is an attractive feature of
the FNP process.

3.4.3 Core–Shell Particles

Core–shell particles can be formed when there is a driving force for one of
the polymers to preferentially interact with the solvent environment. This
can be realized if one of the homopolymers has a higher or lower interfacial
tension than the other with the surrounding solvent. Simulations of this
scenario show that the polymer with the lower interfacial tension forms a
shell that encapsulates the other polymer which has a higher interfacial
tension with the solvent environment, illustrated in Figure 3.11.31 This
engulfing morphology should be observed when the spreading coefficient of
one polymer and the liquid medium are negative and that of the other
polymer is positive, as illustrated in Figure 3.8a.

Experimentally, core–shell particles have been created with a few different
combinations of functionalized homopolymers and solvent environments,
as shown in Figure 3.12. With a mixture of amine-terminated polystyrene

Figure 3.11 Phase diagram of potential morphologies created from blends of
homopolymers via FNP.
Reproduced from ref. 31 American Chemical Society, Copyright 2017.
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(PS-NH2) and PI in the feed stream and a mixture of THF and water as the
final solvent environment, a core–shell polymer colloid with a PI core and
PS-NH2 shell is formed.34 Alternatively, colloids prepared from PS and
carboxy-terminated polybutadiene (PB-COOH) in the feed stream have been
shown to form core–shell particles in an aqueous environment. These pre-
liminary examples demonstrate the potential to form core–shell colloids via
FNP with a variety of polymers and solvent conditions.

3.5 Hybrid Polymer–Inorganic Colloids
An additional level of functionality can be imparted to these colloids by
incorporating inorganic nanoparticles. These hybrid colloids can be used to
enhance Raman spectroscopy signals, to enhance the selectivity of catalysts
in biphasic reactions, and as self-propelled nanomotors.81–84 For these
applications, the ability to control the placement of the inorganic nano-
particles is essential, and this can be accomplished using FNP.

We previously described how Janus particles can be formed using a blend
of PS and PI homopolymers. When citrate-stabilized gold nanoparticles
(Au NPs) are incorporated in the anti-solvent stream, the resulting colloids
retain their Janus morphology, and the Au NPs align at the PS/PI/water
contact line, as shown in Figure 3.13a.34 Nanoparticles have been known to
adsorb at liquid–liquid interfaces, and in mixtures with phase-separating
diblock copolymers, the nanoparticles assembled at the interfaces between
the microdomains.85–87 The hydrophilic surface of the citrate-stabilized
Au NPs similarly leads them to localize to the contact line between the two
hydrophobic polymer domains and the aqueous solvent environment to
minimize the interfacial energy between the polymers. The ability to gen-
erate this complex structure with a one-step process is unique.

The Au NPs align at the contact line between two polymers if the NP
surface is neutral with respect to both polymers, as is the case with the

Figure 3.12 Core–shell polymer colloids prepared from blends of (a) PS-NH2 and PI
or (b) PS and PB-COOH via FNP. Scale bars are 200 nm.
Adapted from ref. 34 with permission from American Chemical Society,
Copyright 2017.
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homopolymers PS and PI. Alternatively, colloids can be designed with
favorable interactions between the polymers and the nanoparticles. When a
mixture of PS-NH2 and PI is used in the feed stream and the citrate-stabilized
Au NPs are incorporated in the anti-solvent stream, the resulting colloids
exhibit a Janus structure caused by the phase separation of the two polymers,
as shown in Figure 3.13b. The Au NPs in this case are distributed throughout
the PS-NH2 domain due to electrostatic interactions between the positively-
charged amine groups on the PS-NH2 and the negatively-charged citrate
groups on the Au NPs at neutral pH. This control of nanoparticle location
can enable their use in biphasic catalysis and allow for further functionali-
zation with thiol-Au chemistries.

The placement of the inorganic nanoparticles can further be adjusted
using surfactants. As described in Section 3.4, equilibrium colloid morph-
ology is dictated by the interactions between individual polymers and be-
tween polymers and the solvent media. Surfactants can alter the overall
colloid shape by changing the interfacial tensions between the hydrophobic

Figure 3.13 Incorporation of Au NPs on different domains of polymer Janus col-
loids. (a) Au NPs align at the interface between PS and PI domains, (b)
Au NPs are incorporated throughout one domain of PS-NH2/PI colloids,
non-spherical or dumbbell Janus colloids can be prepared by intro-
ducing surfactants in the FNP process with Au NPs on the (c) PS-NH2
domain of PS-NH2/PI colloids or the (d) PI domain of PS/PI colloids.
Scale bars are 200 nm.
Adapted from ref. 34 with permission from American Chemical Society,
Copyright 2017.
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polymers and the aqueous environment. The incorporation of a non-ionic
surfactant, such as Tween 80, in the anti-solvent stream or the anti-solvent
reservoir along with PI and either PS or PS-NH2 in the feed stream results in
the formation of non-spherical dumbbell Janus colloids.34 This effect is
maintained upon addition of Au NPs, whereas the surfactant does not ap-
pear to interfere with the electrostatic interactions between PS-NH2 amine
groups and citrate groups on the Au NPs. This combination results in
dumbbell Janus particles with Au NPs incorporated in the PS-NH2 domain,
as shown in Figure 3.13c. Alternatively, if the homopolymer mixture is of PS
and PI, the dumbbell Janus shape is maintained, but the Au NPs are dis-
persed in the PI domain, as shown in Figure 3.13d. With FNP, hybrid
polymer–inorganic colloids can be prepared with precise control over the
placement of inorganic nanoparticles.

3.6 Block Copolymer Microphase Separation
in Colloids

The same principles that govern the phase separation of homopolymers
apply to the microphase separation of block copolymers. While the blends
of two homopolymers completely phase separate into distinct domains
within the colloid, the covalent bond between chemically distinct blocks
of the diblock copolymers limit the phase separation to smaller scales,
which can lead to the creation of more complex colloid morphologies, dis-
cussed below.

3.6.1 Molecular Weight Effect

Symmetric poly(styrene-b-isoprene) (PS-b-PI) diblock copolymers microphase
separate and form a lamellar morphology in thin films and bulk systems at
certain values of the Flory–Huggins interaction parameter, w, and sufficiently
high molecular weights or degrees of polymerization, N.88 When the same
diblock copolymer is incorporated in the FNP feed stream, the resulting
spherical colloids exhibit a concentric lamellar morphology, as shown in
Figure 3.14a.61 The lamellar period within each colloid, indicated by the
arrows in Figure 3.14a, matches small-angle X-ray scattering (SAXS) meas-
urements of the unprocessed block copolymer powder as well as the lamellar
spacing in the bulk. While increasing the concentration of block copolymer
in the feed stream results in an increase in colloid diameter, as it does for
homopolymer particles, the lamellar period is maintained across all colloid
diameters. Molecular dynamics (MD) simulations performed on a similar
block copolymer system qualitatively agree and are illustrated below the
experimental results in Figure 3.14a.

A transition in morphology occurs when the molecular weight of the
PS-b-PI diblock copolymer in the feed stream is increased. With this higher
molecular weight diblock copolymer, a lamellar structure is still observed,
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and the lamellar period is larger than for the lower molecular weight block
copolymer, again matching SAXS measurements of unprocessed powder.
However, defects in the phase- separated layers are observed which intro-
duce disorder in the lamellar morphology, shown in Figure 3.14b. This
change in morphology is also observed in MD simulations. The higher
molecular weight diblock copolymer chains diffuse sufficiently slowly in the
colloids formed via FNP for the defects in the lamellae not to be eliminated,
resulting in the disordered lamellar colloids.

3.6.2 Blends of Block Copolymers and Homopolymers

We have previously discussed the colloids formed when blends of two
homopolymers are incorporated in the feed stream of the FNP system in
Section 3.4. The use of blends of diblock copolymers and homopolymers in
FNP can further increase the complexity of colloid morphology by com-
bining the dual effects of the phase separation of the two polymers and the
microphase separation of the diblock copolymer.

The concentric lamellar morphology described in Section 3.6.1 is observed
when a low-molecular weight PS-b-PI diblock copolymer is mixed with a low-
molecular weight PS homopolymer in the feed stream at low homopolymer
contents. The addition of more and more homopolymer results in swelling
of the lamellae as the PS homopolymer is incorporated into the PS domain of
the microphase separated diblock copolymer. At sufficiently high homo-
polymer content, the lamellar structure becomes disordered and is then
replaced by an internal micellar morphology, as shown in Figure 3.15.
This transition has been observed in bulk and is attributed to the free
energy penalty of disturbing the copolymer chains due to homopolymer
swelling.89,90

Figure 3.14 Concentric lamellar colloid formation with the use of PS-b-PI block
copolymers in FNP.
Adapted from ref. 61 with permission from American Chemical Society,
Copyright 2018.
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Increasing the molecular weight of the PS homopolymer creates two-phase
lamellar morphologies with a homopolymer-rich domain and a block
copolymer-rich domain, as illustrated in Figure 3.16. This results in lamellar
Janus morphologies at homopolymer volume fractions, F, up to 0.5 and
overall polymer concentrations at or below 0.5 mg mL�1 in the feed stream.
However, increasing feed concentration and homopolymer content yields
lamellar patchy particles. The kinetic trapping effect of the higher molecular
weight homopolymer PS begins to come into play, as described in
Section 3.4.2 for homopolymer blends. In these hierarchically structured
colloids, the patches are composed of microphase-separated diblock
copolymer.

Upon an increase in molecular weight of the PS-b-PI diblock copolymer,
the micellar morphology forms for all blend compositions. In these colloids,
micelles of block copolymer are embedded in a continuous phase of
homopolymer PS, shown in Figure 3.17. As F increases and more homo-
polymer of any molecular weight is incorporated in the feed stream, the
overall particle size remains constant, but the internal micelles become
more dispersed within the homopolymer PS matrix.

Microphase separation of block copolymers has been extensively studied
in thin film and bulk systems, while less is understood about the effects of
confinement on microphase separation within the volume of a colloid.

Figure 3.15 Evolution of concentric lamellar colloids to micellar colloids observed
experimentally and in simulations with the inclusion of more homo-
polymer PS with PS-b-PI block copolymers. Simulations show that the
homopolymer PS swells the PS domain of the phase-separated block
copolymer lamellae. Scale bars are 200 nm.
Adapted from ref. 61 with permission from American Chemical Society,
Copyright 2018.
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Figure 3.16 Hierarchical colloid morphologies with blends of PS-b-PI block co-
polymers and homopolymer PS. Scale bars are 200 nm.
Adapted from ref. 61 with permission from American Chemical Society,
Copyright 2018.

Figure 3.17 Micellar colloid morphologies formed by blends of homopolymer PS
and PS-b-PI block copolymers. Scale bars are 200 nm.
Adapted from ref. 61 with permission from American Chemical Society,
Copyright 2018.
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Through these early studies involving a set of diblock copolymer
systems, FNP has been demonstrated as a feasible means to produce a
range of colloid morphologies, some of which have not been observed
previously. However, a large design space remains to be explored in the
use of diblock copolymers of different compositions as well as triblock
copolymers.

3.7 Polyelectrolyte Complexation
Polyelectrolytes (PEs) are polymers with a high-volume percent of ionizable
monomers that may carry either positive, negative, or zwitterionic charges.
Common ionic groups present in PEs include conjugate acids or bases, both
originating from weak and strong bases or acids via proton exchange, salt
forms of permanent ionic groups (e.g., salts of quaternary amines), and re-
active groups (e.g., acid anhydrides). While PEs are generally soluble in
aqueous conditions, their utility has been derived from the process of
complexation. Manipulation of process parameters relevant to this process
has been employed to control both the formation kinetics and the final
morphologies of complexes for use in applications including structured
colloids91–95 and encapsulation.96–99

3.7.1 Mechanism of Polyelectrolyte Complexation

Upon mixing solutions of two oppositely charged PEs with low to moderate
ionic strengths, the PE chains will spontaneously associate and form com-
plexes. This is understood through the changes in enthalpy and entropy
during complexation: (1) solubilized PEs are surrounded by electrostatic
double layers consisting of concentrated counter-ions; (2) two oppositely
charged PEs interact and associate via electrostatic interactions, thereby
reducing configurational entropy of both chains while their respective
double layers are disrupted and counter-ions are released into the less
concentrated solution phase, resulting in a significant net increase in the
entropy of the overall solution; (3) complexation continues until sterically
hindered via mismatch in constituent chain charge densities and lengths;
(4) complexation yields stable, soluble polyelectrolyte complexes (PECs) or
macroscopic coacervates.100,101

Factors affecting the result of PE complexation include the concentration,
charge density, charge group spacing, molecular weight, and pKa of re-
spective PEs as well as the concentration and valency of simple electrolytes
in the system. These constitute important process variables such as the ionic
strength and the monomer charge ratio of the PE system. In contrast to the
complexation process described previously for low/moderate ionic strengths,
interactions between charged groups on PEs are diminished (‘‘salted out’’) at
high ionic strengths as the expulsion of counter-ions from a double layer
into a concentrated solution phase becomes less entropically favored. Add-
itionally, multivalent ions can act as point crosslinkers between charged
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groups on PE chains.102 With regards to the monomer charge ratio, the
relative concentrations of PEs (or charged repeat units) and the degrees of
ionization based on respective pKas in relation to solution pH strongly in-
fluence the formation, net charge, and stability of complexes.

3.7.2 Effect of Mixing Timescales on PEC Formation

Traditionally, PECs are fabricated via polyelectrolyte titration in which a
solution of a constituent PE is introduced at a specified rate to a comple-
mentary PE solution with simple stirring. The initial constituent PE solu-
tions are chosen to give a final mixture with a target PEC concentration and
charge ratio. While the characteristics of generated PECs have been studied
with respect to PE chain architecture, charge ratio, and ionic strength of the
final mixture, an important feature of PE titration is the time of addition
during which the charge ratio and concentration of constituent PEs is
transient. To this end, Dragan et al. systemically studied the impact of the
titrant addition rate (TAR) on final PEC formation.103,104

When titrating poly(sodium 2-acryloamido-2-methylpropanesulfonate)
(NaPAMPS), a polyanion, into a polycation solution of poly(diallyl
dimethylammonium chloride) (PDADMAC) or 5 mol% branched poly(N,N-
dimethyl-2-hydroxypropleneammonium chloride), the authors detected the
formation of small PEC nanoparticles (Rh¼ 50–75 nm) for cationic non-
stoichiometric charge ratios which exhibited little dependence on TAR. At
the stoichiometric charge ratio, or isoelectric point, of each PE pair, average
PEC particle size and mixture turbidity sharply increased, accompanied by a
reduction in polydispersity. Interestingly, this transition in particle size was
found to vary inversely with TAR, with the smallest PECs being generated at
the highest TAR (Figure 3.18a). As charge ratio was further varied into the
regime of excess polyanions, PEC size was found to remain constant. How-
ever, higher TAR also reduced the relative increases in polydispersity with
greater charge ratio asymmetry (polyanion excess). As a result, the dip in
polydispersity observed at the stoichiometric charge ratio was maintained
at more asymmetric charge ratios. TAR was also modulated during titra-
tion, revealing size dependence only on the TAR specified as the PEC
mixture passed through the isoelectric point. From these observations,
the authors posited the following mechanism: neutral PECs formed at
the isoelectric point can aggregate and coalesce without the electrostatic
stabilization afforded by excess charge. At slow TAR, the introduction
and therefore migration of excess polyanions to the surfaces of these co-
alescing neutral PECs is slower in comparison to the timescale of PEC
aggregation. Conversely, higher TARs flood the PE quicker with excess
polyanion and the two competing timescales become more commensurate,
stabilizing neutral PECs quicker and resulting in smaller final particles
(Figure 3.18b).

Given the importance of the TAR and the associated timescales of
stabilization when preparing PECs via titration, the use of micro-mixing
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Figure 3.18 (a) PC size (Rh) and turbidity (OD500) vs. TAR for various PE pairs. (b) Proposed mechanism of PEC formation and stabilization
for slow and fast TARs.
Reproduced from ref. 103 with permission from John Wiley and Sons, Copyright r 2004 Wiley Periodicals, Inc.
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technologies such as CIJ and MIVM mixing with shorter mixing timescales
could impact PEC formation and open new pathways for continuous, high-
throughput PEC fabrication for a variety of applications.

3.7.3 Flash NanoComplexation (FNC)

The benefit and influence of process parameters intrinsic to CIJ mixing such
as tmix as well as characteristics of the constituent PEs were explored by
Ankerfors et al.105 to develop the process later coined by Santos et al.106 as
Flash NanoComplexation (FNC). Experimentally, aqueous solutions of
poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) were im-
pinged inside a CIJ mixer and the resultant PECs were characterized by dy-
namic light scattering (DLS). By systematically varying PE molecular weight,
charge ratio, concentration, and flow velocity, particle size trends were elu-
cidated. Specifically, higher molecular weights, concentrations, and charge
ratios closer to the isoelectric point yielded larger particles. When increasing
tmix, little increase in size was observed except for short times (tmixo20 ms)
in which particles composed of higher molecular weight PAA were larger in
size as tmix was reduced (Figure 3.19a). This observation was posited to
stem from a resistance to flow by longer chains leading to branching
between pre-complexes and subsequent aggregation. The invariance of
particles size to tmix was investigated by measuring the diffusion of PEs via
DLS. An estimate for the timescale of diffusion and association was found
to be 0.21 ms, shorter than the shortest tmix attained via CIJ mixers (B2 ms)
and thus strongly decoupled to the mixing time (i.e. Dac1). Yet, when
compared to titration of PE mixtures, CIJ mixing consistently produced
smaller particle sizes (Figure 3.19b), highlighting the potential benefit of
the technique.

Figure 3.19 (a) Particle diameters generated from CIJ mixing at various stream
flow rates and corresponding mixing times. (b) Comparison between
titration and CIJ methods for PEC fabrication. Notation: ‘‘H’’¼high
molecular weight (15k PAH/5k PAA); ‘‘L’’¼ lower molecular weight
(70k PAH/240k PAA); ‘‘1’’¼PAH; ‘‘�’’¼ PAA.
Adapted from ref. 105 with permission from Elsevier, Copyright 2010.
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3.7.4 Encapsulation via FNC

Polyelectrolyte complexation has been employed to encapsulate a wide range
of substances. For encapsulation of higher molecular weight ingredients,
Black et al. utilized poly(lysine) to form pre-complexes with bovine serum
albumin (BSA) proteins which were subsequently complexed with
poly(glutamic acid) to form microscale coacervates exhibiting pH dependent
release characteristics.107 Conversely, PEC formation has also been used for
small molecule encapsulation. Zhu et al. studied the size stability of pre-
cipitated b-carotene NPs alone and in the presence of poly(ethylene imine)
and chitosan (CS), identifying a reduction in particle growth. The authors
suggested that the increase in stability arose from both steric and electro-
static interactions, serving as an alternative to standard diblock copolymer
stabilization layers.96 Alternatively, instead of using pre-formed PE
chains to create complexes, Zhang et al. ion paired 2-acylamide-2-
methylpropanesulfonic acid (AMPS) with ammonium groups on CS fol-
lowed by polymerization to form CS-PAMPS complexes encapsulating
doxorubicin.108

The use of FNC for encapsulation and delivery of active ingredients has
been demonstrated in investigations conducted by collaborations between
Mao, Leong, and Chen et al.106,109–111 Santos et al. studied CIJ mixing of
aqueous solutions of linear polyethyleneimine (lPEI) and plasmid DNA to
reproducibly produce complex nanoparticles for transfection.106 Similar to
the aforementioned results,105 as stream flow rate was increased, complex
size was reduced for intermediate flow rates with a slight increase at the
highest flow rate of 50 mL min�1. Adjusting the pH of the lPEI stream to
modulate its protonation, and therefore the charge ratio of complexation,
resulted in a transition from spherical to rod-like particles. This was attrib-
uted to lessening charge associations between lPEi and DNA plasmids which
prevented complexes from being tightly bound, resulting in less spherical
particles. Similarly, as the overall PE concentrations were increased, rod-like
particles were generated. This outcome suggested a transition from the
Dao1 to Da41 regime in which an increasingly higher number of PE asso-
ciations can occur during tmix leading to a higher coordination number per
PE chain and less efficient packing associated with rod-like particles. In vitro
and in vivo transfection efficiency studies of the l-PEI/DNA complexes
generated from bulk mixing and FNC showed insignificant differences,
validating FNC as a suitable continuous process alternative.

Further studies have demonstrated the efficacy of FNC for encapsulation.
He et al. utilized the ionic gelation of chitosan with tripolyphosphate in a
MIVM geometry to encapsulate insulin for intended oral delivery appli-
cations.109 FNC generated the smallest, most monodisperse particles when
compared to injection, drop-wise addition, or bulk mixing methods. Fur-
thermore, release of insulin into pH 7.4 buffer solution showed greater
linearity with time compared to PECs fabricated via drop-wise addition. The
encapsulation efficiency of insulin correlated with the pH of the final
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mixture with the highest value, 90%, achieved at the highest tested pH of 6.5.
This was attributed to a shift in the isoelectric point of the insulin due to
self-association and charge masking from fast mixing. Similarly, Tian et al.
explored FNC to produce PECs with insulin for penetration of mucus and
intestinal epithelium barriers in the GI tract which limit oral delivery for-
mulations.110 Using a two-step process, modified chitosan was mixed with
insulin in a MIVM, and then next mixed against hyaluronic acid (HA) with
and without thiol functionalization (Figure 3.20). The first stage was opti-
mized to generate PECs 75 nm in diameter with an encapsulation efficiency
of 91% and mass loading of 64.5%. The second stage coated HA onto these
PECs, increasing their size to 101 nm and inverting their surface charge in a
similar manner to layer-by-layer adsorption of polyelectrolytes. Photo-
quenching of HA-coated PECs in mucin demonstrated higher mobility in
comparison to the positively charged precursors which interact strongly with
the negatively charged mucin matrix and, therefore, are immobilized. Ap-
plication of PECs to rat jejunum tissue loops showed significantly higher
penetration of insulin through the mucin layer as well as into the epithelial
cell layer with HA-coated PECs when compared to precursor chitosan PECs.
Further improvements in penetration via thiol-functionalized HA coatings
were also observed, ascribed to the favorable disulfide bonding at the
epithelial cell level.

Figure 3.20 Schematic of step-by-step FNC for encapsulating insulin (INS) with
modified chitosan (HTCC) and coating with HA or thiol-functionalized
HA (HA-SH).
Reproduced from ref. 110 with permission from John Wiley and Sons,
r 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Also using the MIVM technique, Qiao et al. fabricated PECs of chitosan
and heparin to coencapsulate the subunit antigen protein VP1 with an ad-
juvant, TNF or CpG.111 In comparing the activity of adjuvants encapsulated
inside the PECs with VP1 and free in solution with PECs containing VP1, a
significant increase in activity was observed for the former case, highlighting
the enhancing benefits of FNC encapsulation.

3.8 Summary
In this chapter, we have reviewed FNP and FNC as two promising processes
with which to prepare polymer colloids. While rapid mixing and subsequent
solvent exchange during FNP result in collapse and aggregation of polymer
globules to form monodisperse polymer colloids, phase separation between
chemically distinct polymers can further result in the formation of colloids
with complex internal structures, including those with Janus, core–shell, and
hierarchically-structured morphologies. Alternatively, FNC relies on the
complexation of two oppositely-charged species upon mixing to create
polymer colloids without the need for organic solvents and has been shown
to effectively encapsulate a variety of payloads. We have reviewed the various
equipment configurations that can be used to perform both FNP and FNC
and emphasize that these processes can be run in a continuous manner
at room temperature, making them economical options and requiring
relatively few alterations to scale up the production of polymer colloids.
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CHAPTER 4

Design and Fabrication of
Polymer Microparticles and
Capsules Using Microfluidics

WILLIAM N. SHARRATT AND JOÃO T. CABRAL*

Department of Chemical Engineering, Imperial College London,
South Kensington, London SW7 2AZ, UK
*Email: j.cabral@imperial.ac.uk

4.1 Introduction
Demand for micron scale polymer particles and capsules has boomed in
recent decades, evidenced by the growth in citations of academic papers in
the field, alongside consistently over 100 patents granted annually, illus-
trated in Figure 4.1(a) and (b), respectively. The significant interest stems
from the plethora of precise fabrication approaches and growing appli-
cations for polymer microparticles and capsules as functional materials.1–3

Applications include encapsulation of small molecules, colloids and
biomolecules and subsequent release following an appropriate stimulus,
employed in common laundry and food products, to advanced drug delivery
and therapeutic uses.4–6 For instance, recent developments have demon-
strated the encapsulation of fluorescently labelled colloids or quantum dots
to impart optical ‘barcodes’ onto particles, paving the way for big data ap-
proaches, such as high-throughput multiplexed biomolecular detection.7,8

Microparticles comprising organic polymers can exploit both their tuneable
chemistry and high surface area in catalysis, and chiral and gas
separations.9,10 A number of applications benefit from the ability to form
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microparticles of non-spherical shapes, and/or patchiness, access a plethora
of unique physical,11–13 optical and sensory properties,14,15 and enable the
predictive self-assembly of such colloidal ‘building blocks’ into highly or-
dered structures.16–18

Since the advent of microfluidics in the late 1990s, accompanied by
advances in soft lithography,19 academic research on polymer microparticles
has exploited microdevices and confined flows. Industrial use and com-
mercialisation of products using microfluidics are also becoming more
widespread.20–23 Kumacheva and Garstecki’s 2011 book provides a com-
prehensive overview of ‘‘Microfluidic Reactors for Polymer Particles’’
(its title), including considerable detail into microfluidic droplet
generation.24 A number of reviews have also focused on droplet micro-
fluidics and emulsification,1,25–28 as well as microfluidic approaches to
particle formation.3,29–37

In this chapter, we summarise recent developments in the use of micro-
fluidics for polymer particle and capsule formation, outlining fabrication
routes from monomers, polymers and colloids, within single and multi-
phase flows. After introducing microdevices and flow operation in
Section 4.2, we describe a range of representative chemical (Section 4.3) and
physical (Section 4.4) approaches that illustrate the current state of the art in
the field. Rather than exhaustively reviewing the literature of the past two
decades, we seek to provide an overview of significant approaches, cat-
egorised in terms of (4.3.1) Polymerisation of monomer-containing droplets,
(4.3.2) Flow lithography in single- (and multi-) phase flows, (4.3.3) Covalent
crosslinking of polymer-containing droplets, (4.3.4) Ionic crosslinking of
(bio)polymer-containing droplets, (4.3.5) Interfacial complexation for
capsule formation, (4.4.1) Particle assembly at interfaces, (4.4.2) Block
co-polymer self-assembly in double emulsions and finally (4.4.3) Solvent
extraction of polymer-containing droplets. These are depicted in Figure 4.2.

Figure 4.1 Published literature analysis for: ‘‘polymer’’ and ‘‘microcapsule’’ OR
‘‘microparticle’’ in terms of (a) total number of citations per year and
(b) total number of papers and patents published per year (Web of
Science, October 2018).
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Evidently, this list is not comprehensive but hopefully provides an inspiring
perspective of the capabilities and limitations of microfluidic methods
in designing and fabricating a vast array of hierarchical and complex
particle motifs.

4.2 Single- and Multi-phase Microfluidics
and Devices

Microfluidic approaches for polymer particle and capsule generation can
employ single-phase as well as multi-phase flows, including co-flowing
streams and droplet flows. The precision and control afforded by these
methods has been exploited for a range of biological, chemical and physical
processes, including fast reaction screening in compartmentalised volumes
with control of individual droplet composition and mixing.38 A significant
class of such processes involves the formation of polymeric microparticles
and capsules (as well as fibres), benefiting from the uniformity and
predictability characteristic of microfluidic systems.

Figure 4.2 Schematic of microfluidic approaches to microparticle and capsule
formation, from monomers, polymers and colloids. Two categories are
shown: continuous flow, which comprises flow-lithography and other
polymerisation approaches, and droplet templating approaches. The
latter exploit droplet microfluidics to generate structured emulsions
and a variety of solidification strategies available with ‘soft’ precursor
materials.
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Methods for the controlled generation of structured emulsions are thus
central to numerous polymer particle technologies. Whilst droplet gener-
ation can be achieved through traditional emulsification methods, micro-
fluidics can precisely harness fluid instabilities, which can be passive or
active (i.e. in the presence of external fields).27,39 Typically, the injection of
immiscible fluids at a microchannel junction leads to the formation of
droplets via mechanisms of squeezing (largely dominated by geometry),
dripping, jetting, tip-streaming and tip-multi-breaking (governed by the
capillary, or Rayleigh–Plateau, instability under confinement). Under pre-
scribed conditions, microdevices enable the high frequency production
(BkHz) of monodisperse droplets, with coefficients of variation in size of the
order of 1%, and volumes ranging from typically fL to mL (corresponding to
diameters of 1–1000 mm). Confinement facilitates geometric control over the
fluid streams but also allows precise control over the flow fields required to
break up such streams into droplets, and suppresses emulsion coalescence
and destabilisation mechanisms, such as Ostwald ripening, prior to solidi-
fication. Employing multiple junctions and through control of channel
geometry, fluid and surface chemistry, and appropriate flow rates, hier-
archically structured droplets can be produced, paving the way to ‘designer
emulsions’.1 These can be subsequently converted into particles and
capsules, with exceptional precision and reproducibility. Both planar40 and
co-axial41 devices for multiple emulsion formation have been demonstrated,
with not only the emulsion order (double, triple etc.) but the number and
composition of internal phases varied, as illustrated in Figure 4.3. The
majority of droplet generation for microfluidic particle formation occurs
with three basic geometries; flow-focussing,42,43 co-flow (or coaxial flow)44

and cross-flow.45,46

While droplet production can operate at relatively high frequencies (kHz)
with a single junction, throughput can be further extended by scaling-out via
parallelisation or via membrane emulsification approaches.47–49 Micro-
fluidic approaches appear thus suited to high-value, low quantity manu-
facturing, or approaches requiring complex hierarchical droplets, which are
difficult to generate by bulk methods, in addition to mechanistic and kinetic
studies into particle and capsule formation (and dissolution).

Microfluidic devices can be fabricated from a range of materials, with
glass and poly(dimethyl siloxane) (PDMS) being widely used in droplet
microfluidics. PDMS and other polymeric devices are typically favoured
for rapid prototyping to optimise microchannel geometries, design
and dimensions, and are typically fabricated by soft lithographic and
photopolymerisation techniques, as shown in Figure 4.4(a–d) and (e–g),
respectively.19,50,51 Other rapid prototyping techniques, such as laser
ablation and micromachining,52,53 are possible, albeit less widely used.54

The most common approach for droplet microfluidic device fabrication in
glass is shown in Figure 4.4(h–k). It involves the co-axial alignment of a
tapered inlet and and outlet glass capillary within an outer capillary,36,55

whose assembly can be challenging. Each microfabrication approach is

Design and Fabrication of Polymer Microparticles and Capsules Using Microfluidics 103

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

01
00

View Online

https://doi.org/10.1039/9781788016476-00100


generally best suited to a given flow geometry, or geometries, which must be
considered when generating particles in microfluidics.

4.3 Chemical Approaches to Particle Solidification

4.3.1 Polymerisation of Monomer-containing Droplets

Droplet microfluidics provides compartmentalised reactors capable of
undergoing chemical reactions suspended within an immiscible carrier
phase that imposes a barrier to reagent diffusion. Microdroplets have
therefore been extensively used as polymerisation reactors for the formation
of polymeric particles. Reactions which do not require particularly de-
manding conditions (atmosphere, extreme temperature, specific monomer
purity, long reaction times) are naturally suited to microfluidic synthesis.58

Free-radical polymerisation chemistries are most frequently employed, while
polycondensation, an interfacial approach to generating microcapsules,59,60

is comparatively less used in droplet microfluidics, in part due to the lower
flexibility of the chemistries available. Polymerisation within microfluidics
can be initiated externally, for instance by heating or exposure to ultra-violet

Figure 4.3 Multiple emulsions generated from a sequential coaxially aligned glass
capillary devices with multiple inlets; shown here are double emulsions
with prescribed number of inner droplets.
Reproduced from ref. 41 with permission from The Royal Society of
Chemistry.
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Figure 4.4 (a) Schematic of PDMS microfluidic device fabrication by a soft lithographic approach.50 (b) 3D illustration of a microfluidic flow-
focussing device. (c) SEM image of a detail of the design in (b). (d) Image of overall device, with a coin shown for scale. (e) Schematic
of frontal photopolymerisation (FPP) for rapid prototyping of polymeric microfluidic devices. A 365 nm UV source and photomask
are used to pattern an enclosed resist material with the channel design.51 Height is defined by spacers. (f, g) Example of droplet
generation, by cross-flow (f) and flow-focussing (g) geometries, from microfluidic devices fabricated by FPP. (h) Photograph of coaxial
capillary microfluidic device used for double emulsion generation. (i) Optical microscopy image of the flow-focussing junction in (h).
(j) Optical images of glass capillaries used to fabricate coaxial devices. (k) Examples of multi-inlet capillaries used to precisely
generate ‘designer emulsions’.
(a) Adapted from ref. 50 with permission from American Chemical Society, Copyright 2002. (b–d) Adapted from ref. 56, https://doi.
org/10.3390/mi9040139, under the terms of the CC BY 4.0 licence, https://creativecommons.org/licenses/by/4.0/. (e) Reproduced from
ref. 51 with permission from American Chemical Society, Copyright 2004. (f) and (g) Reprinted with permission from Z. T. Cygan,
J. T. Cabral, K. L. Beers and E. J. Amis, Microuidic platform for the generation of organic-phase microreactors, Langmuir, 2005, 21 (8),
3629–34, Copyright 2005 American Chemical Society. (h) and (i) Reproduced from ref. 57, https://doi.org/10.1016/j.ces.2015.03.004,
under the terms of the CC BY 4.0 licence, http://creativecommons.org/licenses/by/4.0/. ( j) and (k) Adapted from ref. 28 with per-
mission from American Chemical Society, Copyright 2017.
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(UV) light,61,62 with high reaction rates and monomer conversions, and can
be used within a multitude of precursor template droplet structures. UV
irradiation in the presence of a photoinitiator is, so far, the most commonly
used approach. However, polymerisation can also be chemically initiated
by droplet fusion, rupture of internal droplet compartment,63 or diffusion
across a droplet interface.25,64 Below, general guidelines for microfluidic
droplet polymerisation are discussed and selected applications are illus-
trated. In these, most monomers contain more than one polymerisable
moiety or an additional crosslinking agent is added to yield a polymeric
network.

Polymerisation within microfluidics can be initiated on-chip, or externally
by collecting droplets in a vessel which are subsequently polymerised
ex-situ.65 As in traditional polymerisation approaches, the initiator content
must be optimised for the target molecular weight of the polymer in the
particle (less important for crosslinked networks), reaction rate and to pre-
vent the excessive heating of droplets under exothermic polymerisation
conditions. If the initiator is activated by irradiation with light, consider-
ation of the absorption the microfluidic device and photoinitiator, as well as
light source emission spectrum is required. Owing to its optical transpar-
ency, PDMS is a suitable device material for most applications, as well as
glass or quartz. Due to the wetting of channel walls by a thin layer of
the carrier fluid and the shrinkage of droplets or plugs upon polymerisation,
channel blockages can generally be avoided during solidification. The
resulting particle size is thus largely determined by the droplet size (in
turn governed by the operation and geometry of the droplet generator)
and can be further modulated by microchannel confinement (if one
channel dimension is smaller than the droplet radius), flow fields, or active
droplet manipulation.

A pioneering demonstration of polymer particle formation, and shape
control, combining UV photopolymerisation and droplet microfluidics is
illustrated in Figure 4.5(a).30 Acrylic and vinylic monomer droplets were
emulsified with an aqueous surfactant solution in PDMS or poly(urethane)
flow-focussing devices, before on-chip UV photopolymerisation down-
stream. The concept of varying particle morphology by manipulation of
channel aspect ratio (height/width) is depicted in Figure 4.5(b–d), and re-
sulting microscopy images of acrylic microparticles, with prescribed spher-
ical, discoidal, rod-like and ellipsoidal morphologies and dimensions, are
shown in Figure 4.5(e–h). Additional encapsulants (e.g. liquid crystals,
quantum dots and porogens) can be added to functionalise the particles.
Other functionalised monomers (e.g. acrylic acid) can be co-polymerised into
particles by this approach and change the particle surface chemistry for
application in biological macromolecule isolation, immobilisation and
detection.62

By incorporation of multiple inlet streams of immiscible monomers into
the microfluidic droplet generator, multi-component oil in water (O/W)
droplets can also be templated into Janus and patchy particles. The particle
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structure can be manipulated through the number of inlet streams of im-
miscible monomers and theratio of flow rates, to vary the volume fraction of
each stream in the resulting droplet and particle,66,67 and the spreading
parameter, which reflects the balance of interfacial tensions between
monomers in the droplet and with the carrier phase.68 Janus and biphasic
particles are generated from combinations of components in the droplet
phase with similar interfacial tensions (with respect to the carrier phase). If a
non-curable oil (silicone oil), is introduced into the droplet phase, as sche-
matically shown in Figure 4.6(a) and (b),69 multi-component O/W droplets
are readily formed. Upon photopolymerisation and washing of the particles,
to remove the silicone oil, a range of hemispherical and biconcave particles
can be prepared, shown in Figure 4.6(c–f).70 Further, core–shell particles can
be formed when the interfacial tension between one of the monomers or
oils, within the O/W droplet, is lower than the other, leading to a preferential
wetting at the O/W interface, before UV photopolymerisation.68

Structured, or higher order, emulsion droplets from polymerisable
monomers can equally be templated and transformed into polymeric
particles. Their shape and morphology is dictated by the multiple emulsion
template and appropriate chemistry, or physical phenomena occurring prior
to or during polymerisation, e.g. phase separation. Figure 4.7 depicts two
approaches resulting in the formation of porous polymer particles.71,72 In
the first example, capillary microfluidics was used to generate double
emulsions, with a monomer-containing oil phase, and single or multiple
encapsulated droplets, as dictated by the relative flow rate of the outer fluid
phase. Hierarchically porous particles are formed from photopolymerisation
of the middle fluid in a water in oil in water (W/O/W) emulsion, schemat-
ically depicted in Figure 4.7(a).71 Micron sized pores, or voids, are generated
from removal of encapsulated aqueous droplets, as shown in the SEM

Figure 4.5 (a) Schematic of the planar PDMS microfluidic flow-focussing device for
photocurable monomer droplet formation and on-chip UV photopoly-
merization. (b–d) Schematic depiction of the range of morphologies
achievable by manipulation of relative droplet size and channel dimen-
sions. (e–h) Microscopy images of (e) microspheres, (f) disks (g) rods,
and (h) ellipsoids.
Adapted from ref. 62 with permission from American Chemical Society,
Copyright 2005.
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images in Figure 4.7(b) and (e), for single and double droplet cores,
respectively. Pores within the shell are induced from the minute partial
miscibility of water in the monomer and formation of surfactant stabilised
water in oil (W/O) nanodroplets during emulsion formation, as shown in
Figure 4.7(c, d) and (f, g). An alternative approach to generating porosity in
microparticles involves the addition of an inert amphiphilic molecule
(e.g. long chain alcohol) into the oil phase of a W/O/W emulsion. Upon
photopolymerisation, the alcohol causes phase separation of the growing
polymer domains into small spherical aggregates, and the subsequent
alcohol removal results in the consolidation of a porous shell, depicted in
Figure 4.7(h). The final dry microcapsule structure is shown in Figure 4.7(i)
and the structure of the porous shell in (j). Liquid cores could be encapsu-
lated by this approach and applied in, for example, biomolecular sensing.73

Other polymerisation-induced phase separations have been shown to lead
to core–shell particle morphologies, e.g. poly(ethylene glycol diacrylate)
(PEGDA)-alginate core–shell hydrogel particles, which could be exploited as
a drug-delivery vehicle with a sustained release profile.74

Figure 4.6 (a) Schematic of the microfluidic cross-flow junction used to generate O/W
biphasic droplets and shape-controlled polymeric microparticles through
UV photopolymerisation. (b) Schematic representation of ternary O/W
droplet formation within a planar microfluidic flow-focussing device.
Oil inlet streams comprise one UV curable oil stream (centre) and two
non-curable streams. (c–e) SEM images of microparticles, and evolution of
morphology, as flow rate ratio of curable and non-curable oil phases are
varied from 1 : 4 to 1 : 1 and 4 : 1, yielding two different thicknesess of hemi-
spherical particles and concave dimpled particles, respectively. (f ) SEM
image of biconcave particle following photopolymerisation with oil droplet
ratio of 1 : 1 : 1 prior to washing to remove the non-curable oil phases.
(a) and (c–e) Reproduced from ref. 69 with permission from Springer
Nature, Copyright 2009. (b) and (f) Reproduced from ref. 70 with permis-
sion from John Wiley and Sons, r 2014 Wiley VCH Verlag GmbH & Co.
KGaA, Weinheim.
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4.3.2 Flow Lithography in Single- (and Multi-)phase Flows

A range of polymer particles can also be produced by the combination of
photopolymerisation and lithographic techniques in single-phase flows, as
shown in Figure 4.8(a), without requiring droplet templating. This approach
was pioneered by Doyle and co-workers and is referred to as continuous-flow
lithography (CFL). The photomask can define arbitrary shapes in the x–y
plane and these 2D patterns are transferred to template polymer particles.
Photomasks are generally projected using a microscope objective and a high-
intensity, pulsed, UV light source onto a flowing stream of monomer(s) and

Figure 4.7 (a) Schematic for UV photopolymerisation of double emulsions, with
single and multiple core droplets, generated within a capillary microfluidic
device. W/O nanodroplet formation in the middle phase is indicated and
arises from the partial miscibility of water in the monomeric oil phase
and presence of surfactant. (b–g) SEM images of microparticles formed
from photopolymerisation of acrylic co-polymers with micron and nano
scale pores. (b–d) Ruptured hierarchical porous poly(MMA-co-EGDMA)
microparticles with a single micron scale pore. (e–g) Magnetic hierarchical
porous poly(MMA-co-EGDMAco-GMA) microparticles with two micrometer-
sized pores. Scale bars are 50 mm in (b), (e) and 20 mm in (c, d) and (f, g).
(h) Schematic of capsule formation by UV photopolymerization of a
W/O/W emulsion droplet containing monomers and a long-chain alcohol
(30% w/w undecan-1-ol). Polymerisation-induced phase separation results
in a porous shell structure. (i) SEM image of a ruptured capsule. ( j) SEM
image of the shell cross-section, highlighting the porous structure.
(a–g) Adapted from ref. 71 with permission from American Chemical
Society, Copyright 2015. (h–j) Adapted from ref. 72 with permission from
American Chemical Society, Copyright 2017.
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photoinitiator within custom-designed PDMS microfluidic devices.75 Given
that a number of photopolymerisation reactions (including acrylates) are
inhibited by oxygen, and PDMS exhibits partial permeability to air, light
exposure leaves an unpolymerised layer near the channel walls which allows
the particles to flow continuously, rather than becoming immobilised at the
channel walls. Selected examples of shapes fabricated by this technique are
shown in Figure 4.8(b–j). This approach is, however, broadly limited to use of
acrylic monomers and formation of dense crosslinked polymer network
structures. PDMS also limits reagent compatibility to mostly water-soluble
monomers, e.g. PEGDA which does not swell and deform the device. The
particle size is determined by the height of channel (minus the oxygen in-
hibition layers on the top and bottom surfaces), photomask feature size and
optical resolution (largely defined by the objective). As the optical resolution
increases, the depth of field decreases, effectively modulating the distance
over which incoming light beam has a fixed diameter. Consequently, the side
walls of the particle can also be designed if the depth of field is made smaller
than the channel size, thereby resulting in particles with an inhomogeneously
polymerised/crosslinked profile. This was exploited in flow-lithography for the
generation of 3D particles.76 Figure 4.8(k–o) shows accessible shapes by vari-
ation of the focal plane relative to the channel height, i.e. manipulating the
depth of field. The resulting particles may thus exhibit non-uniform mech-
anical responses as well as non-uniform responses to environmental stimuli.

Stopped-flow or pulsed-flow approaches can further increase the spatial
resolution of the patterned particles. Typically in CFL, particle shape be-
comes smeared at high fluid flow rates, which limits either throughput
or particle shape definition. To circumvent this, flow can be stopped,

Figure 4.8 (a) Schematic of CFL: photocurable monomers, typically acrylic mol-
ecules, are flowed through microchannels. UV light is passed through a
photomask and focussed onto the channel with an objective to select-
ively cure the shape and dimensions defined by the photomask. (b–j)
SEM images of PEGDA microparticles formed by CFL and shapes defined
by the photomasks shown in the respective insets. Vertical dimensions
are defined by the channel height. All scale bars are 10 mm. (k–o) 3D
PEGDA microparticles synthesized using a 40� objective (N. A.¼ 0.6).
Optical microscopy images show the shapes resulting from changing the
focal plane of UV light within the microchannel relative to the channel
height. The height in (k) is 300 mm and 100 mm in (l–o). The relative focal
distance value, F, is 0.5, 1.10, 0.80, 0.50 and 0 in (k–o) respectively. Insets
show the simulated oxygen concentration, a, on surface plots. All scale
bars are 50 mm. The right panel shows a schematic diagram of focal
plane position relative to the channel height in each case. Insets show
the simulated critical monomer conversion contour as the white line,
which gives predicted particle shapes in each case.
(a) Reproduced from ref. 83 with permission from Elsevier, Copyright
2015. (b–j) Reproduced from ref. 75 with permission from Springer
Nature, Copyright 2006. (k–o) Reproduced from ref. 76 with permission
from John Wiley and Sons, r 2013 Wiley VCH Verlag GmbH & Co. KGaA,
Weinheim.
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monomers polymerised and then flushed out of the microchannels, for in-
stance with compressed air driven flows, which give improved response
times. The resulting particles, in the 1–10 mm size range, are thus con-
siderably better resolved by the stop-flow lithography (SFL) approach.77

Further 3D surface structure can be imparted to particles generated by
SFL. By incorporating a PDMS phase mask between the chip and the in-
coming UV light, generation of a complex interference pattern spatially
modulates the light intensity within the masked region to create areas on the
surface of the particle which will not crosslink.78 A combination of SFL,
channel topography, and pressure-induced channel deformation can also be
used to generate 3D structured particles. In this case, photopolymerisation
in CFL is performed with a PDMS microchannel with topographically pat-
terned surfaces, such as pillars (positive relief structures). The resulting
particles are held ‘locked’ until sufficient pressure is applied to deform the
PDMS and release the particles. As monomer streams can readily flow past
the ‘locked’ particle, composite polymer particles with spatially controlled
chemical compositions and shapes can be fabricated by an initial ‘locked’
polymerisation followed by replacement of the monomer and a second poly-
merisation, with a new photomask, to encase the first polymeric precursor.79

A non-PDMS based stopped-flow lithography approach has also been
developed by Doyle and co-workers to complement their PDMS-based
approach.80 A vertical flow-focussing approach sandwiches a monomer
layer between fluid layers, which are inert to UV exposure and a radical trap, in
a gas-impermeable microfluidic device, e.g. an NOA81 (a thiolene-based resin
commercialised by Norland Optical Products) device. Particle heights were
then tuned in situ by controlling the flow rate of the inert fluid, rather than
fixing through the channel height in PDMS devices. The chemical resistance
of NOA81 devices facilitates the use of organic solvent and water-insoluble
monomers to generate particles with different chemistries, encapsulants
(e.g. quantum dots, ruthenium dyes) and with well-defined shapes.

Most particle shapes generated by flow-lithographic approaches rely on
the projection of 2D patterns, from light focussed through a photomask,
with a fixed depth of field and result in shape control in predominately the
x–y plane. Controlling the photopolymerisation in the third dimension (z or
channel height direction) is thus not trivial. A similar approach to SFL,
referred to as optofluidic fabrication, relies on the photopolymerisation of
monomer within multi-phase microfluidic flows perturbed by inertial
effects, either from curved channel walls or additional structures placed in
single channels, such as pillars. Flow then modulates the fluid cross section
and defines particle shape in the third dimension to allow fabrication of
a plethora of 3D particle shapes. Several examples of particles are shown
in Figure 4.9(a) and schematically illustrated in (b), where a photo-
polymerisable monomer stream is encased within an inert fluid and per-
turbed by the inertial effects of half pillars adorning the channel walls. Once
the fluid cross section has deformed into the desired shape, projection
photolithography through a photomask with defined shape is carried
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Figure 4.9 Optofluidic fabrication of 3D microparticles. (a) Examples formed through
this approach. (b) Design and operation of inertial flow in a microfluidic
device. A jet of photopolymerisable monomer is created with an inert
carrier fluid and the flow cross-section is deformed by local vortex
formation near the multiple half pillars of the sides of the channels.
(c) A schematic of the inertial flow deformation and polymerisation of
the deformed monomer stream downstream by flow lithography. Once
sufficient deformation is attained, the flow is stopped and the channel
illuminated through the photomask with UV light. (d) Image of photo-
mask projection with UV light from a microscope objective onto a
microchannel. (e) UV photopolymerisation of a cross shape following
pulsing of UV light. (f) Isometric, top and side view of the cross-shaped
particle formed. (g) Images of particles formed from different photomasks
under identical flow conditions (Re¼ 14.58). Scale bars represent 500 mm.
Reproduced from ref. 81, https://doi.org/10.1038/ncomms7976, under
the terms of the CC BY 4.0 licence, https://creativecommons.org/
licenses/by/4.0/.

Design and Fabrication of Polymer Microparticles and Capsules Using Microfluidics 113

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

01
00

View Online

https://doi.org/10.1039/9781788016476-00100


out (c–e). Figure 4.9(f) and (g) shows a subset of shapes patterned under the
same flow conditions by this approach. Lateral variation of the pillar
position and additional density-driven stratification have further been
shown to anisotropically deform the fluid cross section and allow access to a
greater range of structured particles.81,82

CFL and SFL techniques find a range of encapsulation and delivery
applications, which are further extended in flow lithography, particle-based
multiplexing, and detection and quantification of biomolecules.83 For
example, acrylate-modified oligonucleotide probes for DNA sequence
detection were incorporated into Janus encoded particles by SFL, offering
the potential for up to 220 unique particle codes. The biomolecular targets
were fluorescently labelled, e.g. oligonucleotides with complementary
sequences, and therefore allowed detection by fluorescent microscopy
within a microfluidic flow-focussing device, which aligned particles before
decoding.84 Multiple analyte detection was also achieved through an SFL
approach, detecting attamol quantities of biomolecules without signal
amplification. The versatility of this platform not only competes with current
commercial screening sensitivity, but at a high throughput, and with a wider
array of chemical and fluidic approaches to tune particle morphology and
encapsulate a greater range of biomacromolecular analytes.85,86

4.3.3 Covalent Crosslinking of Polymer-containing Droplets

So far, we have predominantly described particle formation from hydro-
phobic monomers. However, water-soluble acrylic monomers offer a range
of functionalities including thermo-responsive behaviour. Typically, particle
formation requires monomer polymerisation and crosslinking or, alter-
natively, the crosslinking of (pre-formed) polymers in solution, to form
hydrogels. Both approaches have been exploited to generate hydrogel mi-
croparticles, or ‘microgels’. For example, Kim et al. have demonstrated the
formation of crosslinked poly(N-isopropylacrylamide) (pNIPAm) microgels
in a capillary microfluidic device from W/O emulsion droplets.87 Rapid
mixing (C90 ms) of two aqueous inlets, one containing the radial initiator
and the other containing NIPAm monomers, co-monomers and crosslinker,
initiates radical polymerisation and crosslinking to form microgel particles.
Attractively, spherical particle formation can occur within seconds and
consequently no stabiliser is required to prevent coalescence in the outlet
stream. Expectedly, particle size is controlled by the droplet size and is a
function of the flow rate and size of the capillary orifice. The resulting
crosslinked pNIPAm particles can be loaded with a variety of nanoparticle
cargoes, which have been shown to not affect the volume phase transition
temperature of the thermo-responsive pNIPAm microgel matrix. The
temperature-induced swelling and contraction of microgel particles there-
fore offers a facile release strategy of encapsulated material.

Other morphologies are accessible by polymerising monomers in the
presence of crosslinkers. Hollow microgel capsules have been generated
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from W/O emulsions by dissolving the initiator in the carrier (outer) phase
and relying on diffusion into the monomer and crosslinker-containing
droplet to selectively polymerise at the interface.64 The polymerisation and
crosslinking is thus directional and self-limiting, as the radicals generated
in the continuous phase by UV photoinitiation cannot diffuse across a suf-
ficiently thick, dense pNI-PAm layer. Additionally, Janus ‘snowman’ type
morphologies can be designed by combining solvent evaporation from a
W/O droplet template, inducing a phase separation and density-driven
stratification into an adjoining monomer-rich and monomer-poor droplet,
prior to photopolymerisation.88 Uniquely here, the Janus morphology is
obtained with the same chemistry, resulting in particles that exhibit am-
phiphilic behaviours without any change in chemical functionality.

Polymers with crosslinkable functional groups, or which are readily
functionalised e.g. polyacrylates or polyacrylamides, are excellent precursors
to microgel particles via the crosslinking route. For example, pNIPAm,
functionalised with photosensitive crosslinking agents, can be dissolved in
water and emulsified, through microfluidic flow-focussing, into droplets;
upon UV irradiation, the polymers crosslink and form a hydrogel network,
yielding a micro-gel particle.89,90 Fluorescently labelling inlet streams shows
that Janus particles and liquid core microgels can be formed through this
approach. Alternatively, pre-formed microgels can be injected as the inner
phase of a microgel in water in oil droplet, where the middle water phase is a
crosslinkable solution of pNIPAm.90,91 Depending of the chemistry of the
microgel particle precursors, the resulting core–shell structures can have
multiple thermo-responsive behaviours, from the core and pNIPAm shell, or
just the pNIPAm shell alone. Further modifications of microgel structures
can be achieved by incorporation of an O/W emulsion into a single aqueous
droplet in a capillary microfluidic device.92 In one example, a solution of
pNIPAm and crosslinker was used as the water phase and the inner emul-
sion oil droplets were over 10 times smaller than the overall droplet. UV
crosslinking followed droplet formation and, with removal of the inner oil
droplets by washing or temperature cycling and washing, open-celled in-
ternal porous structures in the microgel particles could be obtained. No
change in the volume phase transition temperature was observed with the
change in internal structure of the microgel, although the dynamic response
(to temperature cycling) was found to improve due to the porous structure.

Microgel particles can also be crosslinked in microfluidic devices through
biocompatible chemistries, which avoid generation of free radicals, such as
thiol–ene click chemistry.93 Hyperbranched poly(glycerols) terminated with
thiol groups and PEG-macro crosslinkers can be mixed and broken up into
droplets by an oil carrier phase, before coupling agents can crosslink them
into a ‘cell-friendly’ microgel. A more recent approach to hydrogel formation
involves the phase separation of all-aqueous systems before crosslinking to
arrest the structure. Droplet formation from biocompatible dextran and
PEG, which can spontaneously form two phases with a low interfacial ten-
sion (C0.1 mN m�1),94 generally requires active approaches, which have
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been detailed by Sauret and Shum.95 Droplets can be formed by perturbation
of a jet of one aqueous phase in the other, or by using mixtures of the phase
separating components as the inner phase of a W/O emulsion. The first
approach has been successfully used to generate hydrogel particles from
droplets containing methacrylate functionalised dextran, by diffusion of
crosslinker from the PEG carrier phase.96 The second exploits the internal
phase separation of PEG monomer–dextran mixtures, followed by cross-
linking. Watanabe et al. report W/O droplet formation in a capillary micro-
fluidic device followed by internal phase separation of the all-aqueous
system, to form water in water in oil (W/W/O) droplets. Subsequently, two
end functionalised tetra-PEG macromonomers could then spontaneously
cross-couple to form a hydrogel shell, as schematically illustrated in
Figure 4.10(a).97 Much like the biphasic, Janus and core–shell particles de-
scribed in Figure 4.6, the equilibrium morphology of droplets containing
dextran and PEG are determined by the spreading parameter in the three

Figure 4.10 (a) Schematic of the microfluidic formation of dextran-PEG W/O drop-
lets. Following generation, internal phase separation causes formation
of a W/W/O core–shell droplet, where an end-coupling reaction can
crosslink the two PEG-macromonomers into a hydrogel shell. (b) The
kinetics of crosslinking can be slowed by reducing the pH to 4, which
allows for a density-difference driven migration of the inner dextran
droplet and deviation away from the core–shell structure before the
crosslinking arrests the structure. (insets) Schematic of the observed
structures.
Adapted from ref. 97 with permission from American Chemical Society,
Copyright 2019.
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phase system. PEG–oil interfaces have a lower interfacial tension than
dextran–oil interfaces and therefore dextran core-PEG shell droplets, and
consequently particles, could be expected under neutral pH conditions.
However, as depicted by the series of images in Figure 4.10(b), through
kinetic control of the crosslinking, the particle morphology can be varied.
Here, decreases in pH can be used to slow the kinetics of PEG-
macromonomer crosslinking and allow for the inner dextran core to ‘sink’
and result in Janus structures. Subsequent washing can remove the dextran
droplet and result in crescent shaped particles. Other morphologies are
possible by speeding up the crosslinking process and arresting the particle
with multiple cores from the phase separated dextran-PEG mixtures. Alter-
natively, Ma et al. used UV photopolymerisation to solidify internally phase
separated dextran-PEGDA droplets into core–shell hydrogel particles.98 By
altering the ratio of dextran to PEGDA in the aqueous phase, the core–shell
hydrogels can be transformed into dimpled hydrogels, with a ‘socket’, which
are reminiscent of ‘lock and key’ colloids.99

4.3.4 Ionic Crosslinking of (Bio)polymer-containing Droplets

Polyelectrolytes, including a number of biopolymers, can undergo ionic
crosslinking upon addition of multi-valent ions,100–103 and a number of
microfluidic methods to produce polyelectrolyte particles have been
reported.104–106 Although the approach is applicable to a range of polyelec-
trolytes,107,108 sodium alginate has been a ‘workhorse’ for research on ion-
ically crosslinked microparticles. Sodium alginate is a water-soluble linear
polysaccharide consisting of linked b-D-mannuronate (M) and a-L-guluronate
(G) monomer units arranged in a non-regular pattern. Diad sequential
blocks of GG units create cavities, referred to as an ‘eggbox’, in which
carboxylic acid functional groups can strongly complex divalent cations such
as calcium.109 Upon addition of a sufficient concentration of divalent ions to
a solution containing alginate, multi-valent ions act as ionic crosslinking
point and induces lateral aggregation of chains.110 When these solutions are
contained within micron-size droplets, ionically crosslinked/gel particle
formation takes place.

Droplet microfluidic approaches offer greater control over the the ionic
crosslinking process and the resulting particle size and shape than bulk
approaches, and the formation of gel particles have been demonstrated by
several groups. Ionic crosslinking of W/O emulsion droplets can be induced
by the incorporation of calcium ions into the water phase. This can be
achieved by suspending an ‘inactive’ source of calcium inside the aqueous
droplet, such as calcium carbonate, and adding a partially oil-soluble acid
into the carrier phase, such as acetic acid.111 Diffusion of acid into the
droplet releases calcium ions and induces ionic crosslinking of the alginate-
containing droplet. Alternatively, a simple and widely used technique is to
induce passive diffusion of calcium from the oil phase, from a partially
oil-soluble calcium salt e.g. calcium acetate, across the droplet interface.111
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Both approaches can be performed on-chip, leading to particle morphologies
defined by the channel geometry, or externally, by immersion within an ion-
containing medium, which will be discussed below. Another route consists
in separately generating alginate- and calcium-containing droplets, within
microfluidic droplet generators, and combining them downstream in an
expansion channel, which slows down the droplet velocities and causes
droplets to collide and coalesce.105 With precise control over droplet size and
generation frequency, this technique allows spherical, disk and plug-like
particles to be fabricated. During passive diffusion, at stagnation points in
the multi-phase flows, crosslinking from free ions to form gel particles can
cause clogging of channels. By chelating the active crosslinking ion in the
carrier phase, or in an additional aqueous stream, and exchanging with
chelated inert divalent ions within an alginate inlet stream, crosslinking can
be finely controlled. Divalent ions remain bound, to either a chelating agent
or alginate, and therefore no free ions are present to clog the channels.
Additionally, with this approach crosslinking occurs within a stable, bio-
logically compatible pH range and therefore can be used for cell encapsu-
lation. Both fibres and droplets are suitable templates to ionically crosslink
by this approach. An alternative approach involves the selective coalescence
of multiple core W/O/W droplets, containing both a divalent crosslinking ion
and alginate separated by a thin oil layer.112 Once the thin lubricating oil
layer separating the inner calcium chloride and alginate droplets is drained,
the inner droplets can selectively coalescence, allowing ionic crosslinking
and microparticle formation to take place. With this approach, spherical
particle morphologies dominate and, whilst asymmetric droplet templates
can be generated by varying inner fluid flow rates, asymmetry only affects the
crosslinking density and size of the gelled particle.

Considerable research has been devoted to tuning the morphology when
particles are ionically crosslinked ex situ. Typically, microfluidic approaches
are first used to generate W/O emulsion drops before immersion of the
outlet stream into a bath containing crosslinking ions, as depicted in
Figure 4.11(a). A thin oil layer, containing an oil-soluble salt of the cross-
linking agent, is also often added to the bath. Whilst many authors have
addressed aspects of this issue,113–115 Hu et al. provide a compelling dem-
onstration of how to control particle morphology by ex situ ionic cross-
linking.116 Multiple processing parameters can be used to tune the
crosslinked particle morphology, which are shown in the optical microscopy
images in Figure 4.11(b–j). The parameters exploited are the outlet tubing
height above the bath, viscosity of the bath (through glycerol addition),
interfacial tension of the droplet (through surfactant addition) and level of
oil added to the surface of the bath, and result in a range of particle
morphologies (spherical, hemi-spherical, red-blood cell shaped, tadpole
shaped, mushroom shaped). The precise details leading to their formation
can be found in the supplementary information of their paper. In general,
these morphologies arise from the interplay of forces which deform the
droplet (e.g. viscous forces) and interfacial tension, which acts to retain
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sphericity, within the timescale of ionic diffusion and crosslinking of the
droplet. For example, addition of surfactant to the alginate-containing
droplet allows the droplets to deform during crosslinking, leading to dim-
pled and bowl-shaped particles, as shown in Figure 4.11(h, i).

4.3.5 Interfacial Complexation for Capsule Formation

Traditional synthesis of polyelectrolyte microcapsules relies on the assembly
of oppositely charged polyelectrolytes on a charged, spherical, colloidal or
inorganic template.117 This requires multiple steps to deposit polyelec-
trolytes onto the template before its removal. Droplet microfluidic
approaches show great promise by avoiding drawbacks of bulk syntheses.
The main challenge is to solubilise a polyelectrolyte in an oil/organic liquid
so when microfluidic droplets are generated, the polyelectrolyte can diffuse
to the W/O or O/W droplet interface and complex with an oppositely charged
polyelectrolyte in the aqueous phase. Two approaches have been established
to solubilise polyelectrolytes in an organic phase, namely by the use of
hydrophobic polymers partially functionalised with charged groups,
e.g. sulfonated poly(styrene-b-ethylene/butylene)-b-styrene (s-SEBS) or
poly(ethyleneimine) (PEI), which have pH-dependent degrees of ionisation;

Figure 4.11 (a) Schematic of the generation of W/O droplets in capillary micro-
fluidics before immersion of the outlet stream into a gelation bath
containing a high concentration of divalent ions, typically calcium or
barium. Particle morphology can be tuned by variation of the bath salt
concentration, viscosity and height of outlet above/or immersed in the
bath. (b–j) Show optical microscopy images of sodium alginate particles
formed by external gelation with barium acetate.
Reprinted from Y. Hu, Q. Wang, J. Wang, et al., Biomicrofluidics, 6,
026502, (2012), with the permission of AIP Publishing.
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or alternatively by exchange of polyelectrolyte counterions with charged
low hydrophobic–hydrophilic balance surfactants to generate oil-soluble
ion pairs.

Figure 4.12 shows an example of polyelectrolyte capsule formation at the
interface of W/O emulsion droplets.118 In this example, partially charged
polyelectrolyte s-SEBS, dissolved in the oil phase, complexes with a weak,
naturally derived, cationic polyelectrolyte chitosan at the W/O droplet
interface. Structurally similar microcapsules have also been observed for
the interfacial complexation of polyelectrolytes with oppositely charged
nanoparticles.119 Droplet formation and complexation are schematically
depicted in Figure 4.12(a) and (b). Microscopy images of the corresponding
structures are shown in Figure 4.12(c–e). Stable, spherical, monodisperse
capsules (C200 mm) are formed within the length of the capillary device in
o60 s, comprising a core–shell structure and thin, micron scale shell, as
shown in Figure 4.12(d) and (e). As shell thicknesses are significantly larger
than molecular dimensions, either the complexation kinetics are slower
than the diffusion of polyelectrolytes across the interface or the capsule
shell formed does not inhibit diffusion across the interface. The shell
thickness is thus independent of both polymer concentration and, for
polyelectrolytes above a critical size, molecular weight, as shown by
Zhang et al. for capsules generated in all-aqueous conditions.120 However,
shell thickness has been found to be sensitive to the presence of salt but not
the concentration or type.118

Microcapsules have also been fabricated by interfacial complexation of
PEI and poly(acrylic acid) (PAA) within a W/O/W double emulsion.121,122 In
this case, the branched PEI was dissolved in a similar mixture of organic

Figure 4.12 (a) Schematic of W/O emulsion droplet formation within a capillary
flow-focussing device and interfacial complexation of oppositely
charged polyelectrolytes, dissolved in each phase. (b) Schematic repre-
sentation of the complexation of chitosan, from the aqueous inner
phase, and s-SEBS from the oil phase resulting in formation of a
polymeric shell. (c) Optical microscopy image of the stable capsules
exiting the capillary device. Scale bar is 200 mm. (d) Confocal micro-
scopy image showing the core–shell structure of the microcapsules. (e)
SEM image of the microcapsule shell withBmm thickness.
Reproduced from ref. 118 with permission from The Royal Society of
Chemistry.
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solvents used for polymersome generation. Schematically, the complexation,
followed by a dewetting transition that separates the oil droplet from the
aqueous core capsule, is depicted in Figure 4.13(a) and (b). Optical micro-
scopy images of the W/O/W droplets and capsules, following dewetting, are
shown in (c) and (d). The formation of an oleophobic surface, upon
complexation of the polylelectrolytes, aids full dewetting of the oil droplet.
Acid–base reactivity of the polyelectrolytes, alongside a low pH (o4) of the
inner aqueous phase, has been proposed as a driving force for the com-
plexation between the two macromolecules. Evidently, this approach is ap-
plicable to a range of poly-electrolyte combinations. The resulting capsules
show pronounced swelling with increase in pH and capsule rupture upon
increase in ionic strength.

