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We report the effect of neutral macromolecular crowders poly(ethylene glycol) (PEG) (8 kDa) and Ficoll (70 kDa) on liquid 

liquid phase separation in a polyuridylic acid (polyU)/spermine complex coacervate system. The addition of PEG decreased 

both the amount of spermine required for phase separation and the coacervation temperature (TC). We interpret these 

effects on phase behavior as arising due to excluded volume and preferential interactions on both the secondary 

structure/condensation of spermine-associated polyU molecules and on the association of soluble polyU/spermine 

polyelectrolyte complexes to form coacervate droplets. Examination of coacervates formed in the presence of 

fluorescently-labeled PEG or Ficoll crowders indicated that Ficoll is accumulated while PEG is excluded from the coacervate 

phase, which provides further insight into the differences in phase behavior. Crowding agents impact distribution of a 

biomolecular solute: partitioning of a fluorescently-labeled U15 RNA oligomer into the polyU/spermine coacervates was 

increased approximately two-fold by 20 wt.% Ficoll 70 kDa and by more than two orders of magnitude by 20 wt.% PEG 

8 kDa. The volume of the coacervate phase decreased in the presence of crowder relative to a dilute buffer solution. These 

findings indicate that potential impacts of macromolecular crowding on phase behavior and solute partitioning should be 

considered in model systems for intracellular membraneless organelles. 

 

Introduction 

A number of non-membranous organelles, such as nucleoli
1
 and P 

granules,
2
 are thought to form by liquid-liquid phase separation 

(LLPS).
3-11

 These protein- and RNA-rich intracellular condensates 

appear to be crucial for cellular function, playing roles in signaling, 

sequestration, and spatiotemporal reaction control.
11

 LLPS is a 

relatively general demixing phenomenon that occurs in solutions 

containing macromolecules; different types of molecular 

interactions (e.g., poor macromolecule solvation, ion pairing, 

and/or specific biomolecular binding) can be important depending 

on the system. Ion-pairing interactions appear to play important 

roles in the formation of several membraneless organelles,
3, 7-9, 12

 

suggesting that a type of LLPS referred to as complex coacervation 

could provide useful model systems. Complex coacervation occurs 

in solutions of oppositely charged macromolecules and results in 

the formation of a dense polyelectrolyte-rich phase (termed the 

coacervate phase) and a dilute supernatant phase. Complex 

coacervation can occur with a wide range of polyelectrolyte pairs,
13-

15
 and is sensitive to changes in the solution environment such as 

salt concentration,
16, 17

 pH,
13, 18

 temperature,
14, 15

 and post-

translational modifications like phosphorylation.
19

 This tunability 

mimics an important aspect of intracellular phase separation: the 

ability to modulate phase behavior in response to biological stimuli. 

Purified solutions of key protein components of membraneless 

organelles have been shown to undergo environment-dependent 

LLPS. P granules found in the embryos of C. elegans have been 

shown to regulate their assembly and disassembly by 

phosphorylation of serine-rich proteins.
20

 Temperature has been 

shown to modulate phase separation of intracellular droplets 

containing the intrinsically disordered protein (IDP) Ddx4,
3
 as well 

as stress granules composed of the ALS-related protein FUS.
21

 

Dense polyelectrolyte-rich coacervate droplets mimic important 

aspects of intracellular phase separation, but the accompanying 

dilute supernatant phase does not accurately model any cellular 

compartments. The cellular environment contains up to 300-400 

mg/mL of macromolecules, which results in a macromolecularly 

crowded solution that does not behave according to 

thermodynamic ideality.
22, 23

 Crowding impacts molecules in 

solution through both volume exclusion, the reduction of volume 

available to molecules due to the volume occupied by other 

macromolecules, and nonspecific chemical effects, preferential or 

repulsive interactions between molecules.
24

 Volume exclusion can 

lead to increased effective concentrations of solutes, sometimes by 

orders of magnitude, which could facilitate phase separation at 

lower polyelectrolyte concentrations.
23, 25

 Early crowding studies 

showed that the activity coefficient of hemoglobin (Hb) increased 
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tenfold as the concentration of Hb increased from 200 mg/mL to 

300 mg/mL, near the physiological Hb content of red blood cells 

(350 mg/mL).
26, 27

 Taylor and coworkers,
9
 as well as Lin et. al.,

28
 

have observed that crowding increased the propensity for 

formation of liquid droplets with RNA and protein components by 

decreasing the amount of protein required for phase separation. 

