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ABSTRACT: Macromolecular coacervate complexation via
spontaneous liquid—liquid separation has become a facile
supramolecular assembly approach to produce new functional
nanomaterials in aqueous media. Distinct from conventional
polyelectrolyte coacervates, the coacervate complexes formed
between net neutral zwitterionic polymers and inorganic
anionic nanometer-scaled polyoxometalates (POMs) in salted
solutions exhibit unique salt hardening and critical gel
behaviors with significantly enhanced viscoelasticity due to
added POMs. Rheology and fluorescence recovery after
photobleaching (FRAP) results suggest that POM macroions
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not only participate in coacervate complexation but also work as cross-linkers to modulate the stimuli-responsive gel-like
microstructure, yielding an optimal POM-to-polyzwitterion molar ratio for the most stable and strongest coacervate
complexation. Importantly, the viscoelastic strength and mesh pore size of gel-like coacervate complexes can be tuned over
several orders of magnitude by POM and salt concentrations and temperature, which offers unprecedentedly high tunability to
tailor the material properties of polymer—POM coacervate complexes for practical applications.

B INTRODUCTION

Macromolecular coacervate complexes, which are self-
associative liquid—liquid separating materials, have attracted
increasingly interest in the recent two decades since the first
reported Agar—gelatin coacervate formation in the late 1890s."
Biological coacervate complexes can be found in living cells”
and in the organisms of sandcastle worm, mussel, and
tubeworm® > and are also linked to the protocell evolution
for the origin of life.”” They have exhibited an array of unique
material properties, such as ultralow interfacial tension,®
extremely high elongation under stress,” and superhigh
adhesive fracture energy.” Biomimetic coacervate complexes
have been developed as underwater adhesives,'’ supra-
molecular self-assembly,' "> self-healing hydrogels,13 drug/
gene delivery,'* and artificial protocells.'” ® Synthetic
coacervate complexes have been mainly formed between
oppositely charged polyelectrolytes, including proteins, DNAs,
and other charged polymers. Given the right concentration and
charge density of charged macromolecules and salt concen-
tration, a variety of binary macromolecular mixtures can
spontaneously separate into two immiscible aqueous phases
consisting of one polymer-rich phase as dense coacervate and
the other polymer-poor phase as supernatant."’~"* However,
as most recent researches have focused on the thermodynamic
origin and phase diagram of polyelectrolyte coacervate
complexation,n_20 tunable material properties of coacervate
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complexes remain poorly achieved, possibly due to their
unclear and debated microstructures.

For various practical applications, it is highly desired to
design and control multistimuli-responsive coacervate com-
plexes with tunable structural and mechanical properties. The
living organisms of mussels and sandcastles in the form of
coacervate complex can resist considerably high mechanical
deformation and exhibit reversible structural changes in
response to various environmental stimuli.”” Conversely, the
knowledge and capability of effective control and modification
of synthetic coacervate complexes remain rather limited. In this
work, we have adopted a simple nanocomposite approach to
investigate highly tunable, stimuli-responsive coacervate
complexes formed between zwitterionic polyelectrolytes and
inorganic multivalent POM macroions in salted aqueous
solution. Such hybrid organic—inorganic macroion coacervate
nanocomplexes could provide great promise for molecular
design of “smart” functional composite nanomaterials.”' ™’
Polyelectrolytes have been demonstrated superior to neutral
materials”* to the extent of stimuli-responsive swelling, ion
transport, and lubrication as well as their striking similarities
with many biological membranes, such as those found in
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mitotic chromosomes, corneas, and jellyfish.”**® Recently, we

have explored multivalent nanometer-scaled POMs of 0.8—3
nm in diameter as the inorganic polyanions to demonstrate the
generality of zwitterion—anion ion pairing induced macroion
coacervate complexation with zwitterionic polyelectrolytes.”’”
POMs are the clusters of transition metal oxides,” {MO,}
where n = 4—7 and M is generally Mo, W, V, U, and Nb in
well-defined crystalline structures and often carry stable and
well-defined multiple negative charges in aqueous solution.”**’
Because of their unique chemical, optical, and electrical
properties, POMs have emer§ed as novel functional nanoma-
terials used for catalysis,‘m“1 semiconductors,”” and anti-
cancer/virus and antiamyloid treatments.’>** Introducing
inorganic POMs to stimuli-responsive polyelectrolytes toward
hybrid organic—inorganic macroion coacervate complexation
can not only modify the mechanical properties of coacervate
complexes” ™’ but also integrate new functions from both
polyelectrolytes and POM:s to expand their applications.

