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Supplementary Table 1. Amino acid sequences of the peptides used in this study. 

Peptide name Sequence 

[RGRGG]5 and RG0Y RGRGG RGRGG RGRGG RGRGG RGRGGC 

[KGKGG]5 KGKGG KGKGG KGKGG KGKGG KGKGGC 

[RGFGG]5 RGFGG RGFGG RGFGG RGFGG RGFGGC 

[RGYGG]5 and RG5Y RGYGG RGYGG RGYGG RGYGG RGYGGC 

[RGSGG]5 RGSGG RGSGG RGSGG RGSGG RGSGGC 

[RGPGG]5 RGPGG RGPGG RGPGG RGPGG RGPGGC 

[RPRPP]5 RPRPP RPRPP RPRPP RPRPP RPRPPC 

[RARAA]5 RARAA RARAA RARAA RARAA RARAAC 

[RQRQQ]5 RQRQQ RQRQQ RQRQQ RQRQQ RQRQQC 

[RLRLL]5 RLRLL RLRLL RLRLL RLRLL RLRLLC 

RG1Y RGRGG RGRGG RGYGG RGRGG RGRGGC 

RG3Y RGRGG RGYGG RGYGG RGYGG RGRGGC 

TAF15-RGG box RGYGGDRGYGGDRGYGGDRGYGGDRGYGGDC 

EWS-RGG box RGRGGPGGMRGGRGGLMDRGGPGGMFRGGRGGC 

FUS-RGG box RRGGRGGYDRGGYRGRGGDRGGFRGGRGGGDRGC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 2. Viscosity and terminal relaxation time of the various peptide-rU40 

condensates tested in this study. 

Peptide-RNA Viscosity (Pa.s) Terminal relaxation time (ms) 

[RGRGG]5 and RG0Y 5 ± 1 60 ± 10 

[KGKGG]5 0.26 ± 0.06 N/A 

[RGFGG]5 10 ± 2 120 ± 20 

[RGYGG]5 and RG5Y 40 ± 10 800 ± 400 

[RGSGG]5 0.40 ± 0.06 N/A 

[RGPGG]5 0.19 ± 0.09 N/A 

[RPRPP]5 1.3 ± 0.2 N/A 

[RARAA]5 6 ± 2 50 ± 20 

[RQRQQ]5 2.7 ± 0.3 22 ± 5 

[RLRLL]5 N/A N/A 

RG1Y 8 ± 2 100 ± 20 

RG3Y 13 ± 1 200 ± 70 

 

  



Supplementary Figures 

 

Supplementary Fig. 1. The viscosity of [RGRGG]5-rU40 condensates as a function of frequency 

as obtained from the pMOT experiments.  

  



 

Supplementary Fig. 2. Brightfield images showing spherical condensates formed by various 

peptides when mixed with rU40 RNA. Scale bars represent 10 µm.  

  



 

Supplementary Fig. 3. The viscosity of RGXGG-rU40 condensates as a function of frequency 

as obtained from pMOT experiments. X is a variable amino acid that is set to P, S, R, F, or Y.  

  



 

Supplementary Fig. 4. The mean square displacement (MSD) of 200 nm polystyrene particles 

within condensates formed by rU40 and [RGPGG]5 (black), [RGRGG]5 (red), and [RGYGG]5 

(blue). Green lines are fits to the data using 𝑀𝑆𝐷 = 4𝐷𝑡 + 𝑏 for [RGPGG]5 and 𝑀𝑆𝐷 = 𝑑2(1 +

𝜏/𝜏𝑐  ) for [RGYGG]5 and [RGRGG]5 data1.  

  



 

Supplementary Fig. 5. (a) FRAP intensity-time traces of an RNA probe (rU10-FAM) in 

condensates formed by rU40 RNA and [RGPGG]5 (green), [RGRGG]5 (red), and [RGYGG]5 

(blue). Solid symbols are the average of five FRAP curves for each peptide-RNA combination. 

Error bars in the curves represent one standard deviation (1 s.d.). Solid black lines are fits using 

𝐼(𝑡) = 𝐴(1 − exp (−𝑡/𝜏). (b) The recovery half-time (𝜏1/2 = 𝜏 ln 2) of the same condensates as 

extracted from the data by fitting individual FRAP recovery traces. Error bars represent the range 

of the data. For all the peptide-RNA mixtures tested, the sample size is n=5 condensates.  