Crowding has also been shown to support LLPS of the Alzheimer-

related protein Tau.
29

 PEG has been shown to increase the upper 

critical solution temperature (UCST, temperature above which 

phase separation no longer occurs) for a number of systems, 

including various eye lens proteins
30, 31

 and IgG antibody solutions,
32

 

promoting persistence of phase separation. In these cases, PEG-

induced LLPS is thought to occur due to depletion forces as a result 

of inter-protein attractive interactions.
30, 33, 34

 Volume exclusion 

alone is predicted to favor more compact structures, thus favoring 

protein folding, RNA/DNA structure, associative interactions, and 

aggregation.
25, 35-42

 Repulsive chemical interactions can enhance the 

effects caused by volume exclusion, while preferential interactions 

can minimize or compensate for the volume exclusion effects 

depending on the magnitude of the interactions.
43

 Associative LLPS 

described by complex coacervation, where extended rather than 

compact conformations favor phase separation due to the necessity 

for ion pairing between separate molecules, may behave differently 

in the presence of crowding agents than LLPS through protein self-

association driven by poor solvation or specific biorecognition 

motifs.
11, 44-46

 The functional properties of coacervate droplets (e.g. 

ability to interact with/colocalize crowders and biomolecules) are 

also likely to be affected by crowding, and have not, to our 

knowledge, been previously explored for any coacervate system. 

These considerations highlight the importance of determining the 

impact of high macromolecule content on experimental model 

systems for biology.  

In contrast to protein-based phase separation, the effect of 

macromolecular crowding on RNA-based coacervation has not been 

explored. In vivo, membraneless organelles often contain both 

proteins and RNA.
1, 2, 4, 6

 These structures are important for RNA 

processing and contain proteins with RNA-binding motifs, so it 

follows that RNA could have an important role in their formation.
45

 

Indeed, RNA has been shown to promote phase separation in many 

scenarios, including the formation of C. elegans nucleoli,
4
 

ribonucleoprotein (RNP) granules,
6
 paraspeckles,

47
 and stress 

granules.
9
 Unlike many intrinsically disordered proteins associated 

with membraneless organelles, nucleic acids do not self-associate 

to phase separate in the absence of multivalent counterions. In the 

presence of polycations, nucleic acids can form soluble complexes 

as well as solid (precipitate) or liquid (coacervate) condensed 

phases.
48-53

 Polyamines are present in the intracellular 

environment,
54, 55

 and often associated with RNA.
54

  

 Here, we investigated the impact of macromolecular crowding on 

coacervation of RNA and spermine to generate a more accurate 

model for membraneless organelles, which are surrounded by the 

crowded intracellular milieu rather than by a dilute buffer solution. 

(Figure 1). We chose polyuridylic acid (polyU, MW 600 – 1,000 kDa), 

a long, low complexity RNA having minimal secondary structure, as 

our polyanion and the naturally occurring polyamine, spermine, as 

our cation. Coacervation in the polyU/spermine system
14, 56

 occurs 

predominantly via an ion pairing (complex coacervation) 

mechanism. PEG and Ficoll, the crowding molecules utilized here, 

are neutral macromolecules that are commonly used to mimic 

intracellular crowding conditions.
9, 23, 25, 57, 58

 We found that PEG 

promotes polyU/spermine complex coacervation. Although PEG 

was excluded from coacervate droplets and Ficoll was accumulated 

within them, both PEG and Ficoll improved partitioning of an RNA 

oligonucleotide and decreased the overall coacervate phase 

volume. This work highlights the importance of considering 

macromolecular crowding when generating experimental model 

systems, as it can have significant impacts on the phase behavior of 

complex coacervation.    

Materials and methods 

Materials 

Polyuridylic acid (polyU) potassium salt (MW 600 – 1,000 kDa), 

spermine tetrahydrochloride, HEPES, HEPES sodium salt, 

magnesium chloride hexahydrate (MgCl26H2O), poly(ethylene 

glycol) (PEG) (MW 7-9 kDa), Ficoll (MW 60 – 80 kDa), and Ficoll-

tetramethylrhodamine isothiocyanate (TRITC) (MW 30 – 50 kDa) 

were purchased from Sigma Aldrich (St. Louis, MO). Ethylene glycol 

(EG) was obtained from Amresco (Solon, OH). Dextran (MW 9 – 

11 kDa) was purchased from CedarLane Labs (Ontario, Canada). 

Sucrose and nuclease-free water were purchased from Thermo 

Fisher Scientific (Waltham, MA). Fluorescently-labeled PEG, mPEG-

Figure 1: Schematic view depicting the objective of this research. Complex coacervation (left) is a charge-based type of liquid liquid phase separation resulting in 

a dense polyelectrolyte-rich coacervate phase that models membraneless organelles and a dilute supernatant phase that does not mimic the cellular 

environment. The goal of this work is to elucidate the impact of macromolecular crowding (center) on complex coacervation to generate more accurate 

experimental model systems of intracellular organization. 
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fluorescein isothiocyanate (FITC) (MW 4 – 6 kDa) was obtained from 

Creative PEGWorks (Winston Salem, NC). The fluorescently-labeled 

oligonucleotide, U15 RNA, was 5’-labeled with Alexa Fluor 647 (NHS 

ester) and purchased from Integrated DNA Technologies (Coralville, 

IA). Secure-seal one well spacers (9 mm diameter, 0.12 mm deep) 

from Life Technologies (Carlsbad, CA) or silicone spacers (9 mm 

diameter, 2 mm deep) from Electron Microscopy Sciences (Hatfield, 

PA) and micro cover glasses (no. 1.5, 24 x 30 mm) from VWR (West 

Chester, PA) were used for optical microscopy imaging. Glass slides 

were silanized (using N-(triethoxysilylpropyl)-o-polyethylene oxide 

urethane) prior to use as previously described to render the surface 

hydrophobic and prevent coacervate droplets from exhibiting non-

spherical geometries.
59

 Chemicals were used as received.  