We have recently demonstrated the entropy-driven coac-
ervate formation between zwitterionic poly(sulfobetaine
methacrylamide) (PSBMA) bearing net zero charge and
inorganic polytungstate {W,,} (LigH,W,,0;,) bearing eight
negative charges per {W,} in LiCl aqueous solutions based on
zwitterion—anion pairing as their molecular structures are
illustrated in Figure 1a.”” It should be noted that our POM—
polyzwitterion coacervate is mechanistically different from
previously reported POM-net positively charged gelatin
coacervates or hydrogels based on conventional anion—cation
pairing.”' ~** Because of high disparity in their charge density,
size, and molecular rigidity of PSBMA and {W,,}, non-
stoichiometric PSBMA—{W,,} coacervate complexes can be
formed over a broad range of the molar ratio of total {W,}
charges (= 8 X {W,} molar concentration) to total PSBMA
monomers, Cewiz}/cspma = 80—220% at LiCl concentration
L = 0.5 M, deviating from ~100% for apparent charge
neutrality. Zwitterionic PSBMA becomes effectively net
negatively charged in {Wj,}-added aqueous solution and
exhibits higher negativity than that in simple salted solutions,
strongly suggesting the binding of {W,,} polyanions to
PSBMA to replace and release bound monovalent CI™ anion
in LiCl solution for the PSBMA—{W,,} coacervate complex-
ation. Also increasing salt concentration can broaden the
PSBMA—{W,,} coacervate phase regime in an opposite trend
to that of conventional polyelectrolyte coacervates.'” ™ Yet it
remains unclear of how the stimuli-responsive characteristics of
PSBMA in aqueous solution is modified upon coacervate
complexation.” More critically, the microstructure of poly-
electrolyte coacervates is rather unclear and debated. Recent
linear rheology study of polyelectrolyte—protein coacervate
complexes suggests a polyelectrolyte network with bound
proteins as transient cross-linkers through dynamic ion-
pairing.*® With the “network” model, the viscoelastic strength
and stress relaxation of coacervate complexes could be
modified by ion-pairing strength with added salts.”” Yet this
model has been challenged by the “mesophase” model, where
two microdomains exist: © polyelectrolytes and proteins exhibit
fast and slow diffusion dynamics in the dilute and dense
microdomains, respectively, where the fast diffusion resembles
the diffusive dynamics of proteins or molecular probes in dilute
polymer solution or in the supernatant of coacervate
complexes. However, the “mesophase” model can be
questioned as the submicrometer sized microdomains are not
observed directly by optical or fluorescence microscopy. A
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Figure 1. (a) Schematic illustration of molecular structure of {W,}
and PSBMA and optical photographs to show the transition of
biphasic PSBMA—{W,} coacervate complexes formed at cgpyy =
85.5 mM, ¢ qwi2}/Cspma = 220%, and ¢y = 0.5 M at T =22 °C (left-
side photograph) to monophonic complexes at T = 40 °C (right-side
photograph). (b) Critical temperature, T,, for the transition from
biphasic coacervates to monophasic complexes against c.wiz}/Cspma
for PSBMA—{W,} complexes formed at cgpp4 = 85.5 mM and cj;¢; =
0.5 M.

more recent study by X-ray scattering and rheology reports
that the polyelectrolyte dense coacervates behave like semi-
dilute polyelectrolyte solution.”® Nevertheless, the debated
microstructures of dense coacervate complexes could be highly
system-dependent and might be impacted by the enthalpic
contribution from intermolecular interaction. In this work, we
focus on tuning and understanding the microstructure of
PSBMA—{W,,} dense coacervates against varied solution
conditions. Specifically, linear rheology and FRAP character-
izations are performed to examine the stimuli-responsive
microstructures and viscoelasticity of PSBMA—{W,,} dense
coacervates in response to temperature, Ce{WlZ}/ cspmay and cpcp

