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ABSTRACT: Gels are key materials in biological systems such as
tissues and may control biocondensate formation and structure. To
further understand the effects of elastic environments on
biomacromolecular assembly, we have investigated the phase
behavior and radii of complex coacervate droplets in polyacryla-
mide (PAM) networks as a function of gel modulus. Poly-L-lysine
(PLL) and sodium hyaluronate (HA) complex coacervate phases
were prepared in PAM gels with moduli varying from 0.035 to 15.0
kPa. The size of the complex coacervate droplets is reported from
bright-field microscopy and confocal fluorescence microscopy.
Overall, the complex coacervate droplet volume decreases inversely
with the modulus. Fluorescence microscopy is also used to determine the phase behavior and concentration of fluorescently tagged
HA in the complex coacervate phases as a function of ionic strength (100−270 mM). We find that the critical ionic strength and
complex coacervate stability are nonmonotonic as a function of the network modulus and that the local gel concentration can be
used to control phase behavior and complex coacervate droplet size scale. By understanding how elastic environments influence
simple electrostatic assembly, we can further understand how biomacromolecules exist in complex, crowded, and elastic cellular
environments.
KEYWORDS: polyelectrolyte complex coacervates, hydrogels, elasticity, phase diagram, phase behavior

■ INTRODUCTION
In biological systems, self-assembly typically takes place in
crowded, elastic environments.1−4 Phase separation is one way
in which these systems can organize, and biological
condensates have recently gained attention as a way to
understand biological function and origin of life, and to
engineer new biomedical systems.5−8 Complex coacervates are
thought to be similar to these condensates, as complex
coacervates are liquid phases that form from the assembly of
two oppositely charged polyelectrolytes. As this assembly takes
place in elastic environments, understanding the influences of
local osmotic stresses and the presence of the networks is
necessary to characterize changes in complex coacervate phase
behavior.
Complex coacervates are formed from the liquid−liquid

phase separation as a result of electrostatic interactions. The
resulting bulk, polymer-rich phase has a variety of applications
in food additives, personal care products, emulsifiers, drug
delivery vehicles, and underwater adhesion.7,9,10 Complex
coacervates have also been studied as models for membrane-
less organelles5,11,12 and protocells,13−16 and used to
encapsulate proteins.17 In biological systems, however, many
biocondensates are stable droplets that maintain distinct sizes.

To enrich the application space and better understand
biological systems, there have been efforts to understand
polymer complexation in the context of biology and what
factors stabilize complex coacervate phases as stable
droplets.9,10,18−21

Complex coacervation occurs due to electrostatic inter-
actions, and therefore, the ionic environment has been
explored as one method to control the phase behavior.
Previous studies have investigated the effects of ionic strength,
salt types, charge density, and small molecules on the complex
coacervate stability.7,9,11,22−30 In low ionic strength environ-
ments, complex coacervation is strong, but above a critical salt
concentration, these phases typically dissolve due to salt
screening.7,31,32 This can result in a range of dense precipitate
phases to more dilute liquid complex coacervate phases as a
function of the ionic strength. The phase behavior is incredibly
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rich, and due to the backbone and valency effects, intricate
behaviors are observed. Biological polyelectrolytes have trends
similar to those of synthetic systems. Li et al. found that the
composition of complex coacervate phases formed by poly-L-
lysine/poly-L-glutamic acid (PLL/PGA) was significantly
influenced by salt concentration.22 This salt dependence has
also been observed in hyaluronic acid and chitosan mixtures.33

This phenomenon has been generally understood using the
Voorn Overbeek prediction,34 which expands Flory−Huggins
theory to include the Debye−Huckle approximation to the
enthalpic term. However, many systems have been found to be
more complex,22 including PLL/PGA complex coacervation,
and that the salt ion partitioning between the solution and the
complex coacervate phase and salt stability can be extremely
sensitive to excluded volume effects. Since electrostatic
interactions drive complex coacervation, phase separation in
the majority of simple salt systems is prevented at higher ionic
strengths due to entropic and screening effects.
Polymer crowding has also been shown to affect complex

coacervate formation.35,36 Park et al.37 found that the addition
of polyethylene glycol (PEG) to solutions of ε-poly-L-lysine
and hyaluronic acid increased the stability of complex
coacervate phases to salt and heightened temperatures.
Crowding agents have been predicted to generally expand
the phase diagram and increase the salt stability when not
participating in the complex coacervate phase.38 Marianelli et
al.39 investigated the crowding effects of Ficoll, a hydrophilic
polysaccharide, and PEG on a polyuridylic acid/spermine
phase, which decreased both the minimum complex
coacervation concentration of spermine and the total volume
of the liquid−liquid phase. Lemetti et al.40 also found that a
dextran crowding agent decreased the concentration of a
triblock silk-like fusion protein needed to self-coacervate. In
short, crowding effects can improve the physical stability of
complex coacervate phases while expanding the range of
temperatures, polyelectrolyte concentrations, and ionic
strengths at which they can form and exist.
Complex coacervate phases can be stabilized to form