Another approach to solubilising polyelectrolytes in an organic phase of
emulsion droplets, and formation of ion pairs, has been demonstrated with
W/O/W double emulsions with combinations of polyelectrolyte and oppositely
charged surfactant, e.g. poly(styrene sulfonate)(PSS)-didodecyldimethyl-
ammonium bromide (DDAB).123 Ion pairs are formed from bulk emulsifi-
cation of the polyelectrolyte dissolved in water with the surfactant dissolved in
oil. The mechanism of microcapsule formation is conceptually the same as for

Figure 4.13 (a) Schematic illustration of the formation of polyelectrolyte complex
microcapsules from water in oil in water (W/O/W) double emulsions by
interfacial complexation. (b) Schematic of the dewetting of the oil
middle phase following complexation within the emulsion, leaving
a hollow polyelectrolye microcapsule. (c) Optical microscopy image of
W/O/W double emulsions generated through capillary microfluidics.
(d) Optical microscopy image of microcapsules completely separated
from dyed oil droplets (pink).
Adapted from ref. 122 with permission from American Chemical Soci-
ety, Copyright 2016.
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PEI-PAA microcapsules; complexation of poly(diallyldimethylammonium
chloride) (PDADMAC), dissolved in the inner aqueous phase, with PSS
solubilised in the organic phase (as a PSS-DDAB ion pair) results in shell
formation. In the absence of monovalent salt in the inner phase, micro-
capsules are unstable. This suggests charge screening facilitates complexation
of the two polyelectrolytes. Salt also promotes the dewetting of the oil phase
and isolation of the capsules. As before, these capsules show tuneable release
behaviour as a function of ionic strength; at low external salt concentrations
(60 mM), capsules become permeable and slowly release encapsulated
material, whilst at high salt concentrations (2 M), capsules rupture rapidly.

Complexation of dilute aqueous solutions of oppositely charged poly-
electrolytes results in the spontaneous phase separation into polyelectrolyte-
rich droplets, which rapidly coalesce to form a bulk phase, and a depleted
supernatant, via a coacervation process. The molecular crowded and charged
environment is similar to that of biological cells, and thus provides a de-
sirable encapsulation medium for biomacromolecules, while bulk syntheses
cannot prevent coalescence of coacervate microdroplets and macroscopic
phase separation. However, droplet microfluidics has been shown to be able
to immobilise coacervate droplets within liposomes that can potentially act
as artificial cells.124 Figure 4.14(a) schematically depicts the microfluidic
generation of coacervates and encapsulation into liposomes. Oppositely
charged polyelectrolytes are mixed and loaded as the inner phase of W/O/W
double emulsions in a capillary microfluidic device. The middle oil phase,
which contains a lipid, undergoes dewetting and forms a liposome shell.
Concurrently, micron size coacervate droplets in the inner aqueous phase
fuse and migrate to the centre of the liposome. Optical and confocal
microscopy images depicting the dewetting processes, to form a liposome,
and coalescence of encapsulated coacervate droplets are shown in
Figure 4.14(b) and (c).

Coacervates formed from specific precursors yield cell mimics that
facilitate storage and release of high concentrations of specific biomole-
cules, e.g. RNA. Figure 4.14(d) shows a schematic of the thermo-reversible
coacervate formation from poly(uridylic acid) (PolyU) and spermine, and
within a liposome, to store and release fluorescently labelled DNA.
Figure 4.14(e) shows fluorescent images as temperature is cycled below the
lower critical solution temperature (LCST) of the coacervate, to release DNA,
and then increased above the LCST, to store DNA again. The corresponding
fluorescent signal within the liposome and coacervate as a function of time,
during the temperature cycle, is shown in Figure 4.14(f).

4.4 Physical Approaches to Particle Solidification

4.4.1 Particle Assembly at Interfaces

The adsorption of colloids at droplet interfaces, such as in Pickering emul-
sions,12 has long been proposed as a route to fabricating a range of

122 Chapter 4

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

01
00

View Online

https://doi.org/10.1039/9781788016476-00100


Figure 4.14 (a) Schematic of encapsulation of coacervate droplets within the inner phase of W/O/W double emulsion droplets with a
capillary flow-focussing device. W1 and W10 are poly(lysine) and adenosine triphosphate, which form coacervates in the inner
water phase. (b) Optical microscopy images of the W/O/W emulsion formation and subsequent dewetting of the middle oil
phase, forming a hollow vesicle with an encapsulated coacervate droplet. (c) Confocal microscopy images of coalescence of
coacervate droplets into a larger central droplet. (d) Schematic of encapsulation of DNA in a vesicle, containing a polyuridylic
acid (polyU)/spermine coacervate droplet, and the thermal storage and release cycling properties. (e) Fluorescent microscopy
images of the thermally triggered storage and release of labelled DNA molecules. (f ) Kinetic profile of the fluorescent signal in
the vesicle and coacervate droplet during the storage/release cycle.
Reproduced from ref. 124, https://doi.org/10.1002/anie.201703145, under the terms of the CC BY 4.0 licence, https://
creativecommons.org/licenses/by/4.0/.
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microstructured particles.125 In emulsion droplets containing colloidal
suspensions, such as poly(styrene) latexes, self-assembly at the liquid–liquid
interface can result in the kinetic arrest of highly ordered layers.
The resulting assemblies range from densely packed particles126 to hollow
vesicular structures, analogous to liposomes, with mechanically stable
shells, or ‘colloidosomes’.127 These hollow elastic core–shell particles pro-
vide encapsulation vehicles with tuneable physical properties; they can be
formed at numerous liquid–liquid, solid–liquid and air–liquid interfaces,
from a variety of colloidal particles, and combined with film-forming poly-
mers to tune the permeability and release properties.128

The simplest approach to generating microparticles from the directed self-
assembly of colloids at interfaces is to remove solvent from emulsion
droplets, where the dispersed phase comprises a colloidal suspension. Upon
sufficient solvent removal, phase inversion occurs and the packed colloids
become the majority component in the newly formed particle. This approach
has been demonstrated to form densely packed spherical ‘supraparticles’ of
poly(styrene) latexes which exhibit photonic properties owing to the highly
ordered packing.126 Much like other solvent extraction processes, control of
the resulting particle structure is governed by the rate of solvent removal
relative to the diffusion of soft material inside the droplet, defined by the
Péclet number (Pe). Rapid solvent removal does not allow time for struc-
turally homogenising processes such as diffusion, coarsening or reorgan-
isation of colloids to occur before the particle forms. If the rate of solvent
removal from the colloidal suspension droplets is enhanced, e.g. by micro-
wave irradiation, packing of colloids within the ‘supraparticle’ can be
tuned,129 and consequently the characteristic length, the inter-particle spa-
cing, can be tuned to exhibit different photonic properties.130 The ability to
tune to the overall particle morphology has been demonstrated by Velev and
co-workers.127 Whilst particles were not formed via a microfluidic approach,
and instead droplets were dried whilst floated on a dense fluorinated oil, the
overall morphology was shown to be determined by the interplay of droplet
radii (R), gravity and interfacial tension (g). The resulting morphology could

be classified by the Bond number BoB
DrgR2

g

� �
of the initial droplet tem-

plate, where Dr is the density difference between the droplet and sur-
rounding fluid and g is acceleration due to gravity. By tuning the initial
droplet size (volume43 mL), and concentration of the colloids inside the
droplet (o20% v/v), the droplet templates can be deformed (at corresponding
Bo4 1) and solidified into disk and ellipsoidal shapes. Further control can
be exerted by reduction of the interfacial tension, through surfactant add-
ition, which induces mechanical instabilities in the packed colloidal shells,
during drying and volume reduction, to form dimpled and toroidal-shaped
particles. Overall, the ability to control the interfacial packing and particle
morphology during drying of colloid-containing droplets appears a facile
way to generate particles with tuneable optical properties and shape.
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Figure 4.15 (a): Schematic of surface colloid packing when surface area is reduced
for adsorbed poly(styrene) colloids on a microgel core. Surface area
reduction is induced by an increase in temperature. (b) Fluorescent
microscopy image of jammed 1 mm sulfate functionalised PS colloids
on the microgel surface at 50 1C. (c) SEM micrograph of colloidosome
surface after drying at 60 1C for 24 h. (inset) Magnified area showing
packing of PS colloids. (d) Fluorescent microscopy time-series of the
permeation of fluorescein sodium salt solution (0.5 mM) into microgel-
core colloidosomes compared to the native microgel particle. (e) Effect
of colloidal particle diameter on the permeation of fluorescein salt
into the colloidosome, depicted in a plot of fluorescence intensity vs
time.
Adapted from ref. 133 with permission from American Chemical
Society.
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Colloidosomes can be templated from double emulsions in the bulk and
with microfluidic approaches. Microfluidic approaches benefit from the
reduced processing required to generate double emulsion droplets used for
templating. For example, Lee et al. demonstrated the formation of silica and
silica/poly(lactic acid) (PLA) composite colloidosomes from W/O/W double
emulsions.131 Upon extraction of the oil phase solvent, here toluene or to-
luene/chloroform mixtures, in-situ colloidosome formation occurred by
consolidation of the two particle saturated interfaces without need for any
additional processing. The resulting colloidosomes show size selective
permeability, owing to the interstitial voids between packed colloids. This
inherent permeability of the colloidosomes, leading to passive release of en-
capsulated material, is determined by the void size between particles in the
shell and, assuming hexagonal packing, is proportional to the constituent
colloid size.128 Voids can be further reduced in size and number through a
variety of approaches, including sintering the shell (near the Tg for polymer
colloids),128 incorporation of additional polymer131 or colloids into the
shell, and chemical crosslinking.132 Furthermore, they can exhibit stimuli-
responsive behaviour and thus complex function. For example, including a
PNIPAm microgel core and adsorbing negatively charged poly(styrene) col-
loids onto the surface, as shown schematically in Figure 4.15(a), can generate
thermo-responsive colloidosomes.133 Colloid coverage on the microgel was
tuned by increasing the temperature, and reducing the volume of the microgel
core, until the adsorbed colloids jammed, buckled and formed a porous shell
with thickness independent of colloid size, shown in Figure 4.15(b) and (c).
The rate of diffusion of small fluorescent molecules into the core is vastly
reduced by the presence of the colloid shell, as shown in Figure 4.15(d) and (e).
The jamming transition leading to shell formation is expected to be
irreversible, and the shell to rupture upon core expansion. Reversible thermo-
responsiveness requires the use of soft colloidal particles within the shell, as
demonstrated by Weitz and co-workers,134 who used pNIPAm colloids,
adsorbed at the interface of an O/W emulsion droplet, and crosslinked with
gluteraldehyde to form a colloidosome. The thermo-responsive colloids com-
prising the shell can cause a C80% volume reduction upon thermal actuation,
and offer potential for pulsed or triggered release.

Spatial control of colloids within the shell in colloid–polymer composite
capsules, can also be achieved by modifying the surface chemistry (e.g. with
silanes) of the colloid and tuning the contact angle at the middle/inner (and
outer) phase interface.36 Layered as well as homogeneously distributed
shells can be realised by this approach. By fixing the colloid surface chem-
istry, and encapsulating multiple inner droplets with a capillary microfluidic
double emulsion templating approach shown in Figure 4.16(a) and (b), the
overall morphology of microcapsule could be controlled.135 Dispersion of
silica colloids within the oil phase of a W/O/W double emulsion, comprising
an acrylic monomer and photoinitiator, allows the capsule structure to be
arrested in a range on non-spherical morphologies by subsequent photo-
polymerisation of the acrylic monomer. The internal structures of the
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precursor emulsion droplets, encapsulating multiple aqueous droplets, are
shown in Figure 4.16(c). Differential contrast microscopy images and model
structures, where the inner aqueous cores from microscopy images are taken
as spheres and the oil phase ignored, are compared to Surface Evolver
calculations, which minimise the interfacial energy of the structure with a
fixed contact angle between the aqueous droplets and oil phase. Particles
and surface dimples arising from the internal aqueous core droplets are il-
lustrated in Figure 4.16(d) and (e), respectively. Owing to the surface
chemistry of the colloids used, the inner and outer surfaces of such particles
are arrested with packed colloids within a polymeric matrix, as shown in
Figure 4.16(f) and (g).

Figure 4.16 (a) Schematic of W/O/W emulsion formation within a coaxial co-flow
capillary microfluidic device. (b) Optical microscopy image of double
emulsion formation comprising multiple internal water droplets. (c)
Table showing the experimentally measured droplet clusters within
double emulsions (first row), model predictions (second row) and Sur-
face Evolver calculations (third row). (d) SEM image of a microcapsule
with number of encapsulated droplets (N¼ 10). (e) Magnified area from
(d) showing the distortion of the colloidosome shell arising from the
presence of internal droplets; (f) and (g) show the hexagonally packed
colloids at the outer and inner surfaces of the colloidosomes respectively.
Reproduced from ref. 135 with permission from John Wiley and Sons,
Copyright r 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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4.4.2 Block Co-polymer Self-assembly in Double Emulsions

Polymersomes, bilayers of self-assembled block co-polymers (BCPs),136 yield
capsules, with mechanically robust structures superior to lipid vesicles
(liposomes) and tuneable physical properties. The overall molecular weight
of the BCP determines the membrane thickness, whilst permeability is
largely controlled by the glass transition temperature of the hydrophobic
block. Self-assembly of polymersomes is induced by changes in solvent
quality and therefore they can be templated by double emulsion droplets,
where the BCP is typically dissolved in an organic phase comprising a
volatile good solvent for both blocks and a non-volatile selective solvent for
one of the blocks.

Figure 4.17(a) shows the formation of BCP-containing double emulsions
with a capillary microfluidic device.137 Evaporation of the chloroform in-
duces self-assembly of the PEG-b-PLA BCP dissolved in a toluene/chloroform
mixture at the water/oil interfaces before a dewetting transition occurs, as
shown in Figure 4.17(b). The dewetting transition occurs over a small range
of solvent compositions, where adhesion of the BCP-covered interfaces to
form a bilayer and a separate oil phase droplet is energetically favoured.138

Figure 4.17 (a) Schematic of coaxial capillary microfluidic device for formation of
W/O/W double emulsion droplets. Here the oil phase comprises a PEG-
b-PLA block co-polymer in a 2 : 1 v/v toluene/chloroform mixture. (b)
Microscopic images of the solvent evaporation induced dewetting
transition to generate the polymersome. The organic solution droplet
is the darker (left) and the aqueous polymersome the more transparent
(right) in each image. Scale bar is 10 mm. (c) Confocal laser scanning
microscope image of PEG(5000)-b-PLA(5000) polymersomes encapsu-
lating a fluorescent dye in the aqueous core. (d) Cryo-SEM image of a
single polymersome. (e) Magnified view of the shell region in blue in
(f). (f) SEM image of a freeze-dried PEG(5000)-b-PLA(5000) polymersome
encapsulating a PEG solution. The internal foam-like morphology is
typical of a dried PEG solution, indicating the polymersome shell does
not affect the encapsulated core. The shell appears uniformly thin.
(a) and (b) Adapted from ref. 137 with permission from American
Chemical Society, Copyright 2008. (c–f) Adapted from ref. 138 with
permission from American Chemical Society, Copyright 2011.
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Owing to the comparable magnitude of the surface energy of the co-polymer
bilayer and the co-polymer–oil interface, an acorn-like structure evolves,
which comprises a solvent-rich droplet attached to part of the co-polymer
bilayer. Solvent continues to evaporate from the attached solvent droplet,
which can also break off the bilayer, until an aggregate containing excess
BCP is left attached to the polymersome. Other BCP/solvent systems appear
to form polymersomes in the absence of such a transition, e.g. poly(butyl
acrylate)-b-poly (acrylic acid), dissolved in a mixture of toluene and tetra-
hydrofuran (THF).139 Figure 4.17(c–f) shows the structure of PEG-b-PLA
polymersomes with confocal microscopy (c), cryo-scanning electron micro-
scope (cryo-SEM) (d) and SEM after freeze-drying (e, f). Polymersomes formed
are typically spherical with thin shells, and those shown here encapsulate a
PEG solution. The foam-like internal structure, typical of freeze-dried PEG
solutions, is retained within the capsule and demonstrates that the self-
assembled polymersome shells are mechanically robust. Investigation of
solvent evaporation from microfluidic double emulsions containing
poly(lactic-co-glycolic) acid (PLGA), with varying molar ratios of lactide to
glycolide in the polymer, confirmed that surface activity of the polymer was
required to induce a dewetting transition, i.e. an amphiphilic BCP is required
for formation of a polymersome. This only occurred for PLGA with sufficient
glycolide fraction and not for PLA homopolymers.140 Instead, evaporation
from W/O/W emulsions, where the middle phase comprised solely homo-
polymers, results in the formation of a thick polymer layer.

Microfluidic approaches enable the formation of hierarchical structures to
form polymersome precursors. Figure 4.18(a, b) shows the encapsulation of
multiple PEG-b-PLA polymersomes in the inner phase of W/O/W double
emulsion droplets.141 Confocal microscopy images with fluorescent dyes show
that single polymersomes as well as polymersomes-in-polymersomes can be
formed by this approach (c, d). Acrylic monomers can be dissolved in the
aqueous core to further functionalise the microcapsules. Figure 4.18(d) shows
the schematic formation of hydrogel core polymersomes by addition of PEGDA
to the aqueous inner phase, and optical microscopy images of the resulting
polymersomes (e, f). The hydrogel core is formed by UV photopolymerisation,
following the dewetting transition. Hydrogels exhibit better retention of
hydrophilic material upon rupture of the other polymersome bilayer.

Multi-compartment polymersomes with hydrogel cores can also be formed
by incorporation of multiple aqueous droplets as the inner phase of a double
emulsion.142 For instance, Figure 4.18(g) shows a schematic of a dumbbell
Janus hydrogel-core polymer formed from UV photopolymerisation of a
polymersome comprising two distinct core droplets, from separate inlets
within the capillary device. Bilayer formation prevents the coalescence of
internal aqueous droplets. Figure 4.18(h) and (i) show confocal microscopy
images of PEG-b-PLA polymersomes with hydrogel cores encapsulating dif-
ferent fluorescently tagged biomacromolecules (rhodamine tagged-bovine
serum albumin and FITC-dextran).143 Figure 4.18(j–q) shows the multi-
compartment polymersomes formed from a double emulsification in a
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capillary microfluidic device with 1–8 compartments. The number of com-
partments within the polymersome can be tuned through the number of
aqueous droplets encapsulated as the inner phase of a W/O/W emulsion.

Tuning the structure and chemical composition of polymersomes offers
improved stability and release properties. For example, hydrogel cores slow
down the release of encapsulated hydrophilic material compared to entirely
vesicular structures.142 Polymersomes composed of double bilayer structures
or polymersomes with additional homopolymer in the bilayer are more
osmotically stable.141,144 In combination with the formation of distinct
multi-compartmental cores, this can be exploited to generate vesicular
structures which can pre-mix internal compartments before release to the

130 Chapter 4

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

01
00

View Online

https://doi.org/10.1039/9781788016476-00100


external environment. Diffusion of small molecules through the outer
membrane, which is more stable to rupture, can induce a triggered rupture
of internal polymersomes, and mixing, before the outer membrane breaks
down, e.g. for PEG-b-PLA polymersome(s)-in-polymersome structures.141

4.4.3 Solvent Extraction of Polymer-containing Droplets

A versatile and ubiquitous approach for polymer microparticle formation
involves the removal of solvent from a polymer solution droplet. In spray-
drying, an atomising nozzle produces droplets that are subsequently dried in
a tower, often with a counter-current of air at elevated temperature. Solvent
extraction is the analogue of spray drying, where the ‘evaporation’ medium
is now another solvent, and thus requires careful consideration of the so-
lution thermodynamics, and inter-diffusion and solidification kinetics. The
process is generally referred to as droplet ‘solvent extraction’, as well as
‘evaporation’. In a first step, droplets are formed by the emulsification of a
polymer solution with an immiscible carrier phase, often employing mi-
crofluidics. Then the extraction solvent is introduced, to selectively remove
the ‘good solvent’ from the droplet, and thus concentrate the solute until a
particle is formed. Generally, three solvents are therefore required: the ‘good
solvent’ contained within the polymer solution droplet, the ‘extraction’ or
‘bad’ or ‘non-solvent’ solvent, and the ‘carrier’ solvent phase, although this
nomenclature can be somewhat ambiguous. The carrier solvent, must be
immiscible with the ‘good’ solvent (to enable emulsification) and miscible
with the ‘bad’ solvent, to enable the extraction process. The ‘extraction’
solvent must be partially miscible with the ‘good’ solvent in the droplet, to
enable solvent exchange across the interface. This also implies that some of

Figure 4.18 (a) Schematic of W/O/W emulsion formation in a capillary microfluidic
flow-focussing device. The inner aqueous phase comprises a dispersion
of PEG-b-PLA polymer-somes. (b) Optical microscopy image of injection
of polymersomes into the inner phase of the W/O/W emulsion
droplets to form multi-compartment polymersomes. (c, d) Confocal
microscopy images of single polymersomes encapsulating dyes (c) and
polymersome-in-polymersomes containing multiple dyed droplets. (d)
Formation mechanism of hydrogel precursor core polymersome
through a dewetting transition before UV polymerisation induces hydro-
gel formation in the core. (g) Schematic representation of the structure
of the Janus dumbbell hydrogel core polymersome. (h, i) Confocal
microscopy images of polymersomes with fluorescently tagged bioma-
cromolecules in the hydrogel core. ( j–q) Optical microscopy images of
multi-compartment PEG-b-PLA polymersomes with ( j) 1 (k) 2 (l) 3 (m)
4 (n) 5 (o) 6 (p) 7 (q) 8 compartments. Orientation of the compartments
is not unique for each number of compartments. Scale bars are 30 mm.
Adapted from ref. 141 with permission from American Chemical Society,
Copyright 2013. (d–i) Reproduced from ref. 143 with permission from
John Wiley and Sons, Copyright r 2011 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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the ‘bad’ or ‘extraction’ solvent, generally a small fraction, will ingress the
droplet (providing numerous pathways for demixing). The solute, which can
be a polymer, but also colloids or mixtures, is only miscible (or dispersible)
within the ‘good’ solvent. In some conditions, the carrier and extraction
solvent can be the same, which simplifies the process design. In that sense,
the process is analogous to phase inversion or non-solvent induced phase
separation (NIPS) extensively used in membrane fabrication,145,146 albeit in a
spherical geometry. Overall, this ternary or quaternary phase behaviour
(or higher in the case of mixtures) can somewhat restrict the systems
available for droplet extraction; nonetheless a significant number of com-
binations have been reported. Figures 4.19(a) and (b) illustrate two such
approaches to droplet extraction: by addition of an extraction solvent stream
in the microfluidic device (in situ), or by immersion of the outlet from the device
into an extraction solvent bath,147 analogous to the ex-situ ionic crosslinking
approach. As depicted by the series of optical microscopy images in
Figure 4.19(c), the process evolves through droplet shrinkage, internal demixing
and ultimately kinetic arrest of the shrinking droplet, as the polymer precipi-
tates (or the polymer-rich phase reaches the glassy state) and forms a skin.
Figure 4.19(d) and (e) show SEM images of spherical homopolymer particles
formed by solvent extraction from neutral polymer PLA and polyelectrolyte
sodium poly(styrene sulfonate) (NaPSS), respectively. Consequently, the particle
structures formed from hydrophobic polymers dissolved in the inner phase of
O/W droplets are typically smooth and spherical.148–150

Microparticles formed by solvent extraction are generally out-of-
equilibrium structures. The interplay of inter-diffusion and extraction
kinetics, demixing and coarsening, and eventually solidification (precipi-
tation, kinetic arrest or vitrification) of the solute-rich phase, alongside
mechanical instabilities in the interfacial skin formed determine the in-
ternal microstructure and external particle morphologies. The skin results
from the fact that extraction is a directional solidification process, which can
lead to a stratified internal structure, and is generally influenced by internal
droplet convection (driven by Marangoni flows and external fields sur-
rounding the droplet). The internal demixing, caused by the increasing
solute concentration within the droplet during extraction and/or ingress of
the ‘bad’ solvent, is responsible for the heterogeneous microstructure within
the resulting polymer capsules or particles.147,151 Depending on initial
polymer concentration and process parameters, a range of internally porous
microparticles can be formed (requiring no porogens), as illustrated in
Figure 4.19(f) which shows cross-sectioned NaPSS particles. Direct addition
of a non-solvent into the polymer solution (which is insoluble in the carrier
or extraction solvent), prior to droplet formation, can also be used to induce
phase separation as the good solvent is removed. For example, perfluorooctyl
bromide (PFOB) added into PLA/ethyl acetate (EA) droplets prior to solvent
extraction, with an EA saturated aqueous carrier phase, leads to internal
demixing and migration of droplets to the surface to create dimpled
particles.151
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Figure 4.19 (a, b) Schematics of microfluidic solvent extraction from polymer solution droplets with a partially miscible non-solvent.
(a) In-situ precipitation of particles by addition of a non-solvent, miscible with the droplet carrier phase, downstream of
droplet formation in the microfluidic device. (b) Ex-situ precipitation where droplets are immersed into a non-solvent bath.
(c) Optical microscopy time series showing droplet shrinkage, internal demixing and eventual particle formation. Scale bar is
200 mm (d) SEM image of PLA particles formed by solvent extraction. Scale bars are 100 mm in main image and 20 mm in the
inset. (e, f) Spherical NaPSS particle (e) and cross-section (f), revealing the presence of internal particle porosity.
(c, e, f ) Adapted from ref. 146, https://doi.org/10.1021/acs.langmuir.6b01799, under the terms of the CC BY 4.0 licence,
https://creativecommons.org/licenses/by/4.0/. (d) Reproduced from ref. 152 with permission from The Royal Society of
Chemistry.
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The initial polymer solution composition and choice of extraction solvent
set the droplet composition trajectory across the ternary (or higher) mixture
phase space. This pathway has been modeled for planar interfaces relevant
to membranes for separations, by several authors, including recently with
field theory approaches.153 In simple terms, the relative rate of solvent ex-
traction with respect to solvent diffusion sets the Péclet number, which
provides an indication for the possible formation of an interfacial skin and
its associated timescale. It can be estimated by PeCRu/D, where R is the
initial droplet radius, u the interfacial velocity (estimated by dR/dt) and D is
the solute diffusion coefficient. Evidently, solute concentration and
morphology evolve over time and this estimate is used qualitatively to
classify and compare various systems. The Pe can be readily tuned by the
extraction solvent miscibility with the good solvent and, to a lesser degree,
for a given system, with polymer concentration. Udoh et al.146 demonstrated
the internal porosity of NaPSS particles could be increased by selecting an
extraction solvent with relatively high partial miscibility (in this case, methyl
ethyl ketone, MEK), and by decreasing the initial concentration of polymer
in the precursor droplets. Interestingly, the higher the miscibility, the faster
the extraction kinetics and thus the larger the Pe, resulting in earlier skin
formation and thus larger, more porous particles. A range of extraction
solvents was investigated, from toluene (T) with vanishingly small miscibility
to the relatively miscible MEK, and their role in the particle/capsule for-
mation of polymer-colloid solutions. In the case of mixed solutes, both the
system thermodynamics and the individual Pe numbers of the solutes must
be considered for effective encapsulation and particle design. The variation
of internal porosity with choice of extraction solvent and the corresponding
release properties of encapsulated (silica) colloids within PSS particles was
recently reported.154 Figure 4.20(a–d) shows SEM images of particle cross-
sections formed from 250 mm droplets containing 1% w/v NaPSS (neat)
following extraction in different solvents. Figure 4.20(e–h) shows optical
microscopy images of the corresponding release of silica colloid clusters
upon immersion of the composite NaPSS-SiO2 particles, shown in
Figure 4.20(a–d), in deionised water.

For an individual polymer solution droplet immersed in extraction solv-
ent, the radius decreases monotonically over time before reaching a plateau
in which the shrinkage is arrested by formation of a polymer-rich skin. Given
the complexity of the several mechanism at play, the radial-time profile has
been modelled descriptively by:

RðtÞ¼ ðR0 � R1Þ 1� t
t

� �a

þR1

where R0 is initial droplet radius, RN the final particle radius, t characterises
the extraction timescale and a is a hyperbolicity parameter (of order 1).
The latter arises from Epstein–Plesset models of droplet dissolution in a
partially miscible solvent.156–158 Describing the radius as a function of time
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in this way allows quantification of the effects of changes to the droplet
composition, size and extraction solvent on the particle size and extraction
kinetics. Extraction kinetics appear to follow the miscibility of the good
solvent (often water) with the extraction solvents. Evidently, the less mis-
cible, the longer the extraction and thus larger t, yielding more compact
particles. Figure 4.21(a) shows the radial decrease of droplets, containing
NaPSS/silica colloids and with R0C250–270 mm, extracted in the different
solvents. Kinetic arrest occurs (from slowest to faster) in the following order
in this system: toluene (T )4butyl acetate (BA)4EA4MEK.154 Additionally,
bifurcation points in the particle formation, where shape deformations and
deviations from sphericity occur, can be identified. This is expected as the
liquid–liquid interfaces gives rise to a solid skin, which thus obeys different
energy minimisation rules that replace reducing surface area of the liquid
droplet. Figure 4.21(b) illustrates the bifurcation of major and minor radii
for NaPSS/SiO2 composite droplets as a folded non-spherical particle forms.
Buckling, crumpling and folding can be observed depending on extraction
conditions and droplet composition, giving rise to a rich morphology
diagram for capsule formation.

Figure 4.20 (a–d) SEM images of microparticles formed by solvent extraction of
1% w/v NaPSS droplets (R0¼ 250 mm) in a range of extraction solvents:
methyl ethyl ketone (a), ethyl acetate (b), butyl acetate (c), toluene (d).
(e–f) Optical microscopy images of the release of 10% w/v of SiO2 colloids
from the corresponding particles in (a–d) when immersed in deionised
water. No discernible release of silica clusters is observed from MEK and
T capsules (e) and (h), while pulsed release is observed from EA particles
(f) and a slow, continuous release from BA particles (g).
(a–d) Reproduced from ref. 154 with permission from The Royal Society
of Chemistry. (e–h) Adapted from ref. 155, http://dx.doi.org/10.1126/
sciadv.aao3353, under the terms of the CC BY 4.0 licence, https://
creativecommons.org/licenses/by/4.0/.
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Control over the particle size can be exerted through a number of pa-
rameters: initial droplet size (R0), polymer concentration and choice of non-
solvent.146 Decreasing R0 has been shown, for a given mixture, to result in
faster particle formation and smaller particle sizes, owing to the larger
surface: volume ratio. Particle size RN and formation timescale t both appear
to depend linearly on R0. The influence of R0 on both RN and t can be tuned
by the polymer (solute) concentration, whereby polymer precipitation and
skin formation arrests the extraction earlier for higher polymer concen-
trations. Molecular parameters, such as molecular weight and chemical
functionality (degree of hydrolysis), appear not to affect the solvent extraction
process in one system (PVA) investigated systematically.159 For a given poly-
mer/solvent/extraction solvent combination, the particle size and extraction
kinetics, and resulting morphology, appear to be rather dominated by the
influence of droplet size and polymer concentration. Both the internal
microstructure and external morphology can be effectively modulated by
polymer concentration, as shown above. Further reducing polymer content
(well below the overlap concentration c*) yields thin (sub-micron) polymeric
skins that can become mechanically unstable and buckle to form non-
spherical structures. Some of these morphologies are illustrated in Figure 4.22.

Figure 4.21 (a) Particle formation kinetics for droplets containing 1 w/v%
NaPSSþ 10 w/v% SiO2 colloids and extracted in different solvents.
Each colour represents a different extraction solvent: red¼MEK, blue-
¼EA, purple¼BA, black¼ toluene. Radii are normalised to initial
radius R0. Open and closed circles represent the major and minor
radii, accounting for deviations from sphericity. Lines show descriptive
data fits with the equation given in the text. (b) Particle formation
kinetics by solvent extraction for a 140 mm droplet containing 5% (w/v)
NaPSSþ 12% (w/v) SiO2. Optical microscopy insets and dashed lines
illustrate the anisotropic particle shape formed and deformation points
upon extraction. Two radial profiles are shown, corresponding to the
major and minor radii of the droplet/particle.
(a) Reproduced from ref. 154 with permission from the Royal Society of
Chemistry. (b) Adapted from ref. 155, http://dx.doi.org/10.1126/sciadv.
aao3353, under the terms of the CC BY 4.0 licence, https://
creativecommons.org/licenses/by/4.0/.
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Figure 4.22 (a) PES/dimethylformamide droplet formation in a silicone oil carrier phase within a capillary microfluidic device. (b, c)
Optical microscopy images of a single toroidal particle (b) and multiple (c) microparticles. (d) Particle diameter and
morphology as a function of silicone oil flow rate. (e) Radial-time profile for an aqueous PVA droplet extracted with EA whilst
residing on a partially wetting substrate. Optical microscopy images illustrate the morphological transitions occurring as
particles solidify. (f, g, h) SEM images of resulting particle morphologies, deformed (f) and invaginated (g) while retaining an
internally porous microstructure (h). (i): Morphology diagram, and accompanying SEM images, of NaPSS/SiO2 composite
microcapsules generated by solvent extraction. Initial droplet size was fixed at 150 mm. (j, k, l) show internally porous
spherical particles formed from NaPSS alone (gray). (m, n) Compact and dimpled colloidal capsules in the absence of NaPSS
(pink). (o, p) Tricorn and folded, pollen grain-like structures are found for most NaPSS/SiO2 compositions (light blue). (q–t)
Dimpled capsules with an internally bicontinuous structure are found within a small compositional envelope (dark blue).
(a–d) Reprinted from B. Wang, H. C. Shum and D. A. Weitz, Chemphyschem, 2009, 10, 641–645. r 2009 Wiley VCH Verlag
GmbH & Co. KGaA, Weinheim. (e–h) Reproduced from 159 with permission from The Royal Society of Chemistry. (i–t)
Adapted from ref. 155, http://dx.doi.org/10.1126/sciadv.aao3353, under the terms of the CC BY 4.0 licence, https://
creativecommons.org/licenses/by/4.0/.
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Figure 4.22(a–c) shows the formation of poly(ether sulfone) (PES) toroidal
microparticles from the solvent extraction of dimethylformamide (DMF) into
silicone oil. Their shape emerges from the anisotropic extraction of droplets
convected along the microchannel. Along the flow direction, stagnation
points form in front and behind the droplets, which modulate the solvent
(mixture) concentration profile around the droplet, which thus becomes
anisotropic. Accumulation of good solvent near the stagnation points slows
the rate of solvent removal. Solidification thus begins at the circumferential
region and drives polymer from the centre of the droplet to the periphery,
causing eventual toroid formation upon complete solidification. This an-
isotropy can be tuned by change the carrier phase/extraction solvent flow
rate, shown in Figure 4.22(d). By reducing the flow rate the particle
morphology could be varied from toroidal to dimpled to spherical. For
ex-situ solvent extraction, i.e. taking place in an external bath, anisotropic
extraction is also possible when the droplets reside on a partial wetting
surface,159 which breaks the symmetry of extraction kinetics, as well as due
to contact line pinning of droplets resting on surfaces, illustrated in
Figure 4.22(e). Invaginated and deformed structures (f–h) are thus readily
formed. Finally, mixtures of polymers (or polyelectrolytes) and colloids offer
more complex phase behaviour and mechanical instabilities upon solidifi-
cation by solvent extraction. Figure 4.22(i–t) shows a morphology map of
NaPSS-silica composite capsules. Polymer-only particles (j, k, l) show the
expected spherical morphologies and internal porosity, arising from internal
demixing. Dimpled particles are observed for neat colloid particles (m, n).
Tricorn and folded pollen grain-like structures are observed, from mech-
anical instabilities during solidification, for moderate concentrations of
both polymer and colloid (C5% and 10% w/v respectively) (o, p). In a small
compositional envelope, which appears to coincide with the spinodal region
of ternary polymer-colloid solutions (so-called gas–liquid region), bicontin-
uous internal structures develop (q–t), which can exhibit the pulsed release
of colloidal clusters described above. We note that other authors have re-
ported similiar bicontinuous structures, ‘‘bijel’’ particles and fibres, with a
microfluidic solvent extraction approach.160 Solvent extraction into the
continuous phase, from a ternary O/W droplet or stream containing colloidal
particles, induces a spinodal transition which is arrested in a bicontinuous
structure through the jamming of the stabilising colloids.

4.5 Summary and Outlook
In this chapter, we have provided an overview of recent developments in the
formation of polymeric microparticles and capsules via droplet micro-
fluidics and flow lithography approaches. Through judicious choice of soft
materials precursors (monomers, crosslinkable polymers and colloids), and
corresponding solidification approaches, an exceptional range of particle
and capsule structures, as well as microstructures, can be attained in both
single and multi-phase microfluidics. The overview presented here is
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inevitably not exhaustive and, for instance, supramolecular approaches161

and particles formed from the extraction of BCP stabilised emulsions162

have not been discussed. The field of polymer particle design and fabri-
cation in microfluidics has reached a certain maturity but continues to
evolve. A number of challenges remain to be addressed, and several research
avenues provide opportunities that should, from our perspective, be
explored.

4.5.1 Particle Formation Strategies

Alternative strategies to induce solidification, from single or multi-phase,
which further exploit the physical chemistry of complex fluids and/or
microfluidic approaches offer potential for added functionality and ‘mor-
phogenesis’ (the emergence of shape and morphology) of particles. The effect
of complex flow fields during particle formation remains largely unexplored,
and should enable modulation of the concentration field and deformation of
emerging particles and capsules. While inertial microfluidics has been used
to shape particles under continuous flow, with optofluidics, and shape fibres
from multi-phase jets,81,82,163 and toroidal particles templated from droplets
in laminar channel flow,164 the precise coupling of flow fields of prescribed
type and magnitude has yet to be fully realised. A range of phase and dynamic
transitions can be used to impart further structure and function into
microparticles and capsules. The majority of phase transitions exploited
currently are either solvent- or polymerisation/crosslinking induced. For
instance, BCP ordering transitions used to template both nanoparticles and
microparticles,162,165 could be applied in combination with microfluidics
and the use of external fields (thermal, electric, magnetic, gravity) in addition
to flow and chemical fields, can undoubtedly provide functionality in both
active and passive approaches, that appear to be largely unexplored.

4.5.2 Scalability

So far, microfluidic approaches to particle formation are predominately used
within an academic context. Whilst they offer unique possibilities for control
of droplet and particle formation and mechanistic insights (which can in-
form scale-up), the throughput of these methods is relatively low. Single
droplet generators achieve frequencies of the order of 1–10 kHz, and thus
approximately 1 g h�1, corresponding to an annual production yield of

around
1

100 000
of industrial emulsification processes.49,166 A recent review

considers strategies to address the scale of microfluidic approaches.167

A combination of parallelisation of droplet generator junctions, typically
cross-flow or flow-focussing, and operation of multiple chips appears to be a
promising scale-up route. For particles generated from single emulsion
droplets, and from a single device, the production capability scales linearly
(ignoring downtime, channel clogging and manifold control issues) with the
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number of generators.168,169 The throughput of more complex emulsions
has also been vastly increased.170,171 For example, Romanowsky et al. have
integrated up to 15 parallel flow-focussing droplet generators in a 3D ar-
rangement to generate up to 1 kg day�1 with low coefficient of variation for
inner and outer droplets. The approach is expected to scale to 9 tonnes per
year from a device occupying only a litre of space. However, in spite of this
progress, further work is needed to improve scalability, beyond research or
high-value/low-volume manufacturing, to compete with the cost and yields
from more traditional droplet generation processes and membrane emul-
sification.47 After approximately 15 years of microfluidic polymer particle
formation, and some industrial uptake, we expect a growing commercial
presence of microfluidic approaches, at least in high-value products, as-
sisted by improvements in throughput and tailored optimisation strategies
discussed next.

4.5.3 Full Process Integration, Feedback and Learning

The generation of emulsion droplets, prior to solidification, is not the only
bottle-neck in particle production. Much of the research discussed in this
chapter involves multiple ‘work-up’ steps that take place off-chip. These in-
clude washing, solvent or monomer removal, or drying of particles, which
would be desirable to carry out on-chip instead. However, this also requires a
precise reconciliation of timescales for each on-chip process (including
particle solidification), in order to achieve truly integrated particle gener-
ators. Innovative chemical engineering solutions thus appear necessary.
Further performance testing or function could be integrated on-chip, e.g.
decoding of encoded particles for bio-medical assays84 or particle dis-
solution/triggered release of encapsulants. With additional incorporation of
feedback loops and automated optimisation routines,172,173 we expect that
particles can be designed in situ for desired properties and avoid laborious
screening studies. Further, machine learning approaches can potentially
elucidate design parameters (including particle shape, patchiness and
microstructure) which appear otherwise challenging to map in detail, given
the extensive parameter space available for particle design.

We believe it is only matter a time before these and other developments
transform the mechanistic understanding, functionality and manufacturing
of advanced polymeric particles, whose societal impact is expected to be
significant, in areas ranging from food to precision medicine.
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CHAPTER 5

Recent Advances in Colloidal
Polyelectrolyte Brushes

QINGSONG YANG,a XIAOFENG NIU,a ZHINAN FU,a LI LIa AND
XUHONG GUO*a,b

a State Key Laboratory of Chemical Engineering, East China University of
Science and Technology, 200237 Shanghai, China; b Engineering Research
Center of Materials Chemical Engineering of Xinjiang Bingtuan, Shihezi
University, 832000 Xinjiang, China
*Email: guoxuhong@ecust.edu.cn; guoxuhong@hotmail.com

5.1 Introduction
Polymer brush refers to a macromolecular assembly which is formed by
polymer chains densely attached by one end to a surface or an interface.1,2

For a brush, the distance between neighboring grafting sites (D) is much
smaller than the gyration radius (Rg) of free polymer chains (normally D
should be at least smaller than 2Rg) so that the polymer chains stretch away
from the interface into the solution.3 Since the report that grafting polymer
molecules to colloidal particles was an effective way to prevent flocculation
in the 1950s,4,5 polymer brushes have attracted considerable attention in
protein immobilization,6 catalysis,7 nanoreactors,8 environmental engin-
eering,9 disease diagnosis10,11 and other fields.12

Polymer brushes can be generated by grafting polymer chains to either
planar13 or curved interfaces e.g. cylinders14 or spheres.15 If the polymer
chains are polyelectrolytes and are densely grafted onto a spherical core, a
spherical polyelectrolyte brush (SPB) is the result (Figure 5.1).
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Generally, there are two methods used to prepare polymer brushes, phys-
ical adsorption and chemical attachment.16,17 Chemical attachment attracts
more attention because it overcomes the drawbacks of physical adsorption
such as restricted grafting density and low stabilities. Chemical attachment
can be divided into two techniques: ‘‘grafting to’’ and ‘‘grafting from’’.18 The
‘‘grafting to’’ strategy involves polyelectrolyte chains which are prefabricated
and end-functionalized reacting with appropriate groups immobilized on the
substrate to generate SPBs. Relatively low grafting density is obtained by this
approach as the steric hindrance increases sharply with grafting density.
‘‘Grafting from’’ does not have these problems as the polymerization of
polymer chains are directly polymerized onto the surface by an initiator that
is chemically affixed to the surface of the particles. Grafting from methods
include photo-emulsion polymerization,19 thermo-controlled emulsion
polymerization,20 atom transfer radical polymerization (ATRP),21 reversible
addition–fragmentation chain transfer polymerization (RAFT),22 and surface-
initiated photo-iniferter-mediated polymerization (SI-PIMP).23

Photo-emulsion polymerization, as one of the most popular ‘‘grafting
from’’ methods to prepare SPBs, was first reported by Guo et al.19 It includes
three main steps, as shown in Figure 5.2. In the first step, a polystyrene (PS)
latex is generated by conventional emulsion polymerization. Then the PS
core is covered by a thin layer of photo-initiator 2-[p-(2-hydroxy-2-methyl-
propiophenone)]-ethylene glycol-methacrylate (HMEM). In the third step,
polyelectrolyte chains are grafted from the surface of the PS core under
ultraviolet (UV) irradiation. The generated SPB consists of a PS core and
densely-grafted polyelectrolyte chains.

Utilizing photo-emulsion polymerization to prepare SPBs has become
popular as it has various advantages.24 Firstly, the SPB particles synthesized
by this method have well-defined morphologies and narrow size distri-
butions. Secondly, the structure of SPBs can be easily controlled. The
grafting density of polyelectrolyte chains can be tuned by changing the
amount of photo-initiator and the contour length can be controlled by

Figure 5.1 Schematic diagram of spherical polyelectrolyte brushes (SPBs).
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changing the mass of monomer. In addition, parameters including the
grafting density and molecular weight of polyelectrolyte chains can be de-
termined as the ester bond of HMEM molecules can be cleaved under strong
base conditions. More importantly, almost all water-soluble monomers can
be grafted onto colloidal core particles by this method, in theory.25 Because
of its well-defined core–shell structure, various techniques can be used for
the characterization of SPBs, e.g., dynamic light scattering (DLS),26 small
angle X-ray scattering (SAXS),27,28 atomic force microscopy (AFM),29 and
cryogenic transmission electron microscopy (cryo-TEM).30

According to the type of charge carried by polyelectrolyte chains, SPBs can
be divided into: cationic SPBs, such as poly(2-aminothylmethacrylate hydro-
chloride) (PAEMH), anionic SPBs, such as poly(acrylic acid) (PAA), and zwit-
terionic SPBs.31 Based on the difference in dissociation of the polyelectrolyte
chains, SPBs can be further classified into two kinds: (1) quenched polyelec-
trolyte brushes, in which the grafted polymer chains are strong polyelec-
trolytes such as poly(sodium styrene sulfonate) (PNaSS) and the charge
distribution does not depend on the external conditions; (2) annealed poly-
electrolyte brushes, in which the grafted polymer chains are weak polyelec-
trolytes such as PAA, and the degree of dissociation is not fixed but can vary
with external conditions such as pH and ionic strength (or salt concen-
tration).26 For both the quenched and the annealed brushes the electrostatic
interactions between the polyelectrolyte chains can be tuned by changing the
external conditions in the system.32 Depending on the ionic strength, SPBs can
be distinguished into three main regimes: the neutral brush regime (at very
high added salt concentration), the salted brush regime (when the salt con-
centration in the solution becomes comparable to that inside the SPB), and
the osmotic brush regime (at very low added salt concentration).24

Figure 5.2 Schematic representation of SPBs preparation by photo-emulsion poly-
merization.
Reproduced from ref. 106 with permission from American Chemical
Society, Copyright 2017.
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The stretching of brush chains is affected by the steric hindrance and
repulsion among polyelectrolytes with the same charge. A lot of theoretical
studies have also been done to understand the polyelectrolyte brush. For
instance, Pincus and Borisov et al. found that, as a very important behavior,
most of the counterions in aqueous solution are confined within the brush
layer because of the Donnan effect and electrostatic interactions.33,34 Thus,
the stretching of polyelectrolyte chains in SPB can be controlled by the
osmotic pressure of the confined counterions.35,36 The direct measurements
of the osmotic pressure of dilute solutions of SPBs have shown that about
95% of counterions are confined inside the brush, resulting in a strong
elongation of the grafted polyelectrolyte chains.37,38

SPBs have attracted considerable attention because of their unique
features, e.g., high grafting density, legible interface, narrow size distri-
bution, and stimulus-responsive properties. More importantly, the behaviors
of SPBs can be controlled by grafting different chains and embedding
functional nanoparticles. Cang et al.39 prepared two kinds of dual-responsive
SPBs, the cores of which were composed of polystyrene with grafting
from co-polymers of N-isopropyl acrylamide (NIPA) and acrylic acid (AA).
They found that a change in charge distribution could lead to different
responses toward pH, temperature, and ionic strength. Functional SPBs can
also be prepared by embedding nanoparticles into a PS core. Chen et al.40

successfully synthesized magnetic SPBs with embedded magnetite nano-
particles into the PS core. Similarly, fluorescent SPBs were prepared by
embedding quantum dots (QDs) in the PS core.41

Owing to their unique structure and multifunctional properties, SPBs ex-
hibit great potential for applications in many fields. They are ideal models for
the investigation of emulsion and colloidal systems due to their narrow size
distribution and excellent stability. They can be used as carriers for nanosized
catalysis, proteins, and drugs.42,43 When the confined metal ions within SPB
layers are reduced in situ, metal nanoparticles can be generated and affixed in
SPBs. In addition, the uniform morphology and facile control of surface
functionality make SPBs ideal templates for the preparation of composite
nanoparticles. Finally, interactions between SPBs and proteins can be modu-
lated by changing pH and ionic strength, which is convenient for selective
immobilization and purification of proteins, enzymes, and antibodies.32

In this chapter, the recent advances in SPBs prepared by photo-emulsion
polymerization will be reviewed. We will highlight the applications of SPBs
in catalysis, protein immobilization, and preparation of multifunctional
composite nanoparticles.

5.2 Generation of Metallic Nanoparticles in SPBs
For many chemical reactions metallic nanoparticles (diameters around
1–100 nm) are ideal catalysts with large specific area, long-term stability, and
high catalytic activity. With decrease in particle size, the specific surface area
increases sharply.44,45 However, the nanosized catalyst particles become

Recent Advances in Colloidal Polyelectrolyte Brushes 151

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

01
48

View Online

https://doi.org/10.1039/9781788016476-00148


easier to aggregate with reducing size. To improve their stability, many
carriers have been developed. Among these carriers, SPBs have come onto
the stage and have attracted the interest of many researchers.45,46 Polyelec-
trolyte brushes can modify the surface properties of colloidal particles, and
improve their stability significantly because of the electrostatic repulsion
and steric hindrance among SPB particles.47

Due to the enhanced Donnan effect of the polyelectrolyte chains in SPBs, the
counterion concentration inside SPBs (Cs) is essentially the same level as the
external counterion concentration (Ca) in a high salt concentration (which is
normally higher than 0.1 mol L�1, as shown in Figure 5.3). However, as the salt
concentration decreases, Cs becomes increasingly higher than Ca in solution.
The difference between the counterion concentrations inside and outside
SPBs can be further enlarged by increasing SPB surface grafting density or
reducing the thickness of the brush layer.26,48 This phenomenon exists in both
positive and negative SPBs, which can be applied in different situations.28,49

Therefore, with the aid of the electrostatic force and Donnan effect,34,49–51

SPBs can effectively absorb counterions even at low concentrations in solu-
tion, which make them ideal nanoreactors for in-situ metallic ion reduction
and immobilization of metallic nanoparticles. In other words, SPBs can act
as excellent stabilizing agents and carriers for both metallic ions and par-
ticles. Metallic particles loaded in SPBs are well dispersed in water, which

Figure 5.3 Local ionic strength within the brush Cs as a function of the ionic
strength of added KCl in bulk solution Ca in the case of an annealed
spherical poly(acrylic acid) (PAA) brush. During the experiment 10�3 M
NaOH was used to keep the pH value about 11. (n) core radius R¼ 66 nm,
PAA contour length Lc¼ 228 nm, grafting density s¼ 0.039 m�2; (&)
R¼ 54 nm, Lc¼ 131 nm, s¼ 0.025 m�2; (þ) R¼ 54 nm, Lc¼ 134 nm,
s¼ 0.050 m�2; (K) R¼ 57 nm, Lc¼ 42 nm, s¼ 0.038 m�2.
Reproduced from ref. 26 with permission from American Chemical
Society, Copyright 2000.
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facilitates the catalysis of reactions in water.52 Various kinds of metallic
nanoparticles (such as Au,53 Ag,30 Pt,54,55 Pd,56 and Ni57) and metallic oxide
nanoparticles (like TiO2

58) have been successfully prepared in SPBs.

5.2.1 Synthesis of Monometallic Nanoparticles

Ballauff et al.53 prepared SPBs with PAEMH chains by photo-emulsion poly-
merization (Figure 5.4). AuCl4

� ions, as the counterions, were immobilized in
SPBs and reduced in situ by sodium borohydride to Au nanoparticles. The Au
nanoparticles were immobilized stably in SPBs and dispersed well in water.
Similarly, Mei et al.54 prepared Pt nanoparticles with a diameter around 2 nm
by in-situ reduction of PtCl6

2� counterions inside SPBs.
Unlike the gold and platinum nanoparticles, the silver nanoparticles were

generated in negatively charged SPBs. Lu et al.30 synthesized Ag nano-
particles by in-situ reduction of the SPBs with PAA chains, where positively
charged Ag1 ions act as counterions (Figure 5.5). Firstly, PS cores were
synthesized using convention emulsion polymerization. The photo initiator
HMEM was coated onto the surface of the PS cores by polymerization. Then,
the addition of a mixture of AgNO3 and acrylate under UV radiation

Figure 5.4 Schematic representation of the formation of gold particles in cationic
SPB layers.
Reproduced from ref. 53 with permission from John Wiley and Sons,
Copyright r 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Recent Advances in Colloidal Polyelectrolyte Brushes 153

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

01
48

View Online

https://doi.org/10.1039/9781788016476-00148


promoted the polymerization of silver acrylate on the surface of the PS cores
and the reduction of Ag nanoparticles by UV. This method can synthesize
both SPB and silver nanoparticles around 3 nm simultaneously without the
addition of sodium borohydride.

Zhu et al. also prepared nickel nanoparticles in negatively charged PAA
SPBs.57 Ni21 ions, as counterions, were absorbed on the SPB layer and reduced
into nickel nanoparticles with an average diameter of 7.5 nm (Figure 5.6).
Most importantly, they found that the nickel particle size and size distribution
obtained can be controlled by changing reaction temperature.57

5.2.2 Synthesis of Bimetallic Nanoparticles

After successful generation of single metallic nanoparticles with narrow size
distributions and outstanding stability in SPBs, bimetallic nanoparticles
aroused the interest of researchers because bimetallic nanoparticles have
better catalytic activity due to their synergistic effects.

Schrinner et al.59 successfully prepared Au-Pt composite metallic nano-
particles loaded in SPBs, which proved to be better catalysts compared to
either pure gold or platinum nanoparticles. As shown in Figure 5.7, AuCl4

�

replaced some of the chloride ions as counterions ions inside positively
charged PAEMH SPBs. Then, PtCl6

2� ions were added to the solution to
replace the rest of the chloride ions inside the SPBs. The Au-Pt alloy nano-
particles were successfully prepared by addition of sodium borohydride.

Figure 5.5 Schematic representation of the preparation of silver nanoparticles
in situ in PAA SPBs with polystyrene (PS) cores.
Reproduced from ref. 30 with permission from American Chemical
Society, Copyright 2007.
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The molar ratio between Au and Pt in the alloy could be tuned by the amount
of AuCl4

� and PtCl6
2� added. The alloy structure of the metallic nano-

particles loaded into the SPBs was confirmed by EDX spectrum, where peaks
of both Au and Pt could be identified, as shown in Figure 5.7.

Single crystals of platinum were obtained in SPBs after dissolving the gold,
as reported by Schrinner et al.7 The addition of NaCN solution to SPBs
loaded with Au and Pt alloy under oxygen conditions facilitated the process
of dissolving the gold, which further promoted the reorganization of plat-
inum nanoparticles to form highly crystalline single crystals. The structure
change from alloy to single crystal platinum could be observed by cryo-TEM.

Zhang et al. prepared Ag-Pd bimetallic nanoparticles in thermosensitive
spherical brushes with crosslinked poly(N-isopropylacrylamide) (PNIPA)
chains.60 Aqueous PNIPA solutions show a reversible phase transition around
32 1C. PNIPA becomes hydrophobic above 32 1C and hydrophilic below 32 1C,
which makes it sensitive to temperature. With increasing temperature, the
shrunken brush layer forms a barrier to the diffusion of reactant and product,
which can control the reaction rates. The bimetallic nanoparticles seemed
mainly to locate in the inner layer of the SPB and their catalytic activity was
sensitive to temperature, as observed by small angle X-ray scattering (SAXS).60

5.2.3 Catalytic Performance

To evaluate the catalytic activity of nanocatalysts immobilized in SPBs, the
reduction of 4-nitrophenol to 4-aminophenol by borohydride ions in

Figure 5.6 Schematic representation of the formation of the Ni nanoparticles inside
SPBs.
Reproduced from ref. 57 with permission from American Chemical
Society, Copyright 2011.
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aqueous solution is frequently used as a model reaction because of its facile
and mild reaction conditions, convenient detection, and dynamic moni-
toring (Figure 5.8).61–64

The catalytic performance of metallic nanoparticles immobilized in SPBs
can be studied quantitatively by the reduction of 4-nitrophenol to
4-aminophenol in water. Taking nickel nanoparticles as an example, there is
almost no change in the UV characteristic absorption peak of 4-nitrophenol
at 400 nm without the catalyst.57 When SPB with nickel nanoparticles
were added, the peak at 400 nm began to reduce immediately, and the peak
of the product 4-aminophenol at 300 nm enhanced continuously.57 The
decay of intensity around 400 nm represents the consumption amount of
4-nitrophenol. The reaction rate constant was obtained by fitting quasi-first-
order reaction kinetics, which increased with temperature. The activation
energy of the catalytic reaction was estimated to be 41.7 kJ mol�1.57

Lu et al. summarized the catalytic activity of different metallic nano-
particles (Table 5.1).52 The rate constants for the reduction of 4-nitrophenol
to 4-aminophenol by borohydride ions reflect the catalytic performance of
different nanoparticles. It can be seen from Table 5.1 that among the same
kind of metallic nanoparticles, those generated and immobilized in SPBs
show higher catalytic performance.30

5.2.4 Preparation of Metallic Compound Nanoparticles

The preparation of metallic compound nanoparticles in SPBs is also quite
interesting for scientists. Lu et al. reported the synthesis of TiO2 nano-
particles in SPBs.58 XRD spectrum could confirm the highly crystalline

Figure 5.7 (Left) SPB used as carriers for bimetallic Au–Pt nanoparticles (NPs).
Linear cationic polyelectrolytes of poly(2-aminoethyl methacrylate) are
densely grafted onto a solid polystyrene (PS) core with a radius of 45 nm.
(Right) EDX spectrum of one single Au–Pt-NP on the surface of the
carrier particle. The copper peaks are from the copper grid used as
support in the measurements.
Reproduced from ref. 59 with permission from John Wiley and Sons,
Copyright r 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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structure of TiO2 loaded into SPBs. Zhu et al.65 successfully synthesized
magnetic nanoparticles with controllable size by using SPBs as nanoreactors.
The obtained SPBs with magnetic response (MSPBs), containing magnetic

Figure 5.8 Reduction of 4-nitrophenol by borohydride ions as a model reaction for
testing the catalytic activity of nanoparticles. (a) Scheme of the reaction.
(b) Absorption spectrum of 4-nitrophenol by sodium borohydride. The
main peak at 400 nm (nitrophenolate ions) is decreasing with reaction
time, whereas a second peak at 300 nm is slowly increasing. The two
isosbestic points are visible at 280 and 314 nm, marked with arrows.
(c) Typical time dependence of the absorption of 4-nitrophenolate ions at
400 nm. The blue portion of the line displays the linear section referring to
the stationary state of the reaction. The rate constant kapp is taken from this
portion of the plot. The induction period t0 is marked with the black arrow.
Reproduced from ref. 64 with permission from American Chemical
Society, Copyright 2010.

Table 5.1 Catalytic activity of metal nanoparticles immobilized in different system.
Reproduced from ref. 30 with permission from American Chemical Society,
Copyright 2007.

Carrier Nano-particles Diameter/nm k/(s�1 m�2 L)

Anionic SPB Ag 3.0� 1.2 3.80�10�2

Cationic SPB Pt 2.1� 0.4 0.55
Cationic SPB Pd 2.4� 0.5 1.50
Cationic SPB Au 1.25� 0.25 0.31
PS-NIPA core–shell microgel Ag 8.5� 1.5 5.02�10�2

Highly branched polymer brush Ag 7.5� 2 7.27�10�2

PVA polymer Ag B25 3.28�10�7

PVA/PS-PEGMA composite hydrogel Ag 35� 5 7.80�10�5

PVA hydrogel Ag 45� 5 7.31�10�5
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nanoparticles in the brush layer, showed excellent stability, and their be-
haviors under the effect of pH and ionic strength were almost unchanged
after the introduction of magnetic nanoparticles.

Chen et al.40 successfully introduced magnetic nanoparticles into PS cores
to synthesize MSPBs. Firstly, nanosized magnetic particles modified with
oleic acid on the surface were prepared by co-precipitation. Then they were
mixed with styrene to synthesize polystyrene nanoparticles by mini-emulsion
polymerization under continuous ultrasonication, and finally MSPBs were
prepared by photo-emulsion polymerization. The obtained MSPBs were
ca. 140 nm, and magnetic nanoparticles are successfully embedded inside
the PS core with relatively high magnetic content. MSPBs can be collected by
magnets and redispersed in the aqueous solution by slight shaking after
removing the external magnetic field (Figure 5.9). MSPBs provided a novel
method to recover SPBs and to deliver drugs guided by a magnetic field.

Wu et al.66 prepared platinum nanoparticles by in-situ reduction using
MSPBs as nanoreactors (Figure 5.10). The platinum nanocatalyst with mag-
netic response was obtained by using MSPBs as the carrier. The embedded
ferric oxide magnetic nanoparticles were prepared by co-precipitation with a
size of ca. 10 nm, and cationic poly(methacryloxyethyltrimethyl ammonium
chloride) (PMATAC) SPBs were prepared by mini-emulsion polymerization
and photo-emulsion polymerization. The obtained platinum nanoparticles

Figure 5.9 Size of the magnetic SPBs (MSPBs) after several cycles of aggregation by
magnet and redispersion as determined by dynamic light scattering
(DLS). Inset photos show the aggregation and redispersion of MSPBs.
Reproduced from ref. 40 with permission from American Chemical
Society, Copyright 2011.
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not only showed excellent catalytic performance, but also could be recovered
by controlling the external magnetic field.66

Ultrathin birnessite particles were also prepared in SPBs by a one-step
method (Figure 5.11).67 Cationic SPBs were mixed with MnO4

� ions to pro-
duce birtenessite platelets, which was confirmed on the cryo-TEM graph.
These composite particles exhibited excellent colloidal stability and catalytic
activity in aqueous systems.

Liu et al.68 prepared fluorescent SPBs (FSPBs) (Figure 5.12), in which
fluorescent quantum dots (QDs) were introduced onto the PS core of SPBs by
hybrid emulsion polymerization.69 Like QDs the FSPBs can emit fluorescence
under UV light.70,71 Fluorescence with different colors can be emitted under
UV radiation by changing the size of the QDs in FSPBs. Cang et al. prepared
in-situ water-dispersible quantum dots (QDs) including CdS, ZnS, and CdTe in
PAA SPBs (Figure 5.13).41,72 The fluorescent color of QDs depends on their
size, which can be tuned by adjusting experimental conditions. The shrinkage

Figure 5.10 Schematic representation of magnetically recoverable Pt nanocatalysts
immobilized on magnetic spherical polyelectrolyte brushes (MSPBs).
Reproduced from ref. 66 with permission from American Chemical
Society, Copyright 2012.

Figure 5.11 (Left) (Middle) Cryo-TEM of the composite system SPB-MnO2. (Right)
Schematic representation of the stabilization of the layered birnessite
structure by the cationic PTMAEMC chains of SPBs.
Reproduced from ref. 67 with permission from American Chemical
Society, Copyright 2010.
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Figure 5.12 Schematic representation of the synthetic procedure for fluorescent
SPBs (FSPBs).
Reproduced from ref. 68 with permission from American Chemical
Society, Copyright 2014.

Figure 5.13 Preparation of SPBs immobilized with CdS nanoparticles.
Reproduced from ref. 72 with permission from The Royal Society of
Chemistry.
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of SPB layers at low pH led to fluorescence quenching of packed QDs. When
SPBs are swelled at high pH, the fluorescence was recovered. This process
could be repeated many times without loss of the fluorescent properties.41,72

These FSPBs should have broad applications as tracers in fields such as
medical diagnosis, drug delivery, and oil exploration.

5.3 Preparation of Organic–Inorganic Hybrid
Nanoparticles Tempered by SPBs

Organic–inorganic hybrid nanomaterials are homogeneous multiphase ma-
terials in which at least one phase, either organic or inorganic, is on the
nanoscale, and the nanophase is normally combined with other phases by
strong (chemical, ionic, or coordination bonds) or weak interactions (such as
hydrogen bonding and van der Waals forces). They have shown interesting
properties and great potential for applications in many fields. The sol–gel
method is most commonly used to synthesize organic–inorganic hybrid
nanomaterials, in which metal organic alkoxide or siloxane as precursor in a
composite system is dissolved in water or organic solvent, and the nano-
particle network of silica or metal oxide is formed by hydrolysis or poly-
condensation; the polymer monomer is introduced as an organic constituent
to form organic–inorganic hybrid nanomaterials by in-situ polymerization.
The advantage of this method is that it can be processed under mild con-
ditions, and the organic and inorganic phases are uniformly dispersed.73–78

Recently, organic–inorganic composite core–shell nanoparticles with or-
ganic nuclear and inorganic shell or vice versa have attracted much
attention.79–82 They have many advantages, such as high stability and large
specific surface area, as well as ease of introducing surface charge and
magnetic or specific optical properties, and are ideal candidates for appli-
cations in many fields such as drug delivery, catalysis, coating, tissue en-
gineering, and biomaterials.79–82 Among them, the core–shell silica
nanoparticles demonstrate outstanding performance, such as low toxicity,
high mechanical strength, and high thermal stability, and have been used
widely in the fields of coating, medicine, catalysis, etc.83,84

Hollow nanoparticles are particularly interesting due to their high loading
capacity, low density, and large specific area,85–89 which make them especially
useful as carriers and fillers.90 Among them, hollow silica particles are rela-
tively cheap, easy to prepare, with high loading capacities due to their cavity
volume, large specific surface area, and abundant silicon hydroxyl
groups.90–98 Hollow silica nanoparticles are usually prepared by using poly-
meric templates which can be removed by either high temperature calcination
or dissolution by adding specific solvent.79,99,100 The structure of the obtained
core–shell silica or hollow nanoparticles depends on the category of the
template core and the formation method of the silica shell. The template is
most commonly composed of polymer colloidal particles, polymeric micro-
gels, and micelles.83,84,101–103 The sol–gel method is always employed to
generate the silica layers on the templates. Due to the Donnan effect, the
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ammonium ion can be enriched in SPBs, which acts as the catalyst for sol–gel
reactions to prepare silica layers. In this way, SPBs have been successfully used
as templates to prepare core–shell silica and hollow silica particles.104

Huang et al.104 reported the preparation of core–shell polystyrene-silica
and hollow silica nanoparticles templated by SPBs. The carboxyl groups in
PAA SPBs were extensively ionized by ammonium, which acted as the catalyst
and the nucleation centre for the precipitation of silica precursor to form
silica. The silica shell was generated within the brush layer of the template
SPB. Finally, the silica hollow nanoparticles were obtained by removing the
PS cores with organic solvent (Figure 5.14). These hollow silica nanoparticles
worked very well for controlled drug delivery.105

Core–shell-corona silica/polyelectrolyte hybrid nanoparticles with narrow
size distributions were prepared by Han et al. using SPBs with a shell of densely
grafted long PAA chains as templates. Hollow silica nanoparticles with a PAA
corona were obtained after dissolving the PS core in CHCl3 (Figure 5.15).106

As observed by small-angle X-ray scattering (SAXS), the silica shell showed a
unique inner-loose outer-dense structure, the thickness of which was pH
sensitive. These particles can be pH-triggered drug delivery carriers.