B EXPERIMENTAL SECTION

PSBMA pol)fmer was synthesized by strictly following the published
procedure.”” An aqueous solution of lithium metatungstate, {W,}
(LigH,W,,0;,), was purchased from LMT Liquid and freeze-dried
(Labconco Freezone 4.5 Freeze-Dryer) before experiments.

To prepare dense PSBMA—{W,,} coacervates for rheological
measurements, the biphasic coacervate complexes were centrifuged
(Sorvall Legend X1R Centrifuge, Thermo Scientific) at 22800g and
22 °C for at least 12 h to thoroughly remove the dilute supernatant
phase from the dense coacervate phase. It is noted that no effect of
centrifugal acceleration on the structure and rheological properties of
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Figure 2. (a) Fluorescence micrographs of the morphology of PSBMA—{W,,} dense coacervates formed at csppiy = 85.5 mM, copwi/Cspma =
160%, and c;;; = 0.5 M and added with 5 mol % f-PSBMA before and after centrifugation. (b) Time—temperature superposition master curves of
shear moduli G’ (solid symbols) and G” (open symbols) of PSBMA—{W,} dense coacervate against shifted angular frequency, way, for the
coacervates formed at constant cgpya = 85.5 mM and ¢, = 0.5 M but varied c.gwi23/cspma = 80% (black squares), 160% (red circles), and 200%
(blue triangles). Inset: tan & (= G”/G') of corresponding PSBMA—{W,} dense coacervates at varied c,(w3/cspma- (c) Time—temperature
superposition master curves of G’ (solid symbols) and G” (open symbols) of PSBMA—{W,} dense coacervate against shifted angular frequency,
war, for the coacervates formed at constant cggyy = 85.5 mM and c,(yy23/Cspma = 160% but varied ¢y = 0.3 M (black squares), 0.4 M (blue
triangles), and 0.5 M (red circles). Inset: tan § of corresponding PSBMA—{W,} dense coacervates at varied c;;;.

dense coacervate was observed. The yielded dense coacervate is
microscopically featureless as verified by super-resolution confocal
laser scanning microscopy (CLSM, Carl Zeiss LSM 780) with a 63X
objective lens (Plan-Apochromat, NA = 1.4, oil immersion) and an
Airyscan detector (Carl Zeiss).

The linear viscoelasticity of PSBMA—{W,,} dense coacervate was
measured by a stress-controlled rheometer (Malvern Bohlin Gemni
HRnano) with a parallel-plate fluid cell of 20 mm in diameter and
1000 #m in gap spacing. To prevent the slip of samples during shear,
the surfaces of parallel plates were glued with sandpaper of grit size
600 (47185AS1, Mcmaster-carr). After sample loading and achieving
the desired gap spacing between the parallel plates, a thin film of
paraffin oil (Aldrich) was applied to seal the edge of the sample to
minimize the evaporation of water in samples. Linear shear spectra in
response to applied frequency, @ = 0.19—62.8 rad/s, were obtained at
constant shear strain, y = 1%. Temperature was varied from 2 to 70
°C using a Peltier Element. For each temperature, a time period of 10
min was waited to ensure the sample reach the thermal equilibrium
before measurements. Time—temperature superposition was per-
formed for the frequency-dependent shear spectra of the dense
coacervate samples based on the arbitrarily selected reference
temperature of 42 °C.

FRAP was employed to examine the microstructure of dense
coacervate complexes using CLSM. Fluorescein isothiocyanate—
dextran (f-dextran, Sigma-Aldrich) of different M,, was used as the
fluorescence probe and mixed with PSBMA aqueous solutions at a f-
dextran concentration of ~10 M before mixing with {W,}. The
measured F(t) over the bleached circular area of d = 32 um in
diameter, normalized by that of the unbleached region of the same
diameter, F(0), was fitted by a one-phase exponential function using
the “Bottom to (Span + Bottom)” analysis as F(t)/F(0) = Bottom +
Span*(1 — exp(—t In 2/7,),)), where 7|, is the halftime for
diffusion.* The apparent diffusion coefficient, D, of f-dextran in
PSBMA—{W,,} coacervates was obtained from 7, according to D =
&/ (4t ).