   

Supplementary Fig. 6. Mesh-size determination experiment using TMR-labeled Dextran 

molecules with variable molecular weights for [RGPGG]5-rU40 condensates. The upper panel 

shows the condensates as visualized by Alexa488-tagged [RGPGG]5 (1% labeling ratio). The 

middle panel shows the partition behavior of Dextran molecules within peptide-RNA condensates. 

The scale bar represents 10 µm. The lower panel shows corresponding intensity profiles for 

Dextran molecules. The numbers in brackets indicate the estimated hydrodynamic radius of the 

Dextran molecules in aqueous solutions2. 

 

  



 

Supplementary Fig. 7. Mesh-size determination experiment using TMR-labeled Dextran 

molecules with variable molecular weights for [RGYGG]5-rU40 condensates. The upper panel 

shows the condensates as visualized by Alexa488-tagged [RGYGG]5 (1% labeling ratio). The 

middle panel shows the partition behavior of Dextran molecules within peptide-RNA condensates. 

The scale bar represents 10 µm. The lower panel shows corresponding intensity profiles for 

Dextran molecules. The numbers in brackets indicate the estimated hydrodynamic radius of the 

Dextran molecules in aqueous solutions2. 

 

  



 

Supplementary Fig. 8. Bright-field images of arrested condensate networks formed by [RLRLL]5 

and rU40 RNA at two different salt conditions in 25 mM Tris-HCl buffer (pH 7.5) and 20 mM DTT. 

Scale bars represent 20 µm. 

  



 

 

Supplementary Fig. 9. (a) Solution turbidity at 350 nm wavelength for peptide-rU40 condensate 

as a function of salt concentration in 25 mM Tris-HCl buffer (pH 7.5). Data are shown for 

[RGPGG]5, [RGRGG]5, and [RGYGG]5 condensates with rU40 RNA. Each sample was measured 

twice (n=2) and the measurements were averaged. Error bars represent the range of the 

measurements. (b) Free energy profiles of residue-rU attraction from model (GXG)-rU3 all-atom 

constant temperature simulations. X is set to Pro, Arg, Tyr, Lys, Ser, or Phe.  



 

Supplementary Fig. 10. The average frequency-dependent viscoelastic moduli as obtained from 

pMOT experiments for condensates formed by RG𝑛Y and RNA (see Supplementary Table 1 for 

peptide sequences). Here 𝑛 is the number of R-to-Y mutations in the 2nd arginine of RGRGG-

repeat peptide. [RGRGG]5 corresponds to RG0Y and RG5Y corresponds to [RGYGG]5. The blue 

dashed lines indicate the crossover frequency. Error bars represent ±1 s.d. Sample size is 

n=(17,20,10,16) for (RG0Y, RG1Y, RG3Y, RG5Y), respectively. 

 

 

 

 

 

 

 

 



 

Supplementary Fig. 11. (a) Brightfield image of condensates formed by [RGYGG]5, [RGPGG]5, 

and rU40 RNA. The total peptide concentration is 5 mg/ml (with 40% [RGYGG]5 and 60% 

[RGYGG]5). The RNA concentration is 2.5 mg/ml. The image shows that these droplets are 

homogenous and well-mixed. The sample also contained 1 µm beads for pMOT experiments. (b) 

Multi-color fluorescence images of condensates formed by mixtures of [RGYGG]5 and [RGPGG]5 

in the presence of rU40 RNA. In this sample, the RGPGG-to-RGYGG ratio is 50:50. ~ 1% of 

Alexa-fluorophore-labeled peptides are used for imaging, as indicated. The scale bar is 10 µm.  

 



 

Supplementary Fig. 12. The average frequency-dependent viscoelastic moduli as obtained from 

pMOT experiments for condensates formed in a ternary mixture of [RGYGG]5, [RGPGG]5, and 

rU40. In these mixtures, the total peptide concentration is fixed at 5.0 mg/ml, the total rU40 

concentration is 2.5 mg/ml. The molar fractions of [RGYGG]5 and [RGPGG]5 are varied while 

keeping the overall peptide concentration fixed to illustrate the composition-dependent 

viscoelastic modulation of these condensates. The blue dashed lines indicate the crossover 

frequency. Error bars represent ±1 s.d. Sample size is n = (29,14,36,18,18,16) for [RGYGG]5 

fractions of (0%, 20%, 40%, 60%, 80%, 100%), respectively. 

