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ABSTRACT: Complex coacervation is an associative liquid−liquid phase separation
phenomenon resulting from the complexation of oppositely charged macroions. While it is
well-known that the phase behavior and rheological character of the resulting coacervates can
vary as a function of the identity of the various species present (i.e., macroions, salt, and
solution conditions), the effect of solvent quality has been rarely studied. Here, the effect of
adding small amounts of either methanol or ethanol to complex coacervates of the natural
polymers chitosan and hyaluronic acid is described. The effect of cosolvent addition on the
phase behavior and linear viscoelasticity of the resulting coacervates is characterized. Lastly,
we explore the potential for using not only time−salt superposition but also time−alcohol and
time−salt−alcohol superposition to provide insight into coacervate rheology.
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1. INTRODUCTION

Complex coacervation is an associative liquid−liquid phase
separation phenomenon1−3 driven by the complexation of
oppositely charged macroions that has found utility in fields
ranging from adhesives4−7 to food and personal care
products,8−10 medicine,11−14 and materials.15−23 The driving
force for coacervation is a combination of electrostatic
attraction and the subsequent entropic gains associated with
the release of bound counterions and the restructuring of water
upon complex formation.1,24−27

The importance of electrostatic and ionic effects has meant
that the phase behavior and rheology of coacervates,
particularly polymeric coacervates, has been studied as a
function of the ratio of polycation to polyanion,28−32 polymer
length,17,28,31,33−41 chemistry,30,33,42−49 architecture,50

p H , 2 8 , 3 2 , 5 1 , 5 2 s a l t c o n c e n t r a -
tion,28,29,31,32,36,38,39,41,42,46,48,49,53−57 and salt identity.29,40

However, very little experimental work to date has looked
into the effect of different solvents and therefore solvent
quality and dielectric effects on the resulting coacervates.25,58,59

The electrostatic interaction between a single anion and
cation can be described by the Coulomb energy,
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where e is the elementary charge of the ions, σ is the separation
distance between the ions, ε is the dielectric constant of the
medium, and ε0 is the dielectric permittivity of a vacuum. This

interaction can also be described in terms of the Bjerrum
length (lB).
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At room temperature, the value of the dielectric constant for
water is ε = 80.1, whereas for most organic solvents, the value
is much lower (e.g., for ethanol ε = 25.3). Therefore, the
addition of a miscible organic solvent would be expected to
strengthen the electrostatic interactions between the various
polyions and salts present in a solution and, thus increase the
stability of a complex coacervate (often described in terms of a
salt resistance or the size of the two-phase region, Figure 2a).
This type of result has been reported for systems of relatively
hydrophilic polymers, such as polypeptides25 and polysacchar-
ides,18 though more extensive studies are needed.
While the Coulombic nature of complex coacervation has

meant that nearly all reports of coacervates have been in water-
based systems, a recent report by Lee et al. demonstrated
complex coacervation using a system of polymerized ionic
liquids in two different organic solvents, hexafluoro-2-
isopropanol (HFIP) and 2,2,2-trifluoroethanol (TFE).60 The
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results of this study showed a clear relationship between the
salt-stability of complex coacervates and the dielectric constant
of the solvent. However, complex coacervation as a phase
separation phenomenon involves both intermolecular inter-
actions between the various charged species and questions
related to the solubility of the various polymers in the solvent
mediuman aspect of the phase behavior that is complicated
in a mixed solvent system. To this end, Meng et al., described
how the addition of lower dielectric constant solvents affected
the phase behavior of coacervates formed from relatively
hydrophobic, styrenic polyelectrolytes.59 Coacervates prepared
in a “less hydrophobic” ethylene glycol mixture had a higher
salt resistance than those formed in an equivalent ethanol/
water mixture. This result counters what would be expected if
purely electrostatic interactions were to dominate. However,
the decreased polarity of the ethanol/water mixture could
serve as a better solvent for more hydrophobic polymers,
helping to facilitate the transition from a phase separated
coacervate to a single-phase solution.
The potential for solvent effects was further highlighted in