Instrumentation 

Turbidity measurements were taken using either Agilent 8453 

diode-array UV-visible spectrometers with Agilent ChemStation 

software coupled with Agilent 89090A Peltier temperature 

controllers or an OLIS 8453 diode-array UV-visible spectrometer 

with OLIS interface and SpectralWorks software coupled with an 

OLIS linear six-position Peltier cell holder. Confocal images were 

taken using a Leica TCS SPS laser scanning confocal inverted 

microscope (LSCM) with Leica LAS AF software, a 63x oil objective, 

and an Instec TSA021 temperature-controlled stage. Bulk 

fluorescence measurements were made using a Fluorolog 3-21 

fluorimeter with FluorEssence software and a Wavelength 

Electronics temperature controller. Fluorescence quantification of 

coacervate images was completed in ImageJ, and graphing was 

done in IgorPro Version 6.37 software.  

Coacervate Preparation 

A 1 wt.% stock solution of polyU was prepared in nuclease-free 

water and stored in multiple aliquots at -20 °C. Final concentrations 

of polyU ranged from 0.005 wt.% (~0.05 – 0.08 µM) to 0.05 wt.% 

(~0.5 – 0.8 µM) polyU. Multiple stock solutions (0.1 – 10 wt.%) of 

spermine were prepared in deionized water and stored at 5 °C. Final 

concentrations of spermine ranged from 0.0005 wt.% (14 µM) to 

0.05 wt.% (1440 µM). Crowder (PEG and Ficoll) and small molecule 

analog (EG and sucrose) stock solutions were prepared at 25 wt.% 

in deionized water and stored at 5 °C. The Alexa 647-U15 RNA stock 

solution was prepared at 100 µM in nuclease-free water and stored 

at 5 °C. Coacervates were prepared in a 5 mM HEPES (pH 7.4), 

1 mM MgCl2 buffer. Stock solutions were added in the following 

order for preparation of each sample: deionized water, HEPES, 

MgCl2, crowder/small molecule, polyU, spermine, oligonucleotide 

(for partitioning experiments). Samples were mixed via gentle 

pipetting in between the addition of each stock solution.  

Characterization of Coacervate Formation 

The amount of spermine required for coacervation with 0.05 wt.% 

polyU in a 5 mM HEPES (pH 7.4), 1 mM MgCl2 buffer at 37 °C was 

determined using UV-visible spectroscopy by measuring the sample 

absorbance/transmittance at 500 nm and converting to turbidity 

(T500, turbidity = 100 - % transmittance). Samples were incubated at 

37 °C for 5 min prior to measurement and held at 37 °C during 

measurement. The phase transition temperature (or coacervation 

temperature, TC) of polyU/spermine coacervates was also 

determined using UV-visible spectroscopy as described above. The 

temperature was ramped from 5 – 40 °C in 0.5 °C increments, 

incubating at each temperature for 12 sec. PolyU structure was 

probed using UV-visible spectroscopy as well, by measuring the 

sample absorbance/transmittance at 260 nm and converting to 

normalized absorbance (A260). Normalization was completed using 

the highest absorbance value in each temperature range. The data 

were plotted using IgorPro Version 6.37 graphing software.  

Curve Fitting 

Due to the steepness of the transition to maximal turbidity, 

standard deviations from three experimental trials are higher in this 

region of the plot. In order to take standard deviation into account 

and avoid user bias when determining the transition midpoint, 

curve fitting was used to describe the shape of the dataset. Sample 

turbidity vs. wt.% spermine and sample turbidity vs. temperature 

data were fit using the four-parameter logistic nonlinear regression 

model (also known as the Hill equation or the variable slope 

sigmoidal equation) (eq 1), in IgorPro Version 6.37 software. 

Although this equation was developed to describe biomolecule 

binding curves, data unrelated to biomolecule binding but still 

assuming a sigmoidal shape are well described by the equation.
60-63

 

Residuals (provided in ESI, Figure S1 and S3) represent error in the 

fit and are weighted by the standard deviation of triplicate 

measurements. The calculated x values required to achieve 50% 

maximal turbidity represent the amount of spermine required for 

phase separation and the coacervation temperature (TC), 

respectively, and take into account the error from triplicate 

measurements of sample turbidity. 

Eq 1   𝒇(𝒙) = 𝒃𝒂𝒔𝒆 +
(𝒎𝒂𝒙−𝒃𝒂𝒔𝒆)

𝟏+[
𝒙𝒉𝒂𝒍𝒇

𝒙
]
𝒓𝒂𝒕𝒆 

Coacervate Imaging 

Confocal microscopy images were collected with an excitation at 

488 nm for FITC-labeled PEG, 543 nm for TRITC-labeled Ficoll, and 

633 nm for Alexa 647-labeled U15 RNA. The temperature stage was 

held at 37 °C to maintain phase separation within the sample. 

