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ABSTRACT: Polyelectrolyte complex (PEC) hydrogels possess rich microstructural gV
diversity and tunability of the shear response, self-healing attributes, and pH- and a/\'\\_ A :

salt-responsiveness. Yet, their utility in biotechnology and biomedicine has been & @ W
limited, owing to their weak mechanical strength and uncontrolled swelling. Here, we S——xo— ‘I?' S /? g
introduce a strategy to overcome these drawbacks of PEC hydrogels by interlacing Oppositely charged S
the electrostatically crosslinked PEC network with a covalently crosslinked polymer block polyelectrolytes
network, creating polyelectrolyte complex-covalent interpenetrating polymer net-
work (PEC-IPN) hydrogels. Structural and material characterizations of model PEC- ~__—_~ @ {

IPN hydrogels composed of oppositely charged ABA triblock copolymers and ﬁ\
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photocrosslinkable 4-arm poly(ethylene oxide) (PEO) highlight the key advantages
of our approach. Upon initial mixing of the three constituents, the PEC network self-
assembles swiftly in aqueous environs, providing structural rigidity and serving as
protective scaffoldings for the covalently crosslinkable PEO precursors. Photo-
crosslinking of the PEO chains creates a covalent network, providing structural reinforcement to the PEC network. The resulting
PEC-IPN hydrogels possess significantly improved shear and tensile strengths, swelling characteristics, and mechanical stability in
saline environments while preserving the intrinsic mesoscale structure of the PEC network and its salt-responsiveness. We envision
that our approach to fabricating PEC-based IPN hydrogels will pave the way for the creation of self-assembled hybrid materials that
harness the unique attributes of electrostatic self-assembly pathways, with broad applications in biomedicine.
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1. INTRODUCTION

Polyelectrolyte complex (PEC) hydrogels'™'* present an
exciting platform for the development of soft materials that
cater to diverse applications in biomedicine'>'* as scaffolds for
tissue engineering,ls_18 bioadhesives,'”™*° and drug deliv-
ery;27_31 as ionic conductors;***® and in food industries.>*>*
These hydrogels self-assemble rapidly"”” upon mixing aqueous
solutions of oppositely charged block golyelectrolytes and
exhibit hierarchical microstructures,”>***’ comprising three-
dimensional networks of PEC domains (composed of the
oppositely charged blocks) connected to each other via the
neutral blocks. This microstructure differentiates PEC hydro-
gels from ionically crosslinked hydrogels**™" (typically
composed of homopolyelectrolytes) and contributes to their
unique combination of attributes, including tunable shear
properties,”*~%”'>* stimuli (salt- and pH-) res%)onsive—
ness,">*** injectability,'>*” self-healing properties, ** and
the ability to encapsulate charged macromolecules such as
proteins and nucleic acids.”*~>*

Yet, broad applications of PEC hydrogels remain limited
owing to their physical crosslinked structure contributing to
low shear strength (typically less than 20 kPa), miniscule
tensile strength, and an inherent coupling between the network
microstructure and its shear response.” In contrast, applica-
tions such as tissue adhesion typically require hydrogel sealants
to mimic the shear properties of the tissue substrates (e.g., ~1
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kPa for soft tissue, ~10 kPa for muscle, ~50 kPa for skin, and
>100 kPa for cartilage and bone).>> ™7 At the same time, PEC
hydrogels swell indefinitely and eventually dissolve upon
exposure to aqueous media, indicating degradation of the
hydrogel structure.”® Limited and tunable swelling can avoid
material loss, preserve the stability of structure and mechanical
properties, and maintain the functions of PEC hydrogels which
can broaden their utility. However, effective measures for
controlling the swelling of PEC hydrogels remain elusive.
Here, we introduce a strategy to address these shortcomings
of PEC hydrogels while retaining their unique attributes by
interlacing the PEC network with a covalent network.
Interpenetration of polymer networks has been employed to
imbue properties like toughness and stimuli-responsiveness in
hydrogels.””™** In this work, we demonstrate synergic
improvements in the material properties of PEC-covalent
interpenetrating polymer network (IPN) hydrogels which are
not accessible in hydrogels composed of either of the two
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networks, including substantial improvements in mechanical
strength, toughness, and swelling performance while conserv-
ing the microstructure of the PEC network. Moreover, our
approach offers a strategy to expand the utility of photo-
crosslinkable hydrogels by enabling in situ crosslinking of the
photocrosslinkable precursor polymers. The self-assembled
PEC hydrogels provide a protective environment for the
photocrosslinkable precursors, mitigating dilution and deacti-
vation prior to their crosslinking. We envision that the PEC-
covalent IPN platform demonstrated here will constitute the
first steps toward the implementation of PEC-based IPN
hydrogels in future biomedical applications.

2. MATERIALS AND METHODS

2.1. Materials. Potassium (99.5% trace metals basis), naphthalene,
poly(ethylene glycol) (M, = 20,000 Da), 2,2-dimethoxy-2-phenyl-
acetophenone, allyl glycidyl ether (AGE), calcium hydride, sodium 3-
mercapto-1-propanesulfonate, technical grade (90%), 1H-pyrazole-1-
carboxamidine hydrochloride (99%), cysteamine hydrochloride
(>98%), and Irgacure 2959 were obtained from Millipore Sigma.
Tetrahydrofuran (THF) and dimethylformamide (DMF) were
obtained from Fisher Scientific. 4-Arm poly(ethylene oxide) acrylate
(PEO, M, = 20,000 Da, > 95%) was obtained from JenKem
Technology.

