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ABSTRACT OF THE DISSERTATION

Polyelectrolyte Complex/Covalent

Interpenetrating Polymer Network Hydrogels

by

Defu Li

Doctor of Philosophy in Chemical Engineering

University of California, Los Angeles, 2022

Professor Samanvaya Srivastava, Chair

The objectives of this dissertation are to gain a fundamental understanding of the assembly and
properties of polyelectrolyte complex (PEC) hydrogels, harness the self-assembly of PEC
hydrogels to mitigate the shortcomings of existing photocrosslinkable materials, and create
PEC/covalent interpenetrating polymer network (IPN) hydrogels with precisely tuned

microstructure and material properties.

PEC hydrogels self-assemble swiftly upon mixing oppositely charged triblock polyelectrolytes and
feature tunable mechanical properties, microstructural diversity, as well as self-healing attributes
and responsiveness to salt and pH changes in their environment. Moreover, the nanoscale PEC
domains that constitute the three-dimensional (3D) network in PEC hydrogels spontaneously
encapsulate charged macromolecules (e.g., protein, drug, and nucleic acids). However, a few
drawbacks limit their widespread biomedical applications. The electrostatically assembled 3D
network results in their moderate shear strength, poor tensile strength, and uncontrolled swelling.

We demonstrate that interpenetration of the PEC network with a covalently-linked network not



only addressed the limitations of the PEC hydrogels but also contribute to synergistic

improvements in the mechanical performance of the resulting IPN hydrogels.

The unique attributes of PEC hydrogels — swift self-assembly in aqueous surroundings, rapid
moduli recovery upon cessation of flow, and interim insolubility in water — were further harnessed
to employ them as scaffoldings for photocrosslinkable materials. PEC hydrogels were compatible
with four representative precursors (linear and 4-arm poly(ethylene glycol) acrylate, acrylamide,
and gelatin methacryloyl (GelMA)) and their corresponding networks, which featured different
molecular weights, polymer origins, crosslinking mechanisms, and molecular structures. Mixing
of oppositely charged bPEs with photocrosslinkable precursors resulted in precursor-encapsulating
PEC hydrogels (PEC+precursor hydrogels) that exhibited significantly higher viscosity and shear
strength as compared to precursors solutions. The PEC+precursor hydrogels did not suffer from
issues such as dilution, precursor deactivation, and unwanted flows that affect in situ crosslinking
of photocrosslinkable hydrogels in wet environments. Moreover, the PEC/precursor IPN hydrogels
produced by in situ crosslinking of the PEC+precursor hydrogels exhibited improved shear and
tensile properties. Consequently, PEC+GelMA hydrogels were demonstrated as robust bioinks for
extrusion-based 3D bioprinting at physiological temperatures (37 °C). The PEC+GelMA inks
avoided undesirable secondary flow and produced a higher printing resolution, enabling printing

of intricate multilayered constructs.
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Chapter 1

Introduction

1.1 Hydrogels

Hydrogels are three-dimensional hydrophilic polymer networks that can retain up to 95 wt%
water.! 2 The water-rich nature of hydrogels provides similarity with living tissues, and thus their
use as versatile materials in diverse biological and biomedical applications has gained significant
research attention in recent decades.® Mechanical tunability, tailored functionalities, and versatile
polymer chemistries have enabled fabrication of hydrogels with properties that match the
requirements of diverse applications. Consequently, hydrogels have emerged as promising
materials for cell scaffolds in tissue engineering, inks in extrusion-based 3D bioprinting,
bioadhesives, carriers in drug delivery, ionic conductors, sensors, and versatile materials in
consumer products and the food industry.® 31¢ The global market size of hydrogel products was

around $22.1 billion in 2019 and is projected to reach $ 31.4 billion in 2027.17

Traditionally, hydrogels are composed of simple networks formed by a single constituent polymer
or monomer. The properties of such hydrogels fail to satisfy the increasing demands for
multifunctionality required in contemporary applications. For example, in applications wherein
hydrogels are employed as scaffoldings to support cell growth, traditional hydrogels only mimic
the static three-dimensional structure and the mechanical properties of the extracellular matrix
(ECM) without considering microstructures and dynamics processes. However, recent studies
have reported that dynamic processes stimulate cells to produce biological signals, accelerating

cell proliferation, differentiation, and growth.'® 1° Besides, it has also been reported that
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microstructural complexity of the ECM contributes to multiple and complicated functions of
human tissues.?’ Moreover, traditional hydrogels typically lack stimuli-responsiveness and self-
healing characteristics, limiting their applications.** The shortcomings of traditional hydrogels to
meet the requirements of contemporary and advanced applications have motivated research on
hydrogels that have evolved from simple networks to complicated structures that often combine
multiple crosslinking strategies or even multiple networks to achieve multifunctionality.?* With
our increasing interdisciplinary understanding and ever-improving synthetic chemistry approaches,
hydrogels are evolving continually to feature desired properties for biomedical and industrial

applications.
1.2 Chemically and Physically Crosslinked Hydrogels

1.2.1 Chemical Hydrogels

Chemical hydrogels form upon covalent crosslinking among polymer chains or monomers. Free
radical polymerization, enzyme-catalyzed reaction, Diels-Alder reaction, Schiff base reaction,
oxime formation, and Michael reaction are among the most common crosslinking reactions to
synthesize chemical hydrogels.??* Chemically crosslinked hydrogels typically possess strong
mechanical strength and tunability, providing structural rigidity and stability.?> 26 However, the
covalent crosslinking process usually involves toxic crosslinking agents, such as initiators and
catalysts, which lower material biocompatibility and even limit biomedical applications.?! Besides,
owing to permanent nature of the covalent crosslinking, they usually lack self-healing, injectability,
stimuli-responsive, self-assembly, and anti-fatigue properties.?> 2’ To overcome these limitations,
various approaches have been devised, but not without their respective shortcomings. For instance,

in-situ polymerization is pursued following the injection of polymer precursors and cargos in



solution to overcome the lack of injectability of the hydrogels.?®> However, this method has strict
requirements of optimized polymerization rate. Fast polymerization can result in gelation inside
delivery devices or needles, and slow polymerization can cause a significant loss of unpolymerized
precursor material at the target site. To acquire self-healing property, non-covalent interactions
among the crosslinked chains have been introduced in the chemically crosslinked hydrogels, but
provide only a limited range of responses.?” Despite the advantages and modifications of chemical
hydrogels, innovative strategies are needed to further develop these hydrogels with a broader set

of functionalities to meet the contemporary requirements.

Photocrosslinkable hydrogels, a subset of chemical hydrogels, enable spatiotemporal control over
the crosslinking owing to their photoreactive properties.?® Their photocrosslinkable nature,
injectability prior to crosslinking, mild crosslinking conditions, and tunable and strong mechanical
properties make this class material a potential candidate for cell scaffolding, bioadhesives and 3D
bioprinting inks. However, a few of their drawbacks limit their applications. For instance, before
photocrosslinking, the low viscosity of precursors makes them easily diluted in a watery
environment. Most bioadhesives applications involve wet environments due to blood and
biological fluid. Thus, precursors undergo dilution and material loss at a wet target site, which
eventually leads to failure of hydrogel functions. Similarly, the low viscosity and poor mechanical
properties of precursors lead to undesirable secondary flow, low printing resolution, and an
inability to print complicated structures in extrusion-based 3-D printing. Thus, a simple and
versatile solution to address these issues and enable photocrosslinking of precursors in a protected
environment is highly desired. At the same time, after photocrosslinking, most photocrosslinkable
hydrogels lack microstructural complexity and stimuli-responsiveness, and also suffer from the

strength-extensibility tradeoff. Thus, a strategy that can not only address the problems of
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precursors but also enhance the mechanical properties of hydrogels after photocrosslinking is

highly anticipated.
1.2.2 Physical Hydrogels

Noncovalent, reversible interactions, such as electrostatic interactions, n-n stacking, hydrogen
bonding, crystallite formation, host-guest interactions, and hydrophobic interactions have been
harnessed to create physical hydrogels.?? 2 Physical hydrogels typically feature reversibility, self-
healing, injectability, stimuli-responsiveness, hierarchical microstructures, and lower toxicity,
which make them promising materials for diverse biomedical applications, such as tissue
engineering, drug delivery, and bioadhesion. In recent years, stimuli-responsiveness become one
of the key features of contemporary hydrogels — hydrogels that can undergo transitions in structure
and/or mechanical properties in response to environmental changes, such as light, pH, chemicals,
temperature, magnetic field, and electric field have been demonstrated,” 2° enabling control of drug
encapsulation and release, in situ gelation for tissue engineering, biosensors, soft robotics, and 4D

printing, etc.’

In recent years, hydrogels formed by electrostatic interactions have attracted research attention
owing to their salt- and pH-sensitive properties. The electrostatically crosslinked hydrogels are
typically categorized as either polyampholyte hydrogels or polyelectrolyte complex (PEC)
hydrogels. Polyampholyte hydrogels consist of both covalent and ionic bonds. The covalent bonds
provide structural support for the hydrogels, and ionic bonds serve as sacrificial bonds to enhance
toughness and improve internal fraction.’® These hydrogels are prepared by random
copolymerization of cationic and anionic monomers.'® % In comparison, PEC hydrogels are

typically prepared by mixing oppositely charged polyelectrolytes and are crosslinked by



electrostatic interaction only. Before mixing, both cationic and anionic polyelectrolyte solutions
exist as low viscosity liquids. Yet, upon mixing, the cationic and anionic polyelectrolytes self-
assemble rapidly within a few seconds. Thus, the liquid-like cationic and anionic can be injected
separately and initiate gelation at a target site without any additional requirements, such as
ultraviolet (UV) light. The self-assembly and injectability are vital for applications requiring in
situ gelation, such as cartilage engineering. Besides, the reversible dynamic electrostatic

interaction can dissipate energy during stretching process, providing stress dissipation mechanisms.

1.3 Polyelectrolyte Complex (PEC) Hydrogels

Polyelectrolyte complex (PEC) hydrogels, a subset of electrostatically assembled hydrogels, are
formed upon mixing oppositely charged homo-polyelectrolytes (hPE) or block polyelectrolytes
(bPE).%! In solutions, the oppositely charged chains, or parts of chains, complex with each other,
and may also phase separate under appropriate circumstances. This complexation is typically
driven by a combination of enthalpy gain from interchain electrostatic interactions, and the
entropic gains acquired from the dissociation of small ions from PE chains.®? The PEC networks,
held by electrostatic interactions, feature tunable mechanical strength, self-assembly, versatile
microstructures, stimuli responsiveness, and self-healing properties, which make PEC-based
materials good candidates for cell scaffolds for tissue engineering, bioadhesives, and ionic
conductors.?* 3337 Besides, their biocompatibility and electrostatic interactions render the ability
to encapsulate and deliver charged therapeutic agents (drug, DNA, and protein) for biomedical

applications.

As shown in Figure 1-1, hPEs polymers feature charged groups along the entire chain and while

bPE chains only contain ionic groups on the charged blocks. Mixing oppositely charged hPEs



typically results in bulk phase separation or gelation (for stiff hPES) owing to dense charged groups
along the chains (Figure 1-1A). In comparison, complexation of bPEs typically results in formation
of nanoscale PEC domains because their neutral blocks resist and restrict macrophase separation
(Figure 1-1B). The properties of PEC hydrogels depend on pH, ionic strength, charge density,
polymer chain length, salt concentration, and charge ratio.3® Stronger charge density and ionic
strength, and longer polymer chain length typically resulted in precipitates. In comparison, poor
charge density and ionic strength can lead to uncontrollable swelling and even polyelectrolyte

solutions.
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Figure 1-1. Representative schematics diagram of PEC hydrogels formed by (A) homogenous

polyelectrolytes and (B) block polyelectrolytes.



PEC hydrogels formed by homo-polyelectrolytes have been used in many applications, such as
drug delivery®> 3% 40 and cell scaffolds for tissue engineering*® %2, One representative type of
example is chitosan-based PEC hydrogels. Chitosan, derived from chitin, is a linear positively
charged polysaccharide. Chitosan is one of the most popular natural-derived polyelectrolytes used
in PEC hydrogels because of its low toxicity, high biocompatibility, biodegradability, and cheap
material cost.*? Chitosan has been employed to combine with negatively charged polyelectrolytes
(e.g., alginate, hyaluronic acid, and sodium hyaluronate) to form PEC hydrogels. For instance,
chitosan and hyaluronic acid can not only form hydrogels but also nanoparticles, sponges, film,
and microspheres under different conditions.®® Owing to their simple molecular structures,
chitosan/hyaluronic acid PEC hydrogels have been used as a representative system to investigate
the properties of PEC hydrogels influenced by different parameters, such as pH, ionic strength,

charge density, polymer chain length, salt concentration, and charge ratio.*®

In comparison to homo-PEs, when block-PEs form PEC hydrogels, the resulting hydrogels not
only can avoid precipitation but also acquire nanoscale microstructure. One representative
example is the PEC hydrogels formed by oppositely charged guanidinium (cationic) and sulfonate
(anionic) functionalized poly(allyl glycidyl ether),-poly(ethylene oxide)m- poly(allyl glycidyl
ether), (PAGEn-PEOm-PAGE,) ABA triblock PEs, reported by Hunt et al.* Upon mixing, cationic
and anionic A-block attract each other and form polyelectrolyte complex (PEC) domains, which
are connected by the neutral PEO blocks and then establish three-dimensional electrostatically
crosslinked networks, also known as PEC networks (Figure 1-1B). It is important to emphasize
that, in this example, both cationic and anionic PEs are derived from the same unfunctionalized
polymers via thiol-ene click reactions. Thus, both cationic and anionic PEs contain end A-block

and middle B-block of exactly the same length, which provide precise stoichiometry and ensure
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charge balance during hydrogel preparation.?* These PEC hydrogels feature self-assembly,
versatile microstructures, tunable mechanical properties, and stimuli-responsiveness. In recent
years, their physical properties,® 3> 36 43 mechanical properties,®> 3% kinetics,**® and
mechanisms? % have been well studied, providing a well-understood platform to further develop

their applications.

Rapid self-assembly of PEC hydrogels, driven by electrostatic interaction, provides innovative and
tunable platforms for biomedical applications, such as drug delivery. Self-assembly is a
spontaneous process and thus does not require any additives (e.g., photoinitiators, crosslinkers,
and catalysts). For instance, Hunt et al. mentioned that the high shear moduli of PEC hydrogels
were established within a few seconds, suggesting that self-assembly takes a few seconds.?* In
addition, Wu et al. investigated the spatiotemporal formation of PEC micelles by time-resolved
SAXS and found that the initial micellization took around 100 ms and it took several seconds to
reach equilibrium, in agreement with the previous observation.* Self-assembly and electrostatic
feature of PEC hydrogels have been investigated and applied to encapsulate charged therapeutic
agents (e.g., drugs, proteins, nucleic acid), and then their stimuli-responsive characteristics are

used to release the therapeutic agents based on experimental cues.

Most PEC hydrogels feature pH- and salt-responsiveness owing to electrostatic interaction
between oppositely charged PEs. This electrostatic interaction has two requirements. First, both
cationic and anionic PEs need to be charged, which requires the pH value between the pKa values
of anionic and cationic PEs. For instance, the pKa values of guanidinium and sulfonate groups are
around 13.6 and 1.7. Thus, the hydrogels are expected to be stable in the pH range of 1.7 and 13.6
to ensure that guanidinium and sulfonate groups carry positive and negative charges, respectively.

In a saline environment, salt ions interact with the charged functional groups along the PE chains
9



to form “external pairs”. Thus, sufficient salt ions can lead to screening of electrostatic interactions
between oppositely charged PE chains, which reduce phase separation and even lead to a
transformation from gel to a solution. These salt-responsive characteristics of PEC material have

been harnessed to release therapeutic agents in drug delivery applications.

Diverse microstructures and anisotropic arrangement make PEC hydrogels a competitive platform
for contemporary hydrogels in biomedical applications. Conventional hydrogels feature isotropic
and amorphous structures, which fail to match the anisotropic ordered structures of human tissues,
such as skin and muscle.?’ The anisotropic and ordered structures of human tissues allow them to
perform complicated and multifunctional biological functions.?® Conventional hydrogels have
achieved mechanical properties well matching with human tissues but the matching dynamics and
microstructures remain challenges. The PEC hydrogels prepared by block-PEs can form
disordered spheres, body center cubic spheres, hexagonally close-packed cylinders, and lamellar
PEC domains based on polymer concentration and their corresponding end-block charged
fraction.® The tunable microstructure of PEC hydrogels provides an ideal platform to investigate

and develop hydrogels with hierarchical microstructures.

Despite many advantages of PEC hydrogels, a few drawbacks limit their applications. For instance,
compared to covalent bonding, the ionic interaction of PEC networks only can contribute to low
shear moduli (typically less than 20 kPa) and negligible tensile properties. Biomedical applications,
such as tissue engineering, require hydrogels to possess similar mechanical properties. Thus, PEC
hydrogels confront difficulty to match the high shear properties of human tissues (e.g., muscle ~
10 kPa, skin ~ 50 kPa, cartilage and bone > 100 kPa)*" 4°-°1, Besides, the physical crosslinks result
in uncontrollable swelling in an aqueous environment over long times. The coupling relationship

between microstructure and shear moduli restricts their mechanical and microstructural tunability,
10



and the dynamics of PEC hydrogels still remain poorly understood, adding uncertainty to
systematic approaches for their design. Addressing these drawbacks can significantly improve the
understanding of PEC hydrogels and provide a detailed guideline for their fabrication for diverse

applications.

In this dissertation, we address some of these limitations of PEC hydrogels by combining the PEC
network in covalently crosslinked networks to create PEC/covalent interpenetrating network (IPN)

hydrogels.

1.4 Interpenetrating Polymer Network (IPN) Hydrogels

IPN hydrogels, comprising at least two partially or entirely interlaced polymer networks, have
emerged as attractive hydrogel materials owing to their superior mechanical properties and
unlimited combinations from different polymers. The first idea of IPNs was published as a patent
by Aylsworth in 1914.52 Over the last hundred years, IPN hydrogels have been employed as an
effective method to break through the limitations of mechanical properties of simple hydrogels

and produce gels or hydrogels with desired properties® 53,

Based on polymer network structure, IPN hydrogels can be classified as IPNs and semi-IPNs. IPNs
consist of two ideally juxtaposed networks, in which polymer chains between them interpenetrate,
entangle, and interact with each other. These two polymers cannot be separated without breaking
bonds. Semi-IPNs formed by two polymer chain structures: one polymer is linear or branched, and
the other polymers form networks. Theoretically, the polymers be can separated from semi-IPNs
without breaking bonds.>* If the IPNs or semi-IPNs are prepared by a procedure in which the first
network is formed followed by the second network, the hydrogels are referred to as sequential

IPNs or sequential semi-IPNs, respectively.
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Many IPNs comprising both covalently and physically crosslinked have been reported. The
covalently crosslinked networks provide excellent mechanical strength but lack dynamic
restructurability. Physically crosslinked networks exhibit weak mechanical strength but provide
stimuli-responsive property.> The combination of these networks usually can produce the IPNs

with strong mechanical strength and stimuli-responsiveness.

In this dissertation, we have focused on IPN hydrogels comprising interlaced electrostatic and
covalent networks. Termed polyelectrolyte complex/covalent interpenetrating polymer network
(PEC/covalent IPN) hydrogels, they feature strong shear and tensile properties, versatile
microstructures, and environmental responsiveness, and controllable swelling. It is important to
highlight that interpenetration between PEC and covalent networks contributes to the synergistic

effects in mechanical properties, which are difficult to achieve by either of the two networks.
1.5 Outline of this Dissertation

This dissertation presents our investigation on the fundamental properties of PEC hydrogels and
our studies to employ PEC networks to create polyelectrolyte complex/covalent interpenetrating

polymer network (PEC/covalent IPN) hydrogels.

In Chapter 2, we introduce the PEC/covalent IPN hydrogels comprising interpenetrated PEC and
covalent networks. The PEC networks were prepared by mixing oppositely charged ABA triblock
polyelectrolytes. The covalent networks were formed by photocrosslinked 4-arm poly(ethylene
glycol) acrylate. The interpenetrated networks and the entanglements between them served as
additional crosslinks and contributed to synergistic effects in both shear and tensile properties,

which were inaccessible by either individual network.
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In Chapter 3, we discuss the influence of PEGDA molecular weight on the microstructure, shear
properties, and tensile properties of PEC/PEGDA IPN hydrogels. The longer PEGDA chains
induced disorder-order transition and microstructural transformation in the PEC networks and a
larger reduction in the shear moduli before phtotocrosslinking. After phtotocrosslinking, the
shorter PEGDA chains lead to the highest shear moduli enhancements in the PEC/PEGDA IPN
hydrogels as the shorter PEGDA chains could form covalent networks with higher crosslinking

densities.

In Chapter 4, we report on the compatibility of the PEC networks with different types of
photocrosslinked covalent networks, which were formed from 4-arm poly(ethylene glycol)
acrylate, poly(ethylene glycol) diacrylate (PEGDA), acrylamide (AAm), and gelatin methacryloyl
(GelMA). These four photocrosslinkable precursors were selected owing to different molecular
structures, polymer origins, molecular weights, and crosslinking mechanisms. We discovered that
PEC networks could encapsulate precursors and act as protective scaffolds to prevent precursors
from dilution and meanwhile enhance viscosity and shear strength for extrusion-based 3D
bioprinting application, which is discussed in Chapter 5. After photocrosslinking, all these four
kinds of PEC-IPN hydrogels exhibited synergistic effects in shear moduli and tensile properties
and demonstrate high compatibility for photocrosslinkable hydrogels regardless of their different

molecular structures, polymer origin, and crosslinking mechanisms.

In Chapter 6, we explore the correlations between the microstructure, the nanoscale structural
relaxation dynamics, and the shear relaxation dynamics of PEC hydrogels, ascertained by small
angle X-ray scattering, X-ray photon correlation spectroscopy, and rheology. The microstructure
of PEC hydrogels can be easily tuned by adjusting the polymer concentration. We discovered a

coupling between microstructure and nanoscale dynamics, wherein the presence of ordered
13



microstructures correlated with a slow relaxation mode which is expected to arise from the
relaxation of the microcrystalline grains of ordered PEC domains, in conjunction with a fast
relaxation associated with the thermal relaxation of the spherical disordered PEC domains.
Moreover, we found that the structural relaxation timescales were in agreement with the stress

relaxation timescale windows.

Our research work not only introduced the methodology to create PEC/covalent IPN hydrogels
with multi-functionalities, responsiveness, and versatile microstructures but also performed a
systematic investigation of their fundamental properties to provide references for future
application-based studies, such as wet bioadhesives and 3D bioprinting inks. In the future, this
work can be extended to incorporate a higher degree of biocompatibility and biodegradability of
the block polyelectrolytes, which will significantly broaden biomedical applications of PEC-based

hydrogels.
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Chapter 2

Polyelectrolyte Complex-Covalent Interpenetrating Polymer

Network Hydrogels

Reproduced from “Polyelectrolyte Complex-Covalent Interpenetrating Polymer Network
Hydrogels.” Defu Li; Tobias Gockler; Ute Schepers; Samanvaya Srivastava. Macromolecules

2022, 55 (11), 4481-4491

ABSTRACT

Polyelectrolyte complex (PEC) hydrogels possess a rich microstructural diversity and tunability
of shear response, self-healing attributes, and pH- and salt-responsiveness. Yet, their utility in
biotechnology and biomedicine has been limited, owing to their weak mechanical strength and
uncontrolled swelling. Here, we introduce a strategy to overcome these drawbacks of PEC
hydrogels by interlacing the electrostatically crosslinked PEC network with a covalently
crosslinked polymer network, creating polyelectrolyte complex-covalent interpenetrating polymer
network (PEC-IPN) hydrogels. Structural and material characterizations of model PEC-IPN
hydrogels composed of oppositely charged ABA triblock copolymers and 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. Photocrosslinking 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
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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.