droplets with different morphologies. Gao and Srivastava
found that a comb polyelectrolyte of poly(acrylic acid)-graf t-
PEG produced microdroplets and increases the stability of
poly(acrylic acid sodium salt)/poly(diallydimethylammonium
chloride) complex coacervates for over 4 months.41 Other
mixtures have also led to stabilization, including complex
coacervates and proteins.42,43 Based on the structure of the
polymers, including diblock and triblock copolymer complex
coacervates, morphologies here varied from clusters, to
networks, to phase inverted spheres, and even to Janus
structures.44−46 Characterizing the stability of complex
coacervate phases is important for understanding how droplet
size, morphology, and composition can be locally controlled.
In a recent study, Dufresne et al. found that gel networks can

influence the size scale of simple liquid phase separated
droplets and hypothesized that local elastic properties of the
gel network strongly contributed to this effect.5,47−52 Style et
al. postulate that the droplets grow freely until the droplets
reach the network mesh size, after which the droplets deform
the network.53 This results in local cavitation, which can be
described by relating the pressure inside the network

= +P
R

P2
c (1)

where τ is the surface tension of the droplet, R is the radius
of the droplet, and Pc is the compressive stresses from the
polymer network.54−59 These effects have been shown to lead
to droplet migration from higher-modulus areas in the gel to
lower-modulus regions and have been termed as “elastic
ripening.” Rosowski et al. found that elastic ripening can be
substantial enough to even reverse Ostwald ripening.59 Using a
similar system, Kim et al. grew, shrank, and regrew elliptical
droplets and found the droplets were more elongated after
regrowth, indicating that the gel had sustained damage. The
damage was distributed around the cavity surface and is
consistent with cavitation theory as the droplet size and shape
were still limited by the original, remaining gel network.60

Recently, cavitation has also been found to occur when small
liquid phases separate inside fibrous networks61 and that the
deformation results in aspherical morphologies. Biswas et al.
developed a mean-field free-energy model for the phase
separation of a mixture inside of a polymer gel to predict
droplet size as a function of interfacial tension, moduli of the
gel, and polymer interactions via the Flory parameter.62 These
seminal results have established that local elastic stresses can
control and stabilize liquid-separated droplets based on
cavitation. In biological systems, however, and in particular
for complex coacervate phases, surface tension is small, and the
polymers that make up the network may be miscible in the
complex coacervate phases. This presents new opportunities to
study a novel class of phase separation inside elastic networks
that are directly relevant to biological systems.
Although biological condensates have been extensively

studied, their formation and persistence in high salt, crowded,
and elastic environments remain largely unknown. To
determine how elastic networks affect the phase behavior of
complex coacervates, we have investigated the size scale and
stability of PLL and HA phases in polyacrylamide networks as
shown in Figure 1. Bright-field and confocal fluorescence

microscopies were used to image the complex coacervate
within the gel network. The size scale and phase behavior are
then related to the modulus and concentration of the
surrounding network in small-amplitude oscillatory shear
experiments. We observe complex coacervation in the form
of droplets when phase separation occurs in the gel network,
and that droplet volume decreases with increasing gel modulus.
We also probe how the modulus of the network changes the
complex coacervate phase behavior by determining the HA
concentration in the droplets as a function of the ionic

Figure 1. Poly-L-lysine/sodium hyaluronate (PLL/HA) complex
coacervates in a polyacrylamide gel. Note: complex coacervate droplet
size and the mesh size of the network are not to scale.
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strength. These findings provide exceptional insights into
biomacromolecules that exist in complex, crowded, and elastic
cellular environments.