2.2. Block Polyelectrolyte Synthesis. Guanidinium, ammo-
nium, and sulfonate functionalized poly(ally glycidyl ether)-b-
poly(ethylene glycol)-b-poly(ally glycidyl ether) were synthesized
following previously published protocols." Briefly, AGE was purified
by stirring with calcium hydride overnight and then processed by
three freeze—pump—thaw cycles and distillation. Poly(ethylene
glycol) (M, = 20,000 Da) was dissolved in anhydrous THF and
titrated with potassium naphthalenide (0.4 M in anhydrous THF)
until the solution acquired a light green color. AGE was added to the
reaction mixture and stirred at 45 °C for 48 h. The polymerization
reaction was terminated by the addition of degassed methanol, and
the final product poly(allyl glycidyl ether)—poly(ethylene glycol)—
poly(allyl glycidyl ether) (PAGE—PEO—PAGE) was precipitated in
hexane and filtered, followed by drying prior to further functionaliza-
tion. The product was characterized by proton nuclear magnetic
resonance ('H NMR, 400 MHz), as shown in Figure S1. The degree
of polymerization of the PAGE blocks was calculated from the relative
heights of peaks in the NMR spectra and was determined to be
PAGEg;—PEO,is—PAGEq;.

The thiol—ene reactions were carried out by dissolving 2 g
PAGEg—PEO,5;—PAGEy; polymer and a functional thiol (S equiv
per alkene) in a 30 mL DMF/water mixture with a 1:1 volume ratio in
a 100 mL round bottom flask. Cysteamine hydrochloride and sodium
3-mercapto-1-propanesulfonate were used to functionalize the block
polymers with ammonium and sulfonate groups, respectively. After
the addition of the photoinitiator (2,2-dimethoxy-2-phenylacetophe-
none, 0.0S equiv per alkene), the solution was irradiated with UV light
(365 nm) for 6 h under a nitrogen atmosphere. Then, the final
product solution was dialyzed against deionized water for 10 cycles of
8 h each. The final ammonium or sulfonate functionalized polymers
were obtained by lyophilization."””

The guanidinium functionalized polymer was synthesized by
dissolving ~2 g of ammonium functionalized PAGEg—PEQO 55—
PAGEy in 200 mL of phosphate-buffered saline (PBS) solution along
with 1H-pyrazole-1-carboxamidine (4 equivalent per amine). The pH
of the solution was adjusted to 10 by using 10 M NaOH solution. The
reaction mixture was stirred for 3 days, followed by dialysis against
deionized water for 10 cycles of 8 h each. The final guanidinium
functionalized polymers were obtained by lyophilization. All function-
alizeldsproducts were characterized by "H NMR (400 MHz) (Figure
S1).”

2.3. Preparation of PEC, PEC + PEO, and PEC-IPN
Hydrogels. 50 wt % stock solutions of the cationic and anionic
block polyelectrolytes were prepared by mixing, for example, S00 mg
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of the polymers with 1 mL of deionized water. PEC hydrogels were
prepared by mixing an appropriate amount of block polycation stock
solution with deionized water. Then, an appropriate amount of the
block polyanion stock solution was added to the solution. Vortex
mixing was carried out for 15 s to ensure homogenous mixing. The
polymers were mixed in proportions such that the molar charge ratio
of cationic and anionic groups was 1:1.

PEC + PEO hydrogels were prepared by mixing the block
polycation stock solution with an aqueous solution of PEO and
photoinitiator Irgacure 2959. Subsequently, the block polyanion stock
solution was added. Each addition step was followed by vortex mixing
for 15 s to homogenize the mixtures. The polymers were mixed in
proportions such that the molar charge ratio of cationic and anionic
groups was 1:1.

PEC—IPN hydrogels were prepared by exposing PEC + PEO
hydrogels to UV radiation (302 nm, 8 W) for S min. The hydrogels
were subjected to further characterization as is, without further
purification or removal of unreacted PEO chains.

2.4. Small-Angle X-Ray Scattering Measurement. Small-angle
X-ray scattering (SAXS) measurements were performed at beamline
12-ID-B at the Advanced Photon Source, Argonne National
Laboratory with 13 keV X-rays. The sample-to-detector distance
was set at 4 m, corresponding to a wave vector (g) range of 0.0002 to
0.5 A™%. PEC and PEC + PEO hydrogels were loaded into holes (3
mm diameter) in 4 mm thick aluminum strips using a positive
displacement pipette and sealed on both sides with Kapton tape to
avoid water evaporation. PEC—IPN hydrogels were prepared by
loading PEC + PEO hydrogels in the aluminum strips and followed by
S min UV light exposure and then sealed by Kapton tape. All the
samples were prepared and loaded onto the sample holders at least 24
h before the SAXS measurements. All experiments were performed at
room temperature. The X-ray exposure time was set at 0.1 s. The two-
dimensional scattering data were converted into one-dimensional data
(Isample) by using the matSAXS package. Sample scattering intensity
was acquired by subtracting the appropriately scaled background
(solvent) scattering intensity (Ijen) from the measured scatterin:
intensity, I(g) = sample — ®Lolveny With a being the scaling parameter.
P(q) and S(q) fits to the I(q) data were carried out using the Irena
package® in Igor Pro.