23



2.1 Introduction

Polyelectrolyte complex (PEC) hydrogels'*2 present an exciting platform for development of soft
materials to cater to diverse applications in biomedicine® ' as scaffolds for tissue engineering,'>
18 pioadhesives, 2% and drug delivery,?’-3! as well as ionic conductors® 3 and in food industries.>*
% These hydrogels self-assemble rapidly® ° upon mixing of oppositely charged block
polyelectrolytes 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 hydrogels from ionically crosslinked
hydrogels*®#" (typically composed of homopolyelectrolytes) and contribute to their unique
combination of attributes, including tunable shear properties,? 4% 9 1248 stimuli (salt- and pH-)
responsiveness,® > 4 & 9 4 injectability,’> 4 self-healing properties,'> 4° 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,
applications such as tissue adhesion typically require hydrogel sealants to mimic shear properties
of the tissue substrates (e.g., ~1 kPa for soft tissue, ~10 kPa for muscle, ~50 kPa for skin,
> 100 kPa for cartilage and bone).>>>" At the same time, PEC hydrogels swell indefinitely and
eventually dissolve upon exposure to aqueous media, indicating degradation of hydrogel
structure.® 58 Limited and tunable swelling can avoid material loss, preserve stability of structure
and mechanical properties, and maintain the functions of PEC hydrogels which can broaden their

utility. However, effective measures for controlling swelling of PEC hydrogels remain elusive.

24



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 networks, including substantial
improvements in mechanical strength, toughness, and swelling performance while conserving the
microstructure of the PEC network. Moreover, our approach offers a strategy to expand the utility
of photocrosslinkable 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 deactivation prior to their crosslinking. We
envision that the PEC-covalent IPN platform demonstrated here will constitute the first steps

towards implementation of PEC-based IPN hydrogels in future biomedical applications.

2.2 Materials and Methods

Materials: Potassium (99.5% trace metals basis), naphthalene, poly(ethylene glycol) (M,, = 20,000
Da), 2,2-dimethoxy-2-phenylacetophenone, 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.

Block Polyelectrolyte Synthesis: Guanidinium, ammonium, and sulfonate functionalized poly(ally

glycidyl ether)-b-poly(ethylene glycol)-b-poly(ally glycidyl ether) were synthesized following
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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 into the reaction mixture and stirred at 45 °C for 48 h. The polymerization reaction was
terminated by 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 functionalization. The product was characterized
by proton nuclear magnetic resonance (*H NMR, 400 MHz), as shown in Figure 2-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 PAGEgs-PEO4s55-PAGEogs.

The thiol-ene reactions were carried out by dissolving 2 g PAGEgs-PEO4s5-PAGEgs
polymer and a functional thiol (5 equiv. per alkene) in a 30 mL DMF/water mixture with 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 addition of the photoinitiator (2,2-dimethoxy-2-phenylacetophenone,
0.05 equiv. per alkene), the solution was irradiated with UV light (365 nm) for 6 hours under
nitrogen atmosphere. Then, the final product solution was dialyzed against deionized water for 10
cycles of 8 hour each. The final ammonium or sulfonate functionalized polymers were obtained
by lyophilization.®®
Guanidinium functionalized polymer was synthesized by dissolving ~ 2 g of ammonium
functionalized PAGEgs-PEO4s5-PAGEgg in 200 mL phosphate-buffered saline (PBS) solution

along with 1H-pyrazole-1-carboxamidine (4 equivalent per alkene). The pH of the solution was
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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 hours each. The final guanidinium
functionalized polymers were obtained by lyophilization. All functionalized products were
characterized by *H NMR (400 MHz) (Figure 2-S1).%°

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, 500 mg of the polymers
with 1 mL of deionized water. PEC hydrogels were prepared by the protocol: an appropriate
amount of block polycation stock solution was mixed with deionized water. Then, an appropriate
amount of the block polyanion stock solution was added to the solution. 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 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 5 minutes. The hydrogels were subjected to further characterization as is,
without further purification or removal of unreacted PEO chains.

Small-angle X-ray scattering (SAXS) Measurement: Small-angle X-ray scattering 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 meters,
corresponding to a wave vector (g) range of 0.0002 A to 0.5 AX. PEC and PEC+PEO hydrogels

were loaded into holes (3 mm diameter) in 4 mm thick aluminum strips using a positive
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displacement pipette and sealed on both side with Kapton tape to avoid water evaporation. PEC-
IPN hydrogels were prepared by loading PEC+PEQ hydrogels in the aluminum strips and followed
by 5 minutes UV light exposure and then sealed by Kapton tape. All the samples were prepared
and loaded onto the sample holders at least 24 hours before the SAXS measurements. All
experiments were performed at room temperature. The X-ray exposure time was set at 0.1 second.

The two-dimensional scattering data were converted into one-dimensional data (Isgmpe) by Using

the matSAXS package. Sample scattering intensity was acquired by subtracting the appropriately
scaled background (solvent) scattering intensity (Is,ene) from the measured scattering intensity,
1(q) = Lsampie - @lsorpent, 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.

Rheological Measurements: Oscillatory rheological measurements 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 puL 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 5 minutes. The crosslinked
hydrogel samples thus obtained were placed between the parallel plates of the rheometer fixture.
The hydrogels samples were subjected to small-amplitude oscillatory strain (w = 1 Hz, 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 2-S2) were carried out at frequency w = 1 rad/s to

assess the linear viscoelastic (LVE) regime. Frequency sweeps (w = 0.01-100 Hz) were
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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.

Tensile Tests: All tensile measurements were conducted on an Instron 5542 mechanical tester.
PEO and PEC-IPN hydrogels were prepared by pipetting 80 microliters of the precursor solution
into a rectangular PDMS mold (12 mm x 5 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.

Swelling Ratio: PEO and PEC-IPN hydrogel samples were prepared by pipetting 60 microliter of
precursor solution (PEO solution or PEC+PEO hydrogels) into a cylindrical PDMS mold
(diameter: 5 mm, height: 3 mm) and irradiating with UV radiation for 5 minutes. 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

. . my
Swelling Ratio = — X 100%
m,

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.
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2.3 Results and Discussion

2.3.1 Self-Assembled PEC Networks as Protective Scaffoldings for Covalent Crosslinkable
Polymers

PEC hydrogels self-assemble swiftly (< 500 ms)®®®® upon mixing of aqueous solutions of
oppositely charged block polyelectrolytes (bPEs) based on poly(ally glycidyl ether)os-
poly(ethylene oxide)sss-poly(ally glycidyl ether)os (PAGE-PEO-PAGE). The PAGE blocks were
functionalized with ionic (guanidinium and sulfonate) moieties® (Figure 2-1A, row 1). These
hydrogels are injectable and remain insoluble in water, even upon shaking, over a few minutes
(Figure 2-1B, row 1, see also Supplementary Movie 2-SM1).

Introduction of hydrophilic chemically crosslinkable 4-arm poly(ethylene oxide)asss acrylate (PEO)
did not impede with the PEC gel formation, resulting in injectable PEC+PEO hydrogels (Figure
2-1A, row 3). The electrostatically self-assembled PEC networks provide structural stability and
insolubility in aqueous environments to the PEC+PEOQ hydrogels (Figure 2-1B, row 3, see also
Supplementary Movie 2-SM2). Moreover, the PEC networks serve as scaffoldings to protect the
PEO precursors against uncontrolled dilution (Figure 2-1B, row 3). Ultraviolet (UV) irradiation
of the PEC+PEO hydrogels for 5 minutes resulted in the formation of polyelectrolyte complex-
interpenetrating polymer networks (PEC-IPN) hydrogels composed of water-laden interlaced PEC
and chemically crosslinked PEO networks (Figure 2-1A, 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 (Figures 2-1A and 2-1B, row 2, see also Supplementary Movie 2-SM3).
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Figure 2-1. 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 in the hydrogels to aid visualization. (C) The chemical structures

of the block polyelectrolytes and the 4-arm PEO acrylate.
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2.3.2 Structural Resilience of PEC Domains Against Inclusion of Polymers and Covalent
Networks

Small angle X-ray scattering (SAXS) reveal 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 possess higher polymer concentration than the
surroundings and include higher atomic number elements including nitrogen and sulfur, providing
sufficient electron density contrast.>*° Figure 2-2A shows representative one-dimensional SAXS
intensity 1(q) as a function of wave vector g obtained from PEC hydrogels with increasing bPE
concentrations (C,pg, grey traces, see also Figure 2-S3A). These SAXS spectra exhibit a broad
primary peak near g = 0.02 A* followed by secondary peaks at higher g values. The primary and
the secondary peaks became more prominent with increasing C,pr, indicating strengthening
spatial correlations among the PEC domains. Yet, an absence of Bragg reflection peaks denote that
the PEC domains remained in a disordered arrangement even in PEC hydrogels with C,pp =
40 wtdo b 4>

Modeling 1(q) as a combination of a form factor P(q) for polydisperse spheres and a hard sphere
structure factor S(q) as 1(q)~P(q)S(q), as shown in Figure 2-S4, enabled estimation of the
domain radius (Rpgc) and the characteristic inter-domain distance (dpgc).”® ™ The position of the
primary S(q) peak, q*, represents the inverse inter-domain distance dpgc as dpgc~2m/q"."° Rpgc
and dpg for the PEC hydrogels are shown in Figure 2-2C with grey symbols. Consistent with
previous observations® that PEC domain size depends on the length of the charged block only
while inter-domain correlation and distances are dictated by lengths of both the charged and the
neutral blocks as well as Cy,pg, Rprc Was found to be independent of C,pr While dpg decreased

progressively with increasing Cppg-
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Figure 2-2.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 g for PEC (grey), PEC+PEO (blue), and PEC-IPN (red) hydrogels with varying C,pg from
10 wit% to 30 wt%. PEC+PEO, and PEC-IPN hydrogels also contained a constant Cpzo (=5 wt%).
(B) 1(q) spectra for PEC hydrogels with Cppr = 30 wt%, and PEC+PEO, and PEC-IPN hydrogels
with varying Cpgo (between 10 and 20 wt%) and constant C,pr = 30 wt%. In the SAXS spectra
for PEC+PEOQ, and PEC-IPN hydrogels with Cpg, = 15 wt% and 20 wt%, the small vertical bars
indicate the positions of the Bragg scattering peaks. The secondary and the tertiary peaks appear
at 2qg* and 3g™ with respect to the primary peak at g*, denoting lamellar microstructure of the PEC

domains. In both (A) and (B), I(q) spectra are shifted vertically for clarity. (C, D) Inter-domain
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distance (dpgc) and domain radius (Rpgc-) as a function of Cppg (C) and Cpgo (D) for PEC,
PEC+PEO, and PEC-IPN hydrogels. In (C), Cpgo = 5 Wt% while in (D), C,pr = 30 wt%. The
filled and open symbols referred to inter-domain distance and PEC domain radius, respectively.

See Supplementary Information Table S1 for peak assignments in (B).
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Scattering from the PEC network persisted upon the inclusion of polymeric additives (PEO) and
their subsequent crosslinking. Figure 2-2A highlights the similarity of the I(q) spectra obtained
from PEC hydrogels (grey traces) with PEC+PEO and PEC-IPN hydrogels containing 5 wt% PEO
content (Cpgo), depicted by blue and red traces, respectively (see also Figure 2-S3A and 2-S3B).
Correspondingly, both Rpg- and dpg- for PEC hydrogels (grey symbols), PEC+PEO hydrogels
(blue symbols) and PEC-IPN hydrogels (red symbols) evolved near identically with increasing
Cype (Figure 2-2C).

Tuning the PEO content in the PEC+PEO or the PEC-IPN hydrogels enabled 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 in Figure 2-2B
accompanied with a subtle decrease of dpg. (Figure 2-2D) were observed with increasing Cpgg
in both PEC+PEO and PEC-IPN hydrogels comprising C,pr = 30 wt%. The relative positions of
the primary (q,), secondary (q,) and tertiary (g3) Bragg peaks as q;: q,: q; = 1: 2: 3 denote the
presence of parallelly stacked lamellar PEC domains in the PEC network with Cpzo > 15 wt%.
Such morphological and ordering transitions, as well as reduction in domain spacing have been
previously observed in PEC hydrogels with increasing bPE concentration® % 5 37 and have been
hypothesized to arise from the compression of the neutral middle blocks beyond their equilibrium
conformations.> 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,3 37
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and hence morphological transitions in PEC networks can be induced even in assemblies
comprising asymmetric bPE, as opposed to amphiphilic block copolymer assemblies wherein
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 pKa value (~ 13.6) compared to the ammonium groups (pKa ~ 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 C,pr = 30 wt%. Addition of 5 wt%
PEO did not disrupt either the disordered or the ordered PEC networks (Figures 2-S5A and 2-S6).
Both disordered and ordered PEC networks, although, required smaller Cpz, to undergo ordering
and morphological transition in PEC+PEO and PEC-IPN hydrogels (Figure 2-S5B).
Notwithstanding, the trends in dpgc and Rpgc with varying Cp,pr and Cpgo (Figures 2-

S5C and 2-S5D) remained consistent with the trends shown in Figure 2.

2.3.3 Modulation of Shear Properties of PEC Hydrogels by Polymer Diluents and
Interpenetrating Covalent Networks

PEC hydrogels exhibited frequency-independent storage and loss moduli (G' and G", respectively)
with G’ > G", for C,pr > 10 wt%, indicating solid-like gels with an absence of terminal relaxation
within the time of experiments (grey symbols in Figures 2-3A-C).* > With increasing Cppg, G’

and G" both increased before G’ plateauing around 10 kPa, typical for PEC hydrogels (Figure 2-
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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 Figures 2-3A-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
Figures 2-3A-C).

Figure 2-3F summarizes the evolution of shear response of PEC-IPN hydrogels with increasing
C,pg 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 C,pz < 20 wt% (Figure 2-3D) were
smaller than of the 5 wt% covalent hydrogels (Figure 2-3E and Figure 2-S7), the corresponding
PEC-IPN hydrogels exhibited more than two-fold improvements in both G’ and G" as compared
to the PEC hydrogels (Figures 2-3D and 2-3F, see also Figures 2-3A and 2-3B). In contrast, only
modest enhancements in moduli were achieved in PEC-IPN hydrogels with C,pr > 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, since the moduli of the covalent PEO network is directly
proportional to the Cpgo (Figure 2-3E), PEO content in the PEC-IPN hydrogels can be harnessed
as a facile route to tune their moduli. As an illustration, steady improvementsin G’ and G" of PEC-
IPN hydrogels with C,pr = 30 wt% were observed upon increasing Cpgo (Figure 2-3C, 2-3D, 2-

3G, see also Figure 2-S8).
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Figure 2-3. Modulations of shear strength of PEC+PEO and PEC-IPN hydrogels. (A-C) Storage
(G") and loss (G") moduli as a function of frequency (w), 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 C,pr and a constant Cpg. (D-G) G’ and G" (at w = 1.12 rad/s and y
= 0.3%) for PEC hydrogels with increasing C,pg (D), PEO hydrogels with increasing Cpgo (E);
and PEC+PEO hydrogels (blue) and PEC-IPN hydrogels (red) with increasing C,pg and constant

Cpgo = 5 Wt% (F) and with increasing Cpgo and constant C,pr = 30 wt% (G).
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These moduli enhancements serve as an indicator of the interpenetrating nature of the PEC and
the covalent networks and their synergistic contribution to shear strength of the resulting hybrid
hydrogel. 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 2-S9). Both ¢’ 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
Cppr (=30 Wt%) and Cpgo (> 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 Figures 2-3A-C and 2-3F). Increasing PEO content in
PEC+PEO hydrogels led to continuing reduction of G’ and G" (Figure 2-3G). 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
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 inclusion of 4-arm PEO chains induces macromolecular crowding, hindering
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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 2-S10A-D) and the microstructure of the PEC networks recover quickly after strong
shearing (Figure 2-S10E),"? resulting in facile injection and swift recovery of hydrogel elasticity
post injection (Figure 2-1B, 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 a
role 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 towards spatially homogenous
distribution of the PEC domains. We also note that the drop in the moduli with increasing w in the
low w (< 0.5 rad/s) range in frequency sweeps for PEC+PEO hydrogels in Figures 2-3C and 2-
S8D indicates that the hydrogel was equilibrating while the initial low w moduli measurements
were made. We attribute this trend to the specific measurement protocol we followed where the
shearing frequency of the sample jumped from w = 1 Hz to w = 0.01 Hz nearly instantaneously
upon transition from the pre-shearing 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 Cp,pr = 30 Wt% and 5 wt% PEO, the moduli are frequency dependent, and the recovery and

equilibration of the samples is evident in the first few points in the frequency sweep.
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Similar trends were observed in PEC, PEC+PEO and PEC-IPN hydrogels comprising ammonium
and sulfonated bPEs (Figure 2-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 C,pz 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
Cppg varying from 10 wt% to 40 wt%. Thus, distinct improvements in the moduli were achieved
in PEC-IPN hydrogels compared to the PEC hydrogels upon introduction of 5wt% PEO
(Figure 2-S11H). And, similar to variations depicted in Figure 2-3G, PEC-IPN and PEC+PEO

hydrogel moduli varied continually with increasing Cpzo (Figure 2-S111).

2.3.4 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, characteristics that are inaccessible to PEC hydrogels, as illustrated in the
representative stress-strain curves obtained from uniaxial tensile testing in Figure 2-4. The
physically crosslinked PEC hydrogels do not possess tensile strength as the block polyelectrolyte
chains can rearrange readily when subjected to tensile strain. In contrast, covalently crosslinked
PEO hydrogels exhibit elasticity emerging from the finite extensibility 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
=5 or 15 wt% + C,pp = 30 Wt%) was found to remain comparable to the corresponding covalent

hydrogels, with minor loss of strength (Figure 2-S12A). At the same time, as compared to
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corresponding PEO hydrogels, PEC-IPN hydrogels exhibit improvements in both extensibility and
toughness (Figure 2-S12B and 2-S12C).

These improvements can be attributed to the reconfigurable nature of the PEC network, that enable
network restructuring and promote stress dissipation. Network restructuring is further evident in
the distinct two-step stress growth during uniaxial stretching of the PEC-IPN hydrogels (Figure 2-
4, see also Figure 2-S13). At the same time, 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 2-S14 and 2-S15).

42



30 wi% bPE
+15 wt% PEO

15 wt% PEO

T 30}

<,

w

w

g 2|

w

Q

i & Wi% PEO 30 wi% bPE
S 10 +5 wi% PEO
'—

| | I I | | I
0 20 40 60 80 100 120 140 160

Strain [%]

Figure 2-4. 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 Cppr = 30 wt% and

Cpgo =5 0r 15 wt%.
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2.3.5 Modulating the Response of PEC Hydrogels to Aqueous or Saline Environments

Figure 5 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 were found to plateau within 24 hours.
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 hindered 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 Cpgo; the swelling ratio
of PEC-IPN hydrogels increased by 18% upon increasing Cpgo from 5 wt% to 15 wt%. This is
commensurate with the larger swelling of the 15 wt% PEO hydrogels as compared to the 5 wt%
PEO hydrogels (Figure 2-5). Again, these are distinct improvements over the indefinite swelling

of PEC hydrogels, ascribable to their physically crosslinked structure.
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Figure 2-5. Controlling the swelling behavior of PEC network by interpenetration with covalent
networks.  The swelling of PEO and PEC-IPN hydrogels with C,pr =30wit% and

Cpgo =5 or 15 wt%, as denoted by their weight gain with time.
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PEC-IPN hydrogels also retained their mechanical strength upon exposure to salt. Introduction of
salt resulted in progressive breakdown of the PEC network, evident from the broadening peaks in
the SAXS spectra obtained from PEC-IPN hydrogels (Cppr =30 Wt%, Cpgo =5 wWt%) with
increasing salt concentrations (Figures 2-6A and 2-6C, see also Figures 2-S16A and 2-S16D).
The influence of salt on the network microstructure was more evident in PEC networks containing
ammonium functionalized bPEs (Figure 2-6C) as compared to guanidinilated bPEs (Figure 2-
6A). Correspondingly, shear moduli of PEC hydrogels with guanidinium moieties decreased by
~2 orders of magnitude upon increasing Cs,;; up till 600 mM (grey symbols in Figure 2-6B, see
also Figures 2-S16B and 2-S16C) while the moduli of the PEC hydrogels with ammonium
moieties decreased precipitously with increasing Cs,;¢. In contrast, the corresponding PEC-IPN
hydrogels exhibited far superior shear strength even when 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 Figures 2-6B and 2-6D, see also Figures 2-S16E and 2-S16F).
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.
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Figure 2-6. Evolution of microstructure and shear strength of PEC-IPN hydrogels in saline
environments. (A) One-dimensional SAXS intensities I(q) versus wave vector g and (B) the shear
moduli (G’ and G"), measured at w = 1.12 rad/s and y = 0.3%, as a function of salt concentration
Csq1e Tor PEC-IPN hydrogels (C,pr = 30 Wt% + Cpgo = 5 Wt%) composed of bPEs functionalized
with guanidinium and sulfonate moieties. In (B), corresponding G' and G" data are also shown for
PEC hydrogels (Cppr = 30 Wt%). (C) and (D) show data corresponding to (A) and (B),
respectively for PEC-IPN hydrogels (Cppr = 30 Wt% + Cpgo = 5wWt%) and PEC hydrogels
(Cppr = 30 wWt%) composed of bPEs functionalized with ammonium and sulfonate moieties. In (A)

and (C), the I(q) spectra were shifted vertically for clarity. See Supplementary Information Table



2.4 Conclusion and Implications in Biomaterials Development

In summary, we have demonstrated, for the first time, a facile approach to create 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 tunable swelling response.