work by Danielsen et al., who studied the complexation of
poly(styrenesulfonate) with a conjugated polycation.58 This
work explored the phase behavior of the resulting polyelec-
trolyte complexes in the context of a tetrahydrofuran (THF)/
water cosolvent system. Interestingly, liquid complex coac-
ervates occurred at high concentrations of THF, whereas solid
precipitates were observed for samples prepared at a higher
water content and, thus, a higher dielectric constant.
Furthermore, the authors quantified the partitioning of water
and THF between the polymer-rich complex phase and the
polymer-poor supernatant, with the higher levels of THF in the
coacervate phase presumably helping to solubilize the relatively
hydrophobic polymers. Were this solvent partitioning reversed,
one would have expected to observe a decreased tendency
toward phase separation because of preferential polymer
solubility in the single-phase solution (Figure 2a).
The interplay between coacervate phase behavior and

rheology has a l so been an area of act ive re -
search.18,33,35,38−41,44,51,54,55,57,61−64 While significant efforts
have been reported with regards to polymer and salt effects, to
date, minimal work has been reported on the effect of solvent
and/or dielectric effects. However, the dielectric effects that
have been shown to affect phase behavior would also be
expected to affect the rheological response of the coacervates
by altering the friction of the “sticky” electrostatic interactions
between chains.35,39,41,64

Previously, we provided the first demonstration that
nanofibers could be electrospun from complex coacervates
formed from the medically relevant biopolymers, chitosan and
hyaluronic acid.18 Notably, optimizing the rheology necessary
to fabricate nanofibers from one solution that contains two
oppositely charged polymers is not yet understood. In
determining the solution properties required for electro-
spinning, we noted that salt and alcohol concentration affected
the phase behavior and linear viscoelasticity of the biopolymers
(Figure 1). Here, we systematically study how salt and alcohol
affect the rheology of these complex coacervates. In particular,
we explore the potential for combining time−salt superposition
with time−alcohol superposition to enable a broader
description of complex multicomponent systems that could
potentially help researchers to better understand the
processing of coacervate materials across a range of
applications.

2. EXPERIMENTAL SECTION
2.1. Materials. Chitosan with a degree of deacetylation in the

range 75−85% and an average molecular weight of 50−190 kDa
(Sigma-Aldrich) was dissolved in a pH = 4.5 solution. After
dissolution, the solution was filtered through a 0.45 μm pore size
filter (Millipore Express). Sodium hyaluronate with an average
molecular weight of 199 kDa (Lifecore Biomedical) was dissolved in a
solution that had a pH = 4.5 and was filtered through a 0.22 μm pore
size filter (Millipore Express) prior to use. Sodium chloride (NaCl,
ACS-grade), hydrochloric acid (HCl), sodium hydroxide (NaOH),
methanol, and ethanol were used as received from Fisher Scientific.
Deionized (DI) water was obtained from a Barnstead Nanopure
Infinity water purification system (ThermoFisher Scientific).

2.2. Chitosan/Hyaluronic Acid Complex Coacervate Prep-
aration and Characterization. Stock solutions of chitosan and
hyaluronic acid were prepared gravimetrically at 60 mM on an
ionizable monomer basis (i.e., the concentration of chitosan was
adjusted to take into account the fraction of deacetylated groups). An
aqueous solution of 5 M NaCl was prepared gravimetrically, and all
solutions were adjusted to pH 4.5 by adding concentrated HCl or
NaOH. Complex coacervates were prepared by first combining the
NaCl solution with water in a Falcon round-bottom tube (14 mL,
Fisher Scientific), followed by methanol or ethanol. Chitosan and
hyaluronic acid were then added sequentially (in a 1:1 charge ratio
unless otherwise specified) at a total ionizable monomer concen-
tration of 40 mM. The mixture was vortexed for 10 s immediately
after the addition of each solution to ensure complete mixing. After
coacervate formation, samples were then centrifuged (Sorvall Legend
X1r Centrifuge, ThermoFisher Scientific) at 2000 rpm (750×g) for 15
min to separate the dense coacervate phase.