■ MATERIALS AND METHODS

Materials
Poly-L-lysine hydrobromide (PLL) (MW = 15,000−30,000 g/mol)
and sodium hyaluronate (HA) (MW = 10 000 g/mol) were purchased
from Sigma-Aldrich and Lifecore Biomedical, respectively. For gel
synthesis, acrylamide, N,N′-(1,2-dihydroxyethylene)bis(acrylamide),
and 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone were
purchased from Sigma-Aldrich. Linear polyacrylamide (PAM) (Mn
>150,000 g/mol) was purchased from Sigma-Aldrich, and its MW =
400,000 as determined from Zimm analysis from static light scatting
(see the Supporting Information for more details). Solutions were
made by combining deionized water from a Milli-Q Direct 8 system
with a resistivity of 18.2 MΩ·cm and sodium acetate from Sigma-
Aldrich. For the radius and modulus studies, 100 mM sodium acetate
solutions were used. For ionic strength studies, varying amounts of
sodium chloride were added to 100 mM sodium acetate solutions to
attain final molarities of 150−300 mM solutions. For pH studies,
solutions ranging from pH 2 to 5 were prepared by adding
concentrated hydrogen chloride dropwise while monitoring the pH
with a pH meter. Dilute sodium hydroxide was added dropwise when
the pH went below the target pH to achieve the target pH ± 0.02.
Gel Synthesis
The modulus of the polyacrylamide gels was controlled by changing
the ratio between the monomer acrylamide and cross-linker N,N′-
(1,2-dihydroxyethylene)bis(acrylamide) in a procedure similar to that
of Sheth et al.63 The full list of ratios used can be found in Table 1. A
pregel solution was made by mixing 40% by mass acrylamide and
0.5% by mass N,N′-(1,2-dihydroxyethylene)bis(acrylamide) in 100
mM sodium acetate solution, as illustrated in Figure S1. 8 mg/mL
photoinitiator, 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophe-
none was then added, and the solution was filtered using a 0.45 μm
PES syringe filter from MDI. Directly prior to gelation, 5 mg of PLL
was dissolved into 500 μL of solution and placed in a silicone mold
with a 16 mm diameter and 2 mm thickness. To gel, the solution was
irradiated for 30 min using a 365 nm wavelength 6-W ultraviolet
(UV) lamp. After the gel formed, the gel was soaked in 10 g/L sodium
hyaluronate, 100 mM sodium acetate solution for 2 days. In the gel,
poly-L-lysine and sodium hyaluronate form the complex coacervate
droplets. The gels typically swell after soaking in the HA solution. The
volume change of a gel was determined by removing as much excess
water as possible from the gel with a Kimwipe and measuring the
mass of the gel before and after soaking.
To measure the equilibrium concentration of the PAM of each gel,

each gel was first formed from UV exposure. Then, the resulting soft
solids were soaked in 100 mM sodium acetate for 2 days to reach
swelling equilibrium, after which the mass of the hydrated gel was
measured. Each gel was then soaked in deionized water for 2 days and
then dried at 85 °C, and the dry mass of the gel was measured. The
equilibrium PAM concentration was then calculated by dividing the

dry mass by the volume of the hydrated gel where we assumed the
density is 1 g/L. The resulting equilibrium PAM concentrations are
tabulated in Table 1.

Fluorescently Tagging HA
A 10 mg portion of HA, 200 μL of 0.5 mg/mL tetramethylrhodamine
cadaverine purchased from Invitrogen, and 20 mg of 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM) purchased from Sigma-Aldrich were mixed in 800 μL
of DI water. The solution was placed in an oven at 85 °C for 30 min
and then stored in ambient and dark conditions overnight. The
solution was then filtered using a 5 kDa molecular weight cutoff Spin-
X UF concentrator spin columns from Corning at 13,400 rpm for
three sets of 30 min, adding DI water between each set. The solution
is diluted back to 10 g/L HA and stored in the freezer until use. To
have tagged HA inside the complex coacervate, 100 μL of the tagged
HA solution was added to 2500 μL of 10 g/L untagged HA prior to
soaking.
To determine the diffusion of HA within the gel, 1 mL of 10 mg/

mL HA in DI water, 100 uL of 1 mg/mL AZDye 488 Cadaverine
purchased from Vector Labs in DI water, and 50 mg of DMTMM are
mixed. The solution was placed in an oven at 80 °C for 40 min and
then stored in ambient and dark conditions overnight. The solution
was then filtered using a 5 kDa molecular weight cutoff Spin-X UF
concentrator spin columns from Corning at 13,400 rpm for three sets
of 30 min, adding DI water between each set. The solution was stored
in a freezer until use. For the critical ionic strength study, to have
tagged HA inside the complex coacervate, 100 μL of the tagged HA
solution was added to 2500 μL of the 10 g/L untagged HA prior to
soaking. For the HA diffusion study, 250 μL of the tagged HA
solution was added to 2500 μL of 10 g/L untagged HA prior to
soaking. For the HA diffusion study, the settings that were used are
gain 1200, pinhole size 250 μm, and absorption range 500−550 nm.
Bright-field and Confocal Fluorescence Microscopies
For imaging, each soaked gel was placed on a clean glass cover slide. A
63× objective was used for both bright-field and confocal
microscopies, and a 100× objective was also used for confocal
microscopy. The bright-field images and the confocal images were
processed using ImageJ. Complex coacervate regions were manually
selected, and the radius of the complex coacervate droplet was
calculated from the area, assuming the complex coacervate droplet
cross section to be a perfect circle.
The confocal images were taken at the following settings: laser

wavelength of 532 nm, laser intensity of 20%, emission of 540−590
nm, gain of 1200, and pinhole diameter of 75 μm. Calibrations were
performed to find the HA concentration from the intensity values.
Specifically, 20 μL of 0, 1.25, 2.5, 5, and 10 g/L HA were imaged
using confocal microscopy with the same settings as the gel samples.
The slope of the intensity was plotted against the concentration data
(see the SI), along with the tagged/untagged mixing ratio, and is used
to calculate the HA concentration in the complex coacervate from the
intensity of the complex coacervate droplets. To note, the same
tagged HA over the 2 months for the critical ionic strength study and