Fluorescent U15 RNA concentration inside droplets was calculated 

using a calibration curve of the fluorescently-labeled 

oligonucleotide in buffer. 

Bulk Fluorescence Measurements 

Bulk fluorescence measurements for determining the Alexa 647-

U15 RNA concentration in the supernatant phase were made using 

an excitation of 633 nm. The temperature was held at 37 °C. 

Coacervate samples were prepared as described above, incubated 

at 37 °C for 30 minutes, then centrifuged (at 37 °C and 13,200 rpm) 

to form a single coalesced coacervate phase at the bottom of the 

tube. The supernatant phase was then removed for bulk 

fluorescence measurements. Fluorescent U15 RNA concentration 

was determined from calibration curves of the fluorescently-labeled 

oligonucleotide in buffer.  

Results and discussion 

Macromolecular crowders might be expected to impact several 

aspects of complex coacervation in the polyU/spermine system. 
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These include: (i) polyU conformation, (ii) formation of 

polyU/spermine soluble complexes, and (iii) complex coacervation 

to form polyU/spermine-rich droplets.
14, 64, 65

 We used the common 

neutral crowding agents PEG (molecular weight (MW) 8 kDa) and 

Ficoll (70 kDa) and their small molecule analogs, EG and sucrose, to 

probe the impact of macromolecular crowding on the formation 

and properties of polyU/spermine coacervates. 

Previous work in our lab has established the salt, polyamine, and 

temperature-dependent phase behavior of complex coacervation 

between polyU and spermine, as well as its ability to 

compartmentalize peptides and oligonucleotides.
14

 Phase 

separation was shown to occur between polyU and spermine across 

a range of charge ratios from 0.7 (+/-) to 100, and coacervate 

droplets were stable at salt concentrations of up to 200 mM NaCl. 

The coacervate system also exhibited lower critical solution 

temperature (LCST) behavior, existing as a single phase below 

ambient temperature (~22 °C), and undergoing phase separation 

upon heating. The LCST behavior was hypothesized to occur as a 

result of a loss in polyU secondary structure and adoption of a 

random coil, rendering more of polyU’s negative charges available 

to interact with the cationic spermine.
14

 Here, we first evaluate the 

effect of crowders on phase separation, then explore their 

distribution between the coacervate and supernatant phases, and 

finally quantify the impact of crowders on the accumulation of a 

labeled RNA oligonucleotide within the coacervates.  

Spermine Content Required for Coacervation 

We first evaluated the amount of spermine, and thus the charge 

balance, required for polyU/spermine coacervation of a fixed 

amount of polyU RNA (Figure 2). Sample turbidity was used to 

identify phase separation. In the absence of crowder and with 

constant polyU (0.05 wt.%), coacervation occurred with a minimum 

of 0.0071 wt.% spermine (a +/- charge ratio of 0.8), which is 

consistent with previous results.
14

 Increasing amounts of PEG 8 kDa 

led to a significant decrease in the spermine (0.0051 wt.%, charge 

ratio: 0.58 for 20 wt.% PEG) required to induce coacervation (Figure 

2A). Increasing the amount of EG exhibited a trend similar in 

direction but smaller in magnitude (0.0056 wt.%, charge ratio: 0.64 

for 20 wt.% EG) (Figure 2B). In contrast, neither Ficoll 70 kDa nor 

sucrose appreciably impacted the amount of spermine required for 

phase separation (Figure 2C-D). To determine whether the 

differences between crowders was related to molecular weight
66-68

 

or chemistry, we also tested dextran 10 kDa, another 

polysaccharide structurally similar to Ficoll but with a molecular 

weight close to that of PEG. Dextran 10 kDa did not have as 

significant an impact on the amount of spermine required for 

coacervation as did PEG 8 kDa (Figure S2), suggesting that size of 

the crowding molecule is not primarily responsible for the differing 

effects observed here. The similar impacts observed for PEG 8 kDa 

and EG further suggest that the trend is not entirely due to 

excluded volume.
39

  

Beyond excluded volume effects, crowders and cosolutes can 

influence the conformation and association state of nucleic acids by 

changes in water activity or chemical interactions with functional 

groups on the macromolecule of interest; together these effects 

can be termed chemical effects or preferential interactions.
69, 70

 For 

example, PEGs with MWs lower than 6 kDa and EG have been 

shown to destabilize RNA hairpins as a result of hydrophobic 

interactions between (P)EG and RNA nucleobases.
71

 Knowles et. al. 

found that EG and other small, non-crowding PEGs (MW<200 Da) 

destabilized DNA hairpins and duplexes due to preferential 

chemical interactions between EG and the DNA nucleobases 

exposed during melting.
39

 Both PEG and EG can experience 

attractive chemical interactions with the polyU nucleobases, which 

could favor an extended polyU structure, allowing spermine more 

access to the negatively charged polyU. However, preferential 

interactions between PEGs and DNA have been shown to decrease 

with increasing PEG MW, as a larger percent of the PEG segments 

become buried within the flexible PEG coil, shielding them from 

DNA interactions.
39

 Crowding has been shown to decrease the 

water activity in solution,
72, 73

 with PEG
74

 depressing water activity 

to a much greater extent than Ficoll.
71, 75

 This decrease in water 

activity can favor the less-hydrated unfolded states of nucleic 

acids.
73, 76

 EG has also been shown to significantly decrease water 

activity.
71

 Neither Ficoll nor sucrose impact water activity with the 

same magnitude as PEG and EG,
71

 nor are they likely to exhibit the 

same types of preferential interactions with the polyU RNA. Our 

data are consistent with the hypothesis that preferential 

interactions with PEG and EG destabilize the secondary structure of 

polyU, facilitating interactions between polyU and spermine at 

lower spermine concentrations, thus promoting first 

polyU/spermine soluble complexation followed by complex 

coacervation.  