Samples for turbidity and optical microscopy were prepared using
the same method described above but at a smaller scale (120 μL) and
a total polymer concentration of 1 mM monomer. Immediately after
their preparation, three 35 μL aliquots of each sample were pipetted
into a 384-well plate (Falcon). Turbidity measurements were
performed using a microplate reader (BioTek Synergy H1) at a
wavelength of 562 nm. Samples were then inspected visually using
optical microscopy (EVOS XL Core) to confirm the presence or
absence of phase separation, as well as the liquid or solid nature of
complexes that might have formed.

The linear viscoelasticity of the complex coacervates was
determined using small-amplitude oscillatory shear measurements
on a Malvern Kinexus Pro stress-controlled instrument. Strain

Figure 1. Schematic depiction of complex coacervation resulting from
the interaction of the oppositely charged polyelectrolytes in an
aqueous solution alongside the molecular structures of chitosan and
hyaluronic acid. The degree of acetylation (DA) of chitosan is the
fractional number of acetylglucosamine units in the polymer. The
optical micrograph shows liquid complex coacervates formed from 10
mM chitosan and hyaluronic acid and 500 mM NaCl, pH 4.5.
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amplitude measurements were first conducted to determine the
appropriate strain rate to use within the linear viscoelastic region.
Next, frequency sweeps were conducted over a range of frequencies
from 100 to 1 (rad s−1). Chitosan/hyaluronic acid coacervates
prepared at 300−600 mM NaCl were studied using a 20 mm diameter
stainless steel parallel plate fixture with a solvent trap, whereas a 50
mm 2° core-and-plate fixture was used for samples prepared at 700
mM NaCl. Duplicate experiments were conducted. Data analysis was
supported by the IRIS Rheo-Hub software (Interactive Rheology
Information Systems Development LLC).

3. RESULTS AND DISCUSSION
Here, we systematically explore how salt and various alcohols
affect the linear viscoelastic response of complex coacervates
formed from hyaluronic acid and chitosan (Figure 1). In our
previous work, we used coacervation to facilitate the
electrospinning of chitosan and hyaluronic acid to create
nonwoven fibers that harness the demonstrated potential of
these natural biopolymers in wound healing applications.18,65,66

While conducting electrospinning experiments, we noted that
cosolvents seemed to influence the rheology of the precursor
solution and consequently the processing of coacervates into
fibers; however, fully exploring that phenomena was beyond
the scope of the electrospinning work.18 It is worth noting that
the complexity of biopolymers tends to complicate funda-
mental studies because of factors such as polydispersity and the
less well-defined chemical nature of biopolymers. For instance,
chitosan is a copolymer of 2-acetamide-2-deoxy-β-D-glucopyr-
anose and 2-amino-2-deoxy-β-D-glucopyranose (Figure 1) and
has a blocky distribution of monomers along the chain that
complicates questions of homogeneity. Furthermore, while
most studies of coacervates tend to focus on Coulombic
effects, there is a significant potential for hydrogen bonding in
the chitosan/hyaluronic acid system. Thus, while our ultimate
goal would be to identify potentially universal strategies, such
as time−salt and time−alcohol superposition that can be
applied to all coacervate systems, this first study highlights
exciting avenues for future work.
Previous work by Kayitmazer et al. reported a pKa for

chitosan of 6.4 with a degree of deacetylation of 83% and a
range of pKa values for hyaluronic acid from 2.4−2.9,
depending on the polymer molecular weight.67 On the basis
of these results, we elected to operate at a solution pH of 4.5,
which was both halfway in between and approximately two pH
units away from the pKa values for the two polymers. At these
conditions, we used the simplifying assumption that all of the
possible ionizable groups on the two polymers were charged,
and samples were prepared at a 1:1 charge ratio of the two
polymers.
The phase behavior of complex coacervates is generally