2.5. Rheological Measurements. Oscillatory rheological meas-
urements were performed on an Anton Paar MCR 302 rheometer
using a parallel plate (diameter: 8 mm, gap size: 0.7 mm) fixture for
PEC—IPN hydrogels and a cone and plate (diameter: 10 mm, cone
angle: 2°) fixture for PEC and PEC + PEO hydrogels. An appropriate
amount of PEC or PEC + PEO hydrogel samples was placed on the
lower plate, and excess sample volume was trimmed after reaching the
appropriate gap between the cone and the plate. PEC—IPN hydrogel
samples were prepared by pipetting 70 uL of PEC + PEO hydrogels
into a cylindrical polydimethylsiloxane (PDMS) mold (diameter: 8
mm, height: 1.5 mm) and irradiating the hydrogels with UV radiation
for S min. The crosslinked hydrogel samples thus obtained were
placed between the parallel plates of the rheometer fixture. The
hydrogel samples were subjected to small-amplitude oscillatory strain
(w =1Hz, y = 0.3%) for an extended period (1800 s) to equilibrate
the samples. Amplitude sweeps, with strain amplitude y ranging from
0.01—100% (Figure S2) were carried out at frequency w = 1 rad/s to
assess the linear viscoelastic (LVE) regime. Frequency sweeps (@ =
0.01—-100 Hz) were performed at y = 0.3%, staying within the LVE
regime. A solvent trap was employed to minimize water evaporation.
All rheology data were acquired at 25 °C.

2.6. Tensile Tests. Tensile measurements were conducted on an
Instron 5542 mechanical tester. PEO and PEC-IPN hydrogels were
prepared by pipetting 80 uL of the precursor solution into a
rectangular PDMS mold (12 mm X S mm X 1.5 mm) and exposed to
UV radiation for photocrosslinking. The crosslinked hydrogels were
affixed to the machine tension grips with double-sided tape. The
extension rate was set to 1 mm/min, and the stress—strain data were
continuously collected until the fracture of samples. The tensile
properties were estimated by averaging data obtained from at least 3
hydrogel samples.
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Figure 1. Schematic depiction of PEC, PEC + PEO, and PEC—IPN hydrogels. (A) Schematics representing PEC (row 1), PEO (row 2), and PEC
+ PEO and PEC-IPN hydrogels (row 3). (B) Photographs demonstrating injectability and insolubility of PEC (row 1) and PEC + PEO (row 3)
hydrogels in water. In contrast, the PEO precursor (row 2) dissolves in water readily. Dyes (Acid Yellow 73, Rhodamine B, and a combination of
Acid Yellow 73 and Rhodamine B in rows 1, 2, and 3, respectively) were added to the hydrogels to aid visualization. (C) Chemical structures of the
block polyelectrolytes and the 4-arm PEO acrylate.

2.7. Swelling Ratio. PEO and PEC—IPN hydrogel samples were
prepared by pipetting 60 uL of precursor solution (PEO solution or
PEC + PEO hydrogels) into a cylindrical PDMS mold (diameter: S
mm, height: 3 mm) and irradiating it with UV radiation for S min.
After UV exposure, the hydrogel samples were transferred into a 24-
well culture plate filled with deionized water. After 0, 1, 4, 9, 24, and
48 h, the hydrogel samples were weighed after carefully removing
residual water from the surface. The swelling ratio of hydrogels was

calculated as

aqueous solutions of oppositely charged block polyelectrolytes
(bPEs) based on PAGEg—PEO,c—PAGEy. The PAGE
blocks were functionalized with ionic (guanidinium and
sulfonate) moieties' (Figure 1A, row 1). These hydrogels are
injectable and remain insoluble in water, even upon shaking for
a few minutes (Figure 1B, row 1, see also Supporting
Information Movie S1).

The introduction of hydrophilic chemically crosslinkable
PEO did not impede the PEC gel formation, resulting in
injectable PEC + PEO hydrogels (Figure 1A, row 3). The
electrostatically self-assembled PEC networks provide struc-
tural stability and insolubility in aqueous environments to the
PEC + PEO hydrogels (Figure 1B, row 3, see also Supporting
Information Movie S2). Moreover, the PEC networks serve as
scaffoldings to protect the PEO precursors against uncon-
trolled dilution (Figure 1B, row 3). Ultraviolet (UV)
irradiation of the PEC + PEO hydrogels for 5 min resulted
in the formation of polyelectrolyte complex-interpenetrating
polymer networks (PEC—IPN) hydrogels composed of water-

. . m
swelling ratio = — X 100%
My

Here m, is the weight of the hydrogel at time t (hour), m is the
initial weight. The swelling ratio was calculated by averaging the data
of at least 3 samples.