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, 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 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 use of materials based on block
polyelectrolyte self-assembly in biomedical applications as adhesives and scaffolding wherein a
control over 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 photocrosslinkable 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
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crosslinked gels can achieve higher moduli owing to the interpenetrating PEC network. Thus,
combination of existing photocrosslinkable polymers and PEC hydrogels represents a promising
one-pot solution that could be employed directly on application site without additional processing
steps. These improvements can prove very beneficial for various applications where
photocrosslinked hydrogels are employed, and especially applications wherein in situ crosslinking
of the precursor polymers is sought.” 7 For instance, light-based biofabrication processes like
extrusion-based 3D printing that face issues of low viscosity and weak structural integrity of the
hydrogel precursor solution prior to photocrosslinking can benefit from 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 inter-layer bonding, paving the way for high-
resolution printing.” Similarly, drug-loaded hydrogels patches or adhesive tissue sealants that rely
on chemical crosslinking of precursors in situ can also benefit from 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.”
Incorporation of PEC networks can reinforce the mechanical properties of the injected hydrogel

precursors, and thus mitigate the loss of precursor molecules and reduce their dosage.
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Figure 2-S2. Representative amplitude sweeps showing the shear moduli (G’ and G") as a function
of strain for PEO, PEC, PEC+PEO, and PEC-IPN hydrogels. (A) PEO hydrogels with Cpgo (=
5 wt% and 20 wt%), (B) PEC hydrogels (grey) with Cppr (= 30 wt%), PEC+PEO hydrogels (blue)
and PEC-IPN hydrogels (red) with C,pr (= 30 Wt%) and Cpgo (=5 wt%), (C) PEC hydrogels
(grey) with Cp,pg (=30 wt%), PEC+PEO hydrogels (blue) and PEC-IPN hydrogels (red) with Cppg

(= 30 Wt%) and Cpgo (= 20 Wid%).
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Figure 2-S3. Representative SAXS scattering spectra in PEC, PEC+PEO, PEC-IPN hydrogels
consisting of guanidinium and sulfonate functionalized polyelectrolytes. (A) 1-D scattering
intensity 1(q) as a function of wave factor g for PEC (grey), PEC+PEO (blue), and PEC-IPN (red)
hydrogels with a fixed Cpgo (=5 wWt%) and varying C,pr from 20 wt% to 40 wt%. (B) I1(q)
spectra for PEC hydrogels (with Cppr= 10 wt%), PEC+PEQO, and PEC-IPN hydrogels with varying

Cpgo Trom 5 wt% to 20 wt%. I(q) spectra are shifted vertically for clarity.
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Figure 2-S4. Representative fitting curves of PEC domain core radius of (A, 1-1V) PEC hydrogels
with varying Cppr from 10 wt% to 40 wt%, (B, I-1V) PEC+PEO hydrogels and (C, I-1V) PEC-

IPN hydrogels with a fixed Cpzo (= 5 Wt%) and varying C,pr from 10 wt% to 40 wt%. The fitting
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curves were modeled by polydisperse spheroid form factor and hard-sphere structure factor.
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Figure 2-S5. SAXS scattering spectra and PEC domain attributes in PEC, PEC+PEO, PEC-IPN
hydrogels with polyelectrolytes functionalized with ammonium and sulfonate groups. (A) 1-D
scattering intensity I(q) as a function of wave vector g for PEC (grey), PEC+PEO (blue), and
PEC-IPN (red) hydrogels with varying C,pg from 10 wt% to 40 wt%. PEC+PEO and PEC-IPN
hydrogels also contained a fixed Cpzo (=5 wWt%). (B) I(q) spectra for PEC hydrogels with C,pr =
30 wt%, and PEC+PEOQ, and PEC-IPN hydrogels with varying Cpg, (between 5 wt% and 20 wt%)
and constant C,pr = 30 wt%. The small vertical bars indicate the positions of the Bragg scattering
peaks. With respect to the primary peak (at g*), the secondary and the tertiary peaks appear at 2q*
and 3q*, denoting lamellar microstructure of the PEC domains. In (A) and (B), I(q) spectra are
shifted vertically for clarity. (C, D) Inter-domain distance (dpgc) and domain radius (Rpgc) as a

function of Cppg (C) and Cpgo (D) for PEC, PEC+PEO, and PEC-IPN hydrogels. In (C), Cpgo =
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5 wt%, while in (D), C,pr = 30 Wt%. See Supplementary Information Tables S3 and S4 for peak

assignments in (C) and (D).
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Figure 2-S6. SAXS scattering spectrain PEC, PEC+PEOQ, and PEC-IPN hydrogels. 1-D scattering
intensity 1(q) as a function of wave vector g for PEC (grey), PEC+PEO (blue), and PEC-IPN (red)
hydrogels with a fixed Cp,pz (= 10 wt%) and varying Cpgo from 5 wt% to 20 wt%. I(q) spectra are

shifted vertically for clarity.
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Figure 2-S7. Shear strength of PEO hydrogels. Storage (G') and loss (G'") moduli as a function of

frequency (w) for PEO hydrogels with varying Cpgo from 5 wt% to 20 wt%.
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Figure 2-S8. Shear strength of PEC, PEC+PEQ, PEC-IPN hydrogels. (A-C) Storage (G') and

loss (G'") moduli as a function of frequency (w) for PEC hydrogels (grey), PEC+PEO hydrogels
(blue), and PEC-IPN hydrogels (red) with varying Cpgo from 10 wt% to 20 wt% and a constant
Cppr (=30 Wt%). (D) G'and (G") as a function of w for PEC (with C,pr = 40 wt%), PEC+PEO,

and PEC-IPN hydrogels with Cppr = 40 Wt% and Cpgy = 5 wWit%.
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Figure 2-S9. Synergistic Shear Response of Guanidinium & Sulfonate PEC-IPN Hydrogels.
Storage (G') and loss (G") moduli of PEC-IPN hydrogels with (A) a constant Cp,pr = 30 wt% and
increasing Cpgo, and (B) a constant Cpgo = 5 Wt% and increasing Cppg. The shear moduli of the
corresponding the PEC hydrogels and the PEO hydrogels, and the sum of the moduli of PEC and

PEO hydrogels are also shown.
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Figure 2-S10. Representative complex viscosity and cyclic strain performance of PEC and
PEC+PEO hydrogels comprising polyelectrolytes with guanidinium and sulfonate moieties.
Complex viscosity (n*) as a function of frequency (w) for (A) PEC hydrogels with varying Cppg
from 10 wt% to 40 wt%, (B) PEC hydrogels (grey) with Cppr (= 30 Wt%) and PEC+PEO
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PEC+PEO hydrogels with a fixed Cpgo (=5 Wt%) and increasing C,pg from 10 wt% to 40 wt%.
(D) Complex viscosity power law index (n, where n*~w™) for PEC and PEC+PEQ hydrogels with
Cppr from 10 wt% to 40 wt%. PEC+PEO hydrogels contained a fixed Cpzo (=5 wt%). (E) Cyclic
strain performance of PEC hydrogels (grey) with Cppr = 30 wt% and PEC+PEO (blue) and PEC-
IPN hydrogels (red) with C,pr =30 wt% and Cpzo = 5 Wt% in the cyclic strains between 0.3% and

100%.
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Figure 2-S11. Modulations of shear strengths of PEC, PEO, PEC+PEQ, and PEC-IPN hydrogels.

(A-G) Storage (G') and loss (G'") moduli as a function of frequency (w) for PEC hydrogels (grey),

PEC+PEO hydrogels (blue), and PEC-IPN hydrogels (red) with varying Cppg and Cpgo. (H) G’

and G" (at w = 1.12 rad/s) for PEO hydrogels (black) with Cpgo (= 5 wt%), PEC hydrogels (grey)

with increasing Cp,pr from 10 wt% to 40 wt%, PEC+PEO (blue) and PEC-IPN (red) hydrogels

with a constant Cpgo (=5 Wt%) and increasing C,pr from 10 wt% to 40 wt%. (1) G’ and G (at

w = 1.12 rad/s) for PEC hydrogels with C,pr (= 30 wt%), PEO hydrogels with Cpgo from 5 wt%

to 20 wt%, PEC+PEO hydrogels and PEC-IPN hydrogels with a constant C,pz (= 30 wt%) and

increasing Cpgo from 5 wt% to 20 wt%.
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Figure 2-S12. Tensile characterization for PEO hydrogels and PEC-IPN hydrogels comprising
polyelectrolytes functionalized with guanidinium and sulfonate groups. (A) Ultimate strength, (B)
extensibility, and (C) toughness. Data in (A—C) are averages obtained from measurements on three

distinct samples.
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Figure 2-S13. Representative stress vs. strain curves for PEO and PEC-IPN hydrogels. (A-C) PEO
hydrogels with Cpgy (=5 Wt%), (E-F) PEO hydrogels with Cpgo (= 15 wt%), (H-J) PEC-IPN

hydrogels with C,pr (=30 wWt%) and Cpgy (=5wi%), (K-M) PEC-IPN hydrogels with
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Figure 2-S14. Representative Stress vs. strain curves for PEC-IPN hydrogels consisting of

polyelectrolytes functionalized with ammonium and sulfonate groups. (A-C) PEC-IPN hydrogels

with Cppp (= 30 Wt%) and Cpgo (= 5 Wt%), (E-F) PEC-IPN hydrogels with Cppr (= 30 wt%) and

Creo (= 15 Wib).
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Figure 2-S15. Tensile characterization for PEO hydrogels and PEC-IPN hydrogels comprising
polyelectrolytes functionalized with ammonium and sulfonate groups. (A) Representative stress-
strain curves, (B) ultimate stress, (C) extensibility, and (E) toughness for PEO and PEC-IPN

hydrogels with Cppr = 30 Wt% and Cpgo =5 Wt% or 15 wt%. Data in (B-D) are averages obtained

from measurements on three distinct samples.
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Figure 2-S16. Evolution of microstructure and shear strength of PEC-IPN hydrogels in saline
environments. (A) 1-D I(q) versus wave vector g for PEC-IPN hydrogels (Cppr = 30 Wt% +
Cppo = 5 Wt%) composed of block polyelectrolytes functionalized with guanidinium and
sulfonate moieties and (B-C) the shear moduli (G’ and G'’) as a function of w for PEC hydrogels

(grey, Cppr = 30 wt%) and PEC-IPN hydrogels (red, Cppr = 30 Wt% + Cppo = 5 Wt%) in saline
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environments with a variation of Cg,;;. (D), (E), and (F) show the data corresponding to (A), (B),
and (C), respectively, for PEC-IPN hydrogels (Cppr = 30 Wt% + Cpgo = 5 Wt%) and PEC
hydrogels (C,pr = 30 wt%) composed of block polyelectrolytes functionalized with ammonium

and sulfonate moieties. In (A) and (D), the I(q) spectra were shifted vertically for clarity.
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Supplementary Tables
Table 2-S1. Bragg peak locations and microstructure information for PEC+PEO and PEC-IPN

hydrogels with a constant C,pr = 30 Wt% and varying Cpgo. The PEC+PEO and PEC-IPN

hydrogels consisted of polyelectrolytes functionalized with guanidinium and sulfonate groups.

Hydrogel Description q [AY] | q/q* | Expected q/q* | Microstructure

0.020 | 1.000 | 1.000
PEC+PEQO hydrogels with Cppr = 30

0.038 | 1.928 | 2.000 Lam

0.057 | 2.888 | 3.000

0.021 | 1.000 | 1.000
PEC-IPN hydrogels with C,pr = 30 wt%

0.042 | 2.015 | 2.000 Lam
and CPEO = 15 Wt%

0.060 | 2.863 | 3.000

0.019 | 1.000 | 1.000
PEC+PEO hydrogels with Cppr = 30

0.036 | 1.914 | 2.000 Lam

0.054 |2.889 | 3.000

0.021 | 1.000 | 1.000
PEC-IPN hydrogels with C,pr = 30 wt%

0.042 | 2.015| 2.000 Lam
and CPEO = 15 Wt%

0.060 | 2.863 | 3.000
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Table 2-S2. Bragg peak locations and microstructure information for PEC+PEO and PEC-IPN
hydrogels with a constant Cpzp =5 Wt% and C,pr = 30 Wt% in the saline environments with
different C,q;; . The PEC+PEO and PEC-IPN hydrogels consisted of polyelectrolytes

functionalized with ammonium and sulfonate groups.

Hydrogel Description q [AY q/q" Expected q/q* | Microstructure
PEC+PEO hydrogels with | 0.020 | 1.000 1.000
Lam
Coait =0mMM 0.041 | 2.064 2.000
0.022 | 1.000 1.000
PEC-IPN hydrogels with Cs,; =0
0.044 |1.993 2.000 Lam
mM
0.064 | 2.885 3.000
PEC+PEO hydrogels with | 0.022 | 1.000 1.000
Lam
Csqir =200 mM 0.044 |1.993 2.000
0.021 |1.000 1.000
PEC-IPN hydrogels with
0.044 | 2.052 2.000 Lam
Csqir =200 mM
0.065 |3.017 3.000
PEC+PEO hydrogels with | 0.022 | 1.000 1.000
Lam
Csqir =400 mM 0.044 |1.993 2.000
PEC-IPN hydrogels with | 0.024 | 1.000 1.000
Lam
Csqit =400 mM 0.047 |2.000 2.000
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Table 2-S3. Bragg peak locations and microstructure information for PEC+PEO and PEC-IPN
hydrogels with a constant Cpgy =5 Wt% and varying Cppr. The PEC+PEO and PEC-IPN

hydrogels consisted of polyelectrolytes functionalized with ammonium and sulfonate groups.

Hydrogel Description q[A1 | q/q" | Expected q/q* | Microstructure
0.021 | 1.000 | 1.000
PEC hydrogels with Cp,pr = 30 Wt% 0.037 | 1.756 | 1.732 HCP Cylinder
0.055 | 2.634 | 2.000
PEC+PEO hydrogels with C,pz = 30 | 0.020 | 1.000 | 1.000
Lam
wit% and Cpgo = 5 Wt% 0.041 | 2.064 | 2.000
PEC-IPN hydrogels with Cppr = 30| 0.022 | 1.000 | 1.000
Lam
wt% and Cppp = 5 Wt% 0.044 | 1.993 | 2.000
0.022 | 1.000 | 1.000
PEC hydrogels with Cppr = 40 Wt% 0.044 | 1.993 | 2.000 Lam
0.066 | 3.000 | 3.000
0.021 | 1.000 | 1.000
PEC+PEQO hydrogels with Cppr = 40
0.043 | 2.000 | 2.000 Lam
Wt% and CPEO = 5 Wt%
0.064 | 2.970 | 3.000
0.022 | 1.000 | 1.000
PEC-IPN hydrogels with Cppr = 40
0.044 | 1.993 | 2.000 Lam
Wt% and CPEO = 5 Wt%
0.066 | 3.000 | 3.000
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Table 2-S4. Bragg peak locations and microstructure information for PEC+PEO and PEC-IPN
hydrogels with a constant C,pr = 30 Wt% and varying Cpgo. The PEC+PEO and PEC-IPN

hydrogels consisted of polyelectrolytes functionalized with ammonium and sulfonate groups.

Hydrogel Description q[A1 | q/q" | Expected q/q* | Microstructure
0.021 | 1.000 | 1.000
PEC hydrogels with C,pr = 30 wt% 0.037 | 1.756 | 1.732 HCP Cylinder
0.055 | 2.634 | 2.000
PEC+PEO hydrogels with C,pz = 30 | 0.020 | 1.000 | 1.000
Lam
wt% and Cpgp = 5 Wt% 0.041 | 2.064 | 2.000
PEC-IPN hydrogels with Cppr = 30| 0.022 | 1.000 | 1.000
Lam
wt% and Cppp = 5 Wt% 0.044 | 1.993 | 2.000
0.020 | 1.000 | 1.000
PEC+PEOQO hydrogels with Cppr = 30
0.041 | 2.016 | 2.000 Lam
Wt% and CPEO = 10 Wt%
0.061 |2.992 | 3.000
PEC-IPN hydrogels with Cppr = 30| 0.022 | 1.000 | 1.000
Lam
wt% and Cppo = 10 wWt% 0.043 | 1.942 | 2.000
0.020 | 1.000 | 1.000
PEC+PEO hydrogels with Cppr = 30
0.040 | 2.016 | 2.000 Lam
Wt% and CPEO = 15 Wt%
0.060 | 3.000 | 3.000
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PEC-IPN hydrogels with Cppr = 30| 0.020 | 1.000 | 1.000
Lam
wit% and Cpgp = 15 wWt% 0.039 | 1.968 | 2.000
0.021 | 1.000 | 1.000
PEC+PEOQO hydrogels with Cppr = 30
0.043 | 2.000 | 2.000 Lam
wt% and Cpgp = 20 Wt%
0.065 | 3.030 | 3.000
PEC-IPN hydrogels with Cppr = 30| 0.021 | 1.000 | 1.000
Lam
wit% and Cpgp = 20 Wit% 0.043 | 2.000 | 2.000
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Supplementary Movies

Movie 2-SM1. Movie depicting the injection, settling, and insolubility upon shaking of PEC
hydrogels with Cppr = 10 Wwt%. The PEC hydrogels consisted of bPEs functionalized with

guanidinium and sulfonate groups.

Movie 2-SM2. Movie depicting the injection, settling, and insolubility upon shaking of PEC+PEO

hydrogels with Cppr = 10 Wt% and Cpgo = 5 Wt%. The PEC+PEQ hydrogels consisted of bPEs

functionalized with guanidinium and sulfonate groups.

Movie 2-SM3. Movie depicting the injection, settling, and solubility upon shaking of PEO

precursor polymers with Cpgp = 5 wit%.
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Chapter 3

PEC/PEGDA IPN Hydrogels: Influence of PEGDA Molecular

Weight
Abstract

Polyelectrolyte complexes (PEC) hydrogels, formed by mixing oppositely charged block
polyelectrolytes, feature versatile microstructures, rapid self-assembly, self-healing properties, and
environmental responsiveness. Recently, interpenetration of PEC and covalent networks has
emerged as an effective strategy to create polyelectrolyte complex/covalent interpenetrating
polymer networks (IPN) hydrogels, which combined advantages and minimize drawbacks from
each single network. However, it remains poorly understood how precursor chain length or
covalent network mesh size affects PEC IPN hydrogel properties. In this work, we employed
photo-crosslinkable poly(ethylene glycol) diacrylate (PEGDA) with five different molecular
weights (0.7, 1.5, 6, 10, and 20 kg/mol) to individually interpenetrate with PEC networks to
investigate the influence of PEGDA precursor molecular weight and network mesh size on the
microstructures, shear moduli, and tensile properties of resulting hydrogels. We found that longer
PEGDA chains had a higher ability to induce microstructural and disorder-order transition. Before
photocrosslinkinig, adding PEGDA with large MWs (6, 10, and 20 kg/mol) resulted in lower shear
moduli of PEC+PEGDA hydrogels because longer PEGDA chains caused macromolecular
crowding, perturbed PEC domain formation, and reduced partial connectivity of PEC networks.
After photo-crosslinking, PEGDA networks were interpenetrated with PEC networks and formed

PEC IPN hydrogels, which possessed synergistic effects on both shear and tensile performance
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regardless of different PEGDA network mesh sizes. As PEGDA MW was decreased, the shear
moduli of PEC/PEGDA IPN hydrogels were increased due to higher crosslinking density,
demonstrating an approach to achieve mechanical tunability without changing polymer
concentration. Upon decreasing PEGDA MW, the extensibility and toughness of PEC/PEGDA
IPN hydrogels were reduced while their Young’s moduli were reinforced, suggesting an important
role of PEGDA network mesh size on the tensile properties. It is important to highlight that the
interpenetration strategy overcame the stiffness-toughness and stiffness-extensibility tradeoffs in
all PEC/PEGDA IPN hydrogels despite different PEGDA MWs. We envision that a clear
relationship between precursor polymer MW and hydrogel properties will provide a reference to
design PEC-based hydrogels with the physical and mechanical properties required by biomedical

applications.
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3.1 Introduction

Hydrogels, comprising of three-dimensional polymer networks, have received ever-increasing
attraction as scaffolds for tissue engineering,®* drug delivery,>® biomedicine,'® ! and
bioadhesives.'?® Polyelectrolyte complexes (PEC) hydrogels, 232 whose formation by
electrostatic interaction is driven between oppositely charged polyelectrolytes,?® 24 2531 present an
exciting approach to combine or interpenetrate with covalent network hydrogels to further develop
their properties.®* The PEC hydrogels rapidly assemble within seconds®® 28 3336 ypon mixing
oppositely charged block-polyelectrolytes and featured versatile microstructures,?* 2 3740 which
differentiate ionically crosslinked hydrogels formed by oppositely charged homo-
polyelectrolytes.***® The oppositely charged blocks of polyelectrolytes attract each other and form
PEC domains acting as network joints while the neutral blocks connected them to form networks.
The electrostatic interaction nature of PEC hydrogels attribute to stimuli-responsiveness (pH and
salt),?0 21 26-28, 49 controllable shear properties,?l 23 24 27, 28,30, 49 jniectability,®® %0 self-healing
properties,®® 5° and encapsulate and delivery charged macromolecules, such as nucleic acid and

proteins.>>°

However, weak ionic interactions and reconfigurable nature of PEC networks typically contribute
to their weak shear moduli (typically < 20 kPa) and negligible strength,?* restricting applications.
In comparison, covalent hydrogels typically feature strong mechanical strength and Young’s
moduli but confront long-standing challenges in stiffness-extensibility and stiffness-toughness
tradeoff issues, meaning these properties cannot be improved simultaneously by changing polymer
concentration. Interpenetration between two polymer networks has been employed previously to
acquire mechanical strength, toughness, and stimuli-responsive properties.3" %664 Qur previous

works had demonstrated that a combination of PEC and photocrosslinkable covalent networks
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integrated advantages and unique features from each network and meanwhile mitigate their
disadvantages.>! Before formation of covalent networks, PEC networks act as protective structures
to provide tunable viscosity and shear strength for PEC+precursor hydrogels, enhancing interlayer
bonding and avoiding secondary flow issues in wound dressing and extrusion-based 3D
bioprinting applications. After photocrosslinking, interpenetration between PEC and covalent
networks experience remarkable improvements in terms of mechanical strength, stiffness, and
toughness owing to polymer entanglements between two interpenetrated networks and energy-
dissipative structure of PEC networks. The interpenetration strategy overcomes the tradeoffs
limiting covalent hydrogels and contributes to synergistic effects in mechanical properties,
inaccessible by either network. We have demonstrated the compatibility of PEC networks with
four different kinds of representative covalent networks formed by 4-arm poly(ethylene glycol)
acrylate (4-arm PEGA), poly(ethylene glycol) diacrylate (PEGDA), acrylamide (AAm), and
gelatin methacryloyl (GelMA), which contain different molecular structures, crosslinking
mechanisms, and polymer origin (Chapter 4). An interesting feature was that an increase of 4-arm
PEGA concentration progressively lowered shear moduli of resulting PEC+precursor hydrogels
(Chapter 2); the corresponding mechanism behind this decay remain poorly understood. Moreover,
it remains unclear whether the interpenetration strategy still produces synergistic effects when
covalent networks with different mesh sizes are used. To the best of our knowledge, no prior
scientific report has systematically studied the influence of covalent polymer chain length or mesh
size on disorder-order transition and mechanical properties of hydrogels comprising

interpenetrated PEC and covalent networks.

Herein, we employed poly(ethylene glycol) diacrylate (PEGDA) with five different MWs (0.7, 1.5,

6, 10, and 20 kg/mol) to fabricate the covalent networks with different mesh sizes, which were
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interpenetrated with PEC networks to form polyelectrolyte complex-interpenetrating polymer
networks (PEC/PEGDA IPN) hydrogels as a model system to systematically study the influence
of precursor MW on the properties of resulting hydrogel properties. Owing to the same linear
polymer structure, the mesh size of PEGDA networks varies monotonically with PEGDA MW.
The nanoscale physical attributes, shear moduli, and tensile properties of hydrogels were
characterized by small-angle X-ray scattering (SAXS), rheology, and tensile testing, respectively.
The microstructures of hydrogels were summarized and compared in the morphological maps with
parameters of block polyelectrolyte concentration (C,pg), PEGDA concentration (Cp), and
PEGDA MW. The PEGDA with larger MWs possessed a higher ability to induce microstructural
and disorder-order transition. Before photo-crosslinking, addition of the PEGDA with larger MWs
(6, 10, and 20 kg/mol) led to more decline in shear moduli of PEC+PEGDA hydrogels and while
the PEGDA with smaller MWSs (0.7 and 1.5 kg/mol) had limited influence. After photo-
crosslinking, all PEC/PEGDA IPN hydrogels achieved remarkable improvements and synergistic
effects in both shear moduli and tensile properties, which were unreachable by either PEC or
covalent networks. PEGDA with a smaller MW led to higher shear moduli owing to a higher
crosslinking density of PEGDA networks. In terms of tensile performance, despite different
PEGDA MWs, the PEC/PEGDA IPN hydrogels still broke the stiffness-toughness tradeoff and
enhanced tensile strength, Young’s moduli, and toughness while remaining similar extensibility.
Upon decreasing PEGDA MW, the extensibility and toughness of PEC/PEGDA IPN hydrogels
were reduced while their Young’s moduli were increased, suggesting PEGDA mesh size played
an important role in PEC/PEGDA IPN hydrogel properties. Overall, the PEC network platform
exhibited high compatibility with covalent networks with different mesh sizes. We envision that a

comprehensive understanding of the relationship between covalent networks and physical and
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mechanical properties of resultant hydrogels provides a guideline to design controllable and

predictable properties of PEC-based hydrogels, another step toward biomedical applications.
3.2 Experimental methods

Materials: Poly(ethylene oxide) (PEO) with molecular weights of 1.5 kg/mol, 6 kg/mol, 10
kg/mol, and 20 kg/mol, Celite, naphthalene, calcium hydride, allyl glycidyl ether (AGE),
potassium chunk, sodium 3-mercapto-1-propanesulfonate, 2,2-dimethoxy-2-phenylacetophenone,
cysteamine hydrochloride, 1-H-pyrazole-1-carboxamidine hydrochloride, poly(ethylene glycol)

diacrylate (MW = 0.7 kg/mol), and Irgacure 2959 were purchased from Sigma-Aldrich.