described in terms of polymer and salt concentrations at fixed
solution conditions and a specified ratio of polycation to
polyanion. As shown schematically in Figure 2a, the two-phase
region is located underneath a binodal curve. Samples prepared
within this two-phase region will phase separate into a
polymer-rich coacervate phase and a polymer-poor super-
natant. Less intuitively, samples prepared at the same overall
polymer concentration but at increasing concentrations of salt
are generally expected to form coacervates with decreasing
concentrations of polymer through a process known as “self-
suppression.”
Rather than mapping out the entire two-phase region,

experiments at low polymer concentrations that identify the
location of the binodal curve are often used to identify trends

in the phase behavior that are expected to generally track with
those for the larger phase envelope.17,25,33,37,68 We used
simple, easy to conduct turbidity measurements, coupled with
optical microscopy, to identify the concentration of salt above
which phase separation was no longer observed (i.e., the salt
resistance) for different concentrations of added methanol and
ethanol. These data correspond to points on the polymer-poor

Figure 2. (a) Schematic depiction of the thermodynamic-phase
diagram for complex coacervation as a function of salt and polymer
concentration (at a given temperature, polymer composition, pH,
etc.). A sample prepared at a concentration within the two-phase
region beneath the phase boundary will separate along tie-lines into a
polymer-rich complex coacervate phase (closed circle) and a polymer-
poor supernatant (open circles). To a first approximation, the size of
the two-phase region would be expected to increase with decreasing
dielectric constant of the solvent, or decrease with increasing polymer
solubility, and can be described by a salt resistance determined at a
constant polymer concentration. The viscosity of the coacervate is
also expected to decrease with increasing salt concentration, due to
the commensurate decrease in polymer concentration and electro-
static effects. Plots of (b) salt resistance vs. alcohol concentration and
(c) salt resistance vs. dielectric constant for coacervates prepared at 1
mM total ionizable monomers. Error bars correspond to the error
associated with the spacing between samples.
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branch of the binodal curve and show a trend of increasing salt
resistance with increasing alcohol concentration (Figure 2b).
Interestingly, the salt resistance values for ethanol were

lower than those for methanol at the same concentration. This
result would not be anticipated on the basis of a purely
dielectric argument (Figure 2a). In fact, a plot of salt resistance
as a function of dielectric constant, calculated as a weighted
average of the pure solvent values (Tables S1 and S2), shows a
significant divergence in the data for methanol as compared to
that of ethanol (Figure 2c). Thus, while the trends in salt
resistance appear to have some correlation with dielectric
constant, it appears that a simple consideration of only the
average solvent dielectric constant is insufficient to describe the
resulting effect on coacervate-phase behavior.
One potential explanation for this discrepancy could be the

tendency of the various cosolvents to partition differently into
the coacervate phase. This kind of selective cosolvent
partitioning has been reported previously by Danielsen et
al.58 While such quantification was beyond the scope of the
current work, we hypothesize that the higher salt resistances
observed in the presence of methanol as compared to ethanol

(Figure 2b) could be a consequence of a stronger partitioning
of methanol into the coacervate phase. A second possibility
relates to the ways in which cosolvent addition affects the local
structuring of water around the polymer and salt and how such
changes could affect the driving force for complexation.27

Overall, it is likely that both factors have some effect on the
observed phase behavior, and a detailed study into this
question would provide valuable insights .
We then characterized the linear viscoelasticity of

coacervates formed at varying salt concentrations and in the
presence of increasing amounts of methanol and ethanol. The
overall shape of the curves was typical of a polymer melt or
solution, with the viscoelastic response being dominated by the
loss modulus (G′′) at low frequency and the storage modulus
(G′) at high frequency. As expected, we observed a decrease in
the storage and loss moduli with increasing salt concentration
(Figure 3a−c and Figures S1a, S2a−c, and S3a−c). We also
observed a shift in the frequency at which the crossover
between moduli was observed, providing further evidence for
faster relaxing, more liquid-like coacervates at higher salt
concentrations. Similar trends were observed as a function of