3. RESULTS AND DISCUSSION

3.1. Self-Assembled PEC Networks as Protective
Scaffoldings for Covalent Crosslinkable Polymers. PEC
hydrogels self-assemble swiftly (<500 ms)®°~’ upon mixing

4483 https://doi.org/10.1021/acs.macromol.2c00590
Macromolecules 2022, 55, 4481—-4491


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00590/suppl_file/ma2c00590_si_002.mov
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00590/suppl_file/ma2c00590_si_003.mov
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00590?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00590?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00590?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00590?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

A 10 CpE+
bPE +
0y
o 5 wt% PEO _|
ok Cope -
[wt%] |
—_ 104 30
S
S q0°
2
2
§ 10
£
10
10°
PEC
10" | |— PEC+PEO
—— PEC-IPN
2
107 5t PR RN 2
0.01 ) 0.1
q[A’]
C  400F | Inter-domain Distance
o, 300f
SS‘ L
%2
ge 200 PEC Domain Radius
3 |
o < I PEC
bPE + - -8 PEC+PEO
OF 5wW%PEO | o _A PEC-IPN
E | I 1
10 20 30 40

bPE Concentration, Cypg [Wt%]

B 10"[E T Ty R
30 wt% bPE+
PEO .
1010 CF’EO
[Wt%] |
10° 20
E
8, 10°
>
2
& 10
IS
10?
ol PEC |
10" |— PEC+PEO 0
I |— PEC-IPN 4
-2
10 3 456 : 2 3 456 ; 2
0.01 . 0.1
q[A’]
D 400F
sl @ .C.A:lil
c—
g‘ﬂ. Inter-domain Distance
2]
200}
Qo % PEC Domain Radius
OE
W= 1001 o
® O PEC
ol SOW%bLPE |_m g PEC+PEO
+PEO —A A PEC-IPN
1 1 | | |
0 5 10 15 20

4-arm PEO Concentration, Cpgo [Wt%]

Figure 2. Representative SAXS scattering spectra and PEC domain attributes in PEC, PEC + PEO, and PEC—IPN hydrogels. (A) One-dimensional
scattering intensity I(q) as a function of wave vector q for PEC (grey), PEC + PEO (blue), and PEC—IPN (red) hydrogels with varying Cypy, from
10 to 30 wt %. PEC + PEO, and PEC—IPN hydrogels also contained a constant Cpgo (= S wt %). (B) I(q) spectra for PEC hydrogels with Cypg =
30 wt %, and PEC + PEO, and PEC—IPN hydrogels with varying Cppo (between 10 and 20 wt %) and constant Cppg = 30 wt %. In the SAXS
spectra for PEC + PEO and PEC—IPN hydrogels with Cpgo = 15 and 20 wt %, the small vertical bars indicate the positions of the Bragg scattering
peaks. The secondary and the tertiary peaks appear at 2¢* and 3q™* with respect to the primary peak at g*, denoting the lamellar microstructure of
the PEC domains. In both (A,B), I(q) spectra are shifted vertically for clarity. (C,D) Interdomain distance (dppc) and domain radius (Rpgc) as a
function of Cypg (C) and Cpgg (D) for PEC, PEC + PEO, and PEC—IPN hydrogels. In (C), Cpgo = S wt % while in (D), Cypg = 30 wt %. The filled
and open symbols referred to the interdomain distance and PEC domain radius, respectively. See Supporting Information Table S1 for peak

assignments in (B).

laden interlaced PEC and chemically crosslinked PEO
networks (Figure 1A, row 3). In stark contrast, exposure of
the solution of crosslinkable polymer precursors to aqueous
environments prior to UV-induced crosslinking resulted in
rapid dilution of the precursors, limiting their ability to form
chemically crosslinked hydrogels (Figure 1A,B, row 2, see also
Supporting Information Movie S3).

3.2. Structural Resilience of PEC Domains Against the
Inclusion of Polymers and Covalent Networks. SAXS
reveals the structural attributes of the PEC network comprising
PEC domains interlinked with the neutral blocks of the bPEs.
The PEC domains are composed of the charged blocks of the
bPEs that possess higher polymer concentration than the
surroundings and include higher atomic number elements
including nitrogen and sulfur, providing sufficient electron
density contrast.”** Figure 2A shows representative one-
dimensional SAXS intensity I (q) as a function of wave vector g
obtained from PEC hydrogels with increasing bPE concen-
trations (Cypg, grey traces, see also Figure S3A). These SAXS
spectra exhibit a broad primary peak near q = 0.02 A~
followed by secondary peaks at higher g values. The primary
and secondary peaks became more prominent with increasing
Cyppp, indicating strengthening spatial correlations among the
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PEC domains. Yet, an absence of Bragg reflection peaks
denotes that the PEC domains remained in a disordered
arrangement even in PEC hydrogels with C,pg = 40 wt 9%."+°

Modeling I(q) as a combination of a form factor P(q) for
polydisperse spheres and a hard-sphere structure factor S(g) as
I(q) ~ P(q)S(q), as shown in Figure S4, enabled estimation of
the domain radius (Rpgc) and the characteristic interdomain
distance (dpgc).”””" The position of the primary S(q) peak, ¢*,
represents the inverse interdomain distance dpgc as dpgc ~ 27/
q*.70 Rpgc and dpg for the PEC hydrogels are shown in Figure
2C with grey symbols. Consistent with the previous
observations® that PEC domain size depends on the length
of the charged block only, while interdomain correlation and
distances are dictated by lengths of both the charged and the
neutral blocks as well as Cypp, Rppc was found to be
independent of Cypg, while dppc decreased progressively with
increasing Cppg.