 



 

 

Supplementary Fig. 13. pMOT measurements on the RGG boxes of FET proteins showing 

distinct viscoelastic properties. (a) Sequences of the RGG boxes derived from FUS, EWS, and 

TAF15. (b) The average viscoelastic moduli of condensates formed by TAF15-RGG, FUS-RGG, 

or EWS-RGG with dT40. The blue dashed line indicates the inverse terminal relaxation time. Error 

bars represent ±1 s.d. (c) Zero-shear viscosity of condensates formed by TAF15-RGG, FUS-

RGG, or EWS-RGG with dT40. For b&c, the sample size is n = (13,10,20) for (TAF15-RGG, FUS-

RGG, EWS-RGG), respectively. 

 



 

Supplementary Fig. 14. (a) Turbidity of peptide-RNA mixtures as a function of RNA (rU40)-to-

peptide weight ratio. The data are shown for [KGKGG]5, [RGRGG]5, and [RGYGG]5 mixtures with 

rU40 RNA. The vertical dashed line represents the chosen ratio for the experiments in this study 

(RNA-to-peptide ratio of 0.5). Sample size is n=2 measurements, error bars are the range of 

measurements and the solid symbols are the averages. (b) Comparison of phase separation 

temperature (Tph) for [RGRGG]5-rU40 condensates mixed in a buffer containing 25 mM Tris-HCl 

(pH 7.4) with variable salt and a buffer containing 25 mM MOPS (pH 7.4) and variable salt 

concentration. Both buffers also contain 20 mM DTT. This comparison is shown to assess the 

effect of temperature on the pH of the Tris buffer that might alter the phase separation behavior. 

The Tris buffer shows a similar trend of phase separation temperatures as compared to the MOPS 

buffer which has lesser pH sensitivity to temperature3. Solid symbols represent the measured 

phase separation temperature (Tph). Error bars represent the smallest temperature variation (2 
oC) during a phase transition event. Random points were replicated twice successfully.  

 

 

 

  



Supplementary Note 1 

Data analysis:  

The analysis of pMOT experiments is summarized in a flow chart and shown in Supplementary 

Figure 15. The output of a pMOT experiment is a trajectory of the bead (Supplementary Fig. 15a) 

constrained by the harmonic potential of an optical trap within a peptide-RNA condensate. Each 

trajectory was analyzed in two steps: (i) calibration of the optical tweezer, and (ii) extraction of the 

condensate viscoelastic moduli. Both steps are done on the same trajectory. 

 

Supplementary Fig. 15. Flow chart showing pMOT data analysis procedure to obtain the 

viscoelastic moduli of phase-separated condensates. (a-e) various steps of the procedure are 

described in the text of SI Note-1.  

 

When a bead is diffusing within the harmonic potential of an optical trap, the motion of the bead 

is primarily mediated by the thermal fluctuations of the medium. According to the equipartition 

theorem, the variance of the position of the bead in one direction (X or Y) is given by the following 

equation4-8  

1

2
𝜅〈𝑥2〉 =

1

2
𝑘𝐵𝑇      (1) 



Where 𝜅 is the trap stiffness, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the temperature. For each 

recorded trajectory, the variance in both the X and Y coordinates was calculated from the 

trajectory. The centroid position accuracy was measured to be 1.5 nm (Supplementary Fig. 16). 

The temperature of the stage was manually measured using a thermocouple and found to be 24 

± 0.5 oC. We ensured only using trajectories for which the variance in the X and Y directions were 

identical, indicating that the trapping potential is circular in the XY plane and therefore, the 

estimation of the trap stiffness from the harmonic form is valid. The values for the trap stiffness in 

the X and Y directions were compared and found to be consistent with each other for each 

measurement. This calibration method is one of the few methods that do not require a priori 

knowledge of the viscosity of the medium4.  