Polyelectrolytes Synthesis: ABA triblock poly(ally glycidyl ether)ss-b-poly(ethylene oxide)asss-b-
poly(ally glycidyl ether)ss (PAGEss-PEO4ss-PAGEes) was —synthesized via anionic
polymerization.?® Allyl glycidyl ether (AGE) was dried with calcium hydride overnight, degassed
by three cycles of freeze-pump-thaw, and then purified by distillation. 20 grams of polyethylene
glycol (PEG, MW 20 kg/mol) were dried in a vacuum for 12 hours and then dissolved in ~60 ml
anhydrous tetrahydrofuran (THF) at 45 °C in a 250 ml round bottom flask in a glove box full of
Argon gas. The PEO solution was slowly added with 0.4 M potassium naphthalenide in anhydrous
THF solvent until it became light green. An appropriate volume of AGE was injected into the PEG
solution. The reaction was continued for 48 hours at 45 °C and then was stopped by adding 10 mL
degassed methanol. The final product was precipitated in hexane solvent, filtered, and dried in a

vacuum for the following thiol-ene click reactions.

The PAGEgs-PEO4s5-PAGEss was functionalized with either ammonium or sulfonate groups via
thiol-ene click reactions. Ammonium functionalization was performed by dissolving 2 g PAGEss-
PEOu4s5-PAGEgs in a mixture solvent (15 ml DMF and 15 ml water) in a 100 mL round bottom
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flask. Cysteamine hydrochloride, in a 5-fold molar amount of alkene group of PAGEgs-PEQ4ss-
PAGEss, was added to functionalize PAGEes-PEQ4s5-PAGEss with ammonium moieties with the
aid of photoinitiator, 2,2-dimethoxy-2-phenylacetophenone, 0.05 Equiv. per alkene, under
ultraviolet light (8 watts and 365 nm) for at least 6 hours. The same method was applied to
synthesize sulfonate-functionalized PAGEss-PEOu4ss-PAGEss by  replacing cysteamine
hydrochloride with sodium 3-mercapto-1-propanesulfonate. 2 grams of ammonium-functionalized
PAGEss-PEO4s5-PAGEsgs was further reacted with 1H-Pyrazole-1-1-carboxamidine hydrochloride
in phosphate-buffered saline (PBS) buffer solution with pH =10 to convert ammonium groups to
guanidinium groups.?® All product solutions were first purified by 14 cycles of dialysis in
deionized water and then followed by lyophilized to obtain dry final products, which were

characterized by *H NMR (Figure 3-S1).

Poly(ethylene glycol) Diacrylate (PEGDA) Synthesis and Characterization: Polyethylene
glycol (PEG) with molecular weight (1.5, 6, 10, and 20 kg/mol) was dried in a vacuum oven at
room temperature for at least 12 hours. 30 grams of PEG was dissolved in 160 mL anhydrous
toluene with stirring, and then the solution was heated up to ~125 °C to distill 40 ml toluene to
evaporate any trace amount of water. Afterward, the solution temperature was adjusted to 40 °C
and maintained at this temperature for reaction, and meanwhile, the solution was continuously
degassed by nitrogen gas. Triethylamine (TEA), in a 4-fold molar amount of -OH group of PEG,
was added to the PEG solution. After 10 minutes of adding TEA, acryloyl chloride, with a 4-fold
molar amount of -OH group of PEG, was injected slowly into the PEG solution. After 90 minutes,
the product solution was filtered twice by a Buchner funnel half full of Celite to remove insoluble
salts. The resultant solution was precipitated in 4 °C hexane to precipitate the product PEG, which

was dried under vacuum and then characterized by *H NMR (Figure 3-S2, Figure 3-S3). The
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substitution efficiency of PEG terminal -OH for acrylate was calculated based on comparing the
integral areas under PEG backbone peak (around 3.5 ppm) and two-ended acrylate peaks
(approximately 5.8 -6.4 ppm).®> ¢

Acrylation% = PEG MW x100%
Area under PEG Backbone x 6 «44)

Area under Acrylate x4

Hydrogel Preparation: The PEGDA, guanidinium- and sulfonate-functionalized bPEs were
separately dissolved in deionized water to prepare 50 wt% stock solutions. An appropriate amount
of photoinitiator Irgacure 2959 was dissolved in deionized water to prepare 5 wt% stock solutions,
which were preheated to dissolve before each use. The PEC hydrogels were prepared by mixing a
designed amount of oppositely charged bPEs stock solution in deionized water to reach a targeted
bPEs concentration (Cy,pg) and meanwhile maintaining the equimolar charge ratio. The PEC+PEG
hydrogels were first prepared by vortex-mixing appropriate amounts of the sulfonate bPEs,
PEGDA, and photoinitiator in deionized water to produce a homogeneous solution, which was
followed by adding an appropriate amount of guanidinium bPEs stock solution to reach the
equimolar charge ratio between oppositely charged bPEs. PEC/PEGDA IPN hydrogels were
formed by exposing the corresponding PEC+PEGDA hydrogels under ultraviolet light

(wavelength: 302 nm; 8 watts) for 10 minutes.

Rheology: All rheological measurements were performed by an Anton Paar (MCR 203) rheometer
with a solvent cap at 25 °C. PEC hydrogels and PEC+PEGDA hydrogels were transferred by a
positive displacement pipette to a rheometer plate and then measured by a cone plate with a
diameter of 10 mm and cone angle of 2°. The PEC/PEGDA IPN hydrogels were prepared by first
loading the PEC+PEGDA material into a polydimethylsiloxane (PDMS) with the dimensions

(diameter: 8 mm and height: 8 mm), and then followed by 10 minutes of UV light irradiation.
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Before each measurement, an oscillatory pre-shear at strain (y) of 0.8% and frequency (®) of 1
rad/s were performed to reach a steady state. The linear viscoelastic (LVE) regime was determined
by running amplitude sweeps at frequency ® = 1 rad/s and with the strain ranging from 0.01% to
100% (Figure 3-S4). Frequency sweeps were measured at the y = 0.8 %, which reflected the

viscoelastic properties of hydrogels within the LEV regime.

Tensile Characterization: All tensile measurements were carried out with a stretching rate of 9
mm/min on an Instron 5542 mechanical tester. Tensile samples were prepared by loading PEGDA
precursor or PEC+PEGDA hydrogels into a PDMS mode with a geometric feature (18 mm x 4.5
mm x 1 mm) and followed by UV light exposure. The two ends of hydrogel samples were fixed
on a double-sized tape via a small amount of superglue, and the double size tapes were clipped by
the machine tension grips. During the tests, the stress and corresponding strain data were
continuously collected until the hydrogel rupture. The tensile properties were averaged by at least

four samples.

Small-angle X-ray scattering (SAXS): SAXS characterization experiments were carried out at
beamline 12-1D-B in the Advanced Photon Source, Argonne National Laboratory with a detector
distance of 2 meters and the X-ray power of 13.3 keV. All PEC, PEC+PEGDA, and PEC/PEGDA
IPN hydrogels were loaded in the solid sample holders provided by the beamline and then sealed
by Kapton tape on both sides to avoid water evaporation. The solid sample holders, made from
clear resin, contained 10 x 10 cells with 8 mm spacing. The X-ray scattering exposure time was
setto 0.1 s. The two-dimensional SAXS data were converted to one-dimensional intensity 1(q) by
employing the matSAXS package. The final sample scattering data was acquired by removing the

background data from the raw intensity data.
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Radius of Gyration of PEGDA chains and Mesh Size of PEGDA Networks: Radius of gyration

R, is typically used to estimate the size of random polymer coil chains in solution. The R, of

PEGDA were calculated by using r, =+/Nb?/6, where N is the number of PEO Kuhn block and b

is the PEO Kuhn block length (1.1 nm). An overlap concentration (C*) of each PEGDA with
different MWs is necessary to compute the mesh size of covalently crosslinked PEGDA networks.

The overlap concentration reflects the polymer concentration, where the polymer chains started to
overlap and interact with each other. The overlap concentration can be C'=M/ (4/37zRg3N NE
where M is molecular weight, and N, is Avogadro’s number. The correlation block (¢&,) can be

employed to compute covalent network size depending on polymer concentration. Equation (1) is

applied in a dilute polymer concentration, and Equation (2) suits a semidilute polymer solution.

£ =R, (C<C) (1)
£ 2R, (%)‘371 (€=c" @

where C is polymer concentration, and v is the Flory exponent (v = 3/5 for good solvent).
3.3 Results and Discussion

Combination of PEC networks and PEGDA chains with different molecular weights is an effective
method to systematically investigate the influence induced by PEGDA MW:s and crosslinking
density owing to the controllable synthetic nature of PEGDA and bPE chains. Owing to the same
linear polymer structure, PEGDA with a larger MW possesses a longer chain. Upon increasing

MW, the R, of PEGDA chains and the mesh size of PEGDA networks are progressively increased,

as shown in Figure 3-S5A. The complexation-induced PEC networks are assembled by mixing
95



oppositely charged bPE chains. Oppositely two-end charged blocks of bPEs chains assemble
spontaneously and form PEC domains driven by electrostatic interaction, and meanwhile the
middle block PEO chains act as bridges connecting the PEC domains to form 3-D physical
networks (Figure 3-1A). PEC+PEGDA hydrogels are prepared by homogeneously mixing
PEGDA and bPEs chains, in which the bPEs self-assemble to form PEC networks with the
presence of PEGDA chains (Figure 3-1B). Upon ultraviolet light (302 nm) irradiation, the PEGDA
chains crosslink with each other via covalent bonding in the two-end acrylate groups. The
interpenetration between PEGDA and PEC networks leads to PEC/PEGDA IPN hydrogels

(Figure 3-1C).
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Figure 3-1. Schematic illustration of (A) Polyelectrolyte complex (PEC) hydrogels, (B)

PEC+PEGDA hydrogels, and (C) Polyelectrolyte complex-interpenetrating polymer network

(PEC/PEGDA IPN) hydrogels.
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3.3.1 Nanoscale Microstructure of PEC+PEGDA and PEC/PEGDA IPN Hydrogels

Small-angle X-ray scattering (SAXS) is a highly effective and fast technique to capture the
nanoscale physical properties (e.g., size, shape, and spatial distance) of soft materials, such as
micelles, proteins, and hydrogels. In this work, the PEC domains contained highly dense charged
blocks of bPE chain and relatively high atomic number of elements (e.g., sulfur and nitrogen
atoms), which provided higher electron contrast than surrounding environments to examine PEC
domain arrangement and size distribution via synchrotron X-ray scattering. The one-dimensional
SAXS intensity profiles 1(q) were acquired by averaging the two-dimensional scatterings
information across all azimuthal angles and then followed by removing water background
scattering patterns. SAXS scattering intensity 1(q) generally are characterized as the product of
form factor P(q) and structure factor S(q), wherein the former captures scattering information of

an individual scatter and the latter describes the spatial correlation among scatters.5” 68

Representative 1-D SAXS patterns of 1(q) as a function of wave factor q are shown in Figure 3-
2A for PEC hydrogel (grey) with C,,pg = 10 wt%, and the PEC+PEGDA (blue) and PEC/PEGDA
IPN (red) hydrogels with a constant Cppg = 10 Wt% and Cp = 10 wt%. The SAXS profiles of
PEC+PEGDA and PEC/PEGDA IPN hydrogels were organized with varying PEGDA MW from
0.7 kg/mol to 20 kg/mol to distinguish the differences. All scattering figures in Figure 3-2A
featured only a broad peak and lacked additional Bragg peaks in higher q region (q > 0.02 A),
suggested the disordered sphere (DIS) lattice microstructure of PEC domains. The broad peaks
near q = 0.02 A not only denoted the formation of PEC domains and PEC networks but also
reflected that the presence of PEGDA chains with different MWs had a negligible influence on

self-assembly of PEC networks (Figure 3-2A). Besides, with C,,pr = 10 wt% and Cp = 10 wt%,
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PEGDA with MWs from 0.7 kg/mol to 20 kg/mol had little impact on the microstructure. To
analyze the morphological evolution of microstructures, the PEC+PEGDA and PEC/PEGDA IPN
hydrogels with Cppg = 30 Wt% and Cp = 20 wt% were selected to demonstrate the influence of
PEGDA MW (Figure 3-2C). Upon increasing PEGDA MW from 0.7 kg/mol to 20 kg/mol, the
PEC+PEGDA and PEC/PEGDA IPN hydrogels started to feature the Bragg peaks at the PEGDA
MW of 10 kg/mol and 20 kg/mol (Figure 3-2C), indicating the disorder-order morphological
transition. Moreover, the PEC+PEGDA and PEC/PEGDA IPN hydrogels containing PEGDA with
possessed sharper Bragg peaks than that of the hydrogels consisting of PEGDA-10, suggesting a
higher-ordered PEC domain arrangement. This signified that PEGDA-20 chains demonstrated a
stronger capability to construct a higher-ordered system than PEGDA-10. As shown in Figure 3-
2C, the primary, secondary, tertiary, and quaternary peaks of PEC+PEGDA and PEC/PEGDA IPN
hydrogels with PEGDA MW of 20 kg/mol had the relative positions of q*, 2q*, 3q*, and 4q",
respectively, in which q* referred to broad peak position. The relative Bragg peak positions of
d1:92:q3:q4 = 1:2:3:4 matched with the unique features of lamellar (LAM) microstructure,
denoting a large PEGDA MW was capable to rearrange the PEC domains from DIS to LAM

morphology.

The PEC domains and inter-domain distance exhibited resilience and compatibility with addition
of PEGDA chains and networks. A hard-sphere structure factor and polydisperse form factors were
employed to estimate the PEC domain radius of the PEC, PEC+PEGDA, and PEC/PEGDA IPN
hydrogels with DIS microstructure (Figure 3-S6) by Irena package®® in Igor Pro. As shown in
Figures 3-2B and 3-2C, both PEC+PEGDA and PEC/PEGDA IPN hydrogels had similar Rpgc
as that of PEC hydrogels, around 10-12 nm. This reflected that PEGDA molecular weights had

minimal influence on the Rpgc. Further, at a constant C,,pg (=10 wt% or 30 wt%) and PEGDA
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MW (0.7, 1.5, 6, 10, or 20 kg/mol) (Figure 3-S7 and Figure 3-S8), upon increasing Cp from 0 wt %
to 20 wt%, the Rpgc remained nearly constant. This suggests that different loadings of PEGDA
content had a negligible impact on the Rpgc because it mostly depended on the charged block
length of bPEs chain. In Figure 3-2D, there were no available Rpgc on the PEGDA MW of 10
kg/mol and 20 kg/mol because the corresponding PEC+PEGDA and PEC/PEGDA IPN hydrogels
possessed LAM microstructures, which feature parallelly stacked lamellar domains instead of
spherical domains. The inter-domain distance (dpgc) was estimated by 2n/q*,°® majorly depended
on the neutral block PEO length of the bPE chains. Thus, with a constant C,pg and Cp, a
progressive increase of PEGDA MWs from 0.7, to 20 kg/mol had an insignificant impact on the
inter-domain distances in their corresponding PEC+PEGDA and PEC/PEGDA IPN hydrogels

(Figure 3-2B, 3-2D, see also in Figure 3-S7, and Figure 3-S8).
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Figure 3-2. One-dimensional synchrotron X-ray scatterings profiles for PEC, PEC+PEGDA, and
PEC/PEGDA IPN hydrogels. (A) The PEC hydrogel (grey) with Cypg = 10 wt%, and
PEC+PEGDA (blue) and PEC/PEGDA IPN (red) hydrogels with a constant Cppg = 10 wt% and
Cp = 10 wt% but varying PEGDA MW from 0.7 kg/mol to 20 kg/mol. (B) Inter-domain distance
and PEC domain radius as a function of PEGDA MW for the hydrogels showed in (A). (C) The
PEC hydrogel (grey) with Cppg = 30 wt%, and PEC+PEGDA (blue) and PEC/PEGDA IPN (red)
hydrogels with a constant C,pg = 30 wt% and Cp = 20 wt% but with varying PEGDA MWs. (D)
PEC domain radius and inter-domain distance were plotted against PEGDA MWs for the

hydrogels demonstrated in (B). SAXS scattering curves were shifted up vertically for clarity.
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Figure 3-3. Morphological evolution and disorder-order transition of PEC domains for PEC (grey),
PEC+PEGDA (blue), and PEC/PEGDA IPN (red) hydrogels. (A) PEC hydrogels with C,,pg from
10 wt% to 40 wt%. PEC+PEGDA and PEC/PEGDA IPN hydrogels with a constant Cp = 5 wt%
and varying Cppg and PEGDA MW. (B) PEC hydrogels with C,pg = 30 wt%, PEC+PEGDA and
PEC/PEGDA IPN hydrogels with a constant C,pg = 30 wt% and varying Cp, and PEGDA MW.

The symbols of circles: spheres (DIS) and triangles: lamellae (LAM).
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Three morphological maps were presented with a function of PEGDA MW, C,, and Cypg t0
investigate the mechanisms driving morphological transformation. As shown in Figure 3-3A and
Figure 3-S9, the PEC hydrogels possessed DIS microstructure upon increasing C,pg from 10 wt%
to 40 wt%. At Cp =5 wt%, an increase of Cypg from 10 wt% to 40 wit% demonstrated that
combination of high bPE content and a large PEGDA MW could initiate a microstructural
transformation. At Cppg =40 wt% and Cp =5 wt%, the PEC+PEGDA and PEC/PEGDA IPN
hydrogels comprising PEGDA MWs of 10 kg/mol and 20 kg/mol featured LAM microstructure
but the remaining hydrogels with smaller PEGDA MWs (0.7, 1.5, and 6 kg/mol) only had DIS
microstructures (Figure 3-3A). These phenomena reflected that PEGDA MWs played an
important role in the microstructural transformation. To further confirm this hypothesis, two
morphological maps were made with varying PEGDA MW and Cp at a constant Cypg. AS shown
in Figure 3-S10 and Figure 3-S11, with C,pg = 10 wt%, all PEC+PEGDA and PEC/PEGDA IPN
hydrogels possessed DIS microstructure and did not experience any disorder-order transition,
suggesting that a variation in PEGDA MWs and Cp has no influence on the microstructures at a
low Cppg. In comparison, a microstructural evolution was observed in PEC+PEGDA and
PEC/PEGDA IPN hydrogels at a higher Cypg. At Cypg = 30 wt%, the PEC+PEGDA and
PEC/PEGDA IPN hydrogels with PEGDA MWs of 0.7, 1.5, and 6 kg/mol possessed DIS
microstructure but the hydrogels with PEGDA MW of 10 and 20 kg/mol started to feature LAM
microstructure at Cp = 20 wt% and Cp = 15 wt%, respectively (Figure 3-3B and Figure 3-S12).
These results suggested that PEGDA with a larger MW possessed a strong ability to rearrange

PEC domains and induced morphological transition.
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To explore the relationship between PEGDA MWs and microstructures, we computed the radius
of gyration (R,) of PEGDA chains and mesh size () of PEGDA networks, as shown in Figure 3-
S5A. An increase of PEGDA MWs from 0.7 kg/mol to 20 kg/mol resulted in a continuous increase

of Rg. The R, of PEGDA-20 and PEGDA-10 chains are 5.3 and 3.8 times larger than that of
PEGDA-0.7. A larger MW contributed to a longer PEGDA chain and a larger R,, which are the

major factors directly induced the microstructural transformation. A PEGDA polymer with a long
chain and large R, occupied more space and were more difficult to diffuse through the PEC
networks without perturbation and interaction. In comparison, the PEGDA chains with smaller
MWs had shorter polymer chains length and smaller R,,which occupied less space and diffused
more easily through the PEC networks with less disruption. As shown in Figure 3-S5, with
increasing PEGDA MWs, the overlap concentration (C*), where polymer chains started to overlap
and interact with each other, was progressively reduced. This reflected that the PEGDA chains
with a larger MW have a smaller overlap concentration, denoting it requires a smaller polymer
concentration to occupy entire system. As a comparison, the overlap concentrations of PEGDA-
0.7 and PEGDA-20 were 26.5 wt% and 5 wt%, respectively, suggesting that PEGDA-0.7 required

an additional 430% polymer concentration to reach the similar influence caused by PEGDA-20.

During photo-crosslinking process, the two-end acrylate groups of PEGDA chains covalently
crosslinked with each other and formed network joints, where the average distance between the
network joints is typically referred to as mesh size, §. Two mesh size calculation methods were
employed depending on the Cp and corresponding overlap concentration. With Cp < C*, the
PEGDA polymer chains were relaxed and uncompressed, and thus the mesh size was the same as

its Rg, as shown in Equation (1). With Cp > C*, the PEGDA polymer chains were overlapped and
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compressed, leading to the mesh size smaller than its R,. Thus, Equation (2) was applied to
estimate the mesh size at a compressed state. For example, with 10 wt% PEGDA, the concentration
of the PEGDA with MWs of 0.7 and 1.5 kg/mol were below their C* (Figure 3-S5), resulting in
the same values of mesh size and their corresponding R, (Figure 3-S5). In comparison, the
concentration of the PEGDA with MWs of 6, 10, and 20 kg/mol were above their corresponding
C*, leading to the mesh sizes smaller than R, (Figure 3-S5). Although their mesh sizes were
smaller than corresponding Ry, their microstructures were same before and after photo-
crosslinking. This suggested the formation of PEGDA covalent networks imposed an insignificant

influence on the microstructural transformation. In other words, the major microstructural

transition has been completed before light activation.
3.3.2 Tunability of Shear Moduli of PEC+PEGDA and PEC/PEGDA IPN Hydrogels

Bulk rheology of hydrogels was examined by oscillatory tests within the linear viscosity regime
(LVE). Representative frequency sweeps are summarized in Figure 3-4, also seen in Figure 3-
S13, Figure 3-S14, and Figure 3-S15 with the frequency range of 0.1 rad/s to 20 rad/s. All PEC
hydrogels with C,,pg ranging from 10 wt% to 40 wt% featured DIS microstructure. Thus, with a
constant DIS microstructure, an increasing Cypg led to progressive improvement of G’ and G" of
PEC hydrogels across the entire frequency (Figure 3-S16), in agreement with the previous
works.?* The shear properties of PEC hydrogels exhibited solid-like properties (G’ > G") and an
independent relationship on frequency. Before photo-crosslinking, addition of the PEGDA with a
larger MW resulted in a lower G' and G" of PEC+PEGDA hydrogels. After photo-crosslinking,
opposite phenomena were observed, in which PEGDA with a smaller MW contributed to higher

shear moduli of PEC/PEGDA IPN hydrogels because of denser crosslinking density. After photo-
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crosslinking, the formation of PEGDA networks significantly enhanced the shear strength of
PEC/PEGDA IPN hydrogels, which were higher than that of either individual PEC or PEGDA

networks, and even their summation (Figure 3-S17).