 
Figure 2: Effect of crowders and their small molecule analogs on the amount of 

spermine required to induce coacervation. Fitting of turbidity (to eq 1) as a function of 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

wt.% spermine for 0.05 wt.% polyU, parametric in wt.% (A) PEG, (B) EG, (C) Ficoll, and 

(D) sucrose. Data points represent the average of triplicate measurements. (E) 

Spermine required to induce coacervation as a function of wt.% probe molecule. 

Turbidity midpoints were calculated from fits as described in Methods. Both PEG and 

EG decrease the amount of spermine required for phase separation, but the effect of 

PEG is more dramatic than that of EG. Neither Ficoll nor sucrose has a significant 

impact on spermine required for coacervation. Error bars represent standard deviation 

calculated from the fits in (A-D). Residuals representing errors in fit can be found in 

Figure S1.  

Temperature-Dependence of PolyU/Spermine Coacervation 

The polyU/spermine coacervate system exhibits temperature-
dependent phase behavior, existing as a single phase below 
ambient temperature (~22 °C) in the absence of crowders, and 
undergoing phase separation at higher temperatures. The effect of 
crowding on this temperature-dependent behavior was 
investigated by measuring sample turbidity as a function of 
temperature in the presence of varying amounts of crowding 
molecules and their small molecule analogs.  

Above 2.5 wt.% PEG, coacervation occurred at temperatures as low 
as 5 °C, but still exhibited slight transitions to maximum phase 
separation (Figure 3A). These data suggest that PEG promotes 
polyU/spermine coacervation at low temperatures, but upon 
heating, phase separation occurs to a greater degree (i.e. the 
quantity or size of coacervate droplets increases).  In such a case, a 
number of factors, some temperature-sensitive, are likely impacting 
polyU/spermine phase behavior. Crowding typically favors 
associative or condensation reactions, as a result of volume 
exclusion, so condensation of soluble polyU/spermine complexes 
into complex coacervate droplets could also be supported by 
volume exclusion effects. These results are consistent with the 
hypothesis that PEG crowding increases the effective 
concentrations of spermine and polyU and exhibits preferential 
interactions that favor the unstructured polyU. However, the 
negligible impact of Ficoll, EG, and sucrose on the TC (Figure 3B-D), 
is somewhat surprising, as one might expect to see similar impacts 
with smaller magnitude for both Ficoll (excluded volume) and EG 
(preferential interactions). To better understand these results, we 
next investigated the effect of the crowders and cosolutes on polyU 
secondary structure. 

 
Figure 3: Effect of crowders and their small molecule analogs on the coacervation 

temperature (TC) of polyU/spermine. Fitting of turbidity (to eq 1) as a function of 

temperature for 0.05 wt.% polyU/0.01 wt.% spermine, parametric in wt.% (A) PEG, (B) 

EG, (C) Ficoll, and (D) sucrose. Data points represent the average of triplicate 

measurements. (E) Coacervation temperature as a function of wt.% probe molecule. 

Turbidity midpoints were calculated from fits as described in Methods. PEG 

dramatically decreases the TC, while Ficoll, EG, and sucrose have a negligible impact on 

TC. Error bars represent standard deviation calculated from the fits in (A-D). Residuals 

representing errors in fit can be found in Figure S3. 

Secondary Structure of PolyU 

In the absence of crowders, the LCST behavior exhibited by 

polyU/spermine occurred at the same temperature as the loss in 

(spermine-stabilized)
77

 polyU secondary structure, suggesting that 

loss of polyU structure was required for phase separation.
14

 PolyU 

melt experiments in the presence and absence of PEG, EG, Ficoll, 

and sucrose were completed to probe the impact of crowding and 

preferential interactions on polyU secondary structure, specifically 

base-stacking and hydrogen bonding. Hypochromicity, a decrease in 

absorbance at 260 nm, results from base stacking and is indicative 

of polynucleotide structure.
78, 79

 Early work found that polyU, 

previously thought to have no appreciable ordered structure, 

exhibited both hypochromicity and an increase in optical rotation at 

temperatures below 10 °C, indicative of an ordered, helical 

structure.
80, 81

 At low temperatures, polyU has been hypothesized 

to adopt a hairpin-like structure consisting of U-U hydrogen 

bonding.
80

 The presence of polyamines, including spermine, has 

been shown to stabilize this structure, shifting the change in 

absorbance and optical rotation indicative of a loss in structure to 
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higher temperatures.
77

 Our results suggest that the secondary 

structure of polyU changes in the presence of increasing amounts of 

crowders, but not in the presence of their small molecule analogs 

(Figure 4). Increasing amounts of crowder resulted in a decrease in 

the temperature at which polyU loses its secondary structure (Tm), 

indicative of a destabilization of base-stacking interactions. For 

PEG 8 kDa at 15 and 20 wt.%, the change in Tm (Figure 4A) appears 

to correlate with the inflection points in the temperature-

dependent turbidity data at high PEG concentration (Figure 3A), 

suggesting that although loss of polyU structure was not necessary 

for phase separation in the presence of PEG, its occurrence 

nonetheless favors coacervation. 