Scattering from the PEC network persisted upon the
inclusion of polymeric additives (PEO) and their subsequent
crosslinking. Figure 2A highlights the similarity of the I(q)
spectra obtained from PEC hydrogels (grey traces) with PEC
+ PEO and PEC—IPN hydrogels containing S wt % PEO
content (Cpgp), depicted by blue and red traces, respectively
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Figure 3. Modulations of shear strength of PEC + PEO and PEC—IPN hydrogels. (A—C) Storage (G’) and loss (G”) moduli as a function of
frequency (@), measured by imposing oscillatory strain (strain amplitude y = 0.3%) on PEC hydrogels (grey), PEC + PEO hydrogels (blue), and
PEC—IPN hydrogels (red) with varying Cpp and a constant Cpgo. (D—G) G’ and G” (at @ = 1.12 rad/s and y = 0.3%) for PEC hydrogels with
increasing Cypg (D), PEO hydrogels with increasing Cpgo (E); and PEC + PEO hydrogels (blue) and PEC—IPN hydrogels (red) with increasing
Cypg and constant Cppo = S wt % (F) and with increasing Cppo and constant Cypg = 30 wt % (G).

(see also Figure S3A,B). Correspondingly, both Rppc and dpgc
for PEC hydrogels (grey symbols), PEC + PEO hydrogels
(blue symbols), and PEC—IPN hydrogels (red symbols)
evolved near identically with increasing Cypg (Figure 2C).

Tuning the PEO content in the PEC + PEO or the PEC—
IPN hydrogels enabled the modulation of the PEC network
nanostructure. Morphological transition and ordering of the
PEC domains, signified by the appearance of sharp Bragg
reflection peaks in the SAXS spectra, shown in Figure 2B,
accompanied by a subtle decrease of dpg (Figure 2D), were
observed with increasing Cpgg in both PEC + PEO and PEC—
IPN hydrogels comprising Cpg = 30 wt %. The relative
positions of the primary (q,), secondary (g,), and tertiary (g;)
Bragg peaks as qi:qy:q3 = 1:2:3 denote the presence of
parallelly stacked lamellar PEC domains in the PEC network
with Cpgg > 1S wt %.

Such morphological and ordering transitions as well as the
reduction in domain spacing have been previously observed in
PEC hydrogels with increasing bPE concentration"*>” and
have been hypothesized to arise from the compression of the
neutral middle blocks beyond their equilibrium conforma-
tions.” Here, we expect macromolecular crowding by the 4-arm
PEO chains or the covalent network to result in compression
and loss of conformational entropy of the PEO midblocks,
which in turn induces morphological and ordering transitions
in PEC domains. It should be noted that the SAXS spectra
shown here are representative of the nearly identical spectra
obtained from multiple spots in each of the hydrogel samples,
denoting the spatial homogeneity of the hydrogels. Moreover,
we note that the PEC domains contain substantial amounts of

water,”?” and hence, morphological transitions in PEC
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networks can be induced even in assemblies comprising
asymmetric bPE, as opposed to amphiphilic block copolymer
assemblies, where lamellar morphologies are expected in
polymers with symmetric blocks.

PEC networks comprising weaker ammonium groups
instead of strong guanidinium groups in the block polycations
exhibit similar behaviors. Guanidinium groups have a higher
degree of protonation due to their high pK, value (~13.6)
compared to the ammonium groups (pK, ~ 9.25), owing to a
combination of proton delocalization assisted by resonance
stabilization and two binding sites on adjacent nitrogen atoms.
The stability of the ionized state of the ionizable groups
contributes to the strength of the electrostatic interaction
between the oppositely charged blocks and the network
properties. Thus, weaker electrostatic interactions between
ammonium and sulfonate groups resulted in larger PEC
domains and faster equilibration of the PEC network. The
resulting PEC hydrogels contained ordered PEC domains at
Cypg = 30 wt %. The addition of S wt % PEO did not disrupt
either the disordered or the ordered PEC networks (Figures
SSA and S6). Both disordered and ordered PEC networks,
although, required smaller Cppo to undergo ordering and
morphological transition in PEC + PEO and PEC-IPN
hydrogels (Figure SSB). The trends in dppc and Rppc with
varying Cypg and Cpgo (Figure SSC,D) remained consistent
with the trends shown in Figure 2.

3.3. Modulation of Shear Properties of PEC Hydro-
gels by Polymer Diluents and Interpenetrating Co-
valent Networks. PEC hydrogels exhibited frequency-
independent storage and loss moduli (G’ and G”, respectively)
with G' > G”, for Cypg > 10 wt %, indicating solid-like gels
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with an absence of terminal relaxation within the time of
experiments (grey symbols in Figure 3A—C)."° With
increasing Cypg, G' and G” both increased before G’ plateauing
around 10 kPa, which is typical for PEC hydrogels (Figure
3D).** Inclusion of PEO chains in the PEC hydrogels led to a
decrease of both G" and G” while conserving their frequency-
independent behavior (blue symbols in Figure 3A—C).
Subsequent crosslinking of the PEO chains led to a marked
increase in the shear moduli of the resulting PEC—IPN
hydrogels, even higher than the corresponding moduli for PEC
hydrogels (red symbols in Figure 3A—C).