Han et al.107 found that the density and thickness of generated silica
layers in SPBs were tunable by crosslinking PAA brushes using N,N0-
methylenebisarylamide (BIS) with controlled crosslinking density in the

Figure 5.14 TEM images of hollow microspheres.
Reproduced from ref. 104 with permission from Elsevier, Copyright
2012.
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templates. Thus, hollow silica nanoparticles with designable wall density
and wall thickness can be prepared by removing the PS core via solvent
dissolution (Figure 5.16). The nucleation of silica occurred both inside the
PAA SPBs and in the external solution. The diffusion of the initial nucleation
silica particles in the external solution to the brush layer was hindered by the
PAA network, which resulted in a looser silica layer by using crosslinked

Figure 5.15 Schematic illustration of the preparation of hollow silica-polyelectrolyte
composite nanoparticles using SPBs as templates.
Reproduced from ref. 106 with permission from American Chemical
Society, Copyright 2017.

Figure 5.16 Scheme for the preparation of hollow silica nanoparticles with tem-
plates of crosslinked SPBs.
Reproduced from ref. 107 with permission from the Royal Society of
Chemistry.
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SPBs as templates. This finding provides a novel way to prepare controllable
hollow silica nanoparticles.109

Compared to other templates to prepare hollow silica nanoparticles, the
advantages of SPBs are as follows: (1) the size and size distribution are easily
controlled by tuning the size and size distribution of the SPBs; (2) pH and
ionic strength response can be introduced by the preserved polyelectrolyte
chains; (3) the wall density and thickness are controllable by crosslinking
polyelectrolyte brushes.

5.4 Controlled Protein Immobilization in SPBs
Proteins account for ca. 45% of the dry weight of human body.108,109 As com-
plex organic macromolecules with rich biological contents, complex functions,
and various types, proteins are the basis of living organisms and play an im-
portant role in the activities of life. In recent years, there has been significant
demand for the separation and extraction of proteins for antigen and vaccine
production,110 food science,111 drug metabolism,112 and tissue engineering.113

The effective separation and purification of proteins usually depend on
differences in biological activity, charge properties, affinity binding forces,
hydrophobic degree, and molecular weights of proteins.114,115 A variety of
methods, such as high performance liquid chromatography, electrophoresis,
dialysis, precipitation, and mass spectrometry have been developed for pro-
tein separation.116–118 However, the application of these traditional methods
is still limited because they usually require a relatively long operation time
and pretreatment, as well as having low separation efficiencies and obtain a
minimal amount of the proteins. Because of this, a more efficient method for
the separation and purification of proteins is always highly anticipated.

The charge characteristics of polyelectrolytes119–126 provide a new approach
for protein purification by phase separation. This separation technique has
many benefits, such as good selectivity, high purification capacity, high
resolution, high speed, and simplicity with respect to instrumentation.127,128

Compared to other traditional protein separation methods, phase separation
by polyelectrolytes can offer selectivity without damage to protein redisso-
lution and activity.129–131 In this section, recent achievements of SPBs in the
controlled immobilization and separation of proteins are summarized.
Considering the rapid development of SPBs and their great application pro-
spects, much more opportunity and potential exist in this field.

5.4.1 Interactions Between Protein and SPB

Interactions between proteins and polyelectrolytes are a common phenom-
enon in nature.33,132 In principle, these interactions can be versatile and
tunable because of the changeable charge density and charge distribution.
Hence, many parameters can be used to modulate the interactions between
proteins and polyelectrolytes in order to achieve controlled immobilization
of proteins and thus the efficient purification and separation of proteins.
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In general, the biological activity of proteins immobilized and separated
by polyelectrolyte adsorption will not be changed.127,129 For example, SPBs
can be used as outstanding bioreactors after immobilization of enzymes
(Figure 5.17).133 Based on the selective adsorption of proteins by tuning the
interactions between proteins and polyelectrolytes, this method should have
many potential applications in protein separation and purification, as well
as controlled release of proteins and biological sensors.133–135

The interactions between proteins and polyelectrolytes have been widely
studied, and most of the literature suggests that proteins have charge pat-
ches because their local charge density can be significantly different from or
completely opposite to the total net charge.136,137 The electrostatic properties
of polyelectrolyte–protein interactions are affected by the solution pH,
polyelectrolyte charge density, and ionic strength.131 The separation of
proteins is mainly achieved through the modulation of electrostatic inter-
actions between proteins and polyelectrolytes.

Protein adsorption on surfaces has been a key research topic in the field of
biotechnology and biological material.138,139 The adsorption dynamics and
driving force of protein adsorption have laid a foundation for its application
in many fields.140–143 In recent years, quite a few articles based on protein
adsorption by polyelectrolyte brush modified nanoparticles have been
published. This research can help to semi-quantitatively predict the trend of
protein adsorption in brushes, the core problem being how to analyze the driving
force of adsorption and the theoretical model. The ultimate goal of this research
is to estimate the change in composition of proteins adsorbed in brushes.

Chen and co-workers prepared gold nanoparticles modified by charged
polymer brushes,144 and the chemical structure of the polymer used to
modify the gold nanoparticles is shown in Figure 5.18. The modified gold
nanoparticles adsorbed bovine serum albumin (BSA) and b-lactoglobulin
(BLG) selectively, as shown in Figure 5.19.144 BLG bound to the modified

Figure 5.17 The schematic representation of enzyme immobilization in SPBs and
their operation as a biocatalyst.
Reproduced from ref. 131 with permission from American Chemical
Society, Copyright 2014.
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cationic nanoparticle at pH well below the isoelectric point (pI) of the pro-
tein. The mechanism of binding was complex, with higher-order aggregation
likely arising from charge neutralization. Chen et al. were able to show that
the modified gold nanoparticles could be used for the separation and
purification of the proteins, biological detection within the human body,
in vitro biological sensors, and other applications.

Further exploration was reported by Chen et al. on optimizing the selective
recognition of protein isoforms through tuning of nanoparticle hydro-
phobicity.145 In this work functional gold nanoparticles with various end
groups with different hydrophobicities were prepared in order to absorb two
different b-lactoglobulin protein isoforms (BLGA and BLGB) (Figure 5.20).
Through the experiments they found that the hydrophobicity of ligands could
be used to increase affinity and selectivity of binding between b-lactoglobulin
protein isoforms and the modified cationic gold nanoparticles. They
demonstrated that both hydrophobic and electrostatic interactions can be
employed to adjust the protein-SPB affinity. By using BLGA/BLGB protein
isoforms in the test, they observed that thermodynamic parameters for
complexation between the modified nanoparticles and BLGA/BLGB mainly
depend on the relative hydrophobicities of the ligands of the prepared
nanoparticles. The maximum binding affinity was achieved through proper

Figure 5.18 Chemical structure of the polymers used to modify gold nanoparticles.
Reproduced from ref. 144 with permission from American Chemical
Society, Copyright 2011.

Figure 5.19 The schematic representation of interactions between the modified
gold nanoparticles and BSA/BLG.
Reproduced from ref. 144 with permission from American Chemical
Society, Copyright 2011.
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balance of electrostatics and hydrophobicity.145 The ability of functionalized
SPBs to achieve selective binding with subtly different proteins is the starting
point for engineering particles required for applications such as biosensing.

The mechanism of protein adsorption and the energy change not only
included the contribution of enthalpy (electrostatic interactions, hydro-
phobic association, Coulomb force, hydrogen bonding), but also that of
entropy released by counterions and water molecules. The driving force for
protein absorption is the counterions in the brush layer being replaced by
charge clusters in the protein. A lot of counterions gathered in the brush
layer makes the local charge of polyelectrolyte brushes neutral, and the
amount of the counterions is equal to the charge number of the brushes.
Due to the anisotropy of the charge within the protein, a protein with zero
net charge can also be adsorbed by polyelectrolyte brushes. Welsch and co-
workers146 found that the adsorption of lysozyme by negatively charged SPBs
with P(NIPA-co-AA) chains happened at a solution pH greater than the pI of
the protein. Based on their experiments they put forward two hypotheses,
one being that acidic protein contains a positively charged cluster, the other
that there is so-called ‘‘charge adjustment’’. Because of the surface of the
anionic polyelectrolyte brush it has a potential field. When the pH of the
system is greater than the pI of the protein, the net charge of the protein is
negative, and at the same time, it has ability to adjust the charge of the
protein. The anisotropy of the protein charge quantitatively explained why
the protein combined with the anionic polyelectrolyte when pH4 pI.

Figure 5.20 Chemical structures of cationic gold nanoparticles with different hydro-
phobicities.
Reproduced from ref. 145 with permission from the Royal Society of
Chemistry.
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Kusomo and co-workers147 prepared modified gold particles by grafting a
poly(N,N 0-dimethylaminoethyl methacrylate) (PDAEMA) brush on the sur-
face. A large number of BSA molecules were adsorbed in these cationic
PDSEMA SPBs, each occupying about 40 nm of the polyelectrolyte chain. They
found that the amount of protein adsorped increased significantly with
grafting density or PDSAEMA chain length in SPBs. These results indicate
that even if the net charge of BSA is positive at a pH below its pI (4.9), the
proteins still have negative charge clusters and can combine with the cationic
polyelectrolyte brushes. There exist many regulating methods to achieve
optimum electrostatic interaction in the protein and SPB complex system.

5.4.2 Characterization Methods for Protein Immobilization
on SPBs

Several characterization methods have been employed to observe the
adsorption of proteins and to detect the interaction between proteins
and SPBs.

5.4.2.1 Turbidimetric Titration

The earliest study of the association between proteins and polyelectrolytes by
turbidimetry can be traced back to 1980, when Kokufuta et al. titrated pro-
tein into a polyelectrolyte solution and determined the stoichiometric ratio
of the complex formed in aqueous solution by observing the turbidity of the
system.148 Turbidimetric titration can be used to determine the binding
window of proteins to both cationic and anionic SPBs upon changing pH or
ionic strength, as shown in Figure 5.21a and b.130,149,150

5.4.2.2 Dynamic Light Scattering (DLS)

The hydrodynamic size and size distribution of nanoparticles including
proteins, SPBs, and their complexes can be determined by DLS. By moni-
toring the change in size and size distribution during protein adsorption in
SPBs, information on interaction between proteins and SPBs can be ob-
tained. As shown in Figure 5.21c and d, DLS results are highly consistent
with those of turbidity titration.130

In the pH range where interaction among SPB-protein complexes does not
take place, the size of the SPB-protein complex is basically the same as that
of the blank SPB. With the enhancement of interaction, aggregates were
formed between the SPB-protein complexes and the particle size of the
complexes increases rapidly. However, the particle size of the complexes is
significantly reduced when the aggregates are decomposed with further pH
changes.130,149,150 Unfortunately, DLS cannot distinguish the small change
in size of SPBs adsorbing proteins in the dynamic equilibrium region and
see the distribution of proteins in SPBs.
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5.4.2.3 Isothermal Titration Calorimetry (ITC)

ITC can quantitatively detect the thermodynamic change in the process of
protein–SPB association, thus revealing the nature of the interaction.151 By
evaluating the binding isotherms of proteins and SPBs obtained by ITC, the
structure and morphology of the complex can be analyzed. The original
thermodynamic curves are drawn from the enthalpy change (DH) and the
protein polyelectrolyte stoichiometry. The enthalpy changes (DH) whenever
the ligand is injected into the matrix solution, and its change reflects the
ability of proteins to bind with polyelectrolytes.152 The binding constant (Kb)
and the number of proteins bound to each polyelectrolyte chain can be
obtained by fitting the model.153 The entropy change (DS) can be calculated
from DH and the free energy change (DG). By analyzing these thermo-
dynamic parameters, we can estimate the driving forces of the protein–
polyelectrolyte interaction process.130,131,149,150,154,155

As shown in Figure 5.22, an isothermal curve was obtained from ITC,
corresponding to the critical point between the aggregation and releasing

Figure 5.21 (a) Turbidimetric titration for a mixture of BSA and PAA SPBs as a function
of pH at various ionic strengths. (b) Turbidimetric titration for a mixture of
BSA and PAEMH SPBs as a function of pH at various ionic strengths.
Symbols denote: (&) 1 mM, ( ) 5 mM, and ( ) 10 mM. (c) Size of BSA and
PAA SPBs complexes and free PAA SPBs as a function of pH in 1 mM NaCl
solutions. (d) Size of BSA and PAEMH SPBs complexes and free PAEMH
SPBs as a function of pH in 1 mM NaCl solutions. Symbols denote: (,) BSA
and SPBs complexes, ( ) blank SPBPAA, ( ) blank SPBPAEMH. BSA and SPB
concentrations are 0.020 and 0.004 mg mL�1, respectively.
Reproduced from ref. 130 with permission from the Royal Society of
Chemistry.
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region. The binding heat is negative, indicating the complexation between
BSA and cationic SPBs is exothermic, which corresponds to a dominant
electrostatic attraction between the oppositely charged surfaces. The driving
force for the protein adsorption is, therefore, enthalpic in origin.150

5.4.2.4 Small Angle X-ray Scattering (SAXS)

When very fine X-rays pass through a material with nanosized electron
inhomogeneity, X-ray scattering occurs at very small angle (3B51) to the
incident beam. This phenomenon is called small angle X-ray scattering
(SAXS). SAXS is particularly sensitive and occurs in materials with nanoscale
non-uniformity of electron density. This feature makes it an important tool
for the study of SPBs around 100 nm. Qualitative and quantitative infor-
mation such as size, shape, and internal structure can be obtained.27

Because of the strong SAXS signal and contrast in water, SAXS is especially
suitable for characterization of protein adsorption in SPBs, which can

Figure 5.22 Isothermal calorimetry titration data for the binding of BSA onto
cationic SPBs in MES buffer at pH 7.1 and ionic strength of 5 mM.
The upper panel shows the raw data of the ITC. The integrated heats of
each injection (solid square) and one-site binding fitting (solid line) are
shown in the lower panel.
Reproduced from ref. 150 with permission from American Chemical
Society, Copyright 2013.
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determine the interactions between proteins and SPBs as well as their pos-
ition and distribution.28,50,156–159

When proteins are adsorbed in the brush layer, the electron density
increases, and the overall scattering intensity will be affected.50 As shown in
Figure 5.23, The dashed line is the mathematical summation of the scat-
tering intensity of PAA SPBs and BSA. In the small q region (qo0.3 nm�1),
the mathematical summation of the scattering intensity of SPB and BSA is
much lower than scattering intensity of BSA after adsorption of BSA, but it is
almost the same in a large q range (q40.3 nm�1). In the small q range, the
enhancement of scattering intensity reflects that BSA enters the brush layer,
and the electron density in the brush layer increases.

Rosenfeldt et al.156 reported the SAXS scattering curves before and after
bovine pancreatic ribonuclease A (RNase A) was absorbed on poly(styrene
sulfonic acid) (PSS) SPBs (Figure 5.24). After protein adsorption, the scat-
tering intensity of SPBs increased obviously, and the position of the first
maximum moved towards smaller q, indicating that the electron density
increased and the brush layer swelled significantly when proteins entered
the brush layer. It shows that RNase A can enter the deep layer of PSS SPBs
and disperse in the whole brush layer. A five-layer model was employed to
describe the electron density distribution in the brush layer, which proved to
be suitable to describe the change in electron density of the SPBs.156

Henzler et al.158 observed the SAXS scattering curves before and after
adsorption of bovine hemoglobin (BHb) in PSS SPBs (Figure 5.25) and
confirmed that SPBs with adsorbed proteins contributed most of the scat-
tering intensity in the small q range, while the scattering intensity of

Figure 5.23 SAXS curves of PAA SPBs loaded (SPB-BSA) and unloaded with BSA
(pH¼ 6.1, ionic strength I¼ 7 mmol L�1, SPBs concentration 1 wt%,
BSA concentration 10 g L�1.
Reproduced from ref. 50 with permission from Springer, Copyright 2015.
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proteins played a major role in the large q range. The excess electron density
profile (Figure 5.25b) shows that the proteins were distributed in the brush
layer and mainly in the region near the core.

Recently, the dynamics of BSA adsorption onto cationic SPBs with PAEMH
chains was observed by time-resolved SAXS.28 The SAXS data were recorded
iat an interval of 0.05 s after the addition of BSA into SPBs with the help of a
stopped-flow device, and the scattering intensity curves at different mixing
times were obtained (Figure 5.26). The scattering intensity increased sig-
nificantly right after the addition of BSA, and the scattering intensity at
0.01 s had already reached a similar level to the last measurement at 9.05 s,
which reflected the fact that the adsorption of BSA onto PAEMH shell oc-
curred very rapidly. However, the scattering curve immediately after mixing
(0.01 s) showed less defined oscillations which is typical for colloids with a
spherical structure (Figure 5.26c). Possibly aggregation of SPBs occurred
by bridging through BSA. After about 1.57 s, the oscillations became
well-defined, like pure SPBs, which means the aggregates were completely
dissolved. The scattering curves remained unchanged until the last meas-
urement, suggesting saturation of BSA adsorption into the SPB layer.
Therefore, BSA adsorption into the cationic SPBs can be divided into two
stages. In the first stage, within tens of milliseconds, the BSA bridges
instantaneously caused the aggregation of SPBs. In the second stage (tens of
seconds), the aggregated SPBs are redispersed into single SPB particles, and
BSA penetrates into the brush layer driven by electrostatic attractions and
reaches equilibrium.28 Obviously, SAXS is a very powerful characterization
method to see the structure of SPBs, to monitor the in-situ generation of
nanoparticles or protein adsorption in SPBs, to observe the distribution of
nanoparticles or proteins inside SPBs, and to detect interactions between
SPBs or between SPBs and proteins.

Figure 5.24 Scattering intensity of PSS brush before and after RNase A adsorption
(408 mg g�1 SPB); the corresponding distribution of excess electron
density (Inset).
Reproduced from ref. 156, http://dx.doi.org/10.1103/PhysRevE.70.
061403, with permission from American Physical Society, Copyright
2004.
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5.4.3 Effect of SPB Structure on Protein Immobilization
in SPBs

The type of charge in SPBs pays an important role in protein adsorption.
Anionic SPBs are quite different from cationic SPBs in binding affinities,
adsorption amounts, architectures, and phase states for proteins, which may
arise from the different interaction modes between SPBs and protein
‘‘charge patches’’160 or ‘‘charge regulation’’.161

Recently, we prepared both anionic PAA and cationic PAEMH SPBs,
through photo-emulsion polymerization, consisting of a polystyrene core
with a diameter of about 80 nm and a brush layer with a thickness from 10 to
50 nm (Figure 5.27), and observed the binding of BSA and b-lactoglobulin
(BLG) to the SPBs.130,150 For a particular protein, the binding stoichiometry,
affinity, architecture, and phase state were significantly different between
positively and negatively charged SPBs. Significantly larger binding affinity

Figure 5.25 (a) Scattering intensity of PSS brush before and after bovine
hemoglobin (BHb) adsorption (648 mg g�1 SPBs) and (b) the corres-
ponding distribution of excess electron density; (c) the specific analysis
and (d) schematic diagram of BHb adsorption onto PSS brush.
Reproduced from ref. 158 with permission from American Chemical
Society, Copyright 2007.
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and amount were observed for BSA in anionic versus cationic SPBs, while the
opposite was true for BLG, which was explained in terms of the different
charge anisotropy of the proteins.130

The adsorption of BSA onto cationic and anionic SPBs was compared by
SAXS.28 The scattering intensities of both positively charged PAEMH SPBs and
negatively charged PAA SPBs increased significantly, and their first maxima
shifted to a lower q value after addition of BSA, indicating the adsorption of
BSA in both SPBs (Figure 5.28a). The much higher scattering intensity of
PAEMH SPBs with BSA at low q values (qo0.2 nm�1) compared to PAA SPBs

Figure 5.26 (a) Time-resolved SAXS curves as a function of time after mixing SPBs
and BSA (measured in ESRF); (b) the local enlarged SAXS curves in the
region of first maximum; (c) curves multiplied by a factor listed in the
inset for clarity. Solid lines represent the fits of the experimental data
with S(q)¼ 1. The concentration of cationic SPBs and protein after
mixture are 1 wt% and 10 g L�1, respectively. The samples were dis-
persed in MES buffer solution with pH 6.1 and ionic strength of 7 mM.
Reproduced from ref. 28 with permission from American Chemical
Society, Copyright 2017.
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with BSA refects the fact that more BSA was adsorbed onto positively charged
SPBs. This was confirmed by the larger area of excess electron density in the
radial profile for cationic SPB after immobilization of BSA than that for
anionic SPBs (Figure 5.28b). Obviously, the electrostatic interaction is the
dominated driving force for protein adsorption in SPBs because under the
experimental conditions (pH 6.1 and ionic strength of 7 mmol L�1) the net
charge of BSA is negative. The positively charged PAEMH SPBs showed
stronger electrostatic attractions with BSA and provided high adsorption
capacity for BSA compared to PAA SPBs with negative charges.28

5.4.4 Effect of pH and Ionic Strength on Protein
Immobilization in SPBs

The pH, ionic strength, and stoichiometry were found to have significant
impact on the binding behaviors between proteins and SPBs. The protein
binding amount in SPBs is especially tunable by controlling pH and ionic
strength.150

5.4.4.1 Effect of pH

Upon decreasing pH from 7.2 to 5.8, the adsorption amount of BSA in
anionic PAA SPBs, determined at a wavelength of 278 nm by UV spectra,
increased monotonically, while the adsorption amount increased at first and

Figure 5.27 Synthetic scheme of annealed anionic (upper)/cationic (bottom) SPBs
and the consequent binding of proteins. (2-[p-(2-hydroxy-2-methylpro-
piophenone)]-ethyleneglycol-methacrylate) (HMEM) is a home-made
photoinitiator, acrylic acid (AA) and 2-aminoethyl methacrylate hydro-
chloride (AEMH) are anionic and cationic monomers, respectively.
Reproduced from ref. 130 with permission from the Royal Society of
Chemistry.
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reached saturation with increasing protein concentration (Figure 5.29).50

When we observed the SAXS curves and radial distributions of excess elec-
tron density of PAA SPBs with BSA at a larger pH range (3 to 9), the change in
immobilized protein amount became non-monotonic (Figure 5.30).

At pH 3, the scattering intensity over the whole q range and the excess
electron density were the lowest, which meant a minimum amount of BSA
was immobilized in PAA SPBs. In this case, most of the carboxyl groups in the
PAA chains were unionized, the electrostatic attraction between BSA and PAA
chains was very weak, and the SPBs were shrunken. When pH increased to 5,
which is close to the pI of BSA (around 4.9), both the scattering intensity and
the excess electron density reached a maximum due to the increased degree
of dissociation of the carboxyl groups. Further increasing pH, the scattering

Figure 5.28 SAXS curve of BSA adsorption onto cationic SPBs (PAEMH-SPBs) and
anionic SPBs (PAA-SPBs) at pH¼ 6.1, I¼ 7 mmol L�1. the Solid line
represents the fitting curve. The excess electron density distributions of
cationic and anionic SPBs are shown at the right corner (inset). The
concentrations of SPBs and BSA are 1 wt% and 10 g L�1, respectively.
Reproduced from ref. 28 with permission from American Chemical
Society, Copyright 2017.
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intensity decreased, especially at low q values (qo0.25 nm�1) and reached a
minimum at pH 9 due to BSA partly moving out of the SPBs. The reduction of
positively charged patches on the BSA surface with increasing pH above the
pI weakened the electrostatic attraction between BSA and SPBs.50

For cationic PAEMH SPBs, the dissociation degree of PAEMH and the
amount of positive charge in SPBs also strongly depends on the pH value,
but the maximum degree of dissociation appears at different pH ranges with
anionic SPBs.28 Because the overall charge and charge patches of proteins
change with pH, the attraction of proteins with cationic SPBs, which is at-
tributed to the electrostatic interactions, also showed non-monotonic
change with pH value.

As observed by SAXS, the scattering intensity and the excess electron
density (Figure 5.31) as well as the amount of BSA adsorption in positively
charged SPBs increased with pH, reached a maximum at pH 6.1, and re-
duced by further increasing pH to 9.0. At pH 6.1, most of the amino groups
in PAEMH chains were positively charged and the net negative charges on
the BSA surface increased greatly. The enhanced electrostatic attraction
between SPBs and protein backed by almost fully swollen SPBs resulted in
the most BSA immobilized in the brush layer.28

Interestingly, the binding region between proteins and SPBs can be con-
trolled by modulating pH.150 It becomes possible to separate proteins with
various structures, sizes, and isoelectric points by SPBs at a selected pH win-
dow. For example, BSA, BLG, and papain were absorbed in cationic PAEMH
SPBs and aggregated at clearly distinguishable pH regions (Figure 5.32).150

Figure 5.29 Adsorption amount of BSA tads versus protein concentration in solution
Csol at various pH values. PAA SPBs concentration is 2.5 mg mL�1 and
salt concentration is 7 mmol L�1.
Reproduced from ref. 50 with permission from Springer Nature, Copy-
right 2015.
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5.4.4.2 Effect of Ionic Strength

The immobilization of proteins in SPBs under the effect of ionic strength has
been systematically investigated both qualitatively and quantitatively.28,50,150

The adsorption amount of proteins in both negatively and positively charged
SPBs reduced with increasing ionic strength, as determined by UV spectra and
confirmed by turbidimetric titration (Figures 5.33 and 5.34). The capacity of
protein adsorption for cationic PAEMH SPBs was higher than that for anionic
PAA SPBs, and the impact of ionic strength on protein adsorption was also

Figure 5.30 (a) Normalized scattering intensity of SPB-BSA at different pH; (b) the
radial excess electron density Dre distribution of SPB-BSA. The mass
fraction of SPB is 1 wt%, BSA concentration is 10 g L�1, and the salt
strength is 7 mmol L�1.
Reproduced from ref. 50 with permission from Springer Nature, Copy-
right 2015.
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larger for cationic compared to anionic SPBs, especially at relatively low salt
concentrations.50,150

As further observed by SAXS, the scattering intensity of cationic PAEMH
SPBs with BSA and the excess electron density of the brush layer decreased
with increasing ionic strength from 7 to 47 mM (Figure 5.35), which was
caused by the loss of BSA in SPBs, replaced by increasing counterions. The
enhanced screening effect of the addition of salt also led to the weakening of
electrostatic attractions between BSA and SPBs.28 Compared to the impact
of pH on the protein immobilization of proteins in SPBs, the effect of ionic
strength is relatively weaker, but monotonic.

5.5 Conclusion and Perspective
In summary, recent advances in utilizing SPBs as nanoreactors to prepare
metallic and metallic compound nanoparticles, as templates to generate
organic–inorganic functional nanomaterials, and as nanocarriers to

Figure 5.31 The SAXS curves of SPB-BSA as a function of pH value. The radial
distribution of excess electron density of SPB-BSA versus radius (inset).
Solid lines represent fitting curves. The mass fraction of SPBs is 1 wt%
and BSA concentration is 10 g L�1.
Reproduced from ref. 28 with permission from American Chemical
Society, Copyright 2017.
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selectively immobilize proteins were introduction in this chapter. SPBs are
interesting functional colloids with a range of unique properties, in par-
ticular the confinement of counterions caused by an intensified Donnan
effect and electrostatic interaction making SPBs excellent nanoreactors
and carriers. Thus, SPBs open a new way to prepare nanosized metallic
catalysts and organic–inorganic hybrid materials. In addition, because of the
tuneable charge density and charge distribution in the densely grafted
polyelectrolyte chains, SPBs have great potential in the controlled immo-
bilization and separation of proteins. Using this method, the bioactivity and
stability of proteins is not changed, which is especially suitable for enzyme
immobilization to act as bioreactors.

Although great progress has been made, there are still some aspects of
SPBs that need to be improved, especially from the perspective of applications.

Figure 5.32 Size and turbidity of complexes between various proteins and cationic
SPBs (with 50 mol% dose of AEMH) as a function of pH in 1 mM NaCl
solutions under same condition. Symbols denote: ( ) BSA-SPB
complexes, ( ) BLG-SPB complexes, and (&) papain-SPB complexes.
Proteins and SPBs concentration are 0.020 and 0.004 mg mL�1 for
turbidimetric titration, and 0.040 and 0.008 mg mL�1 for DLS, respect-
ively. Bulk stoichiometry was set at 5 for protein/SPB (w/w).
Reproduced from ref. 150 with permission from American Chemical
Society, Copyright 2013.
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For instance, preparing SPBs on a large scale at low cost, improving the prep-
aration efficiency and catalytic activity of metallic nanoparticles in SPBs, gen-
erating more kinds of organic–inorganic hybrid nanoparticles with controlled

Figure 5.33 The adsorption amount of BSA tads versus BSA concentration in solution
Csol for anionic PAA SPBs, at various ionic strengths. SPB concentration
is 2.5 mg mL�1 and pH¼ 6.1.
Reproduced from ref. 50 with permission from Springer Nature, Copy-
right 2015.

Figure 5.34 (a) The binding amount of BSA tads per unit mass particles plotted against
the original protein concentration in solution Cp for cationic PAEMH
SPBs. The changing parameter is ionic strength: ( ) 1, (’) 10, ( ) 50,
( ) 100, (&) 500, and ( ) 1000 mM, pH¼ 6.0. (b) Turbidity ( ) and
saturation binding amount (’) for BSA-SPB complexes as a function of
ionic strength at pH 6.0. SPB and BSA concentrations were 0.004 and
0.020 mg mL�1 for turbidimetric titration, respectively. Bulk stoichiom-
etry was set at 5 for BSA/SPBs (w/w). The cationic SPBs were formed using
75 mol% doses of AEMH monomer.
Reproduced from ref. 150 with permission from American Chemical
Society, Copyright 2013.
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structures using SPBs as templates, and improving the selectivity of proteins
immobilization in SPBs deserve further in-depth research.

More theoretical analysis or molecular simulations are especially expected
to improve our understanding of the relationship between the structures and
properties of SPBs, to reveal the reaction dynamics in SPBs, and to clarify
the mechanism of interaction between SPBs and proteins. More powerful
characterization techniques are needed to observe the behaviors of SPBs as
nanoreactors, nanotemplates, and nanocarriers.

In addition, there has been much research on cationic and anionic SPBs,
but very few reports on zwitterionic SPBs. Owing to their interesting

Figure 5.35 (a) SAXS curves of PAEMH SPBs with BSA at various ionic strengths.
Solid lines represent fitting curves. (b) The distribution of excess
electron density (Dre) of SPB-BSA versus radius as a function of ionic
strength. BSA concentration is 10 g L�1 and pH¼ 6.1. Symbols denote:
(J) 7 mM; (&) 17 mM; (,) 27 mM; (n) 47 mM.
Reproduced from ref. 28 with permission from American Chemical
Society, Copyright 2017.
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properties, including high resistance to non-specific protein adsorption and
good biocompatibility, zwitterionic SPBs should draw more attention,162 as
they could have huge potential applications in bioscience, biological en-
gineering, and drug delivery.

As for the applications of SPBs, efforts have mainly focused on catalysis
and protein immobilization. Because SPBs show excellent confinement
ability for counterions and good stability in aqueous solution, they should
also be ideal candidates for removal of harmful metal ions and harmful
microorganisms in the area of environmental protection. For example,
introduction of functional groups, florescent molecules, drugs, enzymes, or
bacteria to SPBs can endow them with more powerful capacities for appli-
cations in many fields.

In the future, more work can be done on the industrialization of nano-
materials based on SPBs. The focus of research will shift to preparing
nanomaterials multifunctional properties utilizing SPBs as nanoreactors or
templates. The applications of SPBs and SPB-based nanomaterials in cata-
lysis, biomedicine, environmental engineering, and other fields will con-
tinue to draw a lot of attention. In fact, there are probably more new
functional materials based on SPBs waiting for us to develop.
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Section II: Recent Advances in Colloid
Characterization
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CHAPTER 6

The Advanced Microscopy
of Colloids

DANIEL G. GREGORY AND NAN YAO*

Princeton University, New Jersey, USA
*Email: nyao@princeton.edu

6.1 Introduction
Microscopy, in terms of its impact on modern society, has not only led
to important discoveries but has inspired entire fields of modern science.
The development of the microscope has revolutionized modern thought,
spawned the field of cellular biology, guided development of the semi-
conductor, and provided visual evidence of a concept that was once termed
‘‘atomos’’; i.e., the classical era conceptualization of the atom, as originally
proposed by the Greek philosopher Democritus. The ability of the micro-
scope to resolve microscopic particles and colloids has provided humankind
with direct, visible proof of scientific concepts and theories proposed by
both early and modern scientists alike.

Today’s microscope has evolved from a series of focused lenses into an
advanced in situ laboratory which offers the resolution of individual atoms,
imaging under environmentally controlled conditions, and both structural
and elemental material analysis. The assortment of microscopes available to
the modern researcher include optical instruments such as the visible light
microscope, the fluorescence microscope, and the confocal microscope; an
array of electron, ion, and X-ray microscopes; and the atomic force micro-
scope.1 This diverse range of instrumentation offers an arsenal of techniques
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available for the characterization of materials which span broad lengths of
scale. Yet, the resolution and information provided by each instrument
varies; thus, it is essential to develop an understanding of the capabilities
and limitations of each instrument for proper analysis of a specimen of
given dimensions.

Colloids, or microscopic particles which range in size from 1 nanometer to
1 micron in diameter, offer a promising means of controlling fluid flow
properties, drug delivery, gas separation, and catalytic performance, as
noted by their increased use in products and emerging technologies. Mod-
ern synthetic routes towards colloid production now offer the size-tunable
control of particle diameter over the entire length scale of the colloidal
spectrum. Yet this particularly broad size range, which spans from the
nanoscale to the microscale, requires the application of an advanced series
of microscopic instrumentation for adequate material characterization. This
chapter will provide a basis for the characterization of colloidal materials via
microscopy.

6.2 A Brief History of Microscopy
Microscopy offers a glimpse into a world which remains unseen by the naked
eye. While the heavens were the focus of early astronomers – who employed
telescopic lenses to view neighboring planets in the 1500s – bacteria, cells,
and fungi were the focus of study for early scientists and biologists in the
1600s. Utilizing early techniques in lens grinding, light harvesting, and
empirical lens matching, scientists uncovered a microscopic living-world on
the surface of every material. This area of research evolved into the field of
microscopy, an area of study which has improved our understanding of the
natural world by bridging the advances of engineering, science, and
technology.

Since ancient times mankind has understood that curved glasses could
bend light and magnify images.2 However, the possibility of the micro-
scope wasn’t realized until Antonie van Leeuwenhoek, a lens grinder by
trade, began using lenses to examine insects, plants, and inorganic ma-
terials. His discovery of the existence of microscopic organisms in common
pond water not only sparked the field of microscopy but also microbiology,
a field which is still evolving to this day. The modern visible light micro-
scope, the instrument that allowed van Leeuwenhoek to view microbes in
pond water, can now be engineered to offer a maximum resolution of
roughly 250 nm.

The observations established during the scientific revolution ultimately
provided the framework necessary for the development of the mathematics,
engineering, and manufacturing which led to the standardization of early
light microscopes during the industrial revolution. Economic competition
drove industrially minded innovators, such as Carl Zeiss, to employ pion-
eering optical scientists to develop standard practices for the grinding and
measurement of lenses. Ernst Abbe, a principle scientist in the field of
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optics, rapidly improved the understanding and resolution of early com-
pound microscopes by accurately measuring and documenting the dimen-
sions of each lens produced by the Zeiss Optical Works Company. Through
his research, Abbe was able to calculate the diffraction limit of the light
microscope, formulate a standardized system of lens classification, and
develop early methods of resolving common optical aberrations.

Soon however, manufacturers approached Abbe’s proposed diffraction
limit, as resolution is ultimately restricted by the wave-like diffraction of
light around small particles and holes. Much like ripples on the surface of a
pond, light is observed to travel in waves which can bend around topo-
graphical features, often interacting both constructively and destructively
with neighboring waves to form striated interference patterns. Waves of a
given length scale, as defined by their characteristic peak-to-peak dimension
known as wavelength (l), are diffracted by features with dimensions roughly
half the size of the wave (i.e., particle diameter Bl/2). Thus, visible light,
which possesses an average wavelength of 550 nm, is diffracted by small
features roughly 250 nm in size. This phenomenon ultimately poses a nat-
ural barrier to the analysis of small microscopic specimens such as colloids,
which range in size from a few dozen angstroms to several hundred
nanometers.

In the early 20th century, scientists hypothesized that nanoscale features
could be resolved by the utilization of probes which possessed wavelengths
shorter than that of visible light. Louis de Broglie theorized that the elec-
tron possessed both a particle and wave-like nature, with a wavelength
vastly shorter than that of visible light. This led to the development of the
first transmission electron microscope (TEM) by Ernst Ruska and Max
Knoll in 1931 and allowed the observation of specimens smaller than that
originally achieved with the light microscope.3 In 1938 von Ardenne4 added
a series of scanning coils to the electron microscope to produce the first
scanning transmission microscope (STEM). Shortly thereafter, Zworykin
produced the first scanning electron microscope in 1942, which allowed
examination of thick samples via the collection of backscattered and
secondary electrons.

Over the course of the next few decades, improvements in accelerating
voltage, vacuum systems, magnetic lenses, and the electron source greatly
improved the resolution of the electron microscope (EM). Today’s high-end
EMs offer sub-angstrom resolution – allowing the observation of individual
atoms. Additionally, researchers have extended the engineering of the elec-
tron microscope to develop advanced in situ sample holders which allow
material observation under controlled environmental conditions including
temperature control, atmospheric gas selection, pressure control, and even
the incorporation of cryogenic sample holders. While great advances have
been made in the resolution power of the microscope, today, broader tech-
nological development has been focused on engineering a diverse spectrum
of microscopes including the atomic force microscope and the helium ion
microscope.
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Microscopy offers a unique method of characterizing colloids as it allows
direct analysis of their size, morphology, and packing at length scales which
encompass their full spectrum of size. Additionally, through proper instru-
mental selection, one can reveal not only the structure and morphology of
colloids with sub-nanometer resolution, but perform simultaneous in-
column analysis with various compositional techniques. However, with
such a diverse selection of tools at the disposal of the modern researcher, an
adequate review of the capabilities offered by each instrument is required.
This chapter highlights the utilization of microscopy to characterize
colloidal particles ranging in size from ca. 1 nm to 1 mm and above.

6.3 Narrowing our Focus – The Specimen: Colloids
Colloids, along with solutions and suspensions, fall into the general clas-
sification of matter known as homogeneous mixtures. Homogeneous mix-
tures include any multiphase combination of matter which is suspended
and well mixed. A homogeneous mixture is sub-classified as either a solu-
tion, a colloid, or a suspension based upon the size of the suspended phase
and its degree of stability. Solutions, such as air and seawater, refer to well-
mixed phases containing particles and ions less than 1 nm in size. Colloids
including milk, clouds, and paints, refer to stable mixtures containing
microscopic suspended particles which remain stable indefinitely. Lastly,
suspensions are defined as mixtures with particles greater than 1 micron
in size which often precipitate over time, gradually producing a two-phase
heterogeneous mixture.

Colloidal suspensions are not solely defined as a solid in a liquid but also
include any multiphase combination of matter which is suspended and well
mixed. Common examples of colloids include clouds, latex polymer par-
ticles, silica (SiO2) colloids, natural opals, and oil emulsions. Colloids are
often sub-classified based upon the phases which are contained within the
colloidal mixture; these classifications include foams, which incorporate a
gas dispersed in either a liquid or a solid; emulsions, which pertain to
liquids dispersed in a liquid or solid; sols, which consist of solids dispersed
in a liquid or solid; and finally aerosols, which can include either liquids or
solids dispersed in a gas. The International Union of Pure and Applied
Chemistry (IUPAC) defines a colloid as a stable, multiphase mixture in which
one phase possesses a characteristic dimension ranging from 1 nm to 1 mm
in size.5 However, the term colloid is more generally used by researchers to
describe any microscopic particle which is either dispersed within a fluid
medium or deposited as a quasi-crystalline dried colloidal powder.

Modern synthetic techniques allow chemists and engineers to tailor the
size, concentration, and surface chemistry of a colloidal mixture on the
microscopic scale as a means of tuning the macroscopic properties required
for a given commercial application. Colloids have been manufactured for
use in numerous products ranging from coatings to synthetic rubbers,
paints, fabrics, inks, catalytic supports, cosmetics, and food additives.
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Driven by the need for increasingly small nanotechnologies, researchers
have recently extended the boundaries of colloidal synthesis to develop
routes which facilitate the production of increasingly small, monodisperse
colloidal suspensions and, more recently, colloidal crystal (CC) powders.
Thus, microscopy has proven to be a vital characterization technique as it
provides the modern colloidal scientist with direct analysis of the size,
morphology, and packing of these microscopic particles.

6.4 Polymer Colloids
The synthetic production of polymer colloids provides the largest and most
economically efficient route towards the mass production of commercial
colloidal additives. Polymerization offers a versatile technique for colloid
synthesis as it allows precise control of particle size by tuning stirring rates
and solution parameters during the manufacture of large volumetric batches
of colloids. Additionally, polymer colloids have been a primary area of re-
search and development in recent decades as they offer an environmentally
safe alternative to solvents as a means of tuning solution properties. These
benign additives can be readily mixed into a system to alter parameters such
as viscosity, dilatancy, elasticity, and storage moduli, while solvents are often
costly and in some cases, caustic.

The most common technique utilized for the synthesis of polymer colloids
is emulsion polymerization, in which suspended monomer colloids are
polymerized via a free radical polymerization reaction under vigorous stir-
ring. This technique is the basis for the commercial production of synthetic
latexes such as styrenes, which are polymerized within an aqueous medium
and provide a synthetic alternative to natural colloidal latex rubbers.6

Emulsion polymerization offers a versatile approach to colloid synthesis as
it provides several tunable handles for the precise control of particle size.
These handles include variation of the relative concentrations of monomer,
initiator, surfactant, and stabilizer. Conventional emulsions utilize low
emulsifier concentrations (i.e., 1–3%) to produce opaque latexes with par-
ticle sizes on the order of 1 mm and above. Similarly, mini-emulsion poly-
merization reactions form polymer colloids ranging in size from ca. 50 to
500 nm in diameter by employing moderate emulsifier concentrations (i.e.,
1–5%). Lastly, micro-emulsion techniques utilize high emulsifier concen-
trations (i.e., 15–30%) to produce translucent colloidal mixtures with par-
ticles ca. 100 nm in diameter and below.7

Possibly the best demonstration of the mutual impact that can be
achieved through collaboration between the fields of microscopy and col-
loidal science was the polymerization and application of emulsified colloidal
space beads as calibration standards during the late 20th century.8 The
immense technological advancement achieved by the invention of the
electron microscope (EM), and its rising application in the characterization
of products for the growing semiconductor market, necessitated an in-
novative means of developing standard reference materials. As the electron
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microscope market began to rapidly expand during the 1970s and 80s,
new reference materials were required that could be used for instrument
calibration and the correction of image distortions.

While mechanical techniques for the fabrication of calibration standards
often provided significant errors, emulsified polymers offered a means of
producing size-tunable spherical reference particles which could accurately
meet the calibration needs of the growing microscope market.9 However,
slight variations in the morphology of terrestrial batches of emulsified
colloids prevented their utilization as early calibration standards.10 Thus,
researchers took the field of colloidal science into outer space, employing
low gravity as a means of synthesizing highly spherical, emulsified colloids
on board Space Shuttle Columbia. These batch-sized quantities of mono-
disperse polymer colloids, up to ca. 10 mm in diameter, became the first
commercial product to be produced in space and have since been adopted by
the National Bureau of Standards as a reference material for microscopic
instrument calibration.11

This multidisciplinary interaction between industry, academia, and gov-
ernment institutions demonstrates the collaborative possibilities that can be
achieved through interaction by combined efforts spanning multiple insti-
tutions. The value-added impact of emulsion polymerization will likely
extend its use as a key method employed for the commercial synthesis of
suspensions which span the entire colloidal spectrum as defined by the
IUPAC. Additionally, microscopy will remain a key characterization techni-
que in the analysis of colloidal nanoparticles as is demonstrated today
through current research focused on the synthesis of emulsified colloids
with unique anisotropic morphologies12–15 and Janus particles16–21 – which
offer multimodal surface chemistries.

6.5 Natural Opals and Colloidal Silica
Colloids are not solely a synthetic commercial additive recently conceived by
modern polymer chemists. Their development has been inspired by the
natural formation of mineralogical opals which were once coveted by ancient
civilizations and whose counterfeits continue to trick the eye of the modern
gem collector. Natural opals, capable of the optical diffraction of light,
quickly attracted the attention of early miners by their ability to scatter light
and produce a brilliant rainbow effect.22 While the phenomenon responsible
for this remarkable coloration was originally debated in early literature, the
application of a scanning electron microscope conclusively revealed this
natural rainbow effect was a result of the optical diffraction of light along
the digitated surface of naturally occurring ordered colloidal silica arrays
(dia.B150–400 nm).23,24

Inspired by these naturally occurring colloidal opals, researchers sought
a means of developing laboratory-grown colloidal silica (SiO2) nano-
spheres. Colloidal silica provides an attractive synthetic alternative to
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emulsified polymer colloids as it is a stable inorganic oxide capable of
withstanding elevated temperatures. The first synthetic routes to colloidal
silica were patented in 1951;25 unfortunately, these unstable sols were
highly susceptible to gelation upon drying but were gradually stabilized
over the years through a series of synthetic alterations.26–28 A synthetic
route developed in 1968, commonly referred to today as the Stöber process,
would eventually become recognized as a preferred method of synthesis.29

This technique utilizes a modified sol–gel process – which employs an
alkali buffer in a solution of water and alcohol – to control the hydrolysis
and condensation of tetraethyl orthosilicate (TEOS) under vigorous
stirring. The Stöber process facilitates the synthesis of monodisperse col-
loids which range in size from a few hundred nanometers to a few microns
in diameter and has now been utilized for decades in diverse applications
including catalysis, gas adsorption, photonics, and for the templating of
porous materials.30

In recent decades researchers have pushed for the development of ever
smaller inorganic silica colloids. This has been accomplished through
modified Stöber techniques which utilize zwitterionic amino acid buffers in
combination with TEOS to produce monodisperse silica colloids ranging in
size from ca. 10–100 nm.31 Much like emulsion polymerization, colloid size
is tuned in these modified recipes through control of synthetic parameters
including solution stir rates, SiO2 precursor concentration, and pH control
via the manipulation of buffer concentration.32 Additional processing
steps now allow surface decoration of the resulting colloids, the production
of core–shell nanoparticles,33–35 inverse opals, and even the production of
hollow colloids,36–41 as achieved through sacrificial colloidal templating and
etching. These silica-derived colloidal nanoparticles have been the subject of
increasing academic research in the study of material synthesis, particle
packing, self-assembly, microfluidics, and rheology – through which mi-
croscopy has played an important role in analysis and characterization.

6.5.1 Colloidal Crystals

Both polymer42 and silica colloids have been increasingly studied in recent
years for the production of colloidal crystals (CCs)43 through self-assembled
drying processes.44 Colloidal crystals are often fabricated into either
three-dimensional bulk powder matrices or stacked on substrates as two-
dimensional thin film arrays.45 The resulting CC product can be engineered
through manipulation of the drying rate, coating speed, solids content, and
solvent parameters as a means of tuning CC product properties.46 These
promising synthetic opals have proven to be advantageous for use as ad-
sorbents, photonic crystals, thin films, and as nano-molds for the replication
of templated nanomaterials.47–49 Once again, microscopic instrumentation,
particularly confocal and electron microscopes, have proven vital to the
study and characterization of the intricate nanoarchitecture presented by
these colloidal crystal materials.
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Colloidal crystals are prepared by drying an as-made colloid solution
along a substrate in order to disperse the individual particles into a porous,
three-dimensionally ordered crystalline matrix.50 This process, often re-
ferred to as convective deposition or evaporative self-assembly, provides a
rapid means of producing bulk quantities of colloidal crystal powder
and thin CC films.51 During evaporation of the colloidal suspension, the
microscopic colloid particles are collected by surface tension along
the meniscus of the advancing drying front and are pinned to the substrate
to form ordered crystalline arrays.52 Through synthetic manipulation of
the diameter of these colloidal nanospheres, researchers are capable
of tuning product properties including surface area, pore size, and
packing structure of the CC product. A reduction in colloid diameter
facilitates an astonishing increase in the surface area of the resulting
powder, while increasing the colloidal dimension results in an enlarge-
ment of the interconnected pores, as demonstrated through electron
microscopy.53–55

Extensive research is currently being conducted to optimize the self-
assembly process of colloidal crystals in order to develop new methods of
autonomously fabricating nanostructures. CCs can be engineered to pack in
the hexagonally closed packed (HCP) arrangement,46 face centered cubic
(FCC) packing arrangement,56 or in a quasicrystalline manner,57 which is
often rarely observed in nature. Researchers have also shown the ability to
selectively engineer defects in arrays of thin, colloidal crystal films with
potential applications in the photonic crystal industry.58–60 In more recent
studies, researchers have broadened the diversity of the CC materials palette
by mixing colloidal solutions of varying diameter to produce interdigitated
colloidal crystal assemblies which mimic the complex atomic packing
patterns observed in nature.61–64 Now, additional material processing even
allows replication of the CC structure to produce inverse opals,65–68

classified as either three-dimensionally ordered mesoporous (3DOm) or
macroporous (3DOM) materials, through the application of CCs as sacrificial
nanomolds.69–74 This vast array of colloidal crystals is highly dependent
upon the application of scanning and transmission electron microscopy as a
means of characterizing their crystal structure, packing defects, and for the
assessment of porosity.

6.5.2 Characterization of Colloids

After synthesis of a colloidal product, material characterization is required
in order to evaluate the success of the synthetic process and the resulting
packing arrangement. Colloid diameter, particle size distribution (PSD),
morphology, particle aggregation, and packing provide key parameters
which are vital to the assessment of a colloidal suspension. Microscopy of-
fers a direct means of imaging the as-made colloidal products and facilitates
accurate analysis of these key parameters, which often remain elusive to
detection with alternative instruments and techniques. Additionally,

200 Chapter 6

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

01
91

View Online

https://doi.org/10.1039/9781788016476-00191


through the application of statistical image processing techniques, colloidal
scientists can employ microscopy as a means of analyzing large numbers of
colloids with statistical confidence.

While light scattering techniques offer potential routes toward the char-
acterization of colloid size and PSD, they often lack the ability to differentiate
between primary particles and secondary particle aggregates. Additional
difficulties arise in the statistical analysis of light scattering data collected
from colloids which contain broad size distributions. This is particularly
problematic as most colloidal materials flocculate in solution, resulting in
the formation of large particle aggregates which contain hundreds or
thousands of colloids.75 Furthermore, light scattering is generally unable to
assess colloid morphology or resolve the dimensions of anisotropic colloidal
particles.76 Thus, the microscopic and nanoscopic nature of colloids and
colloidal crystals necessitates the application of microscopy as an accurate
means of characterizing colloid diameter, morphology, and flocculated
colloidal aggregates.

Through application of an appropriate microscope and the use of stat-
istical processing software (e.g. ImageJ), colloid diameter (di), the number
average diameter (dn), and standard deviation (s) – as defined as the root-
mean-squared deviation from the mean value of a given colloidal specimen –
can be calculated (see eqn (6.1) and (6.2)).77 Additionally, the accurate
characterization of colloids requires analysis of large numbers (ni) of indi-
vidual particles, a task which is often best achieved through direct imaging
via microscopy. However, each microscope offers variable degrees of
resolution, environmental limitations, and operational restrictions which
implores careful consideration to determine which instrument is best suited
for the analysis of a given colloidal specimen.

dn¼
P

nidiP
ni

(6:1)

s2¼
P

ni |di � dn | 2

P
nið Þ � 1

(6:2)

Colloid characterization can be accomplished through select use of a
spectrum of microscopes including the visible light microscope, confocal
microscope, electron microscope, ion microscope, and the atomic force
microscope (see Figure 6.1). These instruments provide the modern colloid
researcher with direct, visible images of colloids which can be used to assess
particle size and morphology. However, as each instrument utilizes a unique
series of probes, each with variable resolution, a review of modern micro-
scopy is required to aid the colloidal researcher during characterization of a
colloidal product. This process is preferably accompanied by hands on
experience with an instrument and a general reflection of the artistic nature
of microscopy.
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6.6 Basics of Microscopy

6.6.1 Microscope Probes

Microscopes employ focused incident probes which interact with a specimen
of interest and subsequently collect the resulting signals emitted by this
interaction. In more abstract terms, the characterization of a material

Figure 6.1 The ‘‘spectrum’’ of microscopes facilitates imaging covering all microscopic
length scales. Common instruments offering two-dimensional imaging
include optical, super-resolution, AFM, and He1 ion microscopes. Three-
dimensional microscopes include stereo, confocal, X-ray, Ga1 ion, and
SEMs. Additionally, high resolution transmission electron microscopes
offer advanced imaging capabilities which facilitate atomic scale resolution.
Images include colloidal space beads,8 Stöber silica,29 hollow core–shell
colloids,36 functionalized SiO2 colloids decorated with B10 nm zirconia
crystals,78 and catalytic gold colloids demonstrating atomic fringes.79

Stöber silica image reproduced from ref. 29 with permission from
Elsevier, Copyright 1968. Hollow core–shell colloids image reproduced
from ref. 36 with permission from the Royal Society of Chemistry.
Catalytic Au Nanocolloids image reproduced from ref. 79 with permission
from John Wiley and Sons, r 2017 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. Super-Resolution image reproduced from https://
commons.wikimedia.org/wiki/File:ZEISS_ELYRA_PS.1_3D_Superresolution_
Microscope.jpg, under the terms of the CC BY 2.0 licence, https://
creativecommons.org/licenses/by/2.0/deed.en. X-Ray Microscope image
reproduced from https://commons.wikimedia.org/wiki/File:ZEISS_Xradia_
520_Versa_X-ray_microscope_(12286854824)_(2).jpg, and Helium Ion
Microscope image reproduced from https://commons.wikimedia.org/wiki/
File:ORION_NanoFab_-_Helium_Ion_Microscope_(8410606251).jpg, under
the terms of the CC BY 2.0 Share-Alike licence, https://creativecommons.org/
licenses/by-sa/2.0/deed.en.
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requires: (i) the selection and formation of an incident probe, (ii) interaction
of the probe with a material under a controlled environment, and (iii) the
collection and processing of the resulting signals generated by this inter-
action (see Figure 6.2). A diverse series of probes including infrared radi-
ation, visible light, monochromatic lasers, X-rays, ions, and electrons have
been utilized for the analysis of microscopic specimens. The wavelength and
energy of each probe interacts uniquely with the atomistic and molecular
components of the sample to yield information and characteristic material
properties including images, elemental composition, atomic spatial distri-
bution, atomic structure, and morphology.80 However, in order to produce
and obtain this information, the probe must first be generated and focused
with a series of apertures, lenses, and optics in order to produce sharp,
magnified images with limited aberrations.

6.6.2 The Wave-like Nature of Light, Electrons, and
Electromagnetic Radiation

Visible light, the principle probe of early microscopes, encompasses only
a small range of energies along a much larger electromagnetic spectrum
(see Figure 6.3). This continuous spectrum of radiation includes radio waves,
microwaves, and infrared radiation on one end, while gamma rays, X-rays,
and UV radiation reside on the other end of the spectrum. Electromagnetic
radiation can be harnessed as probes in many forms to image, detect, and
characterize objects with dimensions extending over an enormously vast size
range – as each probe interacts uniquely with various atomistic and mo-
lecular components of the object to yield characteristic information about
the specimen of interest.

Figure 6.2 Sample–probe interaction and common signals which can be generated
during this interaction.
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When traversing the electromagnetic spectrum, radiation is found to have
an inverse relationship between wavelength and energy. High energy radi-
ation correlates to short wavelengths, while low energy radiation correlates
to long wavelengths. This facilitates interaction with matter on both small
and large length scales. Massive objects such as planets and stars (with di-
mensions on the order of B109 m) can be detected with radio telescopes,
which harness radio waves with long wavelengths. Similarly, extremely small
objects such as atoms, colloids, and nanocrystals (on the order ofB10�9 m)
can be imaged and detected with probes possessing short wavelengths.
Visible light, which possesses moderately long wavelengths ranging from
B400–750 nm, interacts with outer shell electrons to facilitate imaging of
features as small as B250 nm. More energetic probes, such as X-rays and
electrons, possess short wavelengths (ca. 0.01–1 nm) and can interact with
the inner electrons of an atom to provide increased resolution.

In microscopy, the interaction of electromagnetic probes with matter can
generally be classified into six categories: (i) absorption, (ii) transmission,
(iii) reflection, (iv) refraction, (v) diffraction, and (vi) scattering. Absorption
entails the conversion of an incident beam into internal energy which is
retained by the sample. Transmission involves the transfer of an incident
probe through a sample which is then re-emitted on the opposite side. Re-
flection occurs as the probe interacts with the surface of the sample and is
redirected at a new characteristic angle. Refraction involves the transmission
of the beam through the sample but is diverted at a characteristic angle upon
interaction with the sample. Diffraction involves a wave-like redirection of a
beam, often resulting in a constructive and destructive interference. Lastly,
scattering entails the diffuse reflectance and dispersion of light in various
directions upon interaction with the sample.

All six forms of light–matter interaction play a role during the microscopic
analysis of a sample and can be used to obtain information about a speci-
men. In general, microscope operation is classified into two categories:
transmission mode and reflection mode. Transmission mode places the
sample in between the probe’s source and the detector; sample information
is then a result of the interaction of the probe with the sample as it transmits

Figure 6.3 The spectrum of wavelengths possessed by electromagnetic radiation
and electrons.
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through the material. Reflection mode involves the analysis of a probe which
is redirected upon interaction with the sample. Both techniques require
proper focusing and collection of the beam through a series of lenses
in order to magnify an image. This is accomplished via refraction in the
optical microscope and later achieved with electrostatic lenses in electron
microscopes.

6.6.3 Lens Basics

The visible light microscope has traditionally utilized a series of curved
glasses (i.e., lenses), to refract or bend visible light and magnify an image; a
concept which has inspired the development of the electrostatic lens for
the electron microscope. When light transmits at an oblique angle (i.e., an
angle other than 901) from one medium to another, it refracts within the
material at a characteristic angle related to the refractive index of each
medium. This phenomenon was originally adapted in ancient times to
ignite fires with the application of crude burning glasses and later used to
harness light and magnify images with the application of finely engineered
lenses.

Visible light microscopes employ curved lenses with either positive
curvature, negative curvature, or a combination of both geometries to focus
or disperse light via refraction. Collimated light, or parallel rays of light, can
be focused to a given focal point as defined by f, with utilization of a convex
lens. Convex lenses utilize positively curved surfaces, or surfaces which
protrude outward, to bend light to a focal point opposite that of the light
source (see Figure 6.4). Conversely, concave lenses utilize negatively curved
surfaces, which are depressed inwards towards the lens.

The combination of multiple simple lenses aligned along a central optical
axis is the basis for the compound lens, which is configured to harness
visible light from a specimen using an objective lens and then magnify the
image with an eyepiece lens (see Figure 6.5). These basic concepts are the
central techniques employed in all modern visible light microscopes which,
with proper engineering to avoid optical aberrations, can facilitate the

Figure 6.4 Light refraction through (a) a convex lens versus (b) a concave lens.
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resolution of features as small as B250 nm. However, this has only been
accomplished through significant research and development to limit optical
aberrations including spherical, chromatic, coma, and astigmatisms.

6.6.4 Aberrations

Despite vast leaps in the knowledge and technology utilized to finely mill
and grind lenses with precise curvature, aberrations – or optical defects
associated with the interaction of the probe and lens – still hinder the per-
formance of modern optical systems. Aberrations generally occur when in-
dividual rays are not focused to converge upon a single incident point, but
rather come into focus at either different focal lengths or azimuthal angles
about the optical axis. Common examples include spherical and chromatic
aberrations, aperture diffraction, astigmatisms, and coma aberrations. Each
aberration acts to distort the size and shape of the probe, ultimately limiting
optical resolution.

In order to obtain high resolution of nanoscale features, small probe sizes
are required. In the electron microscope, the probe size (dp) is a function of
the Gaussian probe diameter (dG) and the size of each aberration disk in-
cluding: the spherical aberration disk (ds), chromatic aberration disk (dc),
and the diffraction disk (dd), as shown by eqn (6.3). Thus, it is necessary
to engineer optical systems that incorporate measures which mitigate
aberrations as much as possible.

dp¼ (d2
Gþ d2

sþ d2
dþ d2

c)
1
2 (6.3)

Spherical aberrations occur as incident light rays near the edge of the lens
are refracted or bent at a much higher angle than those which are paraxial to
the center point of the lens (see Figure 6.6a). This causes image distortion

Figure 6.5 A generalized depiction of the compound lens during characterization of
a colloid.
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as the central, paraxial rays, are focused at a focal length which is greater
than the focal length of the outer, more peripheral, rays – those that are
focused by the edge of the lens. Spherical aberrations hinder both visible
light microscopes and electron microscopes. The effect can be limited by
reducing the diameter of the lens in visible light microscopes and by em-
ploying advanced spherical aberration correctors in transmission electron
microscopes. In the electron microscope, the spherical aberration disk is
related to the coefficient of spherical aberration (Cs) and angle of deflection
(a) of the outer electrons (see eqn (6.4)). Spherical aberrations still remain a
challenging aberration to correct in practice.

ds¼
1
2

Csa3 (6:4)

Chromatic aberrations occur when incident probe rays of varying wave-
lengths and energies are focused at different focal lengths along the optical
axis (see Figure 6.6b). This effect often causes a ring of distorted colors about
a feature in visible light microscopes and is observed as a distorted blur
around features imaged with an electron microscope. Chromatic aberrations
are limited by incorporating monochromators or apochromatic lenses.
Apochromatic lenses employ a series of materials of differing refractive
indices to focus light rays of various energies to a single focal plane in the
visible light microscope. Monochromators act to filter out probe rays with
energies which significantly deviate from the selected probe energy in the
electron microscope. The aberration disk associated with chromatic

Figure 6.6 Illustration of common optical aberrations including: (a) a spherical lens
aberration; (b) a chromatic lens aberration; (c) a coma lens aberration;
and (d) an optical astigmatism.
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aberration (dc) is related to the coefficient of chromatic aberration (Cc), the
angle of convergence (a), the incident electron energy (E0), and the electron
energy spread (DE) as shown by eqn (6.5).

dc¼Cca
DE
E0

� �

(6:5)

Coma aberrations once plagued early optical instruments but are largely
eliminated in today’s microscopes. Coma aberrations occur when rays are
incident upon a lens at an oblique angle relative to the optical axis
(see Figure 6.6c). When directed at a lens at a high angle of incidence, the
refracted rays are shifted in a linear fashion away from the optical axis. In
optical instruments, coma aberrations are distinguished as a cone or tail
shape which trails behind a given feature. Comas are mitigated by utilizing
apertures and precision engineering to properly align the incident beam
along the optical axis, perpendicular to the lens.

Astigmatisms present another common aberration in microscopic in-
struments. Astigmatisms occur when lenses unevenly bend an incident
beam at varying azimuthal angles oriented perpendicular to the optical axis
(see Figure 6.6d). This creates an elongated distortion of the image as if it
were stretched in one dimension and compressed in another. Astigmatisms
can be mitigated in the visible light microscope by properly milling the
lens to a precise and uniform curvature, whereas the electron microscope
employs a quadrupole lens, referred to as a stigmator, to correct for the
astigmatism.

6.6.5 Apertures

In addition to lenses, microscopes utilize an aperture, or opening of select
dimension, to collimate and regulate the amount of light collected by the
lens system. Apertures control the depth-of-focus viewed by the microscope,
provide a handle for image brightness, and can be used to mitigate optical
aberrations. Aperture construction is typically achieved by either milling a
series of circular holes of fixed dimensions into a monolithic plate, which
can then be interchangeably positioned in the beam’s pathway, or from a
single size-variable diaphragm to facilitate continuous diameter adjustment.
Alternatively, some optical systems lack a separate stand-alone aperture; in
these systems, the aperture is effectively defined by the diameter of the lens
and lens column, as these dimensions ultimately govern light collection and
collimation.

Light collimation is achieved by restricting the amount of diffuse light
which is collected by the microscope at large oblique angles relative to the
lens. Small apertures act to collimate light by harvesting only paraxial and
parallel light which is oriented at or near the central optical axis and by
blocking light oriented at moderate-to-large angles relative to the optical
axis. Small apertures offer large depths-of-focus and allow features spanning
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a wide focal length to come into focus simultaneously; however, this is
achieved at the cost of brightness and resolution. Conversely, by increasing
the diameter of the aperture, additional light is collected and higher
resolutions can be obtained; this is achieved at the expense of a reduced
depth-of-focus and the introduction of additional optical aberrations.
Therefore, a tradeoff exists between depth-of-focus, resolution, and overall
image quality.

6.6.6 Magnification

Lenses facilitate the magnification or enlargement of features oriented along
the focal plane; that is the plane of focus oriented perpendicular to the
optical axis at a distance, f, from the lens. Magnification provides a quan-
titative measure which relates the apparent size of the features in an image
to the actual size of the features within the specimen (see eqn (6.6)). The
magnification (M) of a single lens is given by the ratio between the lateral
dimension of an imaged feature (di) and the dimension of the actual col-
loidal feature (dc). When positive, magnification provides an enlargement of
the image, while negative magnification values correlate to a reduction in
the size of the image. While an image can be magnified or stretched to
increasingly large dimensions, a point is reached at which no additional
information is obtained and image sharpness is merely distorted by further
magnification. Increasing magnification beyond the resolving power of the
instrument is often termed empty or hollow magnification.