The initial A260 at low temperatures also increased above 10-15 

wt.% PEG or Ficoll, suggesting that at temperatures as low as 5 °C, 

polyU has already lost some of its (spermine-stabilized)
14, 77

 

secondary structure. PEG and Ficoll thus appear to interfere with 

spermine’s stabilization of polyU base-stacking. The transition from 

base-stacking secondary structure to a random coil exposes more 

negative charges on polyU that can interact with the cationic 

spermine, promoting coacervation at lower temperatures and 

spermine concentrations. The lack of impact on polyU melt 

behavior from the non-crowding probe molecules (EG and sucrose) 

suggests that volume exclusion, as opposed to nonspecific chemical 

interactions, is the driving force behind the observed decrease in TC 

illustrated in Figure 3. It is interesting to note that PEG and Ficoll 

affect polyU’s transition from secondary structure to random coil in 

similar ways, despite their significantly different impact on the TC of 

polyU/spermine coacervation.  

 
Figure 4: Normalized absorbance at 260 nm (A260) as a function of temperature for 

0.005 wt.% polyU/0.0005 wt.% spermine parametric in (A) PEG, (B) EG, (C) Ficoll, and 

(D) sucrose. Error bars represent standard deviation between triplicate measurements. 

Absorbance values are normalized to the highest absorbance measurement within each 

experiment. As the amounts of both PEG and Ficoll increase, the Tm decreases and the 

initial A260 increases. Neither EG nor sucrose significantly impact the Tm or initial A260. 

Additional polyU melt experiments were conducted in the absence 
of spermine with varying crowder/small molecule content to probe 
the potential impact of crowding on polyU structure alone (Figure 

5). An increase in PEG shifted the Tm to higher temperatures, 
suggesting PEG stabilizes polyU secondary structure in the absence 
of spermine. This is in agreement with the prediction that volume 
exclusion favors folded, compact states, as well as experimental and 
theoretical evidence that nucleic acid structure is stabilized by 
macromolecular crowding.

25, 39, 48, 82, 83
 The negligible impact of the 

small molecules EG and sucrose on polyU structure in the absence 
of spermine, specifically for EG, indicate important differences 
between PEG 8 kDa and the other molecules in their excluded 
volume and/or preferential interactions. Taken together, the results 
from Figures 4 and 5 show that coacervation in the presence of 
crowders cannot be understood solely on the basis of how 
crowders impact polyU secondary structure.  

 
Figure 5: Normalized absorbance at 260 nm (A260) as a function of temperature for 

0.005 wt.% polyU with no spermine, parametric in (A) PEG, (B) EG, (C) Ficoll, and (D) 

sucrose. Error bars represent standard deviation between triplicate measurements. 

Absorbance values are normalized to the highest absorbance measurement within each 

experiment. As the amount of PEG increases, the Tm increases. Neither Ficoll, EG, nor 

sucrose significantly impact the normalized A260. 

Crowder and Oligonucleotide Partitioning 

A number of membraneless organelles and in vitro liquid droplets 

composed of RNA and intrinsically disordered proteins have been 

shown to concentrate and compartmentalize biomolecules, 

including oligonucleotides.
3, 84-87

 This capability is considered central 

to their function.
11, 88, 89

 Therefore, it is important to probe the 

potential impact of a crowded environment on biomolecule 

partitioning. Compartmentalization of fluorescently labeled PEG, 

Ficoll, and the 15-nt oligonucleotide U15 RNA was investigated 

using a combination of confocal fluorescence microscopy and bulk 

fluorescence measurements. We found that FITC-PEG 5 kDa was 

excluded from the coacervate phase to an increasing degree as the 

amount of PEG 8 kDa in solution increased (Figure 6A), with 

apparent partitioning coefficients (Kapp, calculated using 

fluorescence intensities inside and outside of the droplets) of 0.48 ± 

0.04 at 2.5 wt.% PEG and 0.23 ± 0.08 at 20 wt.% PEG. Control 

experiments showing FITC alone accumulating inside coacervate 

droplets suggest that exclusion from the coacervate phase is based 

on interactions with PEG and not the fluorescent label (Figure S6). 
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In contrast, TRITC-Ficoll 40 kDa was colocalized within the 

coacervate droplets, with an increase in partitioning behavior as 

wt.% Ficoll 70 kDa increased (Figure 6B), (Kapp values of 1.9 ± 0.1 at 

2.5 wt.% Ficoll and 3.1 ± 0.4 at 20 wt.% Ficoll). Given the wide 

variety of solutes that have been shown to accumulate in complex 

coacervates (e.g. small molecules,
13, 90-92

 proteins,
92, 93

 enzymes,
13, 91

 

nucleic acids,
14, 19, 94

 polysaccharide-coated nanoparticles
13, 92

), the 

exclusion of PEG from the coacervate phase was initially surprising. 