Table 1. Acrylamide and Bisacrylamide Ratios for Gel Synthesis, the Resulting Equilibrium Polyacrylamide Gel Concentration,
ce, and Gel Mesh Sizea

name
acrylamide

(%)
bis(acrylamide)

(%)
acrylamide stock

(mL)
bis(acrylamide) stock

(mL)
100 mM sodium acetate

(mL)
ce

(mg/mL)
mesh size
(nm)

A5B.1 5 0.1 0.625 0.250 4.130 9* 47
A8B.1 8 0.1 1.000 0.250 3.750 13* 35
A8B.25 8 0.25 1.000 1.000 3.000 13* 35
A12B.25 12 0.25 1.500 0.625 2.875 51* 14
A15B.75 15 0.75 2.000 2.000 1.000 52 19
A16B1.2 16 1.2 2.000 3.000 0 115 8
A20B1 20 1 2.500 2.500 0 71 11

ace values with an * indicated that the concentration was extrapolated using ce = (G′/0.51)1/2.
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photobleaching may have occurred over time for dye, resulting in a
slight change in overall intensity.
Solution Study
10 g/L PLL and 10 g/L HA in 100, 150, 200, 250, and 300 mM
sodium acetate solutions were combined as a control in solution. To
represent the possible range of PLL/HA stoichiometry inside the
network, HA and PLL solutions were mixed in two threshold
proportions where one extreme assumes no PLL escapes the gel (4.45
g/L PLL:8.30 g/L HA), and the other extreme assumes that PLL exits
freely from the gel and equilibrates with the soaking solution (1.48 g/
L PLL:8.52 g/L HA). These proportions are based on 450 μL of 10
g/L PLL in the gel. The gel subsequently swells in the 2.6 mL of 10 g/
L HA soaking solution by 550 μL for the softest gels. If minimal PLL
leaves the gel, due to swelling, the resulting concentration is 4.45 g/L.
If PLL fully equilibrates in the solution, the concentration in the gel is
reduced to 1.48 g/L. We assume that in all cases as much HA as
possible partitions into the network. Another composition (4.45 g/L
PLL:5.65 g/L) was also used to further investigate the role of the ratio
of HA and PLL in the complex coacervate phase. In addition, PLL
and HA were mixed in the presence of 70 g/L linear PAM (Mn =
150,000 g/mol) to investigate crowding effects of PAM without
elastic effects of the gel network using 4.45 g/L PLL:8.30 g/L HA and
1.48 g/L PLL:8.52 g/L HA compositions. The actual range of
concentrations in the gel is unknown and likely varies depending on
the cross-linking density. The charge ratios of the PLL/HA
proportions were also calculated where 4.45 g/L PLL:8.30 g/L HA
has a charge ratio of 1.39, 4.45 g/L PLL:5.65 g/L HA has a charge
ratio of 2.04, and 1.48 g/L PLL:8.52 g/L HA has a charge ratio of
0.45.
Shear Rheology
Oscillatory frequency sweep measurements were taken with a Thermo
Fisher Scientific HAAKE MARS III rheometer at a small strain
amplitude (γ = 5%) in the frequency (ω) range of 1 to 10 rad/s to
determine the modulus of the gels. Measurements were obtained
using a 20 mm parallel plate geometry on a Peltier Plate system set to
20 °C. Gap height varied between 1.2 and 2 mm as gel heights
between samples varied by the extent of swelling. The modulus of the
∼0.3 kPa was not measured from rheology but is extrapolated from all
of the other experiments.