M¼� di

dc
(6:6)

6.6.7 Resolution

Resolution defines the smallest point-to-point lateral dimension that can be
distinguished in an image and is often used to provide a quantifiable
measure of the maximum optical performance that can be achieved by an
instrument. While the human eye is capable of resolving features on the
order of B0.1 mm (i.e., 100 mm), colloids remain unobservable as even the
largest of colloids (dia.B1.0 mm) are at least two orders of magnitude smaller
than that resolved by the eye. However, modern versions of the visible
light microscope, which has stemmed from the instrument that van
Leeuwenhoek first used to view pond microbes, are now capable of resolving
features on the order of a few hundred nanometers in size (ca. 0.3 mm). Thus,
a magnification of approximately 100�allows researchers to distinguish
large colloids from their neighbors (dia. B1.0 mm), whereas small colloids
(dia.o250 nm) and colloidal surface features remain elusive to observation
with the visible light microscope due to the diffraction barrier.

The Advanced Microscopy of Colloids 209

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

01
91

View Online

https://doi.org/10.1039/9781788016476-00191


6.6.8 Diffraction Limit of Resolution

While modern visible light microscopes provide considerable image mag-
nification and enhanced resolution of microscopic features, their resolution
power is fundamentally restricted by the diffraction of visible light through
apertures, small features, and holes. Diffraction occurs when a wave inter-
acts with a narrow hole or slit, creating an interference wave pattern due
to the constructive and destructive interaction of the emerging wave front
(see Figure 6.7). When shining a light through a narrow aperture at a surface,
the interference of diffracted light rays creates a ripple-like effect which
forms a central bright disk surrounded by a series of alternating bright and
dark concentric rings. This ripple effect, known as an Airy disk, was first
explained by Sir George Airy when shining visible light through a lens and
aperture system. The dimensions of a diffraction pattern are related to the
geometry and operating parameters of a microscope and ultimately limit the
maximum resolution that can be obtained by an optical instrument.

The size of the diffraction disk was first calculated by Ernst Abbe in 1873
(see eqn (6.7)).81 Abbe theorized that a microscope magnifies a field of in-
dividual point-sources of light spread across the surface of a specimen to
create an enlarged image. When magnified through a lens and aperture,
each individual point-source projects a diffraction pattern with a central spot
size (dd) governed by the wavelength of light (l), the refractive index of the
projection medium (n), and the aperture angle – which is defined as the half-
angle subtended by the aperture (y). The refractive index and aperture angle
is often referred to as the numerical aperture, NA, when labeling objective
lenses. Abbe demonstrated that in order to resolve neighboring features
upon diffraction by the objective lens, the diffracting disk projected by
each point-source of light must not overlap extensively. Therefore, optical
resolution is improved by minimizing the size of the diffraction disk.

dd¼
l

2n sin y
¼ l

2NA
(6:7)

Figure 6.7 Principles of probe diffraction through a narrow aperture, (a) diffraction
of a wave through an aperture; (b) aperture geometry; (c) an Airy disk and
simulated intensity pattern.
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Abbe’s diffraction limit computes the optimum diffraction spot size that
can theoretically be achieved by employing a diffraction limited microscope
equipped with a perfectly milled optical lens which lacks all aberrations.
Engineering a microscope to operate at the diffraction barrier is desirable as
it pushes the boundaries of the microscope to allow resolution of increas-
ingly small features. This is accomplished in practice by reducing the
wavelength of light (l), increasing the refractive index of the projection
medium (n), and by increasing the aperture angle (y). In other words, the
diffraction limit is achieved by using more energetic light sources and by
increasing the numerical aperture (NA).

The diffraction limit of a microscope is generally approximated as half of
the wavelength of the illumination source (i.e., ddBl/2). This correlates to
roughly 250 nm for a visible light microscope, as demonstrated through a
simple back of the envelope calculation which utilizes an average wavelength
for visible light of ca. 550 nm, a large aperture angle (e.g. sin(y)B1.0), and a
common immersion medium such as air (nB1.0) or oil (nB1.5). Thus, each
point-source of light projected from the surface of a specimen produces a
minimum diffracted disk approximately 250 nm in diameter. This presents a
new question: what is the minimum allowable distance permitting two
neighboring features (e.g. colloids), which lay in close proximity, to be dif-
ferentiated as unique features when magnified at the diffraction limit of a
microscope?

6.6.9 Resolution Criteria

Lord Rayleigh, a Nobel Prize-winning physicist, advanced Abbe’s diffraction
limitation theory to define the minimum point-to-point resolvable distance
(d) which allows the resolution of nearby points. Using the geometric
definitions established by Ernst Abbe, Rayleigh was able to correlate the
wavelength of light, refractive index, and aperture semi-angle to the min-
imum resolvable distance for two point-sources of light (see eqn (6.8)).82 The
Rayleigh criterion for resolution is satisfied when the center of a diffracted
disk, as projected from a point-source of light, resides within the first
minimum of a diffraction pattern from a neighboring point-source of light.
This distance isB22% greater than the Abbe diffraction limit (i.e., dB1.22d),
as the magnified diffraction spots must be spaced adequately apart to be
resolved.

d¼ 0:61l
n sin y

¼ 0:61l
NA

(6:8)

While the Abbe diffraction limit provides a measure for determining the
size of the diffraction disk produced by a microscope, the Rayleigh reso-
lution criterion defines the minimum point-to-point resolvable distance that
is required to distinguish two overlapping diffraction patterns. Thus, for a
standard visible light microscope, operating with a 250 nm diffraction limit
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(dd), the minimum resolvable distance between neighboring colloids is ap-
proximately 300 nm. This allows an observer to just begin to distinguish
moderate-to-large colloids (i.e. 300–1000 nm) from their neighbors. Yet at
this resolution, small colloids (dia.o300 nm) and surface features remain
unresolved; thus, more advanced imaging techniques are required in order
to resolve features closer to the atomic scale.

6.6.10 Inspiration for the Electron, Ion, and X-ray
Microscope

As described by Abbe, the physical resolution limit imposed on the visible
light microscope is a general phenomenon related to the wave-like dif-
fraction of light upon small features. This phenomenon has driven scientists
and engineers to develop optical instruments with alternative probes in
order to reduce the optical diffraction limit and achieve higher resolutions.
This can be accomplished by using probes with very short wavelengths and
has inspired development of the X-ray, electron, and ion microscopes. These
powerful instruments offer enhanced resolution capabilities in comparison
to the visible light microscope and permit observation of features on the
atomic scale.

The wave-like nature of electromagnetic radiation is also observed during
the movement of physical matter, including ions and electrons. French
physicist Louis de Broglie first proposed that matter travels as both a particle
and wave in a similar fashion to that observed in the wave–particle duality of
light. de Broglie connected Albert Einstein’s energy equation (i.e., E¼mc2)
with Max Planck’s correlation between the energy (E) and frequency ( f ) of
light (i.e., E¼ hf ) to propose a new concept known as the de Broglie wave-
length of matter (see eqn (6.9)). Using Planck’s constant (h¼ 6.626�10�34 Js),
de Broglie related the momentum ( p) of an electron to its wavelength, where
the electron’s momentum is its mass (m) multiplied by its velocity (v).

l¼ h
p
¼ h

mv
(6:9)

de Broglie’s theory was later validated through a series of experimental
studies which demonstrated the diffraction of electrons through narrow
slits, a phenomenon previously demonstrated by Thomas Young with light
waves. de Broglie’s ‘‘matter waves’’ as they were termed, would later provide
a direct correlation between the movement of light and matter – offering
a key conceptual link between the optics of the physical light microscope
and that of the electron microscope.83 This correlation would suggest that
imaging could be accomplished not only with electromagnetic radiation
including light, but with matter; hence, electrons and ions could theoreti-
cally be used to resolve increasingly small features – and even atoms!

Through application of de Broglie’s wavelength equation (eqn (6.9) and
the Rayleigh criterion for resolution (eqn (6.8)), one can calculate an
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approximate theoretical resolution that can be achieved by utilization of a
probe of given wavelength, as depicted in Figure 6.3. The visible light
microscope offers a maximum resolution of only B250 nm, while the ap-
plication of lasers, as utilized by the confocal microscope, can achieve a
resolution of B150 nm. In comparison, X-ray microscopes allow lateral
resolutions on the order of a few dozen nanometers (dB70 nm) and ion
microscopes offer resolutions on the order ofB10 nm. Finally, the utilization
of electron probes now allow the modern colloid researcher to distinguish
atomic features on the order ofB0.1 nm.

The application of electromagnetic radiation, electrons, and ions as ana-
lytical probes has culminated in the development of a variety of instruments
which offer a broad spectrum of resolution capabilities. However, while the
theoretical resolution of each probe can provide powerful resolving cap-
abilities in principle, actual instrument performance is ultimately restricted
by optical aberrations, engineering limitations, and physical phenomena.
Yet through modern engineering, today’s colloid scientists are now equip-
ped with an array of powerful instruments for the advanced characterization
of colloidal materials (see Figure 6.1).

6.7 The ‘‘Spectrum’’ of Microscopes
The spectrum of microscopes can generally be classified as optical micro-
scopes, which consist of visible, fluorescence, and confocal microscopes;
electron microscopes, which include scanning and transmission micro-
scopes; ion microscopes, which now include gallium and helium ion
microscopes; and alternative instruments such as the X-ray and atomic force
microscopes. This wide array of instruments offers a unique set of tools
which the modern colloid researcher can use for the characterization of a
colloidal specimen. This section will now highlight each instrument and
summarize their use for the analysis of colloids.

6.8 Optical Microscopes

6.8.1 The Visible Light Microscope

The conceptual design of the optical microscope has evolved only slightly
from the original design that was improved upon by Ernst Abbe. Modern
optical microscopes still employ a series of lenses which collect and refract
light in order to magnify images. Today, these instruments are equipped
with additional technological features, detectors, and software which aid the
modern researcher in analysis. These technological advancements have led
to the development of an array of economically priced instruments including
the visible, fluorescence, and confocal microscopes, all of which are now
readily accessible in most research institutions.

Optical microscopes offer several advantageous features which have
contributed to their widespread application in diverse areas of research.
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These advantages include comparatively low instrument and operational
costs, limited instrument maintenance, operation under ambient con-
ditions, limited sample damage, and operational ease of use. However, in
comparison to other microscopic instrumentation, the optical microscope
offers limited lateral resolution (ca. 250 nm), narrow depths-of-focus, and
often requires sample thinning via sectioning to create optically transparent
specimens. While optical microscopes remain incapable of resolving small
colloids with diameters less than ca. 250 nm,84 they provide a means of
rapidly assessing large colloids and colloidal crystal features including pri-
mary and secondary particle size, film striations, large particle movements,
and defects.85–87

Optical micrographs can be collected in either transmission88 or reflective
mode89 (see Figure 6.8a) after performing the standard Köhler illumination
protocol, which is used to optimize contrast and illumination. Sample
preparation is typically executed by drop casting a small quantity of colloid
suspension on a transparent microscope slide for analysis via transmission
mode, whereas for reflection mode, convective deposition is often employed
to deposit a film of stacked colloids along the surface of a gold coated
microscope slide or a similar reflective substrate. These deposition techni-
ques provide a rapid means of preparing samples for particle size analysis
and for the analysis of CC deposition parameters. Additionally, oil immer-
sion lenses are typically employed as a means of increasing the refractive
index of the optical system for the observation of sub-micron colloids. As a
result, optical microscopes have been used extensively as a quick means of
assessing striation defects and patterning generated by inhomogeneous
fluxes which arise during the convective deposition of CC films.90

Figure 6.8 Schematic diagrams of (a) an optical microscope configured to utilize
visible light in transmission mode, and (b) a laser scanning confocal
microscope (LSCM).
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6.8.2 The Fluorescence Microscope

Fluorescence microscopy is an alternative optical technique to visible light
microscopy and often widely employed by colloidal and biological re-
searchers. The fluorescence microscope is configured in a similar manner to
the visible light microscope, utilizing a series of lenses which refract and
magnify light to facilitate imaging. However, fluorescence microscopes only
utilize probes with select wavelengths of light which span a narrow region of
the electromagnetic spectrum. Upon absorption of irradiated light by the
sample, the microscope collects fluoresced photons which are re-emitted by
the specimen. Through the application of fluorochrome dyes, researchers
are able to selectively label colloids with a fluorescent molecular marker
which makes them readily discernable for observation and particle tracing
experiments.91 This unique feature allows colloids and cellular organelles to
be tagged and tracked within a given specimen or application.

The fluorescence microscope operates by irradiating the sample with high
intensity light from the visible portion of the electromagnetic spectrum.92

This highly energetic light, typically from the neighboring vicinity of the blue
region, is reflected towards the sample with a dichroic mirror and focused
into a probe using an objective lens. The fluorophore molecules contained
within the dye are selectively excited by the absorption of these high-energy
photons which act to elevate the dye’s electrons to higher energy states. As
the electrons begin to relax, the absorbed energy is subsequently re-emitted
in the form of fluoresced light which is red shifted along the electromagnetic
spectrum. The fluoresced photons, now possessing characteristic wave-
lengths longer than that of the incident probe, are then transmitted back
through the dichromatic mirror to a detector for analysis.

Fluorescence microscopes are not limited to the analysis of samples which
spontaneously autofluoresce under irradiation of the probe; non-fluorescent
samples can be coated or stained with a fluorochrome dye for observation via
fluorescence microscopy. Thus, most polymer and silica colloids are first
soaked in a fluorescent chemical such as rhodamine-B prior to imaging.93

Through the application of dyes and the employment of multispectral im-
aging, researchers can effectively track and locate the location of small par-
ticles which are deposited within a larger specimen.94,95 These fluorescently
stained colloids have been used to mark the location of select features within
a larger cell,96 biological tissue, or synthetic matrix including hydrogels.97

Similar to the visible light microscope, the fluorescence microscope is
modestly priced, offers similar lateral resolution (i.e., B250 nm), requires
minimal maintenance, and involves limited training. The added aspect of
fluorescence imaging offers a unique method of highlighting select features
for observation at the expense of an additional processing step required to
stain the specimen of interest. While the traditional fluorescence micro-
scope does not greatly improve optical resolution beyond that of the dif-
fraction barrier of visible light, the advent of super-resolution microscopy
now allows the resolution of individual fluorochromes well beyond the
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visible diffraction limit – a technique which will likely continue to gain
popularity in the future.98

6.8.3 The Confocal Microscope

The confocal microscope is widely used for the study of colloids, particularly
colloidal assemblies, due to its ability to selectively image a sample at vari-
ous focal planes which span the optical axis. In a similar fashion to its
fluorescence counterpart, the laser scanning confocal microscope (LSCM)
utilizes a high intensity laser to initiate fluorophore excitation and sub-
sequently collects the fluoresced signals to produce an image. However, a
key feature of the LSCM is its application of a pinhole aperture which is used
to selectively block unfocused rays of light and collect only those rays which
fluoresce from within the focal plane (see Figure 6.8b). This configuration
allows two-dimensional image rendering at various points along a sample’s
optical axis and the ability to compile these serially collected images into a
three-dimensional map of the sample’s internal structure – an important
concept which can be effectively used to assess packing structure in colloidal
solutions and crystals.12,99

Confocal microscopes utilize either a light emitting diode (LED) or, more
commonly, a monochromatic laser to illuminate and probe a specimen of
interest. The light source is combined with a series of pinhole apertures, an
objective lens, and a dichromatic mirror – all of which are employed to
image thin slices of the sample along the optical z-axis.100 The initial light
beam is shaped into a narrow probe via a small aperture and reflected
towards the sample using the dichromatic mirror. Utilizing the same tech-
niques employed by the fluorescence microscope, the confocal microscope
then focuses the light with an objective lens to probe the sample and sub-
sequently collects the fluoresced signals after transmission through the di-
chromatic mirror. However, in the case of the confocal microscope, a narrow
pinhole is placed between the dichromatic mirror and the detector to
selectively filter out undesired rays. By shifting either the sample or the
pinhole aperture along the z-axis, the instrument operator can shift the focal
plane to selectively choose which rays remain in focus, while filtering out
rays which project from undesired focal planes.

The confocal microscope offers many of the same appealing technical
features which are offered by alternative microscopes. Similar to modern
optical microscopes, the confocal microscope is widely available in most
research facilities; they require low maintenance and upkeep, allow in situ
operation under ambient conditions, require only limited training to obtain
images, and their associated costs are generally moderate in comparison to
that of both state-of-the-art optical and electron microscopes. LSCMs offer
slightly improved resolution versus the visible light microscope due to their
utilization of lasers with short wavelengths, yet their resolution is still less
than that of the electron microscope as the LSCM is fundamentally limited
by the diffraction barrier. This makes the LSCM an important instrument
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which bridges the resolution capabilities that can be obtained by the optical
and electron microscopes.

The LSCM has become particularly useful for the study of colloidal crystal
materials and convectively deposited colloidal films.101 The unique ability of
the confocal microscope to selectively exclude unfocused rays of light from
an image, while simultaneously imaging those concentrated at a given focal
plane, makes the LSCM a preferred technique for internal analysis of colloid
packing.43,102 This technique affords a noninvasive method of assessing
colloid solutions and films, without having to prepare optically transparent
specimens via sectioning.21,103,104 In fact, inverted confocal microscopes can
even be positioned under convective deposition instruments for the in situ
analysis of colloidal particles during deposition or when under an applied
shear.105–109 Much like in the case of the fluorescence microscope, colloids
are typically stained with a fluorophore dye prior to confocal analysis.14 This,
in combination with particle tracking techniques such as the IDL method,110

makes confocal microscopy a powerful tool for the in situ analysis of
convectively deposited colloids – a process which is not observable in
vacuum-based microscopes, including scanning and transmission electron
microscopes.13

6.9 The X-ray and Atomic Force Microscopes

6.9.1 The X-ray Microscope

X-ray microscopes bridge the resolution gap between the optical and elec-
tron microscopes through the employment of short wavelength X-rays as
microscopic probes. In comparison to the visible light microscope, these
instruments offer enhanced resolution (dB30–70 nm) and the ability to
operate under ambient conditions – unlike their electron microscope
counterparts. While originally relegated to integration with high-energy
synchrotron X-ray sources, X-ray microscopes are now stand-alone com-
mercial instruments which have been brought to a larger research base.
These high-energy instruments require little sample preparation, allowing
them to probe the internal structure of colloidal specimens without tedious
sample preparation procedures (see Figure 6.9a). Additionally, three-
dimensional scanning techniques now allow multiangle scanning for the
reconstruction of three-dimensional maps.

X-rays possess wavelengths ranging from B0.01–10 nm, which is over an
order of magnitude shorter than visible light, making them prime candi-
dates for use as microscopic probes. This broad wavelength spectrum is sub-
classified into hard X-rays, which are defined as X-rays with wavelengths less
than 1 nm, and soft X-rays, which include X-rays with characteristic wave-
lengths ranging from 1–10 nm. Hard X-rays are primarily utilized for
crystallographic X-ray diffraction studies (XRD) as they diffract along crys-
talline arrays of atoms ca. 1 nm in dimension. Soft X-rays are typically em-
ployed for the analysis of larger specimens, as is the case with the X-ray
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microscope, due to their interaction with particles on the order of tens of
nanometers in diameter.111

The first X-ray microscopes were integrated in terminal endstations con-
nected to large-scale synchrotrons and utilized the bremsstrahlung radiation
emitted by the cyclical revolution of particles which circled within the syn-
chrotron. Due to the inherently small wavelength of soft X-rays, they cannot
be refracted by glass and thus cannot be focused in a similar fashion as
employed by the optical microscope. Additionally, their lack of charge pre-
vents their focusing via electrostatic lenses, typically employed in electron
and ion microscopes. Therefore, X-rays must be focused by utilizing zone
plates or gradually redirected with curved mirrors. Synchrotron based X-ray
microscopes typically syphon off X-rays from the synchrotron and focus
them within the beamline using a series of zone plates. These Fresnel lenses
facilitate the focusing of X-rays via diffraction and direct them towards the
sample. The X-rays then transmit through the specimen and are absorbed by
either a photographic film or a charge coupled device (CCD). Image contrast
is produced by the variable absorption of X-rays across the specimen.

Today’s commercial X-ray microscope employs a sealed X-ray tube for the
generation of soft X-rays. These instruments are readily integrated in traditional
laboratories without the need for high-energy synchrotron radiation sources.
Advances in computer technology now allow three-dimensional rotation of the
specimen and the ability to reconstruct successive scans into a visual 3D map.
These instruments are optimal for the noninvasive imaging and structural as-
sessment of biological and colloidal specimens. Compact versions of the X-ray
microscope will likely grow in application over the coming years, bridging the
resolution gap between the optical and electron microscopes.

6.9.2 The Atomic Force Microscope (AFM)

The atomic force microscope (AFM) utilizes a physical stylus to probe the
surface of a specimen and provide contour-based topographical information

Figure 6.9 Schematic diagrams depicting operation of (a) an X-ray microscope, and
(b) an atomic force microscope (AFM) during tapping mode.
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about the sample (see Figure 6.9b). This physical means of sample analysis
diverges from the traditional radiative and particle-based microscopic
techniques employed by alternative instruments, yet nevertheless provides
unique characteristic information which is particularly useful for the char-
acterization of colloidal crystal films. The AFM was originally inspired by the
scanning tunneling microscope (STM), for which the 1986 Nobel Prize was
awarded to Gerd Binnig and Heinrich Rohrer.112 These instruments, the
AFM and STM, are more generally classified as scanning-probe microscopes
(SPMs) due to their use of sharp-tipped styluses – a probe which is uniquely
suited for the characterization of films.

The scanning tunneling microscope was the first instrument to employ a
physical stylus to probe a specimen and conduct imaging. The STM operates
by applying a voltage across the specimen and then rastering the probe along
the sample in both the x- and y-directions. The instrument then records
voltage-based intensity information associated with the position of the probe
in relation to the specimen and correlates this information into a
topographical map. By utilizing a precisely machined drive shaft and a
piezoelectric crystal, the instrument is configured in a feedback loop that
allows the instrument to raise or lower the stylus in order to maintain a
constant voltage across the sample. If the stylus is brought closer to the
specimen due to a protruding feature, the quantum-mechanical tunneling of
electrons creates a feedback signal which causes the piezoelectric crystal to
lift the probe and maintain a constant distance from the specimen. The
resulting signals are recorded to produce a topographical map. While often
challenging to use and requiring conductive specimens, this technique al-
lows an impressive sub-angstrom resolution (do0.1 nm) in all Cartesian
coordinates (i.e., x-, y-, and z-directions).

The atomic force microscope operates in a similar conceptual manner as
the STM but utilizes a cantilevered tip to raster along a specimen and collect
topographic data. Sample information is obtained using the AFM by either
bringing the stylus into full contact with the specimen, a technique termed
contact mode, or by iteratively tapping the surface of the specimen and
scanning along the x- and y-coordinates of the surface; i.e., tapping mode.
These techniques provide characteristic z-based elevation data which is
mapped in a three-dimensional graph to provide topographical surface in-
formation. Data collection is facilitated by a laser which is reflected off the
end of the tip, towards a photodiode detector. As the cantilever is rastered
along the specimen, slight elevation variations are detected by the photo-
diode and recorded as a topographic map. This technique offers a versatile
approach to imaging and is achieved without the necessity of coating a
specimen in conductive material, as required with the STM.

In comparison to alternate microscopes, commercial AFMs offer impres-
sive lateral resolutions (dB30 nm) at relatively moderate costs; additionally,
more advanced AFM instruments now provide near atomic resolution of
microscopic specimens. The major downside of the AFM is that it only
provides topographic surface information and yields no underlying data
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related to the internal composition or structure of a specimen; this limits the
AFM’s application to the study of films and flat specimens. Thus, the AFM
has been widely employed for the characterization of convectively deposited
CC films in order to assess striation defects.113 Additionally, the quantitative
z-coordinate data provided by the AFM offers a direct measure of slight de-
viations in film thickness – which often remains elusive to characterization
with optical microscopes and difficult to quantify under an electron micro-
scope. Atomic force microscopy will continue to remain a valuable tool in the
spectrum of microscopes available to colloid researchers, as it offers an in-
novative technique for the analysis of convectively deposited colloids.114–118

6.10 Electron Microscopes

6.10.1 Electron Microscopy Background

The electron microscope has revolutionized the field of microscopy by
facilitating imaging of increasingly small features. While visible light
microscopes have a limited resolution of dB250 nm, electron microscopes
offer sub-nanometer resolution. Electron microscopes are generally classi-
fied as either scanning or transmission electron microscopes (i.e., SEM or
TEM), and are termed scanning transmission electron microscopes (STEM)
when combining the two techniques. These instruments excel in the ob-
servation of small colloids less than 250 nm in diameter and enable sim-
ultaneous elemental analysis through in-column characterization with
techniques such as energy-dispersive X-ray spectroscopy (EDS). Additionally,
the recent development of commercial in situ sample holders now allows the
observation of colloidal specimens under environmentally controlled con-
ditions and even colloids which remain suspended within solution.119

Both the SEM and TEM incorporate similar components in their con-
struction. These consist of a series of stacked chambers which operate under
vacuum including: (i) an electron gun used to emit a beam of electrons, (ii)
an evacuated column which houses a series of electrostatic lenses and
apertures, (iii) an evacuated sample port or chamber, (iv) a series of detectors
and viewing monitors, and lastly, (v) a series of vacuum pumps which
evacuate the instrument to create a stable environment for the electron
beam (see Figure 6.10). The TEM probes a sample and collects the resulting
transmitted signals from the opposite side of the specimen in an analogous
fashion to the optical microscope when operated in transmission mode.
Conversely, the SEM typically collects backscattered and secondary electrons
which are ejected from the top of the specimen in a comparable manner to
that utilized during reflection mode with an optical microscope.

In order to generate an electron beam, SEMs and TEMs employ either a
thermionic emission gun or a field emission gun (FEG) under high voltage to
overcome the work function barrier necessary for electron emission. Ther-
mionic emission guns are generally cheaper and require less powerful vac-
uums than field emission guns; however, they lack the brightness, lifetime,
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and resolution that can be achieved by utilization of a field emission gun.
Thermionic guns consist of an evacuated chamber which houses a ther-
mionic triode consisting of a filament, grid cap, and anode. The thermionic
filament, often tungsten (W) or lanthanum hexaboride (LaB6), is first heated
through the application of a high voltage which typically reaches as high as
300 kV. Thermionic emission is then achieved by flowing current through
the heated filament, resulting in the emission of electrons into the grid gap.
In order to harness and focus this cloud of emitted electrons, a bias voltage
is applied to the grid cap – commonly referred to as a Wehnelt cylinder –
which funnels the electrons through a narrow opening in the cylinder.
Lastly, an anode is positioned below the cylinder to accelerate the beam
upon entrance to the evacuated column of lenses.

Field emission guns utilize a selectively engineered tungsten single-
crystal, which is highly sharpened to a fine tip and immersed in a strong
electric field, in order to effectively strip electrons out of the filament. This is
achieved by bringing the FEG tip in close proximity to a series of anode
plates. As opposed to thermionic guns, which effectively boil off electrons
from the tip of the filament, this design greatly reduces the work function
barrier necessary for electron emission and allows the electrons to quantum-
mechanically tunnel from the tip of the crystal into the evacuated electron
column. FEGs are generally classified as either Schottky field emitters, which
are heated to assist in electron emission, or cold field emitters, which em-
ploy highly pristine FEG crystals for low temperature operation. FEG
microscopes are employed in both SEMs and TEMs and provide the high
current densities necessary to resolve features on the atomic scale.

Figure 6.10 Schematic depiction of the primary components which comprise (a) the
transmission electron microscope and (b) the scanning electron
microscope.
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After initial formation of the electron beam, the electron probe is shaped
by the operator using a series of electrostatic lenses, apertures, and multi-
pole correctors housed within the evacuated column. These components
each accomplish tasks necessary to focus the electron probe and are
analogous to the components utilized in the optical microscope to focus
light. The apertures are inserted in the beams’ pathway in order to restrict
current flow through the column, much like that employed in the visible
light microscope to control illumination. Apertures also help define the
diameter and convergence angle of the beam in order to produce either a
narrow convergent probe, or a wider, more collimated beam. Similar to the
visible light microscope, electron microscopes typically employ at least two
lenses for probe formation; these include the condenser lens and the ob-
jective lens. Electrostatic lenses consist of copper windings encased in an
iron housing and allow the operator to focus the beam along a specified
optical axis, eliminate aberrations, and correct for astigmatisms.

The condenser lens, the first lens encountered by the beam, acts to de-
magnify the electron beam and ultimately governs both the probe diameter
and current. The condenser lens can be strengthened or weakened through
manipulation of the electromagnetic field surrounding the beam in order to
control the amount of crossover and thus control the amount of electrons, or
current, that remains aligned along the optical axis and permitted through
the column. The objective lens is used to focus the beam in order to provide
optical resolution when imaging the specimen. In the SEM, the objective
lens is placed above the sample, whereas the TEM is typically configured
with the objective lens positioned underneath the sample. The SEM utilizes
an objective lens to converge the beam to a focal point located at a desired
working distance (WD) from the final pole piece of the objective lens onto
the surface of the sample. Conversely, the TEM uses the objective lens in
order to magnify the beam for projection on either a fluorescent screen or
electronic detector after transmitting through the sample.

Multipole correctors – including quadrupoles, sextupoles, and octupoles –
are utilized for the correction of axial astigmatisms and lens aberrations.
Multipoles are composed of a series of north and south magnetic dipoles,
generated by a sequence of solenoid coils, and aligned along azimuthal
angles perpendicular to the optical axis. Quadrupoles are commonly em-
ployed for the correction of astigmatisms, while sextupoles and octupoles
are utilized for the correction of lens aberrations such as spherical ab-
errations (Cs) and chromatic aberrations (Cc).120 Multipoles are often ar-
ranged in a stacked format along the optical axis allowing redirection of the
beam’s pathway. Scanning coils are also employed within EMs in order to
deflect the electron beam; by altering the amount of current delivered to
these coils, an operator can divert the beam and raster it along the surface of
a specimen. This technique is a primary aspect of the SEM and is employed
within most modern TEMs to offer operation via scanning transmission
mode. While probing a specimen with the electron beam, information is
collected via a series of detectors and the resulting images are projected on
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either a monitor or a fluorescent screen. While both the SEM and TEM
employ several similar components for the magnification and imaging of a
specimen, there are several key features crucial to the understanding of the
operator. The following sections will highlight the differences between the
SEM and TEM during the characterization of colloid-based samples.

6.10.2 The Scanning Electron Microscope (SEM)

The scanning electron microscope operates by rastering a beam of electrons
along the surface of a colloidal specimen and collecting ejected electrons,
including backscattered and secondary electrons (i.e. BSEs and SEs), which
are re-emitted from the sample to produce an image. The ejected electrons
are collected by either an Everhart–Thornley (ET) detector or a solid-state
detector (SSD) which are typically positioned above the sample. Imaging is
accomplished by converting the relative number of electrons emitted from
each point, or picture element (i.e., pixel), located along the surface of the
sample and converting this quantity into a numerical contrast value which is
mapped on the viewing screen. The result is to provide a familiar and ap-
pealing depiction of the specimen that is easy to interpret.

Scanning electron microscopes offer many advantages versus the optical
light microscope, yet also impart several limitations that a colloid researcher
must consider. The scanning electron microscope offers improved reso-
lution in comparison to optical microscopes, allowing colloidal features as
small as ca. 1–10 nm to be resolved.16 The SEM also facilitates imaging with
a much larger depth-of-focus versus the visible light microscope; this allows
features which are displaced by several microns along the optical axis to
come into focus simultaneously. Additionally, the SEM is capable of ana-
lyzing thick samples which are not optically transparent, allowing the
characterization of thick colloidal crystals without the need to perform
delicate sectioning techniques.121 However, the SEM also provides several
limitations which are encountered during the characterization of colloids.
Scanning electron microscopes operate under high vacuum conditions in
order to generate a stable electron beam and achieve high optical reso-
lutions. This prevents the observation of fluids and suspensions, requiring
samples such as colloids to be dried from their native suspension prior to
imaging under an electron microscope. Unfortunately, the SEM’s incorpor-
ation of vacuum components translates into a substantial increase in
instrument cost.

Colloid samples are readily prepared for SEM analysis by simply drop
casting a small quantity of suspended colloid solution on the surface of an
aluminum sample stub or by adhering a colloidal film to the stub using
conductive tape. Non-conductive colloid specimens are then sputter coated
with a thin layer of carbon, iridium, or gold prior to analysis in order to
improve their conductivity. When imaging colloid samples with a SEM,
several key operating parameters must be selected to optimize image quality
and resolution. These parameters include accelerating voltage (kV), probe
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current (ip) – or spot size – the working distance (WD), and the convergence
angle (a). The optimal resolution of nano-colloids (dia.o10 nm) and
small surface features is best achieved by utilizing low accelerating voltages
(B5 kV), small spot sizes (low current), high magnification, short working
distances (WDo10 mm), and large convergence angles (wide apertures).
This allows the observation of small colloids which remain indistinguish-
able under an optical microscope. Conversely, large colloids are best ob-
served by employing low magnification, larger working distances
(WD410 mm), small convergence angles (small apertures), and moderate
accelerating voltages.122 These settings are best used when a large depth-of-
field is desired in order to assess large expanses of colloids and for the
analysis of particle packing and assembly.123–126

Common challenges often encountered during SEM imaging of colloidal
specimens are the effects of sample charging and beam damage, which arise
due to the use of the highly energetic electron probe to analyze non-
conductive materials. Localized surface charging presents a common chal-
lenge during SEM imaging as many colloids consist of either a
nonconductive polymer latex, or a semiconducting oxide material. Electron
probes bombard the sample with a large quantity of negatively charged
electrons which must be effectively dissipated from the surface of the spe-
cimen in order to obtain an image. Without proper charge dissipation, the
electron beam is repelled from the surface of the sample and effectively
blinds the detector. Additionally, the high energy electrons are typically ac-
celerated by voltages on the order of 2–30 kV; this is relatively high in
comparison to the chemical bonding strength of colloids, which only range
on the order of a few eV per bond, and often damages the specimen. Beam
damage is evidenced by time-resolved changes in the sample’s appearance,
while sample charging is noted by bright regions distributed along the
sample’s surface, which saturate the detector and prevent imaging.

Fortunately beam damage and surface charging can be mitigated by re-
ducing the accelerating voltage of the electron gun (e.g. B2–5 kV) and by
sputter coating the sample in a highly conductive covering (B5 nm thick)
often composed of carbon, gold, or iridium. A reduction in accelerating
voltage effectively reduces sample damage while the metallic coating helps
dissipate the accumulated surface charge. Furthermore, modern environ-
mental scanning electron microscopes (ESEMs) now facilitate the addition
of a low partial pressure gas, such as water vapor or CO2, which can be
dispersed within the sample chamber to assist in the dissipation of surface
charge.127 These techniques can be utilized in combination to eliminate
both sample charging and beam damage, allowing imaging of virtually all
colloidal specimens.

6.10.3 The Transmission Electron Microscope (TEM)

The transmission electron microscope utilizes similar components as the
SEM, employing a series of electrostatic lenses, multipole correctors, and
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stigmators to generate an electron probe for specimen examination.128 TEMs
are constructed in a design that closely resembles that of the optical trans-
mission microscope, yet employs the elastic and inelastic scattering of
transmitted electrons to generate image contrast and project a magnified
image. Advanced TEMs currently offer the highest resolution capabilities of
all microscopes; this is achieved by the application of electrons, which
possess short de Broglie wavelengths, as opposed to electromagnetic probes.
For sample imaging, a specimen of interest is thinned to a few hundred
nanometers or less – such that it remains electron transparent – and is
subsequently inserted in the pathway of the beam for imaging. Electrons
then bombard the sample, penetrating the specimen in thin areas, while
being scattered in thicker areas. This generates a silhouette-like image which
can be resolved by magnifying and projecting the beam onto a fluorescent
screen or digital imaging device.129

As with all microscopes, TEMs offer several advantages and limitations.
TEMs offer the highest resolution of all microscopes, provide
elemental z-contrast due to the inelastic scattering of electrons, allow inte-
gration of in-column elemental analysis techniques, and now offer in situ
analysis via the application of specially engineered environmental sample
holders.130 However, TEMs also have large associated costs, demand high
vacuum conditions, and require substantial training and beam time to
utilize these complex instruments at their optimal resolution limit. Yet,
these limitations are only minor obstacles in comparison to the valuable
information and atomic-level resolution that can be obtained with an ad-
vanced transmission electron microscope.

Colloid samples are readily prepared for TEM analysis by simply de-
positing a colloidal specimen on the surface of a TEM grid. Liquid speci-
mens can be dried on the surface of the grid; while powdered, colloidal
crystals are typically ground with a mortar and pestle before iteratively
raking the grid within the powder. TEM grids generally consist of a metallic
mesh, often composed of copper, nickel, or gold, which is used as a rigid
frame to support an outstretched carbon film. This sub-nanometer thick
carbon film is manufactured as either a solid film or a holey, web-like net
that acts as a canvas to electrostatically capture colloid particles for analysis.
After dispersion of the specimen, the grid is then clipped into place within a
sample holder and inserted in the TEM for analysis.

TEMs typically operate at relatively high accelerating voltages (i.e., 80–300 kV)
in comparison to SEMs. This provides enhanced resolution and gives the
electrons the energy necessary to transmit through the specimen. TEMs have
been used to assess the packing of small colloidal crystals, validate the
arrangement of binary colloid assemblies,61,131 and identify catalytic surface
moieties dispersed along the surface of colloidal supports and Janus par-
ticles.17,132,133 Additionally, the variation in trajectories of electrons which
are scattered by heavy versus light elements, a phenomenon which generates
atomic z-contrast, offers a means of visually distinguishing heavy elements
dispersed either on the surface or within the bulk portion of a colloid.134
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6.10.4 Scanning Transmission Electron Microscopy (STEM)

Many modern TEMs are now equipped with a series of scanning coils located
above the specimen holder which can be used to raster the TEM’s beam in a
scanning-transmission process. This technique, termed scanning trans-
mission electron microscopy, collects transmitted electrons which project
through the sample during a rastering process which incorporates features
similar to both SEM and TEM operation.135 During STEM operation,
the electron probe is shaped to converge to a narrow tip much like that
utilized by SEMs; this is opposed to the larger, more collimated beam of
electrons employed by TEMs. By utilizing a narrow electron probe, the STEM
instrument is able to obtain high resolution images and perform EDS
mapping.136

STEM instruments typically employ a series of high-angle annular dark-
field (HAADF) detectors which are positioned below the sample in order to
collect elastically scattered electrons.137 These detectors create an inverse
depiction of that obtained during TEM imaging and consist of a dark
background with bright spots corresponding to electrons which were for-
ward scattered by the sample. Imaging via STEM-HAADF offers optimum
resolution and pronounced z-contrast,138 excelling in the detection of small
atomic clusters and catalytic moieties located on the surface of a larger
colloidal particle.79 Additionally, transmitted electrons can be simul-
taneously collected by detectors located below the sample to produce en-
hanced resolution images analogous to that collected during operation
under TEM mode. Furthermore, the unique scanning and rastering STEM
process allows simultaneous EDS characterization in order to generate
atomically precise chemical maps of the specimen.139–141 This remarkable
in-column combination facilitates direct imaging of a specimen on the
atomic scale, with point-by-point chemical mapping of atomic species.

6.10.5 The Ion Microscope

Ion microscopes utilize a similar design to electron microscopes to image a
specimen, but employ ions – as opposed to electrons – as a probing source.
Ions are a fascinating probe option as they have substantially larger masses
than electrons and thus possess considerably reduced de Broglie wave-
lengths. This makes ion microscopes, when operated at comparable ener-
gies, theoretically capable of resolving much smaller features than that
possible with even the most advanced electron microscopes. Yet, despite the
fact that ion microscopes have been in development for over 60 years, their
maturation and commercialization has significantly lagged behind their
electron-based counterparts; this is primarily due to technical difficulties
related to the development of stable ion sources. However, with the advent of
more recent technological developments, ion microscopes have achieved
rapid advances in resolution and are now equipped with a variety of probes
including gallium (Ga1), helium (He1), and neon (Ne1) ions.
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Ion microscopes offer the unique ability to not only image a specimen, but
perform nanofabrication via the precise deposition and removal of material
to produce nanoscale structures. This concept has led to the development
of several application-driven sample processing techniques which have
rapidly matured through collaborative interaction between the EM and
semiconductor industries. Ion beams are typically configured as either a
dedicated ion microscope or integrated with an electron microscope
(i.e., E-beam), as a single stand-alone instrument, equipped with two distinct
beam columns. These dual-beam (DB) nanofabrication instruments facili-
tate the precise additive and subtractive manufacturing of nanostructures
well within the size range of even the smallest colloids. DB instruments ty-
pically employ an E-beam for imaging, while the ion beam is utilized for the
addition and subtraction of material. These innovative tools are used for the
precise milling of a sample to fabricate cross-sectional specimens for in-
ternal, depth-profiling-based analysis and for the preparation of lamellar
specimens for subsequent TEM analysis.142

The principal ion microscopes which are currently available on the market
include the gallium-based focused ion beam (FIB) instrument and the more
recently commercialized helium ion microscope (HIM). These instruments
employ either a liquid metal ion source (LMIS) to generate an ion beam, as is
the case with the gallium-based FIB, or a gas field ion source (GFIS), as
utilized by He1 and Ne1 instruments. While both probe sources offer similar
imaging and nanofabrication applications, recent GFIS advances will likely
lead to a shift in the application and marketplace of these two comple-
mentary ion microscopes. The following sections will highlight the appli-
cation of ion microscopes for the analysis of colloidal specimens.

6.10.6 The Focused Ion Beam System

The Ga1 focused ion beam system is currently the most widely used ion
microscope available on the market. The FIB has evolved from a single-
column instrument – which employed an ion beam for both imaging and
nanofabrication – into a two-column (i.e., dual-beam) instrument which
employs both an E-beam and an ion beam for imaging and milling re-
spectively. The first FIBs were primarily utilized for the preparation of thin
TEM lamella and cross-sectional specimens. These instruments offered an
astounding reduction in the time required to prepare TEM samples from
bulk specimens; a process which could often take years of iterative polishing
and etching steps to complete. Today the FIB is typically integrated with the
SEM in a series of powerful stand-alone instruments, each of which function
as complete characterization and nanofabrication laboratories.143

Dual beam FIB instruments employ both electron and ion beam columns
which are strategically angled – with the ion beam typically rotated at a 521
angle in relation to the E-beam – such that each beam is coincident upon the
same point on the specimen. After setting the eucentric height of the in-
strument so the sample does not shift upon tilting of the stage, the sample is

The Advanced Microscopy of Colloids 227

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

01
91

View Online

https://doi.org/10.1039/9781788016476-00191


freely allowed to tilt towards each beam for observation and the precise
addition or ablation of material. The electron beam is typically produced by
a field emission gun while the ion beam is produced by a liquid metal ion
source. In a process similar to that utilized by the electron microscope’s FEG,
the focused ion beam system utilizes an LMIS which is immersed within a
strong electric field in order to generate an ionized beam of Ga1. Gallium,
which is a highly viscous metal near room temperature, is stored in a spring-
like reservoir located atop the LMIS’s tungsten filament. Upon resistive
heating of the filament, the viscous gallium metal slowly flows downwards
and forms an extended Taylor cone at the tip of the LMIS. Ga1 ions are then
gradually stripped from the cone by the electric field and directed towards
the sample via a series of electrostatic lenses and scanning coils which are
configured in a similar arrangement to that found in the SEM.144

The Ga1 FIB instrument is generally a destructive technique, yet with
proper operation this ion microscope can be used for imaging, material
ablation, and material deposition. While the electron beam is primarily
utilized for high resolution imaging, ion beam imaging is often used to
quickly locate features and check coincidence in order to ensure precise
nanofabrication. Upon irradiation of a sample by the Ga1 beam, a stream of
secondary electrons, backscattered gallium species, and surface atoms are
ejected from the sample. By varying the current of the ion beam, i.e. spot
size, an operator can control the rate of material sputtering in order to gently
image the sample or quickly sputter away large amounts of material. Low
currents and fast scan rates offer imaging of the sample with minimal
sputtering, while high currents and slower scan rates can be used to quickly
etch away large portions of the sample. Imaging is achieved by either col-
lecting the ejected secondary electrons with an ET detector or by utilizing a
silicon drift detector (SiDD) to count the number of backscattered Ga1 ions
emitted at each point along the specimen.

The FIB has been historically used for the preparation of TEM lamella (i.e.,
coupons) and cross-sectional specimens which are prepared by a combin-
ation of material deposition and sputtering. Material deposition is executed
by inserting a gas injection needle into the chamber and passing a low
partial-pressure precursor gas over the sample. The ion beam is then used to
decompose the precursor gas and deposit a layer of material (e.g. Pt, W, or C)
of tailored thickness onto the sample in a process known as FIB-assisted
chemical vapor deposition. This technique can be utilized to build small
nanostructures, precisely edit semiconductor circuitry, or to deposit pas-
sivating layers for the preparation of TEM lamella. Thus, the dual-beam FIB’s
combination of both an electron beam and ion beam offers a complete suite
of nanofabrication techniques, all housed within a single instrument.

While the FIB will continue to play a dominant role in the field of nano-
fabrication, particularly for the semiconductor industry, it also offers a
powerful tool for the characterization of colloids. The FIB’s remarkable
sputtering and imaging capabilities can be used for the assessment of in-
ternal particle packing in colloidal films and CC powders. By tilting the stage
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and sputtering away a quarry shaped cross-sectional pit, the underlying
layers of the sample become readily observable by the E-beam. A cross-
sectioned sample can then be carved even further and the resulting coupon,
or lamellar slice, can be removed via the in situ lift-out process (i.e., INLO) for
subsequent TEM analysis.145 Another potential colloidal application of the
FIB is for the nanofabrication of custom-built microfluidic channels for the
study of fluid flow in confined channels. These small interwoven waterways
demonstrate unique flow properties not observed on the macroscale and
have seen a surge of interest by colloid researchers in recent years.146,147

Thus, the FIB offers a versatile in-house tool for the customized preparation
of colloidal specimens and application-specific research components.

6.10.7 The Helium Ion Microscope

The helium ion microscope (HIM) has been in various stages of development
for the past 60þ years, yet has only recently become a commercial reality.
This unique instrument has evolved from the field ion microscope (FIM)
which was first constructed by Erwin Müller in 1951.148 Müller’s FIM was a
rather simple device but was able to resolve individual atoms for the first
time in history! The original FIM operated by adding small doses of helium
to an evacuated flask which contained a biased tungsten needle positioned
near a counter electrode. Each tungsten atom protruding from the apex of
the needle effectively ionized the He gas, emanating hundreds of He1

beamlets. These low current density beams were each projected onto a
fluorescent screen to form an image of the lattice of tungsten atoms located
along the tip of the needle. Unfortunately, the FIM’s tip lacked the stability
required to make this instrument a viable commercial microscope, yet it
remained an inspiration for the eventual development of the gas field ion
source which has made the helium ion microscope a commercial reality
today.149

The HIM operates in an analogous manner to both the FIM and SEM but
employs a GFIS to generate a probe of He1 ions. In order to produce a stable
He1 beam, the GFIS is shaped into an atomically sharp, three-pronged
pyramidal tip. This pyramid structure maintains the prolonged stability
necessary to make the HIM a viable commercial instrument. At the top of the
pyramid rest just three atoms, each of which emit a beam of He1 ions from
the tip of the GFIS in the same process as that utilized by the FIM. Using an
aperture, just a single He1 beam is selected to pass through the column and
probe a specimen of interest. This beam is focused and rastered across the
sample using the same series of electrostatic lenses and scanning coils
employed by the SEM. As each ion beam collides with the sample, multiple
secondary electrons and occasional backscattered helium ions are released.
Using an ET-detector, the resulting SEs can be collected in the same process
as that employed by the SEM. Additionally, in a process termed Rutherford
backscattering (RBS), the HIM allows imaging using a silicon drift detector
(SiDD) to collect backscattered ions which are inelastically scattered by the
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sample.150 The RBS technique provides z-contrast and compositional in-
formation, as the incident ions are more effectively scattered by elements
with higher atomic numbers, resulting in an intensity-based spatial image
correlating to elemental composition.151

The helium ion microscope offers several remarkable image enhance-
ments over the SEM including improved resolution, enhanced image con-
trast, larger depths-of-field, and increased brightness.152 These superior
imaging properties are achieved due to the use of the atomically sharp GFIS
tip which allows a significant reduction in probe size. The GFIS achieves a
high current density per spot size and affords nearly three times the reso-
lution of a standard field emission SEM. Additionally, the mass of the He1

ion far exceeds that of the electron, providing He1 ions with a markedly
reduced de Broglie wavelength (i.e., lHe{le�) and minimal diffraction
effects. This added mass also helps eject a substantially greater number of
SEs from the sample upon irradiation, resulting in increased signal and
brightness. In addition to these outstanding imaging properties, the appli-
cation of positively charged ions results in limited sample charging and
damage, eliminating the need to coat samples in a conductive material.153

This makes He1 ions a suitable choice for the characterization of sensitive
materials including biological specimens and soft polymer colloids.

In the future, the HIM will likely see further applications development
focused on nanofabrication and the employment of He1 sputtering techni-
ques to cut cross-sectional regions from delicate samples (i.e., polymer col-
loids) for the assessment of internal composition and morphology. While
the HIM is still an emerging technology, its use will undoubtedly become
more widespread, particularly for colloid analysis, where its large depth-of-
focus can assist in the characterization of particle packing arrangements.
Additionally, as the application of the helium ion microscope broadens its
user base, its substantial cost – which remains its largest downside – will
likely drop significantly.

6.11 Instrument Selection for Colloid Analysis
The spectrum of microscopes available to the modern researcher offers a
wide selection of capabilities and costs which must be considered prior to
sample analysis. Additionally, with the ever-evolving field of research, one
must constantly consider the potential of instrument reconfiguration for the
combinatorial analysis of a specimen. While the resolution capabilities of
the microscope have finally surpassed the diffraction barrier of the optical
microscope, allowing imaging of the complete scale of colloids (i.e., 1 nm to
1 mm), it is important to select the appropriate instrument for analysis of a
sample in order to obtained the desired information (see Table 6.1).

The optical microscope, which employs visible light as a probe, can be
used to study the surface morphology of colloidal films and larger striation
defects. However, this instrument is ultimately limited to a lateral resolution
of approximately 250 nm. Fluorescence and confocal microscopes offer
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similar lateral resolution capabilities and the ability to detect colloids which
are dispersed in a larger biological cell or synthetic matrix. These instru-
ments offer the unique ability to dye a colloid with a fluorescent chemical
marker and track its location in a given specimen. The X-ray microscope
employs an electromagnetic X-ray probe to reduce the diffraction barrier and
resolve smaller features than is possible with the optical microscope. Three-
dimensional versions of the X-ray microscope are now commercially avail-
able as stand-alone instruments which offer resolutions on the order of
B70 nm and the ability to three-dimensionally reconstruct the internal
structure of a colloidal specimen. Additionally, the atomic force microscope
offers a versatile microscopic technique for the analysis of colloidal films via
physical contact with a stylus. AFM offers resolution on the order ofB30 nm,
with advanced instruments approaching atomic level resolution.

Scanning electron microscopes offer advanced analysis of surface
morphology and simultaneous chemical analysis through the utilization of
energy dispersive X-ray spectroscopy. These instruments now offer lateral
resolutions on the order of a few nanometers. Similarly, their TEM coun-
terparts offer the most powerful resolution capabilities of any microscope,
with many instruments now capable of resolving sub-nanometer-sized fea-
tures and the ability to distinguish individual atoms. TEMs offer additional
in-column compositional capabilities, including EDS, cryo-EM, and even
in situ analysis with the application of advanced sample holders. The ap-
plication of cryo-TEM and in situ sample analysis will provide a rich field of
research for the future characterization of colloids. Within the past few
decades ion microscopes – including the Ga1 FIB and the He1 HIM – offer
the ability to selectively mill and deposit material for the nanofabrication of
specimens. These instruments now offer resolutions on the order of

Table 6.1 A list of common microscopic instruments and their approximate
resolution capabilities.

Instrument Probe
Lateral
resolution (nm) Notes

Optical Visible light 250 Packing morphology, deposition
defects

Confocal Laser 150 Packing and 3D reconstruction
3D X-ray X-rays 70 Packing and 3D reconstruction
AFM Physical

contact
30 Surface morphology and surface

properties
Gallium ion Ga1 ions 15 Surface morphology, chemical

analysis (EDS), fabrication (milling
& deposition), 3D reconstruction

SEM Electrons 2 Surface morphology, packing
analysis, chemical analysis (EDS)

Helium ion He1 ions 0.5 Direct surface imaging, chemical
analysis

TEM Electrons 0.1 Morphology, structure, chemical
analysis (EDS and EELS), 3D
reconstruction
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B0.5–10 nm, with the He1 microscope rapidly offering advanced imaging
capabilities, without the need to coat or passivate the surface of the speci-
men. These instruments offer a versatile toolbox for the thorough analysis of
colloidal specimens of all size scales.

6.12 The Microscopy of Colloids – A Summary
Colloids are defined by the IUPAC as any collection of suspended, micro-
scopic particles which range in size from 1 nm to 1 mm. Today however, this
designation has grown to more generally define any collection of micro-
scopic particles which are dispersed in a continuous medium or deposited in
a colloidal crystal matrix. Colloids have become essential for the industrial
scale manufacturing of latex polymers; provide an inorganic support for the
deposition of catalytic surface moieties; and have even been launched into
space for the uniform synthesis of monodisperse calibration standards.
These small microscopic particles were first coveted as natural opal rock
specimens, consisting of multitudes of hydrated silicon dioxide spheres
which are packed in ordered arrays and found within natural mineral de-
posits. Under natural light, these sub-micron particles produce a brilliant
rainbow-like diffraction effect which is easily discernable and sought-after by
gem hunters. Yet, the same principle of light diffraction which makes opals
appealing to the eye, also provides a barrier to their analysis with the visible
light microscope.

Optical microscopes employ a series of lenses which refract visible light in
order to magnify and project an image. Early versions of the microscope
permitted the observation of plant-based specimens and small biological
cells; however, these still undeveloped instruments were fundamentally
limited in performance due to optical aberrations and the diffraction barrier
of visible light. As the microscope was standardized and improved upon by
researchers including Ernst Abbe at the Zeiss Optical Works Company, many
of the aberrations which plagued these early instruments were corrected for.
Soon however, the diffraction barrier of visible light was reached and – as
demonstrated by Lord Rayleigh – the resolution criterion for visible light
would only allow the observation of specimens B250 nm in diameter or
larger, preventing the characterization of small colloids.

At the turn of the 19th century, scientists predicted that the lateral reso-
lution of the microscope could be enhanced by utilizing microscopic probes
which possessed smaller wavelengths than that of visible light. During this
same time period Louis de Broglie predicted that matter travels as both a
particle and a wave in a similar fashion to electromagnetic radiation. It was
soon proposed that physical probes with extremely small de Broglie wave-
lengths, such as electrons and ions, could be used to resolve increasingly
small features. This idea would spark a revolution in microscope design
which ultimately resulted in the development of the X-ray, electron, and ion
microscopes. Over the course of the next century, developments in vacuum
technology, electron guns, lasers, and electrostatic lenses now allow the

232 Chapter 6

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

01
91

View Online

https://doi.org/10.1039/9781788016476-00191


characterization of even the smallest colloids, with resolutions on the
atomic scale.

Modern microscopes now offer the best means of characterizing colloidal
materials as they provide direct visible evidence of the size, morphology,
aggregation, and polydispersity of a given colloidal specimen. While chem-
ists have continually pushed the boundaries of colloid synthesis to produce
ever smaller particles with monodisperse uniformity in size and shape;
microscope designers have matched the resolution of these small nano-
particles with innovative means of instrument development. Today’s
microscopes now deliver a spectrum of resolution capabilities and also
facilitate simultaneous in-column compositional techniques. In the future,
colloid researchers will continue to benefit from the growing arsenal of
in situ techniques which can be employed to observe colloids in their native
suspensions and under controlled environmental conditions. These in-
novative techniques offer an exciting frontier for the field of colloid science,
through which microscopes will continue to be utilized as primary tools for
colloid characterization for many years to come.
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CHAPTER 7

Simulations in Polymer Colloid
Formation

ARASH NIKOUBASHMAN

Institute of Physics, Johannes Gutenberg University Mainz, Staudingerweg 7,
55128 Mainz, Germany
Email: anikouba@uni-mainz.de

7.1 Introduction
Polymeric nanoparticles (NPs) are increasingly sought after in various scien-
tific and industrial areas, such as biomedical drug delivery,1,2 cosmetics,3,4

and interfacial property modifiers in enhanced oil recovery.5 This broad scope
of applications is achieved through the versatility of NP material properties
and structures. One promising pathway for generating such tailored NPs in
large quantities is flash nanoprecipitation (FNP).6 Here, hydrophobic poly-
mers in solution are rapidly mixed with a miscible aqueous antisolvent in a
confined environment, inducing supersaturation and subsequent aggre-
gation of the polymers. This technique stands out as a one-step continuous
process that operates at room temperature, consumes little energy, and has
the potential to scale up. Further, the FNP process allows for a wide range of
feed materials, which in turn can be used to achieve various particle struc-
tures, including Janus, core–shell, patchy, and lamellar morphologies.

It is clear that the precipitation process and the properties of the resulting
NPs strongly depend on the microscopic properties of the constituent
polymers. However, it is experimentally challenging to determine the
underlying mechanisms because the FNP process takes place on nanometer
length scales and millisecond time scales. Furthermore, it is an expensive
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and time-consuming task to systematically search and screen in the ex-
periments all relevant process parameters, such as the feed ratio, feed
concentration, flow rate, and molecular properties. Computer simulations
can provide considerably more microscopic-level information than experi-
ments and are therefore formidable tools in the study of complex mech-
anisms and morphologies. They also offer advantages in efficient parameter
space searching.

FNP is an inherently multi-scale problem, as the solvent molecules typi-
cally have sizes of a few ångströms, the dissolved polymers are on the order
of nanometers, while the precipitated NPs can have radii up to several
hundred nanometers. Further, this process spans a wide range of time
scales, e.g. the characteristic relaxation times of the polymers are on the
order of nanoseconds, whereas typical mixing times lie in the millisecond
regime. Models with atomistic detail quickly become computationally in-
tractable, both in terms of the number of particles required for such a model
and the number of simulation time steps that are necessary to access the
time scales of interest. Thus, it is crucial to reduce the details of the model as
much as possible, without sacrificing the essential aspects of the system.
This procedure is one of the most challenging aspects of theoretical mod-
eling and simulation, since it is often not clear a priori which contributions
can be safely neglected. In this chapter, we will discuss in detail simulations
in polymer colloid formation with a focus on the FNP technique. In
Section 7.2, particle-based molecular dynamics (MD) simulations are
presented, highlighting the thought process behind the modeling. In
Section 7.3, we discuss how the microscopically detailed MD simulations
can be extended to macroscopic length and time scales through the Kinetic
Monte Carlo (KMC) approach.

7.2 Particle-based Modeling

7.2.1 General Considerations

The first step in developing a computational model consists in mapping out
the experimental parameter space. Typically, FNP utilizes polymers with
molecular weights in the order of M¼ 10–100 kg mol�1 at feed concen-
trations in the range of F¼ 0.01–1.0 mg ml�1. For these conditions, typical
radii of the precipitated NPs vary between a few tens of nanometers and a
few hundreds of nanometers. In order to establish a sense of scale for the
problem, let us consider for example a polymeric NP with a radius of
R¼ 100 nm, consisting of polystyrene (PS) homopolymers with a molecular
weight of M¼ 16.5 kg mol�1.7 We can determine the approximate number of
polymers in a single aggregate by dividing its volume by the volume of a
single PS chain. In Table 7.1 we have summarized the relevant parameters
for selected polymers, and using these data we find Vchain¼M/rPSE28 nm3.
Therefore, each NP contains roughly 4/3pR3/VchainE150 000 polymer chains.
If we now take into account that each of these polymers consists of roughly
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N¼ 160 monomers, which in turn consist each of eight carbon and eight
hydrogen atoms, then we find that roughly 4�108 particles are needed to
represent a single NP in atomistic detail. The situation becomes even worse if
we consider the large number of solvent particles which is required due to
the low feed concentrations of FNP. Another prohibitive constraint of such
atomistic models is the small simulation time step on the order of femto-
seconds required for resolving the fast vibrational modes of the molecules.

It is thus clear that atomistic simulations of the entire FNP process are
computationally impossible and that reductions in model detail are inevit-
able. In united atom (UA) models the number of particles is reduced by
representing a small group of adjacent atoms by one effective bead. For
instance, in the transferable potentials for phase equilibria-united atom
(TraPPE-UA) force fields,11 hydrogen and carbon atoms in a methyl group are
treated as a single interaction site. Such an approximation is reasonable for
molecular systems where the intermolecular motion is much more import-
ant than the intramolecular one, and it can lead to a substantial perform-
ance increase compared to fully atomistic descriptions. Despite this
reduction in detail, however, UA models are still too computationally taxing
for simulating the FNP process. These models are rather applicable for
studying the behavior of few macromolecules in solution on nanosecond
time scales.12

The number of interaction sites can be further reduced by representing
each monomer by a single (spherical) bead. This level of coarse-graining is
suitable for many problems, where spatial resolution on the monomer level
is desired, but atomistic details, e.g. the orientation of the phenyl groups in
PS, are of minor importance. These models can accurately reproduce
structural and thermodynamic properties of the specific experimental sys-
tems rather well, when the parametrization is performed carefully.13–15 With
this level of coarse-graining, roughly 2.5�107 particles are needed to simu-
late a single polymeric NP, which is in the realm of feasibility for current
supercomputers.16 However, sampling many configurations or exploring
parameter space will be challenging due to the high computational cost.

For sufficiently large intramolecular distances, the spatial correlation be-
tween bonded monomers has sufficiently decayed so that the chains follow
the random walk model, where each step taken in a random direction is
independent of the directions taken in the previous steps. The resulting

Table 7.1 Molecular weight of the repeat unit M0, molecular weight of the
Kuhn segment MK, Kuhn length bK, and mass density r for atactic
polystyrene (PS), cis-polyisoprene (PI), polymethylmethacrylate (PMMA)
and cis-polybutadiene (PBd).

Polymer M0 [kg mol�1] MK [kg mol�1] bK [Å] r [g cm�3] Ref.

PS 0.104 0.720 18 0.969 8, 9
PI 0.068 0.129 9.3 0.910 10
PMMA 0.100 0.598 15 1.13 10
PBd 0.054 0.091 8.3 0.900 10
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random coil consists of NK segments with length bK, and its radius of
gyration, Rg,id, can be computed through:9

Rg;id¼
1
ffiffiffi

6
p bKN1=2

K : (7:1)

Values of bK and NK for typical polymers are listed in Table 7.1. In practice,
NK and bK can be determined by equating the expressions for the radius of
gyration, Rg, and for the contour length, L, from the actual chain and the
equivalent chain with Kuhn segments. The Kuhn segment construction is
useful in that it allows complicated polymers to be treated with simplified
models as a (self-avoiding) random walk. For instance, a PS chain with
M¼ 16.5 kg mol�1 can be mapped to a chain with NK¼ 23 Kuhn segments,
and it has a radius of gyration of Rg,idE3.5 nm. This mapping effectively
reduces the number of particles per chain by two orders of magnitude
compared to the fully atomistic description. This polymer representation
strikes the balance between microscopic detail and computational effi-
ciency, and therefore is the model of choice in several MD simulations of
the FNP process.7,17–19

As the next step, the solvent needs to be modeled. In the experiments,
the polymers are initially dissolved in a good solvent, for example tetra-
hydrofuran (THF) for PS. Under such good solvent conditions, the polymers
attain a swollen coil-like configuration with a sizable amount of solvent
located within the enclosed volume. In contrast, when the polymers are
dispersed in a poor solvent, e.g. water for PS, the chains collapse into compact
globules and aggregate to minimize the interface area with the surrounding
liquid (see Figure 7.1 for a schematic representation). At intermediate solvent
qualities, the intermolecular interactions between polymer chain segments
and coordinated solvent molecules become similar (Y-condition), and the
dispersed chains effectively act like ideal chains. In addition to these struc-
tural effects on the polymer conformation, the solvent also impacts the

(a) (b)

Figure 7.1 Schematic illustration of a polymer with N¼ 10 segments in (a) good,
and (b) poor solvents.
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polymer dynamics by exerting drag on the dispersed particles and mediating
hydrodynamic interactions. There are numerous strategies for incorporating
solvent-induced effects, for example by explicitly representing solvent
particles,7,17–21 by modeling the solvent implicitly using Langevin dynamics
simulations,21 or by coupling the simulations to a computational fluid dy-
namics solver.22 An extensive discussion of the various methods goes beyond
the scope of this contribution, and therefore we will focus on one model and
discuss its advantages and disadvantages in detail.

In many simulation studies of the FNP process, the solvent is represented
with an explicit-solvent model where the solvent particles are represented as
spherical beads. This model captures thermal fluctuations, solvent dis-
placement and hydrodynamic effects. For computational convenience, each
solvent particle is chosen to have the same size and mass as a polymer Kuhn
segment, i.e.B1 nm (cf. Table 7.1). In order to better understand the physical
consequences of this choice, it is helpful to consider the structuring of the
solvent molecules on the molecular level. Figure 7.2 shows the radial pair
distribution functions, g(r), between solvent molecules for THF–water mix-
tures at various water mole fractions, Xw, computed from simulations using
an UA model.12 The radial pair distribution between pairs of water molecules
(see Figure 7.2a) has a clear first peak at an intermolecular distance of rE3 Å,
irrespective of Xw. The g(r) data further indicate local clustering and layering
of water molecules in the shell of nearest neighbors, which become more
pronounced for decreasing Xw. This structuring vanishes for distances r\8 Å,
where the liquid is essentially homogeneous. The THF molecules exhibit a
similar structuring (see Figure 7.2b), with a first peak at rE5 Å and a sub-
sequent layering of THF molecules, which disappears for r\15 Å. The g(r)
data for pairs of water and THF molecules shown in Figure 7.2c reveals the
presence of two pronounced solvation shells of water around THF molecules
at rE3 Å and rE5 Å, respectively. For larger distances r\10 Å, we find g(r)E1,
which indicates homogeneous mixing of the two liquids. (Similar results
for g(r) were obtained in other UA23 and fully atomistic24,25 simulations of
THF–water systems.) In summary, the solvent can be regarded as structure-
less in the spatial resolution of our simulation model, i.e.B1 nm.