B RESULTS AND DISCUSSION

Biphasic PSBMA—{W,} coacervate complexes are a thermo-
dynamically stable system that can be formed over a wide
range of Ce{WlZ}/CSBMA and ¢ at room temperature as
previously reported.27 Furthermore, we observe that the
formation of biphasic PSBMA—{W,,} coacervate complexes

9407

can be also modified by solution temperature, T. As shown in
Figure 1la, a transition from biphasic to monophasic complexes
as increasing T from 22 to 40 °C is clearly indicated by the
photographs for the PSBMA—{W,,} coacervate complex
formed at cgppa = 85.5 mM, ¢y = 0.5 M, and c w12}/ Cspma
= 220%. It appears that the thermal responsive characteristics
of PSBMA polyzwitterion persists in the hybrid coacervate
complexes even though its upper critical solution temperature
(UCST) decreases from ~45 °C in deionized water’> to be
below 0 °C in ionic aqueous solutions of either added LiCl
concentration exceeding S0 mM or added {W,,} concentration
exceeding 1 mM found in this work. The critical temperature,
T, at which a transition from biphasic coacervate to
monophasic complex solution or hydrogel of PSBMA—{W,}
complexes occurs is measured against varied c.qw1}/¢sppa and
cric1 at constant cggya = 85.5 mM. T. shows nonmonotonic
dependence on c,wi2}/Cspma at constant ¢j;q = 0.5 M in Figure
1b. At Coqwiz}/Cspma > 240%, T, becomes immeasurable as the
complexes exhibit a monophasic phase at T = 22 °C as
previously reported.”” The highest T. is found at Ceqwi2}/ CsBMA
~ 160%, at which the measured linear viscoelasticity of dense
coacervates is also peaked (see Figures 2 and 3). It is strongly
suggested that the strongest interaction and network formation
of PSBMA—{W,} coacervate complexes occur at the optimal
Ceqwi2}/ Cspma ~ 160% at given cgppa = 85.5 mM and ¢ = 0.5
M.

To examine the microstructural dynamics of PSBMA-—
{Wy,} dense coacervate complexes, we have characterized the
frequency-dependent linear viscoelastic properties of dense
coacervates at varied T (see Supporting Information Figures S1
and S2). For each dense coacervate sample, we have ensured
that the supernatant, which might be dispersed in dense
coacervate complexes in the form of submicrometer-sized
droplets, is thoroughly removed by repeated centrifugation at
22800g for at least 12 h at T = 22 °C. Featureless and
homogeneous morphology of PSBMA—{W,} dense coac-
ervates is confirmed with fluorescein-labeled PSBMA (f-
PSBMA) added in dense coacervates by super-resolution
fluorescence microscopy as shown in Figure 2a. It should be
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Figure 3. Effects of (a) c.qwis)/cspma and (b) ¢y on linear storage
moduli, G’ (solid symbols), and loss moduli, G” (open symbol), of
PSBMA—{W,,} dense coacervates measured at fixed angular
frequency, @ = 6.28 rad/s, and strain, y = 1%. In panel (a), the
coacervates are formed at constant cggya = 85.5 mM and ¢ = 0.5 M.
Linear rheological data are shown at varied T = 58 °C (black squares),
42 °C (red circles), 34 °C (blue triangles), and 22 °C (magenta
diamonds). In panel (b), the coacervates are formed at constant cgys
= 85.5 mM and c.qwiz}/cspma = 160%. Linear rheological data are
shown at varied T = 26 °C (black squares) and 46 °C (red circles).