Figure 3F summarizes the evolution of the shear response of
PEC—IPN hydrogels with increasing Cypg; for a constant Cpg.
The influence of the covalent network on the shear moduli of
PEC—IPN hydrogels was more pronounced when the covalent
network served as the primary load-bearing network. When the
shear moduli of PEC hydrogels with Cypr < 20 wt % (Figure
3D) were smaller than of the S wt % covalent hydrogels
(Figures 3E and S7), the corresponding PEC—IPN hydrogels
exhibited more than two-fold improvement in both G" and G”
as compared to the PEC hydrogels (Figure 3D,F, see also
Figure 3A,B). In contrast, only modest enhancements in
moduli were achieved in PEC—IPN hydrogels with Cypg > 20
wt %. At high bPE concentrations, loop formation as well as
hindrance of the photocrosslinking of the PEO chains by the
PEC network can reduce the shear moduli contributions from
the PEO network to the IPN hydrogels. Importantly, because
the moduli of the covalent PEO network are directly
proportional to the Cppo (Figure 3E), PEO content in the
PEC—IPN hydrogels can be harnessed as a facile route to tune
their moduli. As an illustration, steady improvements in G' and
G” of PEC—IPN hydrogels with Cypg = 30 wt % were observed
upon increasing Cpp (Figure 3C,D,G see also Figure S8).

These moduli enhancements serve as an indicator of the
interpenetrating nature of the PEC and the covalent networks
and their synergistic contribution to the shear strength of the
resulting hybrid hydrogel. The interlacing of the two networks
is hypothesized to introduce further entanglements between
them, in effect acting as additional crosslinks, leading to higher
moduli of the IPN hydrogels as compared to hydrogels
comprising either of the components. The synergy between the
two networks is further illustrated through a comparison of the
moduli of the PEC—IPN hydrogels with the sum of the moduli
of the constituent networks (Figure S9). Both G’ and G” for
the PEC—IPN hydrogels were found to be larger than the
linear combination of the respective moduli of the constituent
networks in most cases, except for the PEC—IPN hydrogels
with high Cypp (= 30 wt %) and Cppg (>15 wt %). In these
hydrogels, the high polymer concentration can be expected to
hinder the crosslinking of the PEO network, resulting in loop
formation or unreacted PEO ends, or both. Overall, PEC—IPN
hydrogels exhibit superior shear strength which either PEC
hydrogels or covalent hydrogels cannot achieve either
individually or, in most cases, in a linear combination with
each other.

In contrast, PEC + PEO hydrogels exhibit a marked decrease
in shear strength as compared to the PEC hydrogels (blue
symbols in Figure 3A—C,F). Increasing PEO content in PEC +
PEO hydrogels led to the continuing reduction of G’ and G”
(Figure 3G). We hypothesize that this reduction can be
attributed to a reconfiguration of the PEC network by the 4-
arm PEO chains. Previously, it has been shown that self-
assembly of symmetric, oppositely charged ABA triblock
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polyelectrolytes results in networks with a higher-than-
expected fraction of B blocks forming bridges instead of
loops, manifesting as gel formation at surprisingly low polymer
concentrations.” Here, we argue that the inclusion of 4-arm
PEO chains induces macromolecular crowding, hindering
bridge formation and promoting loop formation, reducing
the network connectivity and reducing its shear moduli.
Furthermore, the injectability of the PEC network containing
precursor solutions can also be tuned precisely. The PEC +
PEO hydrogels exhibit strong shear thinning characteristics
(Figure SI0A—D) and the microstructure of the PEC networks
recovers quickly after strong shearing (Figure SIOE),”
resulting in facile injection and swift recovery of the hydrogel
elasticity post injection (Figure 1B, row 3).

We note that the PEC + PEO and the PEC—IPN hydrogels
are both expected to be spatially uniform, and therefore, spatial
inhomogeneities and phase separation are not expected to play
arole in contributing to the observed decay of the PEC + PEO
hydrogel moduli. The mixing protocols, comprising mixing of
the 4-arm PEO and the block polyanions before the addition of
the block polycations, ensured uniform mixing of the polymers.
Additionally, SAXS spectra collected from various locations in
the hydrogel samples were identical, pointing toward a spatially
homogenous distribution of the PEC domains. We also note
that the drop in the moduli with increasing @ in the low @
(0.5 rad/s) range in frequency sweeps for PEC + PEO
hydrogels in Figures 3C and S8D indicates that the hydrogel
was equilibrating while the initial low @ moduli measurements
were made. We attribute this trend to the specific measure-
ment protocol we followed where the shearing frequency of the
sample jumped from @ = 1 Hz to @w = 0.01 Hz nearly
instantaneously upon transition from the preshearing step to
the frequency sweep measurements. For the other PEC + PEO,
PEC, and PEC—IPN hydrogels, the moduli are w independent
and, therefore, did not show any effect of this change in the
shearing frequency. However, for the PEC + PEO hydrogels
with Cypg > 30 and S wt % PEO, the moduli are frequency
dependent, and the recovery and equilibration of the samples
are evident in the first few points in the frequency sweep.