There are various strategies for modeling the rapid mixing of good solvent
and poor solvent in FNP. One possibility is to use distinct particle types for the
good and poor solvent particles, as proposed in ref. 26. Initially, the polymers
are dispersed in a good solvent. Then, at a certain time some of the solvent
particles change their interactions with the polymers to those of poor solvent
particles. These identity changes occur only for solvent particles beyond the
interaction range with the dispersed polymers in order to avoid unphysical
sudden changes. The effective fraction of poor solvent locally experienced
by the polymer changes gradually as the solvent particles diffuse into the
formerly protected volume. On the one hand, this model closely mimics the
experiments and it is able to capture effects such as solvent trapping, which
can play an important role in the structure formation in FNP.27 On the other
hand, this approach can quickly become computationally taxing when the
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polymer concentration increases, due to the overhead of determining the
protected volume around the individual polymers. (In fact, current studies
using this model are limited to a single polymer in solution.26)

Alternatively, the solvent exchange can be mimicked by gradually changing
over a fixed mixing time, tmix, the interaction between the polymer beads and
all solvent particles in the system. This strategy was employed in several
simulation studies of the FNP process,7,17–21 and can be motivated by the fact
that the good and poor solvent particles are essentially homogeneously mixed
on the spatial resolution of a solvent particle (cf. Figure 7.2c). However, it
should be noted that such mean-field type models cannot capture the frac-
tioning of good and poor solvent, which can occur when polymers are added to

0.0
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(a) Xw = 0.3
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Figure 7.2 Radial pair distribution function, g(r), between the center of mass
positions of (a) water–water, (b) THF–THF, and (c) water–THF molecules
at various water mole fractions Xw.
Reproduced from ref. 12 with permission from American Chemical
Society, Copyright 2018.
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the solvent mixture.12,27 For example, recent UA simulations12 of PS in THF–
water mixtures have revealed a small mixing regime (water mole fraction
Xw¼ 0.75), where a sizable fraction of residual THF molecules was trapped
inside the collapsed polymers, with an excess amount located at the globule–
solvent interface, serving as a protective layer between the hydrophobic PS and
the surrounding water-rich mixture. Nonetheless, this simplified model cap-
tures the essential aspects of the FNP process, and therefore we will focus on
this model for the remainder of this work.

7.2.2 Model Details

In this section we will concentrate on the specific choices for the interaction
potentials and the parameterization of the model. As discussed in
Section 7.2.1, we represent the polymers on the level of Kuhn segments to
expedite the simulations. In practice, this is achieved by using a bead–spring
model, where each Kuhn segment is represented as an individual spherical
bead with mass m. The nonbonded interactions between the beads are given by
the standard Lennard–Jones (LJ) potential:

UMMðrÞ¼ 4e
s
r

� �12
� s

r

� �6
� �

; (7:2)

with interparticle distance r¼ |r j� ri|. The prefactor e dictates the strength of
the interaction, while the parameter s corresponds to the diameter of the
beads. (Note that the pair potential is usually truncated for distances beyond a
predefined cutoff radius, rcut, for computational efficiency.) If not stated
otherwise, s, e, and m will be used as the units of length, energy, and mass
respectively in the simulations. The LJ potential is chosen due to its functional
simplicity and because it has been used extensively in prior studies,28–33 but in
general more complex interactions are also possible, such as the Morse or Mie
potentials. Another advantage of the LJ potential is its generic nature, which
helps to reveal the principal physical mechanisms behind the FNP process,
instead of concentrating on a single specific monomer chemistry. It is also
possible to use this model for simulating FNP of homopolymer blends17,18

and block copolymers.19 To this end, the parameter e in eqn (7.2) for the in-
terspecies interactions needs to be adjusted to achieve the desired surface
tension17,18 or Flory–Huggins interaction parameter, w.19,33

Covalent bonds are mimicked via the finitely extensible nonlinear elastic
(FENE) potential:34

UFENEðrÞ¼
� 1

2
kr2

0 ln 1� r2

r2
0

� �

; r � r0

1; r 4 r0

8

<

:

; (7:3)

with spring constant k and maximum spring extension r0. These parameters
are set to k¼ 30e/s2 and r0¼ 1.5s to prevent unphysical bond crossing.35 The
resulting equilibrium bond length for this parameterization is bE0.97s.
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The surrounding solvent is modeled explicitly as a liquid of LJ particles
with the same size and mass as the polymer beads (see Figure 7.1). Following
ref. 36 and 37, a reduced number density of rs¼ 0.66s�3 was used, and the
solvent–solvent interaction strength was set to eSS¼ e. For this choice of
parameters, the Schmidt number of the LJ solvent is ScE10, which is suf-
ficiently large for describing a liquid-like medium.36,38 The solvent quality
can be controlled by tuning the cross interaction between solvent particles
and monomers:29

UMS(r)¼ gUWCA(r)þ (1� g)UMM(r), (7.4)

where UWCA(r) is the purely repulsive Weeks–Chandler–Andersen (WCA)
potential,39 which is obtained by truncating eqn (7.2) at r¼ 21/6 and shifting
it by e. The dimensionless parameter 0rgr1 controls the solvent quality; for
g¼ 0, the solvent–monomer interaction becomes identical to the monomer–
monomer interactions, resulting in good solvent conditions. For g¼ 1,
however, UMS becomes purely repulsive so that the monomers want to
minimize contact with the surrounding solvent particles, effectively
mimicking poor solvent conditions. Y-conditions are achieved at gE0.05 for
the present parameterization.29

In ref. 7, 17–19, MD simulations of this model were performed using the
HOOMD-blue software package16,40 on graphics processing units (GPUs).
Simulations were conducted in the NVT ensemble using a cubic simulation
box (edge length Lbox) with periodic boundary conditions in all directions
to mimic bulk conditions. A Nosé–Hoover thermostat using the Martyna–
Tobias–Klein equations41,42 was employed to fix the temperature at T¼ e/kB

with kB being Boltzmann’s constant. This thermostat couples the system to
an (implicit) external heat reservoir through a fictitious spring, allowing for
heating as well as for dissipation of excess heat. The coupling strength can be
tuned via the damping time of the spring, tNH. Too large values of tNH (loose
coupling) may cause poor temperature control, whereas too small values
(tight coupling) may cause high-frequency temperature oscillations. It was
found that tNH¼ 0.5 leads to quick equilibration as well as good temperature
stability and therefore this value was used in the simulations. The time step
of the simulations was set to Dt¼ 0.005t, where t is the unit of time, which
will be specified further below.

Before simulating the entire FNP process, let us first consider the behavior
of a single polymer in a solvent of varying quality. Figure 7.3 shows the
radius of gyration, Rg, and the diffusion coefficient, D, of a chain as a
function of g. For g¼ 0, the polymer is well dispersed in the solvent and has
an open coil-like conformation. As the solvent quality worsens for g-1, the
polymer collapses into a compact globule, which is reflected by the strong
decay of Rg. At the same time, D increases by roughly the same factor, as
expected from the Stokes–Einstein relationship DpRg

�1. In ref. 7, 17–19,
an upper bound of g¼ 0.5 was used to reproduce the 1 : 1 volume ratio of
polymer solution to poor solvent, typically used in FNP experiments with a
confined impinging jet mixer.19,27,43,44
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The simulation results for a single polymer in solution can now be used to
establish a connection between the units of energy, length, and time from
simulations and experiments. The experimental reference system consists of
PS homopolymers (M¼ 16.5 kg mol�1) dissolved in THF, water is used as the
poor solvent, and mixing is performed at room temperature (Troom¼ 298 K).
The energy scale is given by the thermal energy e¼ kBT, which then is
e¼ 4.11�1021 J. For the length scale, eqn (7.1) is used to estimate the radius of
gyration of a single PS chain in a Y-solvent, i.e. RPS

g,Y¼ 3.5 nm. Then the same
quantity is computed for our bead–spring polymer model, i.e. Rsim

g,Y¼ 2.35 s,
leading to a conversion factor of s¼ 1.5 nm. To establish the time scale, the
long-time diffusion coefficients in a dilute polymer solution are matched. The
diffusion coefficients of various PS chains in THF were measured experi-
mentally via laser light scattering spectrometry in ref. 45, and we extrapolated
the value DPS

0 E1.4�106 cm2 s�1 for a polymer with M¼ 16.5 kg mol�1. In the
simulations, Nikoubashman et al. set g¼ 0 and computed Dsim

0 ¼ 0.019s2 t�1

through the mean square displacement of the polymer’s center of mass.7

Matching DPS
0 with Dsim

0 results in the time scale t¼ 3�10�10 s.
With these conversion factors at hand, it is possible to estimate how close

the microscopic MD simulations can get to the characteristic processing
parameters of FNP (see Section 7.2.1). Typical simulation boxes have edge
lengths ranging from Lbox¼ 120 nm� 210 nm, containing up to 2 000 000
particles. At a polymer concentration of F¼ 0.1 mg ml�1, the entire simu-
lation box would then only include between 6 and 30 polymers. Therefore, in
the simulations polymer concentrations roughly 2 orders of magnitude
higher than those in the experimental systems were used. Another con-
sequence of the finite size of the simulation box is that there is an upper
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Figure 7.3 Radius of gyration, Rg, and diffusion coefficient, D, of a single polymer
(N¼ 23) in solution as a function of solvent quality, which worsens as g-1.
The data have been normalized by their values at good solvent conditions
(g¼ 0), Rg,0 and D0, respectively. The solid lines are guides to the eye.
Reproduced from ref. 7 with permission from American Chemical Society,
Copyright 2016.
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bound for the size of the NPs that can form. For example, if there are
1024 polymers in the system, then the maximum NP radius is limited to
RE21 nm.7 Finally, simulation times of up to a few milliseconds can be
achieved with this microscopic model,18 whereas the experimentally relevant
time scales can extend up to several months if particle stability is of interest.
However, despite these approximations, the simulations successfully re-
produce the experimental trends in a semiquantitative manner and provide
valuable insights into the microscopic self-assembly mechanisms of
FNP.7,17–19

One key element of the FNP process, which we have not discussed so far, is
particle stabilization. To ensure a long shelf life of colloidal dispersions, a
high stability against aggregation is desirable. There are two main mech-
anisms for achieving stability in colloidal dispersions, namely electrostatic
stabilization46 and steric stabilization.47–49 The former is based on the mu-
tual repulsion of like electrical charges on the NPs, while the latter is usually
achieved by coating NPs with amphiphilic chains. It is rather straightforward
to implement these effects in this microscopic model. For example, poly-
mers with charged end groups can be simulated by assigning an electric
charge to the last bead in a polymer chain, while amphiphilic polymers can
be modeled by keeping the solvent–monomer interaction of the hydrophilic
block fixed at g¼ 0 during the entire simulation.

Surprisingly, in several experimental works the precipitated NPs were
found to be stable, even though the employed hydrophobic polymers
were electroneutral and no external stabilizers were added.7,19,27,43,44

Using electrophoretic light scattering, the z-potential of homogeneous PS
NPs precipitated in THF–water mixtures was determined as zE�33 mV,
almost independent of the NP size (radii ranging from 45 to 135 nm).7

The physical origin of this negative surface charge is still elusive, but
previous experiments of air bubbles and oil droplets in water suggest
that the measured z-potential is closely related to the presence of water
in the FNP experiments.50–56 Due to the degree of coarse-graining in the
present model it is impossible to simulate this stabilization mechanism on
a molecular level. Instead, the charge stabilization of the NPs is modeled
by placing a virtual particle at the center of each aggregate which carries
the equivalent surface charge. Hydroxide ions (and water molecules) exhibit
a considerably higher mobility compared to the free and aggregated polymer
chains in the system,57 and thus it is safe to assume that the surface charges
build up instantaneously.

This description of electrostatic stabilization is inspired by the theory for
colloids developed by Derjaguin, Landau, Verwey, and Overbeek,58,59 with
the difference that our model takes into account attractive van der Waals
interactions on a microscopic level. Here, the screened electrostatic re-
pulsion between two NPs i and j is given by

UYukawaðrÞ¼ lB
ZiekRi

1þ kRi

� �

ZjekRj

1þ kRj

� �

e�kr

r
; (7:5)
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where lB¼ e2/(4pe0erkBT) is the Bjerrum length with elementary charge e, er is
the relative dielectric constant, and e0 is the vacuum permittivity. The
parameters Zi and Zj denote the size-dependent charge of NPs i and j,
respectively, and k is the inverse of the Debye screening length lD. For water
with pH 7 at room temperature, lB¼ 0.7 nm and lD¼ 0.97 mm.

In order to identify precipitated NPs and to determine their size during
simulation runtime, Nikoubashman et al. carried out the following three-
step protocol at each time step: first, the center of mass of each polymer is
calculated. Then, all neighboring polymers within a distance of rr2Rg,0 are
grouped together. After all polymers have been assigned to a cluster, its
center of mass position and its radius of gyration, Rg, are computed. The
(hydrodynamic) radius of the NP is then set to:9

R¼
ffiffiffiffiffiffiffiffi

5=3
p

Rg � 1:3Rg : (7:6)

Note that using Rg ¼
ffiffiffiffiffiffiffiffiffi

I=M
p

in combination with the moment of inertia of a
solid sphere I¼ 2MR2/5 leads to a slight overestimation of the NP radius.
This discrepancy is due to the fact that the NPs do not have a homogeneous
density, but rather consist of densely packed beads.

Finally, in order to evaluate UYukawa, the charge Z carried by each NP needs
to be determined. For a spherically symmetric environment, this problem
can be approached using Gauss’s law, and the potential distribution can be
solved analytically within linear-screening theory and at low colloid
concentrations:60

ZilB

Ri
¼ð1þ kRiÞ

ez
kBT

: (7:7)

For example, an NP with radius R¼ 100 nm and z-potential z¼�33 mV
dispersed in water carries ZE200 unit charges.

The model now contains all the required elements for simulating FNP.
Figure 7.4 shows snapshots of simulations with polymer concentration
F¼ 8.2 mg ml�1 and instantaneous mixing (tmix¼ 0) at three different stages
of the FNP process. In Figure 7.4a the initial configuration of the simulation
is shown when the polymers are still dispersed in a good solvent (l¼ 0).
Figure 7.4b shows the simulations in poor solvent conditions (l¼ 0.5), where
the polymers have collapsed into compact globules, and nearby globules
have merged into small aggregates. Figure 7.4c shows the final simulation
snapshots at t¼ 30 ms, where stable NPs with an average radius of RE9.5 nm
have formed.

The particle-based nature of the employed model allows us to study the
conformation of the polymers constituting the NP. In Figure 7.5, Rg is plotted
as a function of the distance from the aggregate center, and it is clear that Rg

remains close to Rg,Y in the NP center, but then decays towards the particle–
liquid interface. However, the polymers on the NP surface are not fully
collapsed (cf. Figure 7.3), because they are only partially exposed to the poor
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solvent. Furthermore, the simulations revealed that the final polymer con-
formation is independent of mixing time, i.e. it is irrelevant for the internal
structure of the homogeneous NP whether the polymers first collapse into
globules and then merge, or vice versa. This behavior is most likely due to the
disentangled nature and short relaxation times of the employed polymers.

The microscopic aspects of the FNP process can be studied with this
model in even more detail, and we refer the interested reader to ref. 7 for
simulation studies of FNP using homopolymers. In ref. 17 and 18, this
particle-based model was employed to investigate the self-assembly of
homopolymer blends into structured NPs, such as Janus and core–shell
morphologies. Finally, the fabrication of NPs with internally structured

Figure 7.4 Simulation snapshots at polymer concentration F¼ 8.2 mg ml�1 and
instantaneous mixing (tmix¼ 0). Panel (a) shows the initial configuration
in a good solvent, panel (b) shows the system after mixing with a poor
solvent, and panel (c) shows the final NPs after t¼ 30 ms. Solvent
particles have been omitted for the sake of clarity. Snapshots rendered
using Visual Molecular Dynamics 1.9.2.61

2.8

3.0

3.2

3.4

3.6

3.8

0.0 0.2 0.4 0.6 0.8 1.0

R
g  

[n
m

]

r / R

Rg, Θ
Simulation data

Figure 7.5 Polymer radius of gyration Rg vs. distance from the NP center, r. The data
were recorded from simulations of a single NP with radius R¼ 17 nm. The
dotted line shows the expected value in a melt, Rg,Y, and the solid line is a
guide to the eye.
Reproduced from ref. 7 with permission from American Chemical Society,
Copyright 2016.
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geometries through rapid precipitation of diblock copolymers was studied
in ref. 19.

7.3 Kinetic Monte Carlo Simulations
In Section 7.2 it was shown how a particle-based model can be developed for
MD simulations of the FNP process. This approach provides valuable in-
sights into the directed self-assembly behavior on microscopic length scales,
while it also helps to explore the effect of the various processing parameters.
However, such microscopically detailed models are inherently limited to
relatively small length scales (Bnm) and short time scales (ms�ms), and are
thus not suitable for providing quantitative predictions on experimental
scales. To bridge this gap, Li et al.62 developed a KMC model that can reach
macroscopic length and time scales by solving stochastically the following
system of ordinary differential equations:63

drj

dt
¼ 1

2

X

j�1

i¼ 1

Ki; j�iriðtÞrj�iðtÞ �
X

Np�j

i¼ 1

Ki; jriðtÞrjðtÞ; (7:8)

where the first term represents all events that lead to particles of size nj, and
the second term corresponds to all events that particles of size nj participate
in. Further, Ki, j are the rate constants (specified further below), Np is the
total number of dispersed polymers in the system, and ri and rj are the
number densities of particles with sizes ni and nj, respectively.

In order to solve eqn (7.8) numerically, Li et al. adapted the KMC algorithm
outlined by Gillespie,64 which has been applied extensively for studying the
kinetics of chemical reactions and aggregation processes.65–69 The KMC
simulations can be summarized by the following cycle: (1) an event k is chosen
to occur with probability Pk¼ Ak/AT, where Ak is the rate of event k, and AT is the
sum of the rates of all possible events for the system at the current time, re-
spectively; (2) the time of the system is advanced by t¼ ln (u)/AT, where u is a
uniform random number in the interval (0, 1]; (3) the system and the rate
database are updated.

The results from MD simulations have shown that the relevant events in
FNP are particle aggregation due to Brownian diffusion.7 Further, particle
breakage essentially never occurs and hence can be neglected. Nucleation
and growth are not included in this description because the aggregation
process has been shown to be growth-controlled through both experi-
ments7,46 and simulations.7 In addition to diffusion, turbulent shear can
also cause particles to collide and aggregate. Using the turbulent shear
kernel outlined by Saffman and Turner,70 its magnitude only becomes
comparable to that of Brownian aggregation for R\300 nm. For the range of
particle sizes studied here, the effect of turbulent shear is thus negligible
and therefore has not been included in the description. Assuming that the
particles are spherical and are uniformly distributed in the system, then the
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rate constant for Brownian aggregation between particle i and particle j, Ki, j,
can be calculated as follows:71

Ki; j ¼
4p
W
ðRi þ RjÞðDi þ DjÞ; (7:9)

where Ri and Rj are the radii, and Di and Dj are the diffusion coefficients of
particles i and j, respectively. W is the Fuchs stability ratio which takes into
account interparticle interactions:72

W ¼ðRi þ RjÞ
ð1

RiþRj

eU=kBT

r2 dr; (7:10)

where U is the total energy of interaction, and r is the center-to-center dis-
tance between the two particles. W¼ 1 when every collision leads to an
aggregation event.

In practice, the KMC simulations were initialized with Np dispersed
polymer chains, i.e. particles with an aggregation number 1. Typical values of
Np employed in ref. 62 range from 104 to 106, so that NPs with RB100 nm
can be achieved (see discussion in Section 7.2.1). The system volume V is
then set according to the desired polymer feed concentration, r¼Np/V.
When an aggregation event is chosen to occur at a certain time, both the
numbers of particles ni and nj decrease by Ki, jVrirj, and the number of
particles niþ nj increases by Ki, jVrirj. This change triggers an update of the
rate database. To speed up the calculation and to reduce the memory foot-
print of the program, the rate constants were grouped by particle size with a
base ten logarithm, and intermediate values were determined through linear
interpolation. For example, NPs with 10rnir100 polymers were split into
ten groups with 10rnio20, 20rnio30, and so forth.

To propagate the KMC simulations, it is required to determine R, D and W
in eqn (7.9), and how these properties change upon aggregation. To this end,
the microscopic MD simulations developed in Section 7.2 are used to derive
theoretically informed expressions. The particle radius, R, can be estimated
through the radius of gyration [see eqn (6)]:

Ri � 1:3Rg;i � 1:3
s
c
ðniNÞn; (7:11)

where niZ1 is the number of polymers in aggregate i, N is the number of beads
per polymer, and s is the bead diameter (N¼ 23 and s¼ 1.5 nm for the
employed parametrization, see Section 7.2.1). n is the Flory exponent, which
depends on the solvent quality (n¼ 0.588 for good solvents, n¼ 1/2 for
Y-solvents, n¼ 1/3 for poor solvents). The parameter c ensures that eqn (7.11)
reproduces the limiting cases, i.e. c¼

ffiffiffi

6
p

for good and Y-solvents [cf. eqn (7.1)],
and c¼ 2 for poor solvents. For simplicity, Li et al. set c¼ 2 irrespective of
solvent quality.62 This approximation is of minor consequence, as precipitation
occurs under poor solvent conditions, where c¼ 2.
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Under good solvent conditions, the dispersed polymers have a coil-like
configuration and the pervaded volume is filled with solvent particles (see
Figure 7.1a). According to Zimm theory,73 the diffusion coefficient of a
nondraining coil is given by:73–75

DZimm¼
Dm

N
þ kBT

6pZ0

1
Rh

	 


; (7:12)

where the first term reflects the random Brownian motion of the N constituent
monomers with diffusivity Dm. The second term originates from the hydro-
dynamic interactions between monomers, where Z0 is the viscosity of the
solution and Rh is the hydrodynamic radius of the polymers. In the Gaussian
chain limit, Rh can be determined from theory as Rh¼ (3/8)p1/2RgE0.66 Rg.76

In a poor solvent, the polymers collapse into compact globules, containing
little or no solvent in their interiors (see Figure 7.1b). In this case, the poly-
mers (and also the aggregates) can be essentially regarded as spherical
particles with radius R, for which the diffusion is well-described by the
Stokes–Einstein relationship:

DSE¼
kBT

6pZ0R
: (7:13)

Hence, the polymer diffusion gradually goes from DZimm to DSE as the solvent
quality degrades. For the sake of simplicity, however, Li et al. solely used
eqn (7.13) for computing the diffusion coefficients for the aggregation
kernel, eqn (7.9).62 This approximation has no significant impact on the
accuracy of the KMC model, because under good solvent conditions the
chains are effectively inert to one another and thus no aggregation events
occur (see further below).

Having obtained expressions for the radius, Ri, and diffusion coefficient,
Di, we now discuss the interaction potentials between the particles, required
for calculating W in eqn (7.10). Li et al. considered that U is the sum of the
van der Waals attraction, UVDW, the electrostatic repulsion, UYukawa, and the
depletion interaction, UAO.62

The electrostatic repulsion UYukawa is the same as eqn (7.5), and the charge
of each NP is computed along the same lines as described in Section 7.2.2.
To reproduce the attractive LJ interactions [see eqn (7.2)] between the pre-
cipitated NPs in the KMC simulations, UVDW is represented as follows:77

UVDWðrÞ¼

� H
6

2RiRj

r2 � ðRi þ RjÞ2
þ

2RiRj

r2 � ðRi � RjÞ2
þ ln

r2 � ðRi þ RjÞ2

r2 � ðRi � RjÞ2

 !" #

; (7:14)

with H¼ 4ep2¼ 1.6�10�19 J being the Hamaker constant, where 4e is from
the coefficient of the LJ interaction and p2 arises from integrating all
the monomer–monomer interactions over the volumes of the interacting
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particles. Values of H calculated for PS in water typically lie between 10�20 J
and 10�19 J, depending on the specific calculation method.78 For the FNP
systems of interest here, Li et al. found that the radius of the precipitated
NPs, R, is not strongly influenced by the magnitude of H:62 R decreased by
approximately 10 nm for a 40-fold decrease in H over a broad range of mixing
times, while the qualitative behavior remained the same. Thus, the value of
H directly derived from the LJ interaction was used in all simulations to be
consistent with the MD model.

Depletion interactions between two spherical NPs i and j are approximated
by the Asakura–Oosawa model:79

UAOðrÞ¼

1; r� 2Ravg

�4
3

PpðRsþRavgÞ3 1� 3r
4ðRsþRavgÞ

þ r3

16ðRsþRavgÞ3

" #

; 2Ravg oro2ðRavgþRsÞ

0; 2ðRavgþRsÞ� r

8

>

>

>

>

>

>

<

>

>

>

>

>

>

:

(7:15)

where Rs¼ s/2¼ 0.75 nm is the radius of a solvent particle, and
Ravg¼ (RiþRj)/2 is the mean radius of NPs i and j. In eqn (7.15), P¼ rskBT is
the osmotic pressure, with solvent number density rs¼ 0.2 nm�3 from our
MD model.

Figure 7.6 shows the total interaction potential between two NPs with
Ri¼Rj¼ 15 nm in water, together with the individual contributions UYukawa,
UVDW, and UAO. This plot highlights the strong and long-ranged electrostatic
repulsion, which stabilizes the NPs against further aggregation: once the
charges have fully built up, there is an energetic barrier of roughly 12kBT,
and the attractive van der Waals forces outweigh the repulsive forces solely
when the NP surfaces are within E5 nm. Depletion effects play only a sec-
ondary role, but have been included in the description nonetheless for the
sake of completeness.

The effect of solvent displacement was accounted for in the KMC simu-
lations in the following two aspects. First, the parameters for the electro-
static potential UYukawa were linearly varied during the mixing time between
their values for good solvent conditions and poor solvent conditions. Sec-
ond, the effect of solvent quality should also be reflected in the attractive
contribution of the interaction potential. For example, in a Y-solvent
(l¼ 0.05 for the employed MD model, see Section 7.2.2), the LJ interaction
between monomers is identical to the monomer–solvent interaction, and the
chains are effectively inert to one another. MD simulations of the particle-
based model62 showed that for lr0.08 no aggregation occurred despite the
presence of (weak) van der Waals attraction between polymer chains. The
aggregation rate then increased gradually for increasing l until it reached its
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full value for lZ0.18. To account for this solvent effect in the KMC model,
the aggregation rate constant, Ki,j, was modified by a prefactor, f, so that f¼ 0
for lr0.08, and f¼ 1 for lZ0.18. In the intermediate region for
0.08olo0.18, f increased linearly from 0 to 1.

In Figure 7.7 we compare the time evolution of the NP radius, R, computed
from the MD and KMC simulations at F¼ 8.2 mg ml�1 and z¼�33 mV
for different mixing times, tmix. There is good agreement between the KMC

-10

-5

0

5

10

15

20

30 50 70 90 110 130 150

U
[k

BT
]

r [nm]

Utotal
UYukawa
UVDW
UAO

Figure 7.6 Total interaction potential, Utotal, and its individual contributions vs. center-
to-center distance, r, of two NPs with Ri¼Rj¼ 15 nm and z¼�33 mV in
pure water.
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Figure 7.7 Average NP radius, R, vs. time, t, from MD (symbols) and KMC (lines)
simulations for a polymer feed concentration of F¼ 8.2 mg ml�1 and
z-potential � 33 mV at various mixing times, tmix, as indicated. Solid
and dotted lines correspond to calculations with bounded and un-
bounded integration limits in eqn (7.10), respectively.
Reproduced from ref. 62 with permission from AIP Publishing, Copy-
right 2018.
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and MD results in almost all cases, except for the shortest mixing time
tmix¼ 7 ms, where the KMC simulations underpredict the particle radius R.
This discrepancy stems from the calculation of the stability ratio in
eqn (7.10), which assumes that the NPs approach each other from infinity
with zero interaction. However, there is a finite polymer concentration in the
system, and thus the mean distance between particles is roughly lErp

�1/3,
where rp¼Np/V is the number density of polymers in solution (l¼ 15 nm for
F¼ 8.2 mg ml�1). Due to the long-ranged nature of the electrostatic inter-
actions, the potential energy is nonzero at l. Hence, the potential energy
barrier for aggregation (see Figure 7.6) effectively becomes smaller, which
explains the larger NP sizes observed in the MD simulations. This effect is
especially pronounced for large F and short tmix, because the mean distance
decreases with increasing concentration and because high surface charge is
built up when there are still many small particles in the system. It is possible
to apply a correction to W, by bounding the integral in eqn (7.10) between
[RiþRj,l]. The solid lines in Figure 7.7 show that better agreement can be
achieved with this modification. However, such a correction to the KMC
algorithm is only required for comparisons with the high F and short tmix

employed in the previous MD simulations by Nikoubashman et al.7 In
contrast, typical FNP experiments operate in the range of much smaller
Ft1 mg ml�1 and larger tmix\100 ms. In these cases, the mean particle
distance is sufficiently high, so that the particles approach each other
essentially from infinity with zero interaction.

Having verified the agreement of the KMC model with the previous MD
simulations, Li et al. explored the behavior at mixing times and polymer
concentrations closer to typical experiment values (see Section 7.2.1), which
are not accessible in the MD simulations.62 Figure 7.8 shows the NP radius

 0

 50
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 150

 0  10  20  30  40  50

R 
[n

m
]

t [ms]

Φ = 0.018mg/ml
Φ = 0.067mg/ml
Φ = 0.2mg/ml

Φ = 2mg/ml
Φ = 4.1mg/ml
Φ = 8.2mg/ml

Figure 7.8 Average NP radius, R, vs. time, t, for mixing time tmix¼ 14 ms and
z-potential �33 mV. The dotted lines are fits to the DLA approximation,
eqn (7.17). The arrow marks the completion of mixing.
Reproduced from ref. 62 with permission from AIP Publishing, Copyright
2018.
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R as a function of time for tmix¼ 14 ms and z¼�33 mV for
0.018 mg ml�1rFr8.2 mg ml�1. For all F, the polymers were initially well
dispersed and started aggregating at tE3 ms, when the solvent quality had
sufficiently degraded. The NPs grew faster with increasing polymer con-
centration, and growth stopped essentially when tEtmix due to the electro-
static repulsion between the aggregates.

In order to describe the time evolution of R at short times, Li et al. con-
sidered diffusion-limited aggregation (DLA) dynamics.62,80 This model gives
the change in the average aggregation number, n, with respect to time, t,
according to:

n¼ 1þ 1
2

KDLAFt; (7:16)

where KDLA is the rate kernel from the DLA approximation:

KDLA¼ 16pR1D1. (7.17)

R1 and D1 are the radius and diffusion coefficients of unimers, respectively.
Eqn (7.17) assumes that W¼ 1, and that the rate kernel for aggregation is
independent of particle size. This approximation is good for describing ag-
gregation between particles i and j when 1oni/njo2.

From Figure 7.8 it can be seen that at short times before mixing is complete,
the time evolution of R can be well described by DLA. The reason is twofold.
First, there is a large number of similarly sized particles in the early stage of
aggregation, and the condition 1oni/njo2 can be satisfied for most of the
aggregation events that take place. Therefore, the term (RiþRj)(DiþDj) in
eqn (7.9) is approximately constant. Second, at the early stage of aggregation
when the electrostatic repulsion is still small, W is also close to 1. The dynamics
can thus be approximated by a constant Ki,j. Further the scaling relationship
npF (or alternatively RpF1/3) from DLA [see eqn (7.16)] is in good agreement
with the results from KMC. DLA slightly overpredicts the NP size at the end of
mixing because of the underlying assumption W¼ 1, which does not hold
anymore for tEtmix due to the electrostatic forces between the NPs.

After the rapid NP growth during the initial mixing, aggregation enters a
slow-growth regime and deviates from the DLA approximation. In Figure 7.9,
R is plotted against t up to macroscopic time scales for F¼ 0.018 mg ml�1.
These data show that small NPs are not yet fully stabilized, but continue to
grow at a slow rate and gradually converge on a much larger time scale. To
understand this behavior, it is helpful to consider the aggregation rate.
Unlike the rate of aggregation in the DLA regime [eqn (7.16)], which is dir-
ectly proportional to F as KDLA is constant, the rate of aggregation in the
slow growth regime is largely determined by the magnitude of the stability
ratio, W. Smaller particles experience weaker electrostatic repulsion, which
leads to smaller W and thus a higher rate constant, and vice versa. Therefore,
growth curves for different mixing times tmix and F in Figure 7.9 eventually
converge when the systems are evolved in the slow growth regime for a
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sufficiently long time. In contrast, larger NPs are more strongly stabilized by
charge, and their growth is less appreciable on macroscopic time scales up
to 108 s.

The results presented here are just a subset of findings that can be
achieved through this hybrid MD-KMC approach, and the interested reader
is referred to ref. 62 for a more extensive discussion.
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CHAPTER 8

Glass Transition and
Crystallization in Colloidal
Polymer Nanoparticles

DANIELE CANGIALOSI*a,b AND AURORA NOGALESc

a Centro de Fı́sica de Materiales (CSIC-UPV/EHU), Paseo Manuel de
Lardizabal 5, 20018 San Sebastian, Spain; b Donostia International Physics
Center, Paseo Manuel de Lardizabal 4, 20018 San Sebastin, Spain;
c Instituto de Estructura de la Materia, IEM-CSIC, Serrano 121,
Madrid 28006, Spain
*Email: daniele.cangialosi@ehu.eus

8.1 Introduction
Colloidal polymer nanoparticles have recently attracted great interest as a
result of their use in a wide range of applications including drug delivery,1

biolabeling,2 advanced biological sensors,3 photonic crystals,4 etc. The large
interfacial area of nanoparticles may induce profound changes in the
properties of the polymers, a fact which is of utmost importance from both
technological and fundamental viewpoints.

The aim of this chapter is to emphasize the role of 3D confinement, a
hallmark of colloidal polymer nanoparticles, in affecting glassy dynamics and
crystallization kinetics. In doing so, we highlight two main aspects of
confining polymers in 3D. One is the existence of an interface, which can be
either free or based on a contact with an attractive or repulsive substrate. This
aspect is general for any kind of confinement. The second aspect originates
from the fact that 3D confinement entails the presence of a geometrical
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curvature at the polymer/external world interface. As can be seen, both aspects
are critical in determining both glassy dynamics and crystallization behavior
in colloidal polymer nanoparticles. Furthermore, these two features of poly-
mer physics are intimately connected. In particular, crystallization kinetics
depends on both the thermodynamic driving force – that is, the amount of
supercooling, which determines the kinetics of formation of crystalline
nuclei – and the kinetics of crystal growth, which basically depends on the
polymer molecular mobility and, thereby, its glassy dynamics.5–10

Starting from these premises, the chapter is organized into two main
sections. The Section 8.2 reviews the recent activity on how glassy dynamics
is modified in colloidal polymer nanoparticles with respect to the bulk. We
first introduce different aspects of glassy dynamics, including the glass
transition and physical aging in the glassy state, and emphasize how these
phenomena are related to the molecular mobility of the glass former. Sub-
sequently, we provide a general overview regarding investigations in the last
couple of decades on how glassy dynamics is modified by confinement.
Special attention is dedicated to thin polymer films, which is by far the most
investigated confinement geometry. In the subsequent subsection of this
part, we show how colloidal polymer nanoparticles have seen increasing
attention in the last few years. Experimental efforts in this area have shown
analogies with other kinds of confinement. At the same time, we also discuss
the peculiarity of colloidal polymer nanoparticles, essentially related to the
curvature at the polymer/external world interface.

The Section 8.3 of the chapter is focused on the way crystallization kinetics
are modified in colloidal polymer nanoparticles. Firstly, the way crystalliz-
able nanoparticles are generated is introduced. Similarly to the previous
section, parallelism with other kinds of confinement, in particular thin
polymer films, is drawn. Furthermore, the way conformational disorder,
which can be affected by the curvature of polymer nanoparticles, plays a role
in crystallization kinetics will be discussed.

8.2 Glassy Dynamics in Colloidal Polymer
Nanoparticles

The aim of this section is to provide an overview of recent activity on the
characterization of how glassy dynamics are modified in colloidal polymer
nanoparticles with respect to their bulk counterparts. To do so, we first
provide some conceptual guidelines on the main features of glassy
dynamics, in particular the connection between the vitrification kinetics (the
so-called glass transition) and the way equilibrium is recovered in the glassy
state on the one hand, and the polymer molecular mobility on the other.
Subsequently, we review the experimental effort carried out on how glassy
dynamics are modified by geometrical confinement. Before providing details
of the results on polymer nanoparticles, we first introduce a general overview
of this topic with special reference to polymer thin films, which are to date
the most explored confinement geometry. In the last part of this section, we
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provide a detailed overview of the investigation of glassy dynamics in col-
loidal nanoparticles, highlighting the analogies with other types of con-
finement, in particular thin polymer films, but also the peculiarities of 3D
confinement, a hallmark of colloidal nanoparticles.

8.2.1 The Glass Transition

Liquids can be supercooled below their melting temperature (TM) when
cooled down at rates greater than those relevant for crystallization.11,12 A
class of supercooled liquids, called glass-forming liquids, can be charac-
terized in the amorphous state below TM if the crystallization rate exceeds
the time scale required to carry out the experimental observation. A wide
variety of polymers generally belong to the class of glass-forming liquids. In
this case, crystallization is generally hampered by chain connectivity and, in
some cases, conformational disorder. Further temperature decrease gener-
ally results in the vitrification of the supercooled liquid, that is, its trans-
formation to a glass. This is a system in non-equilibrium not only with
respect to the crystal but also to the supercooled liquid state. As a natural
consequence, the thermodynamic state of glasses spontaneously evolves
towards equilibrium, a phenomenon known as structural recovery13 or
physical aging.14 The temperature at which vitrification takes place is named
the glass transition temperature (Tg). The thermodynamic signature of the
glass transition is a step in second-order thermodynamic properties, for
instance, the specific heat, the coefficient of thermal expansion, and the
compressibility or, equivalently, a kink in a first-order thermodynamic
property, for instance, the enthalpy, the entropy, or the specific volume (see
Figure 8.1).15 A glass formed by cooling a supercooled liquid below its Tg

exhibits a thermodynamic state defined by its enthalpy level. A common way
to identify such a state is based on the concept of fictive temperature (Tf)
introduced by Tool.16 This is the temperature at which a given glass will be at
equilibrium and is determined by the intersection of the glass line, drawn
from the thermodynamic state of a given glass, with the extrapolated su-
percooled liquid line. This is schematically shown in Figure 8.1.

When observing the thermodynamic plot of Figure 8.1, the glass transition
might be seen as a second-order thermodynamic transformation within the
Ehrenfest classification.12 However, there are other observations that high-
light the kinetic nature of the glass transition. Among them, likely the most
straightforward is its dependence on the cooling rate applied for the trans-
formation. In particular, supercooled liquids cooled at high rates transform
into glasses at high temperatures, which implies high Tg. The opposite occurs
when low cooling rates are applied. The cooling rate dependence of Tg ori-
ginates from its intimate link with the molecular mobility of the glass former.
According to this connection, the glass transition takes place when the time
scale of the experiment, related to the inverse of the cooling rate, is of the
order of the typical time scale t of molecular fluctuations.17–21 In line with this
connection, several reports exist showing that the temperature dependence of
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t and the cooling-rate-dependent Tg exhibit the same trend. This is generally
described by the Vogel–Fulcher–Tammann (VFT) equation22–24 (or equiva-
lently the Williams–Landel–Ferry (WLF) equation25):

X ¼X0 exp � B
T � T0

� �
(8:1)

where X can equivalently be t�1 or the cooling rate q (in which case T is
replaced by Tg).

Despite the intimate connection between the vitrification and molecular
mobility, it is of great importance to point out that these two aspects are dif-
ferent from a conceptual viewpoint and, thereby, there is no a priori reason why
a one-to-one connection should be found in all conditions.26 Probing the
molecular mobility requires the application of small perturbations, in par-
ticular smaller than the amplitude of spontaneous fluctuations. In this way, the
fluctuation dissipation theorem (FDT)27,28 is fulfilled and the measurement is
conducted in the so-called linear regime. In contrast, characterizing the way in
which vitrification takes place entails the application of a cooling ramp, that is,
a perturbation well beyond the linear regime. The same applies to the physical
aging regime where the deviations from equilibrium quantify the degree of
non-linearity. For this reason, in the rest of the chapter vitrificaton and physical
aging will be addressed as non-equilibrium glassy dynamics.

Figure 8.1 Left side: Schematic representation of the temperature dependence of
thermodynamic properties in glass-forming systems at constant pres-
sure. Right side: Stability plots for (a) the metastable supercooled liquid,
(b) the non-equilibrium glass, and (c) the stable crystal.
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While the mentioned difference is in most cases (though with some no-
ticeable exceptions29) of no relevance when the glassy dynamics of bulk
systems are characterized,21,30 as will be shown in the following parts of this
section, there exist numerous examples of polymeric glasses subjected to
geometrical confinement showing a decoupling between non-equilibrium
dynamics and molecular mobility.

8.2.2 Glass Transition in Geometrical Confinement

Reducing the size of a polymer by geometrically confining it at sub-
micrometer length scales results in a general alteration of properties. Re-
garding modification of glassy dynamics, the first observations in this sense
date back the mid 90s. Keddie et al.,31 investigating how film thickness
modifies vitrification, found that polystyrene (PS) films supported on top of
silicon wafers exhibited a Tg suppression with respect to the bulk for thick-
nesses less than 40 nm. Such suppression was as large as 25 K for sub-10 nm
thick films. Interestingly, a subsequent study by the same authors32 showed
that, while behavior analogous to that of PS supported on top of silicon wafers
was found for poly(methyl methacrylate) (PMMA) supported on gold, the same
polymer, when deposited on top of native silicon oxide, exhibited a Tg increase
with decreasing film thickness. These results highlighted the importance of
the interface in determining the sign and magnitude of Tg deviations in thin
polymer films. As an example, taken from ref. 33, in Figure 8.2, the thickness
dependence of Tg is shown for different polymer films supported on top of

Figure 8.2 Thickness dependence of Tg for PS, poly(2-vinyl pyiridine) (P2VP), and
and P2VP–PS copolymer.
Reproduced from ref. 33 with permission from Elsevier, Copyright 2004.
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silicon-based substrates. As can be seen, a variety of situations can be found
including decrease, increase, or no change in Tg.

The utmost importance of the interface was highlighted by Forrest et al.,34

who showed that freestanding PS films exhibit a massive Tg reduction. This can
be as large as 70 K for films with a thickness of 30 nm. Similar results were
obtained by Boucher et al.35 on stacked PS films, that is, systems resembling
those in the freestanding configuration – given the fact that the interaction
among films is essentially neutral and no interprenetration among chains of
different films takes place in experiments where the temperature never exceeds
Tg by more than 20 K. In this case, as well as in more recent work,36,37 apart
from the role of the interface, that of the cooling rate was highlighted, showing
that Tg reductions are more pronounced at lower cooling rates. Similar results
were presented by others for supported PS films using ellipsometry.38

Since the work of Keddie et al.31,32 a wide variety of results have been pre-
sented showing either a decrease, increase, or no change in Tg for thin poly-
mer films. This activity is reviewed in several recent papers.39–43 Generally
speaking, negative deviations from bulk Tg are observed when the polymer
and the substrate are weakly interacting, whereas the opposite is observed
when the polymer is deposited on top of attractive surfaces (see Figure 8.2 as
an example). In this context, it is very important to emphasize the crucial role
of polymer adsoprtion onto the substrate44 in determining the magnitude and
sign of Tg deviations. Activity in this area was promoted by the finding that
thin polymer films annealed well above Tg exhibit time-dependent recovery of
bulk Tg.45 This finding provided evidence for the first time that Tg deviations
from the bulk value must be attributed to polymer chain adsorption onto the
substrate. Subsequent work showed that, rather than the amount of adsorbed
polymer chains, the crucial parameter determining the Tg of polymer film
supported on a substrate is the amount of interfacial free volume, that is, the
portion of interface where adsorption has not taken place yet.46–48 For sup-
ported or capped films, this can be tuned by adsorbing polymer chains via
thermal protocols based on prolonged annealing well above Tg and/or using
the appropriate substrate and preparation conditions.43

8.2.3 Specific Features of the Glass Transition in Colloidal
Polymer Nanoparticles

Colloidal polymer nanoparticles bear the analogy with thin polymer films of
exhibiting a large amount of free interface. At the same time, the specificity
of colloidal nanoparticles lies in the fact that in this case the confining
interface exhibits a curvature. In other words, 3D confinement is the hall-
mark of colloidal polymer nanoparticles in contrast to 1D confinement in
thin polymer films. This marks an important difference between these two
kinds of confinement, which, as will be seen in this section, may be of im-
portance in some conditions.

Historically the first report on the glass transition of colloidal PS nano-
particles was provided by Gaur and Wunderlich49 in the early 80s, using
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diffential scanning calorimetry (DSC). While these authors found no sig-
nificant deviations in Tg, taken as the temperature corresponding to half of
the specific heat, a number of observations indicated that the calorimetric
response of these colloidal systems was markedly different from that of bulk
PS. These differences consist of a much broader glass transition range –
encompassing 80 K – and a reduced step in the specific heat.

Subsequently a wide variety of studies were presented showing either a
decrease, an increase, or no change in Tg in colloidal polymer nanoparticles.
In the first case, this was shown by Zhang et al.50 on PS nanoparticles with
diameters ranging from 100 to 700 nm in aqueous suspension. The main
outcome of this study was a pronounced deviation from bulk Tg for particles
with diameters smaller than 400 nm. The same PS nanoparticles employed
in ref. 50 were characterized by capacitive dilatometry,51 a dielectric tech-
nique delivering information on the temperature variation of the density.52

In this case, PS nanoparticles were surrounded by nitrogen gas during the
measurement. The results, shown in Figure 8.3 together with those of ref. 50,
indicate that the decrease in Tg with the diameter was independent of the
medium surrounding the nanospheres. Other studies reported negative Tg

deviations in colloidal nanoparticles of PS53 and PMMA54 suspended in
water or measured in atmospheric air.55 However, the latter works showed
that if the surface of the nanoparticles contains a certain kind of surfactant,
Tg deviations can be suppressed. This is the case for PS53 and PMMA54

nanoparticles surrounded by an anionic surfactant.
The presence of a specific modification on the surface of the colloidal

nanoparticle may profoundly affect the kind of Tg deviations from bulk be-
havior. One case was highlighted by capping colloidal polymer nanoparticles

Figure 8.3 Tg versus PS nanoparticles diameter measured by CD (red triangles) and
modulated-DSC (blue circles). The dynamic Tg, taken from measure-
ments of the molecular mobility by BDS, is also plotted as a function
of nanoparticle diameter (green diamonds).
Reproduced from ref. 51 with permission from Elsevier, Copyright 2013.
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with silica. This was done on PS nanoparticles, which exhibited small
reductions of Tg,56 if any,50 when decreasing the diameter. Interestingly, in
both PS in aqueous solution and capped by silica, a marked reduction in the
so-called dynamic fragility57 was observed with decreasing nanoparticle
diameter58 Another case is that of PS nanoparticles in aqueous solution
surrounded by a surfactant.59 In this case, and similarly to the results re-
ported by Feng et al.,53 no measurable deviations from bulk Tg were observed
by DSC. However the same work showed reduced specific heat in PS nano-
particles in comparison to the bulk polymer. The presence of surfactants at
the surface of the colloiodal polymer nanoparticle may also induce an in-
crease in Tg, as shown in PMMA60,61 and PS.62 A systematic study on the
effect of the medium surrounding the nanoparticles was recently carried out
by Priestley and co-workers.63 They showed that, depending on the inter-
facial energy of the polymer/surrounding medium, the Tg of PS colloidal
nanoparticles could be tuned from a large depression in water, to a mild
reduction in glycerol, and no change with respect to the bulk in an ionic
liquid. This result is depicted in Figure 8.4,63 showing the Tg sensitivity to
the presence of a given surrounding liquid.

In the context of purely size effects, it is important to point out that there
exist several reports showing positive Tg deivations on polymer nanoparticles
with no surfactant and surrounded by a gas.64–66 This result challenges
the idea that an interface with non-attractive interactions can explain all
Tg effects. Given the fact that results by Martinez-Tong et al.64,65 were
obtained in sub-100 nm diameter nanoparticles, it was argued that
restrictions to molecular motions due to the curved polymer/surrounding

Figure 8.4 Tg deviation from bulk behavior for PS nanoparticles suspended in
glycerol, [BMIM][CF3SO3], and water.
Reproduced from ref. 63 with permission from John Wiley and Sons,
r 2016 Wiley Periodicals, Inc.
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medium interface was responsible for the Tg increase. Given this premise,
Martinez-Tong et al.64,65 developed an entropic model based on the removal
of configurational degrees of freedom to explain the Tg increase.

8.2.4 Specific Features of Physical Aging in Colloidal
Polymer Nanoparticles

The glass transition implies the transformation from a supercooled liquid in
metastable equilibrium to a glass. As discussed, the non-equilibrium nature of
the latter results in the slow evolution of its thermodynamic state towards
equilibrium in the physical aging regime. This marks an intimate connection
between Tg and physical aging.15,42,67 As a result, it is possible to foresee whether
physical aging is accelerated or retarded in colloidal polymer nanoparticles
from the sign of Tg deviations from bulk behavior. Studies on colloidal polymer
nanoparticles, although so far relatively scarce, have seen growing interest in
recent years. The first report providing a systematic study of physical aging in
colloidal polymer nanoparticles was presented by Guo et al.68 using DSC,
allowing the amount of enthalpy recovered during physical aging to be assessed.
This study showed that, at a given aging temperature, PS nanoparticles sus-
pended in water exhibit a faster approach to equilibrium with respect to bulk PS.
This result is consistent with the negative Tg deviations observed for these
nanoparticles.50,51 At the same time, the study by Guo et al.68 showed that silica-
capped PS nanospheres, exhibiting essentially bulk-like Tg, also display recovery
of equilibrium in the physical aging regime analogous to that of bulk PS.

More recently, similar results have been obtained by Perez-de-Eulate and
Cangialosi69 for colloidal PS nanoparticles obtained by flash nanoprecipi-
tation,70 and suspended in a silicon oil. They assessed the thermodynamic
state of these systems employing fast scanning calorimetry (FSC) using the
concept of Tf. Apart from the acceleration of physical aging68 in proximity to
Tf, in this work the existence of multiple steps of equilibrium recovery was
shown. As an example, Figure 8.5 shows the aging time-dependent decrease
in Tf for PS nanoparticles with diameter 230 nm. The disclosure of multiple
steps during physical aging experiments – already observed in a variety of
glass-forming systems, including bulk polymers,71–73 thin polymer films,74,75

polymers with reduced dimensionality,76 metallic glasses,77–80 glycerol,81

and chalcogenide glasses,82,83 – implies that equilibrium recovery is trig-
gered by different molecular mechanisms. Importantly, as demonstrated in
some of these works,74–76 the time scale of observation of different steps of
equilibrium recovery can be significantly shortened in systems with a large
amount of free interfacial area. Thus, employing colloidal polymer nano-
particles suspended in non-attractive media constitutes a formidable route
to explore these phenomena, circumventing the large time scales normally
required in bulk systems. This can deliver insights into fundamental prob-
lems of extraordinary importance in the topic of the glass transition, such as
the existence of a true thermodynamic transition, the so-called ‘‘ideal’’ glass
transition, at a finite temperature84 long ago theorized by Gibbs and
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DiMarzio.85 Its existence has been recently demonstrated for the first time in
30 nm thick PS films.74 We anticipate that colloidal polymer nanoparticles
can be successfully exploited to obtain glasses undergoing the ideal glass
transition in experimentally accessible time scales.76

8.2.5 Connection with Molecular Mobility

As discussed in Section 8.2.1, although in the vast majority of cases the one-
to-one connection between the glass transition and physical aging, on the
one hand, and the molecular mobility, on the other, is fulfilled in bulk
glasses, the two aspects of glassy dynamics are not equivalent. Hence, after
presenting results on the glass transition and physical aging of colloidal
polymer nanoparticles, the natural question to be posed is: Does the con-
nection of the glass transition and physical aging with molecular mobility
hold in colloidal polymer nanoparticles?

In order to provide an exhaustive answer, it is important to recall the
analogy between 3D confinement, a hallmark of colloidal polymer nano-
particles, and other kinds of confinement. We begin our discussion by-
pointing out that when positive Tg deviations and/or enhanced time scales
for approaching equilibrium in glasses are observed, these are generally
associated with a slowing-down of the molecular mobility. Few examples
regard a specific case of confinement, that is, polymer nanocomposites ex-
hibiting attractive interactions with polymer/nanofillers.86–89 In all these
cases, a direct correlation between the slowing-down of molecular mobility

Figure 8.5 Aging time evolution of Tf, shown as its difference with the aging
temperature Ta, for PS nanoparticles with diameter 230 nm.
Reproduced from ref. 69 with permission from American Chemical
Society, Copyright 2016.
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and a concomitant Tg increase was shown. Hence, it is expected that this
kind of behavior would also be found in colloidal polymer nanospheres
exhibiting positive Tg deviations from bulk behavior. These experiments are
at present lacking and effort in this area is warranted in the future.

The connection of the glass transition and physical aging with molecular
mobility is less trivial in confined polymer glasses exhibiting negative Tg

deviations with respect to the bulk material. In this case, several works on
thin polymer films point towards a decoupling between Tg and molecular
mobility. This was the case of polymer nanocomposites90–92 and thin
polymer films,93–95 which exhibited Tg depression and bulk-like molecular
mobility. For those colloidal polymer nanospheres exhibiting negative Tg

deviations, the first result indicating this decoupling was shown by Zhang
et al.51 in PS nanoparticles. In this work, the Tg was characterized by cap-
acitive dilatometry,52,96,97 a technique based on measurements of the high
frequency dielectric permittivity, which is directly related to the sample
density. This technique is based on broadband dielectric spectroscopy (BDS),
which also allows characterization of the molecular mobility. The results of
Zhang et al.51 are summarized in Figure 8.3. As can be observed, the previ-
ously described Tg decrease with decreasing the nanoparticle diameter is not
accompanied by a concomitant enhancement of molecular mobility, which,
in contrast, remains bulk-like. Similar results were reported by Rharbi and
co-workers,98 who measured the Tg by DSC and, in the same experiments, the
kinetics of coalescence of colloidal PS nanoparticles, related to the polymer
molecular mobility. They showed that – while the step in the specific heat,
marking the glass transition, progressively shifted towards lower tempera-
tures with decreasing nanoparticle diameter – the temperature at which co-
alescence among nanoparticles takes place is insensitive to changes in
nanoparticle size. This result indicates that on changing the nanoparticle
diameter the molecular mobility remained bulk-like.

Compelling arguments in favor of decoupling between vitrification and
molecular mobility were provided by Perez-de-Eulate et al.99 for PS nano-
particles. By employing fast scanning calorimetry (FSC), they were able to
obtain information on the vitrification kinetics, from the temperature de-
pendence of the total specific heat, and the molecular mobility, from the
frequency and temperature dependence of the complex specific heat. The
latter was obtained by employing a step-response analysis originally de-
veloped by Schick and co-workers,100 and later extended to FSC.101

Figure 8.6, showing information on both the temperature dependence of
the total specific heat on cooling at 20 K s�1 and the real part of the complex
specific heat at 20 Hz, indicates that vitrification on cooling is delayed when
decreasing the nanoparticle diameter, signifying a Tg decrease. In contrast,
the real parts of the complex permittivity of all samples collapse on each
other, indicating that molecular mobility remains bulk-like when the
nanoparticle size is decreased. Importantly, in this case vitrification kinetics
and molecular mobility results have been obtained on identical samples and
employing the same perturbation, that is, a temperature change.
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Altogether these results indicate that, while in colloidal polymer nano-
particles exhibiting positive Tg deviations the molecular mobility is expected to
be slowed down, there are numerous examples showing simultaneously nega-
tive Tg deviations and essentially bulk-like molecular mobility. The decoupling
between these two aspects of glassy dynamics urges the development of a
suitable framework able to catch the physics behind such decoupling. In this
area, recent efforts have aimed to describe equilibration of polymers exhibiting
a large amount of free interface via a model based on free volume hole
diffusion.47,90,102–106 This model describes the equilibration of a glass former
on the basis of diffusion of free volume holes in the amorphous system and
their exchange at the free interface. Hence, when two glass-forming liquids with
different amounts of free interface, for instance two colloidal polymer nano-
particles surrounded by a gas with different diameters, are cooled, the one with
the larger amount of free interface will vitrify at a lower temperature, provided
that the two systems have identical molecular mobilities. Similarly, once in the
glassy state, systems with a large free interface will exhibit accelerated physical
aging. Hence, this model is compatible with experimental results showing Tg

depression and accelerated physical aging, and bulk-like molecular mobility.

8.3 Semicrystalline Colloidal Particles
Some polymers may crystallize under particular circumstances. In general,
due to topology hindrances associated with chain connectivity and

Figure 8.6 Total specific heat (upper panel), obtained at 20 K s�1, and real part of the
complex specific heat at 20 Hz (lower panel) as a function of temperature.
Reproduced from ref. 99 with permission from American Chemical
Society.
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entanglements of the chains in the melt, polymer crystallization is only par-
tial, and therefore, polymers in this configuration are always addressed as
‘‘semi-crystalline’’. It is impossible to overcome the large free energy barriers
necessary to achieve the most stable conformation for all the chains that leads
to a complete ordered state. For this reason, in these polymers there are a
variety of hierarchically organized phases, including crystalline lamellae,
crystal-amorphous interphases, stacks of crystalline lamellae, liquid pockets,
rigid amorphous phases, and fringed micellar crystals. How these structural
elements are arranged depends on different variables like chemical structure,
steric hindrances, chain flexibility, thermal history, or processing.107–109

As anticipated in the Introduction, crystallization kinetics bears a strong
relation to polymer molecular mobility and nucleation kinetics.5,6,9,10 The
latter is associated with the thermodynamic driving force of crystallization,
which basically scales with the degree of supercooling, that is, the distance
from the melting temperature. Hence, nucleation kinetics is independent of
the system molecular mobility. This implies that the nucleation rate is zero
at the melting temperature and progressively increases with decreasing
temperature. In contrast, the intimate link between glassy dynamics and the
kinetics of crystal growth have been widely established. Hence, the slow-
down of glassy dynamics with decreasing temperature also applies to the
kinetics of crystal growth. The interplay between nucleation rate and kinetics
of crystal growth, that is, two factors with opposing dependences on tem-
perature, gives rise to the well-known bell-shaped temperature dependence
of the crystallization rate110 (see for instance Figure 8.9). As discussed in
Section 8.2, glassy dynamics may be profoundly affected in confinement
and, thereby, in reviewing recent activity on the way crystallization is
modified in polymer nanoparticles with respect to the bulk, we will show
how such modifications can be related to those of glassy dynamics.

Semicrystalline polymers exhibit characteristic features on different
length scales. In highly crystalline polymers, such as polyethylene (PE)111

and in polymers with intermediate crystallinity, such as aromatic
polyesters,112–114 or poly(ether-ketones),115 there is a periodic arrangement
of crystalline regions (lamellar crystals) and amorphous regions (inter-
lamellar amorphous regions) forming lamellar stacks. The typical periodicity
of such an arrangement is in the range of a few tens of nanometers. With the
exception of highly crystalline polymers, lamellar stacks do not extend to the
whole volume of the sample.112 The lamellae are packed into stacks which
are separated by broad amorphous regions. The stacks can assemble
themselves into superstructures, generally with spherical symmetry (spher-
ulites) which can reach microns or even several millimeters.

Considering this hierarchy of structures whose size spans through several
orders of length scale, it is obvious that confinement at such scales has an
impact on polymer crystallization. Besides the technological interest in
understanding polymer properties under confinement, from a fundamental
viewpoint, different geometries of confinement have been studied. They can
be classified on the basis of the number of space dimensions confined; in
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thin films, only one of the dimensions is confined, and therefore, crystals are
forced to grow in two dimensions. Intensive work on 1D crystallization of
polymers has been performed, studying morphologies,116–119 kinetics and
interfacial effects120–122 among others. The reader is directed to excellent
reviews and dedicated book chapters.123,124

When two dimensions are confined (crystallization in cylindrical nano-
pores, for example), crystals have a preferential orientation, that will be
perpendicular or parallel to the unconfined dimension, depending on the
crystallization conditions.125–130 In these geometries, besides pure size ef-
fects, an enhanced role of interfacial interactions is found.42,43 On one side,
sample thickness becomes a crucial parameter controlling crystallization,131

while surface effects mostly lead to a competition between adsorption on the
solid surface and nucleation of polymer crystals.120,131–134

Finally, the case of crystallization under 3D nanoconfinement has been
less studied. 3D confinement can be understood as a case where all di-
mensions are confined, as in the case of droplets135 (generally with micron
sizes), or nanodroplets prepared by polymer dewetting on substrates, where,
again, the role of the interface is very important, since it plays a key role in
the conformation, orientation, and absorption of the chains with respect to
the substrate.136 In a different approach, Loo et al.137 studied the crystal-
lization of a block in a copolymer melt with strong interblock segregation,
where a cubic packing on nanospheres of the crystallizable segment were
immersed in a matrix of the other block of the copolymer. In this case the
authors observed that, upon 3D confinement, crystallization followed first-
order kinetics, compared to the typical sigmoidal kinetics of bulk polymers.
However, the role of chain connectivity with non-crystallizable blocks was
not addressed. Therefore, polymer nanoparticles, prepared from suspen-
sions of preformed crystallizable polymers in water, constitute an ideal
geometry to study polymer crystallization under 3D nanoconfinement, where
the role of solid interfaces is minimized. In this section we present recent
advances in the study of the crystallization behavior of polymers in nano-
particle geometries.

8.3.1 Methods for Generation of Nanoparticles from
Preformed Semicrystalline Polymers

In general, polymer nanoparticles can be prepared from several heterophase
methods. One of the most well-known methods, developed extensively
Landfester et al.138,139 at the beginning of this century, is the so-called mini-
emulsion method. Briefly, the method consists in mixing a polymer solution in an
organic solvent, with a surfactant solution in water. The mixture is ultra-
sonicated, forming a miniemulsion of polymer solution in water, with
nanometer-sized polymer solution droplets stabilized by the surfactant. The
solvent is subsequently allowed to evaporate, provided it has a boiling point
lower than water and, in this way, a dispersion of polymer nanoparticles in water
is obtained. Excess of surfactant is removed by dialysis. Figure 8.7 shows some
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examples of crystallizable polymer nanoparticles, that is, poly(L-lactic acid)
(PLLA) and poly(3-hethylthiophene) (P3HT), obtained by this method.140,141

The miniemulsion method requires polymer solvents with boiling points
below that of water and that are immiscible with water. For polymers soluble
in solvents with higher boiling points or that are water-miscible several other
approaches can be pursued. These methods are based on solvent-
displacement. Dialysis nanoprecipitation is a method by which a polymer
solution is prepared in a water-miscible solvent. The polymer solution is
placed in a dialysis membrane with appropriate pore size, and is immersed
in a large water volume. To restore chemical equilibrium, solvent flows
outwards through the membrane walls, and water flows inwards. During this
process, a controlled precipitation of the polymer occurs in the dialysis
membrane to form polymer nanoparticles.142 This method has been used for
preparing nanoparticles of poly(vinilydene fluoride-co-trifluoroethylene)
P(VDF-TrFE)143 and polycarpolactone (PCL).144

The principle of solvent displacement is also used in the so-called
reprecipitation or flash precipitation method.70,145 In this method a filtered
polymer solution is rapidly injected into a given volume of distilled water,
resulting in an emulsion of polymer in the water–solvent mixture. The
emulsion is stirred at a given temperature (below the boiling point of water)
to allow complete evaporation of the solvent. The final state is a dispersion
of polymer nanospheres in water. This method, again, requires solvents with
boiling points below that of water. A modification of the method can be
used, where the solvent in the water–solvent mixture is removed by dialy-
sis.140 By this method, particles of P(VDF-TrFE) can also be obtained.141 The
sizes of the obtained nanoparticles depend on several factors, the solvent
used being a key one. An alternative method for preparing polymer nano-
particles is based on pulsed laser ablation of liquid media (PLAL).146

Although preparation of nanoparticles of semicrystalline polymers by this

Figure 8.7 AFM topography images for (a) PLLA and (b) P3HT nanoparticles pre-
pared from the miniemulsion method.
Reproduced from ref. 140 and 141 with permission from Daniel E.
Martı́nez-Tong, PhD (a) and from Edgar Gutiérrez-Fernández (b).
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method has been only marginally reported,147 polycarbonate particles pre-
pared by PLAL in different liquids has been documented. Very different
morphologies were found depending on the liquid properties. In particular,
the size of the obtained nanoparticles depended on the thermal conductivity
of the liquid medium. Figure 8.8 shows an example of poly(bisphenol-A-
carbonate) nanoparticles obtained by PLAL in different solvents.140,146

The PLAL method for obtaining polymer nanoparticles is experimentally
similar to Matrix Assisted Pulsed Laser Evaporation (MAPLE), where a frozen
polymer solution is ablated and the solvent acts as a sacrificial matrix. The
chains in the solvent are ejected and the solvent avoids degradation.148 Indi-
vidual polymer droplets are obtained. Recently, the effect of confinement in
crystallization has been studied in films deposited by MAPLE.149 The described
methods arise from very different physico-chemical principles. Therefore,
particles from each method are expected to have their own singularities when
polymer crystallization is studied. However, several common aspects might be
considered, such as the role of confinement size and curvature, among others.