Figure 3. Frequency sweep data for coacervates formed at varying salt concentrations in (a) water, (b) 3 wt % ethanol, and (c) 3 wt % methanol,
along with the corresponding (d−f) the corresponding time−salt superposition plots and (g−i) graphs of the horizontal and vertical shift factors.
The data from the as-prepared salt concentration of 600 mM NaCl for each sample was used as the reference for the superposition. The exponential
dependence of the shift factors as a function of the as-prepared salt concentration is indicated as the slope of the linear fit on the semilog plots.
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increasing salt concentration, regardless of the amount and/or
identity of the cosolvent present.
We performed time−salt superposition as a strategy for

describing the response of our coacervate materials over a
wider range of frequencies than was accessible for a single
sample (Figure 3d−f and Figures S1b, S2d−f, and S3d−
f).33,35,39,41,55,61 This superposition requires both a horizontal
and a vertical shift to account for salt-induced changes in the
relaxation behavior of the material and the concentration of
polymer. The horizontal shift factor (a) showed the expected
trend of decreasing magnitude with increasing salt concen-
tration, while the vertical shift factor (b) increased with
increasing salt concentration (Figure 3g−i and Figures S1c,
S2g−i, and S3g−i). Using 600 mM NaCl as a common

reference point, we also observed a trend of decreasing
horizontal shift factor and increasing vertical shift factor with
increasing concentration of alcohol (Figure S4).
In general, for any superposition, there is a requirement that

the sample remain self-similar at all conditions (i.e., that the
morphology of the polymers remains unaffected or that the
relaxation modes in the material have the same dependence).69

This determination is typically conducted via either examina-
tion of the smoothness of the resulting superposed tan(δ)
curves (Figure 3d−f and Figures S1b, S2d−f, and S3d−f) or
via a graph of G′′ vs G′, a Cole−Cole plot (Figure S7). While
time−salt superposition has been applied successfully across a
range of coacervates formed from various synthetic polymers,
we observed some deviations in the tan(δ) curves of our time−

Figure 4. Frequency sweep data for coacervates formed at varying alcohol concentrations and 600 mM NaCl in (a) ethanol and (b) methanol, and
(c and d) the corresponding time−alcohol superposition plots and graphs of the horizontal and vertical shift factors as a function of (e) alcohol
concentration and (f) dielectric constant. The data from water-only sample was used as the reference for the superposition. The exponential
dependence of the shift factors is indicated as the slope of the linear fit on the semilog plots.
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salt superposition data on the lower frequency end of the data
sets, regardless of alcohol content. Analysis of the data using a
Cole−Cole plot showed a smooth superposition for all of our
samples (Figure S7), strongly supporting the idea that our
approach is valid and that the deviations in tan(δ) at low
frequencies may be a result of limitations in our experimental
setup. Had deviations been observed in the Cole−Cole plot,
this could have been evidence for microheterogeneities in the
sample that could affect the validity of the superposition. While
further study, particularly taking advantage of strategies such as
time−temperature superposition to facilitate data collection
over a wider range of frequencies,56,62,64 would be needed to
elucidate the reasons for the deviations in tan(δ), we have
elected to proceed with the analysis, having acknowledged the
potential limitations of our experimental setup and the
frequency ranges over which we can reliably acquire data
using our current rheometer.
In terms of the potential time−salt superposition of our data,

it is worth noting that previous reports have described a range
of different scaling behaviors for the horizontal shift factor as a
function of salt concentration.35,39,41,54,55,57 The theory used to
originally develop time−salt superposition predicts a depend-
ence of the form a Cexp( )s∼ − .35,41 As presented, our data
appear to indicate an exponential dependence on the salt
concentration Cs (i.e., linear on a semilog plot). However, we
note that our data are graphed as a function of the as-prepared
concentration of salt and that we did not directly measure the
amount of salt in the coacervates or take into account the
counterions introduced by the polymers themselves. Such
considerations could alter the observed scaling behavior, but
previous work suggested that the overall shape of the trend is
likely similar.55 It is also interesting to note that the magnitude
of the slope of both the horizontal and vertical shift factors
generally decreases with increasing alcohol content (Figures
S2g−i and S3g−i), perhaps suggesting that the decreased
dielectric environment is less sensitive to salt-induced
acceleration and swelling.
To understand the effect of cosolvents on the rheology of