■ RESULTS AND DISCUSSION
Using bright-field and confocal fluorescence microscopies, we
have determined the radius and phase behavior of PLL/HA
complex coacervate droplets formed in polyacrylamide gels.
Oscillatory frequency sweep measurements were used to
determine the gel modulus. The droplet HA concentration and
salt dependence in the gel network was measured as a function

of ionic strength and gel modulus in equilibrium. We observe
that the local gel concentration and modulus influence the
complex coacervate phase behavior in a nonmonotonic way
and that the phase behavior is remarkably different without the
gel.
To create the complex coacervate phases inside poly-

acrylamide networks, a 450 μL PAM gel with 10 g/L PLL is
soaked in 2.6 mL of 100 mM sodium acetate, 10 g/L HA
solution for 2 days. In Figure 2, bright-field (Figure 2a) and
confocal fluorescent (Figure 2b) images of the complex
coacervates in the gels are shown. We observe that the
complex coacervate droplet radius decreases with increasing
gel modulus from 0.035 to 6.2 kPa. To increase the resolution,
the droplets were imaged by fluorescence confocal microscopy.
HA was tagged with tetramethylrhodamine cadaverine, such
that the complex coacervate phase with more concentrated HA
is visible against the gel background, with the dilute HA. With
higher resolution, and lower background intensity, the confocal
images clearly show the size decrease as a function of network
modulus in equilibrium from ∼0.3 to 15.0 kPa.
The radius was calculated from the area of each droplet,

assuming that it is a perfect circle. For both the bright-field and
confocal data, the radius decreases with the gel modulus as a
power law with exponent −0.3 (Figure 3). The power law fits
are shown in Figure 3 and capture the data within error. There

Figure 2. Microscopy images of complex coacervate droplets. (a) 63× bright-field images of complex coacervate droplets in gels with varying
moduli from 0.035 to 6.2 kPa and (b) 100× confocal images of complex coacervate droplets in gels with varying moduli from ∼0.3 to 9.0 kPa.

Figure 3. Average complex coacervate droplet radius as a function of
the shear modulus of the polyacrylamide gel. Error bars indicate the
standard deviation.

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.3c00027
ACS Polym. Au 2024, 4, 109−119

112

https://pubs.acs.org/doi/10.1021/acspolymersau.3c00027?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00027?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00027?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00027?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00027?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00027?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00027?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00027?fig=fig3&ref=pdf
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.3c00027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


is a plateau at high modulus values as the resolution limit is
approached. We find that the size is larger when measured with
confocal microscopy than with bright-field for the same gels,
and this is due to the depth of image and resolution of these
methods. The trend indicates that the droplet volume has an
inverse relationship with the gel modulus, which differs from
previous studies on simpler liquid−liquid phase separation in
elastic networks, which show that the droplet radius has an
inverse relationship with gel modulus and is set by
cavitation.58,59

To determine how the surrounding network affects the
stability and phase behavior of the HA/PLL complex
coacervate droplets, we measured the concentration and
critical ionic strength of the phases. It is known that at some
critical ionic strength complex coacervation is no longer
favorable due to salt screening and entropic effects. First,
complex coacervates were formed in gels in 100 mM sodium
acetate, which is the buffer used during gelation. Then, each
gel was soaked at subsequently higher salt concentrations at 10
mM increments for 2 days to equilibrium. For example, after
the gel with complex coacervates was prepared and imaged, the
gel was then soaked in a 180 mM sodium acetate solution and
then a 190 mM sodium acetate solution. The increase in ionic
strength and the soaking process was repeated until droplets
were no longer observed in multiple locations throughout the
gel. However, it is possible that the complex coacervates still
exist but only in very low volumes beyond this ionic strength.
As a control, a gel was allowed to soak in only 100 mM for the
same amount of time, and no measurable change was observed.
Figure 4 shows typical micrographs of the interior of two gels,
swollen in ionic strength ranging from 100 to 220 mM. Figure
4a shows a softer 0.59 kPa gel, and Figure 4b shows an
intermediate 3.1 kPa gel. The complex coacervate size
decreases as the ionic strength increases for both gels. At
220 mM, the droplets were no longer observed in the 0.59 kPa
gel, but are still present in the 3.1 kPa gel.
The phase behavior of complex coacervate droplets in gels is

summarized in Figure 5. The average droplet radius generally
decreases or is stabilized to a certain value as the ionic strength
increases for each gel (Figure 5a). For the ∼0.3 kPa gel, the
radius decreases from 4.8 to 1.0 μm in the ionic strength range
of 100−180 mM, until complex coacervate droplets are no
longer apparent at 190 mM. For the 0.59 kPa gel, the radius
decreases from 3.2 to 1.0 μm in the [I] = 100−210 mM range,

until complex coacervate droplets are no longer apparent at
220 mM. For the 3.1 kPa gel, the decrease is 1.9−0.6 μm from
100 to 230 mM, and droplets are no longer observed at 240
mM. For the 4.1 kPa gel, the radius decreases from 3.0 to 0.7
μm as ionic strength changes from 100 to 260 mM, until
complex coacervate droplets are no longer apparent at 270
mM. For the 9.0 kPa gel, the complex coacervate droplet radius
remained nearly constant within 1.2−1.5 μm in all ionic
strengths and dissolved at 190 mM. Similarly, the complex

Figure 4. 100× confocal images of complex coacervates with varying ionic strength from 100 to 220 mM for (a) 0.59 kPa PAM gel and (b) 3.1 kPa
PAM gel.