8.3.2 Chain Conformation by Confinement of Polymers in
Nanoparticles

The driving force for crystallization in glass-forming systems at constant
pressure is associated with the difference in the contributions to the Gibbs
free energy between liquid and crystal per unit volume of the crystal
phase,150 which can be described by eqn (8.2):

DG(T)¼�TDS(T) (8.2)

where DS is the difference in specific entropy between both phases, and is
given by:

DS¼ Sliquid� Scrystal (8.3)

In polymers, the entropic contribution arises from the number of available
conformations for the polymer chains. The entropy of a polymer chain is

Figure 8.8 AFM topography images for poly(bisphenol-A-carbonate) nanoparticles
obtained by pulsed laser ablation in different liquids (a) carbon tetroxide,
(b) hexane and (c) ethylene glycol.
Reproduced from ref. 140 with permission from Daniel E. Martı́nez-Tong,
PhD.
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provided by the Boltzmann relation S¼ k � lnO where O is the number of
conformations. The latter can be calculated from the relation:

OEmnu (8.4)

where mE2� 6 is the number of rotational isomers, determined by the type
of monomer, and nu is the number of repeating units in a single chain.
Therefore, the main factor controlling the number of conformations in a
chain is the total number of repeating units. Since nanoparticles may con-
tain just a few chains, it is possible to estimate the number of monomers
included in a particle to obtain, in a first approximation, the number of
possible conformations of the chains in the nanoparticles. In the case of an
ensemble of a small number nc of chains, as is the case in a polymer
nanoparticle, the number of conformation can be described by:151

OEmnu � nc (8.5)

From eqn (8.3) and (8.5) it can therefore be concluded that, in the limited
volume imposed by the nanoparticle geometry, the driving force for crys-
tallization is weaker than in bulk. This might imply that crystallinity can be
inhibited when compared to bulk systems.

Another aspect of crystallization that can be modified upon confinement
is kinetics. Crystallization from the glass, i.e., cold crystallization, occurs
when a glassy crystallizable polymer that has been quenched is brought to
temperatures above its Tg. The kinetics of crystallization in this regime,
which is well below the maximum in nucleation, is governed mainly by the
molecular mobility of the system, since nuclei have already been preformed
at lower temperatures and crystallization proceeds through the transport of
chains with the correct conformation to the crystal front. It has been re-
ported that at temperatures slightly above the glass transition, the kinetics of
crystallization is governed by segmental dynamics.6,114 Crystallization in
confined polymer systems is modified with respect to that of the bulk, and
sometimes even inhibited.117,120,152,153

In confinement, heterogeneous nucleation is highly supressed. Therefore,
crystallization is governed by homogeneous nucleation. Floudas et al.154,155

suggested that at large undercoolings, close to the Tg, crystallization is
strongly linked to the local viscosity and therefore, to segmental dynamics.
Any modification in the dynamics due to confinement should be reflected in
the kinetics of crystallization. Taking this aspect into account, in the next
sections, we review the observed modifications in crystallization kinetics and
the shape of the developed crystals in semicrystalline polymer nanoparticles.

8.3.3 Modification of Crystallization in Polymer
Nanoparticles

In the case of crystallization in polymer nanoparticles, slight variations in the
temperature dependence of the crystallization kinetics with respect to the bulk
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have been observed. Figure 8.9 shows the evolution of diffraction patterns
with temperature from initially amorphous polymer nanoparticles of PLLA. As
observed, the cold crystallization in the nanoparticles occurs at temperatures
slightly higher than for the bulk. Recalling the intimate connection between
crystallization rate and glassy dynamics, this may be associated with slight
positive deviations in Tg. As detailed in Section 8.2, this is actually found in some
studies64,65 for amorphous nanoparticles prepared by the same technique.
Though in these studies the investigated nanoparticles were acrylate-based, one
could hypothesize a similar effect for PLLA nanoparticles. To clarify this aspect,
further investigation is warranted since, as discussed, reducing the nanoparticle
diameter can also have the opposite effect, that is, a reduction in Tg.42

Figure 8.9 (Top) Evolution of wide angle X ray scattering patterns of initially
amorphous PLLA nanoparticles prepared by miniemulsion. The diam-
eter of the nanoparticles is around 100 nm. The crystalline diffraction
pattern corresponds to that of the a phase of PLLA. (Bottom) Normalized
intensity of the maximum peak as a function of temperature for bulk
PLLA, nanoparticles prepared by miniemulsion and nanoparticles pre-
pared by flash precipitation.
Reproduced from ref. 140 with permission from Daniel E. Martı́nez-
Tong, PhD.
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In the case of polymers that are semicrystalline at room temperature under
normal processing conditions, it has been shown that confinement into
nanoparticles decreases crystallinity. Ferroelectric polymer nanoparticles
prepared by dialysis nanoprecipitation exhibit a ferroelectric-to-paraelectric
transition associated with the crystalline phase of the ferroelectric polymer at
lower temperatures compared with the bulk, confirming the lower crystal-
linity of the nanoparticles.156

8.3.4 Polymer Nanocrystals from Crystallizable Nanoparticles

In terms of morphology, nanoparticles offer an elegant framework to obtain
polymer nanocrystals, or even single crystals. The size of the nanoparticles is
often very similar to that of the polymer crystal in bulk, and therefore,
confinement might affect the morphology of the obtained crystals. Moni-
toring crystallization of polymer nanoparticles by atomic force microscopy
reveals the mechanism by which, after a certain time, the nanoparticles
collapse and form small droplets from which crystallization proceeds.
Besides starting from almost pure 3D confinement (particles with spherical
shape) after collapsing, their form changes to a pancake-like shape, and the
role of the substrate is enhanced. As has been shown by simulations,157

competition appears between interfacial and geometrical effects. The
flatness of the surface imposes a deformation of the polymer chains so that
they tend to align parallel to the surface. This effect would promote flat-on
lamella orientation.

However, if the interaction of the polymer with the flat substrate surface
is strong, a slowing down of the molecular mobility is induced, impeding
the reorganization of polymer chains. In this situation, the preferred
growth orientation for crystalline lamella is edge on. This is exemplified
in Figure 8.10 where three snapshots of an isothermal crystallization
experiment on initially amorphous PLLA particles are shown.140,158

After several minutes, the collapse of the nanoparticles into droplets is
observed. After that, the droplets evolve into crystals, with flat-on and
edge-on lamella observed, demonstrating the balance between the two
different effects.

8.4 Conclusions
The aim of this chapter is to review recent experimental activity dedicated to
the comprehension of how two fundamental aspects of polymer physics, that
is, the glass transition and the crystallization kinetics, are modified when
colloidal polymer nanoparticles are investigated. Attention is also devoted
on how the interplay between crystallization and glass transition intervenes
in these systems. In doing so, special emphasis is devoted to the presence of
a large amount of interface, a common feature to all polymer materials
geometrically confined at the nanoscale. In addition, the specific features of
colloidal polymer nanoparticles are discussed. These originate from the
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presence of geometrical curvature at the polymer surface and, differently
from 1D confinement typical of thin polymer films, may result in positive Tg

deviations from bulk behavior. The same effect is discussed in relation to the
experimental evidence of a slowing-down of the crystallization rate observed
in several experiments. Entropic effects, arising from the suppression of
degrees of freedom at the curved polymer surface, are recalled and discussed
in detail to explain these results.
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Figure 8.10 PLLA nanoparticles obtained by miniemulsion, at T¼ 75 1C at (a) 0 min,
(b) 5 min and (c) 1200 min. The red arrow points to a edge-on lamella,
and the green arrow points to a flat-on lamella.
Adapted from ref. 158 with permission of Springer Nature, Copyright
2016.
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A. Lustiger and G. Maron, Macromolecules, 2004, 37, 3319–3327.

117. D. E. Martı́nez-Tong, B. Vanroy, M. Wübbenhorst, A. Nogales and
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CHAPTER 9

Transport of Polymer Colloids
in Porous Media

NAVID BIZMARK,a,b JOANNA SCHNEIDER,b EMILY DE JONGb

AND SUJIT S. DATTA*b

a Princeton Institute for the Science and Technology of Materials (PRISM),
Princeton University, Princeton, NJ 08540, USA; b Department of Chemical
and Biological Engineering, Princeton University, Princeton, NJ 08540, USA
*Email: ssdatta@princeton.edu

9.1 Introduction
Colloidal particle transport in porous media is of practical interest in
various engineering applications including wastewater treatment,1,2 colloid-
associated pollutant transport,3–5 enhanced oil recovery,6,7 and filtration of
microorganisms.8–10 These applications typically involve the transport of
colloidal particles ranging from tens of nanometers to a few micrometers in
size, including inorganic particles (e.g., metals and metal oxides), organic
particles (e.g., humic substances and polymers), and biological materials
(e.g., viruses and bacteria).11 Moreover, such particles can have dramatically
different physicochemical properties; as a result, their interactions with each
other and with the solid matrix of the porous medium differ considerably,
ultimately impacting transport behavior.

In some cases, the presence of these particles can enhance transport of
other compounds. For example, field studies at hazardous waste sites have
shown enhanced transport of radionuclides and metal ions due to the
presence of colloids,12–14 in agreement with laboratory experiments showing
accelerated colloid-facilitated transport of ionic metals through a model
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porous medium.15,16 Frequently, nanometer- to micrometer-sized inorganic
colloids such as clays, metal oxides, and carbonates appear to be responsible
for enhanced contaminant transport in aquifers. Other works show the
ability of natural and synthetic organic colloids to enhance transport of
metallic17,18 and hydrophobic19–22 contaminants.

In other cases, the presence of colloids can suppress transport. Often,
colloids are deposited as they are transported through the pore space, re-
ducing pore space permeability and potentially leading to clogging.23 This
process can be desirable for waste isolation, in which colloidal clogging can
hinder the spread of waste materials.3 Conversely, clogging poses a signifi-
cant problem for energy and environmental processes, such as enhanced oil
recovery and contaminant removal from groundwater aquifers, which rely on
unimpeded transport of fluids through the pore space. For example, an
emerging approach for enhanced oil recovery is to inject surface-active par-
ticles into a reservoir to reduce the oil–water interfacial tension and thereby
promote oil mobilization. However, in some cases, these particles can clog
the reservoir prior to reaching the oil zone, decreasing recovery and poten-
tially damaging the reservoir. Similarly, clogging of groundwater aquifers by
naturally occurring colloidal particles poses a key challenge to aquifer re-
mediation, because it limits the ability to recover trapped contaminants.

To control these processes, it is necessary to develop a deeper understanding
of the pore-scale and macro-scale physical principles that govern colloidal
transport in porous media. Figure 9.1 shows typical pore-scale events that
control the transport of colloids in a porous medium. Particles introduced to a
saturated porous medium—one that is already filled with the carrier fluid—
may behave in a variety of ways. These particles may adsorb at the surface of the
porous medium matrix—and thus, each matrix particle is often referred to as a

Figure 9.1 Schematic of pore-scale events during particle transport in a porous
medium: particle deposition on a porous medium matrix particle, or
collector, via diffusion and interception, particle detachment from the
collector, and particle aggregation.
Reproduced from ref. 24 with permission from Elsevier, Copyright 2012.
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‘‘collector’’—via different mechanisms, such as diffusion or advection, often
referred to as interception. They can also attach to other particles and form
aggregates, detach from the surfaces of collectors after adsorption, or move
through tight channels in the pore space, termed pore throats. These pore-scale
events have clear macroscopic consequences: they lead directly to colloid
concentration variations between the influent and the effluent.

This chapter will provide essential knowledge of the multiscale aspects of
colloidal particle transport in saturated porous media. Specifically, we will
review and derive models that describe the physical principles of colloidal
transport at the pore scale and at the macro scale. We will discuss experi-
mental findings that highlight advancements in our understanding of col-
loid transport. A review of these publications will therefore allow us to make
connections between recent experimental findings and established theore-
tical results, and to describe the advantages and challenges of various
experimental approaches. While in some cases these studies focus on
non-polymeric colloids, the governing principles are relevant to polymeric
colloids as well. Moreover, the use of polymers enables precise control over
colloid morphology and surface properties. This precision provides exciting
opportunities for the use of polymer colloids to control flow and transport
in porous media for wastewater treatment, contaminant containment,
enhanced oil recovery, and filtration.

9.2 Mathematical Modeling

9.2.1 Macro-scale Modelling: 1D Continuum
Advection-dispersion Equation (ADE)

Typical applications involve fluid Reynolds numbers much smaller than one.
Consequently, the steady-state flowrate Q of a fluid moving unidirectionally
through a porous medium is directly proportional to the pressure drop DP
and inversely proportional to the fluid viscosity m. This behavior is quanti-
fied by Darcy’s law:

Q¼ KA
m

DP
L

�
�
�
�

�
�
�
�

(9:1)

where A and L are the medium cross-sectional area and length, respectively, and
K is an empirical descriptor known as the fluid permeability. This parameter is a
strong function of a porous medium’s properties, such as its porosity and the
pore size distribution, which can be complex and difficult to quantify. As a
result, the permeability is often determined by fitting experimental data.

Over the course of particle transport in porous media, permeability may
change due to pore-scale events such as particle deposition, which dynam-
ically alter the pore space geometry.25,26 Continuum models describe this
complex behavior by considering the advection and diffusion of particles
through the pore space. Assuming one-dimensional (1D) flow along x
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through a saturated porous medium, mass conservation for the colloidal
particles yields the relation25,27–29

@C
@t
¼ @2 DCð Þ

@x2 � @ vCð Þ
@x
� f (9:2)

where C is the particle concentration, D is the particle diffusivity, f is the rate
of particle deposition per unit volume, and v¼Q/(Af) is the interstitial fluid
velocity with porosity f; for simplicity, the particles are assumed to move
with the fluid.30 Assuming the flow is uniform along x, eqn (9.2) can be
written in non-dimensional form:

@�C
@�t
¼ @2 �C
@�x2 � Pe

@�C
@�x
� �f (9:3)

Here, C̄�C/C0, where C0 is the particle concentration entering the porous
medium, x̄� x/L, t̄�Dt/L2, and Pe� vL/D. The latter is one form of the Péclet
number, which compares advection-dominated particle transport to diffusion-
dominated transport. At low Péclet numbers (Peo1), diffusion is dominant,
whereas at large Péclet numbers (Pec1), advection becomes the main
mechanism of colloidal transport. When modeling the transport of colloids in
a porous medium, the diffusion of particles is typically modified to include an
effective diffusion coefficient that takes into account the tortuosity (t) of the
medium, where tortuosity refers to the longer path that a particle must travel
due to the geometry of the porous medium. This effective diffusion coefficient
is known as the hydrodynamic dispersion coefficient, Dh, which can be esti-
mated from Dh¼Dþ tn. Substituting the diffusion coefficient with a disper-
sion coefficient in eqn (9.2) yields the advection-dispersion equation (ADE).

The particle volumetric deposition rate f can be written in terms of the
fraction of the collector’s surface covered by colloidal particles, or surface cov-
erage (Y).28,31 In this approach, two deposition regimes with different kinetics
are considered: (i) the deposition of colloidal particles on bare collectors, or
single-layer deposition, and (ii) deposition on collectors that are already covered
by particles, also called multilayer deposition. Assuming first-order kinetics,
this rate can be written as f¼ kdepC, where kdep is the deposition rate constant.
This constant can be determined empirically through what is known as
filtration theory, described in Section 9.2.2. Alternatively, it can be written as
kdep¼ kIB(Y)þ kIIY, where kI and kII are the deposition rate constants for single-
layer and multilayer deposits, respectively,31 and B(Y) is the blocking function,
which indicates how deposited particles influence the deposition of new par-
ticles. This function can be computed from Langmuirian adsorption or random
sequential adsorption models.31,32

9.2.2 Pore-scale Events: Filtration Theory

When particles travel through a saturated porous medium, they often collide
and deposit onto collectors’ surfaces. The conceptual explanation of this
phenomenon is given by filtration theory,26,29,33,34 sometimes referred to as
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deep-bed filtration theory,2,35,36 which yields a simple expression for the particle
deposition rate per unit volume, f.25,29 Specifically, for a porous medium
comprised of spherical collectors of equal size, kdep can be computed as

kdep¼
3
2
ð1� fÞ

dc
vZ (9:4)

where dc is the average collector diameter and Z� aZ0 is known as the single-
collector efficiency.33,37 Here, a is the empirical collision or attachment effi-
ciency and Z0 is the rate at which particles strike the collector divided by the rate
at which particles flow toward the collector.33,37 This quantity is thus controlled
by hydrodynamic driving forces, including particle Brownian motion,
advection/interception, and gravity.29,33 To include the effects of these mech-
anisms in the pair interaction between a colloidal particle and a single collector,
it is postulated that Z0¼ ZDþ ZIþ ZG, where ZD, ZI, and ZG are the single-collector
efficiencies due solely to diffusion, interception, and gravity, respectively.33,38,39

These efficiencies may be formulated in terms of dimensionless parameters
that reflect hydrodynamic forces, such as the Péclet number and the particle-to-
collector size ratio.26,38,40–43 Figure 9.2(a) shows a typical trend for these
efficiencies as a function of colloidal particle size.33,37,44 For particles smaller
than 1 mm, diffusion dominates in the determination of Z0; for larger particles,
interception and gravity begin to play a more appreciable role.45

While hydrodynamic forces are crucial in the determination of Z0, the
empirical collision efficiency, a, is determined largely by physicochemical
forces, namely Derjaguin–Landau–Verwey–Overbeek (DLVO) forces.29,46–50

DLVO forces, which account for van der Waals attractive forces and elec-
trostatic repulsive forces, govern particle surface interactions in the near-
surface domain.51 The collision efficiency therefore varies from zero to unity,
where ao1 is known as the unfavorable deposition regime and a¼ 1 is
known as favorable deposition. Under favorable conditions, all transported
particles will be deposited onto the collector. However, when a net repulsion
exists between a particle and a collector, deposition is unfavorable. Under
these conditions, as particles approach the near-surface domain, the
repulsion between the particle and the collector kinetically controls de-
position.52,53 As a result, only some particles will deposit onto the collector’s
surface [see Figure 9.2(a)].23,54 When deposition is unfavorable, this process
can be considered in two steps. Far from the collector, particles are trans-
ported by hydrodynamic driving forces, but as they approach the near-
surface domain in the presence of a net repulsion, they may still deposit
onto the collector’s surface. In this two-step model, Z represents the likeli-
hood of colloidal particles entering the near-surface domain.

To use filtration theory for larger systems, the single-collector efficiency
must be scaled up to account for multiple collectors. The upscaling
approach depends on whether deposition is favorable or unfavorable.51

Figure 9.2(c) shows a simple upscaling from a single-collector model to a
multicollector model under favorable deposition conditions. Starting from
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an initial concentration of colloidal particles, C0, an arbitrary number of
collectors, Nc, and assuming all collectors share the same single-collector
efficiency, one may expect the colloidal particle concentration to drop down
to C¼C0(1� Z)Nc [see Figure 9.2(c)].

Despite this existing upscaling approach, there are conditions under
which the assumption of similar Z for all collectors becomes inadequate. The

Figure 9.2 (a) Numerical computation of Z0, ZD, ZI, and ZG for a column filled with
0.5 mm spherical glass beads as a function of colloidal particle concen-
tration injected at a velocity of B5 m h�1. (b) Pair interaction energy
profiles between 3 mm fluorescent carboxyl-modified polystyrene latex
colloids and spherical glass beads with a mean size of 328 mm separated by
a known distance at various ionic strengths. (c) Upscaling from a single
collector to an array of Nc collectors assuming the same single-collector
efficiency (Z) for every collector.
(a) Reproduced from ref. 54 with permission from American Chemical
Society, Copyright 2004. (b) Reproduced from ref. 33 with permission from
American Chemical Society, Copyright 1971. (c) Reproduced from 51 with
permission from John Wiley and Sons, r2013. American Geophysical
Union. All Rights Reserved.
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assumption that all collectors to have the same single-collector efficiency
implies that collector efficiency is uniform across the whole porous medium
and that deposition is independent of transport history. In direct contrast
with the single-collector efficiency assumption, under unfavorable de-
position conditions where interception and gravity dominate, the efficiency
of the first collector is the highest. Computational fluid dynamics (CFD)
simulations reveal a non-exponential particle deposition profile under these
conditions. The efficiency decreases to an asymptotic value along the col-
lector array, confirming that a simple upscaling method does not suffice for
unfavorable deposition conditions.55

By combining the ADE with filtration theory, one can explore various as-
pects of colloidal transport in a porous medium. In a study that investigated
the effects of heterogeneity in packed columns on carboxylated polystyrene
particles under constant flowrate,56 experiments showed that spatial het-
erogeneity in a porous medium does not have a significant impact on de-
position kinetics for an advection-dominated process. To quantify this
phenomenon, kdep was computed using the ADE as a fitting parameter. In
the regime of high Péclet number, experimental and computational results
agree. However, when advection is not dominant, computational results are
contrary to experiment results, and more fine-grained computational tools,
such as the Lattice–Boltzmann method (LBM), become necessary.56

While geometry and ill-defined parameters often limit large-scale con-
tinuum models, a continuum description of concentration and permeability
can still prove useful. The ability to non-dimensionalize the continuum
equations of mass conservation and motion makes these models robust and
generalizable to all length and time scales where the underlying assumptions
hold. However, complex computational methods may be able to delve deeper
into smaller systems, providing fine-grained information in complex, het-
erogeneous systems.

9.2.3 The Lattice–Boltzmann Method (LBM) and Pore
Network Modeling (PNM)

Though continuum models provide meaningful coarse-grained information
based on advection and diffusion with modified transport coefficients, they are
incapable of integrating the role of heterogeneous structure into the de-
termination of particle transport in porous media, which may be a dominant
factor in some cases. Among different computational methods, the Lattice–
Boltzmann method (LBM) is a rigorous computational algorithm that can
account for structural heterogeneities in sufficiently small systems, up to a few
pores in size.57 The LBM has been successfully used to model the rearrange-
ment of flow patterns and migration of fine particles in two-dimensional (2D)
porous media.58 Further, the LBM has been leveraged to uncover the two pri-
mary behaviors of clogging and channelization in porous media, as well as the
physical mechanism of erosive bursting: a sufficient pressure drop results
in the dissolution of a strained colloidal aggregate.59,60 Unfortunately,
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simulations employing the LBM are still sufficiently complex that they can only
be used to study very limited system sizes, and even then, they rely on parallel
computing. This complexity makes the LBM ideal for uncovering pore-scale
physics, but too computationally expensive to be applied to real mesoscale
systems, such as permeable shale formations. Instead, simplified pore-
network models aid in more efficient coarse-grained studies of porous media.

Recent works have demonstrated that the transport of a material through
a pore network is highly dependent on the pore size distribution and the
coordination number.61 Pore network models (PNMs) propose a comprom-
ise between continuum models and the LBM that involves tessellating the
porous medium into a simplified system of pore bodies and narrow con-
necting pore throats,62 or employing a branched network morphology63 to
eliminate the role of pore bodies. A variety of imaging and mathematical
techniques have been established to connect pore geometries in geological
formations with PNMs, such as sphere-packing, statistical matching, and
Delaunay tessellation.62 Pore network modeling has a strong community
and is widely used to determine macroscopic Darcy transport coefficients,64

percolation, adsorption, and reactive transport.65,66 Some complex PNMs are
able to track individual nanoparticles in a network of spherical pores and
conical frustrum throats.67 However, these models do not drive the system to
a fully clogged state, and the representation of individual particles is com-
putationally expensive compared to a continuum concentration abstraction.

There exist a variety of open-source PNM codes with the capacity to gen-
erate networks, such as OpenPNM,68 which can perform reactive transport
calculations. However, available open-source models currently do not have
an efficient capacity to modify network geometry throughout a simulation
to account for changes in the pore radii due to deposition and erosion of
nanoparticles. In a hybrid approach, an existing network model generator can
be used to stochastically generate a pore network system that matches the key
geometric parameters of a physical pore dataset. Then, the particle concen-
tration, pore constriction, and a new flow field are computed at each time step
using 1D continuum model equations. Using this approach, pore structure
changes due to precipitation and dissolving rock formations could be mod-
eled.66 Continued studies of complex pore networks using this simulation
framework could yield exciting insights about the role of heterogeneous
structure and flow path rearrangement in porous media. After a 1D con-
tinuum model, PNMs are the next step in upscaling a simple set of parameters
to a more realistic but slightly more computationally expensive simulation.

9.3 Experiments on Colloidal Particle Transport in
Porous Media

9.3.1 Macro-scale Studies

As discussed in Section 9.2, the combination of the ADE and filtration theory
is widely used to study the transport of particles in a porous medium. With
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this macroscopic empirical approach, the computed concentration of par-
ticles in the effluent from a porous medium is compared to experimental
results. UV-vis spectroscopy has been used extensively to measure the con-
centration of spherical69–74 and non-spherical75,76 surface-functionalized
polystyrene colloids at the effluent with sizes ranging from 30 nm to 6 mm.
When colloidal particles are fluorescently-tagged, a fluorometer measures
the effluent particle concentration, Ce.77 The effluent particle concentration
is measured over time and normalized by the inlet concentration, C0, to
obtain a breakthrough concentration profile [see Figure 9.3(a)]. Break-
through curves provide macroscopic information that describes how col-
loidal transport in porous media progresses temporally under various
conditions for particle size, ionic strength, pH, flowrate, particle concen-
tration, and particle shape.75,76,78–82

For example, the collision efficiency, a, is one piece of macroscopic infor-
mation that can be obtained using breakthrough curves. To calculate a under
known operating conditions, Z0 is computed from empirical equations37 and
a is found by fitting the ADE to experimentally obtained breakthrough curves.
When advection is the dominant mechanism of particle transport, a can be
computed from the following equation at steady-state conditions.37,46

a¼� 2dc

3 1� fð ÞZ0L
ln Ce=C0ð Þ (9:5)

Further, in lieu of direct microscopic observations, various studies have
sought to establish a connection between processes at the pore and macro
scales. The Péclet number can be computed from fitting the ADE to the
breakthrough curves without any need for direct visualization of pore-scale
events. When Peo1, diffusion is the dominant mechanism of transport in
porous media. Under these conditions, particles can move from one pore body
to an adjacent one, resulting in a more complete sweep of the entire porous
medium [see Figure 9.3(b)]. As Pe becomes larger, advection starts to contribute
more to the transport process, and at Pe4400, advection is dominant and
particles move predominantly along the flow direction [compare longitudinal
dispersion, DL, to transverse dispersion, DT, in Figure 9.3(b)-i and (b)-ii].83–88

While diffusion and advection are two main mechanisms of particle transport
in porous media, analyses of breakthrough curves using the ADE do not capture
other possible pore-scale behaviors. For example, experiments using model sil-
ica colloids showed a slow decrease in colloid concentration over the elution
time, as compared to the sharp drop in outlet concentration for chloride tracer
particles [see Figure 9.3(c)].89 This observation, termed tailing,89–91 is thought to
be due to the detachment of already deposited particles from the solid matrix.
Whereas the physical origin of this phenomenon is not well understood,
mathematical models have been developed to capture the tailing effect.92

Breakthrough curves have also been measured for particles with different
sizes and aspect ratios. Figure 9.3(a) shows the breakthrough profiles of
micron-sized spherical sulfate-modified polystyrene latex particles with
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Figure 9.3 (a) Breakthrough curves for spherical (i) and peanut (ii) shaped particles
ranging from 1.9 mm to 6.1 mm injected into a porous medium made with
0.12 mm quartz sand. Here, the variable C represents the effluent
concentration Ce. (b)-i Longitudinal and (b)-ii transverse dispersion
coefficients normalized by molecular diffusion coefficient (Dm) as a
function of Péclet number. (c) Concentration breakthrough curves of
chloride tracer (filled symbols) and 91 nm colloidal silica particles
(empty symbols) for columns packed with 300–400 mm quartz sand.
(d) Distribution of deposited 210 nm spherical (i) and 235.8 nm per
100 nm (2 : 1) rod-shaped fluorescent carboxyl-modified polystyrene
nanoparticles (ii) after the injection of 40 pore volumes into a porous
medium comprised of 600–710 mm glass beads.
(a) Reproduced from ref. 75 with permission from American Chemical
Society, Copyright 2008. (b)-i Reproduced from ref. 88 with permission
from John Wiley and Sons, Copyright 2006 by the American Geophysical
Union. (b)-ii Reproduced from ref. 84 with permission from John Wiley
and Sons, Copyright 2007 by the American Geophysical Union. (c) Repro-
duced from ref. 89 with permission from Elsevier, Copyright 1994.
(d) Reproduced from ref. 93 with permission from American Chemical
Society, Copyright 2013.
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radius rp to those of peanut-shaped, or rod-shaped particles with an aspect
ratio of major axis radius to secondary axis radius a/bo1.75 When rp¼ a,
breakthrough curves [Figure 9.3(a)] for spherical and peanut-shaped par-
ticles are not significantly different and show similar percentages of retained
colloids, but they are easily distinguishable otherwise. Even though the
breakthrough curves look similar for these cases, the mechanism of re-
tention may be different for spherical and rod-shaped particles.76 Moreover,
different deposition profiles arise for nanometer-sized spherical and rod-
shaped particles [see Figure 9.3(d)].93

While Pe provides an intuitive understanding of the interplay between the
advection and diffusion of particles during transport at the pore scale, it fails
to capture the effects of other pore-scale transport mechanisms. Mechanisms
such as interparticle interactions, interception, and sedimentation37 are not
distinguishable using Pe alone. As a result, classic colloid filtration theory
and breakthrough curves often fail to represent the true physics of colloidal
transport in porous media under conditions where these phenomena are
significant.23,54,94,95 It is thus of significant importance to have quantifi-
cation methods for the transport of colloidal particles at the pore scale.

9.3.2 Indirect Pore-scale Assessments

Indirect pore-scale measurement techniques, such as nuclear magnetic
resonance (NMR) and X-ray computed tomography (CT) scanning, are two
non-invasive methods that have been widely used in investigating transport
processes in porous media. By scanning the porous medium from outside,
these powerful techniques gain information about the inside of the medium.
The information provided by NMR and CT can then be used to successfully
reconstruct a three-dimensional (3D) configuration of a porous medium [see
Figure 9.4(a)],80 but these techniques are still limited in their ability to
provide information about pore-scale events in naturally occurring systems.
Recent works have employed such indirect non-invasive techniques to shed
light on the dynamics of particle deposition, pore clogging, or erosion in 3D
porous media during the course of colloidal particle transport.

NMR spectroscopy works by collecting temporal and spatial signal profiles
during the transport of particles in a porous medium. Using calibration
curves, these profiles are then converted into concentration profiles of sus-
pended particles.96–99 These concentration profiles can be compared to the
predictions of the ADE continuum model coupled with filtration theory.
However, one weakness of the NMR technique is that the collected signals
are influenced by the presence of both suspended and deposited particles.
One way to distinguish these two effects is by injecting colloidal particles
into the porous medium followed by particle-free carrier until steady-state
NMR signals are recorded.97 These steady-state signals correspond only to
deposited particles. As new suspended particles are introduced to the porous
medium containing deposited particles, the presence of suspended particles
results in a decreased NMR signal. As this pulse moves along the porous
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medium, the NMR signals return to the baseline signal created by the pre-
viously deposited particles [see Figure 9.4(b)]. These profiles for deposited
and moving particles in porous media provide more accurate estimates
for deposition kinetics, which have been used for further development of
continuum modelling.97

In a study of polystyrene particle transport under constant flowrate in a
porous medium comprised of spherical glass beads, particle-to-bead size ratio,
r̄, was found to control the deposition profile across the length of the porous
medium.100 When r̄o0.05, no clogging is observed. As r̄ increases, in-depth
deposition or surface deposition, frequently referred to as ‘‘caking,’’ occurs
[see Figure 9.4(c)-i and ii]. These regimes were analyzed by X-ray CT images
obtained at a desired distance away from the porous medium entrance.

Figure 9.4 (a) 3D constructed X-ray CT scanned images of a porous medium made
with non-spherical beads (shown in red) with a shape of approximate
half spheres. (b) Selected NMR signal profiles along a porous medium
made with sand during four successive injections of 35 nm iron oxide
nanoparticles. The blue-shaded section represents the suspended nano-
particles injected into the porous medium (far left picture) that moves as
time progresses, the red-shaded section represents the deposited particle
region inside the porous medium, and the green-shaded section shows
the particle-free region. (c) Successive injections of 41 mm polystyrene
particles through bead packing for r̄¼ 0.11 and r̄¼ 0.13 in (c)-i and (c)-ii,
respectively. The inset in (c)-i shows the X-ray CT scanned image of
the internal structure of porous medium (r̄¼ 0.11): white spheres are the
glass beads and the grey spheres are deposited particles. (c)-iii Size
distribution of clusters within a porous medium with r̄¼ 0.067.
(a) Reproduced from ref. 80 with permission from Elsevier, Copyright
2010. (b) Reproduced from ref. 97 with permission from Elsevier,
Copyright 2017. (c) Reproduced from ref. 100, https://doi.org/10.1103/
PhysRevLett.120.148001, with permission from American Physical
Society, Copyright 2018.
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Further from the porous medium inlet, clusters of nanoparticles form de-
posits with an effective diameter, dc, trapped within pore bodies or pore
throats [see Figure 9.4(c)-i inset]. For r̄¼ 0.067, the effective diameter of de-
posits ranges up to nine times the size of one particle [see Figure 9.4 (c)-iii].
Some hypotheses suggest that the formation of these clusters is a matter of
probability. However, this probability is not defined based on the interaction
between individual particles and the collector. Instead, it is defined based on
the size exclusion of clusters at different distances away from the entrance of
the porous medium. In this model, any individual particle has the same
probability of depositing, p, on a clean collector’s surface or on an already
deposited cluster. When the cluster is as large as the pore size, it stops growing
and diverts the flow path toward other pores. In this model, p is a function of
r̄ with a critical value of p(r̄¼ 0.153)¼ 1.

Understanding the transport of colloidal particles in porous media using
NMR is limited by the challenge of interpreting NMR signals, while
the utility of CT scanning is limited by spatial and temporal resolution.
Therefore, it is of practical interest to develop techniques that are sensitive
to pore-scale events, yet simple to analyze.

A recent work101 detects particle deposition and erosion by measuring the
pressure drop along the porous medium. Jumps in pressure drop readings can
be connected to the clogging, or pore closing, and erosion, or pore opening.
Mechanisms of pore clogging are discussed later in this section. In this
approach, hypotheses suggest that erosion is promoted by two phenomena:
(i) when the shear stress exerted by the fluid is large enough to detach a particle
from a collector, termed shear erosion, and (ii) when the pressure drop along
the porous medium exceeds a threshold, referred to as hydraulic erosion. These
two mechanisms are formulated using two dimensionless parameters: shear
erosion, Tc, and hydraulic erosion, Fc. Figure 9.5(a) shows that pressure jumps
happen only for a specific range of Fc at a given Tc. In region I, Fc is small, so no
jumps are observed in the pressure readings, and no clogging occurs. At the
opposite extreme, in region III, Fc is large enough that hydraulic erosion be-
comes negligible and again no jumps are observed. Between these two regions,
in region II, we observe substantial jumps in pressure. Figure 9.5(b)-i shows
typical pressure readings for the transport of quartz particles in a porous me-
dium made of glass beads.101 Pressure readings show that when there is a
pressure jump due to erosion, both flowrate and particle volume fraction
increase—an indication of pore opening [see Figure 9.5(b)-ii]. All the possible
regimes (non-clogging, clogging, and an intermediate between non-clogging
and clogging) are mapped as a function of flowrate and particle volume fraction
[see Figure 9.5(c)].101 According to these findings, particle volume fraction is the
parameter controlling the clogging regime at steady state.

Another study of the pressure evolution during particle transport in a
porous medium corroborates the existence of three regions with distinct
deposition and erosion characteristics.102 Here, the transport of an aqueous
suspension of silica powder with a diameter of 25 mm was measured under
constant flowrate through a column packed with soda lime glass beads. In
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these experiments, the identified regions are: (i) a smooth increase in the
pressure corresponding to particle deposition along the porous medium,
(ii) a ‘‘jumping period’’ at which continuous erosion and redeposition takes
place, and (iii) complete clogging, where the maximum pressure supplied by
the pump is achieved. In this study, pressure profiles were translated into a
particle deposition profile by neutron tomography imaging and rigorous 3D

Figure 9.5 (a) The average jumps normalized by the average pressure, P̄, is shown
for different values of Fc and Tc. In regions I and III, no jumps are
detected, but for region II significant jumps are recorded. Three repli-
cates of time evolution of pressure loss (b)-i, flowrate, Q, and the particle
volume fraction, F, (b)-ii during the transport of quartz particles through
a porous medium made of glass beads. The inset in (b)-ii shows [with the
same units as in (b)] the temporal evolution of Q and F during a single
jump. (c) Phase diagram of non-clogging, clogging, and the transition
between these two regimes as a function of Q and F. The insets show the
typical temporal evolution of pressure loss for two regimes: the non-
clogging (green) and clogging (yellow). (d) The cross-sectional deposition
profile of 25 mm silica particles at two locations: at the column entrance
(I) and somewhere in the middle of the column (II). (a) Reproduced from
ref. 60, https://doi.org/10.1103/PhysRevLett.119.124501, with permission
from American Physical Society, Copyright 2017. (b) and (c) Reproduced
from ref. 101, https://doi.org/10.1103/PhysRevLett.120.034503, with per-
mission from American Physical Society, Copyright 2018. (d) Reproduced
from ref. 102 with permission from Springer Nature, Copyright 2018.
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image processing [see Figure 9.5(d)]. Under set operating conditions, de-
position and erosion events at a given distance from the column entrance
vary over time. Pore clogging tends to be more likely near to the column inlet,
while the pores in the rest of column remain relatively unclogged over time.

Indirect assessments of pore-scale events have led us to a better under-
standing of the dominant mechanisms controlling the transport of colloidal
particles in 3D systems with conditions close to real applications. However,
most of these techniques are limited to specific types of particle with an
essential need for secondary justification by direct pore-scale assessments,
such as X-ray CT scanning or microscopy, or by rigorous numerical com-
putations. To acquire more details about pore-scale events, we look to direct
pore-scale measurements.

9.3.3 Direct Pore-scale Assessments

9.3.3.1 Studies in 2D

Transparent micromodels are suitable for direct observation of pore-scale
events, such as particle deposition, pore clogging, and erosion of single
particles or clusters of particles in 2D porous media. Colloidal suspensions
are first pumped into a device made of glass or polydimethylsiloxane (PDMS)
under known conditions for pH, ionic strength, particle size, and particle
concentration. Then, one can directly monitor pore-scale events using either
a conventional or epifluorescence microscope.103,104 A survey of experi-
mental setups for visualization of different classes of colloidal particles in
micromodels can be found in ref. 104.

Using advanced fabrication methods, micromodels can contain a single
collector, a single pore or pore throat, or a combination of multiple pores
and channels with uniform or random shapes and connectivity. One single-
collector study observed deposition of spherical sulfate-modified polystyrene
particles with diameters of 1.04 mm or 3.6 mm on a single cylindrical PDMS
collector with a diameter of 200 mm centered within a rectilinear channel.105

Particles were introduced to the channel at a constant inlet concentration
and an ionic strength above the critical coagulation concentration (CCC). At
these conditions, no repulsion is expected between particles or between the
particles and the PDMS device. Figure 9.6 shows the particle deposition
profiles of particles for a wide range of Pe, varying from O(10�1) to O(103),
which was achieved experimentally by changing the flowrate. Since diffusion
dominates at Peo1, uniform deposition around the collector surface is
observed [see Figure 9.6(a)-i and (a)-ii]. However, when Pe increases,
hydrodynamic forces start to compete with diffusion, resulting in angular
anisotropic profiles of the deposits, as expected from theory.106 Under these
conditions, deposits grow on the side of collector facing the incoming flow.
When Pe becomes even larger (Pe41000), particles can be deposited at the
rear of the collector due to vortex formation. This phenomenon has also
been observed in the presence of multiple collectors [see Figure 9.6(c)].107
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The deposition of particles on collectors’ surfaces, as discussed in fil-
tration theory, is connected to hydrodynamic forces and physicochemical
forces that arise in the near-surface domain.23,37,54 As an alternative to fil-
tration theory, a probabilistic model108 assuming a sticking region with a
thickness of e around each spherical collector has been proposed [see
Figure 9.7(a)]. If particles enter this region, they experience a net attractive
force to the collector and irreversibly adsorb at the collector’s surface. The
probability of sticking is then defined as the fraction of particles that go
through the sticking region over the total number of particles. When e is
small enough, approximately 10 nm, N* is independent of operating con-
ditions (particle volume fraction, flowrate, etc.) and can be estimated from
the geometry of pores alone.109

Particle deposition can be further categorized into four different cases of
surface coverage. The fraction of injected particles that are deposited on a

Figure 9.6 Snapshots of spherical polystyrene sulfate latex particles deposit
morphologies with diameters of 1.04 mm [(a)-i] and 3.6 mm [(a)-i] at
various values of Pe. Deposits were generated in a 1.5 M KCl solution at
pHE6.9. Scale bar is 100 mm. (b) Contour plot of velocity field and flow
streamlines around a pillar (a) at three indicated flowrates. (c) Florescent
latex colloidal particle deposits on an array of silicon collectors. Experi-
ments were conducted at pH¼ 4 at a flowrate of 1 mL h�1 and a concen-
tration of 108 particles per mL.
(a) and (b) Reproduced from ref. 105 with permission from American
Chemical Society, Copyright 2010. (c) Reproduced from ref. 107 with
permission from the Royal Society of Chemistry.
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capillary channel wall, S, is a function of dimensionless hydrodynamic for-
ces, xL, and van der Waals forces, p [see Figure 9.7(b)].110 When diffusion
dominates, particles close to the sticking boundary can diffuse through it to
the wall (I). Particles in the bulk, sufficiently far away from the sticking
boundary, may also diffuse to the wall (II). Either of these events can happen

Figure 9.7 (a) Schematic of sticking region around a spherical collector. (b) Sche-
matic of transport of particles with a radius r through a rectangular
microchannel with a height of h. zp and zw are the zeta potentials of the
particles and wall, respectively. (c) Phase diagram of surface coverage, S,
of channel wall shown in (b) as a function of dimensionless hydro-
dynamic, xL, and van der Waals, p, forces. I, II, III, and IV show four
different scenarios of particle deposition on the wall. (d) and (e) Pro-
posed mechanisms of particle transport through a channel tuning the
interplay between hydrodynamic forces and interparticle interactions.
(a) Reproduced from ref. 109, https://doi.org/10.1103/PhysRevE.74.
061402, with permission from American Physical Society, Copyright
2006. (b) and (c) Reproduced from ref. 110, https://doi.org/10.1103/
PhysRevE.98.062606, with permission from American Physical Society,
Copyright 2018. (d) and (e) Reproduced from ref. 113 with permission
from American Chemical Society, Copyright 2016.
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for a given time t only if the travel distance due to diffusion,
ffiffiffiffiffi

Dt
p

, is com-
parable to that for advection, Ut, where U is superficial velocity. When dif-
fusion is not dominant, colloidal particles may deposit on channel walls due
to strong van der Waals attractive forces. When van der Waals forces are
dominant, particles are transported from the bulk to the sticking region (III).
They are then deposited onto the wall by attractive van der Waals forces via a
perfect sink condition (IV) [see Figure 9.7(c)].

Even though studying the transport of colloidal particles around a single
collector can reveal the kinetics of particle deposition, such studies fail to
address the complexities of particle transport in an array of collectors and
pores. Multicollector events are controlled by hydrodynamic parameters such
as particle flowrate, pressure drop, carrier fluid viscosity, and density as well as
physical properties of the transported colloidal particles and porous me-
dium.108 When transported particles deposit continuously on multiple col-
lectors’ surfaces or on a channel wall, they may block the cross-sectional area of
the pore, preventing suspended particles from subsequently flowing through.
This is known as pore clogging. Clogging mechanisms may have either steric or
electrostatic origins.108,109,111–116 Steric origins include straining, which is a
phenomenon that describes the trapping of particles in pore throats that are
too small to let the particles move through, and arch formation. Experiments
have revealed that straining becomes important when the pore throat to
particle size ratio is smaller than 2.5.116 Electrostatic origins may include
phenomena like particle aggregation and deposition within a pore.

To understand the effects of interparticle interactions and hydrodynamic
forces on pore clogging, the transport of aqueous suspensions of 5 mm
sulfate-modified polystyrene particles through a 2D microfluidic device
fabricated with OSTEmerX 322 crystal clear polymer was studied.113 Particles
were injected under either constant pressure drop or constant flowrate at
various ionic strengths adjusted using potassium chloride. From experi-
mental observations, pushing and pulling effects are the primary mech-
anisms used to address the interplay between hydrodynamic and
interparticle forces [see Figure 9.7(d)]. Pushing effects arise when colloidal
particles repel each other in a constriction. Due to the osmotic pressure
exhibited by concentrated repulsive particles, a lateral force component
pushes particles toward bottlenecks, leading to the formation of force chains
between particles. When the hydrodynamic force is large enough, the force
chain is broken down by the flow. Otherwise, a new force chain can be
created, leading to an arch formation at the entrance of channel. This
mechanism is more likely to occur at low ionic strengths where there is a
strong barrier against particle coagulation [see Figure 9.7(e)]. When ionic
strength is large enough to observe a secondary energy minimum in the
energy profile [see Figure 9.7(e)], arches do not form due to attractive forces
between particles. Attraction between colloids results in a pulling effect that
enhances transport through the pore [see Figure 9.7(d)]. If the ionic strength
is very large, the energy barrier against coagulation of particles disappears
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completely, resulting in a favorable deposition condition, and instead of a
pulling effect, particles deposit at the channel wall [see Figure 9.7(e)].

For a given array of channels [see Figure 9.8(a)], because deposition is a
stochastic process, a minimum number of particles, N*, must pass through a
channel before clogging happens.109 N* is found to be independent of the
flowrate and initial volume fraction of particles in the carrier fluid.109,114

However, the average clogging time is a strong function of particle volume
fraction, flowrate, and pressure drop along the porous medium [see
Figure 9.8(b)].109,111 A Poisson distribution is typically enough to capture the
fluctuations in particle concentration and can explain the distribution of
clogging time intervals in an array of microchannels [see Figure 9.8(b)-iii].111

In addition to hydrodynamic parameters, physical properties of the col-
loidal particles and porous medium influence the deposition kinetics of
particles and pore clogging.109,111,114,115 Under a constant flowrate, it is
shown that deposition of colloidal particles in a pore throat results in pore
clogging if the length of the channel, Lflat, is at least 1.5 times the particle
diameter [see Figure 9.8(c)].114 While the deposit grows in the pore throat
linearly with increasing Lflat until a critical value, N* decreases exponentially
to a constant value. Figure 9.8(d) shows the pore-scale events that lead to
clogging. First, deposition initiates from the two corners of the pore en-
trance or at the flat part of the pore for longer pores. The deposit then grows
toward the center of the pore until it blocks the flow path.

Clogging in porous media is a dynamic process during which clogged pores
redirect the flow path. Microfluidic studies reveal not only the physical
mechanisms of pore-scale events, such as particle deposition and pore clog-
ging, but also provide a direct approach to compute the particle deposition
rate. However, while 2D studies provide important intuition, how these effects
translate to 3D porous media is unclear. For example, the pore space of a 3D
medium is more connected, and the threshold solid fraction at which pores
can percolate through the medium is lower, than in a 2D medium. As a result,
particles have more paths available to them in 3D. Because of this funda-
mental difference, studies of particle transport in 3D porous media are critical.

9.3.3.2 Studies in 3D

Transport of colloidal particles in 3D porous media is typically studied in
lab-scale columns. Columns range in size from tens of centimeters to several
meters. Unfortunately, in these experiments, individual particles and pores
often cannot be monitored due to light scattering from different layers of the
medium.117,118 Instead, hypotheses are made to connect pore-scale events to
experimentally obtained breakthrough curves.74,77,118–120 To overcome this
visualization challenge, refractive index matching has been used to render
3D porous media transparent.121,122 This technique has been successfully
used in 3D fluidic devices123–126 and is increasingly being used in studies of
particle flow.127
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Figure 9.8 (a) Microscope image of a microfluidic device with 1.2 mm channels at three
time points (0 s, 8 s, and 38 s) during the flow of 2.9 mm sulfate/carboxyl-
functionalized polystyrene particles under a constant pressure drop of 2 psi.
Dark red indicates regions where particles are deposited, yellow shows
particle-free fluid and white represents the side walls of channel. (b) Average
clogging time (htclogi) (i) as a function of pressure drop across the porous
medium at a constant particle fraction (f¼ 2�10�3) and (ii) as a function
of particle fraction at a constant pressure drop (DP¼ 13.8 kPa). (iii) Distri-
bution of clogging time intervals for f¼ 2�10�3 and DP¼ 13.8 kPa. The
dashed line is the best fit assuming a Poisson distribution with htclogi¼ 3.3 s.
(c) Images of pores with different lengths (i to v), clogged by 4 mm
sulfate-functionalized polystyrene particles under a constant flowrate of
1.6 ml min�1. (iv) N*as a function of Lflat/W. The width (W) is kept constant at
30 mm for all cases. Labels correspond to images, and the continuous line is
an exponential fit of the data. Inset evolution of the rescaled clog length with
Lflat/W. (d) Images of clogging of a pore by particles at 4 (i), 9 (ii), 12 (iii),
16 (iv), 22.5 (v), and 24 (iv) min.
(a) Reproduced from ref. 109, https://doi.org/10.1103/PhysRevE.74.061402,
with permission from American Physical Society, Copyright 2006. (b) Re-
produced from ref. 111 with permission from AIP Publishing, Copyright
2014. (c) and (d) Reproduced from ref. 114 with permission from Springer
Nature, Copyright 2015.
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To study the transport of particles in transparent porous media, 1 mm
polyacrylamide hydrogels under constant pressure drop were injected into a
packed-bed column made with 10–30 mm polyacrylamide hydrogels [see
Figure 9.9(a)].127 By choosing water as the carrier fluid, the optically-
transparent column allows for particles to be tracked inside the porous
medium. Similar to 2D studies, the average clogging time in this 3D model
decreases as the volume fraction of particles increases following a power law
or an exponential function [see Figure 9.9(b)].109 Dividing the porous me-
dium into three subsections, no significant difference exists between the
number of deposited particles in each subsection at the beginning of pro-
cess.127 However, due to pressure buildup, particles are eventually removed
from the top section of the column and redeposited in lower sections.
This can be seen in the fluctuations shown in Figure 9.9(c). When the vol-
ume fraction of particles is large enough (42.02%), deposition profiles
plateau in the middle and lower sections but they grow in the upper section
due to filter cake formation. Then, when clogging begins to develop, col-
loidal particles find new paths to move through the porous medium, re-
sulting in more transverse motion.109 Statistically, when the volume fraction
of particles is low, there are fewer flow redirections due to less clogging.
Therefore, fewer transverse motions are expected at low concentrations,

Figure 9.9 (a) Actual picture of the packed-bed column made with 10–30 mm
polyacrylamide hydrogels. Three subsections along the flow direction
(arrow) are shown in different colors. (b) Clogging time (t) as a function
of particle fraction at a constant pressure drop with power law and
exponential fittings. (c) Deposited number concentration at each sub-
section in corresponding colors to (a) at three different particle volume
fractions: 2.02% (i), 2.65% (ii), and 4.39% (iii).
Reproduced from ref. 127 with permission from John Wiley and Sons,
r 2017. American Geophysical Union. All Rights Reserved.
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leading to slower clogging dynamics as opposed to that for higher concen-
trations where more transverse motions are detected. The discovery of this
transverse motion is a key finding that could not be visualized without the
use of a 3D system.

In systems where refractive index matching may not be possible, studies of
colloidal deposition at the periphery of the medium can still be valuable.
This approach is exemplified in a recent study128 in which solute is used to
controllably destabilize and deposit particles within a porous medium. The
authors use humic acid-coated goethite nanoparticles, which exhibit sig-
nificant contrast against a medium made of quartz sand [see Figure 9.10(a)].
The particles and a destabilizing cationic solution are injected into the
porous medium in the same direction as pulses. The cationic solution, either
calcium chloride or magnesium chloride, runs through the porous medium
that is already saturated in the cationic solution at some time tc. Then, a
pulse of ultrapure water is injected at Dt, followed by the injection of col-
loidal particles at time tp (i.e., tp¼ tcþDt). Intriguingly, the colloidal particles
move faster than cations inside the saturated porous medium [see
Figure 9.10(b)]. Using this sequential injection technique, the transport of
particles can be controlled by overlapping fronts of colloids and solute. This
combination results in clogging the middle of the column [see Figure 9.10(a)
and (b)]. The validity of this approach has been examined in different de-
livery conditions to deposit goethite nanoparticles in the middle of the
model porous medium [see Figure 9.10(c)].

9.4 Conclusions and Outlook
In this chapter, we have reviewed the physical principles of colloidal particle
transport in porous media. Importantly, colloid- and pore-scale behaviors,
such as diffusion, interception, deposition, aggregation, and erosion, can
strongly impact macro-scale transport; thus, investigations at multiple
length and time scales are crucial.

At the pore scale, 2D and 3D models provide important visualization of
colloidal interactions, and how these impact transport and deposition within
the pore space. Computational simulations are able to capture some of this
behavior; for example, Lattice–Boltzmann models provide detailed infor-
mation about the particle interactions in porous media, but are often limited
to small scales due to large computational costs. At the macroscopic scale,
breakthrough curves, NMR/X-ray CT, and pressure measurements provide
essential information on the dynamics of overall particle transport and de-
position. These experimental techniques are often combined with simple
continuum models, such as filtration theory, which provide a meaningful
description of bulk transport—but in many cases, cannot capture complex
pore-scale processes or the effects of pore-space heterogeneity. An important
direction for future work is to bridge this gap and thereby enable accurate
prediction and control of colloidal transport in more complex cases. Indeed,
researchers have begun to explore the transport of deformable,129,130
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Figure 9.10 (a) Deposition of humic acid-coated goethite colloidal nanoparticles in a model column (i) and the concentration profile of
deposited colloids after the sequential injection of cation solution, ultrapure water, and nanoparticle suspension (ii). (b)-i The
cycle and corresponding time intervals for injecting cation solution, ultrapure water, and nanoparticle suspension. (b)-ii
Overlapping the cation solution and the colloidal nanoparticle fronts for depositing the particles at the center of column.
(c) Controlled deposition of goethite nanoparticles at the center of column in (i) two different sandy media: Dorsilit n.8 (D8)
and Sibelco S1 (SS) and at (ii) two different column lengths (21 cm and 12 cm).
Reproduced from ref. 128, https://doi.org/10.1038/s41598-017-13423-y, under the terms of the CC BY 4.0 licence, https://
creativecommons.org/licenses/by/4.0/.
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biological,131,132 stimulus-responsive,133 and surface-active particles134,135

through typical rigid porous media or through deformable porous
media,136–138 which pose additional challenges to our understanding.

Some of the studies described in this chapter focused on non-polymeric
colloids. However, the underlying physical principles are still relevant to
polymeric colloids. Therefore, there exists an exciting opportunity to combine
fabrication and characterization techniques established in polymer science
with experimental and modeling tools used to generally describe colloids in
porous media. One attractive feature is that the use of polymers enables
precise control over colloid morphology and surface properties. An example is
given by the development of polystyrene–polyisoprene (PS/PI) Janus colloids,
which have been successfully fabricated via flash nanoprecipitation. These
polymer colloids can be produced with a wide array of end group functionality,
surface decoration, and internal structure.139,140 Such capabilities can provide
fundamental insights in the study of colloidal particle transport through
porous media, by enabling systematic studies of the influence of particle
morphology, interparticle interactions, and particle–medium interactions on
transport. These capabilities can also provide a means to develop novel
technologies capable of controlling flow and transport in fields ranging from
water/soil remediation and enhanced oil recovery to drug delivery.
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CHAPTER 10

Pickering Emulsions Stabilized
by Polymer Colloids

YANG LAN, YANKAI JIA AND DAEYEON LEE*

Department of Chemical and Biomolecular Engineering,
University of Pennsylvania, Philadelphia, PA 19104, USA
*Email: daeyeon@seas.upenn.edu

10.1 Introduction

10.1.1 Emulsions

Emulsions are ubiquitous in our daily lives and are widely encountered in a
variety of industries.1 Emulsions are mixtures of two or more immiscible
fluids, one being dispersed in the other, in the presence of surface-active
agents.2 Based on the nature of the dispersed phase, emulsions are classified
into oil-in-water (O/W), water-in-oil (W/O) and multiple emulsions such as
water-in-oil-in-water (W/O/W) emulsions. When pure oil and water are
mixed, the system favors the state with the minimum area between the two
liquid phases, leading to macroscopic phase separation. Thus, surface-active
agents such as surfactants are added to lower the interfacial tension and
stabilize emulsion droplets. Traditional surfactants include amphiphilic
small molecules and polymers which preferentially adsorb to oil–water
interfaces. The other role of surfactants is to form kinetic barriers that
prevent destabilization of emulsions and to facilitate formation of smaller
emulsion droplets. The surface activity of surfactants strongly depends on
their molecular structures. The Bancroft rule states that ‘‘the phase in which
an emulsifier is more soluble constitutes the continuous phase’’.3

Soft Matter Series No. 9
Polymer Colloids: Formation, Characterization and Applications
Edited by Rodney D. Priestley and Robert K. Prud’homme
r The Royal Society of Chemistry 2020
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The hydrophile–lipophile balance (HLB) number of surfactants can be em-
ployed to quantitatively describe the Bancroft rule.4 For example, surfactants
with HLB values larger than 10 stablize O/W emulsions whereas those with
HLB lower than 10 stabilize W/O emulsions.

Even though conventional surfactants can substantially lower the inter-
facial tension, surfactant-stabilized emulsions are in general thermo-
dynamically unstable. The thermodynamics of emulsion stabilization can be
calculated by the change in free energy during emulsion formation, which
contains an interfacial energy term (DGi) and a configuration entropy term
(TDSconfig):5

DGformation¼DGi�TDSconfig (10.1)

Under constant temperature and pressure, the interfacial energy term (DGi)
is equal to the product of the oil–water interfacial tension (gow) and the in-
crease in the interfacial area between oil and aqueous phases (DA). DGi is
thus always larger than 0, and opposes emulsion formation.

DGi¼ gowDA (10.2)

The configuration entropic term can be expressed as:

DSconfig ¼�
nk
f
ðf lnfþ ð1� fÞ lnð1� fÞÞ (10:3)

where k is Boltzmann’s constant, n is the number of droplets in the emul-
sion, and f is the volume fraction of the dispersed phase. DSconfig represents
an increase in the number of possible configurations upon emulsification
and is always larger than 0: thus, it favors emulsion formation. For most of
the emulsion systems stabilized by traditional surfactants, DGi is much
larger than TDSconfig: thus, the free energy of emulsion formation
(DGformation) is positive.5 In other words, emulsions stabilized by traditional
surfactants are typically thermodynamically unstable. An exception to this
rule is the so-called microemulsions which, by definition, are thermo-
dynamically stable emulsions.5 The stability of microemulsions results from
an optimum droplet size, at which point an ultralow interfacial tension is
achieved.5

10.1.2 Pickering Emulsions

In 1903, Ramsden showed that colloidal particles can act as stabilizers for
emulsion droplets.6 Subsequently, Pickering reported a systematic study on
colloid-stabilized emulsions in 1907, and hence these colloid-stabilized
emulsions are often referred as ‘Pickering emulsions’.7 Over the past two
decades, a large number of publications have been reported on Pickering
emulsions because of their potential applications in food, cosmetics and
pharmaceuticals.8

326 Chapter 10

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

03
23

View Online

https://doi.org/10.1039/9781788016476-00323


In Pickering emulsions, colloids adsorb to the interface to stabilize
emulsion droplets.9 The stability of Pickering emulsions results from the
reduction in the liquid–liquid interface area whose magnitude depends on
the wettability and radius of colloids (Figure 10.1a).10 The free energy of
adsorption of a colloid to the interface, which can be calculated based on the
free energy required for detachment of the colloid from the interface,
depends on the contact angle as well as the interfacial tension:

DGde¼ pr2gow(1� cos y)2 (10.4)

where r is the radius of colloids, gow is the interfacial tension and y is the
contact angle of colloids at the interface. 1þ cos y is used to describe particle
removal into the oil phase, whereas 1� cos y is used for the opposite case.
The adsorption of a colloid at the oil–water interface is very strong. For
example, for a colloid with a radius of 100 nm and neutral wetting (y¼ 901)
at the oil–water interface with an interfacial tension of 0.036 N m�1, the
adsorption/detachment energy is 2.75�105 kT which is several orders of
magnitude higher than thermal fluctuation (kT), indicating irreversible ad-
sorption of the colloid at the interface; this strong adsorption of particles to
the liquid–liquid interface is often cited as one of the main reasons for the
high stability of Pickering emulsions.

Similar to traditional surfactants, the wettability of colloids also determine
the types of emulsions they stabilize. A useful rule developed by Finkle
et al.11 states that ‘‘in an emulsion containing solid particles, one of the
liquids would probably wet the solid more than the other liquid, with the
more poorly wetting liquid becoming the dispersed phase’’. In other words,
when the contact angle (y) of colloids is smaller than 901, it favors the

Figure 10.1 (a) Position of a small spherical particle at a planar oil–water interface
for a contact angle (measured through the aqueous phase) less than 901
(left), equal to 901 (centre) and greater than 901 (right). (b) Corres-
ponding probable positioning of particles at a curved interface.
For yo901, O/W Pickering emulsions may form (left). For y4901,
W/O Pickering emulsions may form (right).
Reproduced from ref. 10 with permission from Elsevier, Copyright 2003.
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formation of O/W Pickering emulsions whereas when y4901, such particles
tend to stabilize W/O Pickering emulsions (Figure 10.1b).

For homogeneous spherical colloids, substantially high detachment en-
ergy leads to high stability of Pickering emulsions. However, Pickering
emulsions stabilized by homogenrous colloids, similar to emulsions stabil-
ized by traditional surfactants, are also thermodynamically unstable.12,13

The free energy change for formation of Pickering emulsions can be given by

DGformation¼ ndAowgowþ ndnp(DaG�TDaS)�TDSconfig (10.5)

where nd and np are the number of droplets in the emulsion and the number
of colloids adsorbed at the interface of a droplet, respectively, Aow represents
the surface area of a bare drop without colloids, DaG is the free energy of
adsorption of colloids to the droplet interface excluding the entropy chan-
ges, DaS is the entropy change due to adsorption of colloids to the interface.
The configuration entropy term (TDSconfig) is rather small and can be
ignored.12,13 For Pickering emulsion stabilized by homogeneous colloids,
DGformation is typically larger than 0 because the first term (ndAowgow) is
significantly larger than the last two terms, meaning they are thermo-
dynamically unstable.12 Thus despite their high stability, Pickering emul-
sions stabilized by homogeneous colloids in general are only kinetically
stable. An exception was reported by Sacanna et al.14 The thermodynamic
stability of this Pickering emulsion was attributed to asymmetrically dis-
tributed surface charges on two sides of the oil–water interface which leads
to prefered interfacial curvature.

Pickering emulsions can be stabilized by many different types of colloids
including inorganic and organic colloids. This chapter will focus on Pick-
ering emulsions stabilized by polymer colloids. In particular, we will high-
light Pickering emulsions stabilized by nontraditional polymer colloids such
as colloids with complex/inhomogeneous structures and composition
(anisotropic particles, Janus particles, microgels, polymer-grafted colloids)
as well as biopolymer-based colloids. To learn more about Pickering emul-
sions stabilized by homogeneous polymer colloids, we refer our readers to an
excellent book on this topic.15

10.2 Pickering Emulsions Stabilized by Anisotropic
Homogeneous Particles

The most unique property of polymer colloids is that they can be reshaped
and molded into anisotropic structures such as polymer ellipsoids,
microrods and thin sheets. Similar to spherical homogeneous particles,
anisotropic homogeneous particles that do not have extreme wetting
properties adsorb strongly to liquid–liquid interfaces to reduce the inter-
facial area between the two immiscible fluid phases. Different from
spherical homogeneous particles, the configurations of anisotropic par-
ticles at the liquid interface are not only determined by the wettability
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(indicated by the three-phase contact angle y, Figure 10.1), but also
dependent on their geometry. In general, geometrically anisotropic par-
ticles (i.e. particles with large aspect ratios) tend to adsorb at liquid–liquid
interfaces with their major axes in the plane to remove the largest fluid–
fluid area (Figure 10.2)16

The detachment energy for anisotropic particles can be calculated using
the same procedure as that for spherical particles. For example, the free
energy required for the detachment of a microrod particle with an aspect
ratio of a/b from the liquid interface is given by:17,18

DGrod
dw ¼ gowpb2ð1� cos yÞ2 1þ

4
a
b
� 1

� �
ðsin y� y cos yÞ

pð1� cos yÞ2

2
64

3
75 (10:6)

DGrod
do ¼DGrod

dw þ 4pgowb2 cos y
a
b

� �
(10:7)

Figure 10.2 (A) Schematic of ellipsoid, cylinder and dumbbell adsorbed to a fluid
interface with the major axes in the plane of the interface. (B) Free
energy of detachment as a function of contact angle for a disk, cylinder
and sphere. (C) Ratio of the free energy of geometrically anisotropic
particles with respect to spheres. Volume of all particles was constant at
4.19�103 nm,3 and the aspect ratio of the anisotropic particles was 2.5.
Reproduced from ref. 18 with permission from Elsevier, Copyright
2018.
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where DGrod
dw and DGrod

do are the free energies for the detachment of microrod
particles into the aqueous and oil phases, respectively.

Similarly, the detachment energy of a round disk with an aspect ratio of
a/b from the liquid interfaces can be expressed as:18,19

DGdisk
dw ¼ gowpb2ð1� cos yÞ2 1þ

a
b
� 1

� �2

1� cos y
þ

2
a
b
� 1

� �
ðsin y� y cos yÞ

ð1� cos yÞ2

2
64

3
75

(10:8)

DGdisk
do ¼DGdisk

dw þ 2pgowb2 cos y
a
b
� 1

� �2
þp a

b
� 1

� �
þ 2

� �
(10:9)

where DGdisk
dw and DGdisk

do are the free energies for the detachment of thin
disks into the aqueous and oil phases, respectively.

Provided that the radius of the disk is much larger than the thickness, the
desorption energy of the disk into its energetically favourable phase can be
simplified as:

DGthin disk¼ pr2gow(1� cos y) (10.10)

Due to the difference in the power of the (1� cos y) term, it is clear that it
requires higher energy to detach thin disks from the liquid interface than
that for spherical particles. At a constant particle volume, the detachment
energy scales as disks4microrods4spheres.18 The anisotropic geometry
results in enhanced particle stability at the liquid interface.

The high detachment energies of anisotropic particles from liquid
interfaces potentially make them effective solid surfactants for emulsions
or foams.20–23 Velev et al.21 reported water-in-oil emulsions and water-in-air
foams stabilized by anisotropic particles of hypromellose phthalate (HP)
formed in situ. Anisotropic HP particles with rod-like, fiber-like and/or
thin sheet structures were obtained by shearing a stock solution of HP
in aqueous media, which consequently adsorbed onto the water–oil
or water–air interfaces, resulting in highly stable emulsions/foams
(Figure 10.3).