our chitosan−hyaluronic acid coacervates, we also charac-
terized the frequency-dependent linear viscoelasticity as a
function of increasing concentrations of both methanol and
ethanol across a range of different salt concentrations (Figure
4a,b and Figures S5a−c and S6a−e). We observed a trend of
increasing modulus with increasing alcohol concentration, as
well as a shift in the crossover point to lower frequencies.
Furthermore, we observed slightly higher moduli for samples
prepared in ethanol as compared to methanol. These results
support the idea of dielectric-induced stiffening of the material
and slowing of relaxation dynamics via strengthened electro-
static interactions.
The observation of slightly higher modulus for ethanol-

containing samples compared to methanol is interesting in the
context of our characterization of the phase behavior of these
materials. In particular, at the same total polymer concen-
tration, we observed a lower salt resistance for ethanol-based
samples than those containing methanol. At first glance, this
salt resistance data might appear to be incongruent with our
rheological results, if one makes the assumption that the slope
of the tie-lines in the phase diagrams for methanol and ethanol
coacervates is the same and, therefore, that the composition of
the coacervate scales directly with the observed differences in
the salt resistance. In the absence of cosolvent effects, the

rheological response of a coacervate has been shown to be
dominated by the concentration of polymer present in the
dense phase.33 Therefore, one would not expect a coacervate
with a lower salt resistance (assuming this correlates to a lower
polymer concentration in the coacervate) to have a higher
modulus. However, broader consideration of the interactions
between polymer, solvent, and salts has shown that differences
in these interactions can lead to differences in the slope of tie-
lines and therefore differences in the composition of the
coacervate.33 Additionally, the presence of alcohols as a
cosolvent further raises the possibility of differences in the
partitioning of both salt and cosolvent into the coacervate
phase, along with the attendant effects on polymer
concentration. Further work that fully characterizes the
composition of polymer, salt, and cosolvent is necessary to
fully understand these observations but is beyond the scope of
the current work. Instead, we looked to identify potentially
interesting trends that could be more fully elucidated in a study
conducted using model synthetic polymers.
In much the same way that increased salt concentration

allows for time−salt superposition by decreasing the interchain
friction in coacervates while not otherwise altering the self-
similarity of the materials, we looked to see if it would be
possible to perform a time−alcohol superposition. While the
same caveats exist regarding deviations in the tan(δ) curves at
the low frequency limit of each data set, we were very excited
to obtain master curves for chitosan/hyaluronic acid
coacervates suggesting the possible relevance of cosolvent-
related superposition methods (Figure 4c,d and Figures S5d−f
and S6f−j). Cole−Cole plots again confirm the quality of our
superpositions (Figure S8), though we acknowledge that the
limited frequency range of our experiments means that
deviations in the time−alcohol superposition at low
frequencies could be possible.64 To the best of our knowledge,
this is the first report of time−cosolvent superposition as a
concept for understanding the rheology of complex coac-
ervates.
Whereas the horizontal shift factor (a) associated with

time−salt superposition showed a trend of decreasing
magnitude with increasing salt concentration because of salt-
induced softening of the material, we observed a trend of
increasing horizontal shift factor (α) with increasing alcohol
concentration because of dielectric-induced stiffening (Figure
4e and Figures S5g−i and S6k−o). Relatedly, while increasing
salt concentration is expected to swell the coacervate, thereby
decreasing the polymer concentration, stronger electrostatic
interactions because of a decreased dielectric constant would
be expected to increase the polymer concentration. Thus, while
time−salt superposition shows a trend of increasing vertical
shift factor (b) with increasing salt, we observed a decrease in
the vertical shift factor (β) with increasing alcohol concen-
tration.
The same trends can be observed when considered as a