 
Supplementary Fig. 16. (a) Trajectories of a bead trapped in water at different laser trapping 
powers (100% laser is ~1 mW). (b) Displacement distribution of the bead from the center of the 

trap. Data is shown for trapping power of 5 %. σ is the standard deviation of the fluctuations. (c) 

The standard deviation (σ =  √variance ) of the trapped bead position fluctuations under different 

laser trapping power values. The values of σ saturate at 1.5 nm, which is taken as the centroid 
positioning accuracy. For each laser power, two measurements were collected and averaged 
(n=2). Error bars represent the range of measurements.  
 

For a particle undergoing Brownian motion in a fluid and constrained by an optical trap, the 

particle’s motion can be described by a generalized Langevin equation similar to the one 

described by Mason and Weitz9 with an added term for the optical trap4 

𝑚𝑎⃗(𝑡) =  𝑓𝑅
⃗⃗ ⃗⃗ (𝑡) − ∫ 𝜁(𝑡 − 𝜏)𝑣⃗(𝜏)

𝑡

0
𝑑𝜏 − 𝜅𝑟(𝑡)    (2) 

Where 𝑚 is the mass of the particle and 𝑎⃗ is the acceleration. The first term 𝑓𝑅
⃗⃗ ⃗⃗ (𝑡) represents a 

white noise function to model the thermal fluctuations. The second term involves a memory 

function 𝜁(𝑡 − 𝜏) that represents damping forces exerted by the fluid on the particle [𝑣⃗(𝜏) is the 

particle velocity], and the third term is the optical trap force. In one dimension, equation (2) can 

be rewritten as a differential equation in terms of the position of the particle4,10,11 

𝑚𝑟̈(𝑡) = 𝑓𝑅(𝑡) − ∫ 𝜁(𝑡 − 𝜏)𝑟̇(𝜏)
𝑡

0
𝑑𝜏 − 𝜅𝑟(𝑡)     (3) 

Where the dot accent represents a time derivative. To solve this equation, the method of Laplace 

transforms is used. The solution in the Laplace space is given by4,10,11  

𝜁(𝑠) = 𝜅
𝐴̃(𝑠)

1−𝑠𝐴(𝑠)
− 𝑚𝑠          (4) 



Where 𝐴(𝑠) is the normalized position autocorrelation function in the Laplace space. At the same 

time, the memory function was evaluated by Mason and Weitz in relation to the viscosity of the 

medium under equilibrium conditions as9  

𝜁(𝑠) = 6𝜋𝑎𝜂̃(𝑠)      (5) 

Hence, combining the two equations (4 and 5) gives a relation between the viscosity and the 

autocorrelation function in the Laplace space4  

𝜂̃(𝑠) =
𝜅

6𝜋𝑎
(

𝐴̃(𝑠)

1−𝑠𝐴̃(𝑠)
−

𝑚𝑠

𝜅
)        (6) 

The viscosity in the Laplace space can be transformed into the complex modulus in the Fourier 

space using4  

𝐺∗(𝜔) = 𝑠𝜂̃(𝑠)|𝑠=𝑖𝜔     (7) 

Thus, the final expression for the complex modulus in terms of the particle normalized position 

autocorrelation function is expressed as4,11,12  

𝐺∗(𝜔)  =
𝜅

6𝜋𝑎
 (

𝑖𝜔𝐴(𝜔)

1−𝑖𝜔𝐴(𝜔)
+

𝑚𝜔2

𝜅
)             (8) 

Where 𝜅 is the stiffness of the trap and 𝑎 is the particle radius. The second term in the bracket is 

negligible except for very high frequencies 𝜔 ~ 1 𝑀𝐻𝑧. Therefore, we used this equation 

(neglecting the second term) to obtain the complex shear modulus of the material4,11,12  

𝐺∗(𝜔)  = 𝐺′(𝜔) + 𝑖 𝐺′′(𝜔) =
𝜅

6𝜋𝑎
 (

𝑖𝜔𝐴(𝜔)

1−𝑖𝜔𝐴(𝜔)
)               (9) 

Equation (9) was implemented in a custom-built python script and used to extract the elastic 

modulus 𝐺′(𝜔) and the viscous modulus 𝐺′′(𝜔) of the condensate. The frequency-dependent 

viscosity 𝜂(𝜔) was calculated using11  

𝜂(𝜔) =
𝐺′′(𝜔)