Moreover, Velev et al.22 also reported ‘hairy’ water-in-oil (W/O) emulsions
stabilized by SU-8 microrods. The W/O emulsion was stable even at 70 1C due
to steric obstruction resulting from the densely adsorbed layer of SU-8
microrods. A SEM image of the gel-trapped SU-8 microrods at the inter-
faces showed that the mircorods laid horizontally with their major axes
parallel to the fluid interface. Colloidosomes with shells of polymer micro-
rods can be obtained after transferring the stable W/O emulsion into an
aqueous environment.
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10.3 Janus-particle Stabilized Pickering Emulsions
In 1991, in his Nobel lecture, Pierre-Gilles de Gennes broadly introduced the
concept of ‘Janus particles’ named after the two faced Roman god Janus.
Janus particles are special types of anisotropic colloids that have two regions
with distinct physical properties such as polarity and wettability.24,25 It is,
thus, expected that Janus particles with polar and apolar regions will adsorb at
a liquid–liquid interface with their hydrophobic side facing the oil phase and
the hydrophilic side facing the aqueous phase. According to de Gennes, Janus
particle-adsorbed interfaces should share the characteristics of an interface
covered by surfactant molecules and homogeneous particles. On one hand,
Janus particles resemble surfactant molecules when they assemble at a fluid–
fluid interface because of their intrinsic amphiphilicity (Figure 10.4). On the
other hand, the large interstices between Janus particles at the interface allow
material exchange to occur between the two phases. This ‘breathable skin’
property, along with many others, motivated the development of Janus par-
ticles as stabilizers of Pickering emulsions.26–33

During the past two decades, a number of synthetic techniques have been
developed for the preparation of Janus particles with diverse morphologies
and functionalities.34–44 Excellent review articles that highlight the recent
developments on the synthesis of Janus particles can be found in ref. 29–32.
Moreover, de Gennes’ vision of breathable skin made of a Janus particle
monolayer at a fluid–fluid interface has been realized recently. Faria and
co-workers exploited Janus particles as solid surfactants to stabilize
oil-in-water emulsions in which a biofuel refining process was enhanced on

Figure 10.3 Schematics of the mechanism of forming Pickering emulsions and
foams stabilized by HP anisotropic particles (microrods, fiber and thin
sheets) formed in situ. Structures are not drawn to scale.
Reproduced from ref. 21 with permission from American Chemical
Society, Copyright 2008.
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account of fast mass transfer between the two phases during catalysis.45

Recent reports have demonstrated that some of these Janus particles func-
tion as excellent solid stabilizers for Pickering emulsions.26,27,30,46–48 For
example, it has shown that Janus particles could stabilize and maintain
water-in-toluene emulsions for weeks, much more effectively than their
homogeneous counterparts (Figure 10.5).43 Therefore, many research groups
have investigated the interfacial activities of amphiphilic Janus particles,
both theoretically and experimentally.

10.3.1 Janus Particles at Liquid–Liquid Interfaces

The enhanced stability of Janus particle-stablized Pickering emulsions is
credited to the strong attachment of Janus particles to the liquid–liquid
interfaces.26 Detachment energy, calculated from the energy required to
transfer a Janus particle from the liquid–liquid interface into one of the bulk
phases, is used to characterize the interfacial activity of a Janus particle. The
energy of detachment is therefore a function of fluid–fluid and fluid–solid
interfacial tensions [represented by the contact angles of the polar (yp) and
apolar (ya) components] as well as the corresponding interfacial areas
dictated by the particle position with respect to the interface.

Based on the model Janus particle shown in Figure 10.6, the detachment
energy of Janus particles can be calculated as a function of angle b and Janus
boundary (a):26

For b � a : DGAðbÞ¼ 2pR2
�
gAOð1þ cos aÞ þ gPOðcos b� cos aÞ

þ gPWð1� cos bÞ � 1
2
gOWðsin2 bÞ

� (10:11)

Figure 10.4 Schematic illustrations of emulsion droplets stabilized by amphiphilic
molecules and Janus particles.
Reproduced from ref. 16 with permission from Cambridge University
Press, Copyright 2014.
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For b � a : DGPðbÞ¼ 2pR2
�
gAOð1þ cos bÞ þ gAWðcos a� cos bÞ

þ gPWð1� cos aÞ � 1
2
gOWðsin2 bÞ

� (10:12)

Figure 10.5 Emulsion stability of water-in-toluene emulsions stabilized without par-
ticles (column 1), with homogeneous silica particles (columne 2), and
with amphiphilic Janus particles of varying Janus boundaries (columns
3–6). Janus particle-stablized emulsions are stable after 26 days.
Reproduced from ref. 43 with permission from John Wiley and Sons,
Copyright r 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 10.6 Schematics of the geometry of a Janus particle at liquid interfaces.
a indicates the Janus boundary and b represent positions of the inter-
faces. yp and ya are the contact angles of polar and apolar components
of the Janus particles.
Reproduced from ref. 47 with permission from AIP Publishing,
Copyright 2007.
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where R is the particle radius and g is the interfacial tension between phases.
For Janus particles that have the maximum wetting difference between the
two sides, the maximum detachment energy can be approximated as:49,50

DGdeE3pR2gow (10.13)

The detachment energy of a Janus particle can be up to three times higher
than that of a homogeneous particle, which has a significant implication in
the thermodynamics of emulsion stabilization with Janus particles.

10.3.2 Thermodynamically Stable Pickering Emulsions
Stabilized by Janus Particles

In contrast to emulsions stabilized by homogeneous colloids, thermo-
dynamically stable Pickering emulsions can be prepared using Janus par-
ticles as stabilizers. Aveyard et al.49 showed that the free energy of formation
of emulsions stabilized by spherical Janus particles can be negative when the
interface coverage of Janus particles is sufficiently high (Figure 10.7a).
The high detachment energy of Janus particles and the lateral interactions
between densely packed Janus particles attribute to the formation of ther-
modynamically stable Pickering emulsions. Similarly, Lee et al.,51 demon-
strated that emulsions stabilized by dumbbell-like Janus particles can also
give rise to a negative free energy under certain conditions, leading to
thermodynamically stable Pickering emulsions (Figure 10.7b).

Figure 10.7 (a) Free energy of formation of monodisperse Pickering emulsion
stabilized by Janus particles as a function of contact angle of polar
region of the Janus particle (yp). Volume¼ 1 m3 (with fo, fw¼ 0.5). The
curves are for, from top, a¼ 01, 201, 351, 451, 551 and 601 and are
truncated at a at low angles and at yp at high angles, as indicated by the
dashed lines. Reproduced with permission from ref. 49 (b) Free energy
of emulsion formation as a function of the amphiphilicity and the
aspect ratio of Janus dumbbells. The emulsions modeled in this calcu-
lation consist of oil droplets of a radius of 10 mm and have a 0.5 m3

aqueous phase and a 0.5 m3 oil phase.
Reproduced from ref. 51 with permission from American Chemical
Society, Copyright 2013.
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10.3.3 Janus Balance

Just like molecular amphiphiles, the geometry and wetting properties have a
significant impact on the surfactancy of Janus particles, as indicated in eqn
(10.11) and (10.12). In analogy to the hydrophilic–lipophilic balance (HLB),
the Janus balance ( J), combining the geometry and wetting properties, was
introduced to quantify the capability and efficiency of Janus particles as solid
surfactants.47 It is defined as the relative work required to move a Janus
particle at the liquid–liquid interface to the hydrophobic phase compared to
the hydrophilic phase:

J¼ sin2 aþ 2 cos yPðcos a� 1Þ
sin2 aþ 2 cos yAðcos aþ 1Þ

(10:14)

The J value highly depends on the Janus boundary (a) and wetting properties
of the two sides of the Janus particles (Figure 10.6). When the J value is close
to 1, a larger detachment energy is required to transfer Janus particles into
the bulk solvent, and thus very stable Pickering emulsions would be formed
with such particles. Therefore, J could potentially be used to predict how
Janus particles behave as solid surfactants.

10.3.4 Stimuli-responsive Pickering Emulsion Stabilized
by Janus Particles

Both experimental and theoretical results have demonstrated that Janus
particles exhibit superior surfactancy for Pickering emulsions compared
to their homogenous counterparts. Recent progress has expanded to de-
veloping stimuli-responsive Janus particles for tunable emulsion structure
and functionality.44,52–55 For example, dual-responsive Janus particles
bearing pH-responsiveness and a lower critical solution temperature
(LCST) have been developed.54,55 Changes in the pH and temperature in-
duce changes in the wettability as well as the geometry of Janus particles,
resulting in destabilization of the Pickering emulsions. Moreover, phase
inversion of Pickering emulsions from W/O to O/W emulsions has been
demonstrated by changing the Janus balance of a pH-responsive Janus
particle (Figure 10.8).44

10.4 Microgel-stabilized Pickering Emulsions

10.4.1 Microgels

Microgels are colloidal particles that are composed of crosslinked
hydrophilic polymer networks and contain significant amounts of solvents
(typically water) inside the networks.56 The crosslinked network of
microgels provides the structural integrity of a gel ‘‘particle’’; at the same
time the presence of a significant amount solvents facilitates mass
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exchange between the hydrophilic polymer network and the surroundings.
These properties enable deformation of microgels, and also allows swollen
and collapsed states of the polymer network. In their collapsed state,
microgels resemble solid colloids. In contrast, in the swollen state
microgels possess soft open structures with fuzzy surfaces and dangling
chains.

The most interesting feature of microgels is their capability to adjust both
their shape and volume in response to external stimuli such as temperature,
pH, ionic strength, electrochemical stimulus, pressure and light. For
example, poly(N-isopropylacrylamide) (PNIPAM)-based microgels display a
drastic change in size at around the volume phase transition temperature
(VPTT). Below the VPTT, the microgels are fully swollen due to the hydro-
philic nature of PNIPAM. Upon temperature increase, PNIPAM become
hydrophobic and the microgels collapse into smaller colloidal particles.
Similarly, when ionizable functional groups such as methacrylic acid
(MAA) are introduced into microgels, the resulting microgels become
pH-responsive.

Figure 10.8 Macroscopic (top) and fluorescence (bottom) microscopy images
of emulsions made with an aqueous phase of pH 2.2, deionized
water (water-in-oil emulsion) and an aqueous phase of pH 11.0 (oil-
in-water emulsion). The volume ratio of oil and water phases is kept
50 : 50 in all cases, and the oil phase contains 0.01 wt% Nile Red. Scale
bar¼ 500 mm.
Reproduced from ref. 44 with permission from American Chemical
Society, Copyright 2014.
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10.4.2 Stimuli-responsive Pickering Emulsions Stabilized by
Microgels

The stability of Pickering emulsions can be tuned by taking advantage of
the stimuli-responsive property of microgels, leading to stimuli-responsive
emulsions. For example, thermal and pH-responsive poly(NIPAM-co-MAA)
microgels were employed as stabilizers for octanol-in-water (O/W) emulsions.57

The O/W emulsions were stable when the microgels were at their swollen
state under high pH and low temperature (below VPTT). Freeze fracture
scanning electron microscopy (SEM) images showed that the microgels were
densely packed at the liquid–liquid interface (Figure 10.9). When the pH was
decreased or the temperature was raised above the VPTT of the microgels,
the O/W emulsions became unstable and complete phase separation of

Figure 10.9 (a), Influence of pH on the stability of octanol-in-water emulsions
stabilized by poly(NIPAM-co-MAA) microgels. The inset shows the
SEM image of microgels at the interface. (b), Summary of effects of
temperature and pH on the behavior of the poly(NIPAM-co-MAA)
microgels at the interface as well as on the stability of the octanol-in-
water emulsions.
Reproduced from ref. 57 with permission from the Royal Society of
Chemistry.
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octanol and water was observed (Figure 10.9a). The effects of temperature
and pH on behavior of the microgels and the Pickering emulsions are
summarized in Figure 10.9b. The destabilization of poly(NIPAM-co-MAA)
microgel-stabilized emulsions was attributed to reduced coverage of
microgels at the oil–water interface due to the coalescence of microgels.
Since the initial report on stimuli-responsive Pickering emulsions
stabilized by poly(NIPAM-co-MAA) microgels, many research groups have
developed other microgel-stabilized emulsion systems that are responsive
to environmental stimuli such as temperature, pH, ionic strength or
magnetic field.58

10.4.3 Microgels at Liquid–Liquid Interfaces

Similar to solid colloids, microgels adsorb at the liquid–liquid interface ef-
ficiently, enabling stabilization of emulsions. Yet, unlike solid colloids,
microgels deform and flatten at the liquid–liquid interface because they are
soft and porous in their swollen state. Schmitt et al.,59 studied the packing of
PNIPAM microgels with different degrees of crosslinking density at the
interface of a heptane-in-water emulsion droplet by means of cryo-SEM.
Microgels were significantly stretched at the interface, linked by filaments
(Figure 10.10). This result agrees well with the observation of stretched
pH-sensitive microgels at a flat heptane–water interface reported by
Geisel et al.60

Upon changes in the environmental conditions such as temperature,
microgels at interfaces can transform to the collapsed state. Even though the
collapsed microgels can still remain at the interface, the phase transfor-
mation of microgels can trigger the destabilization of the emulsion.
Richtering et al.61 suggested that the destabilization is likely attributed to the
change in the viscoelastic properties of the interface. In the swollen state,
microgels form a partially interconnected structure, leading to an elastic and
soft gel-like interface. In the collapsed state, however, microgels pack into
brittle colloidal clusters which are not strong enough to withstand the
collisions between emulsion droplets and eventually result in the destabil-
ization of Pickering emulsions.

Unlike hard colloids, the surface charge density of microgels is not
critical for the stabilization of emulsions. Schmidt et al.62 designed two
different types of core–shell microgels as stabilizers for emulsions: one
had a core–shell structure with a neutral PNIPAM core and a charged
PMAA shell, the other had a PMMA core and a PNIPAM shell. The results
showed that the location of charges was not relevant to the stability of
microgel-stablized Pickering emulsions. In other words, the stability of
these emulsions does not solely depend on the surface charge of the
microgels. They also demonstrated that the deformation of microgels at
the liquid–liquid interface is the key phenomenon for stabilization of
emulsions.
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10.4.4 High Internal Phase Emulsions Stabilized by
Microgels

The high stability of Pickering emulsions stabilized by swollen microgels
has been utilized to prepare high internal phase emulsions (HIPEs).
HIPEs are defined as concentrated emulsions with a volume fraction
of the dispersed phase over 74%. HIPEs are useful as templates for
highly porous materials. Ngai et al.63 developed hexane-in-water (O/W)
HIPEs using poly(NIPAM-co-MAA) microgels (Figure 10.11). In this work,
the microgels were adsorbed and deformed at the liquid–liquid interface
and employed as stabilizers for HIPEs. Moreover, in the aqueous
phase, excessive poly(NIPAM-co-MAA) microgels simultaneously formed a
gel matrix in the bulk phase which enhanced the stability of HIPEs by
trapping the poly(NIPAM-co-MAA) microgel-stabilized emulsions in the
matrix.

Figure 10.10 Cryo-SEM image of the interface of a heptane-in-water
Pickering emulsion covered by: (a) and (b) 2.5 mol% BIS cross-
linked microgels after sublimation (front view), (c) 5 mol% BIS
cross-linked microgels particles after sublimation (side view), scale
bars are 1 mm; (d) scheme of the particle structure and arrangement
at the interface.
Reproduced from ref. 59 with permission from the Royal Society of
Chemistry.
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10.5 Pickering Emulsions Stabilized by
Polymer-grafted Particles

The surface chemistry and wetting properties of colloids are key parameters
that determine the type and stability of Pickering emulsions. The wetting
properties and the ability of conventional colloids to stabilize emulsions can
be significantly enhanced by grafting polymer chains onto these particles.
In particular, major advances have been made in precisely controlling the
density and length of polymer chains that can be grafted onto various par-
ticles via living polymerization. Excellent reviews on this topic can be found
in ref. 64–66.

Amalvy et al.67 reported polymer-grafted latex colloids as solid stabilizers for
Pickering emulsions. Poly[2-(dimethylamino) ethyl methacrylate-block-methyl

Figure 10.11 (a) Photograph of microgel-stabilized emulsions having an internal
oil phase volume from 20 to 91% at room temperature, where the
continuous phases of all mixtures consist of 2 wt% microgels in the
initial dispersion with a solution pH 6. (b) and (c) Confocal images
of the emulsion with 80 vol% hexane oil stabilized by 2 wt%
microgels excited by lasers with wavelengths of 408 and 543 nm,
respectively.
Reproduced from ref. 63 with permission from John Wiley and
Sons, Copyright r 2009 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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methacrylate] (P(DMA-b-MMA)), whose hydrophilicity can be adjusted by
controlling the solution pH, was grafted onto the surfaces of polystyrene
(PS) particles, forming sterically stabilized latex particles (PS@P(DMA-b-
PMMA)) (Figure 10.12a). pH-responsive hexadecane-in-water (O/W) Pick-
ering emulsions were prepared using the PS@P(DMA-b-PMMA) particles as
stabilizers. Between pH 8.1 and 5.6, stable O/W Pickering emulsions were
obtained as the hydrophilic PDMA residues were only weakly charged
(Figure 10.12b). On lowering the pH of the aqueous phase from 5.6 to 2.2,
the PDMA residues became fully protonated and hydrophilic which led to
their desorption from the oil–water interface. Thus, the Pickering emul-
sions became unstable and macroscopic phase separation was observed
(Figure 10.12b).

The same P(DMA-b-PMMA) grafted PS colloids were utilized to prepare
temperature-responsive Pickering emulsions as the PDMA residues
also exhibit volume phase transition temperatures (VPTTs) between 35 1C
and 45 1C, depending on the length of PDMA.68 Phase inversion of
Pickering emulsions from O/W to W/O was realized by changing the
temperature of P(DMA-b-PMMA)-grafted PS colloid-stabilized hexadecane/
water emulsions. It was argued that the phase inversion resulted from the
change in wettability of PDMA residues to the oil phase upon temperature
change.

Figure 10.12 (a) Schematic of the formation of an oil-in-water emulsion using pH-
responsive sterically stabilized latex particles. (b) Effect of varying the
solution pH on the appearance of the emulsion after standing for 24 h
at room temperature.
Reproduced from ref. 67 with permission from the Royal Society of
Chemistry.
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10.6 Biopolymer Colloid-stabilized Pickering
Emulsions

10.6.1 Cellulose Nanocrystal-stabilized Pickering Emulsions

Cellulose is the most abundant renewable polymer in the world, produced by
and available in plants, algae, fungi and bacteria. Cellulose is a tough and
water-insoluble fibrous material that maintains the structure of plant cell
walls. Cellulose nanocrystals (CNs), firstly reported in the 1950s,69 are a type
of needle-shaped colloidal particle prepared through the degradation of
cellulose fibers. Recent work has shown that these needle-shaped cellulose
nanocrystals can be used to stabilize oil-in-water emulsions by forming a 2D
interfacial network of CNs (Figure 10.13).70 Small angle neutron scattering
(SANS) measurement of the Pickering emulsions showed that the CN par-
ticles organized as a monolayer at the oil–water interface, with only the
(2 0 0) crystalline plane of the CNs contacting the oil phase without CN
themselves immersing in the oil phase.71 The 2D network structures of CNs
at the oil–water interface can also facilitate the formation of high internal
phase Pickering emulsions with deformed emulsion droplets.72

CNs have a large number of hydroxyl groups at the surface, which can be
utilized to modify the surface properties of CNs via different chemical
reactions such as esterification, etherification, oxidation and silylation.73

Tam et al.74 covalently introduced a weak polyelectrolyte of poly[2-
(dimethylamino)ethyl methacrylate] (PDMAEMA) onto the surface of CNs via
free radical polymerization. The PDMAEMA-modified CNs can significantly
reduce the interfacial tensions between oil and water, forming highly stable
emulsions compared to the pristine CNs. Moreover, the PDMAEMA polymers
are both thermal and pH responsive. Thus, destabilization of Pickering
emulsions stabilized by the PDMAEMA modified CNs can be triggered by
varying the temperature or the pH of the emulsion.

Figure 10.13 Scanning electron micrographs of Pickering emulsion stabilized by
CNs.
Reproduced from ref. 70 with permission from American Chemical
Society, Copyright 2011.
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10.6.2 Protein-stabilized Pickering Emulsions

Proteins are an important class of natural polymers and have been exten-
sively employed as stabilizers in the food industry to prepare oil-in-water
emulsions. For example, Decker et al.75 have demonstrated that whey
proteins such as whey protein isolate (WPI), sweet whey (SW),
b-lactoglobulin (b-Lg), or a-lactalbumin (a-La) can stabilize salmon oil-in-
water (O/W) emulsions. Moreover, protein-stabilized emulsions increased
the oxidative stability of salmon oil thus eliminating or reducing the need for
exogenous food antioxidants.

Taking advantage of strong hydrogen bonding between proteins, Ngai
et al.76 prepared O/W types of high internal phase emulsions using gelatin
nanoparticles as solid stabilizers (Figure 10.14). In the system, gelatin
nanoparticles can be crosslinked spontaneously at the interface and in the
aqueous continuous phase, leading to the formation of stable three-
dimensional (3D) hierarchical protein scaffolds after the evaporation of
both oil and water.

10.6.3 Fat Crystal-stabilized Pickering Emulsions

Fat crystals have long been utilized to prepare edible Pickering emulsions
because of their potential application in food texture modification, and
bioactive compound encapsulation and delivery.77 Due to the hydrophobic
nature of fat crystals, water-in-oil (W/O) types of emulsion such as butter and
margarines can be readily prepared.78 Because fat has a melting temperature
near body temperature, emulsions stablized by fat crystals stay stable during

Figure 10.14 Schematic preparation of a hierarchical protein scaffold via a high
internal phase Pickering emulsion stabilized by gelatin nanoparticles.
Reproduced from ref. 76 with permission from American Chemical
Society, Copyright 2018.
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storage at ambient temperature but rapidly melt and consequently undergo
phase separation at temperatures found within the mouth.79 The structural
stability of fat crystal-stabilized emulsions takes advantage of the fact that
fat crystals are present in the continuous oil phase as a fine network
(Figure 10.15).80 The synergistic effects of fat crystals as both Pickering and
network stabilizers prevent coalescence of water droplets, leading to long-
term stability of W/O emulsions.

10.7 Conclusions and Outlook
In this chapter, we have highlighted recent developments of Pickering
emulsions stabilized by polymer colloids with unique structures (anisotropic
colloids, Janus particles, microgels and polymer-grafted colloids) and com-
positions (synthetic polymers and biopolymers). Compared with chemically
homogeneous spherical colloids, these advanced colloids provide signifi-
cantly improved surfactancy due to better control of wettability and surface
chemistry. Moreover, the structural complexity of nontraditional polymer
colloids enables the preparation of stimuli-responsive Pickering emulsions
with tunable structures and functionalities. Thus one of the important fu-
ture directions in the field is to establish the relationship between the
structure of polymer colloids and the properties of resulting Pickering
emulsions through experiments and theoretical calculations. In particular,
more efforts toward connecting the microscale phenomena and interactions
of particles at interfaces to the stability and behavior of bulk emulsions
would significantly advance our understanding. For example, although there
is exciting research on the lateral interactions between polymer colloids at
the liquid–liquid interface, the connection between such interactions and
emulsion stabilization has not been established. Polymer colloids with

Figure 10.15 SEM image of an W/O Pickering emulsion stabilized by tripalmitin
crystals (A) and surrounding fat crystals (B).
Reproduced from ref. 80 with permission from Elsevier, Copyright
2010.
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advanced structures such as core–shell, raspberry-like and hollow polymer
colloids could also represent new colloidal particles for effective preparation
of Pickering emulsions with advanced structures and functionalities.

Pickering emulsions stabilized by polymer colloids are attractive to in-
dustry, in food, cosmetic and pharmaceutical applications, because of their
high stability and functionality. Given that broad bans on use of polymer
colloids made from petrochemical-based polymers (plastic microbeads) are
expanding worldwide, one of the future development in the field must focus
on the discovery of polymer colloids made from bio-derived and/or bio-
degradable materials. Natural biopolymers such as polysaccharides and
peptides/proteins are ideal candidates as building blocks for such polymer
colloids. Moreover, another key challenge in the application of polymer
colloid-stabilized Pickering emulsions is manufacturability of polymer col-
loids that are both effective and acceptable for use in products (such as Janus
particles made with biodegradable polymers) on the commercial scale. Thus,
it is important to develop scalable processes for the synthesis of polymer
colloids with complex structures and compositions.
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1989, 9, 251–255.
35. S. C. Glotzer and M. J. Solomon, Nat. Mater., 2007, 6, 557–562.
36. Z. Nie, W. Li, M. Seo, S. Xu and E. Kumacheva, J. Am. Chem. Soc., 2006,

128, 9408–9412.
37. S. Jiang, M. J. Schultz, Q. Chen, J. S. Moore and S. Granick, Langmuir,

2008, 24, 10073–10077.
38. C. Tang, C. Zhang, J. Liu, X. Qu, J. Li and Z. Yang, Macromolecules, 2010,

43, 5114–5120.
39. G. Loget and A. Kuhn, J. Mater. Chem., 2012, 22, 15457–15474.
40. A. B. Pawar and I. Kretzschmar, Macromol. Rapid Commun., 2010, 31,

150–168.
41. A. Perro, S. Reculusa, S. Ravaine, E. Bourgeat-Lami and E. Duguet,

J. Mater. Chem., 2005, 15, 3745–3760.
42. V. N. Paunov and O. J. Cayre, Adv. Mater., 2004, 16, 788–791.
43. S. Jiang, Q. Chen, M. Tripathy, E. Luijten, K. S. Schweizer and S. Granick,

Adv. Mater., 2010, 22, 1060–1071.
44. F. Tu and D. Lee, J. Am. Chem. Soc., 2014, 136, 9999–10006.
45. J. Faria, M. P. Ruiz and D. E. Resasco, Adv. Synth. Catal., 2010, 352, 2359–

2364.

346 Chapter 10

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

03
23

View Online

https://doi.org/10.1039/9781788016476-00323
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CHAPTER 11

Latexes for Advanced Coatings

J. KLIER,* S. TREVENEN AND P. J. BELTRAMO

University of Massachusetts Amherst, Department of Chemical
Engineering, 686 North Pleasant Street, 159 Goessmann Laboratory,
Amherst, MA 01003-9303, USA
*Email: klier@umass.edu

11.1 Evolution of Latexes for Advanced Coatings

11.1.1 Background

Polymer dispersions based on vinyl addition, epoxy, polyurethane, alkyd,
polyester and other chemistries, represent a very large and growing coating
materials segment. Vinyl addition emulsion polymers based on acrylics,
styrene acrylics and vinyl acrylic chemistries represent the single largest
polymer dispersion category employed in coating applications and are most
commonly used as binders in coating formulations along with pigments,
rheology modifiers, dispersants and other ingredients. These materials are
so ubiquitous because they combine performance with low cost and en-
vironmentally friendly ‘‘low VOC’’ low solvent or solvent-free coating cap-
ability. Emulsion polymer technology has evolved rapidly in the past decades
to meet increasingly stringent VOC regulations and customer expectations,
provide unique and valuable customer and consumer features and provide
an environmentally friendly water-based option for demanding industrial,
aftermarket, and maintenance and packaging applications.
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11.1.2 Architectural Coatings

Key technical advances in emulsion polymers include morphological con-
trol, such as multilobal structures developed in the 1980s to enhance
rheological properties for improved coating film formation (Figure 11.1).
Multiphase emulsion polymers with higher glass transition temperature (Tg)
inclusions were introduced in the 1980s and 1990s to enable the enhanced
performance of low VOC (low solvent) water-based coatings. These materials
allow film formation along with enhanced coating mechanical properties
without the need for excessive solvent levels. Hollow sphere emulsion
polymers were developed and introduced in the 1980s. These highly engin-
eered particles contain hydrated hydrophilic polymer cores with resilient
polymer shells. Upon incorporation into a coating formulation and water
evaporation, the core dehydrates to a hollow void in the coating film. These
voided structures scatter light and greatly enhance the opacity of coating
formulations. Similar emulsion polymer structures have recently been em-
ployed in consumer product sunscreen formulations and as enabling com-
ponents of thermal printing paper – where the hollow voids collapse under
the effect of heat, eliminating the scattering effect and allowing the substrate
color to penetrate through the coating film.

New functional monomers were incorporated into emulsion polymers to
provide enhanced properties of the resulting coatings. For example, func-
tional monomers such as low-viscosity copolymers of poly(acrylic acid) allow
emulsion polymers to tightly bind to metal substrates,1 enhancing corrosion
protection. They also enable spontaneous pigment encapsulation during
paint formulation to enhance mechanical properties, enhance water and
stain resistance, and improve scattering and opacity. Other functional
polymers enable scavenging of potentially harmful pollutants in the indoor
environment, contributing to indoor air quality and quality of life.2,3

Advanced crosslinking technologies, including self-crosslinking emulsion
polymer chemistries, provide enhanced coating mechanical and barrier
properties while still allowing stable, water-based low VOC emulsion poly-
mers/dispersions. These chemistries address environmental pressures,

Figure 11.1 Electron micrograph of latex with lobe structure.
Courtesy of A. Brouillard, UMass Amherst Chemical Engineering.
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allowing use of soft film-forming emulsion polymers with reduced VOC and
Hazardous Air Pollutant (HAP) levels while providing development of ex-
cellent properties including mechanical strength, Tg, block, chemical and
solvent resistant properties4,5 after film formation. Alkyd chemistries, for
example, provide an oxidative cure and enable one pack coating formu-
lations that crosslink under ambient conditions.6,7

11.1.3 Industrial Coatings

New functional monomer chemistries also provide enhanced properties to
emulsion polymer-based coatings in industrial applications. Recently
introduced advanced hybrid latex technologies combine the stable, UV re-
sistant attributes of acrylic emulsion polymers with the superior corrosion
resistance of traditional thermoset chemistries to achieve the best of both
worlds – low VOC water-based coatings with very high performance for in-
dustrial or highly demanding architectural applications. Vinyl emulsion
polymers have also been hybridized with a host of other chemistries
such as urethane, alkyd, polyester etc. to provide specific performance
enhancements.

Water-based coatings have also found application in demanding appli-
cations such as road markings. Here water-based formulations provide re-
duced VOC and HAP content versus solvent-borne alternatives. The industry
has successfully developed quick setting latex systems that rapidly build up
physical properties, resist rain washoff and withstand traffic while de-
veloping final film properties (Figure 11.2). These systems may be based on
‘‘coacervate’’ type physical associations where amine-containing polymers
are combined with ammonia neutralized carboxylated latexes. Application
and ammonia evaporation results in rapid set via electrostatic interactions.
Subsequent film formation takes place via traditional polymer interdiffusion
driven by capillary actions.8

Advanced emulsion polymer coatings have also recently been employed to
suppress vibration and resulting noise in transportation and industrial

Figure 11.2 Schematic of quick setting latex systems for traffic marking.
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applications. These emulsion copolymers, employed in ‘‘liquid applied
sound damping’’ formulations, may be robotically applied to automotive
frames. The coatings are engineered to dampen vibrations in certain fre-
quency ranges (typically 200 Hz) and ambient temperatures. New sophisti-
cated emulsion polymers contain associative functional groups that interact
with pigments to greatly enhance sound damping efficiency.9

Demanding vehicle and transportation equipment applications have also
necessitated the development of advanced emulsion polymer based coating
systems. Fully 60 to 70 percent of automotive basecoats in North America
and Europe may be water-borne with a continuing trend in this direction.
The base coat formulations provide color and optical effects and
may contain high performance organic pigments, metal flakes, carbon
black and special grades of titanium dioxide. Acrylic emulsion polymers
may be blended with polyester- based polyurethane dispersions to enhance
mechanical properties such as toughness. Water removal from these
coatings prior to clearcoat application may take place at elevated but
not full curing temperatures to accelerate process throughput and line
speed.10

11.1.4 New Technological Applications of Anisotropic
Latexes

While colloid chemistry has made significant advances, utilizing a multitude
of functional groups and chemical processing advances to motivate an ever
expanding list of uses, the physical shape of colloids has remained mainly
spherical. Spherical geometries are by definition isotropic and produce
isotropic material properties in applications such as coatings, nanofluids,
and thin films. In nature, however, we see a variety of material properties
defined not by their unique chemistries, but instead by their unique, and
asymmetric structural design. From the iridescent wings of butterflies11 to
the changing color of chameleon skin12 to the birefringence of calcite,13

nature takes advantage of anisotropic micro-material design to achieve
macro-material properties. This brings additional challenges when fabri-
cating advanced coatings from anisotropic polymer colloids. First, efficient
synthetic routes towards size- and shape-controlled microparticles must be
established. Second, since the coating material properties are dependent on
the particle microstructure, the creation of such surfaces requires control
over the particle alignment before and during the process. This is in addition
to all of the considerations for coatings from spherical particles. However,
the additional applications of anisotropic particle-based coatings makes
accomplishing such materials a worthy aim. In the remainder of this
chapter, we revisit the synthesis of polymer ellipsoids by mechanical
stretching above their glass transition temperature. In the future, the use of
external fields (convective, capillary, electric, magnetic) to control alignment
and microstructure in the fabrication of coatings based on these particles
will be explored.
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An efficient and scalable route to anisotropic colloids is the mechanical
stretching of spherical polymer colloids into ellipsoids above the glass
transition temperature of the polymer. While this method has been well
studied,14 and a device designed to continuously produce ellipsoidal poly-
mer particles,15 crucial variables such as the stretch time and temperature as
well as the polymer film properties have not been systematically investi-
gated. Published procedures use polymer films that vary extensively in
molecular weight and perform the mechanical stretching at widely varying
temperatures as well,14,15 all of which can have important effects on the
microstructural environment around the embedded polymer particles,
affecting their monodispersity and size. In order to address these oppor-
tunities more fully, we are developing a systematic understanding of the
effects of process variables on control of anisotropic colloid shape and
uniformity. This in depth understanding will ultimately contribute to scal-
able processes for new categories of high technology coatings based on
anisotropic polymer colloids.

11.2 Experimental

11.2.1 Film Formation

250 microliters of the 10 wt%, 1.0 micron diameter, sulfate-modified poly-
styrene spheres (Sigma-Aldrich), were added to 40 mL of 5 wt% poly(vinyl
alcohol) (PVOH, 85 000–120 000 g mol�1, 88% hydrolysis), previously dis-
solved in Milli-Q water (Milli-Q, resistivity418.2 MO cm), and thoroughly
mixed for 30 mins by rotomixer (30 rpm). 200 mL of PVOH from the same
batch was then added to a Teflon cast measuring 23.500�3.500�0.1800

(Length�Width�Depth). The thoroughly mixed solution of spheres in PVOH
was then added to the central point of the cast and allowed to spread nat-
urally through the liquid solution. This solution was then allowed to dry
naturally until it was solid enough to be taken out of the cast as one whole
film. The edges ( 1

4
00 width) along the entire rectangular film was cut to avoid

inconsistencies due to adhesion to the sides of the cast. The film was then
dried flat for two days. It is important to thoroughly dry the cast film to
remove all trapped water since plasticization can cause glass transition point
depression in the embedding film.

11.2.2 Sample Preparation

11.2.2.1 Film Stretching

The film was marked with 1
2
00 lines along its length, in order to have a ref-

erence for the stretched film. The film was then added to a custom-built
stretching machine and dipped in a bath of silicone oil raised to a specified
temperature undergoing mild mechanical agitation (180 rpm). The film was
then stretched after a five-minute period of thermal equilibration, with a
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decreasing portion of the film staying in the oil bath as the stretching occurs.
The film was raised out of the hot oil bath after 30 mins all the while
maintaining its final strained amount. After about 30 mins of drip drying
and air-cooling the film was removed. The film thickness was re-measured
and the length between each of the previously 1

2
00 sections was measured in

three places along the width of the film (in the center, 1
2
00 from both edges).

11.2.2.2 Sample Resuspension and Purification

Samples were cut at specific 1
4
00 or 1

2
00 strips along the length (pre-stretching)

and separately cleaned in mildly agitated isopropyl alcohol to remove ad-
hered silicone oil from the surface of the films. The film strips were then
dissolved overnight in 10 mL of Milli-Q water. Each sample was then cen-
trifuged for 1 hour at 8000�g. The centrifuged samples then had 9 mL of
supernatant removed followed by an addition of 10 mL of water. The sam-
ples were then sonicated for an equal amount of time to resuspend the
particles and break up any aggregates. This procedure was carried out twice
with the second removal of supernatant being 10 mL. The next four dilution
cycles were carried out with the same basic procedure as the second cycle
step except as noted. On the 3rd and 4th cycles, the centrifugation was for
30 mins at 4000�g with a 30 min sonication step after each centrifugation.
The 5th and 6th dilution cycles were centrifuged for 10 mins at 4000�g with
10 min sonication after each cycle. When complete, the samples were so-
nicated for an additional hour. The resultant particles are analyzed by
scanning electron microscope after being drop cast and sputter coated with
2 nm of gold.

11.3 Results and Discussion
In order to understand how the aspect ratio of monodispersed polymer
colloids could be precisely controlled, the crucial variables such as the
stretch time and temperature, as well as the polymer film properties were
systematically investigated. We highlight here the importance of stretching
temperature, while other variables are still being examined. The stretching
temperature relative to the glass transition temperature of the particles had
a very strong influence on the resulting aspect ratio, as shown in Figure 11.3.
In this set of experiments, the draw ratio of the film was kept constant at
approximately 3 : 1, as determined by monitoring the stretching of the 1

2
00

markings on the film; however, large differences in the resultant ellipsoids
were observed. Polystyrene spheres of initial diameter 1 mm stretched at
temperatures above their glass transition (4107 1C) were readily deformed
into controlled, nearly monodispersed asymmetric polymer colloids. How-
ever, below Tg of the film, the deformation of the PVOH film did not
translate to the embedded particles, and the particles largely remained
spherical. A summary of the ellipsoid dimensions is given in Figure 11.4A.

354 Chapter 11

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

03
49

View Online

https://doi.org/10.1039/9781788016476-00349


Although the draw ratio of the film was only 3 : 1, particle aspect ratios up
to approximately 6 : 1 were realized when the stretching was carried out at
elevated temperatures (Figure 11.4B). This was due to the particles simul-
taneously elongating and narrowing as the stretching occurs (Figure 11.4A).
Above Tg, the stretching in the longitudinal (long axis) direction of the
particle corresponds nicely with the 3 : 1 draw ratio. As Figure 11.4B shows,
the transition in stretching behavior aligns with the glass transition tem-
perature of the particles, confirming that this is a key parameter for the
successful control of anisotropic particle synthesis. Controlling the pre-
cursor emulsion polymer and polymer dispersion size further allows control
of both aspect ratio and absolute size, and these investigations are under-
way. Particularly for optical applications, modification of polymer colloid
composition allows tuning of refractive index. These new materials are being
employed for a new type of optical coating and results exemplified here are
helping identify critical process parameters for scalable production of these
coatings.

11.4 Conclusion
Emulsion polymer technology has evolved rapidly in the past decades to
meet increasingly stringent VOC regulations and allow environmentally
friendly water-based emulsion polymers to successfully compete in de-
manding architectural, industrial, aftermarket, maintenance and packaging
applications. Increasing demands for green and sustainable coatings are

Figure 11.3 SEM images of ellipsoids stretched at (A) 102 1C (B) 108 1C (C) 114 1C
and (D) 128 1C. The scale bar represents 10 mm.
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Figure 11.4 (A) The long and short axis of 1 mm diameter polystyrene spheres stretched at a 3 : 1 draw ratio at the given temperatures.
(B) Aspect ratio of the particles drawn along with a heat flow diagram of the seed spheres showing the Tg of approximately
107 1C.
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especially driving adoption of latex-based coatings based on vinyl addition
chemistries. Key technical advances include morphological control to en-
hance rheological and film-forming properties, new crosslinking chemistries
to enhance physical properties, functional monomers to enhance adhesive
and surface properties, and hybrid chemistries to provide corrosion resist-
ance, toughness and a host of other property benefits.

Examples of advanced emulsion polymers include association behavior for
hiding and performance, functionality for cleaner air, hybrid chemistry for
improved chemical resistance and adhesion, crosslinking for improved
physical properties and low VOC levels, complexation for quick setting per-
formance and new monomers for new modes of emulsion polymerization. In
addition, emulsion polymers have been successfully exploited in a host of new
applications from medical diagnostics to optical applications. For example,
anisotropic latexes and polymer colloids are being exploited for advanced
optical applications. Synthesis conditions provide control over chemical
composition and important properties such as refractive index and glass
transition temperature. Tuning of process parameters such as temperature
and deformation provides precise control over shapes and aspect ratios.
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CHAPTER 12

Polymer Colloids Enable
Medical Applications
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12.1 Introduction
Polymers are widely used in pharmaceutical formulations and drug delivery
systems across length scales (macro-, micro-, and nano-systems). Miniatur-
ization of such systems could enable on-demand, targeted delivery of ther-
apeutic drugs to organs and cells, as well as cell substructures of interest. For
example, active pharmaceutical ingredient (API)-loaded polymer micro-
particles act as drug delivery depots. Such particles are approved by the
United States Food and Drug Administration (FDA) for clinical applications
such as delivery of chemotherapies or hormones over days to weeks.
Nanoscale systems, i.e. polymer colloids, have demonstrated abilities to
affect pharmacokinetic properties of traditional formulations.1

The concept of nanomedicine began in the early 20th century by Paul
Ehrlich with the idea of a ‘magic bullet’ that selectively kill the ‘bad’ and
spare the ‘good’. Rather than administering a free API directly to the body,
encapsulation of that same molecule within a larger nanoparticle platform
simultaneously protected the body from the API and the API from the body.
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The first generation of nanomedicine (1950–1980) focused on such drug
formulations, e.g. liposomes, to achieve controlled release (Figure 12.1).2

Nanoscale drug encapsulation using liposome formulations (80–300 nm
spherical vesicles with a phospholipid bilayer barrier) increased drug effi-
cacy2,3 and was approved by the United States FDA in 1995. Doxil, a lipo-
somal formulation of doxorubicin (a chemotherapeutic agent), reduced
cardiotoxicity improving patient morbidity compared to the conventional
free-drug formulation.2,4,5

While reformulation of small molecule APIs into larger physical nano-
particle constructs yielded promising results to overcome biological barriers
during circulation, the change in length scale also introduced new chal-
lenges. The second generation of nanomedicine (1980–2010), focused on
‘‘smart delivery systems’’ to overcome biological barriers of the circulatory
system, such as nanoparticle clearance by opsonisation in order to capitalize
on the Enhanced Permeability and Retention (EPR) effect. According to the
EPR effect, nanoparticles delivered intravenously (IV) preferentially accu-
mulate at the site of diseased tissue due to its leaky vasculature, occurring
most notably in solid tumors. Key technologies from this era included: smart
polymers and hydrogels, PEGylation, and widespread use of solid polymer
nanoparticles. Surface functionalization with polyethylene glycol (PEG), i.e.
PEGylation, enhances drug stability in vivo by preventing enzymatic attack
and recognition by the immune system, which increases circulation time.

Figure 12.1 Timeline outlining the evolution (green) and clinical milestones (blue)
of nanomedicine.
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This increased circulation time is especially important for passive targeting
to disease sites using the EPR effect.2,3,6

The field of nanomedicine has continued to grow exponentially to develop
systems that overcome biological barriers of every route of administration
and can interface directly with the immune system. The current generation
of nanomedicine (2010–present) seeks to create nanoparticle systems that
can further overcome physiochemical and biological barriers by controlling
nanoparticle morphology, implementing active targeting to improve ther-
apeutic efficiency, achieving stimuli-responsiveness to enhance specificity,
and delivering payloads over long-time periods (e.g. weeks to months).2,3,6 As
the field expands to increasingly complicated biological systems, technical
advances stemming from polymer colloids and fundamental understanding
of colloidal interactions with biological systems will continue to drive
translational advances towards the ‘magic bullet’ promise of nanomedicine.

This chapter provides an overview of the use of polymer colloids in
nanomedicine for API delivery applications. Material selection and nano-
medicine processing are addressed. The effect of colloid properties on per-
formance are explored. Emerging applications and regulatory considerations
for clinical translation are briefly discussed.

12.2 Material Selection
Polymer selection is an important consideration when designing nano-
carriers for therapeutic agents. Both natural and synthetic polymer systems
have been explored.7 For both classes of materials, polymer properties
such as molecular weight, glass transition temperature, crystallinity, and
hydrophobicity are important parameters that affect drug release.8 The
biocompatibility of the material must also be considered.

For nanomedicines, the biocompatibility of the polymer material is
crucial. Traditionally, a biocompatible material minimizes inflammatory
response and immunogenicity to avoid a foreign body reaction that would be
characterized by severe inflammation, opsonization, and fibrosis and is
clearly harmful to the patient.9,10 The term ‘biocompatible’ has been pri-
marily used for implanted devices and is applied to materials that produce
normal tissue surrounding the device. Recently, the definition of bio-
compatibility in the context of nanomedicine has been further specified with
the term of ‘biotolerable’ materials. Biotolerable materials can still produce
some aspects of a foreign body reaction but do not secrete toxins and result
in stable, long-term circulation. Therefore, biotolerable materials are not
necessarily biocompatible.11 Furthermore, biodegradable materials de-
compose into building blocks that are ubiquitous components occurring
naturally in the body. To determine the biocompatibility or biotolerance of
materials or materials in new applications, the bioresponse needs to be
evaluated. Typically, the biocompatibility of materials can be assessed by
evaluating the cytotoxicity, hemocompatability, irritation, sensitization,
systemic toxicity, cytokine production, and pyrogen formation.12 This must
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be assessed for each new polymer formulation early in development to
establish clinical feasibility.

Many biocompatible, biotolerable, and biodegradable polymeric nano-
particle systems have been evaluated. Natural polymers include proteins
and polysaccharides.13–15 Although natural polymers are biodegradable,
they can have active and unwanted biological function, or can be recognized
by cells leading to immunogenicity. Properties of natural polymers such as
mechanical strength and hydrophobicity can suffer from batch to batch
variability affecting their reliability.16,17 Synthetic polymer properties are
reproducible between batches and their mechanical, chemical, and
degradable properties can be tuned. However, without proper consideration,
many synthetic polymers can induce inflammation or opsonization by
the immune system. The immune response can be reduced with proper
coatings.10 We provide a brief overview of both natural and synthetic
polymers that have been used in nanomedicine. More extensive reviews are
available elsewhere.18,19

12.2.1 Natural Polymers

Initial work on the formation of particles using natural polymers included
protein-based systems, which have been considered for delivery of hydro-
philic and hydrophobic active ingredients.20,21 For example, albumin has
been used as a nanoparticle drug carrier due to its high endogenous
abundance,21 relative stability,21 and ability to reversibly bind hydrophobic
APIs. Commercially, Abraxane is an albumin bound paclitaxel formulation
(nab-paclitaxel) that has been FDA approved for treating breast cancer.20,22

Other proteins used for nanoparticle delivery include gelatin, a protein
derived from collagen. Gelatin is often modified, e.g. crosslinking with
glutaraldehyde, to increase stability and circulation time or binding ligands
to the surface.21 Zein, a corn protein, has also been used to stabilize colloidal
particles for medical applications. For example, zein nanoparticles were
made by Flash NanoPrecipitation (FNP) as a biodegradable alternative to
polymer stabilizers; zein self-assembled onto a precipitating core of the
active ingredients.23 Other proteins that have been considered are milk,
soy, whey, and gluten proteins.21 Drugs can be encapsulated in protein
nanoparticles by electrostatic interactions, kinetic stabilization, natural
affinity, or chemical reaction. The release of APIs from the nanoparticles can
be induced by biodegradation and diffusion, as well as triggered by pH or
reducing environments.24

Two commonly used polysaccharides in nanoparticle formulation have
been chitosan and hyaluronic acid (HA) (Figure 12.2). Chitosan is derived
from chitin found in crustaceans. Its positive charge makes it a useful carrier
for gene and RNA therapies25,26 and its low solubility allows for long in vivo
circulation.27 The rate of its degradation is dependent on the degree of
crystallinity, which can be tuned with deacetylation of chitin or addition of
side groups.28 In contrast, HA is a highly water-soluble linear polysaccharide.
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For drug delivery, therapeutics are either encapsulated within hydrogel
systems or directed conjugated to the HA.14 Conjugation has been found to
improve API solubility and pharmacokinetics.14,29 HA also has interesting
binding properties to glycoproteins that are highly upregulated in many
solid tumors30 resulting in differential targeting to tumor cells.14,31,32

12.2.2 Synthetic Polymers

A wide range of synthetic polymers have been proposed as drug delivery
carrier materials. Ideally, polymeric nanoparticle components would de-
grade and be easily eliminated from the body without producing harmful
byproducts.19,33 The degradation rate of the polymer is an important design
criteria and is associated with the hydrophobicity of the material. Generally,
more hydrophobic materials degrade at slower rates due to low affinity with
water.34–36 Polymer properties including molecular weight and crystallinity
in addition to hydrophobicity can greatly impact degradation rate and are
often interrelated.37,38

Crystallinity, i.e. the internal molecular organization, is an important
factor because it affects water permeability.39 Most polymers are considered
semicrystalline and contain varying degrees of crystalline and amorphous
(non-crystalline) regions.39,40 The glass transition temperature (Tg) and ratio
of amorphous to crystalline region dictate the degradation rates, pore

Figure 12.2 Structures of polysaccharides and degradable synthetic polymers used
in drug delivery.
Reproduced from ref. 19 with permission from American Chemical
Society, Copyright 2016.
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formation, and the resulting API release rate.39 Polymer molecular weight
affects hydrophobicity, crystallinity, and Tg.19,37,41 The overall effect is that
lower molecular weight polymers tend to have a faster degradation rate when
compared to the same polymer of higher molecular weight.42,43

Polymer degradation determines the drug release mechanism(s). In sys-
tems of non-degradable polymers, drug molecules release via diffusion dri-
ven by concentration gradients.44 For systems of degradable polymers, drug
molecules are released due to diffusion as well as surface erosion or bulk
erosion.45,46 Surface erosion occurs when the rate of polymer degradation is
greater than water penetration, whereas bulk erosion occurs when water
penetration is greater than polymer degradation. Achieving surface erosion
is desirable because the drug release is more predictable than bulk ero-
sion.19 Hydrophobic polymers such as polylactic acid (PLA), polyglycolide
(PGA), and poly(lactic-co-glycolic acid) (PLGA) typically exhibit bulk erosion,
while polymers such as poly(ethylene oxide) (PEO) and polyanhydrides de-
grade via surface erosion. Polycaprolactone (PCL) degrades via both bulk and
surface erosion.47

The release mechanism affects drug release kinetics. Zero-order release or
sustained release maintains therapeutic dose, but is difficult to achieve in
practice (Figure 12.3). Typical drug release is triphasic or biphasic. There is
often an initial burst release due to release of surface-bound drug molecules.
This phase is followed by sustained release due to diffusion. A second burst
release may occur due to bulk erosion.48 The degradation rates can be
slowed by adding coatings to prevent burst release.35,48,49

The most commonly used polymers for nanomedicine have been aliphatic
polyesters, as these systems are biodegradable and breakdown into lactic
and glycolic acids,19 which are ubiquitous in physiological systems. For ex-
ample, poly(glycolic acid) (PGA) is a highly crystalline polymer that is poorly
soluble with a fast degradation rate.51 Polylactic acid (PLA) is a tunable
system; its crystallinity, mechanical rates and degradation rate can be
modulated by varying the relative amounts of the D- and L-lactic acids in the
chain.51 The D-lactic acid is amorphous while L-lactic acid has a high degree
of crystallinity. Thus, the degree of crystallization and related properties of
PLA can be tuned by varying the stereochemistry of the monomers. Alter-
natively, PLA can be combined with highly crystalline PGA to achieve PLGA
with a desired intermediate crystallinity (Table 12.1).41 Decreasing the ratio
of lactide to glycolide in PLGA decreases the degradation rate.51 These
polymers can be modified to include a hydrophilic chain such as poly-
ethylene glycol (PEG) to improve solubility.52 Another commonly used
polyester is polycaprolactone (PCL); however, it is less common in nano-
particle drug delivery than PLA and PLGA due to slow degradation and low
solubility.53

Another class of polymers colloids used for nanomedicine are polyalkyl
cyanoacrylates (PACAs). PACAs are biodegradable, release API via surface
erosion, and can be completely eliminated from the body.51,54 One type of
PACA with lactic or glycolic monomers is type IV polyortho ester (POE),

Polymer Colloids Enable Medical Applications 363

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

03
58

View Online

https://doi.org/10.1039/9781788016476-00358


which can be used for drug delivery. The degradation of such PACAs can be
tuned by the monomer groups in the polymer chain.55 Polyamino acids are
another type of PACA that have been investigated for nanoparticle drug

Figure 12.3 Release profiles of (A) zero-order release with and without burst
release,49 (B) biphasic drug release due to hydrolytic degradation
exhibiting bulk degradation, (C) triphasic degradation with an initial
burst release followed by diffusion-controlled and degradation-
controlled release.50

(A) Reproduced from ref. 50 with permission from Elsevier, Copyright
2001. (B) Reproduced from ref. 41, http://dx.doi.org/10.3390/
polym3031377, under the terms of the CC BY 3.0 licence, https://
creativecommons.org/licenses/by/3.0/. (C) Reproduced from ref. 50
with permission from Taylor and Francis, Copyright 2001.

Table 12.1 Properties of commonly used synthetic polymers.

Polymers Crystallinity
Glass
transition (Tg) Degradation Hydrophobicity

PGA Highly 35–40 Fast Hydrophobic
PLA Hydrophobic
PLLA Semicrystalline 53 Slow
PDLA Amorphous 55 Slow (cryst)
PLGA (50 : 50) 1–2 months (88)
PLGA (75 : 25) 4–5 months
PLGA (85 : 15) 5–6 months
PCL �60 2–3 years Hydrophobic
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delivery of low molecular weight drugs. Polyamino acids are soluble and
biodegradable. Their rate of degradation depends on the amino acid con-
stituents. For example, poly(L-lysine) has been commonly used for gene or
RNA delivery due to its positive charge. Polyphosphoesters are another class
of PACA. Their structure is similar to nucleic acids and facilitates conju-
gation to therapeutic agents. Polyphosphoesters are broken down by
hydrolysis and enzymatic degradation.56 Water-soluble polymers such as
polyethylene glycol (PEG) are commonly used for stabilization and discussed
further with regards to the effect of surface chemistry (Section 12.5.4.2).

12.3 Responsive Nanoparticle Platforms
One of the goals of the current generation of nanomedicines is stimuli-
responsive systems to enhance specificity. Polymer systems that enable
triggered release in response to the external environment such as pH or
temperature have been investigated (Figure 12.4) and are discussed here.

12.3.1 pH Responsive

Responsive nanoparticle systems sensitive to pH are of interest due to
naturally occurring pH changes within the body, e.g. acidic solid tumors,

Figure 12.4 Schematic of stimuli-responsive drug release.
Adapted from ref. 57 with permission from Elsevier, Copyright 2013.
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endosomal compartments within the cell, and the gastrointestinal tract.
Physiological pH is often considered to be 7.4, where the tumor and/or
endosomal pH can range from 6 to 4. Therefore, pH-sensitive polymeric
systems could selectively release their cargo in tumor microenvironments
or within intracellular compartments. Such pH-responsive nanoparticles
can be achieved either with a pH-responsive polymer or by including
pH-responsive materials in the particle core to trigger disassembly.58,59

Responsiveness is due to pH-dependent polymer solubility. There is a
switch between a hydrophobic (insoluble, collapsed state) and a hydrophilic
(increased solubility, swollen) state as the functional groups protonate and
deprotonate. Generally, particles are designed so that the expected decrease
in pH at the site of interest causes an increase in polymer solubility
and hydrophilicity leading to particle disassembly and release of payload.
Examples of pH-responsive polymers include PEI,60,61 b-carboxylic amides,62

and polymers containing acid-cleavable functional groups such as acetal,
orthoester, hydrazine, oxime, and boronic acid.19,63,64 Alternatively,
coordination complexes such as tannic acid-iron (TA-Fe31)59,65,66 and layer-
by-layer assemblies of weak polyelectrolytes can also serve as the basis for
pH-responsive systems.67,68

12.3.2 Temperature Responsive

Thermo-responsive polymers whose physical and chemical properties
change when heated have been investigated for drug release triggered by a
hyperthermic stimulus at the site of interest. Generally, thermo-responsive
polymers have temperature-dependent conformations and are hydrophilic
below a lower critical solution temperature (LCST) and hydrophobic above
the transition temperature.69 The change in hydration state triggered by
heating leads to release of the therapeutic payload. Ideally, the transition
temperature is between 37 and 42 1C. Such temperatures can be achieved
therapeutically by local irradiation and/or co-delivery of light-to-heat gen-
erating agents. The transition temperature can be tuned by varying the
composition of the polymer (Table 12.2). The transition temperature is
dictated by the relative amount of hydrophilic and hydrophobic moieties of
the polymer. Since the response to the change in temperature is sharp,
spatiotemporal control over payload delivery can be achieved.69,70 Examples
of thermo-responsive systems include poly(N-isopropylacrylamide)

Table 12.2 Transition temperatures of
thermoresponsive polymers.

Polymers LCST (1C)

PolyNIPAAm 32
PolyNVCL 32–50
PCL 30–50
Polycarbonates 36–53
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(polyNIPAAm),71 poly(N-vinylcaprolactam) (polyNVCL),72,73 and oligoethy-
lene glycol (OEG)-based polymers.74 However, their fate in vivo is a concern
because the hydrocarbon chains are not easily eliminated.75 Alternatively,
temperature-responsive derivatives of aliphatic polyesters, polycarbonates,
polysaccharides, and polyamides are of interest due to their degradable
nature.76–78 Other approaches to thermo-responsive nanocarriers have been
based on pluoronics or poloxamers. Poloxamers or pluronics are ABA block
copolymers of poly(ethylene oxide) (PEO, A) and hydrophobic, thermo-
responsive poly(propylene oxide) (PPO, B) with LCSTs near physiological
temperature.19

12.3.3 Chemoresponsive Polymer Systems

Polymeric systems that can trigger drug release in response to chemical or
biochemical stimuli are of considerable interest. For example, triggered re-
lease of multiple APIs has been achieved using aptamer functionalized
hydrogels. In such systems, functional aptamers are incorporated into
hydrogels to entrap protein therapeutics. Release of the therapeutic protein
is triggered by complementary oligonucleotides, which hybridize with
the aptamers to cause aptamer–protein dissociation. The release kinetics
can be tailored by aptamer design considering both aptamer affinity and
structure.79–81

Injectable microgels have also been developed for glucose-responsive re-
lease of insulin. The microgels consist of enzyme nanocapsules containing
glucose oxidase, catalase, and insulin in a physically crosslinked, pH-
responsive polymeric matrix. In response to glucose, glucose oxidase gen-
erates a pH change, which causes the matrix to swell and triggers insulin
release. This swelling is reversible and at normal glucose levels, the particles
shrink so that insulin is no longer released. The catalase regenerates oxygen
to consume hydrogen peroxide produced by the glucose oxidase. Using this
system, dynamic regulation of blood glucose was possible in vivo.82

12.4 Processing Methods
Formulation of nanomedicines to encapsulate APIs within polymeric
carriers can be achieved using various methods (Figure 12.5). Bottom-up
methods are reliable, simple, and cost-effective. However, controlling the
shape and polydispersity can present challenges. Top-down approaches have
enabled a range of shapes with low polydispersity.

12.4.1 Bottom-up Methods

Bottom-up methods involve molecular self-assembly driven by non-covalent
interactions. Specifically, nanocarrier assembly occurs due to aggregation
and microphase separation of amphiphilic macromolecules. Controlling
self-assembly is the key to achieving well-defined nanostructures.86
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Figure 12.5 Overview of nanomedicine production via bottom-up and top-down
methods. (A) Solvent displacement via Flash Nanoprecipitation.83

Reproduced from ref. 83 with permission from Springer Nature,
Copyright 2016. (B) Layer-by-layer assembly is a bottom-up method.84

Reproduced from ref. 84, http://dx.doi.org/10.1021/cm402126n, with
permission from American Chemical Society, Copyright 2014. In con-
trast, (C) nanoemulsions are produced using top-down processing.85

Reproduced from ref. 85 with permission from American Chemical
Society, Copyright 2013.
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We provide a brief overview of production methods to control self-assembly
as well as self-assembly methods that involve electrostatic interactions.

12.4.1.1 Solvent Displacement

Using solvent displacement methods, polymeric nanoparticles are formed
by precipitation of a molecularly dissolved polymer (in a water-miscible,
organic solvent) supersaturated in aqueous media. The particle size is
dictated by kinetics of nucleation and growth, which are affected by process
parameters. The nucleation kinetics are affected by local supersaturation
and temperature; nucleation ends when the solute is no longer supersatur-
ated due to growth of earlier nuclei. Growth continues until the solute
concentration reaches the equilibrium value.

Since control of nucleation is challenging, hydrophobic co-precipitants can
be included in the formulation to promote nanoparticle formation at lower
supersaturation. The co-precipitant is analogous to ‘‘seed’’ crystals tradition-
ally used to achieve heterogeneous crystallization. To limit particle aggregation
and maintain size, amphiphilic polymer dispersants are often used.83,87

Using anti-solvent precipitation, uniform particles are achieved when the
time scale of mixing is less than the time scale of nucleation so that the
nucleation rate is spatially uniform.88,89 Therefore, processes with short
characteristic mixing times are needed.87,90 Several methods of anti-solvent
precipitation for production of nanomedicines have been reported including
confined impinging jet mixers and multiple inlet vortex mixers.87,90 The use
of such mixers enables anti-solvent precipitation in batch or continuous
modes.87,90 Based on these methods, several structures of nanoparticles can
be achieved from amphiphilic molecules, e.g. vesicles and micelles, that are
described here.

12.4.1.1.1 Polymersomes. Polymersomes, inspired by liposomes, are ty-
pically constructed from amphiphilic di- or triblock copolymers. These
spherical vesicles have an aqueous core stabilized by a block copolymer
bilayer. Because the block copolymers have higher molecular weight than
lipids, polymersomes tend to have thicker membranes and be more resili-
ent than liposomes.91 The copolymer constituents are generally bio-
compatible derivatives of PEG or poly(ethylene oxide) (PEO). In order to
achieve the bilayer for polymersome stabilization, the fraction of PEG in
the block copolymer must be between 20% and 42%.92 For drug delivery,
hydrophilic APIs can be loaded in the polymersome core and lipophilic
APIs can be loaded in the bilayer.