Coacervate droplets have been found to contain less water than the 

surrounding supernatant phase, and thus provide a more 

hydrophobic environment.
13

 Combined with PEG’s strong affinity 

for binding water molecules,
95, 96

 this provides a rationale for 

exclusion of PEG molecules from coacervate droplets, as there is 

more free water available in the supernatant phase. In fact, PEG is 

known to phase separate from some polyelectrolytes, for example 

producing distinct PEG-rich and DNA-rich phases at sufficiently high 

concentrations of double-stranded DNA.
97, 98

 

Crowder partitioning data also provides insight into the 

temperature-dependent phase behavior discussed earlier. The 

significant difference between PEG’s and Ficoll’s impact on the TC of 

polyU/spermine can be explained by the location of the crowding 

molecules during coacervation. The exclusion of PEG from 

polyU/spermine complexes could exert volume exclusion effects 

(that favor association/condensation) on the soluble 

polyU/spermine complexes, facilitating coacervate formation. This 

would account for the increased propensity for phase separation 

even before the loss of polyU secondary structure in the presence 

of PEG. Inclusion of Ficoll within polyU/spermine complexes 

accounts for the negligible impact of Ficoll on spermine required for 

coacervation and TC.  

 
Figure 6: Confocal fluorescence microscope images illustrating partitioning of (A) 

fluorescently-labeled FITC-PEG 5 kDa and (B) fluorescently-labeled TRITC-Ficoll 40 kDa 

within a 0.05 wt.% polyU/0.5 wt.% spermine coacervate system. FITC-PEG is excluded 

from coacervate droplets, while TRITC-Ficoll partitions into the coacervate phase. 

Images were false-colored green (PEG) and red (Ficoll), and their brightness adjusted to 

aid in visualization. The brightness was adjusted by the same degree for all images of 

each crowder to conserve fluorescence trends.  

 The single-stranded oligonucleotide U15 RNA was chosen to 

probe the compartmentalization ability of polyU/spermine 

coacervates due to its limited interactions with polyU (as it does not 

form Watson Crick base pairs with polyU). Previous research has 

studied the partitioning behavior of oligonucleotides with varying 

base pairing affinities for polyU based on sequence.
14

 Partitioning 

coefficients (KU15), where KU15 = [U15 RNA concentration in the 

coacervate phase]/[U15 RNA concentration in the supernatant 

phase], were calculated to describe the partitioning behavior of 

Alexa 647-U15 RNA within the polyU/spermine coacervate system. 

Coacervate phase concentrations of U15 RNA were determined 

using confocal fluorescence microscopy, while supernatant phase 

concentrations were determined using bulk fluorescence 

measurements; both methods utilized standard curves generated 

from Alexa 647-U15 RNA in buffer. The KU15 in polyU/spermine 

coacervate droplets in the absence of crowder is in agreement with 

literature,
14

 and a number of short oligonucleotides of RNA and 

DNA have been shown to partition into liquid droplets composed of 

the disordered region of Ddx4 protein with similar K values.
84

 

Increasing amounts of PEG significantly improved U15 RNA 

partitioning into the coacervate phase, with droplets formed in the 

presence of 20 wt.% PEG exhibiting a KU15 value 140x greater than 

that for droplets formed in the absence of crowder (Table 1, Figure 

7B and D). Ficoll exhibited a less dramatic effect on U15 RNA 

partitioning, but 20 wt.% Ficoll still increased the KU15 value two-

fold relative to droplets formed in dilute buffer (Table 1, Figure 7C-

D). These findings demonstrate that the presence of crowding 

agents can substantially alter the localization of biomolecular 

solutes in complex coacervates. Increased accumulation of the RNA 

oligonucleotide was observed for both PEG, which was itself 

excluded, and for Ficoll, which was accumulated. The observed 

changes in RNA oligonucleotide partitioning result from alterations 

in microenvironments both within and outside the coacervate 

droplets, which may include changes in water activity and excluded 

volume, as well as the distribution/conformation of the coacervate-

forming components. These crowding-induced changes in solute 

partitioning are important because even small changes in local 

biomolecule concentration could have substantial effects on 

intracellular processes.
99-101

 