𝜔
     (10) 

The zero-shear viscosity was obtained from the limit of 𝜂(𝜔) at low frequencies. We calculate the 

autocorrelation function 𝐴(𝜏) from a trajectory of a bead within a condensate in one coordinate (X 

or Y, Supplementary Fig. 15b).  This was done using the multipletau.autocorrelate() function from 

the multipletau python library13 (v0.1.9). The autocorrelation function is fitted with a multi-

exponential function to reduce the measurement noise (Supplementary Figs. 15b,  22, and 23) 

𝐴(𝜏) = 𝐴1 exp (−
𝜏

𝑏1
)

𝛼1
+ 𝐴2 exp (−

𝜏

𝑏2
)

𝛼2
+ 𝐴3 exp (−

𝜏

𝑏3
)

𝛼3
+ 𝐴4                (11) 

Next, we perform a numerical Fourier transform on 𝐴(𝜏) to obtain 𝐴(𝜔). Following the procedure 

described by Evans et al.14, for a function 𝑔(𝑡) with discrete points (𝑡𝑘 , 𝑔𝑘)  and boundary 

conditions 𝑔(0) = 1 and 𝑔̇(𝑡) → 0 as 𝑡 → ∞,  

−𝜔2𝑔̂(𝜔) = 𝑖𝜔𝑔(0) +
(1−𝑒−𝑖𝜔𝑡1)(𝑔1−𝑔(0))

𝑡1
+ 𝑔̇(∞)𝑒−𝑖𝜔𝑡𝑁 +  ∑ (

𝑔𝑘−𝑔𝑘−1

𝑡𝑘−𝑡𝑘−1
)(𝑒−𝑖𝜔𝑡𝑘−1 − 𝑒−𝑖𝜔𝑡𝑘)𝑁

𝑘=2   (12) 

This equation was implemented to calculate 𝐴̂(𝜔) from the fitted 𝐴(𝜏). Classical numerical Fourier 

transform methods require the function to have equidistant time points. However, this method of 



Fourier transform does not have that requirement14. Finally, 𝐴(𝜔) was substituted in equation (9) 

to calculate the complex modulus 𝐺∗(𝜔) = 𝐺′(𝜔) + 𝑖𝐺′′(𝜔) (Supplementary Figs. 15c, 24, and 

25). 

For each bead trajectory from each condensate, we extracted 𝐺′(𝜔), 𝐺′′(𝜔), and 𝜂 

(Supplementary Fig. 15d). The final viscoelastic moduli from multiple condensates were averaged 

for each frequency 𝜔. Error bars were estimated using the standard deviation (Supplementary 

Fig. 15e). The presented values for the zero-shear viscosity are the average of at least 10 values 

extracted from individual condensates’ moduli. The terminal relaxation time was obtained by 

averaging the inverse of the crossover frequency, which was calculated from G’ and G’’ frequency 

traces for individual condensates. An example of the condensate-to-condensate variation of the 

moduli is depicted in supplementary figure 15d. To ensure the correctness of our calculations, we 

used this method to measure the viscosity of water found it to be 0.93 ± 0.03 mPa.s which is 

comparable with the reported value in the literature15 (0.91 mPa.s, Supplementary Fig. 17).  

 

Supplementary Fig. 17. (a) Viscoelastic moduli of water using the pMOT assay with 2 µm 

polystyrene beads. (b) The viscosity of water as measured from the pMOT assay (water viscosity 

is 0.91 mPa.s15). Sample size is n=16 measurements. 

 

Bead-condensate interactions: 

One of the assumptions of microrheology is that there are no strong interactions between the 

bead and dense phase. The presence of such interactions alters the extracted rheological 

response of the material16. We have previously probed the effect of bead-condensate interactions 

on video particle tracking microrheology using [RGRGG]5-dT40 condensates. In that study, we 

showed that the presence of the carboxylate beads did not alter the overall phase behavior of the 

peptide-nucleic acid system (Figure S3 in Alshareedah et al.17). This means that the beads are 

not affecting the interactions between the nucleic acids and the peptides significantly. To further 

confirm that, we performed a bead-halo assay on non-fluorescent carboxylate beads embedded 

within peptide-RNA condensates. The bead-halo assay is used to probe intermolecular 



interactions by coating a bead with a substrate and adding the bait protein18. If the protein binds 

to the substrate it will coat the bead and the bead surface will have an intensity higher than the 

average bulk intensity18 (Supplementary Fig. 18a). We used carboxylate functionalized beads 

which partition positively in peptide-RNA condensates. As our baits, we used [RGRGG]5-