API-loaded polymersomes can be fabricated by adding water to the co-
polymer and drug(s) dissolved in an organic solvent to induce self-assembly
of the block copolymer into vesicles. The polymersome properties are
affected by both the characteristics of the block copolymer and processing
parameters. Polymersome size is affected by the molecular weight of the
polymer; the bilayer thickness is affected by the molecular weight of the
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hydrophobic block. Polymersome size is further affected by the hydration
level and processing (e.g. sonication, extrusion, presence of additives such as
detergents and salts93). Alternatively, polymersomes can be made using
microfluidic devices or micromixers. When made using microfluidics or
micromixers, the flow rate affects the resulting size of the polymersome.94,95

12.4.1.1.2 Core–Shell Nanoparticles/Micelles. To encapsulate hydro-
phobic therapeutics, self-assembled core–shell nanoparticles are often
used and stabilized by amphilphilic block copolymer shells. Flash Nano-
Precipitation (FNP) enables rapid, scalable, and continuous processing of
such core–shell nanoparticles with tunable size and composition. Flash
NanoPrecipitation uses confined impinging jet mixers to achieve mixing
time on the order of milliseconds. With such short characteristic mixing
times (shorter than the time scale of nucleation and growth), nano-
particles assemble by diffusion-limited growth.96,97 The kinetically trapped
structures are stabilized by dense PEG brushes. Kinetically trapped nano-
particles enable drug loadings (450%) that are significantly higher than
the thermodynamic limit (B10%).98,99 In practice, the nanoparticle size
can be tuned by varying the process parameters, e.g. total solids concen-
tration or concentration of the stabilizer.100 Selection of materials is vital;
typically, FNP can be used to encapsulate hydrophobic compounds with a
calculated octanol–water partition coefficient greater than 6. Other
molecules can be encapsulated by conjugation to a poorly soluble hydro-
phobic compound to reduce water solubility. The API of interest can also
be complexed with an oppositely charged hydrophobic molecule via elec-
trostatic interactions.83

12.4.1.2 Layer-by-layer (LBL) Assembly

Multifunctional nanocarriers can be achieved by layer-by-layer (LbL) as-
sembly. In this approach, functional materials are sequentially adsorbed onto
an inner core via molecular interactions (electrostatic, guest–host, stereo-
complexation). The inner core can be any particle system manipulated to
have charge, so that different polyelectrolytes can be introduced in
alternating layers. The alternating layers result in a shell with tunable prop-
erties that can enable active targeting, triggered release, stealth properties,
and incorporation of multiple therapeutics. The coating can also be used to
tune the release kinetics. LbL particle stability is affected by the number of
layers; additional layers increase the stability.101 In batch processing, each
layer requires 5 minutes per layer.102 Scalable, spray methods that combine
LbL and top-down roll-to-roll approaches have also been reported.103

12.4.1.3 Complex Coacervates

Coacervation based on electrostatic interactions is also promising for
nanomedicine formulation. It is driven by electrostatic association of
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oppositely charged macroions leading to phase separation of a dense,
polyelectrolyte-rich liquid phase in equilibrium with a macromolecule-poor
supernatant. Generally, coacervation is performed directly from aqueous
solutions of the macroions and is controlled through changes in ionic
strength or pH.90 One of the most important parameters involved with
coacervation is the ratio between the number of positive and negative
charges in the formulation to achieve electroneutrality within a given
phase. Addition of salt expands the range of compositions over which
coacervation occurs through extrinsic charge compensation and partitioning
of the salt. Properties of the macroion, i.e. molecular weight, chirality,
and branching, affect coacervate formation and resulting structure. Block
copolymer structures of macroions can result in hierarchical structures such
as micelles (coacervate-corona or coacervate-core), coacervate-core vesicles,
or hexagonal rods.90

Encapsulation is achieved by including the desired cargo with the
coacervate components through specific interactions or preferential par-
titioning. Since encapsulation occurs in an entirely aqueous environment,
this method is especially promising for encapsulation of biomacromole-
cules, e.g. DNA, RNA. DNA or RNA; complexation with a positively charged
carrier polymer, surfactant, or lipid protects it from nucleases. Coacervate
systems have been used for the delivery of plasmid DNA, microRNA, and/or
siRNA with applications in atherosclerosis and cancer. Encapsulation
of proteins can be achieved by conjugation with succinic anhydride to
supplement the charge. This method has proven effective at improving
protein thermal stability, which is important for long-term storage.90

12.4.2 Top-down Methods

In contrast to bottom-up methods, top-down methods involve processing
macroscopic materials to create micro- or nanoscale particles. Examples of
top-down methods include milling, grinding, and emulsion processing.
Inspired by the photoelectronics industry, photolithography and molding
technology for selective removal of excess bulk material to generate
controlled particle features have recently been used for fabrication of
nanomedicines. Leveraging photolithography and selective etching, soft
lithographic templating and molding methods are especially useful for
generating polymeric nanoparticles of controlled shapes. In this section, we
will introduce a few prevalent techniques for polymer nanoparticle fabri-
cation using top-down approaches; these techniques have been reviewed
extensively elsewhere.104,105

12.4.2.1 Emulsification

Emulsification methods are a versatile approach for drug delivery formu-
lations. Oil-in-water emulsions in which lipophilic APIs are dissolved in the
nanosized oil droplets (20 to 200 nm) dispersed in water are especially
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promising. Nanoemulsification often involves multiple steps: application of
external shear (high speed homogenization or ultrasonication) to emulsify
the system, solvent removal via evaporation, then application of high
pressure homogenization that uses cavitation forces, turbulence, and
shear to reduce the size of the droplets to the nanoscale.106,107 Continuous
fabrication in flow has been reported.108 Due to the high energy processing
methods used, kinetically stable systems are achieved.109 The size of the
nanoemulsion is affected by the applied shear rate, interfacial tension,
surfactant selection, and the relative viscosity of the two phases. For stability,
the aqueous solubility of the oil phase is important to prevent Ostwald
ripening and droplet growth. Incorporation of a hydrophobic polymer,
amphiphilic block copolymers, or a charged surfactant can also improve
nanoemulsion stability.109 Depending on the oil selection, solid lipid
nanoparticles (SLN) encapsulating hydrophobic APIs can be formed
from nanoemulsions upon cooling and lipid crystallization. Similar to
nanoemulsions, emulsifier selection and concentration affect SLN size
and stability.110

Emulsification can also be combined with polymerization to produce
drug-loaded polymer nanoparticles. In emulsion polymerization, surfactant,
water-soluble initiator, poorly water-soluble monomer are combined in
water. Phase separation can occur before or after the polymerization re-
action. After termination of the reaction, polymer nanoparticles are typically
B100 nm. Surfactant-free methods in which nucleation and growth leads to
nanoparticle formation have also been used. Hydrophobic API species can
be encapsulated by including the API in the hydrophobic phase.111 In these
methods, the monomer concentration affects the size and stability of the
resulting nanoparticle.112

12.4.2.2 Continuous Particle Generation via Fluid Flows

Microfluidic devices have been used to achieve emulsions with uniform
droplets as well as continuous processing of polymeric nanoparticles.113,114

Confining the emulsion process to a microfluidic channel affords uniform
laminar flow regimes for scalable, precise particle generation with high
potential throughput. Initial ‘‘microfluidic flow-focusing devices’’ (MFFDs)
combine traditional single and double emulsions with confined microfluidic
geometries to generate solidified polymer particles of controlled
composition and particle shape.115–118 Further adaptation of this approach
has yielded multicompartment polymeric particles, asymmetric polymer
solidification, arrested coalescence, and clustering of inner droplets.114

The microfluidic approaches have also been combined with lithographic
masks to selectively expose flowing monomers within a microfluidic channel
to UV light to control particle shape. Variations of these techniques include
continuous flow lithography (CFL), stop-flow, and stop-flow interference
lithography (SFL and SFIL), which yield particles of controlled geometries
from a range of photocurable polymers.119–123
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Electrodynamic co-jetting is another method which can create well-
defined nanoparticles by harnessing fluid flows.124,125 An electric field is
applied to a laminar flow of polymeric solutions to generate a spray droplet,
induce nano-precipitation, and generate solid particles on the counter
electrode. The laminar flow conditions and the rapid precipitation supports
generation of uniform multicompartment particles.124 Such multi-
component particles can be selectively loaded and/or functionalized, pro-
ducing Janus nanoparticles for medical applications.126–130

12.4.2.3 Soft-lithography Templating

Top-down nanofabrication technology used in semiconductors can be
applied to the production of particle-based nanomedicines. In traditional
photolithography, geometric patterns are encoded in photomasks are applied
to a substrate using light-sensitive materials (photoresists). While rigid
templates of epoxy (SU8) and quartz have been employed as templates for
many drug delivery applications, traditional photolithography is integrated
with a soft template and was pioneered by Whitesides and colleagues.131–133

For fabrication of the soft template, precursor polymer (e.g. polydimethyl
siloxane (PDMS), gelatin, etc.) is flowed onto a patterned wafer and solidified
to impart features inverted from the pattern on the wafer.134–137 Then, the soft
template is used to mold polymer nanoparticles through either mold filling or
stamping. Often sacrificial polymer layers are employed to transfer templated
particles; the sacrificial polymers are selectively dissolved in appropriate
solvents to collect the particles. Template-based approaches provide a
number of advantages, including high uniformity and precise composition.
However, these approaches are often limited by throughput and scalability,
and the feature sizes are dictated by the lithographic processes.104,105

The Particle Replication in Non-wetting Templates (PRINT) process, cre-
ated by DeSimone and colleagues,138 and scaled to a continuous roll-to-roll
fabrication system by Liquidia Technologies, enables good manufacturing
practice (GMP) top-down nanoparticle manufacturing (Figure 12.6).139 The
PRINT process utilizes templates made of perfluoropolyether (PFPE), which
minimizes template swelling observed in PDMS-based approaches and en-
ables fabrication of uniform nanoparticles with tunable composition and
feature sizes as small as 55 nm. Patterned mold cavities are filled via ca-
pillary forces. Excess material is removed by laminating the mold during
filling against a higher-surface-energy film, producing highly monodisperse
particles. The pre-particle liquid is converted to a solid (photocuring, vitri-
fication, or solvent evaporation) within the mold. Then, the solid particles
are removed via contact with a sacrificial adhesive to pull the particles from
the low-surface-energy mold. The gentle processing enables incorporation of
a wide range of particle compositions, including biologics. Examples include
cross-linked PEG, PLA, PLGA, proteins (insulin and albumin), small mol-
ecules (sugars and drugs), and siRNA.140–144 Multicomponent particles can
also be achieved using PRINT by selective evaporation of solvent within the
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Figure 12.6 Preparation of PRINT mold and fabrication of PRINT particles (top).
A liquid PFPE precursor (green) completely wets the silicon and is
photocured to generate a mold. The cavities are filled with a liquid pre-
particle material (red) without wetting the land area surrounding the
cavities using a roll-to-roll process against a high-surface-energy poly-
ethylene terephthalate (PET) counter sheet. The liquid is then converted
into a solid (photocuring, vitrification, or solvent evaporation). Once
solidified, the array of particles (red) can be removed by bringing the
mold into contact with an adhesive layer (yellow) to pull the particles
from the low-surface-energy mold. The particles are recovered by dis-
solving the adhesive layer. Examples of particles of different shapes,
sizes, and composition fabricated using PRINT in B (a–f), (a),147 (b),148

(c),142 (d),149 (e),150 (f),139

Parts 6A and 6B-F reproduced from ref. 139, http://dx.doi.org/10.1155/
2012/941243, under the terms of the CC BY 3.0 licence, https://
creativecommons.org/licenses/by/3.0/. Parts 6B-A to 6B-E reproduced
from ref. 142, 147–150 with permission from American Chemical So-
ciety, Copyright 2012.
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mold and sequential backfilling with a secondary material.145 In addition to
control of the composition, size, and shape, the formulation of the matrix
can be designed to tune the porosity, texture, and mechanical properties of
the particles.139,146

12.5 Effect of Physiochemical Properties
For any fabrication method, the resulting physiochemical properties are
important for application of the formulation. The major challenge of
nanoparticle-based drug delivery systems has been non-specific uptake of
nanoparticles in healthy tissue that prevents therapeutic levels of API from
accumulating at the site of disease. To overcome the sequential barriers
that nanoparticles face, several nanoparticle design parameters need to be
considered and are discussed here.5

12.5.1 Size

Following intravenous administration, nanoparticle size is one of the
greatest determining factors of the fate and biodistribution of the nano-
particle population (Figure 12.7). For example, small nanoparticles (less than
5 nm in diameter) are rapidly cleared by the kidneys upon IV administration.
Larger nanoparticles tend to accumulate in the liver and spleen, the
major organs of the mononuclear phagocyte system (MPS). Micrometer
(2–5 micron) particles accumulate in the capillaries of the lung.5 In vivo,
elevated accumulation of long-circulating macromolecules and nano-
particles has been observed via extravasation through fenestrated blood
vessels present in solid tumors, i.e. the EPR effect. There is growing evidence

Figure 12.7 Overview of the effect of particle size and shape on biodistribution.
Reproduced from ref. 166 with permission from American Chemical
Society, Copyright 2017.
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that the EPR effect can be present in other diseases such as infection and
heart failure. Therefore, nanoparticle formulations may be a powerful ap-
proach to affect a multitude of conditions, and particle size can be tailored to
direct particle distribution in vivo.5,151–155 Nanoparticles B100 nm in diam-
eter are generally considered most promising for passive targeting to disease
sites via the EPR effect as they have relatively long circulation times and are
smaller than the fenestrations present in tumors, which are several hundred
nanometers. Nanoparticle transport into the tumor depends on nanoparticle
size with 30–60 nm diameter particles resulting in optimal tissue pene-
tration due to an intricate balance of internalization and diffusion.5,151–155

Particle size affects distribution within blood flow. Nanoparticles less than
B500 nm remain in the core of red blood cells within the center of flow in
larger blood vessels. Conversely, 1–2 micron size particles can marginate to
the ‘‘cell-free layer’’ and interact with the vasculature.156–159 Nanoparticle
size also affects cell internalization, impacting uptake efficiency, kinetics,
and the biological mechanism of internalization. Phagocytic cells internalize
large particles through phagocytosis.160 For nanoparticles with diameters
less than 200 nm, internalization involves endocytosis through clathrin-
coated pits. With increasing size, caveolae-mediated internalization has
been observed. Particle sizes of 30–50 nm are thought to optimize cell
uptake depending on cell type and nanoparticle surface properties.152 Such
internalization can occur within the tissue or in blood flow.161,162

12.5.2 Shape

Nanoparticle shape is also an important design consideration. Based on
experimental and computational analyses, particle shape affects particle
transport and binding efficiency. In blood flow, spheres tend to accumulate
in the core of a vessel, whereas non-spherical particles are more likely to
marginate to vessel walls. The increase in margination enhances inter-
actions with the vessel walls. At equivalent internal volumes, rod-shaped
particles showed at least twofold higher binding affinity compared to
spherical particles under various shear rates. This increase in affinity was
attributed to larger surface area, increased probability of adhesion, and in-
creased intermolecular bonds.5,160,163–168

Particle shape also affects circulation time. For example, filamentous
micelles showed significantly longer circulation times when compared to
spheres of the same composition. Initial lengths ofB8 mm had the longest
circulation times, which is approximately the diameter of red blood cells.
The longer circulating non-spherical geometries tend to have increased ac-
cumulation in the tumor and spleen in vivo.5,160,163–168

Cellular internalization is also significantly affected by particle shape.
High aspect ratio particles have been observed to be internalized via
actin-cup and ring formations with increasing kinetics at higher aspect
ratios. In contrast, low aspect ratio has resulted in cell spreading rather than
internalization.160,168 The effect of particle shape on cell viability has also
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been considered. In human lung fibroblasts and mouse alveolar macro-
phages, lower aspect ratio particles resulted in a greater degree of apoptosis
and production of reactive oxygen species. Very high aspect ratio particles
have also been found to mediate pro-inflammatory and cytotoxic effects
similar to high aspect ratio asbestos. Such findings are highly dependent on
the cell type and material.166

Elucidating the exact role of particle geometry on drug delivery has been
confounded by a number of interdependent factors (e.g. particle size, surface
chemistry, etc.). Multivariate analysis, thus far, indicates that particle shape
has less of an effect on tumor accumulation when compared to other factors
such as cancer type, materials, size, etc.166 A full understanding of how shape
affects biological processes and particle degradation may lead to a new class
of drug delivery systems with enhanced clinical efficacy.

12.5.3 Mechanical Properties

Mechanical properties also affect performance of nanoparticle-based drug
delivery systems.156,157 Generally, flexible nanoparticles have shown de-
creased cell uptake compared to rigid particles of comparable size and
surface chemistry. In vivo, flexible particles have longer circulation times
than comparable rigid particles.166,169 Flexible micro- and nanoparticles
have been designed with a modulus B10–25 kPa to mimic the elasticity of
red blood cells, and demonstrated improved circulation times compared to
geometrically equivalent rigid particles.126,146,170 These flexible particles
have been fabricated with lightly crosslinked PEG hydrogels to achieve the
desired mechanical properties.

12.5.4 Surface Chemistry

In addition to particle geometry and flexibility, surface chemistry is also an
important consideration that significantly influences nanoparticle inter-
actions with cells in vitro and in vivo.166 Upon administration, nanoparticles
undergo rapid modification due to contact with the biological environment
and ensuing nanoparticle–protein interactions. The resulting protein–
particle coating, called the protein corona, affects the pharmacological
and toxicological profile of the nanoparticle.171–174 The corona is thought to
be comprised of ‘‘hard’’ and ‘‘soft’’ layers in which the ‘‘hard’’ layer consists
of protein tightly bound due to high affinity for the nanoparticle surface and
the ‘‘soft’’ layer contains loosely bound proteins (Figure 12.8). The equi-
librium binding and kinetics depends on the nanoparticle surface, size,
particle material, surface roughness, and shape, as well as the protein
composition of the biological environment. The protein composition of the
corona, in turn, can dramatically impact the clearance rate of the particle, as
the adsorbed opsonin proteins enhance particle cellular uptake. Thus, par-
ticle surface charge and composition are especially important consider-
ations in controlling the adsorbed protein corona needed to control the
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overall fate and biodistribution.171–174 Despite the known importance,
characterization of the protein corona in vivo (including composition,
kinetics, equilibrium binding) to predict performance of nanomedicines
remains a significant challenge.171–174

12.5.4.1 Surface Charge

Surface charge greatly affects protein adsorption and the resulting phar-
macokinetics and biodistribution that depends on the route of adminis-
tration. When injected intravenously, nanoparticles with high positive
surface charge (cationic) are cleared more rapidly than nanoparticles with
highly negative surface charge (anionic), whereas nanoparticles with neutral
or slight negative charge demonstrate relatively long circulation times. This
effect has been attributed to reduced adsorption of serum proteins5 and
non-specific uptake by macrophages for neutral or slightly negatively
charged particles.175 Nanoparticle surface charge can also impact toxicity;
cationic particles have been observed to be more toxic than anionic nano-
particles due to interactions with the cell membrane176 which can
destabilize the cell membrane and cause cell lysis.177 In vivo, it has been
observed that cationic surfaces are more likely to cause hemolysis as well as
aggregation of platelets compared to anionic or neutral surfaces.178

However, cationic particles are employed to drive endosomal escape
within the cell and are commonly used as gene delivery carriers, as the cargo
must be released into the cell cytosol.179 Thus, nanoparticles with switchable

Figure 12.8 Overview of how nanoparticle properties affect nanoparticle–protein
corona that influence performance of nanomedicine.
Adapted from ref. 174 with permission from the Royal Society of
Chemistry.
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surface charge are promising for a number of applications. Initially, a
neutral or slightly negative surface charge is desired to promote nanoparticle
circulation. Upon localization to the target site, switching to a positive
surface charge would promote nanoparticle transport within the tumor
microenvironment,180 cellular internalization,5 endosomal escape,179 and
can even induce cell death signaling cascades.178

For alternative routes of administration, cationic particles can be
beneficial. For example, when delivered to the lungs, cationic nano-
particles associated with dendritic cells whereas anionic nanoparticles
were more readily internalized by alveolar macrophages and cleared.
Therefore, cationic particles are advantageous for persisting on mucosal
surfaces which may be particularly important in delivery of pulmonary
vaccines.143,181

12.5.4.2 PEGylation

To achieve long circulation times associated with particles with neutral or
slightly negative surface charge, nanoparticles are often coated with inert
polymers that minimize interaction with components found in the blood
stream to provide ‘‘stealth’’ properties. PEG coatings sterically stabilize
the particles and this hydration layer prevents particle aggregation,
opsonization, and phagocytosis. The ‘‘stealth’’ properties are affected by PEG
molecular weight and surface density since the PEG coating must be suf-
ficiently thick. Due to the flexibility of the PEG chain, interpenetration of the
PEG corona is thermodynamically unfavorable. When PEG chains overlap
with increasing surface density, the PEG chains stretch away from the sur-
face forming a brush layer. Dense brush layers are required for providing
effective ‘‘stealth’’ properties.169

For intravenous administration, it has been generally found that PEG
molecular weights greater than 5 kDa reduce protein adsorption depending
on the surface density. The exact density required has been observed to
depend on the PEG molecular weight, particle size, and particle flexibility.169

The PEG density and molecular weight affect the extent of protein
adsorption as well as the composition of the protein corona which ultimately
determine in vivo fate (Figure 12.9).

Dense PEG brushes have also been effective coatings for achieving
mucus-penetrating particles for delivery via mucosal routes (ocular, nasal,
pulmonary, etc.) in which nanoparticles must diffuse through the mucus gel
layer. PEG reduces mucoadhesion via hydrophobic or electrostatic inter-
actions and enables the nanoparticles to slip through the mucus
layer.169,182–184 Overall, PEG coatings are commonly used to minimize pro-
tein adsorption and achieve mucus penetration. Alternatives to PEG include
poly(2-alkyl-2-oxazolines), synthetic polypeptides, and zwitterionic polymers.
Such materials are not FDA approved, but they are contained in formulations
in clinical trials.169
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12.5.4.3 Targeting Ligands

Active targeting using ligands (small molecule and biomolecule) have been
widely used to increase nanomedicine accumulation at the diseased tissue of
interest over levels achieved with passive accumulation. Small molecules or

Figure 12.9 Effect of PEG density on protein adsorption and biodistribution.
Reproduced from ref. 184 with permission from American Chemical
Society, Copyright 2017.
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biomolecule ligands are attached to the surface of the particle and search for
their cognate receptor, often a molecule over-expressed in the diseased area,
employing a ‘‘lock and key’’ strategy. A fundamental challenge is that the
presence of the targeting ligands affects the stealth properties of the nano-
particles and can accelerate the clearance of the nanoparticles. The density
of the ligand is an important consideration. For example, a fivefold increase
in folic acid ligands produced a 68-fold increase in binding avidity.185 In
some cases, intermediate ligand densities led to optimal binding186,187 due
to steric limitations when the adjacent ligands were too close together.
Ligands can also be used to affect cell internalization.185 Combinations of
ligands also can improve nanoparticle binding.188–190

12.6 Emerging Applications

12.6.1 Multifunctional Particles

Multifunctional nanoparticles incorporating multiple moieties (therapeutics
and/or imaging agents) are under widespread development. For example,
formulations of drug combinations can improve therapeutic efficacy,185

which are especially promising for cancer,191,192 anti-viral treatments (e.g.
HIV AIDS),193 and immunomodulation.194 Advances in understanding of
cancer biology, chemo-resistance, and metastasis will be important for de-
veloping nanomedicine-based combination therapies as valuable tools in
precision medicine.191,192

Nanoparticles for in vivo quantification of biomarkers via imaging are
important for diagnosis and determination of disease severity. For example,
nanomedicines that incorporate MRI active inorganic nanoparticles, or
probes (e.g. gold nanoparticles or near-infrared dyes) that enable photo-
acoustic imaging (based on laser-generated ultrasound), or radioactive
tracers to enable positron emission tomography (PET)195,196 have utility as
‘‘theranostics’’. Such theranostic nanoparticles that combine drug delivery
and imaging agents have potential application to advance precision medi-
cine. However, design of such nanoparticles is difficult because there is often
a trade-off between the ideal features for drug delivery and imaging.185

Despite the technical challenges, these materials are promising for treating
chemotherapy-resistant cancers.185

12.6.2 Encapsulation of Biologics

Biologics, or biologically-derived molecules, are a rapidly growing class
of therapeutics due to their high potency and improved safety profiles.
Biologics are water soluble and more complex than small molecule APIs.
Successful administration is challenging because they are rapidly cleared
from the blood stream and can be degraded in the gastrointestinal tract.
Thus, biologics are often administered by frequent injections. Formulations
that achieve sustained release are highly desired. Approaches have often

Polymer Colloids Enable Medical Applications 381

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

03
58

View Online

https://doi.org/10.1039/9781788016476-00358


involved double emulsions, hydrogel systems, and hydrophobic, degradable
polymer particles (e.g. PLGA). Alternative methods for encapsulation of
biologics under development are of considerable interest.197,198

12.6.3 Alternative Routes of Administration

Historically, nanoparticles have been designed primarily for systemic
delivery via intravenous administration, where nanoparticles are applied
directly to the blood stream. Thus, much of conventional nanomedicine
understanding is related to biological barriers of the systemic vasculature.
Since polymer nanoparticles are especially flexible in terms of material
and API selection, as well as achievable physiochemical properties,
applications of nanomedicine to additional routes of administration,
including respiratory, ocular, and oral administration, etc. are of growing
interest. Here, we further discuss respiratory and oral administration.

For these routes of delivery, transport across mucosal membranes is re-
quired. Mucus is a viscoelastic gel layer that coats mucosal membranes in-
cluding the lung, gastrointestinal tract, nose, and eyes. Due to its continuous
secretion and shedding, mucus can quickly eliminate foreign particulates
and pathogens. Therefore, sustained drug delivery at mucosal surfaces re-
mains an important challenge. Nanoparticles of small size are able to dir-
ectly penetrate many mucosal membranes; however, larger and highly
charged particles are readily entrapped by the adhesive mucin network.199

Nanoparticles with dense PEG layers have been observed to rapidly diffuse
through mucus.200 This mucus penetration facilitates sustained and tar-
geted mucosal drug delivery.200–203 To achieve mucus-penetrating behavior,
the PEG (r5 kDa) coating should be non-mucoadhesive and small compared
to the average mesh spacing of mucus. Although PEG remains the gold
standard, alternative mucus-penetrating coatings include neutral hydro-
philic polymers e.g. poly(2-oxazoine), and N-(2-hydroxypropyl) methacryl-
amide and zwitterionic lipids.201,204

In addition to penetrating the mucosal membrane in the intestine,204 oral
delivery of nanoparticles is challenging due to the highly variable pH as well
as high protease and enzymatic content within the GI tract.205 Therefore,
nanoparticle formulations to protect medications that are susceptible to
degradation in the GI tract and improve bioavailability are promising. Oral
administration may also reduce nanomedicine toxicity concerns as nano-
particle components that remain in the GI tract can be easily excreted as
waste and avoid clearance by the mononuclear phagocyte system.206 Spe-
cialized nanoparticle formulations targeting delivery to the stomach are in
pre-clinical development; mucus-penetrating formulations for the treatment
of H. pylori infections are of particular interest. Nanoparticles with enteric
polymers that target delivery to the intestine are also being developed.
Specifically, formulations for oral administration of insulin and vaccines
with sustained release are actively being pursued.205,207–209
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Particles administered via aerosol are able to deliver enhanced local API
concentrations within the lung. Additionally, due to the large surface area
and thin epithelial membrane in the alveoli, particles can also gain access to
systemic circulation. However, polymer nanoparticles administered directly
to the lung via inhalation must navigate the highly branched airspace as an
aerosol before depositing onto a mucus or surfactant coating at the air–
tissue interface. Particle size is an important consideration; optimal aerosol
delivery occurs for particles between 1 and 5 microns.210,211 However, as
shown in Figure 12.10, nanoparticles less than 1 micron are able to penetrate
to the furthest region of the lung, the alveoli, and increasing deposition is
observed for nanoparticles below 100 nm.212–214 Nanoparticles smaller than
B6 nm are able to diffuse across the epithelium into circulation, while an-
ionic nanoparticles B30 nm can diffuse to the lymphatic system.215 While
these size limitations prevent most nanoparticles directly crossing into
systemic circulation, nanoparticles can be vehicles for sustained and con-
trolled release of a therapeutic payload for both local and systemic action.212

Upon deposition, nanoparticles must penetrate the mucus membrane in
the upper airways, whereas in the lower airways, nanoparticles must avoid
internalization by resident alveolar macrophages. Two common approaches
to avoid macrophage internalization are to generate particles smaller than
100 nm or larger than 5 microns. Larger particles are often achieved by spray
drying a polymer (e.g., PLGA, chitosan, hydroxypropyl cellulose) which creates
geometrically large particles of high porosity and low density with aero-
dynamics similar to that of a solid, geometrically smaller nanoparticle.218–221

Importantly, this spray drying approach has been used to encapsulate a wide
range of therapeutic payloads including pre-formed polymeric nanoparticle
formulations.15,222–226 Nanoparticles are agglomerated into larger porous
microparticles with optimized aerosol features and de-agglomerate upon de-
position to diffuse through the tissue and/or release their cargo. Pulmonary
applications for such particles include local delivery of vaccines and other
proteins,139,144,181,226–228 antibiotics against pulmonary infections,216,223,229–234

chemotherapeutics for lung cancer,235 and systemic delivery of insulin,219,236

amongst many others.

12.6.4 Immune Engineering

As the nanomedicine field evolves, immunological responses to drug deliv-
ery systems are receiving increasing attention. When delivered systemically,
nanomedicines are cleared through phagocytic cells that directly interface
with the immune system. Thus, there has been a recent shift from delivery of
API payloads to sophisticated immunologically regulated molecules that can
provide a controlled immune response, i.e. ‘‘immunoengineering’’.237 For
example, polymeric nanoparticles are being developed as prophylactic
vaccines against a wide range of infectious diseases,181,228,229,238 and ther-
apeutic nanoparticles are being developed as cancer vaccines.239,240 In both
cases, polymeric nanoparticles simultaneously deliver an antigen, i.e. a
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protein/peptide that the adaptive immune response will be directed against,
and an adjuvant, a molecule that can direct the type of immune
response.238,241 Simultaneous co-delivery of these two signals to antigen-
presenting cells provides superior immune response.238 Polymer

Figure 12.10 Pulmonary delivery of polymeric particles. (A) Location of particle
deposition in the lung as a function of aerosol size. (B–D) Examples of
polymeric micro- and nanoparticles for pulmonary delivery.210 Repro-
duced from ref. 210 with permission from Springer Nature, Copyright
2017. (B) Spray dried core shell rifampicin porous microparticle com-
posed of PLGA nanoparticle aggregates, scale bars top 2 mm, bottom
1 mm.216 Reproduced from ref. 216 with permission from Springer
Nature, Copyright 2009. (C) and (D) Hydroxypropyl cellulose spray
dried microparticles, scale bar 5 mm and 2 mm, respectively. Repro-
duced from ref. 217 with permission from Elsevier, Copyright 2008.
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nanoparticles provide facile co-delivery of these molecules through
co-encapsulation or surface functionalization.229,238 Single nanoparticle
delivery of either the antigen or adjuvant alone can provide development of
antigen-specific tolerance,242–245 or stimulated immune phenotypes,246

respectively.
In addition to delivering immune-directing molecules, polymeric nano-

particles themselves have been increasingly studied for their immune-
modulating properties. Certain polymeric systems can have adjuvant-like
properties providing a pro- or anti-inflammatory simulation to phagocytic
cells.181,247,248 Thus, polymer nanoparticles themselves can have therapeutic
effects when delivered systemically. For example, circulating cells of the
mononuclear phagocyte system (MPS) system, including inflammatory
monocytes162 and neutrophils,161 have been shown to internalize inert,
negatively charged polymer nanoparticles within the vasculature. Once in-
ternalized, cells continue to clear the foreign object in the liver or spleen,
which ‘‘distracts’’ from aspects of their normal immune function. This
approach can be used as treatment for multiple sclerosis and acute lung
injury.161,162 Moving forward, polymer nanoparticles are anticipated to have
increasing utility in the emerging field of immunoengineering.

12.7 Clinical Translation
In 2014, the BCC Research firm estimated the value of the global market of
nanopharmaceuticals to be $209 billion with anticipated growth to $412
by 2019.249 Growth in nanoparticle-based systems, including polymeric
formulations, is especially promising. However, clinical translation of
nanoparticle-based drug delivery remains a significant challenge.5 Despite
significant effort in pre-clinical development, most nanomedicine products
fail to achieve sufficiently high or improved therapeutic efficacy and/or safety
in clinical trials and are never commercialized. Failure of nanomedicines in
clinical settings have been attributed to numerous factors, including re-
producible and scalable manufacturing, limited stability in vivo, and regu-
latory barriers.250 Production of large-scale batches of nanomedicines under
GMP conditions has been identified as a bottleneck for translation. Subtle
deviations in manufacturing processes impact the resulting physiochemical
properties (e.g. size, shape, crystallinity, drug loading, drug release, surface
chemistry, etc.) of the nanomedicine, which greatly influence the therapeutic
performance of the product. Many aspects of scalable manufacturing
processes require significant advances, including growth of nanomedicine
manufacturing infrastructure, storage processes, and real-time character-
ization. Freeze drying is often used to avoid cold-chain storage251 and pro-
long stability, but can affect the physiochemical properties of the product
and promote aggregation.249,250 Process analytical techniques to monitor the
manufacturing process in real-time as well as streamlined and standardized
pre-clinical characterization assays (i.e. drug release rates, biodegradation)
are needed. The environment for characterization should effectively mimic
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the complex biophysical in vivo environment to establish predictive in-vitro–
in-vivo correlations that are currently lacking.250

Regulatory agencies (e.g. U.S. Food and Drug Administration, European
Medicines Agency) do not have standardized requirements for the pre-
clinical and clinical testing of nanomedicines. Thus far, the evaluation of
nanoparticle-based drug delivery systems is similar for small molecule APIs
in which each nanoparticle product requires individual approval. The pro-
cess approval includes pre-clinical testing, Investigational New Drug (IND)
application, three phases of clinical trials, a New Drug Application (NDA),
and market authorization. Pre-clinical evaluation includes detailed chem-
istry, manufacturing, and quality specifications as well as in vitro and in vivo
evaluations to determine if the product is reasonably safe for humans, and
demonstrates therapeutic efficacy that warrants commercialization.249,250

The next stage involves large-scale manufacturing (grams to kilograms),
animal toxicology and pharmacology data, and the proposed clinical trial
protocols based on the pre-clinical data.249 In Phase I clinical trials, the
maximum tolerable dose, the recommended dose for Phase II, and any ad-
verse effects are determined. In Phase II, therapeutic efficacy is assessed on a
limited, homogeneous patient population to determine appropriate patient
pre-selection criteria and endpoint(s) for the larger-scale phase III trials.
While approximately 70% of drugs move from Phase I to Phase II, only 33%
move from Phase II to Phase III, generally due to lack of efficacy. Due to
disease heterogeneity in humans, patient selection criteria can be an
important consideration.250,252 Phase III (randomized and double blinded)
involves a large, representative patient population to assess risk benefit,
long-term safety data, and identification of potential rare side effects. Of
Phase III trials, 25–30% of drugs tested result in an NDA. The cost of clinical
trials (Phase I to III) in the United States is $20M–$70M.249 Thus, new
polymeric formulations face a rigorous and time-intensive barrier to achieve
clinical translation.

12.8 Outlook
Advances in colloid synthesis has enabled significant progress in nanomedi-
cine. Key examples to highlight include on–off switchable, glucose-sensitive
insulin delivery, and targeted delivery of anti-cancer agents to tumors.3 To
impact human health, improving scalable synthesis, colloidal stability and
characterization in vivo, as well as improved in-vitro–in-vivo correlations are
necessary. While clinical translation is a challenging obstacle, the future at the
interface of polymer colloids and biological interfaces is ripe with opportunity
for enhancing fundamental understanding as well as in vivo performance.
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CHAPTER 13

Polymer Colloids for Cosmetics
and Personal Care

LIANGCHEN XU, YAO ZHOU AND SAMIUL AMIN*

Department of Chemical Engineering, Manhattan College, Riverdale,
NY 10471, USA
*Email: samin01@manhattan.edu

13.1 Introduction
Polymer colloids can be defined as a heterogeneous two-phase system with a
least one macromolecule component.1 The versatile properties and modifi-
able structures make polymer colloids an attractive material for multiple
different applications. The use of polymer colloids has been growing in-
creasingly in various industries, such as food, pharmaceuticals, coatings,
and cosmetics and personal care.

Prior to the use of commercial polymer colloids, natural ingredients were
historically utilized in cosmetics and beauty products. Before the use of
polymer colloids as we now know it, early humans started to mix naturally
presented polymers, such as beeswax, honey, and milk, with different min-
erals to create face cream and other makeup products to intensify their
beauty and demonstrate their wealth. Looking back at the ancient Egyptians’
obsession with makeup products, they mixed different minerals with various
oils, beeswax and honey to created creams and ointments, as well as eye-
shadow, eyeliner, lipsticks, and other cosmetic products. Beeswax, which is a
highly crystalline polymer in its natural form, can be considered to be one of
the earliest polymer colloids to be used in a cosmetic product.2 According to
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the definition, these products are recognized as some of the earliest cos-
metic products incorporating polymer colloids.

The historical application of polymer colloids in cosmetic products is not
limited to ancient Egypt. Dating back to around 600 BC, ancient Chinese in
the Tang dynasty already knew how to use a mixture of beeswax, egg white,
gelatin, gum arabic, and plant-based dye to color their nails. This practice
can be traced back to 3000 BC based on evidence found in literature.3

The cosmetic industry has been exhibiting high growth since the early
20th century.4 Since then, a wide range of polymers has been introduced into
cosmetic and personal care products to achieve better application, smoother
texture, better water resistance, and long-lasting appearance. To date, dif-
ferent types of polymers have been put into use in cosmetic formulations.

A range of polymers have been utilized and further modified for use in the
cosmetic industry as thickeners or film formers due to their high perform-
ance. The use of polymer colloids has encountered a recent development,
where polymer latexes have played an increasingly important role as film
formers, thickeners, moisturizers, conditioning agents, dispersing agents,
waterproofing agents, exfoliating agents, micropore sponges, etc.4

13.2 Key Polymer Colloid Properties
The key properties of polymer colloids that are essential for performance in
cosmetic products include particle size, size distribution, film formation,
adhesion, and chemical modification such as hydrophobicity and
hydrophilicity.

13.2.1 Particle Size, Particle Size Distribution

Polymer colloid size and size distribution can range from 20 nm,5 when used
as film forming polymer latexes in nanoemulsions, up to 2200 mm when they
are utilized as microspheres.6 In foundation, the spherical silicone resin
particles can range from 0.05 to 100 microns,7 while in nail polish and
sunscreen formulations, polymer latexes typically have a size range from
40 nm to 1000 nm.8,9 Choosing the appropriate size range and distribution
for specific applications is very important. Particle size and size distribution
directly affect the film-formation mechanism which can ultimately impact
the final product efficacy significantly.10 The impact of latex particle size and
size distribution on the chemical,11,12 physical,13,14 and mechanical prop-
erties15,16 of the final polymeric film has been the primary objective in many
recent research investigations.10–16 According to Ugur et al.,10 nanosize
polymer latexes can enhance the glossiness, smoothness, solvent resistance,
and adhesion of the final polymeric film.10 The nanoscale particle size and
polydispersity facilitated the packing step of film formation by affecting the
number of defects.17 When the polymeric film was under mechanical shear,
these defects serve as fracture initiators.15 Ultimately, good packing of
polymer latexes is vital for the performance of the final polymeric film.18
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13.2.2 Film Formation

The ability to form a continuous film on a substrate of interest is critical for
the cosmetic and personal care industry. Foundation, mascara, lipstick,
sunscreen, and nail polish are some of the products that require the add-
ition of film-forming polymer colloids, also known as ‘‘polymer latexes’’.19

Polymeric film formation is a simple process when the polymer is fully
dissolved in the solvent. As shown in Figure 13.1, the polymeric solution
spreads onto the substrate surface in the form of small droplets.20 When the
volatile solvent starts drying, the polymer chains start to interpenetrate and
transition through a gel state. Upon further drying, a polymeric film begins
to form on the substrate surface.

Bauer et al.21 indicated that when the polymeric solution concentration
reaches the reciprocal of its intrinsic viscosity, polymer chains begin to en-
tangle and interpenetrate. When the end-to-end distance of a random coil
polymer chain increases, the adhesion of the final film will improve due to
the increase in polymer chain interaction with the substrate surface.22 The
rate of solvent evaporation is a key aspect in the film-formation process for
both polymer dispersions and solutions. In extreme cases, the substrate
becomes oversaturated with solvent and starts to dissolve when the rate of
evaporation is too slow. This extreme situation should be completely avoided
in cosmetics and personal care products. With the exception of some
products, like nail polish, most are eliminating the usage of organic solv-
ents. Fast evaporation of solvent from a substrate can lead to uneven
spreading and the impinging of polymer solution droplets on a substrate
surface therefore should be avoided. The solvent evaporation rate can be
affected by temperature, pressure, relative humidity, and air movement.20

Figure 13.1 Simple schematic of film formation from a solvent-based polymeric
solution.
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Considering the potential environmental and health hazards associated
with organic-based polymer solutions, cosmetics and personal care products
are all gearing towards the aqueous-based polymer colloids and polymer latex
dispersion systems. The film-formation mechanism of aqueous-based poly-
meric dispersions is similar to that of non-aqueous ones. Polymer latexes are
tightly packed on the substrate surface as water evaporates. Steward et al.18

considered the water evaporation rate to be constant at the preliminary drying
stage.18 The vacated spaces left by water evaporation are filled by deformed
polymer spheres. Upon further drying, the polymer spheres continuously
merge together while polymer chains interpenetrate and entangle to form the
polymeric film. This process is referred to as coalescence.20

13.2.3 Adhesion

One of the growing trends in the cosmetic industry is long wear. When ap-
plying cosmetic products, such as foundation or lipstick, they must have the
ability to withstand certain environmental stresses such as humidity, tem-
perature, and mechanical stress (eating, rubbing). These stresses all have a
strong effect on the long-lasting property of the product. In order to ensure
long wear of makeup, the adhesive properties of polymers need to be strong
enough and adequate testing needs to be carried out in order to ensure this.
There is a wide range of testing that could be used depending upon the
application. These include peel test, lab shear test, pull out test, scratch test,
etc.23 During a peel test, for example, adhesive tape is attached and pressed
on the surface with the ink or sample on top. Pressure is added to the tape
using a rubber cylinder to apply a constant force over a period of time. After
that, the tape is peeled off quickly. The adhesiveness can be described as the
difference between amount of remaining sample compared to the amount of
sample before testing.23 Other peel tests are described by Awaja and Firas,
et al.,23 There is a trend for looking at natural adhesives and how they can be
applied to polymer colloids. These natural adhesives can come from various
sources, such as mussels.24

13.2.4 Waterproofing

In order to enhance the long-lasting property, waterproofing has become an
essential component. There is a strong drive to find a polymer latex or
modified polymer latex that has water-resistant properties built into the
product. In this regard, there is lots of exploration in potentially applying
amphiphilic particles and Janus particles25 into cosmetic formulations.
Most of these novel particles will be discussed in Section 13.4.

13.2.5 Chemistry Modification

In order to achieve an even dispersion in different solution environments
and better compatibility with the polymer matrix, various functional groups
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can be introduced into polymer colloids. These include new structures and
functional groups which allow the hydrophobicity of the polymer colloids to
be altered. This could potentially provide additional adhesiveness to the skin
and hair substrate.26

13.2.6 Lubrication and Tribology

Tribology is derived from the Greek word ‘‘tribos’’ and can be literally
translated as ‘‘the science of rubbing’’. It studies the friction and motion
between the interacting surfaces.27 The hands are one of the most sensitive
parts of the human body with numerous receptors including mechano-
receptors, thermoreceptors, etc.28 When people apply cosmetic products,
such as face creams or foundations with their hands, the sensory feeling
during rubbing is one of the factors that attracts consumers to purchase the
product. Therefore, tribology has become a very useful tool when formu-
lating a product.

There are three lubrication regimes that occur during product application:
hydrodynamic, mixed, and boundary. These regimes can be described
through a Stribeck curve, as shown in Figure 13.2. In the hydrodynamic
regime, properties of the bulk fluid film, such as viscosity, play a key role in
the lubrication. As the fluid layer gets thinner, the elastohydrodynamic lu-
brication regime or mixed regime starts. On further reduction in film
thickness, the two surfaces start come in contact with each other. At this
point, boundary lubrication starts to take place. Adding a boundary lubri-
cant which adheres to the substrate can improve the after feel sensory per-
formance.27 Polymer colloids can be modified to either impact rheology and
therefore the hydrodynamic/mix lubrication regimes or they can be func-
tionalized to adhere to the skin and give rise to boundary lubrication effects,
thereby impacting the entire sensory experience of consumers for product
application to after feel.29

Figure 13.2 A Stribeck curve describing three lubrication regimes.
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13.3 Applications of Polymer Colloids
Applications of polymer colloids in cosmetic and personal care are very
broad and they have been utilized in facial makeup, sunscreen, mascara,
lipsticks, nail polish, etc.

13.3.1 Facial Makeup

Facial makeup products are one of the most effective ways to perfect the
appearance of skin. The two most common types of facial makeup are
foundations and concealers. Foundation can create a uniform skin color
with low to medium coverage. To fulfill consumer needs, a wide range of
foundation colors have been developed with the aim of matching all skin
tones while giving the consumers the choice of low to high coverage. Con-
cealers are applied to areas of concern to hide minor skin problems like acne
scars. Concealers appear to be thicker due to higher concentrations of pig-
ments in the formulation. Other multifunctional facial makeups such as
Beauty Balm creams (BB creams) and Color Correcting creams (CC creams)
combine cosmetics and skin care benefits and have been growing in de-
mand. From a consumer perspective, a facial makeup should have guaran-
teed evenness in color, concealment of flaws, and most importantly provide
a final homogeneous, unifying, and long-lasting film that is matt and has a
smooth finish. These requirements need to be reflected in the formulation
considerations, which results in the extensive utilization of polymer colloids
with the right physical properties.

Polymer colloids, also known as synthetic latexes,19 are able to form a
continuous film on a substrate. However, appropriate polymer colloids need
to be chosen for different foundation formulations. The three most common
types of emulsions for liquid and semi-solid foundations are oil-in-water
(O/W), water-in-oil (W/O) and water-in-silicone (W/Si) emulsions. Among the
W/O and W/Si formulations, some common silicon resin film formers such
as cyclopentasiloxane and trimethylsiloxysilicate, dimethicone and tri-
methylsiloxysilicate,30 and polymethylsilsesquioxane are utilized.7 They are
able to create a smooth, lubricating film which increases the skin’s ability to
repel water. The size of the spherical, fine particle silicone resin can range
from 0.05 to 100 microns and can impart anti-caking and slip properties to
the skin.7 Other common film formers are polyvinylacetate/polyvinyl alcohol
resins, PVP [Poly(vinyl pyrolidone)], PVP/VA copolymers, and methyl me-
thacrylate crosspolymer.31 Methyl methacrylate crosspolymer is a porous
polymer that absorbs excess sebum or acne-producing oils which is ideal for
consumers with oily skin. Natural polymeric fill formers that are utilized in
cosmetics can include pullulan, methyl ricinoleate, ethylcellulose, and
polyhydroxystearic acid. Natural polymer latexes have been utilized in mostly
water-based formulations, in which pullulan is not only an effective film
former but also a good water-binding agent, thickening agent, and anti-
oxidant.32 Furthermore, polymer colloids can be utilized as emollients,
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occlusive agents, emulsifiers, fillers, rheology modifiers, and opacifying
agents based on the characteristics of the individual polymer latex.

13.3.2 Sunscreen

The basic function of sunscreen is to provide broad-spectrum protection
against UVA and UVB, due to the known harmful effects on the human skin.
However, as sunscreen is worn usually during outdoor activities, there is a
requirement to have some additional benefits built in to a sunscreen
product. These benefits include moisturization and require that the product
be sweatproof and waterproof. The role of film-forming polymer latex is
further emphasized while additional considerations are required when for-
mulating sunscreens. An even and uniform film on the skin allows higher
SPF which is crucial for an effective sunscreen. To ensure water resistance,
most sunscreens are oil-in-water emulsions. Hydrophobic polymers such
as acrylates/octylacrylamide copolymer, PVP/eicosene copolymer, and tri-
acontanyl PVP are added to the oil phase in powder, flake, or wax form.
These film formers and waterproofing agents can also enhance pigment
dispersion which ultimately improves the sunscreen SPF.

The usage of both physical sunblocks like zinc oxide and chemical
sunscreens such as octylcrylene, avobenzone, and octinoxate are heavily
regulated by the FDA. Most research is focusing on improving uniform film
formation by modify zinc oxide geometry, surface chemistry, or changing the
polymer latex combination. In patent US20180280280,9 they describe a
combination of phosphorus-based copolymer and voided latex particles and
their capability to enhance the efficacy of inorganic metal oxides while also
improving the aesthetic qualities. The voided latex particle has a core–shell
structure which is derived from monoethylenically unsaturated monomers
and polyethylenically unsaturated monomers with a particle size from 50 nm
to 1000 nm.9

13.3.3 Mascara

Mainstream mascaras enhance the overall appearance of eyes by thickening,
lengthening, darkening, curling, and volumizing eyelashes. Some common
formulations of mascaras are oil-in-water or water-in-oil emulsions and
anhydrous formulations. The lamellar gel network-based oil-in-water emul-
sion is by far the most common type of mascara formulation in the market.33

Water-resistant, waterproof, non-flaking, and long-wear properties of mas-
cara are often optimized by forming resilient yet flexible films and adding
waterproofing agents. Similar to the film formers in sunscreen and foun-
dation, PVP, polyethylene, acrylate copolymer, and VP/eicosene copolymer
are often utilized. Polyethylene can also be added as a wax to increase the
film thickness which achieves the volumizing properties.

Polymer latexes are also added into the mascara formulation according to
patent US20120156153A1.34 This patent describes a natural film former and
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plasticizer combination instead of a traditional petroleum-derived synthetic
film former. The ratio of the film-forming system to plasticizer is preferably
1.2 : 1.34 A combination of polymeric film formers consists of pullulan and a
candelilla wax resin which is able to form a resilient and tough film around
the wax structures.35 Pullulan is a water-soluble polysaccharide with mal-
totriose as a primary structure linked by 1,6-glycosidic bonds. Because
pullulan has a relatively linear structure compared to other natural poly-
saccharides, it can form a clear, tough film with good adhesion properties.34

A pullulan with a degree of polymerization from 10–10 000 is sufficient for
the film-forming system to perform.34 Candelilla is added to the oil phase of
the emulsion. It can increase volume and decrease smudging and flaking.34

Moreover, candelilla resin is malleable and provides good adhesion to
human hair.34,36 A plasticizer system, consisting of a rosin and a sebacic
acid/hydrogenated castor oil copolymer is used as reinforcement for the film
and enhancement of the curvature of eyelashes. Rosin that has a number
average molecular weight of less or equal to 10 000 is required. Both of these
ingredients are added in the oil phase of the emulsion.34

13.3.4 Nail Polish

Nail polish has become a staple of colored cosmetics ever since its debut
dating back to 3000 BC in China.3,37 Colored nail polish first emerged onto
the market and quickly became popular in the 1920s. Currently, nail pol-
ishes can be categorized into 17 principle finishes with the main ones being
crème, matte, opalescent, and glitter. The formulation of this organic coat-
ing includes four building blocks: binders, solvents, pigments, and addi-
tives, according to M. Schlossman et al.38 Based on the ratio between binder/
solvent and content, nail polish formulation can be categorized into solvent-
borne, water-borne, and latex dispersions. For a solvent-borne formulation,
the builder usually consists of a low content of a film-forming polymer like
nitrocellulose dissolved in a high content of volatile organic solvent such as
butyl acetate, ethyl acetate, or toluene. Water-based nail polishes started to
gain increasing popularity due to health concerns with solvent-based nail
polishes as a result of their use of toluene and other similar harmful organic
solvents.39 Most water-borne nail polishes are aqueous polymer latex
dispersions, since formulating nail polish with water-soluble polymers is
far more challenging than latex dispersions due to the water sensitivity of
the final crossed-linked product. According to patent US5965111A,40 a
water-borne nail polish formulation design comprises a topcoat, a midcoat,
and a base coat, in which, both top coat and base coat are dispersions of
film-forming polymer latexes such as polyurethanes, polyacryls, poly-
methacrylates, or styrene-acryl copolymers. At least one nanoparticle dis-
persion is required in a water-based formulation.8 The polymer latexes used
in this patent are acrylic polymers that have a size range from 40 to 80 nm.40

For all nail polish formulations, additional polymer colloid additives such
as plasticizers, adhesive polymers, and rheology modifiers are crucial.
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Plasticizers such as phthalates, dibutyl phthalate, and camphor are em-
ployed to strengthen films, and avoid chipping and cracking of the final
coating. Tosylamide/formaldehyde resin are utilized as adhesive polymers in
solvent-borne formulations, while acrylic acid and methacrylic acid are
utilized in water-borne formulations to ensure the final film does not peel off
the nail bed.38 Just like regular paints, rheology modifiers that exhibit
thixotropy like stearalkonium hectorite, are critical for nail polish formu-
lations. They not only improve the overall aesthetics in the bottle but also
help with easy application, and give the final nail enamel a smooth and
seamless finish.

13.3.5 Lipstick, Liquid Lipstick

Traditional lipstick is designed to provide color, moisturization, and pro-
tection and usually contains pigments, emollients, oils, and waxes.41 Usu-
ally, lipsticks are not transfer-proof, waterproof, and the color payoff is not
pigmented or vivid enough for consumers. Liquid lipsticks emerged on the
market in the early 2000s. The formulation is fairly simple with isododecane
as the volatile solvent. Polymeric film formers like trimethylsiloxysilicate are
added to the oil phase to ensure the liquid lipstick is transfer-proof.
Dimethicone is an emollient that has waterproofing and film-forming
characteristics which are utilized extensively in these formulations. To en-
hance velvet matte texture, silica and nylon-12 microspheres with diameters
of 12 mm is added to the formulation. The ball-bearing lubrication effect of
the microspheres not only gives the lipstick a luxurious silky texture but also
increases product payoff and reduces contact friction by enhancing slip
which improves the product blendability on the skin. It is also able to bring
about beneficial optical effects through scattering light to reduce the look of
fine lines on the skin, while letting through enough light to enhance the
natural appearance of the skin.42

13.3.6 Shampoo and Conditioner

Polymer latexes are generally not utilized in shampoo or body wash for-
mulations. There is a strong drive currently to avoid synthetic polymer
latexes in these rinse-off products due to new environmental regulations
on the prohibition of microparticles. This is covered in more detail in
Section 13.5. Although they are not being utilized in shampoos and body
washes, there are complex surfactant polyelectrolyte coacervates which can
be considered as a naturally occurring polymer colloids, formed as a result of
phase separation in the system. Unlike cleansing shampoos, conditioning
shampoos are formulated with anionic surfactants, amphoteric surfactants,
cationic polymers, and silicone.43 These shampoos are formulated at a
concentration much above the critical micelle concentration (CMC).
When above the CMC, surfactants form micelles or hemi-micelles along the
polyion chain. The polyion/surfactant is solubilized. Upon dilution, the
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concentration of the conditioning shampoo is close to the CMC which leads
to complex coacervate phase separation.43 Engineering and optimizing
polymer-surfactant interactions are the key aspects of shampoo formulation
design. The formation of polymer–surfactant complexes starts at a critical
surfactant concentration (CAC). Changing the polymer concentration will
change the CAC of the surfactant–polymer complex. At the CAC, the sur-
factant micelles start to link or decorate the polymer chain. This process
stops at a second critical surfactant concentration known as the polymer
saturation point (PSP). At the PSP, the polymer chain becomes saturated by
the micelles which leads to complex coacervation.44 The phase-separated
coacervates which are positively charged deposit on the negatively charged
hair during rinsing. Silicones, anti-dandruff agents, and other additives can
be co-deposited onto the hair with the coacervates.

Hair conditioners are usually based upon lamellar gels formed by
cationic surfactants such as behentrimonium chloride (BTAC) and fatty
alcohols. Cationic polymers such as polyquaternium 10, cationic hydroxy-
ethylcellulose, and chitosan can improve wet combability and ameliorate
electrostatic charging of hair which reduces flyway effects.43 The only ap-
plication of polymer colloids in hair conditioners is the addition of silicone
droplets/ PDMS particles for enhancement of dry lubrication.27

13.4 Novel Polymer Particles

13.4.1 Janus Particle

Janus particles are special synthetic colloids with two distinguishing
chemistries or polarities. The size of the Janus particles can range from the
microscale to the nanoscale.45 The term Janus beads was first used by
C. Casagrande46 to describe a spherical glass particle which has one hydro-
philic hemisphere with the other half being hydrophobic.46 The potential of
glass beads to stabilize emulsification has been evaluated by Casagrande
et al.47 After almost 30 years of development, various Janus particles with
different sizes, shapes, and properties have been reported. Walther et al.48

applied Janus particles to emulsion polymerization of different monomers
for the first time. Shepard et al.49 has utilized Matrix Assisted Pulsed Laser
Evaporation (MAPLE) to produce patchy Janus particles with tunable
roughness and composition.49 Kumar et al.50 investigated how the shape of
the Janus particle impacts their interfacial behavior.50 The challenge is to
produce Janus particles which are robust, low-cost, and can be produced on
a large scale. Additionally, the ability to create a wide range of functionality
through changing chemistry on two hemispheres in a cost-effective way is
critical to enhance further application within the cosmetic industry. There
are three major ways to produce Janus polymer particles, masking, self-
assembly, and phase separation.51 The modified structure of Janus particles
gives them unique properties in solution. The self-assembly of Janus
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particles in solution was observed by Muller et al.,52 where Janus particles
successfully formed supramicelles in a water solution.52 Other properties of
Janus particles include but are not limited to reversible cluster formation,
amphiphilic properties, and stabilizing emulsions.51

13.4.2 Amphiphilic Particles

Unlike Janus particles, amphiphilic particles consist of a hybrid structure
and potentially exhibit amphiphilic properties. Protein–polymer particles
are a good example of amphiphilic particles, considered to have potential
applications in biomedicine, biotechnology, and nanotechnology. The
combination of polymers and proteins can bring beneficial performance
such as self-assembly and phase-separation. A diverse range of protein and
polymer conjugate particles have been reported.53

13.4.3 Sustainable Particles

The strong demand for biodegradable products is driving cosmetic com-
panies to search for new renewable and sustainable materials, replacing
traditional petroleum-derived polymers.54 Starch, collagen, polysaccharide,
chitin, and lipid-based polymers are good alternatives due to their good
biodegradability, low cost, positive environmental footprint, and good
biocompatibility.55

Sustainable particles can be generated from different resources and
methods. The choice of sustainable particles varies depends on the appli-
cation. For example, keratin protein is a cationic biopolymer which has
versatile application, due to its biodegradability and non-toxic nature.56 It
can be extracted from various sources, such as hair, nails, and wood fibers.57

It can also be modified into different forms, ranging from nanoparticles to
films.56 In cosmetic applications, modified keratin-based materials can be
added to hair care products to increase toughness,58 it can also be applied to
makeup products as a film-forming agent.59,60

13.4.4 Smart Particles – Stimuli-responsive Polymers

With the inclusion of stimuli-responsive polymers, cosmetic products
can exhibit unique properties which can change in different physical
environments. The smart response of this type of polymer has been
drawing a lot of recent attention. The triggers for stimuli-responsive
polymers can be temperature, pH, ionic strength, pressure, strain, etc.
Modification of these stimuli-responsive polymers allows them to have a
variety of changes in properties and performance and this has been shown
with a range of novel stimuli. The following are two examples of stimuli-
responsive polymers.61
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13.4.4.1 pH-sensitive Polymer

The pH of human skin depends on the position in the body. The skin surface
pH generally ranges between 5.4 and 5.9 (forearm of healthy adult white
male).62 This pH range variability in different parts of the body allows a pH-
sensitive polymer to potentially be applied in cosmetic products. Eunmi Lee
and Bumsang Kim63 reported a pH-triggered delivery system with P(MAA-co-
EGMA) hydrogel to deliver cosmetics actives, including arbutin, adenosine,
and niacinamide. The hydrogel microparticles swell significantly at a pH
close to that of skin. At pH 4, almost none of the actives permeated into the
skin. At pH 6, the actives achieved a high skin permeation rate.63

13.4.4.2 Light-triggered Microcapsules

The light-triggered microcapsules provide a novel delivery system for active
delivery and fragrance release. Bartosz Tylkowski et al.64 reported a method
of producing a microcapsule system that can be activated by visible light. In
their research, the polyamide microcapsule shells containing visible-light-
sensitive ortho-substituted azobenzene was incorporated in the main chain
of the polymer. The length of the modified polymer decreased during ex-
posure to light, allowing the encapsulated perfume oil to be released from
the shell.

13.5 Environmental and Safety Concerns of Polymer
Colloids

The remarkable properties of polymer colloids allow their use in various
cosmetic products, ranging from lipstick and mascara to toothpaste and hair
products. However, there are specific considerations that must be taken into
account which are preventing the further wide-scale adoption of polymer
colloids in cosmetic products. Some of these factors are determined by the
size of the particle, the toxicity to humans and animals, and the impact on
the environment. The environmental and safety influence is strongly
dependent on the type of the particle and the size range of the particle. The
following section highlights the details that need to be considered for both
environmental and health and safety concerns.

13.5.1 Health and Safety

13.5.1.1 Nanotechnology and Nanomaterial

Nanosize particles less than 100 nm have gained wide-scale publicity from
both consumers and regulatory bodies due to their potential impact on both
environmental and human health and safety. The U.S. Food and Drug
Administration (FDA) has now established an official definition of nano-
technology and nanomaterials. These are usually used to describe material
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that has a size of 1 nm to 100 nm in at least one dimension.65 In June 2014,
‘‘Guidance for Industry: Safety of Nanomaterials in Cosmetic Products’’ was
issued by the FDA. It split FDA-regulated products that involved the appli-
cation of nanotechnology into two categories: (1) the particle has an external
and/or internal size which falls in between 1 nm to 100 nm in at least one
dimension, (2) the material or end product is designed to exhibit properties
that are attributable to its size(s), no matter whether the size falls in the
nanoscale range or not (B1000 nm).66

While nanotechnology draws much attention due to its versatile appli-
cation and high performance, there is still a lot of concern around applying
this technology to cosmetic and personal care products. Although the toxi-
city of the nanoparticles to humans has not been well established, some
in vivo and in vitro testing has revealed a correlation between nanoparticles
and toxicity. They are considered to increase the intracellular reactive oxygen
species (ROS) level and/or cause inflammation due to the high surface ac-
tivity of the nanoparticles.67 The application of nanotechnology could lead to
an increase in biological interactions, and change the uptake, absorption,
and biodistribution of the material in the consumer.66

The FDA suggested that the safety of the product can be evaluated by re-
liance on existing toxicological test data or the performance of any add-
itional data through new toxicology tests. The general principle is still
applicable to nanotechnology-based products. Considering the size effect of
nanomaterials, additional tests are still recommended to evaluate the im-
pact on the safety of the material and final products. Although the FDA is
also giving guidance to toxicology test cosmetic products with nano-
technology, all the guidance is instructional, not mandatory.

13.5.1.2 Allergies

Plastics are a common cause of occupational skin disorders through irrita-
tion or allergic contact dermatitis (ACD). These generally occur during the
plastic fabrication process and are rarely due to the end product itself.68

However, there are a lot of cases of allergic reactions involving cosmetic
products which contain certain polymers, such and natural rubber latex
and acrylates.

13.5.1.3 Natural Rubber Latex

Natural rubber latex is primarily extracted from plants, such as the
H. brasiliensis rubber tree.69 It is added to the cosmetic product as a film
former and opacity agent and is commonly seen in cosmetic products which
require adhesiveness, such as hair styling products, face and body color
products, and eyelash glues.

However, according to FDA estimations,69 there might be one to six out of
one hundred people allergic to natural rubber latex. Natural rubber latex can
cause a series of allergic reactions ranging from minor skin irritation to

Polymer Colloids for Cosmetics and Personal Care 411

 
Pu

bl
is

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

 o
n 

ht
tp

s:
//p

ub
s.

rs
c.

or
g 

| d
oi

:1
0.

10
39

/9
78

17
88

01
64

76
-0

03
99

View Online

https://doi.org/10.1039/9781788016476-00399


severe anaphylactic shock. According to the FDA website, there were 30 cases
of an allergic reaction related to cosmetic products containing natural
rubber latex reported between January 2015 and September 2017.69

Since there is no current regulatory requirement for companies to report
cosmetic-related cases, the actual number of the allergic reactions is
potentially higher.

These allergic reactions may be triggered by the antigenic proteins
occurring in natural rubber latex. The allergic reaction might not appear
at first exposure, but the sensitivity could be established over time. It is
commonly seen in people who are frequently exposed to natural rubber
latex products.70

13.5.1.4 Acrylates

Acrylate is an ingredient that is frequently used in cosmetic products, es-
pecially in nail cosmetics. The use of acrylate and its derivatives can increase
the adhesiveness and long-lasting effects of nail polish application. How-
ever, acrylates are an allergen that can cause minor to severe allergic re-
actions, ranging from mild itchiness in the nail bed to permanent nail loss.71

In the 1950s, the first case of acrylate allergic contact dermatitis (ACD) was
reported.72 The reports of ACD with acrylates became more frequent recently
because of the invention of new nail cosmetic techniques, such as ‘‘gel nails’’
and new long-lasting or semi-long-lasting nail polish.73 Although there are
many dermatological studies on the underlying causes of acrylate allergy in
consumers and beauticians, the mechanism is still not well understood.
Some factors could be the nature of the acrylate molecules, the potential
reaction of acrylate with other molecules, the method of exposure to acry-
lates, and the length of time before polymer is cured.73

13.5.2 Environmental Safety

Besides toxicity to humans, low biodegradability gives the polymer a long-
term environmental footprint. Rising concerns have driven a lot of NGOs,
governments, and companies to take action to monetize, regulate, and
improve the use of polymer colloids in cosmetic and personal care products.

13.5.2.1 Microbeads

The process of manufacturing microbeads was first discovered by Dr. John
Ugelstad in the 1970s.74 Microbeads are now manufactured in many cos-
metic and personal care products, including but not limited to exfoliating
face washes, toothpaste, shower gels, scrubs, and face cream. The chemical
composition, shape, and the density of the microbeads vary depending on
the application. In general, the size of the microbeads is above 1 mm and less
than or equal to 5 mm.75 The regulated size of microbeads in cosmetic
products depends on the country.
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Microbeads in cosmetic products are usually rinsed off and go down the
drain. Due to the size of these microbeads, it is difficult to filter them out in
the wastewater treatment plants, which allows them to be released into the
aquatic environment. Depending on the physical and chemical properties
of the microbeads, they may interact with chemicals either in the water or
sediment and therefore threaten aquatic life. The impact of microbeads
includes uptake by aquatic life, translocation, food-web transfer, long-term
or direct impact on the behavior of organisms, cellular or sub-cellular
effects, and transport of pollutants.75

Governments in different countries are starting to discuss and ban the
use of microbeads in cosmetics, based on rising concerns about the impact
of microbeads on the local environment. The Table 13.1 summarizes
regulations on microbeads based on country.

Due to government regulations and high demand for more sustainable
products from the consumer, companies are starting to phase out the use
of microbeads in personal care products. The Johnson & Johnson Family of
Consumer Companies decided to phase out microbeads in 2013 and remove
microbeads from their products globally by the end of 2017.77 L’Oréal
finished reformulation and eliminated microbeads in their rinse-off
products in 2017.78 However, although there is a clear ban on the use of
synthetic polymer microbeads, the use and development of sustainable and
natural microbeads are still active areas of research.

13.6 Conclusion
Polymer colloids have been utilized extensively in the cosmetic and personal
care industry. This has been primarily due to their spectacular performance

Table 13.1 List of effective ban date of microbeads in different countries.76

Country Ban effective date Summary

Netherland End of 2016 Prohibit import, production, and retail of
microbeads in rinse-off cosmetics.

USA 7/1/17 Prohibit production of rinse-off cosmetics
microbeads at the federal level.

France 1/1/18 Prohibit import, production, and retail of rinse-
off products.

Canada 1/1/18 Prohibit microbeads with a size less than 5 mm.
New Zealand 6/7/18 Prohibit import, production, and retail of

microbeads in rinse-off cosmetics.
Taiwan 7/1/18 Prohibit import and production of microbeads in

rinse-off cosmetics.
UK 10/1/18 Prohibit the application of microbeads in rinse-

off cosmetics and personal care products
nationwide.

Sweden 1/1/19 Prohibit import, production, and retail of
microbeads in rinse-off cosmetics.

Italy 1/1/20 Prohibit microbeads existing in rinse-off cosmetics.
India 1/1/20 Prohibit microbeads existing in rinse-off cosmetics.
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in film formation, adhesiveness, optical properties, and water-repelling
properties. This gives rise to consumer-conceivable benefits, in a wide
range of cosmetic products, such as facial makeup, lipsticks, skin care
products, shampoo, conditioner, etc. This technology landscape is, however,
rapidly changing with wide-scale adoption of environmental regulation and
consumer preference for more sustainable and greener products. In add-
ition, the consumer requirement for novel sensory and functional benefits,
and the highly competitive nature of the beauty industry requires adoption
and development of a wide range of novel, sustainable, smart polymer col-
loids. These novel particles will play a key role for the future in the cosmetic
industry.
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1989, 9, 251–255.
48. A. Walther, M. Hoffmann and A. H. E. Müller, Angew. Chem., Int. Ed.,

2008, 47, 711–714.
49. K. B. Shepard, D. A. Christie, C. L. Sosa, C. B. Arnold and R. D. Priestley,

Appl. Phys. Lett., 2015, 106, 093104.
50. A. Kumar, B. J. Park, F. Tu and D. Lee, Soft Matter, 2013, 9, 6604–6617.
51. M. Lattuada and T. A. Hatton, Nano Today, 2011, 6, 286–308.
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