Before photo-crosslinking, PEC networks majorly contributed to the shear strength of
PEC+PEGDA hydrogels because the PEC networks served as scaffolds to supply structural
support. As shown in Figure 3-4A, addition of PEGDA-0.7 had an insignificant influence or slight
improvement on shear moduli of PEC+PEGDA-0.7 hydrogels. Similar to the PEC hydrogel, the
frequency sweeps of PEC+PEGDA-0.7 hydrogels exhibited an independent relationship against
frequency, maintaining solid behavior. On the contrary, incorporation of PEGDA-20 attenuated
the G’ and G" of PEC+PEGDA-20 hydrogels, up to 80% lower than that of the PEC hydrogels.
Interestingly, similar phenomena were observed in other PEC+PEGDA hydrogels. From 0.7
kg/mol to 20 kg/mol, PEGDA with a larger MW resulted in lower shear moduli of PEC+PEGDA
hydrogels. The PEGDA with larger MWs featured larger R, and longer chain lengths. Thus, they
possessed a stronger ability to induce macromolecular crowding, cause more perturbation of PEC
networks, and reduce the connectivity between PEC domains. Thus, incorporation of the PEGDA
with a longer chain length resulted in lower G’ and G" of PEC+PEGDA hydrogels before light

irradiation.

In addition, the PEGDA MWs also influenced the slope behavior of loss moduli G" of
PEC+PEGDA hydrogels. Addition of the PEGDA with small MWs (e.g., 0.7 and 1.5 kg/mol) had
insignificant influence on the slope of shear moduli (Figure 3-4A and Figure 3-S14C,E), but
incorporation of the PEGDA with larger MWs (6, 10, and 20 kg/mol) promoted a noticeable

change in the slope and w-dependence behavior (Figure 3-4B and Figure 3-S13A,B,C, Figure 3-
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S14A ). PEC hydrogels with C,pg = 30 wt% featured a nearly flat slope, suggesting a weak w-
dependence. In comparison, adding 20 wt% PEGDA-20 changed the slope from nearly flat to
approximate 0.5. With a constant Cp, PEGDA with a larger MW caused this phenomenon clearer.
Interestingly, at Cp= 20 wt% and C,pp=30 wt%, the PEC+PEGDA hydrogels containing PEGDA
with MWs of 10 kg/mol and 20 kg/mol featured LAM structure, which had been previously
observed in block copolymer hydrogels with LAM structures.?* The hydrogels with LAM
structures possessed approximate w®®> dependence, ascribed to either the presence of defects (e.g,

dislocation) in LAM structure or second-sound modes in a logical region of LAM structure.’*
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Figure 3-4. Representative shear moduli of PEC, PEC+PEGDA, and PEC/PEGDA IPN hydrogels.
All four figures include a PEC hydrogel (grey) with C,pg= 30 wt% for a reference. (A-B)
Frequency sweeps for (A) PEC+PEGDA-0.7 hydrogels (blue, Cppg = 30 wt% and Cp=5 and 15
wt%) and (B) their corresponding PEC/PEGDA IPN hydrogels (red, Cppg =30 wt% and Cp=5 and
15 wt%). (C-D) Frequency sweeps for PEC+PEGDA-20 hydrogels (blue, Cypg = 30 wt% and
Cp=5 and 15 wt%) and their corresponding PEC/PEGDA IPN hydrogels (red, Cppg = 30 wt% and

Cp=5 and 15 wt%).
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After photo-crosslinking, PEGDA chains covalently crosslinked with each other and formed
stress-bearing PEGDA networks in the PEC/PEGDA IPN hydrogels, which significantly enhanced
shear properties across entire frequency (Figure 3-4C,D). During photo-crosslinking progress, the
PEGDA chains crosslinked with each other with the presence of PEC networks. This implied that
some PEGDA chains remained unreacted and become self-looped or dangling chains. However,
these did not contribute to lower shear moduli of PEC/PEGDA IPN hydrogels. Instead, the shear
moduli of PEC/PEGDA IPN were only higher than either sub-network but also their summation,
demonstrating the synergic effects (Figure 3-S17 and Figure 3-S18). The shear moduli of
PEC/PEGDA IPN hydrogels were not only contributed from PEC networks and PEGDA networks
but also the polymer entanglement between two interpenetrated sub-networks. Therefore, this
compromised the loss caused by unreacted PEGDA chains. As shown in Figures 3-4C,D, Figure
3-5, and Figure 3-S13, Figure 3-S14, decreasing PEGDA MWs progressively strengthened the
G' and G" of PEC/PEGDA IPN hydrogels because smaller PEGDA MWs led to higher
crosslinking density and smaller mesh size of PEGDA network. Each PEGDA chain possessed
two acrylate groups. Under the same weight, the PEGDA with a shorter chain has a more molar
amount, indicating more acrylate groups. For instance, under the same weight, PEGDA-10 and
PEGDA-6 had 2-fold and 3.33-fold acrylate groups as that PEGDA-20. Thus, upon decreasing
PEGDA MWs from 20 kg/mol to 6 kg/mol, the G" and G" of PEC/PEGDA IPN hydrogels were
progressively enhanced (Figure 3-5). Although PEGDA-0.7 and PEGDA-1.5 also featured small
MWs, the shear moduli of their PEC/PEGDA IPN were similar or only slightly higher than those
of the PEC/PEGDA IPN hydrogels containing PEGDA-6 because PEGDA-6 had a relatively much
lower overlap concentration (Figure 3-S5B). It can ensure more completed PEGDA networks as
Cp is much higher than C*. More completed PEGDA networks indicated higher shear moduli. In
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addition, With Cypr = 30 wt%, increasing Cp resulted in progressive improvement in G' and G"
owing to denser PEGDA networks (Figure 3-5). Overall, in an attempt to meet the shear moduli
required in applications, the mechanical tunability can be achieved by adjusting PEGDA MW, Cp,

or Cypg (Figure 3-5, see also in Figure 3-S15).

110



PEC+PEGDA and PEC-IPN

Fl
[ 30 wt% bPE + PEGDA

10

G'[Pa] @ w=1radls

JL e pec |

PEGDA MW(kg/mol)

20 10 6 15 07| pgc+
10° o - A - - pEcDA |1

& B A& v 4PECIPN|]

ul 1 1 \ 17
0 5 10 15 20

PEGDA Conc, Cp [wt%]

D N »o
T
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3.3.3 Tensile Properties PEC/PEGDA IPN Hydrogels Influenced by PEGDA Mesh Size

The PEGDA with five different chain lengths were employed to fabricate PEGDA hydrogels with
Cp = 10 wt% and PEC/PEGDA IPN hydrogels with Cp = 10 wt% and Cppg = 10wt% for tensile
properties studies. Figure 3-6A,B and Figure 3-S19, Figure 3-S20, Figure 3-S21 showed the
representative stress-strain curves for PEGDA (grey) hydrogels and PEC/PEGDA IPN (red)
hydrogels. The PEC/PEGDA IPN hydrogels featured two-step stress curves and plastic
deformation, reflecting the strong electrostatic interaction inside the PEC networks. At room
temperature, the ionic dissociation energy of an ionic pair is around 1 ksT,’?> which was much
lower than a common covalent bond dissociation energy, 140 ksT (~347 kd/mol).*: 73 The strong
ionic interactions typically contained tens to hundreds of ion pairs.*! Each charged block of bPEs
carried around 65 either guanidinium or sulfonate moieties, and the PEC domains contained
several to tens of dense charged blocks of bPE chains. Thus, several hundred pairs of ionic
interaction between guanidinium and sulfonate groups ensured strong ionic interaction inside PEC

domains.

Compared to PEGDA hydrogels, their corresponding PEC/PEGDA IPN hydrogels exhibited
remarkable enhancement in ultimate strength, Young’s moduli, and toughness and meanwhile
preserved similar or slightly improved extensibility, as showed in Figure 3-6C,D. A completed
covalent network played a significant role in the overall tensile properties. The completed and
incomplete PEGDA networks were determined by Cp > C* and Cp< C*, respectively. In a dilute
system with Cp < C*, the PEGDA chains did not fully occupy the system and failed to form a
completed crosslinked covalent network. Thus, 10 wt% of PEGDA-0.7 and PEGDA-1.5 were

below their corresponding C* (Figure 3-S5B), indicating their incomplete covalent networks in
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the PEGDA hydrogels and corresponding PEC/PEGDA IPN hydrogels. Thus, they featured poor
ultimate strength, Young’s moduli, and toughness in comparison with the remaining PEGDA and
PEC/PEGDA IPN hydrogels containing PEGDA with MWs of 6, 10, and 20 kg/mol, whose

concentrations were above their C*.
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Figure 3-6. Tensile performance of PEGDA hydrogels with Cp = 10 wt% and PEC/PEGDA IPN
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PEGDA and PEC/PEGDA IPN hydrogels consisting of PEGDA-10 and PEGDA-20. (B)
Representative stress-strain curves for PEGDA and PEC/PEGDA IPN hydrogels containing
PEGDA-6 and PEGDA-1.5. (C) Ultimate Stress, (D) Extensibility, (E) Young’s modulus, and (F)

Toughness. (Sample number n > 4)
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The PEGDA hydrogels formed by PEGDA-6, PEGDA-10, and PEGDA-20 featured comparable
ultimate strength owing to the similar polymer backbone, polymer structure, and crosslink (Figure
3-6C). The PEGDA hydrogels with MWs of 0.7 kg/mol and 1.5 kg/mol had poor ultimate strength
due to incomplete covalent networks. With the assistance of PEC networks, the PEC/PEGDA IPN
hydrogels achieved higher ultimate strength because of the additional contribution of PEC
networks and polymer entanglements between two interpenetrated sub-networks. Young’s
modulus of PEGDA hydrogels featured a positive relationship with crosslinking density or a
negative relationship with the mesh size of PEGDA networks. A smaller mesh size suggested a
higher crosslinking density. Thus, we observed a progressive increase in Young’s modulus of
PEGDA hydrogels with decreasing PEGDA MWs from 20 to 6 kg/mol (Figure 3-6E) and mesh
size (Figure 3-S5B). Compared to pure PEGDA hydrogels, all PEC/PEGDA IPN hydrogels
possessed one- to two-fold improvement in Young’s modulus because the strong ionic interactions
inside the PEC domains and polymer entanglements between two sub-networks required more

stress to stretch the same displacement.

Extensibility, referring to the maximum displacement a hydrogel can withstand before rupture,
reflected the ductility and rigidness of polymer networks. A larger mesh size meant a more ductile
network and larger extensibility. Upon decreasing PEGDA MW, the PEGDA network was
transferred from a ductile network to a less ductile or more rigid network. Thus, the extensibility
of PEGDA and PEC/PEGDA IPN hydrogels was continuously decreased. We noticed that
incorporation of PEC networks did not render extra extensibility because extensibility majorly
depended on the mesh size of covalent networks. The dpgc and Rpgc Were approximately 30 nm
and 10 nm, respectively. The surface distance between two PEC domains (dg) was estimated by

ds = dpgc — Rpgc, around 10 nm. The neutral block PEO of bPEs featured the MW of 20 kg/mol.
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Thus, the mesh sizes of PEGDA networks were smaller than 10 nm. Due to the smaller mesh size
of PEGDA networks and the reconfigurable nature of PEC networks, the PEGDA network was
the major factor limiting the extensibility. Thus, incorporation of PEC networks had negligible
influence on the extensibility of PEC/PEGDA IPN hydrogels. However, it is important to highlight
that Young’s modulus was increased without sacrificing extensibility. This demonstrated that

PEC/PEGDA IPN hydrogels were not limited by stiffness-extensibility tradeoff.

Reversible ionic interactions inside PEC domains promoted energy dissipation during the
stretching process. Therefore, the toughness of PEC/PEGDA IPN hydrogels was approximately
one-fold higher than that of the corresponding PEGDA hydrogels. Traditional chemical hydrogels
confront the limitation of stiffness-toughness tradeoff, suggesting the inverse relationship between
them. As shown in Figure 3-6C,F, combing PEC networks and PEGDA networks could enhance
Young’s modulus and toughness significantly at the same time, breaking the Young’s modulus-
toughness tradeoff. The PEGDA hydrogels were not capable of reaching the similar effects by
simply changing Cp. Many chemical hydrogels, such as PEGDA hydrogels, have been extensively
investigated as potential materials for cartilage tissue engineering.’”* ™ Yet, their limited toughness
has been known as a typical factor restricting their applications. Incorporation of PEC network is
a promising approach to enhance the stiffness and toughness of hydrogels without attenuating
extensibility. The relationship between PEGDA MWs and hydrogel properties provided guidelines
for designing PEC/PEGDA IPN hydrogels with anticipated properties that match the requirements

of applications.
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3.4 Conclusion

In conclusion, we have demonstrated that (1) PEC/PEGDA IPN hydrogels preserved the
synergistic effects in both shear and tensile properties regardless of different covalent network
mesh sizes, and (2) PEGDA MWs as well as C,pg and Cp played important roles in rearranging
PEC domains and induced morphological transition. At sufficient high Cp and C,pg, longer
PEGDA chains possessed a stronger ability to cause a microstructural transition because longer
chains could form polymer coils and lead to more macromolecular crowding. In comparison,
shorter PEGDA chains had better mobility and were easier diffuse through the PEC networks with
less perturbation. In this system, no difference in microstructures of PEC/PEGDA IPN hydrogels
was observed before and after photo-crosslinking. This suggested that the microstructural
transition process had been completed before photo-crosslinking. Besides, the inter-domain
distance and PEC domain radius were independent of PEGDA MW and PEGDA network mesh
size because the former depended on bPE concentration and middle PEO block length of bPEs,

and the latter depended on the charged block length of bPEs.

Before crosslinking, the PEC networks served as scaffolds to provide major shear strength. Thus,
the continuous addition of PEGDA with a larger MW (e.g., 10 and 20 kg/mol) progressively
lowered shear moduli of PEC+PEGDA hydrogels since the long PEGDA chain caused
macromolecular crowding, perturbed formation of PEC domains, and reduced connectivity of PEC
networks. In addition, when the PEC+PEGDA featured LAM microstructure, the G" had a close
w®>-dependence, in agreement with observations of block polymers with LAM structures.?* After
photo-crosslinking, the additional polymer entanglements between interpenetrated PEGDA and

PEC networks led to high shear moduli, which were even higher than the summation of the PEC

117



hydrogels and covalent networks. Under the condition of Cp > C*, the PEC/PEGDA IPN hydrogels
with smaller PEGDA MWs featured higher G' and G" because of higher crosslinking density,

demonstrating an approach to tune shear moduli without changing polymer concentration.

Traditional chemical hydrogels typically face a stiffness-toughness tradeoff, limiting their tensile
performance. Interpenetration between PEC and PEGDA networks broke through this tradeoff.
Thus, PEC/PEGDA IPN hydrogels possessed remarkably improved ultimate strength, Young’s
moduli, and toughness and meanwhile maintaining similar extensibility. With Cp > C*, decreasing
PEGDA MW resulted in higher crosslinking density. This led to higher Young’s moduli, lower
toughness, and lower extensibility of PEC/PEGDA IPN hydrogels, suggesting that PEGDA
network mesh size played an important role in the tensile properties of PEC/PEGDA IPN
hydrogels. Our previous works have provided the first step to demonstrating the compatibility of
PEC-based materials and their potential extrusion-based 3D bioprinting, cartilage tissue
engineering, and drug-loaded bioadhesives applications. In this work, the influence of precursor
chain length on the microscale properties and mechanical properties of resultant hydrogels further
demonstrated the compatibility of PEC network platform with covalent networks comprising
different mesh sizes and provided a design reference to engineer PEC/PEGDA IPN hydrogels for

biomedical applications.
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3.5 Supplementary Information
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Figure 3-S3. H NMR spectra of (A) Poly(ethylene glycol) diacrylate (MW = 6 kg/mol), (B)

Poly(ethylene glycol) diacrylate (MW = 10 kg/mol), and (C) Poly(ethylene glycol) diacrylate (MW

~ 20 kg/mol).
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Figure 3-S4. Representative amplitude sweeps for PEC+PEGDA and PEC/PEGDA IPN

hydrogels. (A) PEC+PEGDA-0.7 and PEC/PEGDA-0.7 IPN hydrogels with Cppg = 10 wt% and

Cp= 5 wt%. (B) PEC+PEGDA-0.7 and PEC/PEGDA-0.7 IPN hydrogels with C,pg = 40 wt% and

Cp= 5 wt%. (C) PEC+PEGDA-20 and PEC/PEGDA-20 IPN hydrogels with Cppg = 10 wt% and
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chains and mesh size of PEGDA hydrogels with different MWs. (B) Overlap concentration for the

PEGDA with different molecular weights.
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Figure 3-S6. Representative SAXS curves fittings for PEC domain size estimation for PEC

hydrogels, PEC+PEGDA hydrogels, and PEC/PEGDA IPN hydrogels. (A-B) PEC hydrogels with

Cppe = 10 wt% and 30 wt%. (C-L) PEC+PEGDA and PEC/PEGDA IPN hydrogels, which

contained C,pg = 30 Wt% and Cp = 5 wit%, consisted of (C-D) PEGDA-0.7, (E-F) PEGDA-1.5,

(G-H) PEGDA-6, (I-J) PEGDA-10, (K-L) PEGDA-20. The structure factor with hard-sphere

feature and polydisperse-spheroid form factor were harnessed to produce fitting data (blue) with a

well fit for the raw data (red).
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Figure 3-S7. Inter-domain distance and PEC domain radius as a function of PEGDA concentration
(Cp) for PEC (grey), PEC+PEGDA (blue), and PEC/PEGDA IPN (red) hydrogels with different
PEGDA MWs. The PEC hydrogels with C,pg = 30 wt% while PEC+PEGDA and PEC/PEGDA

IPN hydrogels with Cypg = 30 wt% and varying Cp from 5 wt% to 20 wt%. The PEC+PEGDA
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and PEC/PEGDA IPN hydrogels consisted of (A) PEGDA-0.7, (B) PEGDA-1.5, (C) PEGDA-6,

(D) PEGDA-10, and PEGDA-20.
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Figure 3-S8. Inter-domain distance and PEC domain radius as a function of Cp for PEC (grey),
PEC+PEGDA (blue), and PEC/PEGDA IPN (red) hydrogels with different PEGDA MWs. The
PEC hydrogels contained 10 wt% PE while PEC+PEGDA and PEC/PEGDA IPN hydrogels

consisted of a constant 10 wt% bPE and PEGDA content with Cp ranging from 5 wt% to 20 wt%.
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The PEC+PEGDA and PEC/PEGDA IPN hydrogels consisted of (A) PEGDA-0.7, (B) PEGDA-

1.5, (C) PEGDA-6, (D) PEGDA-10, and (E) PEGDA-20.
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Figure 3-S 9. SAXS scattering patterns for PEC (grey), PEC+PEGDA (blue), and PEC/PEGDA
IPN (red) hydrogels with different PEGDA MWs. One-dimensional intensity 1(q) as a function of
wave factor q for PEC hydrogels with polyelectrolyte concentration (Cy,pg) Varying from 10 wt%
to 40 wt% and for PEC+PEGDA and PEC/PEGDA IPN hydrogels with a constant Cp = 5 wt%

and varying Cppg from 10 wi% to 40 wit%. PEC+PEGDA and PEC/PEGDA IPN hydrogels
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comprised (A) PEGDA-0.7, (B) PEGDA-1.5, (C) PEGDA-6, (D) PEGDA-10, and (E) PEGDA-
20. The X-ray scattering curves were shifted vertically for clarity. Peak positions were summarized

in Tables 3-S1 and 3-S2.
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Figure 3-S10. SAXS scattering patterns for PEC (grey), PEC+PEGDA (blue), and PEC/PEGDA
IPN (red) hydrogels with different PEGDA MWs. The PEC hydrogels with a constant Cppg = 10
wt%, and PEC+PEGDA and PEC/PEGDA IPN hydrogel with Cppg = 10 wt% and varying Cp from

5 wt% to 20 wt%. The PEC+PEGDA and PEC/PEGDA IPN hydrogels consisted of (A) PEGDA-
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0.7, (B) PEGDA-1.5, (C) PEGDA-6, (D) PEGDA-10, and (E) PEGDA 20K. The SAXS scattering

curves were shifted vertically for clarity.
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Figure 3-S11. Microstructures summary for PEC+PEGDA (blue) and PEC/PEGDA IPN (red)
hydrogels with a constant C,,pg = 10 wt% and varying PEGDA concentration on x-axis and varying

PEGDA molecular weight on y-axis.
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Figure 3-S12. Experimental X-ray scatterings for PEC (grey), PEC+PEGDA (blue), and
PEC/PEGDA IPN (red) hydrogels with different PEGDA MWs. The PEC hydrogels with C,pg =
30 wt%, and PEC+PEGDA and PEC/PEGDA IPN hydrogels with Cypg = 30 wt% and varying Cp
from 5 wt% to 20 wt%. The PEC+PEGDA and PEC/PEGDA IPN hydrogels consisted of (A)
PEGDA-0.7, (B) PEGDA-1.5, (C) PEGDA-6, (D) PEGDA-10, and (E) PEGDA-20. The X-ray
scattering curves were shifted vertically for clarity. Peak positions were summarized in Tables 3-

S1 and 3-S2.
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Figure 3-S13. Frequency sweeps exhibiting storage and loss moduli (G'and G") as a function of
angular frequency (w) for PEC (grey), PEC+PEGDA (blue), and PEC/PEGDA IPN (red)
hydrogels with different PEGDA MWs. The PEC hydrogels with Cppg = 30 wt% were included in

every figure for comparison. (A-B) PEC+PEGDA-20 (blue) and PEC/PEGDA-20 IPN (red)
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hydrogels with C,pg = 30 wt% and varying Cp. (C-D) PEC+PEGDA-10 (blue) and PEC/PEGDA-

10 IPN (red) hydrogels with Cy,pg = 30 Wt% and varying C,.
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Figure 3-S14. Frequency sweeps

exhibiting storage and loss moduli (G'and G") as a function of

angular frequency (w) for PEC (grey), PEC+PEGDA (blue), and PEC/PEGDA IPN (red)

hydrogels with different PEGDA

MWs. The PEC hydrogels with C,pg = 30 wt% were included
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in every figure for comparison. (A-B) PEC+PEGDA-6 (blue) and PEC/PEGDA-6 IPN (red)
hydrogels with a constant C,,pg = 30 Wt% and varying Cp. (C-D) PEC+PEGDA-1.5 (blue) and
PEC/PEGDA-1.5 IPN (red) hydrogels with a constant Cppg = 30 wt% and varying Cp. (E-F)
PEC+PEGDA-0.7 (blue) and PEC/PEGDA-0.7 IPN (red) hydrogels with a constant Cy,pg = 30 Wt%

and varying Cp.
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Figure 3-S15. Frequency sweeps exhibiting storage and loss moduli (G' and G") as a function of
angular frequency (o) for PEC (grey), PEC+PEGDA (blue), and PEC/PEGDA IPN (red)

hydrogels. The C,pg 0f PEC hydrogels was varied from 10 wt% to 40 wt%. The PEC+PEGDA
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and PEC/PEGDA IPN hydrogels contained PEGDA content with Cp =5 wt% and polyelectrolytes
with Cypg ranging from 10 wt% to 40 wt%. The PEC+PEGDA and PEC/PEGDA IPN hydrogels
consisted of (A) PEGDA-0.7, (B) PEGDA-1.5, (C) PEGDA-6, (D) PEGDA-10, and (E) PEGDA-

20.
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angular frequency (o) for PEC hydrogels with bPE concentration varying from 10 wt% to 40 wt%.
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Figure 3-S17. Storage (G') and loss (G") moduli as a function of Cp for PEC (grey), PEC+PEGDA

(blue), PEC/PEGDA IPN (red), pure PEGDA (black) hydrogels , and sum of PEC hydrogel and

PEGDA hydrogel (green). PEC hydrogels with Cppg = 30 wt% were included in every figure for

reference. Pure PEGDA, PEC+PEGDA, and PEC/PEGDA IPN hydrogels comprising of (A)

PEGDA-0.7, (B) PEGDA-L.5, (C) PEGDA-6, (D) PEGDA-10, and (E) PEGDA-20.