Similar trends were observed in PEC, PEC + PEO, and
PEC—IPN hydrogels comprising ammonium and sulfonated
bPEs (Figure S11). These PEC hydrogels exhibited G’ and G”
that were lower than the corresponding guanidinilated bPE-
containing PEC hydrogels, and both moduli exhibited a
maximum with increasing Cypg owing to the morphological
transitions of the PEC domains.” G’ and G” of these PEC
hydrogels were lower even than that of 5 wt % 4-arm PEO
hydrogels across Cypg varying from 10 to 40 wt %. Thus,
distinct improvements in the moduli were achieved in PEC—
IPN hydrogels compared to the PEC hydrogels upon the
introduction of S wt % PEO (Figure S11H). Moreover, similar
to variations depicted in Figure 3G, PEC—IPN and PEC +
PEO hydrogel moduli varied continually with increasing Cpgo
(Figure S11I).

3.4. Imparting Tensile Strength to PEC Hydrogels by
Interpenetration with Covalent Networks. Combining
PEC networks with covalent networks also rendered tensile
strength and extensibility to PEC—IPN hydrogels, character-
istics that are inaccessible to PEC hydrogels, as illustrated in
the representative stress—strain curves obtained from uniaxial
tensile testing in Figure 4. The physically crosslinked PEC
hydrogels do not possess tensile strength as the block
polyelectrolyte chains can rearrange readily when subjected
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Figure 4. Imparting tensile strength to PEC network via PEC—IPN
hydrogels. Representative stress curves as a function of strain for PEO
and PEC—IPN hydrogels with Cypg = 30 wt % and Cppo = S or 15 wt
%.

to tensile strain. In contrast, covalently crosslinked PEO
hydrogels exhibit elasticity emerging from the finite extensi-
bility of the polymer chains between the crosslinks. In PEC—
IPN hydrogels, the covalent network is hypothesized to
provide the tension points while the self-assembled domains
that comprise the PEC network serve as energy-dissipating
physical multi-linkages. The ultimate strength of the PEC—
IPN hydrogels (Cpgo = S or 1S wt % + Cypg = 30 wt %) was
found to remain comparable to that of the corresponding
covalent hydrogels, with minor loss of strength (Figure S12A).
At the same time, as compared to corresponding PEO
hydrogels, PEC—IPN hydrogels exhibit improvements in
both extensibility and toughness (Figure S12B,C).

These improvements can be attributed to the reconfigurable
nature of the PEC network that enables network restructuring
and promotes stress dissipation. Network restructuring is
further evident in the distinct two-step stress growth during
uniaxial stretching of the PEC—IPN hydrogels (Figures 4, see
also S13). At the same time, the formation of the covalent
network may be hindered partially by the PEC network,
resulting in lower ultimate strength but contributing to higher
extensibility. Similar enhancements in tensile performance
were also noted upon replacing the guanidinium moieties with
ammonium moieties in the bPEs comprising the PEC—IPN
hydrogels (Figures S14 and S15).

3.5. Modulating the Response of PEC Hydrogels to
Aqueous or Saline Environments. Figure S presents
representative data highlighting the swelling characteristics of
the PEC—IPN hydrogels. PEC—IPN hydrogels swelled more
than their corresponding PEO hydrogels yet reached
equilibrium within a few hours. Swelling in all hydrogels was
found to plateau within 24 h. The larger swelling of the PEC—
IPN hydrogels could be attributed to the hydrophilic bPEs
absorbing larger amounts of water, providing an excess osmotic
pressure to further expand the interpenetrating polymer
networks and partially hindering the formation of the covalent
network in the PEC—IPN hydrogels enabling its larger
expansion and resulting in loss of uncrosslinked chains into
the surrounding solution. At the same time, some of the bPE
chains can also be expected to leave the PEC network and
dissolve in the surrounding solution, although their fraction is
expected to be very small owing to the extremely small fraction
of uncomplexed bPE chains in the PEC networks.” The
swelling of PEC—IPN hydrogels could be tuned by varying
Cpro; the swelling ratio of PEC—IPN hydrogels increased by
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Figure S. Controlling the swelling behavior of PEC network by
interpenetration with covalent networks. The swelling of PEO and
PEC—IPN hydrogels with Cypg = 30 wt % and Cpgo = S or 15 wt %, as
denoted by their weight gain over time.

18% upon increasing Cpgo from S to 15 wt %. This is
commensurate with the larger swelling of the 15 wt % PEO
hydrogels as compared to the S wt % PEO hydrogels (Figure
S). Again, these are distinct improvements over the indefinite
swelling of PEC hydrogels, ascribable to their physically
crosslinked structure.