Figure 5. (a) Average complex coacervate radius inside gels of varying
moduli as a function of the ionic strength. Error bars indicate standard
deviation. (b) Average HA concentration of the complex coacervate
droplets inside of gels of varying moduli as a function of the ionic
strength. Error bars indicate standard deviation from more than 30
coacervate droplets selected from 3 to 5 images.
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coacervate droplet radius inside of a 15 kPa gel remained
nearly constant around ∼1 μm until dissolution at 200 mM.
Generally, the decrease in the droplet size is inversely
proportional to gel modulus in a constant range of ionic
strengths, indicating a balance between the gel strength and
complex coacervation strength.
In 100 mM sodium acetate solutions, the HA concentration

in the complex coacervate droplets increases as a function of
gel modulus. Each HA concentration was calculated from a
standard curve that relates the average intensity of the tagged
HA to the local HA concentration in the complex coacervate
with the imaging settings kept constant (Figure S2). In ∼0.3
and 0.59 kPa gels, the HA concentration is ∼130 g/L, and in
higher-modulus gels, the HA concentration increases to ∼470
g/L. The gel has a densifying effect in the complex coacervate
phase similar to the results found in Park et al.’s work37 where
PEG was used as a crowding agent. Park et al. found that the
concentration of HA and PLL increased by a factor of 1.7
when 3.3 g/mL PEG was added at 100 mM sodium acetate,
pH 5 solutions. Overall, with an increase of the gel network
modulus and therefore concentration, the HA concentration in
the complex coacervate phase increases.
The HA concentration in the droplets decreases monotoni-

cally as a function of ionic strength except in the 2.4 and 3.1
kPa gels (Figure 5b). This may indicate that small changes in
local network concentration result in large stability changes.
For the two softest gels (0.3−0.59 kPa), the concentration
decreases from ∼130 to 90 g/L across the ionic strength range.
For the highest modulus gels (9−15 kPa), concentration
decreases from 210 to 120 g/L and from 470 to 80 g/L,
respectively. For the 3.1 kPa gel, the HA concentration
decreases from 220 g/L in 100 mM to 90 g/L in 180 mM, and

increases back to 190 g/L in 200 mM and stays high until the
critical ionic strength of 240 mM.
Solution Study

Electrostatic interactions of oppositely charged polyelectrolytes
form complex coacervates as a polymer-rich phase separates
from a polymer-poor phase. Without further environmental
effects, these two phases exist as two bulk layers. The complex
coacervate phase behavior in polyacrylamide gels is consid-
erably different without the presence of a gel. The bulk
solution critical ionic strength is 250 mM and is greater than
most of the critical ionic strengths found for the complex
coacervate phases within the gels.
In order to compare the bulk solution behavior of PLL and

HA to their behavior in a gel, we mixed HA and PLL in
different ratios in solution. In Figure 6a, we show the variability
of the HA concentration inside the bulk solution complex
coacervate layer as a function of the charge ratio. In all
mixtures, the solution is separated into two distinct phases. For
the 4.45 g/L PLL:8.30 g/L HA composition with a charge
ratio of 1.39, the concentration of HA in the complex
coacervate is lower in solution than in the gel. For the
intermediate composition (4.45 g/L PLL:5.65 g/L HA with a
charge ratio of 2.04), HA concentration decreases from 138 ±
31 g/L in 100 mM to 57 ± 45 g/L in 250 mM and is most
similar to the HA concentrations in the softer gels. The 1.48 g/
L PLL:8.52 g/L composition with at a charge ratio of 0.45 has
a much higher HA concentration but has greater error because
of the small amount of bulk complex coacervate layer that is
recovered (∼1% by mass). We find that the complex
coacervate phase makes up 0.8−5.6% by mass of the total
solution with only 0.8% by mass of a complex coacervate phase