Finally, we used the U15 RNA partitioning data to investigate 

crowding-induced changes in phase volume. PEG has been shown 

to dehydrate precipitated and compressed polyelectrolyte 

complexes, leading to substantially decreased volume.
102

 Although 

our samples are composed of different molecules and exist as liquid 

coacervates, dehydration by crowders such as PEG could help 

explain the observed partitioning behavior. As previously reported 

by Aumiller et al. for polyU/spermine in dilute solution,
14

 the 

coacervate phase volume was calculated from the concentrations of 

U15 RNA in each phase, total moles of U15 RNA added, and total 

sample volume (eq S1). Calculated volumes suggest that crowding 

decreases the coacervate volume to a similar extent for both PEG 

and Ficoll (Table 1 and Figure S5). Addition of even a small amount 

of crowder (2.5 wt.% PEG or Ficoll) resulted in at least a two-fold 

decrease in the coacervate phase volume, from 1.2 µL in dilute 

buffer to 0.2 µL in 2.5 wt.% PEG and 0.5 µL in 2.5 wt.% Ficoll (data 

are statistically different at a 95% confidence level with p-values of 

0.0002 and 0.005 respectively). The decreased coacervate phase 
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volume in the presence of crowders likely contributes to the 

increased partitioning of U15 RNA; this effect appears to be greater 

for PEG than for Ficoll, suggesting that PEG has a greater impact on 

the internal and/or external microenvironments as compared to 

Ficoll. While decreased phase volume at constant K can itself lead 

to increased local concentration for accumulated solutes,
103

 here 

we also observed increased KRNA as a consequence of crowding-

induced changes in the coacervate and supernatant phase 

compositions. 

 

 

Figure 7: Confocal fluorescence images of Alexa 647-U15 RNA partitioning into 0.05 

wt.% polyU/0.5 wt.% spermine coacervate droplets with (A) no crowder, (B) various 

amounts of PEG 8 kDa, and (C) various amounts of Ficoll 70 kDa. Images were false-

colored and brightness was adjusted by the same degree for all images of each crowder 

to conserve fluorescence trends and aid visualization. (D) Partitioning coefficient (K) of 

U15 RNA as a function of wt.% crowder. Error bars take into account standard 

deviation between 10 measurements for coacervate phase concentration and triplicate 

measurements for supernatant phase concentration. Alexa 647-U15 RNA partitions 

into the coacervate phase in all cases, and partitioning increases with an increase in 

crowder, exhibiting more dramatic partitioning in PEG than in Ficoll. 

Conclusions 

This work explored the consequences of macromolecular crowding 
and cosolutes on the phase separation of polyU RNA and spermine 
by complex coacervation. Complex coacervation usually involves 
long, flexible polyelectrolytes (e.g., the polyU RNA used here, 
synthetic polyelectrolytes, or charge-rich IDP stretches). Therefore, 
in addition to the typical crowding-favored associations between 
molecules, individual long flexible molecules can undergo 
condensation in the presence of crowders, which could inhibit their 
association with binding partners by reducing the available contact 
area. Additionally, ion-pairing interactions that drive complex 
coacervation can be influenced by preferential interactions (i.e. 
chemical effects) of the crowders.  In our experimental model 
system, the neutral macromolecular crowding agents PEG 8 kDa 
and Ficoll 70 kDa altered the phase behavior of polyU/spermine 
complex coacervation, emphasizing the importance of considering 
intracellular crowding when generating biomimetic models. 
Although previous studies suggested a loss in polyU base-stacking 
was necessary for phase separation,

14
 here we observe that PEG 

promotes coacervation at temperatures lower than the observed 
Tm of polyU. PEG also promotes phase separation at lower spermine 
concentrations (and charge ratios). The complexity of these results 
illustrates the variety of ways in which crowders can impact the 
coacervation process, including the conformation of the 
coacervate-forming components, their interactions with other 
molecules, and their association to form a condensed phase.  
 
Of particular interest were the results on crowder and RNA 
oligonucleotide distribution. Fluorescently labeled crowders 
exhibited different partitioning behavior, with PEG being excluded 
from coacervate droplets and Ficoll being accumulated. Despite 
their different partitioning, both PEG and Ficoll improved 
oligonucleotide accumulation into the coacervate droplets and 
decreased the total coacervate phase volume. These observations 
indicate that the presence of PEG or Ficoll altered the composition 
of the coacervate droplets and the external continuous phase, in 
part by reducing the internal water content. Since intracellular 
phase separation occurs under crowding conditions, our findings 
suggest that “background” macromolecules that do not directly 
participate in coacervation could nonetheless substantially 
influence solute distribution. 
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While the data presented here indicate the possibility of large 
crowder effects on coacervate formation and solute 
partitioning, they also underscore the differences between 
crowding agents. Inside living cells both the coacervate 
components and crowders will have greater chemical 
complexity, and preferential and repulsive interactions are 
likely to play a greater role than in the simple model system 
evaluated here. Important differences between in vitro and in 
vivo crowding experiments have been reported, with 
biomolecule identity and size appearing to play important 
roles in whether significant in vivo effects are observed. 

22, 40, 

58, 104, 105
 For example, a FRET-based protein probe that 

exhibited crowding-induced compaction in synthetic polymer 
solutions did not compact in cell lysate or bacterial cell culture, 
while assembly of the bacterial cytoskeletal protein, FtsZ, into 
protofilament bundles was enhanced in both synthetic 
crowders and cell lysate.

58
 To understand how intracellular 

crowding influences formation and properties of intracellular 
condensates formed by LLPS, it will be important for future 
studies to explore additional crowding agents, phase-
separating systems, and biomolecular solutes.  
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