PEC—IPN hydrogels also retained their mechanical strength
upon exposure to salt. The introduction of salt resulted in a
progressive breakdown of the PEC network, evident from the
broadening peaks in the SAXS spectra obtained from PEC—
IPN hydrogels (Cppg = 30 wt %, Cpgo = S wt %) with
increasing salt concentrations (Figure 6A,C, see also Figure
S16A,D). The influence of salt on the network microstructure
was more evident in PEC networks containing ammonium
functionalized bPEs (Figure 6C) as compared to guanidini-
lated bPEs (Figure 6A). Correspondingly, shear moduli of
PEC hydrogels with guanidinium moieties decreased by ~2
orders of magnitude upon increasing C,, up to 600 mM (grey
symbols in Figure 6B, see also Figure S16B,C) while the
moduli of the PEC hydrogels with ammonium moieties
decreased precipitously with increasing C,. In contrast, the
corresponding PEC—IPN hydrogels exhibited far superior
shear strength even when the PEC network was disrupted,
ascribable to the presence of the covalent network that sustains
the shear response of the hydrogels in salty environments (red
symbols in Figure 6B,D, see also Figure S16E,F). Thus, the
PEC—IPN hydrogels present a possibility of hydrogel design
wherein ionic strength or pH can be varied to induce changes
in network microstructure while retaining controlled moduli
and swelling responses.

4. CONCLUSIONS AND IMPLICATIONS IN
BIOMATERIALS DEVELOPMENT

In summary, we have demonstrated, for the first time, a facile
approach for creating PEC—IPN hydrogels composed of
interpenetrating PEC networks (composed of oppositely
charged block polyelectrolytes) and covalent networks
(composed of photocrosslinked 4-arm PEO chains). PEC—
IPN hydrogels are shown to possess superior shear and tensile
properties which cannot be achieved by either of the individual
networks. Moreover, the PEC—IPN hydrogels exhibit
enhanced mechanical stability in salt environments and a
tunable swelling response.
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Figure 6. Evolution of microstructure and shear strength of PEC—IPN hydrogels in saline environments. (A) One-dimensional SAXS intensities
I(q) vs wave vector q and (B) shear moduli (G’ and G”), measured at @ = 1.12 rad/s and y = 0.3%, as a function of salt concentration Cg, for
PEC—IPN hydrogels (Cypg = 30 wt % + Cppo = S wt %) composed of bPEs functionalized with guanidinium and sulfonate moieties. In (B),
corresponding G’ and G” data are also shown for PEC hydrogels (Cypz = 30 wt %). (C,D) show data corresponding to (A,B), respectively for
PEC—IPN hydrogels (Cypg = 30 wt % + Cpgo = S wt %) and PEC hydrogels (Cypr = 30 wt %) composed of bPEs functionalized with ammonium
and sulfonate moieties. In (A,C), the I(q) spectra were shifted vertically for clarity. See Supporting Information Table S2 for peak assignments in

(C).

The PEO chains and networks, at sufficiently high loadings,
induce morphological and ordering transitions in the PEC
domains, providing a handle to tune the PEC domain
morphologies and arrangements. At the same time, the
interpenetration of the PEC network with the covalent
network enables an independent modulation of the shear
properties of the PEC network. PEC—IPN hydrogels with
interpenetrating covalent and PEC networks featured G’ > 10
kPa, a regime rarely accessible by PEC hydrogels but is
important for the design of strong hydrogels and adhesives.

These improved features of the PEC—IPN hydrogels, as
compared to PEC hydrogels, are highly desirable in numerous
biomedical applications. For instance, the PEC—IPN hydrogels
demonstrated here can serve as a model platform to establish
routes for the use of materials based on block polyelectrolyte
self-assembly in biomedical applications as adhesives and
scaffolding wherein control over the gel microstructure (and
drug loading capacity), shear and tensile strength, and
extensibility are sought.

In parallel, the platform can act as a facile method to address
current challenges associated with the use of photocrosslink-
able polymers in advanced materials and biomedicine. PEC
hydrogels can serve as a protective scaffolding, preventing
uncontrolled dilution of the precursor solution and avoiding
material loss and functional deactivation in wet environments.
Moreover, the crosslinked gels can achieve higher moduli
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owing to the interpenetrating PEC network. Thus, the
combination of existing photocrosslinkable polymers and
PEC hydrogels represents a promising one-pot solution that
could be employed directly on the application site without
additional processing steps. These improvements can prove
very beneficial for various applications where photocrosslinked
hydrogels are employed, especially applications where in situ
crosslinking of the precursor polymers is sought.”””* For
instance, light-based biofabrication processes, such as ex-
trusion-based 3D printing, that face issues of low viscosity and
weak structural integrity of the hydrogel precursor solution
prior to photocrosslinking can benefit from the inclusion of
PEC networks into the 3-D printing inks. Such a combination
can achieve initial shear strength, minimize loss of precursor
from secondary flows, and promote interlayer bonding, paving
the way for high-resolution printing.”* Similarly, drug-loaded
hydrogel patches or adhesive tissue sealants that rely on
chemical crosslinking of precursors in situ can also benefit from
the introduction of PEC networks in the precursor solution.
The injectable precursor solutions in these applications
typically possess a low viscosity and tend to perfuse from the
site of injection into the surrounding tissue, leading to
premature release of their drug cargo or weak and ineffective
adhesion, respectively.73 Incorporation of PEC networks can
reinforce the mechanical properties of the injected hydrogel
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precursors and, thus, mitigate the loss of precursor molecules
and reduce their dosage.
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