142



A M
I
10° |
oo
o
10° E
) bPE + c bPE + 5
o 5 wi% PEGDA-0.7 [ 5 wt% PEGDA-1.5 5 wt% PEGDA-6
10° bt I ! ! 10° bt | 1 ! ! L ! 1
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
bPE Concentration, Cypg [Wt%] bPE Concentration, Cypg [Wt%] bPE Concentration, Cypg [wi%)]
D T E \
10* 10°
G o
. = - . - & = 8- o PEC
o 10 AT O 40 . 7 m O 5wi%PEGDA
) S, o 1 -8 -©- PEC+PEGDA
-8 -6~ PEC-IPN
10° 102 —4- —<- Sum of PEC and PEGDA hydrogel
5 wt% PEGDA-10 5 wt% PEGDA-20
10 \ | ! 10’ I L |
0 10 20 30 40 0 10 20 30 40
bPE Concentration, Cypg [Wi%] bPE Concentration, Cype [wt%]

Figure 3-S18. Storage (G') and loss (G") moduli as a function of Cypg for PEC (grey),
PEC+PEGDA (blue), PEC/PEGDA IPN (red), pure PEGDA (black) hydrogels , and sum of PEC
hydrogel and PEGDA hydrogel (green). For each PEGDA molecular weight, PEGDA hydrogels
with Cp = 5 wt% were included in every figure as a reference. Pure PEGDA, PEC+PEGDA, and
PEC/PEGDA IPN hydrogels comprising of (A) PEGDA-0.7, (B) PEGDA-1.5, (C) PEGDA-6, (D)

PEGDA-10, and (E) PEGDA-20.
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Figure 3-S19. Representative tensile stress curves as a function of strain for PEGDA hydrogels

and PEC/PEGDA IPN hydrogels. (A) PEGDA-0.7 hydrogels with Cp (=10 wt%), (B)

PEC/PEGDA IPN hydrogels with 10 wt% PEGDA-0.7 and Cppg (= 10 Wt%), (C) PEGDA-1.5

hydrogels with Cp = 10 wt%, (D) PEC/PEGDA IPN hydrogels with 10 wt% PEGDA-1.5 and

CbPE = 10 wt%.
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Figure 3-S20.Representative tensile stress curves as a function of strain for PEO hydrogels and

PEC/PEGDA IPN hydrogels. (A) PEGDA-6 hydrogels with C,, (= 10 wt%), (B) PEC/PEGDA IPN

hydrogels with 10 wt% PEGDA-6 and Cy,pg (= 10 wt%), (C) PEGDA-10 hydrogels with C, (= 10

wt%), (D) PEC/PEGDA IPN hydrogels with 10 wt% PEGDA-10 and C;,pg (= 10 wt%).
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10 wt% PEGDA-20 Hydrogels
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Figure 3-S21. Representative tensile stress curves as a function of strain for PEGDA hydrogels

and PEC/PEGDA IPN hydrogels. (A) PEGDA-20 hydrogels with Cp =10 wt%, (B) PEC/PEGDA-

20 IPN hydrogels with Cp= 10 wt% and C;,pg = 10 wt%.
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Table 3-S1. Bragg’s peak information of PEC+PEGDA and PEC/PEGDA IPN hydrogels

containing PEGDA-20.

. q .

Hydrogel Description q [AY] E Expected % Microstructure
PEC+ PEGDA-20 with Cypg
=30 wt% and Cp = 15 wt%, 0.0409 2.01 2 Lam
q*=0.0203 At
PEC/PEGDA-20 IPN with
Cppe =30 Wt% and Cp = 15 0.0409 2.01 2 Lam
Wit%, q*= 0.0203 At
PEC+ PEGDA-20 with Cypg 0.0422 2.01 2
=30 wt% and Cp = 20 wt%, 0.0624 2.97 3 Lam
q*=0.0210 At 0.0842 4.01 4
PEC+ PEGDA-20 with Cypg 0.0456 2.01 2
=30 wt% and Cp = 20 wt%, 0.0686 3.02 3 Lam
q*=0.0227 A 0.0921 4.06 4

0.0434 1.78 1.73 HCP
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PEC+ PEGDA-20 with Cpp

=40 wt% and Cp =5 wt%, 0.0652 2.67 2.65

q*=0.0244 At

PEC+ PEGDA-20 with Cypg 0.0434 1.72 1.73

=40 wt% and Cp = 5 wt%, HCP
0.0669 2.65 2.65

q*=0.0252 At
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Table 3-S2. Bragg’s peak information of PEC+PEGDA and PEC/PEGDA IPN hydrogels

containing PEGDA-10.

wit%, q*= 0.0244 A

. q .
Hydrogel Description q [AY] E Expected % Microstructure
PEC+ PEGDA-10 with Cypg 0.0434 2.07 2
= 30 wt% and Cp = 20 wt%, HCP
0.0564 2.69 2.65
q*=0.0210 A*!
PEC/PEGDA-10 IPN with 0.0445 1.96 2
Cpr =30 wt% and Cp =20 HCP
0.0623 2.74 2.65
wit%, q*= 0.0227 A
PEC+ PEGDA-10 with Cppr | 0.0366 1.74 1.73
=40 wt% and Cp = 5 wt%, 0.0564 2.69 2.65 HCP
q*=0.0210 A
PEC/PEGDA-10 IPN with 0.0422 1.73 1.73
Cpr =40 wt% and Cp =5 HCP
0.0638 2.62 2.65
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Abstract

Photocrosslinkable precursors (small molecules or polymers) undergo rapid crosslinking upon
photoirradiation, forming covalently crosslinked hydrogels. The spatiotemporally controlled
crosslinking, which can be achieved in situ, encourages the utility of photocrosslinked hydrogels
in biomedicine as bioadhesives, bioprinting inks, and extracellular matrix mimics. However, the
low viscosity of the precursor solutions results in handling difficulties owing to unwanted flows
and dilution and compromises the strength of the photocrosslinked hydrogels. Here, we introduce
oppositely charged triblock polyelectrolytes as additives for precursor solutions that transform the
precursor solution into a self-assembled polyelectrolyte complex (PEC) hydrogel with enhanced
shear strength and viscosity, providing interim protection against precursor dilution and mitigating
secondary flows. The PEC network also augments the properties of the photocrosslinked
hydrogels. Crosslinking of the precursors upon photoirradiation results in the formation of
interpenetrating polymer network hydrogels with PEC and covalently-linked networks that exhibit

shear moduli exceeding the linear combination of the moduli of the constituent networks and
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overcome the tensile strength—extensibility tradeoff that restricts the performance of covalently-
linked hydrogels. The reinforcement approach is shown to be compatible with four types of
photocrosslinkable precursors, does not require any modification of the precursors, and introduces
minimal processing steps, paving the way for broader translation of photocrosslinkable materials

for biomedical applications.

161



4.1 Design, System, and Application

Photocrosslinked hydrogels have attracted extensive research and clinical interest as bioadhesives,
extrusion-based 3D bioprinting, drug delivery, and tissue engineering. Although these hydrogels
typically possess rigid structures after crosslinking, the low viscosity and shear strength of their
precursors limit their application in situations involving uneven surfaces or excess fluids. We
present self-assembled networks of oppositely charged block polyelectrolytes as scaffoldings to
address these limitations and concomitantly enrich the microstructure and the mechanical
properties of hydrogels. We establish broad compatibility of our approach by demonstrating
improvements in precursor and hydrogel properties for four distinct photocrosslinkable materials.
Moreover, we present systematic approaches to enhance the viscosity and shear strength of the
precursor solutions and the shear and tensile strength as well as the hierarchical microstructure of
the photocrosslinked hydrogels by varying the concentration of and interactions between the block
polyelectrolytes and photocrosslinkable precursors. We envision that the design rules for block
polyelectrolyte reinforced photocrosslinkable precursors and hydrogels we present will facilitate

their adoption in biomedicine.

4.2 Introduction

Photocrosslinked hydrogels are employed widely in biomedicine as bioadhesives,' inks for three-
dimensional (3D) bioprinting,”?° carriers for drug delivery,?*® and scaffoldings for bone and
cartilage tissue engineering.” 2% 22 3445 Upon (ultraviolet) light activation, the photocrosslinkable
precursors (small molecules or polymers) in aqueous solutions covalently crosslink to form three-
dimensional water-laden networks.” 223 46.47 Thys, precise spatiotemporal control of crosslink

density, mechanical properties, and functionality is achieved by regulating light dosage.? 4 The

162



irreversible covalent linkages contribute to their mechanical strength and structural stability in
diverse environments regardless of pH and salt variations. In addition, the facile injectability of
low-viscosity hydrogel precursor solutions into confined spaces makes them suitable for minimally

invasive surgery applications.®* 4749

However, even with these desirable attributes and their use in myriad biomedical applications,
photocrosslinked hydrogels still suffer from several shortcomings, before and after
photocrosslinking, that limit their utility. Before light activation, the uncrosslinked precursor
solutions typically have low viscosity and weak mechanical strength. When employed as
bioadhesives, this results in unwanted secondary flows and a minimal capacity to mold to conform
to complex geometries of irregular, non-horizontal wound sites.>® Moreover, wet environments
created by blood and biological fluids at the wound site lead to dilution and deactivation of the
precursors, resulting in potential adhesive failure.>® Similar challenges emerge in extrusion-based
3D bioprinting applications, wherein the viscosity and the structural strength of the precursor
solution are too poor to print a construct with adequate printing resolution, shape fidelity, and
height.>* Therefore, appropriate reinforcements of shear strength and viscosity of precursors are

essential for expanding the utility of photocrosslinkable hydrogels.

Similarly, effective solutions to improve hydrogel’s shear and tensile properties after
photocrosslinking are highly anticipated. Typical covalently linked hydrogels (including photo-
crosslinked hydrogels) suffer from a strength-extensibility tradeoff wherein their tensile strength,
extensibility, and toughness cannot be all simultaneously enhanced by increasing polymer
concentration.’**® Moreover, such hydrogels lack self-healing characteristics and stimuli
responsiveness (pH and salt), owing to the permanent netpoints comprising the network.>” > They

also do not typically feature hierarchical microstructures, resulting in poor stress dissipation
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characteristics and an inability to encapsulate and release small molecule or macromolecular cargo
(therapeutics, etc.).>®%! Such features are highly sought to meet the demands of sophisticated

structure-property-function relations in advanced biomaterials.

Here, we introduce a simple strategy to ameliorate the shortcomings of photocrosslinked hydrogels,
both in the uncrosslinked and the crosslinked states, by harnessing polyelectrolyte complexation-
driven self-assembly pathways. Oppositely charged triblock polyelectrolytes (bPEs), when
introduced into the precursor solutions, self-assemble into 3D polyelectrolyte complex (PEC)
networks swiftly, providing a near-instant enhancement in viscosity and preventing dilution and
flow of precursors.®® 5264 pPhotocrosslinking of the precursors containing PEC gels results in
hydrogels with interpenetrating covalent and bPE networks exhibiting improved shear and tensile
performance.®* We demonstrate the generality of our approach by combining bPEs with four
photocrosslinkable materials, poly(ethylene glycol) diacrylate (PEGDA), 4-arm poly(ethylene
glycol) acrylate (4-arm PEGA), acrylamide (AAm), and gelatin methacryloyl (GelMA),
representing the diversity of precursor type (polymer vs. small molecule), structure (linear vs. star),
and origin (synthetic vs. bioderived) (Figure 4-1A). Starting with proof-of-concept
demonstrations of the viability of our proposed approach, we discuss the improvements in shear
properties of the uncrosslinked precursor solutions and shear and tensile properties of
photocrosslinked hydrogels. Scattering measurements are employed to argue that these
improvements emerge from the self-assembled PEC network that forms when bPEs are introduced
in the precursor solutions and persists in the photocrosslinked hydrogels. We conclude by
discussing the design principles for improved bPE-containing photocrosslinked hydrogels. We
envision that the PEC hydrogel scaffoldings proposed here will facilitate a broader transition of

existing photocrosslinkable materials from research products to clinical applications.
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4.3 Materials and Methods

Materials: Poly(ethylene oxide) (PEO, MW = 20,000 g/mol), potassium (99.5%), ally glycidyl
ether (AGE), naphthalene, calcium hydride, N,N,N',N'- tetramethylethylenediamine (TEMED),
acrylamide, gelatin (from cold-water fish skin, MW = 60,000 g/mol), triethyamine, acryloyl
chloride, Celite, methacrylic anhydride, 2,2-dimethoxy-2-phenylacetophenone (DMPA), sodium
3-mercapto-1-propanesulfonate (90 %), N,N'-Methylenebisacrylamide (MBAA), 1H-pyrazole-1-
carboxamidine hydrochloride (99%), cysteamine hydrochloride ( 98% ), and Irgacure 2959 were
bought from Sigma-Aldrich. 4-arm poly(ethylene glycol) acrylate (MW = 20,000 g/mol) was

purchased from JenKem Technology. All reagents were used as received.

Synthesis of Triblock Polyelectrolytes (bPEs): Triblock polyelectrolytes (bPES) were
synthesized following previously published methods.>® 62-64 PEO was dried under vacuum for 12
hours. AGE was dried by stirring with calcium hydride, degassed by three cycles of freeze-pump-
thaw, and purified by distillation. 20 grams of PEO were dissolved at 40 °C in anhydrous
tetrahydrofuran (THF) in a glove box full of Argon gas. Potassium naphthalenide (0.4M in THF)
solution was added to the PEO solution until it turned light green. Approximate of 28 mL AGE
was transferred into the PEO solution and allowed to react for 48 hours. The product poly(ally
glycidyl ether)ss-b-poly(ethylene oxide)ass-b-poly(ally glycidyl ether)gs (PAGEgs-PEO455-PAGEogs)
was precipitated in hexane. Afterward, 2 g of PAGEgs-PEO4s5-PAGEgs, cysteamine hydrochloride
(5 equivalents per alkene), and DMPA (0.05 equivalents per alkene) was dissolved in 30 mL equal
volume water/DMF mixture.>® The solution was degassed for 30 minutes by bubbling with N2 and
then exposed under UV light (365 nm, 8 watts) for at least 6 hours to produce ammonium
functionalized PAGEgs-PEOu4s5-PAGEgs. Sulfonate functionalized PAGEgs-PEO4s5-PAGEgs Was

synthesized with the same procedure except replacing cysteamine hydrochloride with sodium 3-
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mercapto-1-propanesulfonate. Guanidinium functionalized PAGEgs-PEO4s5-PAGEgs was
synthesized by dissolving 2 grams of ammonium-functionalized PAGEgs-PEO455-PAGEgs and 1H-
Pyrazole-1-1-carboxamidine hydrochloride (5 equivalent per amine) in 200 ml phosphate-buffered
saline (PBS) buffer. The pH of the solution was adjusted to 10, and the reaction mixture was stirred
at room temperature for 3 days. All reaction mixtures were dialyzed against deionized water for
10 cycles of 12 hours each using regenerated-cellulose dialysis tubing (MWCO 3.5K, Fisher
Scientific) to remove excess reagents and lyophilized to collect dry final products, which were

characterized by *H NMR (Figure 4-S1).

Synthesis of Gelatin Methacryloyl (GelMA): Gelatin was dissolved in Dulbecco’s phosphate-
buffered saline (DPBS) (HyClone) to prepare 10% (W/V) solution, which was added dropwise by
8% (v/v) methacrylic anhydride under stirring.®® The reaction was performed at around 60 °C and
terminated after 2.5-3 hours by 2-3 fold dilution with preheated DPBS (~60°C). The reaction
mixture was dialyzed against deionized water in dialysis tubes (Spectrum Laboratories, MWCO
12-14 kDa) for 7 days with 2 cycles per day to remove unreacted reactants and solvents.®® The
purified solution was lyophilized to collect white spongy final product, which was characterized

by *H NMR (Figure 4-S2A).

Synthesis of poly(ethylene glycol) dimethacrylate (PEGDA): 30 grams of PEG was dissolved
in 160 ml anhydrous toluene under stirring. The solution was heated to 125 °C to distill out
approximately 40 mL of toluene to remove any trace amount of water.®® The solution was cooled
to 40 °C and sparged with N2 gas. Triethylamine (8 equivalent per PEG chain) was added to the
solution.®” After 10 minutes, acryloyl chloride (8 equivalent per PEG chain, diluted with anhydrous
toluene) was added dropwise into the solution. After 90 minutes, the product solution was filtered

twice through fritted funnel filled with Celite®545.% The product solution was precipitated in 4 °C
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hexane, and the PEGDA product was dried in a vacuum and characterized by *H NMR (Figure 4-

S2B).

Hydrogel Preparation: PEC hydrogels were prepared by mixing oppositely charged bPEs with a
molar charge ratio of 1:1 in deionized water. PEC+precursor hydrogels were prepared by mixing
sulfonate functionalized bPEs with the precursor, at concentrations C;,pg and Cpc, respectively,
and 0.5 wt% photoinitiator 2959 in deionized water, followed by the addition of guanidinium
functionalized bPEs. The mixtures were mixed on a vortex mixer for 60 seconds to obtain
homogenous hydrogels. The PEC + precursor hydrogels were placed in polydimethylsiloxane
(PDMS) molds and irradiated with ultraviolet (UV) light (302 nm, 8 W) for 10 mins to obtain the
corresponding PEC/covalent hydrogels. The PEC/AAm IPN hydrogels required an additional
MBAA crosslinker with a molar ratio of AAm:MBAA=1:54, TEMED catalyst (0.5 wt%), and 30
minutes of UV light exposure to form the polyacrylamide network. A micro cover glass (VWR)
with a thickness of 0.16 mm was placed on the top of PDMS mold to minimize water evaporation

during UV light irradiation process.

Rheology: Rheology measurements with steady and oscillatory strains were carried out on an
Anton Paar MCR 302 rheometer. The viscosity of precursor solutions as a function of shear rate
were measured by using a cone and plate fixture (diameter: 50 mm, core angle: 1°). The precursor
solutions were placed on the bottom plate and trimmed before initiating the measurements. The
shear moduli were measured using a parallel plate (diameter: 8 mm, gap height: 0.7 mm) for
covalent or IPN hydrogels and a cone and plate fixture (diameter: 10 mm, cone angle: 2°) for PEC
or PEC+precursor hydrogels. The PEC or PEC+precursor hydrogel samples were placed on the
bottom plate and trimmed before initiating the measurements. Covalent or IPN hydrogels were

prepared for rheology measurements by placing 70 pL of precursor solution or PEC+precursor
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hydrogels solution using a positive displacement pipet into a cylindrical PDMS mold (diameter
8 mm, height 1.5 mm) and photocrosslinked by UV irradiation. The crosslinked samples were
placed in between the parallel plates of the measurements fixture. Water evaporation was
minimized during testing by using a solvent trap. All samples were pre-sheared for 195 s at strain
y = 0.8% and frequency w = 1 rad/s to achieve a stabilization of the shear moduli. Amplitude
sweeps with y ranging from 0.01% to 100% and w = 1 rad/s were employed to determine the linear
viscoelastic regime (Figure 4-S3). Frequency sweeps were carried out with w ranging from 0.1 to

20 rad/s and y = 0.8% (within the LVE region). All measurements were carried out at 25 °C.

Tensile Testing: Tensile measurements were performed by employing an Instron 5943 tensile
system. 120 pL of precursor solutions or PEC+precursor hydrogels were placed into a cuboid
PDMS mold (length: 18 mm, height: 4.5 mm, width: 1.5 mm), followed by UV irradiation. The
two ends of crosslinked hydrogel samples were affixed on two pieces of rigid plastic film (ARcare
90445Q) using super glue. The plastic films were mounted on the machine tension grips. The
uniaxial stretch rate was set to 6 mm/min to stretch the hydrogel samples until hydrogel rupture.
The ultimate stress was collected by locating the maximum stress that a tensile sample could
withstand before rupture, and the corresponding strain was defined as extensibility. Young’s
modulus was calculated by the slope of stress-strain curves in the linear elastic region. Toughness,
quantifying the ability of hydrogels to absorb energy before fracture, was determined by
integrating the area under a stress vs unitless strain curve. The statistical analysis was performed
by ANOVA two-way without replication. (Alpha value = 0.05, Excel). All data of ultimate strength,

extensibility, Young’s modulus, and toughness are reported as mean + standard deviation.

Small-Angle X-ray Scattering (SAXS): SAXS characterizations were performed in beamline 12-

ID-B at Advanced Photon Sources, Argonne National Laboratory. Samples were loaded into the
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gel sample holders provided and sealed with Kapton tape to minimize water evaporation. Wave
factor g covered a range from 0.004 A to 0.8 A* by setting the sample-to-detector distance to 2.0
m. All samples were exposed to X-rays for 0.1 s at room temperature. One-dimensional intensity
1(q) was converted from 2-D scattering data by the matSAXS package. The background-removed
intensity 1(q) was acquired by subtracting the background data from sample raw data by

employing Irena package in Igor Pro.
4.4 Results and Discussion

PEC hydrogels self-assemble nearly instantly upon mixing aqueous solutions of the oppositely
charged bPEs. The hydrogelation is driven by electrostatic interactions between the oppositely
charged bPEs and the entropy gains from counterion release, resulting in their associative phase
separation.®®"® The neutral middle blocks of the bPEs, however, restrict macroscale phase
separation, resulting in the formation of a three-dimensional, physically crosslinked polymer
network comprising nanoscale polymer-rich PEC domains (composed of the oppositely charged
end-blocks) interconnected via the neutral blocks.®? These PEC hydrogels are injectable,
extrudable, and maintain interim resistance against dissolution and swelling upon injection in

water, even upon shaking (Figure 4-S4 and Movie 4-SM1).