noted that the compositions of dense coacervates after
centrifugation remain the same without any further phase
separation even after the samples in sealed containers rest in
the laboratory for several months. The actual concentrations of
PSBMA, {W,,}, and LiCl in the coacervates vary with initial
CspMar Ce(wi2}/ Cspmar and cricp in nonlinear fashion as detailed in
our previous work;”" thus, we have chosen to discuss the
rheological properties of PSBMA—{W,} dense coacervates
based on initial component concentration in solutions before
coacervate formation. We have performed the standard analysis
of time—temperature superposition to rescale all the linear
frequency-dependent shear spectra (see Figure S3 for the T-
dependent shifting factors ar)*’ and obtain the master curves
for PSBMA—{W,,} dense coacervate against c,(y;,}/csppa and
cict as shown in Figures 2b and 2c, respectively.

Strikingly, measured storage moduli, G, and loss moduli,
G”, of all the dense coacervates overlap and both scale with
"3 against a substantial range of rescaled angular frequency,
war, for nearly 6 orders of magnitude. Such linear viscoelastic
spectra strongly suggest a critical gel behavior, which is loosely
defined as a material state upon the sol—gel transition of
viscoelastic materials.*""** Such an exceedingly broad spectrum
of overlapping storage and loss moduli without a terminal
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relaxation time suggests the attribution of local PSBMA—
{Wy,} gelation to their network structures.” In control, we
have also characterized the viscoelastic behavior of simple
PSBMA solution without {W,} at the same ¢;;; = 0.5 M but
higher cggpa = 342 mM corresponding to the cgpya at which
the hlghest shear moduli of dense coacervates are achieved in
our system”’ (see Figure $4). The linear oscillatory frequency
sweep results of {W,,}-free PSBMA solution exhibit the typical
liquid-like behavior with predominantly larger G” than G’ over
the entire frequency range, which is clearly distinct from those
of PSBMA—{W,,} dense coacervates. In addition, the
measured shear moduli of PSBMA—{W,,} dense coacervate
are considerably enhanced by more than S orders of magnitude
with added inorganic {W,,} in comparison to those of {W,}-
free PSBMA/LiCl aqueous solutions. Thus, the significant
enhancement in the viscoelasticity of PSBMA—{W,} dense
coacervate strongly supports that the PSBMA—{W,} dense
coacervates behave unlike a viscous solution but rather a
monophasic hydrogel.

The measured G’ and G” of PSBMA—{W,,} dense
coacervates at varied T are summarized against c.(w12}/Cspma
as shown in Figure 3a. Clearly, the nonmonotonic change of G’
and G” of PSBMA—{W,,} dense coacervate shows the same
trend as the change of T, as well as the activation energy, E,
(see Table S1), with ¢ w12}/ ¢spma- Both shear moduli and T,
are peaked at c.qwiz)/Cspma ~ 160%, strongly suggesting the
presence of an optimal c,12}/cspma for the maximal PSBMA—
{W,} interaction and strongest network formation, despite
being nonstoichiometric coacervates. It is also noted that the
linear shear moduli of PSBMA—{W,,} dense coacervates can
be modified over 3 orders of magnitude by either c.qwi2)/cspma
or T or both. Additionally, salt can also effectively modify the
viscoelasticity of PSBMA—{W,,} dense coacervates as shown
in Figures 2c¢ and 3b. Distinct from the salt-induced
suppression of conventional polyelectrolyte coacervate com-
plexation,”” we have observed that increasing L1Cl concen-
tration can not only broaden the coacervate phase’” but also
considerably enhance the rheological strength of gel-like
PSBMA—{W,,} dense coacervates, i.e. the salt-hardening
behavior as clearly exhibited in Figure 3b. Hence, such
organic—inorganic macroion coacervate complexes evidently
exhibit superior tunability in their viscoelastic properties by
different environmental and solution conditions.