Alexa594 and U10-FAM RNA to see if the beads are interacting with the peptide or the RNA inside 

the condensates. Our experiments show that beads' intensity is less than or equal to the mean 

intensity of the probes inside the condensates, indicating no significant interactions or adsorption 

of the biopolymers on the bead surface (Supplementary Fig. 18b). This result is also consistent 

with a recent study that showed that the MSDs of PEGylated beads and carboxylate beads are 

identical within condensates formed by polyR10 ([R]10) and UTP19.  

 

 
Figure S18. (a) Schematic illustration of the expected outcome of the bead-halo assay in case of 

the presence and absence of bead-client interactions. (b) Bright-field and fluorescent images of 

carboxylate beads within [RGRGG]5-rU40 condensates and corresponding intensity profiles. (Top 

panel) The recruitment behavior of [RGRGG]5-Alexa594 with the carboxylate beads within 

peptide-RNA condensates showing that the beads do not recruit or adsorb any peptide molecules 

on its surface. The intensity profile across the bead (black) shows a dip in intensity due to the 

absence of any [RGRGG]5-Alexa594 molecules on its surface. The intensity profile across a bead-

free region (red) of the droplets shows the average mean intensity. (Bottom panel) similar data 

but with U10-FAM RNA as the client in the bead-halo assay. The scale bars represent 10 µm. 

These results indicate that the carboxylate beads do not interact significantly with the condensate 

medium as they do not recruit or concentrate the two components forming the condensates: 

[RGRGG]5 and RNA.  

 

 

Effect of solid and liquid interfaces:   

For accurate rheological analysis, the effects of nearby solid and liquid interfaces need to be 

quantified in order to ensure that laser refraction and interfacial fluctuations do not have significant 

effects on the measurements. First, we confirmed that the proximity of a liquid-liquid interface (~3 



µm) does not significantly alter the viscoelastic moduli (Supplementary Fig. 19), even though all 

of our experiments were performed when the bead is at the center of the condensate (distance 

from a liquid-liquid interface > 3 µm).  

 

Supplementary Fig. 19. A comparison between the frequency-dependent viscoelastic moduli (G’ 

and G’’) as obtained from pMOT experiments at the center of the condensate and at the side of 

the condensate (~ 3 µm from the condensate interface with the dilute phase). These condensates 

are formed by mixtures of [RPRPP]5 peptide (5.0 mg/ml) and rU40 RNA  (2.5 mg/ml). No 

significant effects of the proximity to the interface on the viscoelastic moduli were observed under 

these conditions. The scale bar represents 10 µm. 

Next, we probed whether the proximity of the solid glass interface affects the optical 

trapping and the pMOT measurements due to the reflection and refraction of the trapping laser 

as well as bead-surface interactions. First, we measured the normalized position autocorrelation 

function (NPAF) for 1 µm bead trapped at a variable distance from the glass surface ℎ in water 

using identical trapping power (Supplementary Fig. 20a).  We found that there is insignificant 

variation in the NPAF curves as we change the distance from the surface from 3 µm to 10 µm. 

The same result was obtained from an identical experiment using a 35% aqueous solution of 

polyethylene glycol (Supplementary Fig. 20b&c). This indicates that the trajectory of the bead in 

the X and Y direction 3 µm away from the surface is similar to that when the bead is 10 µm away 

from the surface.    

 



Supplementary Fig. 20. (a) A scheme illustrating the trapping of a particle in a continuous 

medium at a variable distance ℎ from the glass surface. (b) Normalized position autocorrelation 

function (NPAF) of a trapped bead at a variable distance from the surface and at identical laser 

power within water. (c) Normalized position autocorrelation function (NPAF) of a trapped bead at 

a variable distance from the surface and at identical laser power within a solution of 35 % wt/vol 

PEG8000. 