PEC hydrogels serve as supportive matrices for photocrosslinkable precursors, offering protection
against dilution, materials loss, and deactivation, enabling their application and curing in aqueous
surroundings. To ensure adequate mixing, the precursors were mixed with the negatively charged
bPEs, followed by the addition of the positively charged bPEs. Charge-driven self-assembly of the
bPEs resulted in PEC hydrogels with homogeneously distributed precursor materials, denoted as

PEC+precursor hydrogels (Figure 4-1B shows a representative schematic of PEC+PEGDA
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hydrogel). When injected onto underwater glass substrates, the PEC+precursor hydrogels conserve
the precursors in aqueous surroundings without any apparent dilution (Figure 4-1C; see also
Figures 4-S5, 4-S6, 4-S7, 4-S8 and Movies 4-SM2, 4-SM3, 4-SM4, 4-SM5). The PEC hydrogel
scaffolding retained the precursor materials, providing sufficient time for photocrosslinking of the
precursors. Upon UV irradiation, crosslinking of the precursor formed a covalent network,
transforming the PEC+precursor hydrogels into PEC/covalent interpenetrating polymer network
(IPN) hydrogels (Figure 4-1C). In contrast, dilution of uncrosslinked precursors occurred
immediately when exposed to aqueous media, making them incapable of forming crosslinked
hydrogels (Figure 4-S9, 4-S10, 4-S11, 4-S12 and Movies 4-SM6, 4-SM7, 4-SM8, 4-SM9). We
note that no modification of the precursors was required to make them amenable with our
reinforcement strategy; they were mixed as received or synthesized with the bPEs to create the

PEC+precursor hydrogels.
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Figure 4-1. PEC scaffoldings for photocrosslinked hydrogels . (A) Chemical structures of
sulfonate functionalized bPEs, guanidinium functionalized bPEs, 4-arm poly(ethylene glycol)
acrylate (4-arm PEGA), poly(ethylene glycol) diacrylate (PEGDA), acrylamide (AAm), N,N'-
Methylenebisacrylamide (MBAA), and gelatin methacryloyl (GelIMA). (B) Schematic illustration
of PEC+PEGDA hydrogels and PEC/PEGDA IPN hydrogels. (C) Photos demonstrating
injectability and photocrosslinking of PEC+PEGDA hydrogels in an aqueous environment. Water

and PEC+PEGDA hydrogels were both dyed with blue color to enhance visibility.
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Figure 4-2. Enhancing shear properties of precursor solution with PEC hydrogel scaffoldings. (A)
Viscosity of precursor solutions and PEC+precursor hydrogels versus shear rate profiles
demonstrating that incorporation of bPEs in precursor solutions enhanced their viscosity
significantly. Data shown for 15 wt% precursor solutions (black symbols) and PEC+precursor
hydrogels (blue symbols) with 30 w% bPEs and 15 wt% precursors. (B,D) Storage (G') and (C,E)
loss (G") moduli of PEC+precursor hydrogels with a constant Cp = 5 wt% and varying Cppg

(B,C), and with a constant C,pr = 30 wt% and varying Cp. (D,E).
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4.4.1 Modulating the Viscosity and Shear Response of Photocrosslinkable Precursors

PEC hydrogels serve as a scaffolding supporting photocrosslinkable precursors by forming a
precursor-encapsulating hydrogel. These PEC+precursor hydrogels possess viscoelastic attributes
that are significant improvements over the corresponding properties of the precursor solutions. The
viscosity of 15 wt% solutions of PEGDA, 4-arm PEGA, and GelMA are all ~0.01 Pa-s, and of 15
wt% solution of AAm was even lower (~0.001 Pa-s), similar to water (Figure 4-2A). The
incorporation of 30 wt% bPEs enhanced the viscosity of resultant PEC+precursor hydrogels by

three to four orders of magnitude (Figure 4-2A), enabling easier handling of precursors.

PEC networks also imbue shear strength to resulting PEC+precursor hydrogels. Varying the
content of the precursors (Cp) and the bPEs (Cppx) allowed for facile tuning of the shear properties
of the PEC+precursor hydrogels. Figure 4-2B, 4-2C, 4-2D, 4-2E highlights the tunability of the
shear moduli of PEC+precursor hydrogels, depicting the evolution of storage (G’) and loss (G')
moduli of PEC+precursor hydrogels with increasing C,pg (at constant Cp) (Figure 4-2B, 4-2C)
and with increasing Cp. (at constant Cppy) (Figure 4-2D, 4-2E). Increasing Cppy from 10 to 40 wt%
while keeping Cp- = 5 wt% improved both G" and G"' of PEC+precursor hydrogels progressively
(Figures 4-2B, 4-2C, see also Figures 4-S13 and 4-S14), ascribable to the concomitantly
increasing density of the PEC domains and shear strength of the PEC network. At the same time,
increasing Cp. from 5 to 20 wt% while maintaining a constant C,pr = 30 wt% led to a progressive
lowering of the shear moduli of the resulting PEC+precursor hydrogels (Figures 4-2D, 4-2E, see
also Figures 4-S15 and 4-S16). We posit that the photocrosslinkable precursors encapsulated
within the PEC network crowd the interstitial spaces between the PEC domains. This resulted in
steric hindering of the bridging among the PEC domains by the neutral midblocks and promoting

loop formation, reduced the PEC network connectivity, and thus reduced the shear moduli of the
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PEC+precursor hydrogels.®* This steric hindrance by the precursors and the accompanying
reduction in moduli with increasing Cp is expected to be dictated by the size of the precursor
molecules (PEGDA > 4-arm PEGA > AAm), and thus is most prominent for PEC+PEGDA
hydrogels, followed by PEC+4-arm PEGA hydrogels, and least prominent for PEC+AAmM
hydrogels (Figures 4-2D, 4-2E). Interactions of the precursors with the charged blocks of the bPEs
are also expected to influence PEC network formation and the shear moduli of the resulting
hydrogels. For example, GeIMA chains comprise charged functional groups (e.g., guanidinium
and carboxylic acid groups),”> " which could interact with the sulfonate and the guanidinium
moieties on the bPEs, and influence PEC network connectivity and shear moduli. Both these
factors can be combined to precisely tune the viscoelastic behavior of the PEC+precursor
hydrogels to meet the varying requirements of diverse biomedical applications requiring in situ

polymerization, such as extrusion-based 3D bioprinting and bioadhesion.
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4.4.2 Enhancing the Shear Strength of Photocrosslinked Hydrogels

The PEC network not only serves as a scaffolding for the crosslinkable precursors but also
enhances the shear moduli of the crosslinked hydrogels. Upon photoirradiation, the precursors
encapsulated in the PEC+precursor hydrogels crosslinked to form covalent networks, which
interpenetrated with PEC networks to form IPN hydrogels. The interpenetration of the two
networks is evident from the marked improvements in shear strengths of the IPN hydrogels
compared to the corresponding PEC hydrogels or covalently crosslinked hydrogels. Figure 4-3
shows the w dependence of G’ and G", subjected to oscillatory shear strain with y = 0.8%, for
PEC hydrogels (grey circles), covalent hydrogels (black symbols), and the corresponding IPN
hydrogels (red symbols) comprising Cpc = 15 wt% and Cppr = 30 wWt% (see also Figures 4-S17
and 4-S18). All the hydrogels exhibit w-independent moduli indicating robust PEC, covalent, and
interpenetrating PEC/covalent networks. Notably, the shear moduli of the IPN hydrogels were

higher than those of either of the constituent networks across the investigated w range.

Figure 4-4 shows the comparison of G’ and G'' (measured at w =1.12 rad/s and y = 0.8%) for
PEC hydrogels (grey circles), covalently crosslinked hydrogels (black squares), and the
corresponding IPN hydrogels (red circles) comprising Cp. Varying between 5 and 20 wt% and a
constant C,pr = 30 wt%. We note that all the PEC, covalent, and IPN hydrogels, except the 5 wt%
covalent hydrogels, exhibited w —independent moduli (Figures 4-S14, 4-S17, and 4-S18). The
trend of IPN hydrogels possessing higher shear moduli than either the PEC network or the
covalently crosslinked network persisted across the range of Cp.; for all the four kinds of

photocrosslinked networks investigated here. Upon increasing Cp. , the moduli of the
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photocrosslinked hydrogels increased owing to denser covalent networks (Figure 4-S17).

Similarly, increasing Cp. continually strengthened the shear moduli of the IPN hydrogels.

It is plausible that the crosslinking of the photocrosslinkable precursors is hindered when pursued
amidst the PEC network, owing to reduced mobility of the precursors, steric hindrance by the PEC
network, and higher optical density of the PEC+precursor hydrogels as compared to the nearly
transparent aqueous precursor solutions. This will imply a lower moduli contribution from partially
crosslinked covalent networks to the moduli of the IPN hydrogels. At the same time,
entanglements between the PEC and the covalent networks are expected to contribute to the shear
strength of the IPN hydrogels. Notably, the shear moduli of all the IPN hydrogels considered here
(red circles in Figure 4-4) were larger than the sum of shear moduli of individual covalent
hydrogels and PEC hydrogels (purple diamonds in Figure 4-4). Thus, it can be argued that the
excess entanglements emerging from the interpenetration of the two networks not only compensate
for the loss of the shear strength caused by deficiencies in the crosslinking of the covalent network
but also contribute an excess shear strength than those achievable by a linear combination of the

strengths of the constituent networks.
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concentration. The shear moduli of the corresponding 30 wt% PEC hydrogels are also shown with
grey circles. Purple diamonds depict the linear combination of the moduli of PEC and covalent
hydrogels. (A) PEGDA-based hydrogels, (B) 4-arm PEGA-based hydrogels, (C) AAm-based

hydrogels, and (D) GelMA-based hydrogels.
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The hindrance of crosslinking is expected to be proportional to the mobility limitations that the
precursor molecules encounter in the PEC network, which in turn is expected to be inversely
proportional to the size of the precursor molecules. Thus, small AAm molecules are expected to
form a robust network in the presence of the PEC network, while the long PEGDA chains are
expected to face the most significant hindrance. 4-arm PEGA chains should face similar transport
limitations as the PEGA chains, with faster transport owing to their slightly smaller size offset by
the participation of each chain in twice the number of crosslinks. Concomitantly, the moduli
enhancements are the largest for PEC/AAm IPN hydrogels, followed by comparable
enhancements for PEC/PEGDA IPN hydrogels and PEC/4-arm PEGA IPN hydrogels (see Figures
4-S15, 4-S16, and 4-S18). In addition, covalent networks carrying functional groups that interact
with the charge-bearing moieties on the bPEs can contribute further enhancements to the IPN
hydrogel moduli. For example, PEC/GelMA IPN hydrogels exhibited larger improvement in G’
compared with IPN hydrogels comprising neutral covalent chains, attributable to the interactions
between the guanidinium and carboxylic acid groups on the GeMA network and the sulfonate and

the guanidinium moieties on the bPEs, contributing another mechanism for stress dissipation.

In summary, the shear strength of the photocrosslinked hydrogels benefit markedly from
interpenetration by the PEC networks. Tuning Cppg enables further modulation of these PEC IPN
hydrogels. Upon increasing Cppg, the shear moduli of PEC IPN hydrogels grew (irrespective of
the chemical nature of the covalent network), owing to denser PEC networks with a higher density
of PEC domains and greater extent of entanglements among the PEC and covalent networks
(Figure 4-S13). Thus, the shear moduli of the IPN hydrogels can be tuned by changing either Cp
or Cppg Or both, providing flexibility to match the mechanical properties required in applications

while also regulating the shear properties of the uncrosslinked PEC+precursors hydrogels, the
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tensile properties of the IPN hydrogels, and the microstructure of the PEC network, as discussed

in the following sections.
4.4.3 Enhancing the Tensile Properties of Photocrosslinked Hydrogels

The ultimate tensile strength and the Young’s modulus of chemically crosslinked hydrogels can
be typically enhanced by simply increasing the precursor concentrations. However, such
enhancements are usually accompanied by a loss of extensibility due to a higher crosslinking
density and denser covalent networks. Thus, improving the toughness of such hydrogels becomes

particularly challenging owing to this strength-extensibility tradeoff.>>->

The interpenetration of the covalent networks with the PEC networks mitigated the tensile
strength-extensibility tradeoff by enabling independent modulation of strength and extensibility of
the resulting IPN hydrogels (Figure 4-5). Moreover, the linear elastic response of the
photocrosslinked hydrogels transitioned to a markedly non-linear response upon the introduction
of the PEC networks (representative stress-strain curves are shown in Figure 4-5, row 1, see also
Figures 4-S19 and 4-S20). The tensile properties of the covalent and the IPN hydrogels with
Cpc = 15 Wt% and Cy,pp = 30 Wt%, as extracted from the uniaxial tensile testing, are shown in
Figure 4-5, rows 2-5. In general, improvements in ultimate strength, extensibility, Young’s moduli,
and toughness were noted upon introducing the PEC networks. However, the magnitude of the
improvements depended on the molecular structure of the precursors and their interactions with

the bPE chains.
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Figure 4-5. Comparing the tensile properties of covalent and IPN hydrogels. Representative
tensile stress-strain curves, ultimate strength, extensibility, Young’s modulus, and toughness of
covalent hydrogels (grey data) and PEC/covalent IPN hydrogels (red data), with Cp = 15 wt%
and C,pr = 30 wt%. (A) PEGDA-based hydrogels (B) 4-arm PEGA-based hydrogels, (C) AAm-

based hydrogels, (D) GeIMA-based hydrogels. Samples tested >4. The data are shown as mean +

181



standard deviation (Not significant (ns): p > 0.1, *: 0.1 > p > 0.05, **: 0.05 > p> 0.01, ***: 0.01 >

p >0.001, ****: 0.001>p).
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The tensile strength of the IPN hydrogels is expected to have contributions from the stress-bearing
covalent networks, the stress-dissipative PEC networks, and the entanglements between the two
interpenetrated networks. Expectedly, enhancements in tensile strength in the IPN hydrogels over
the covalent hydrogels were observed (Figure 4-5, row 2). Commensurate with the trends in the
shear strength, PEC/AAm IPN hydrogels and PEC/GelMA IPN hydrogels exhibited notable
improvements in the tensile strength, ascribable to the robustness of the AAm network and the
favorable interactions between GelMA and bPE chains, respectively. At the same time,
PEC/PEGDA and PEC/4-arm PEGA IPN hydrogels experienced hindrances in covalent

crosslinking, and smaller enhancements in the tensile strengths.

Enhancements in extensibility were also noted in the IPN hydrogels as compared the
corresponding covalent hydrogels (Figure 4-5, row 3). Extensibility of the IPN hydrogels is
expected to be dictated by the crosslink density of the covalent network, with the additional
entanglements contributed by interpenetrating PEC network contributing to inhibit chain
relaxation and reducing the extensibility. Thus, the observed enhancements indicated a lower
crosslinking density of covalent networks caused by topological constraints introduced by the PEC
network. These enhancements were subtle in IPN hydrogels comprising PEGDA or AAm, while
marked in IPN hydrogels comprising 4-arm PEGA or GelMA networks, commensurate with the
stronger constraints that the 4-arm PEGA or the GelMA chains faced, owing to a high crosslink

density or additional constraints owing to electrostatic interactions with the bPEs, respectively.

Entanglements between the interpenetrating networks also improved the Young’s modulus of the
IPN hydrogels owing to their contributions to the initial resistance to deformation (Figure 4-5,
row 4). In covalent hydrogels, the crosslinking density dictates the Young’s modulus — the

Young’s modulus of 4-arm PEGA hydrogels were three-fold higher than that of PEGDA hydrogels.
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The polymer entanglements serve as additional crosslinks, resulting in notable improvement in
Young’s modulus of IPN hydrogels comprising PEGDA or AAm networks, while the electrostatic
interactions between the GelMA and bPE chains further enhance the modulus of the PEC/GelMA
IPN hydrogels. The PEC/4-arm PEGA IPN hydrogels only had a subtle improvement in Young’s
modulus, which can again be attributed to the incomplete crosslinking of the 4-arm PEGA

networks in the IPN hydrogels.

Enhancements in both ultimate strength and extensibility in IPN hydrogels led to their higher
toughness. As shown in Figure 4-5, row 5, IPN hydrogels comprising non-interacting covalent
and bPE networks experienced one- to four-fold improvement in toughness compared to the
covalent hydrogels. Toughness of PEC/GelMA IPN hydrogel was increased by nearly eight-fold,
attributable to the toughening contributed by the reversible electrostatic interactions between the
bPE and GelMA chains. Thus, by selecting appropriate photocrosslinkable precursors, IPN

hydrogels with targeted tensile properties can be fabricated.
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Figure 4-6. Microstructural evolution of PEC, PEC+precursor, and IPN hydrogels. (A)
Representative one-dimensional small-angle X-ray scattering spectra from PEC hydrogels (grey)
with Cppr = 30 wt%, and the PEC+precursor (blue) and PEC IPN (red) hydrogels with Cppr = 30
wit% and Cp. = 15 wit%. Spectra from hydrogels comprising PEGDA, 4-arm PEGA, AAm, and
GelMA-based are shown from bottom to top. The spectra are shifted vertically for clarity. The
vertical bars denote the positions of primary and secondary Bragg peaks. Bragg peak locations are
summarized in Tables S1-S6. (B-C) The microstructural evolution of PEC, PEC + precursor, and
IPN hydrogels with (B) Cp,pr = 10 wt% and (C) C,pr = 30 wt% as a function of Cp..The symbols

represent the following: circles - disordered spheres; squares - hexagonally packed cylinders; and

triangles - lamellae.
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4.4.4 Imbuing Hierarchical Microstructure to Photocrosslinked Hydrogels

The scaffolding and the enhancements provided to the photocrosslinkable precursors and the
crosslinked hydrogels, respectively, emerge from the PEC network that form upon mixing of the
oppositely charged bPEs. This self-assembly of bPEs results in formation of PEC domains
comprising the oppositely charged blocks of the bPEs and interconnected by the neutral blocks.
We argue that this self-assembled network also imbues a hierarchical microstructure to the IPN
hydrogels, which is a distinct improvement over the molecular-scale crosslinking among the

photocrosslinkable chains.

Small-angle X-ray scattering (SAXS) measurements were employed to seek further insights into
the structure of the PEC network, specifically the size and structural arrangement of PEC domains
and the average distance between them, and how they evolve upon interpenetration with the
covalent networks. Figure 4-6A shows representative SAXS spectra from PEC hydrogels with
C,pr = 30 Wt% (grey trace), PEC+precursor hydrogels with Cppr = 30 Wt% and Cp = 15 wWt%
(blue traces), and the corresponding IPN hydrogels (red traces). The broad primary (near g =
0.0201 A1) in the SAXS spectra of 30 wt% PEC hydrogels indicated a disordered sphere
microstructure of PEC domains. Upon the introduction of the photocrosslinkable precursors, the
primary peak sharpened, transforming into a Bragg reflection peak and accompanied with the
emergence of secondary peaks. These sharp peaks persisted upon crosslinking of the precursors
and formation of the IPN hydrogels. The relative positioning of the primary and secondary peaks
revealed parallelly stacked lamellar morphology of the PEC domains in the PEC+precursor
hydrogels and the IPN hydrogels with C,pr = 30 wt% and Cp = 15 wt%, except for PEC+AAmM

hydrogels which featured hexagonally close-packed arrangements of cylindrical PEC domains.
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Tunability in the PEC network microstructure (PEC domain morphology and arrangements) was
achieved by varying the bPE and the precursor concentrations. As illustrated in Figure 4-6B, 4-
6C, increasing Cp. induced morphological evolution accompanied with an ordering transition,
depending on the precursor type. Initially, a disordered arrangement of spherical PEC domains
was observed in PEC hydrogels across C,pg ranging from 10 to 40 wt% (Figure 4-S21 and 4-
S22). The incorporation of precursors, up to Cpe = 10 Wt% in C,pr = 10 wt% PEC hydrogels
(Figure 4-6B, see also Figure 4-S23) or up to Cpe =5 Wt% in Cppr = 30 wt% PEC hydrogels
(Figure 4-6C, see also Figure 4-S24), and their subsequent crosslinking preserved the PEC
domain morphology (yellow shaded region in Figures 4-6B, 4-6C). At higher Cp, a transition to
parallelly-stacked lamellar morphology was observed in nearly all PEC+precursor and IPN

hydrogels (green shaded region in Figures 4-6B, 4-6C), with a few exceptions as discussed below.

The morphological and ordering transitions are hypothesized to emerge from the macromolecular
crowding contributed by the precursor molecules between the PEC domains, increasing the
effective volume fraction of the bPE chains. Similar transitions have been reported earlier in PEC
hydrogels with increasing bPE concentration®® ® or upon inclusion of polymeric additives.®* With
increasing size of the precursor molecules (AAm<4-arm PEGA<PEGDA), the crowding is
expected to be more significant, resulting in morphological transitions at smaller Cp. values. This
trend is illustrated in Figure 4-6B, wherein morphological transitions of the PEC domains are
observed only in 4-arm PEGA or PEGDA containing PEC hydrogels or IPN hydrogels, but not in
AAm containing hydrogels. Moreover, as shown in Figure 4-6C, the PEC domains transform from
spheres into cylinders upon incorporation of >10 wt% AAmM monomers followed by a transition
into lamellae upon photocrosslinking, commensurate with the enhanced crowding effects upon

AAmM network formation (blue shaded region in Figure 4-6C). At the same time, the evolution of
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PEC network microstructure is further convoluted by the interactions between GelMA and bPE
chains. At low Cppg, GelIMA did not have any effect on the PEC domain morphology (Figure 4-
6B). However, at higher C,pr (= 30 Wt%, Figure 4-6C, see also Figure 4-S21), introduction of
even 5 wt% of GelMA induced a transition of the PEC domains from disordered sphere to lamellar

morphology (red shaded region in Figure 4-6C).

Overall, it can be surmised that the PEC networks are compatible with and resilient towards
introduction of different types of precursors, with distinct molecular structures, crosslinking

mechanisms, functional groups, and polymer origins, and their corresponding covalent networks.

4.5 Design Guidelines for PEC IPN Hydrogels

This work provides a design paradigm to improve the properties of photocrosslinked hydrogels,
pre- and post-crosslinking, by employing PEC hydrogels, composed of oppositely charged block
polyelectrolytes, as functional scaffoldings. Here, we have demonstrated the fabrication of
PEC+precursor hydrogels and PEC/covalent IPN hydrogels with four kinds of photocrosslinkable
precursors (PEGDA, 4-arm PEGA, GelMA, and AAm), demonstrating the suitability of PEC
hydrogels as a scaffolding for photocrosslinkable hydrogels. No modification of the precursors
was required to make them compatible with the bPEs, and the four types of PEC+precursor
hydrogels and the IPN hydrogels all featured improvements in their material properties while
retaining the PEC microstructure. These improvements are surmised in the schematic shown in

Figure 4-7.

We note that the extent of improvements in the shear properties of the PEC+precursor hydrogels
and of the shear and the tensile properties of the IPN hydrogels depend on the chemical nature and

the size of the precursor molecules, which in turn is posited to influence the extent of bridging in
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the PEC network and the completeness of the covalent network. Thus, the shear and tensile
properties of the photocrosslinked IPN hydrogels can be tuned by varying the concentration and
sizes of the bPEs and the precursor molecules. Moreover, precursors carrying ionizable functional
groups (e.g., GelMA) can interact with the bPE chains, resulting in further improvements of the

shear and the tensile properties of the IPN hydrogels.

Systematic tuning of the shear properties of the precursors by dispersing them in PEC hydrogels
prior to photocrosslinking, creating PEC+precursor hydrogels, enables their application and curing
in aqueous environments.®* Increasing the bPE concentration leads to higher shear moduli, while
increasing the precursor concentration leads to a reduction of the shear moduli. The extent of the
latter, however, is dependent on the chemical nature and size of the precursor molecules. A small
molecular precursor (e.g., AAm) was shown to have negligible influence on the shear moduli,
while a large molecule (e.g., PEGDA with 20,000 g/mol) lowered the shear moduli of
PEC+precursor hydrogels notably. Additionally, the reversible and recoverable nature of the self-
assembled PEC network imparted strong shear-thinning and quick recovery upon cessation of
shear, enabling facile injectability and fast recovery upon deposition of the PEC+precursor
hydrogels.®® 62 The improved viscosity and shear properties of the photocrosslinkable precursors
can improve their utility in extrusion-based 3D bioprinting, wherein enhancement of inter-layer
bonding, prevention of secondary flow, and mitigation of the need to photocrosslink after
deposition of each layer can offer improved printing resolution and enable construction of intricate
architectures. Similarly, the PEC+precursors hydrogels can be molded to conform to an irregular
substrate (wound site) and prevent secondary flow at target sites, improving the functionality of

existing photocrosslinkable bioadhesives.
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Figure 4-7. Design guidelines for PEC-based hydrogels. Photocrosslinking imbues both shear and
tensile properties to covalent hydrogels, but no microstructure. Combining of bPEs with precursors
introduce microstructural diversity, stronger shear strength, and higher viscosity to the precursor
solutions. Upon photocrosslinking, the IPN hydrogels acquire improvements in both tensile and

shear properties owing to formation of interpenetrating covalent and PEC networks.
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The improvements in the shear properties of the PEC+precursor hydrogels translate into enhanced
shear and tensile performance of the IPN hydrogels fabricated by photoirradiation of the
PEC+precursor hydrogels. Interpenetration of the PEC and covalent networks reinforces the shear
and tensile properties of the resulting IPN hydrogels while preserving the PEC network
microstructure (Figure 4-7). We note that while the mixing of the bPEs with the
photocrosslinkable precursors can reduce the transparency of the PEC+precursor hydrogels as
compared to the precursor solutions, the optical density of the PEC+precursor hydrogels was
tuneable by regulating bPEs concentration (Figure 4-S25). Moreover, the lowered transparency
wasn’t found to influence the photocrosslinking of the precursors noticeably, as ascertained from

the performance of the IPN hydrogels under shear or tensile loads.