Figure 6. Average HA concentration inside complex coacervates in a bulk phase without linear PAM (a) and with linear PAM (b) and with varying
PLL and HA charge ratios as a function of the ionic strength. The confocal microscopy images shown are from the 1.39 charge ratio in 200 mM
sodium acetate solution. Error bars represent the standard deviation from duplicate experiments for the charge ratio of 2.04 and triplicate
experiments for the charge ratio of 0.45. The charge ratio of 1.39 and all PAM results are from a single experiments, and the error bars represent the
standard deviation found between images.
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existing at 250 mM at the charge ratio of 0.45 (see Figure S16
for more information). Generally, we find that in contrast to
previously observed crowding effects, the critical ionic strength
inside PAM gels appears to be lower than in the bulk solution.
To investigate the effect of uncrosslinked PAM on bulk

solution complex coacervate behavior, 70 g/L linear PAM was
added to the bulk HA and PLL solutions, and the resulting
phases were investigated as a function of ionic strength (Figure
6b). Interestingly, after 24 h, the solutions remained cloudy
except for the 250 and 300 mM ionic strength mixtures in
which two distinct phases were formed. This prolonged
cloudiness was not observed for sodium acetate solutions
containing just HA and PLL. Using confocal microscopy, we
confirmed that droplets of varying size distributions formed in
the cloudy PAM, HA, and PLL mixtures. The addition of PAM
seems to have a stabilizing effect on the complex coacervates
even in solution. This could potentially be due to the
viscoelastic nature of the solutions, since at 70 g/L, PAM is
above the overlap concentration. With increasing ionic
strength, the HA concentration in the complex coacervate
phase decreases in all PLL/HA/PAM compositions (Figure
6b), but the phase remained stable even in [I] = 300 mM.
Overall, the HA concentration in these droplets is less than the
HA concentration in complex coacervate phases inside a gel.
We note however that the samples in the solution study with
linear PAM have not likely reached equilibrium after only 24 h,
and a longer study is needed to fully understand the effect
PAM has on complex coacervate phase behavior.
Modulus Effects

We find that the gel modulus can have interesting effects on
complex coacervate droplets. There is an optimal modulus at
which the PLL/HA phase has the greatest salt resistance.
Figure 7a shows the critical ionic strength, defined as the
soaking solution ionic strength required for the dissolution of
complex coacervates as a function of the gel shear modulus.
The critical ionic strength is highest for the 4.1 kPa gel at 270
mM, and lowest for ∼0.3 and 9.0−15 kPa gels at 180−190
mM. Interestingly, the optimum modulus of 4.1 kPa is
comparable to the modulus of human spinal cord and gray
matter with an average modulus around 3 kPa64 and strikingly
similar to cytosol modulus of 0.5−4 kPa.65−67

Figure 7a resembles typical complex coacervate phase
diagrams. Underneath the curve, the complex coacervate
phase is stable. Above the curve, PLL and HA are
homogeneously distributed in the network. To further
understand the gel effects on the phase behavior, it is
important to note that the modulus of a gel is directly related
to the polyacrylamide concentration. As the gel is more cross-
linked, the modulus increases in equilibrium swelling
conditions. The gel shear modulus scales quadratically with
concentration, as predicted from Flory−Rehner theories in
equilibrium.68−70 Largely, this relationship is from the entropy
loss of the network chains resulting from solvent swelling.71

The gel modulus is predicted to be

=G
k T

v
(1/2 )B

1
e

2

(2)

where kB is the Boltzmann constant, T is the absolute
temperature, v1 is the molar reference volume typically chosen
as the molar segment volume, χ is Flory−Huggins interaction
parameter, and ϕe is the equilibrium volume fraction that
relates the internal pressure highly swollen gel in equilibrium

to the shear modulus.72 We plot the PAM concentration
against the critical ionic strength in Figure 7b as a more typical
phase diagram. In this way, the local gel concentration can be
used to control the complex coacervate phase behavior in
addition to the droplet size. For example, outside of
equilibrium swelling, the gel can be concentrated by drying
to either force complex coacervation or dissolution of PLL/
HA. Near the critical point, any small changes in the gel
network modulus as a function of ionic strength and swelling
can have dramatic effects on the polyelectrolyte concentration
in the complex coacervate phase, which we observe when
measuring the HA concentration in the droplets in 2.4 and 3.1
kPa gels.
We can interpret the phase diagrams shown in Figure 7 as a

balance of energies. The phase boundary is determined by the
equilibrium of the translational entropy of all of the molecules
(water and polyelectrolytes), gel strand entropic elasticity, and
enthalpy (including electrostatic effects and excluded volume
interaction between the gel and the polyelectrolytes). There-
fore, the equilibrium describes that at a certain salt
concentration and gel modulus the complex coacervate phase
has a thermodynamic drive for formation. The salt stability is
lower in the gel than in the bulk because the gel has to deform
to create the droplets, which causes an energy penalty to
complex coacervation. When there is a thermodynamic drive