function of dielectric constant (Figure 4f and Figures S5j−l
and S6p−t). However, at this time the use of alcohol
concentration rather than dielectric constant appears to allow
for a more universal description of the scaling behavior,
potentially because of the aforementioned considerations such
as solvent partitioning and the disruption of water hydrogen
bonding networks. The values of the shift factors for both
methanol and ethanol at a given salt concentration appear to
collapse onto a single curve when considered with respect to
alcohol wt % rather than dielectric constant (Figure 4e,f). The
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reason for this collapse is not immediately apparent and would
be an intriguing question to explore as part of a future study. In
particular, given the two-phase nature of complex coacervates,
it would be important to understand how various cosolvents
partition between the coacervate and supernatant phases,
thereby altering the actual dielectric constant of the coacervate
phase. We hypothesize that the apparent utility of a mass-based
concentration measurement may be a fortuitous result and not
universally applicable. Furthermore, it is unclear how the
presence of cosolvents might affect the partitioning of salts and
how this more complex interplay of factors might affect both
the phase behavior and the rheological response. Such
questions represent interesting areas for future exploration in
the field, both from an experimental and a computational
perspective.
Similar to the data from time−salt superposition, it is

interesting to note that the magnitude of the slope of both the
horizontal and vertical shift factors generally increase with
increasing as-prepared salt concentration (Figures S5g−l and
S6k−t). In this instance, we hypothesize that the increased salt
concentration helps to more dramatically decrease the
“friction” associated with electrostatic interactions, facilitating
faster chain motions. However, as mentioned previously,
further experimental and computational studies into these
effects should be performed.
Lastly, given the potential to perform both time−salt and

time−alcohol superpositions on our data, we explored the
possibility of creating a universal master curve via time−salt−
alcohol superposition. Again, acknowledging the deviations in
tan(δ) but buoyed by the strong superposition observed in
Cole−Cole plots (Figure S9), we were very excited to observe
not only a superposition of the various salt and alcohol
concentrations for our two cosolvent systems (Figure 5b,c) but
also a superposition of the data across alcohols (Figure 5a). It
will be interesting for future studies to explore the possibility of
this more complex superposition using model polymers in a
more idealized setting, and to determine whether this
seemingly universal behavior is only relevant at low
concentrations of relatively similar cosolvents and how the
behavior might change as a function of polymer and solvent
chemistry.

4. CONCLUSION
In summary, we describe the time−salt superposition of the
linear viscoelastic response of complex coacervates formed
from chitosan and hyaluronic acid. Furthermore, we describe
the first example of both time−alcohol and time−salt−alcohol
superposition as potential strategies for more broadly under-
standing the effects of Coulombic interactions on coacervate
materials. Our systematic analysis highlights the potential for
using added cosolvents as an orthogonal approach for
modulating the rheology and phase behavior of complex
coacervates and lays the groundwork for extending these
efforts to enable the broader design of coacervate materials.
While the addition of alcohol to coacervates of chitosan and

hyaluronic acid in this study resulted in trends that could be
described in the context of changing dielectric constant and
electrostatic interactions, several recent reports have described
the potential for using cosolvent mixtures to improve the
solubility of more hydrophobic polyelectrolytes.58,59 Thus, we
suggest that future efforts explore both the effect of polymer
and solvent chemistry, using carefully designed model systems,
with a goal toward elucidating the underlying physics. We

anticipate that solvent effects can be described in terms of
three possible contributions: (i) modulating electrostatic
effects, (ii) changes in the polymer solubility, and (iii) changes
in the structuring of water. Furthermore, while this work
focused exclusively on the addition of an organic cosolvent, we
propose that the underlying physics needed to understand
cosolvent effects can also be used to describe the effect of
varying the identity of added salt and/or the specific chemistry
of the ionized groups on the various polyelectrolytes.
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