Distinct from the previously reported microstructures of
polyelectrolyte dense coacervates in the literature,'™*® we
attribute the critical gel behavior and nonmonotonic c,gwy23/
csema dependent viscoelasticity of PSBMA—{W,,} dense
coacervates to the competition between {W),} cross-linking
and electrostatic repulsion between {W;,}-bound PSBMA.
Multivalent {W;,} could behave like a cross-linker due to its
high binding affinity for the dipolar ionic groups of PSBMA.
Because of the high multivalence of {W,,} as polyanions, even
when its concentration is low, one {W,,} could bind with
several PSBMA, giving rise to enhanced viscoelasticity of
PSBMA—{W,,} complexes in the solution phase. Increasing
Ceqw12)/ Cspma in the coacervate phase regime could lead to the
increased number of PSBMA—{W,,} zwitterion—anion pairs
upon biphasic coacervate formation, resulting in the increase of
both volume fraction®” of dense coacervate phase and T.. On
the other hand, the binding of {W,} to net neutral PSBMA
leads to net negatively charged PSBMA—{W,} complexes.
Thus, electrostatic repulsion among complexes could be much
enhanced with increased {W,,} concentration. As a result, the
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effective number of cross-linking points could be greatly
reduced with increased {Wj,} concentration, ultimately
resulting in the decrease of viscoelasticity and T of coacervate
complexes with further increased c,ywis)/cspma- Hence, an
optimal c,(w12}/Cspma is present for the PSBMA—{W,,}
coacervate complexation at fixed cggys and cpcp as indicated
in Figure 3a.

To further verify the critical gel characteristics of dense
coacervates, we examine the length scales of gel-like porous
microstructures by the diffusion of fluorescein-labeled neutral
dextran (f-dextran) with different molecular weight (M,,) as
probes in PSBMA—{W,} dense coacervates using FRAP. We
have ensured that f-dextran is a passive probe with negligible
intermolecular attraction with PSBMA—{W,,} dense coac-
ervates in that the measured concentration of f-dextran in the
supernatant phase is much higher than that in the coacervate
phase (see Figure SS). Figure 4a shows the representative
time-dependent fluorescence recovery profiles, F(t), of f-
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Figure 4. (a) Normalized fluorescence intensity recovery profile of
FITC-labeled dextran (f-dextran) with different M,, = 4000 g/mol
(black squares), 20000 g/mol (red circles), 40000 g/mol (blue
triangles), and 70000 g/mol (magenta diamonds) against elapsed
time, ¢, in PSBMA—{W,,} dense coacervates formed at cggpn = 85.5
mM, copwia)/Cspma = 160%, and ¢j;c; = 0.3 M at T = 22 °C. Solid lines
are the fitting results using the one-phase exponential model. (b) M,,-
dependent diffusion coefficient of f-dextran in free aqueous solution
(black open squares) from previously published results (ref 45),
homogeneous hydrogel of PSBMA—{W,,} formed at cgpyy = 342
mM and ¢, w123/ Cspuma = 160% without LiCl salt (magenta diamonds),
and dense coacervate of PSBMA—{W,,} formed at cgpys = 85.5 mM,
Cefwiz)/ Cspma = 160%, and ¢j;c; = 0.3 M (red circles) and 0.5 M (black
squares). Solid lines are the fitting of results consistent with the Zimm
model: D ~ M, 75,
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dextran in PSBMA—{W,,} dense coacervates formed at cqpys
= 85.5 mM, c.qw12}/Cspma = 160%, and ¢ = 0.3 and 0.5 M in
comparison to those in a homogeneous hydrogel formed at
cspma = 342 mM and cowip/cspma = 160% in LiCl-free
aqueous solution and in deionized water as the control. For all
the four cases, F(t) can be well fitted with a one-phase
exponential function™ to yield a single diffusion coefhicient, D,
of f-dextran in different surroundings, in sharp contrast to the
previously reported mesophase separation of polyelectrolyte
coacervates with fast and slow probe diffusion.'® The measured
D of f-dextran for all the four different cases clearly exhibits a
scaling with the M,, of f-dextran as shown in Figure 4b. The
FRAP approach to investigate the averaged mesh pore size of a
gel is based upon the fact that the diffusion of f-dextran in a
homogeneous gel could resemble the Brownian motion of a
spherical coil when f-dextran size is smaller than the average
mesh size of the gel or the reptation motion of a “snake-like”
chain when f-dextran size becomes comparable to or larger
than the mesh size due to the confinement effect. Figure 4b
evidently shows that the scaling of the measured D of f-dextran
against M,, exhibits two distinct regimes: at low M,, the scaling
of D ~ M, ® is observed with all the four cases and
approximates to the Zimm behavior with the theoretically
predicted exponent of —0.6;** yet at high M,, the exponent is
observed to be between —1 and —2, suggesting the
approximation to the reptational behavior whose scalin% is
predicted to exhibit a power exponent of —2 for hydrogel.*" In
this work, we intend to determine the averaged mesh pore size
of the gel-like dense coacervates from the critical hydro-
dynamic diameter of f-dextran, above which the scaling of D
against M,, deviates from the Zimm behavior that is similar to
the self-diffusion of dextran in free aqueous solution.*” The
deviation of the measured D from the Zimm behavior is found
at the cutoff M,, of ~20000 g/mol for the homogeneous
hydrogel and ~40000 and <4000 g/mol for the dense
coacervate formed at cj;c; = 0.3 and 0.5 M, respectively.
Based on the dextran coil size corresponding to the measured
cutoff M,,, the mesh pore size of dense coacervates is estimated
to be 9.6 nm at ¢;;c; = 0.3 M and <2.8 nm at ¢j;¢; = 0.5 M in
comparison to the mesh size of 6.4 nm for the homogeneous
gel formed without LiCL The decrease of the mesh pore size of
dense coacervates with increasing salt concentration is
consistent with the salt-hardening viscoelasticity of PSBMA—
{Wy,} dense coacervates observed in Figures 2c and 3b.
Despite different mesh sizes possibly due to varied PSBMA—
{W,} interactions, the dense coacervates exhibit the strikingly
similar microstructures as a homogeneous gel.