Figure 7. (a) Critical ionic strength as a function of the gel shear
modulus. (b) Critical ionic strength as a function of the gel
polyacrylamide concentration. The gel polyacrylamide concentrations
were extrapolated using a quadratic relationship, ce = (G′/0.51) 1/2,
between the modulus and PAM concentration except for the moduli
of 0.6, 3.1, and 9 kPa, where the PAM concentration was measured
using dry and hydrated gel mass. Error bars for the critical ionic
strength represent the steps in the increase of ionic strength that were
used to reach the critical ionic strength. Error bars from the standard
deviation of rheological measurements are too small to be seen. The
shaded regions in both graphs indicate the region where complex
coacervates exist and serves as just a guide to the eye.
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for complex coacervation, there is an equilibrium between two
phases, the complex coacervate phase and the dilute phase,
within the network. As complexation occurs, the gel deforms,
and the amount of deformation is determined by the local
modulus of the network and the phase diagram in Figure 7.
This balance in opposing pressures explains other observa-

tions, including that the volume of the droplets decreases
inversely with the modulus and the change in the droplet
radius is largest in softer gels. As shown in Figure 5a, the
complex coacervate radius decreases with increasing ionic
strength. This decrease in radius may be caused by a balance
between the stress of complex coacervation on the network, σc,
at a certain ionic strength, and the deformation of the gel.
Complex coacervation stress depends only on the ionic
strength of the system, and the gel modulus remains constant
as a function of ionic strength. With increasing ionic strength,
complex coacervation stress decreases, and the deformation in
the network must be lower for the same gel modulus according
to a simple balance:

=G V
V c (3)

where V is the initial volume of the complex coacervate.
Comparing the radii of the 0.3 and 0.6 kPa at 100 and 180 mM
gel, we find a constant change in σc of ca. −285 Pa for both
gels. This relationship is also likely true for the higher-modulus
gels; however, because the expected change in radius is smaller
than the instrument resolution, the size appears to be stable.
Also to note in this study, we are changing both the complex
coacervate concentration and the gel network modulus, and
that the gel is not homogeneously uniform in concentration.
With increasing concentration of the network and shear

modulus, the PAM concentration increases quadratically,
which likely contributes to the phase behavior shown in
Figure 7. From these experiments, however, how the PAM
network is involved in the droplet formation remains unclear,
since the droplets are much larger than the network mesh size.
Using G′, the mesh size of the gel can be estimated with

=G k TB
3 . The softest gel in this study, G′ = 0.039 kPa, has a

mesh size of 47 nm and the stiffest gel in this study, G′ = 15
kPa, has a mesh size of 6 nm (Table 1). The complex
coacervate droplets are orders of magnitude larger than the
mesh size of the gels, while the polymers forming the complex
coacervates are only ∼1 nm and smaller than the mesh size.
The gel modulus and droplet radius relationship is not
consistent with cavitation theory as the gel modulus scales with
radius to the −0.3 power.58,59 This result is consistent with the
balance of bulk gel deformation and coacervation pressure,
which is expected in the case of a low surface tension (eq 3). In
addition, the gel concentration influences the internal phase
behavior of the complex coacervates, which makes this system
more complex than simple cavitation. Even in solution, PAM
seems to help stabilize the phase boundary, so the droplets
likely have a very small surface tension that may not be large
enough to cavitate.73−76 Overall, PAM interacts with the
complex coacervate phase. One important question that arises
is: does the network get pushed aside out of the droplet, or
does the network participate in the phase behavior, from either
extension or compression of the network locally? These
questions introduce new possibilities for understanding how
the network may or may not participate in the droplet phase
behavior.

Overall, this study shows that the complex coacervate
droplet radius, phase, and concentration can be tuned by
changing the local elasticity and concentration of the
surrounding network. In loose networks, the PLL/HA complex
coacervate phase droplet radius is large, polyelectrolyte
concentration varies little from bulk conditions, and phase
separation is suppressed in high ionic strength environments.
In tighter networks, droplet radius is the smallest and
polyelectrolyte concentration is high, but phase separation is
suppressed in high ionic strength environments. However, in
intermediate networks, there is much more ionic strength
resistance and intermediate size droplets.

■ CONCLUSIONS
We have determined the size scale and phase behavior of poly-
L-lysine and sodium hyaluronate complex coacervate phases in
polyacrylamide gel networks. Using bright-field and confocal
microscopies, we find that the modulus of the elastic
environment of the complex coacervate phase impacts the
shape, size, and salt resistance of the complex coacervate phase.
The complex coacervates form stable, spherical droplets in
these networks, and their volume is inversely proportional to
the modulus. With increasing gel modulus, we find that the
polyelectrolyte concentration increases and that the salt
resistance of the complex coacervate droplets is nonmono-
tonic. The effects are optimized in ∼4 kPa gels, where the
complex coacervate droplets have the most salt resistance. This
study is the first to observe that the network impacts not only
the size of bioinspired liquid phase separation but also the
phase behavior, and opens new questions about possible
mechanisms of how the network may participate in controlling
liquid−liquid phase separation.
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