Next, we trapped a 1 µm bead within a peptide-RNA condensate ([KGKGG]5-rU40) at 

different distances from the surface ℎ and measured the bead trajectory (Supplementary Fig. 

21a). We find that similar to the case of a continuous medium (Supplementary Fig. 20), the NPAF 

curves were similar for the bead at all the tested surface to bead separations (1µm - 10µm; 

Supplementary Fig. 21b). Additionally, the displacement probability in the X and Y direction was 

identical across all the tested surface-to-bead separations (Supplementary Fig. 21c). This 

indicates that pMOT experiments under these conditions are not affected by the proximity of 

neither the glass coverslip surface nor the liquid-liquid interface (Supplementary Fig. 19). The 

Gaussian shape of the displacement probability also indicates that the trapping potential is 

harmonic6. Increasing the laser trapping power led to progressively narrower displacement 

probability distributions of the trapped bead within the peptide-RNA condensate (Supplementary 

Fig. 21d). Furthermore, the relation between the measured trap stiffness and the laser power was 

found to be linear inside the condensate (Supplementary Fig. 21e), which is expected for a 

harmonic optical trap7. Collectively, these data confirm the integrity of the optical trap when 

present within a peptide-RNA condensate and the validity of the harmonic potential approximation 

that facilitates our passive microrheology measurements.  

 

Supplementary Fig. 21.  Control experiments probing the feasibility of pMOT experiments within 

[KGKGG]5-rU40 condensates. (a) Scheme illustrating the optical trapping of a polystyrene 

microsphere within peptide-RNA droplet at distance h from the glass slide surface. (b) Normalized 

position autocorrelation function (NPAF) of a trapped microsphere within the condensate at 

variable distances from the glass slide surface and identical trapping power. (c) Probability 

distribution of the trapped particle displacements from the center of the optical trap at variable 



distances from the glass slide surfaces. (d) The probability distribution of particle displacements 

from the center of the optical trap as a function of increasing trapping power and trapping stiffness 

within peptide-RNA condensate. (e) Trap stiffness scales linearly with laser power inside peptide-

RNA condensates. (f) A representative power spectrum of the fluctuations of a 4.6 µm bead 

diffusing in water and held by an optical trap. These fluctuations are tracked through the optical 

trap using a quadrant photodiode (Lumicks, C-trap). The fit shown here is a Lorentzian fit (𝑃𝑆𝐷 =

𝑎/(𝑓2 + 𝑓𝑐
2)) that gives the corner frequency 𝑓𝑐 from which the trap stiffness is calculated given 

the viscosity of the medium (water) is known. The PSD calibration is done through a built-in routine 

provided with the optical trap instrument (Lumicks, C-trap) following previously established 

methods20. (g) Comparison between laser-based calibration via power spectral density analysis 

(PSD) and the camera-based calibration via the equipartition theorem (EPT) used in this study 

for the same bead in (g) over multiple calibration trials. Sample size is n=10 measurements.  

  



 

Supplementary Fig. 22. Representative plots of the calculated normalized position 

autocorrelation function (NPAF) and the multi-exponential fit (Equation-11) for various peptide-

RNA condensate systems that are shown in Figs. 1-3 in the main text.   

 

  



 

Supplementary Fig. 23. Representative plots of the calculated normalized position 

autocorrelation function (NPAF) and the multi-exponential fit (Equation 11) for various peptide-

NA condensate systems that are shown in Figs. 5-6 in the main text and corresponding SI figures.   

 

 

 

  



 

Supplementary Fig. 24. Example plots of the viscoelastic moduli calculated from raw (blue and 

green) and fitted (black and red) autocorrelation functions (NPAF) of various peptide-NA 

condensate systems shown in Figs. 5-6 in the main text and corresponding supplementary 

figures.   

 

  



 

Supplementary Fig. 25. Example plots of the viscoelastic moduli calculated from raw (blue and 

green) and fitted (black and red) autocorrelation functions (NPAF) of various peptide-NA 

condensate systems that are shown in Figs. 1-3 in the main text. 

 



 

 

Supplementary Fig. 26. Values of the trap stiffness inside the condensate for all the condensates 

examined in this work as well as water. Error bars represent the range of the data. The sample 

size for these experiments range from 8 to 33 measurements (see the source data file for details).  
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