B CONCLUSIONS

In summary, we have reported the multiresponsive, critical gel-
like behaviors of PSBMA—{W,,} dense coacervates in
response to varied {W),} and salt concentrations and
temperature. Increasing temperature across T, leads to the
transition of PSBMA—{W,,} complexes from biphasic
coacervate complexes to monophasic solutions, where T.
strongly depends on c,(y12}/cspma- A similar nonmonotonic
trend of T, and shear moduli of dense coacervates against
Ceqw12)/Cspma indicates the presence of optimal c.qwi2)/Cspaa
for the formation of the most stable and strongest PSBMA—
{Wy,} dense coacervates. Moreover, linear rheological spectra
of PSBMA—{W,} dense coacervates after thorough removal
of the supernatants evidently indicate the unique critical gel
behavior of the dense coacervates, where measured G’ and G”
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overlap and exhibit a scaling with @®. To the best of our
knowledge, it is for the first time that a critical gel-like complex
can be simply formed via a coacervate complexation process.
The viscoelasticity of dense coacervates is significantly
enhanced by several orders of magnitude due to added
POMs and can be further modified by added salt and
temperature. The salt-hardening viscoelastic behavior is also
distinct from salt suppression of conventional polyelectrolyte
coacervates. To verify the gel-like microstructure, the averaged
mesh pore sizes of PSBMA—{W,,} dense coacervates are
determined by f-dextran of increased M,, as passive molecular
probes using FRAP in comparison to those in a homogeneous
PSBMA—{W,,} gel and a simple deionized water. The average
mesh size of PSBMA—{W,} dense coacervates, determined
from the cutoff dextran M,, where the deviation of measured
dextran diffusion from the classical Zimm-like behavior occurs,
is found to be <10 nm and decreases with increasing salt
concentration. Hence, all the results strongly suggest the
critical gel microstructure of PSBMA—{W,} dense coac-
ervates, which possibly results from the cross-linking of
PSBMA—{W,,} zwitterion—anion pairs by excess {W,}. In
perspective, such hybrid organic—inorganic macroion coac-
ervate complexes with significantly enhanced yet highly tunable
viscoelasticity could open new avenues to design new “smart”
functional nanomaterials for emerging applications from
nanomedicines to environmental sustainability.
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