In the IPN hydrogels, both the shear and the tensile performance can be modulated by varying the
bPE or precursor contents. Higher bPE or precursors concentration strengthen the shear moduli of
the IPN hydrogels, ascribable to higher crosslink density in the PEC or the covalent network,
respectively. The shear moduli of the IPN hydrogels were found to be higher than the linear
combination of the moduli of the two networks, highlighting the synergistic contribution of the
additional entanglements between the interpenetrated PEC and covalent networks to the shear
performance of the IPN hydrogels. At the same time, reversible assembly of the PEC domains
comprising the PEC network contribute for additional mechanism for stress-dissipation in the IPN
hydrogels. Hence, in cases wherein the covalent network formation was not inhibited significantly
(e.g., PEC/AAmM IPN hydrogels), the tensile strength of the IPN hydrogels improved notably. In
contrast, IPN gels wherein the covalent network formation was partially inhibited (e.g.,
PEC/PEGDA and PEC/4-arm PEGA IPN hydrogels) benefitted from improvements in

extensibility while the loss of tensile strength from the incomplete covalent network formation
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were compensated by the enhancements in strength from the PEC network and the additional
entanglements between the PEC and the covalent networks. In all cases, the hydrogel toughness

improved.

The self-assembled PEC domains constituting the PEC network contribute to additional attributes
beyond providing mechanical reinforcement in PEC+precursor hydrogels and IPN hydrogels by
serving as reversible physical multi-linkages that aid in energy dissipation and enhance the bulk
strength and toughness. The PEC domains provide a richer microstructural diversity to the IPN
hydrogels and also can serve as repositories for controlled encapsulation and release of charged
macromolecules (drugs, growth factors)®® to enable photocrosslinked hydrogels with therapeutic

attributes.
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Figure 4-S4. Photos showing injectability of polyelectrolyte complex (PEC) hydrogel and its

interim resistance against dissolution upon shaking in water.
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Figure 4-S5. Photos showing injectability and interim insolubility of PEC+PEGDA hydrogel in

water.
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Figure 4-S6. Photos showing injectability and interim insolubility of PEC+4-arm PEGA hydrogel

in an aqueous environment.
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Figure 4-S7. Photos showing injectability and interim insolubility of PEC+AAm hydrogel in an

aqueous environment.
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PEC + GelMA
Hydrogel

Figure 4-S8. Photos showing injectability and interim insolubility of PEC+GelMA hydrogel in an

aqueous environment.
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Figure 4-S9. Photos showing swift dilution of PEGDA precursor upon injection in water.
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Figure 4-S10. Photos showing swift dilution of 4-arm PEGA precursor upon injection in water.
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Figure 4-S11. Photos showing swift dilution of AAm precursor upon injection in water.
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Figure 4-S12. Photos showing swift dilution of GelMA precursor upon injection in water.
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Figure 4-S14. G' and G" as a function of w, measured at y = 0.8%, for PEC (grey symbols),

PEC+precursor (blue symbols), and IPN (red symbols) hydrogels. In the figures (1) to (IV) in each

row, Cppg varies from 10 wit% to 40 wt% with a constant Cp = 5 wit%. (A) PEGDA-based
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Figure 4-S16. G’ and G" of PEC (Cppr = 30 wt%, grey symbols) and PEC+precursor (Cppgr = 30
wt% and varying Cp., blue symbols) hydrogels as a function of w with y = 0.8%. (A) PEC +
PEGDA hydrogels. (B) PEC + 4-arm PEGA hydrogels. (C) PEC + AAm hydrogels. (D) PEC +

GelMA hydrogels.
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Figure 4-S17. G' and G" of covalent hydrogels (varying Cp.) as a function of w with y = 0.8%.
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Figure 4-S18. G' and G"' of PEC (Cppr = 30 wWt%, grey symbols) and PEC/covalent (Cppgr = 30
wt% and varying Cp., red symbols) hydrogels as a function of w with y =0.8%. (A) PEC/PEGDA
IPN hydrogels. (B) PEC/4-arm PEGA IPN hydrogels. (C) PEC/AAm IPN hydrogels. (D)

PEC/GelMA IPN hydrogels.
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Figure 4-S19. Stress versus strain curves for covalent and IPN hydrogels. (A) PEGDA hydrogels
with Cp = 15 wt%, (B) PEC/PEG IPN hydrogels with Cp = 15 wt% and Cp,pr = 30 wt%, (C) 4-
arm PEGA hydrogels with Cp- = 15 wt%, (D) PEC/4-arm PEGA IPN hydrogels with Cp; = 15 wt%

and Cppp = 30 Wt%.
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Figure 4-S20. Stress versus strain curves for covalent and IPN hydrogels. (A) AAm hydrogels
with Cpc = 15 wt%, (B) PEC/AAmM IPN hydrogels with Cp. = 15wWt% and C,pp = 30 Wt%. (C)
GelMA hydrogels with Cp = 15 wt%. (D) PEC/GelMA IPN hydrogels with Cp. = 15 wt% and

Cpr = 30 wt%.
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Figure 4-S21. Microstructural map for PEC+precursor and IPN hydrogels with a constant Cp- =

5 wt% and varying C,pg. Circles represent disordered spheres, and triangles represent lamellae.
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Figure 4-S22. One-dimensional SAXS scattering 1(q) as a function of g for the PEC (grey), PEC
+ precursors (blue), and IPN (red) hydrogels with varying bPE concentration. All PEC+precursor
and IPN hydrogels contain 5 wt% precursor content. (A) PEGDA-based hydrogels, (B) 4-arm
PEGA-based hydrogels, (C) AAm-based hydrogels, (D) GelMA-based hydrogels. The SAXS
scattering curves were shifted vertically for clarity. The details of Bragg peak positions are

summarized in Table 4-S1 to Table 4-S6.
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Figure 4-S23. One-dimensional SAXS scattering /(q) as a function of g for the PEC (grey), PEC
+ precursors (blue), and IPN (red) hydrogels with varying precursor concentration. hydrogels
contain 10 wt% tbPE content. (A) PEGDA-based hydrogels, (B) 4-arm PEGA-based hydrogels,
(C) AAm-based hydrogels, (D) GelMA-based hydrogels. The SAXS scattering curves were shifted
vertically for clarity. The details of Bragg peak positions are summarized in Table 4-S1 to Table

4-S6.
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Figure 4-S24. One-dimensional SAXS scattering /(q) as a function of g for the PEC (grey), PEC
+ precursors (blue), and IPN (red) hydrogels with varying precursor concentration. hydrogels
contain 30 wt% tbPE content. (A) PEGDA-based hydrogels, (B) 4-arm PEGA-based hydrogels,
(C) AAm-based hydrogels, (D) GelMA-based hydrogels. The SAXS scattering curves were shifted
vertically for clarity. The details of Bragg peak positions are summarized in Table 4-S1 to Table

4-S6.
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Figure 4-S25. Photos of covalent and IPN hydrogels showing differences in optical density upon
addition of tbPEs. All covalent hydrogels contained Cp = 15 wt%. IPN hydrogels contained a
constant Cp = 15 wt% and varying C,pr = 10 wt% or 30 wt%. (A) PEGDA-based hydrogels, (B)

4-arm PEGA-based hydrogels, (C) AAm-based hydrogels, (D) GelMA-based hydrogels.
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Table 4-S1. Bragg peak positions and microstructural details for PEC+4-arm PEGA hydrogels

and PEC/4-arm PEGA IPN hydrogels with Cp,pz = 30 wt%.

. q .
Hydrogel Description q [AY PR Expected % Microstructure
PEC+4-arm PEGA hydrogels with C,pg | 0.0459 2.04 2
= 30 wt% and Cpe = 10 Wt%, g*= 0.0689 3.06 3 LAM
0.0225 At 0.0903 | 4.01 4
PEC/4-arm PEGA IPN hydrogels with | 0.0459 2.04 2
Cppe = 30 Wt% and Cp- = 10 Wt%, g*= | 0.0689 3.06 3 LAM
0.0225 A 0.0903 4.01 4
0.0415 2.04 2
PEC+4-arm PEGA hydrogels with Cp,pg
0.0622 3.06 3
=30 wt% and Cp. = 15 wt%, q*= LAM
0.0816 4,01 4
0.0204 At
0.102 5.01 5
0.0415 2.04 2
PEC/4-arm PEGPA IPN hydrogels with
0.0602 2.96 3
Cppr =30 Wt% and Cp = 15 Wt%, q*= LAM
0.0816 4.01 4
0.0204 At
0.102 5.01 5
0.0401 1.97 2
LAM
0.0602 2.96 3
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PEC+4-arm PEGA hydrogels with C,pr | 0.0816 4.01

=30 wt% and Cypy = 20 Wt%, g*= 0.102 5.01

0.0204 At 0.122 5.99

0.0401 1.97

PEC/4-arm PEGPA IPN hydrogels with | 0.0602 2.96
Cppe = 30 W% and Cpe = 20 Wt%, g*= | 0.0816 | 4.01 LAM

0.0204 At 0.102 5.01

0.124 6.09
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Table 4-S2. Bragg peak positions and microstructural details for PEC+PEGDA hydrogels and

PEC/PEGDA IPN hydrogels with C,pg = 30 wt%.

. q .
Hydrogel Description q [AY T Expected % Microstructure

PEC+PEGDA hydrogels with Cppp = | 0.0401 2.04 2

30 wt% and Cp = 10Wt%, q*= 0.0582 2.96 3 LAM
0.0197 A 0.0789 4.01 4
PEC/PEGDA IPN hydrogels with 0.0429 2.04 2

Cppr = 30 Wt% and Cpc = 10 wt%, 0.0622 2.96 3 LAM
q*=0.0211 A 0.0844 4.01 4
PEC+PEGDA hydrogels with C,pz = | 0.0401 2.04 2

30 wt% and Cp. = 15Wt%, q*= 0.0602 3.06 3 LAM
0.0197 A-1 0.0789 4.01 4
PEC/PEGDA IPN hydrogels with 0.0429 1.97 2

Cppe = 30 Wt% and Cp = 15 wit%, 0.0644 2.96 3 LAM
q*=0.0218 A 0.0873 4.01 4
PEC+PEGDA hydrogels with C,pz = | 0.0444 1.97 2

30 wt% and Cp. = 20 Wt%, q*= LAM
0.0666 2.96 3

0.0225 At
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PEC/PEGDA IPN hydrogels with
Cppe = 30 Wt% and C, = 20 wt%,

q"=0.0204 A*

0.0415

2.04

0.0622

3.06

LAM
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Table 4-S3. Bragg peak positions and microstructural details for PEC+AAm hydrogels and

PEC/AAM IPN hydrogels with Cp,pg = 30 wt%.

Wt%, g*= 0.0193 A

Hydrogel Description q [A1] ql Expected% Microstructure | Comments
PEC+AAm hydrogels with | 0.0343 1.78 1.73
CbPE = 30 wt% and CPC =10 HCP
0.0508 2.63 2.65
Wit%, g*=0.0193 A’
PEC/AAmM IPN hydrogels 0.0397 2.06 2
Missing peak
with Cppr = 30 Wt% and Cp. LAM
0.0788 | 4.09 4 at 3q¢”
=10 wt%, q*= 0.0193 A
PEC+AAmM hydrogels with | 0.0343 1.78 1.73
Cppr = 30 Wt% and Cp. = 15 HCP
0.0522 2.71 2.65
wit%, g*=0.0193 A
PEC/AAmM IPN hydrogels 0.0397 2.06 2
with C,pr =30 Wt% and Cp | 0.0578 | 3.00 3 LAM
=15 wt%, ¢*=0.0193 A* | 0.0788 | 4.09 4
PEC+AAm hydrogels with | 0.0343 1.78 1.73
Cppp = 30 Wt% and Cp- = 20 HCP
0.0508 2.63 2.65
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PEC/AAmM IPN hydrogels
with Cppp = 30 Wt% and Cp,

= 15 wt%, g*= 0.0201 At

0.0397

1.97

0.0805

4.00

LAM

Missing peak

at 3q”
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Table 4-S4. Bragg peak positions and microstructural details for PEC+GelMA hydrogels and

PEC/GelMA IPN hydrogels with C,pg = 30 wt%.

o q .
Hydrogel Description q [AY] T Expected% Microstructure

PEC+GelMA hydrogels with Cy,pg = 0.0401 2.04 2

30 wt% and Cpc =5 wt%, qg*= 0.0197 | 0.0602 3.06 3 LAM
Al 0.0789 4.01 4
PEC/GelMA IPN hydrogels with 0.0415 1.97 2

Cpr = 30 wt% and CPC =5 Wt%, 0.0602 2.86 3 LAM
q*=0.0211 A 0.0816 3.87 4
PEC+GelMA hydrogels with Cypg = 0.0387 1.97 2

30 wt% and Cp = 10 Wt%, q*= 0.0582 2.96 3 LAM
0.0197 At 0.0789 4.01 4
PEC/GelMA IPN hydrogels with 0.0401 1.97 2

Cppe = 30 Wt% and Cp = 10 Wt%, 0.0582 2.86 3 LAM
q*=0.0204 A 0.0789 3.87 4
PEC+GelMA hydrogels with Cppg = 0.0401 2.04 2

30 wt% and Cp = 15 Wt%, q*= 0.0602 3.06 3 LAM
0.0197 At 0.0789 4.01 4
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PEC/GelMA IPN hydrogels with 0.0401 1.97
Cppr = 30 Wt% and Cp = 15 wit%, 0.0602 2.96 LAM
q*=0.0204 A+ 0.0816 4.01
PEC+GelMA hydrogels with Cy,pg = 0.0429 1.97
30 wt% and Cpc = 20 Wt%, q*= 0.0644 2.96 LAM
0.0204 A 0.0844 4,01
PEC/GelMA IPN hydrogels with 0.0429 2.04
Cppr = 30 Wt% and Cp = 20 W%, 0.0644 3.06 LAM
q*=0.0211 A 0.0844 4.01
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Table 4-S5. Bragg peak positions and microstructural details for PEC+4-arm PEGA hydrogels

and PEC/4-arm PEGA hydrogels with Cppr = 10 wt% and 40 wt%.

Hydrogel Description q [AY qi Expected % Microstructure | Comments
PEC+4-arm PEGA hydrogels with | 0.0397 | 2.06 2
Missing
Cppr = 10 Wt% and Cpe = 15 Wt%, LAM
0.0788 | 4.09 4 peak at 3q*
q*=0.0193 At
PEC/4-arm PEGA IPN hydrogels | 0.0397 | 2.06 2
Missing
with Cppr = 10 wit% and Cp = 15 LAM
0.0788 | 4.09 4 peak at 3q*

Wt%, g*= 0.0193 A

PEC+4-arm PEGA hydrogels with | 0.0374 | 2.03 2
Cppr = 10 Wt% and Cp = 20 Wt%, | 0.0564 | 3.06 3 LAM
q*=0.0184 At 0.0737 | 4 4
PEC/4-arm PEGA IPN hydrogels | 0.0383 | 2.08 2
Missing
with Cppp = 10 Wt% and Cp = 20 LAM
0.0754 | 4.09 4 peak at 3q*

Wt%, "= 0.0184 A

PEC+4-arm PEGA hydrogels with | 0.0401 | 1.97 2
Cppr =40 Wt% and Cp- =5 Wt%, | 0.0602 | 2.96 3 LAM
q*=0.0204 At 0.0789 | 3.87 4
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PEC/4-arm PEGA IPN hydrogels
with Cppp =40 Wt% and Cp; =5

Wt%, g*= 0.0204 At

0.0401

1.97

0.0602

2.96

0.0816

4.01

LAM
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Table 4-S6. Bragg peak positions and microstructural details for PEC+PEGDA hydrogels and

PEC/PEGDA IPN hydrogels with C,pr = 10 wt% and 40 wt%.

Hydrogel Description q [AY pe Expected% Microstructure
PEC+PEGDA hydrogels with Cppp = | 0.0383 1.99 2
10 wt% and Cpe = 20wt%, q*= 0.0564 2.93 3 LAM
0.0193 A 0.0771 4.00 4
PEC/PEGDA IPN hydrogels with 0.0383 1.99 2
Cppe = 10 Wt% and Cp = 20 wt%, 0.0578 3 3 LAM
q*=0.0193 A+ 0.0771 4 4
0.0415 2.03 2
PEC+PEGDA hydrogels with Cp,pg =
0.0602 2.96 3
40 wt% and Cp. = 5wt%, q*= 0.0204 LAM
0.0816 4.01 4
A-l
0.1020 5.01 5
0.0429 2.03 2
PEC/PEGDA IPN hydrogels with
0.0622 2.94 3
Cppr =40 Wt% and Cpc =5 Wt%, g*= LAM
0.0844 4.00 4
0.0211 At
0.1060 5.02 5
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Supplementary Movies

Movie 4-SM1. Video showing injectability of PEC hydrogels and their interim resistance against

dilution and material loss in water.

Movie 4-SM2. Video showing injectability of PEC+PEGDA hydrogels and their interim

resistance against dilution and material loss in water.

Movie 4-SM3. Video showing injectability of PEC+4-arm PEGA hydrogels and their interim

resistance against dilution and material loss in water.

Movie 4-SM4. Video showing injectability of PEC+AAm hydrogels and their interim resistance

against dilution and material loss in water.

Movie 4-SM5. Video showing injectability of PEC+GelMA hydrogels and their interim

resistance against dilution and material loss in water.

Movie 4-SM6. Video demonstrating immediate dilution of PEGDA precursors in water.

Movie 4-SM7. Video demonstrating immediate dilution of 4-arm PEGA precursors in water.

Movie 4-SM8. Video demonstrating immediate dilution of AAm precursors in water.

Movie 4-SM9. Video demonstrating immediate dilution of GelMA precursors in water.
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Chapter 5

Hydrogel Scaffoldings Enable Extrusion-based 3D Bioprinting of

Low Viscosity Bioinks

Reproduced from a manuscript in preparation. “Hydrogel Scaffoldings Enable Extrusion-based 3D
Bioprinting of Low Viscosity Bioinks”, Tobias Gockler, Defu Li, Alisa Grimm, Felix

Mecklenburg, Michael Griin, Ute Schepers, Samanvaya Srivastava. Submitted.

Contribution from Defu Li: Synthesis of diblock and triblock polyelectrolytes, NMR
characterization of polyelectrolytes, rheology, SAXS, tensile, and SEM characterization oh

hydrogel inks.
Abstract

We generate biocompatible scaffolds with excellent structural integrity based on complex-forming
block polyelectrolytes that enables extrusion-based 3D bioprinting of large tissues from low
viscosity bioinks. Despite remarkable progress of biofabrication techniques in tissue engineering,
the development of extrudable bioinks that perform optimally at physiological temperatures
remains a major challenge. Most biopolymer and photocurable precursor solutions exhibit low
viscosities at 37 °C, resulting in undesirable flows and loss of form prior to chemical crosslinking.
Temperature-sensitive bioinks, such as gelatin methacryloyl (GelMA), can be deposited near their
gelling point, but suffer from suboptimal temperature-induced pre-gelation, poor cell viability
emerging from long holding times in the cooled cartridges, inefficient temperature transfer from
the print bed, and discontinuous layer-by-layer fabrication. Here, we demonstrate that block

polyelectrolyte additives serve as effective viscosity enhancers when added to non-extrudable
240



precursor solutions. Rapid, charge-driven self-assembly of block polyelectrolytes into either
micelles or interconnected networks provides a hydrogel scaffolding that forms nearly instantly,
lends initial structural robustness upon deposition, and enhances shear and tensile strength of the
deposited bioinks. Moreover, our approach enables continuous extrusion without the need of
chemical crosslinking between individual layers, paving the way for fast biomanufacturing of

human-scale tissue constructs with improved inter-layer bonding.
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5.1 Introduction

The design of suitable bioinks that balance three-dimensional (3D) printability and
biocompatibility (the biofabrication window?!) remains critical for the expansion of additive
manufacturing (AM) in biomedicine.? 3457 AM techniques have found application in a growing
number of disciplines, including mechanical engineering®, aviation and aerospace engineering® °,
architecture!! 12 13 electronics'* °, arts'®, food industry!’ 8 and medicine!® 2° 21, In the life
sciences, AM technologies have enabled customized macro- and micro-scale fabrication, ranging
from prosthetics?? 23 24 to highly defined and complex microarchitectures for 3D cell culture? 26 27
to the precise deposition of cells and biomolecules® 28 2°. Among various biofabrication techniques
(inkjet, laser-assisted, stereolithography), extrusion-based bioprinting is the most commonly used
method due to its rapid print speed and possibility to encapsulate high cell densities (108-10°
cells'mL1) within extracellular matrix (ECM)-mimicking hydrogel inks.® 3° Consequently, cell-
laden tissue and organ constructs® 32 have been fabricated through extrusion-based bioprinting,

including skin®, liver®*, kidney®, heart®®, blood vessels¥’, cartilage®®, and bone® constructs.

However, despite immense efforts in the development of diverse hydrogel-based inks for
extrusion-based bioprinting, “printable” inks that possess the optimal rheological properties along
with cell-friendly microstructures, controlled swelling response, biocompatibility and
biodegradability remain elusive. Ideally, cell-encapsulating extrusion inks should exhibit high
zero-shear viscosity (10'-10” mPa-s) to ensure fiber formation and multilayer stacking during
printing®® while exhibiting shear-thinning properties to achieve low viscosities under high shear
and minimize the shear stress on cells during extrusion.** 42 4 Upon deposition, rapid viscosity
recovery and high yield stress (10'-10% Pa) % %5 46 are crucial to maintain structural integrity and

avoid undesirable flows and loss of form.*7 48 49
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Physical hydrogelation in biopolymer (gelatin, alginate, collagen, etc.) solutions has emerged as
an avenue to enhance printability while retaining ECM-mimicking microstructures,

biocompatibility, and biodegradability. When combined with functionalization of biopolymers

50 51 52 53 54 55

(e.g., methacrylation , norbornene or thiol modification® ') to enable secondary
crosslinking, these approaches have been shown to improve ink printability and enhance shape

fidelity by “locking” the printed microstructures. For instance, cooling biopolymer solutions below

58 50 59 60 61

their gelation temperatures> °*, crosslinking them with multivalent ions , Or incorporating
additives such as nanocellulose®? 2 % and nanoclay®® ¢ ¢’ have been employed to enhance the
viscosity of precursor solutions. However, these strategies suffer from reduced cell survival in the
cooled cartridges®® °, long-term nanotoxicity and limited biodegradability of the additives™ 7 72,
and do not confer any advantageous properties to the hydrogel inks after secondary crosslinking.
Although huge efforts have been put over the last decade into the design of increasingly
sophisticated and multicomponent hydrogel systems’ 74 7> 76 53 there is still a lack of extrudable

and highly tunable bioinks that perform optimally at physiological temperatures, which is highly

desirable in tissue engineering.

Here, we present a versatile strategy to imbue printability to photocurable low viscosity inks at
37 °C by inclusion of polyelectrolyte complex (PEC) self-assemblies. In the model system
demonstrated here, oppositely charged diblock or triblock polyelectrolytes (DbPEs and TbPES)
serve as building blocks of electrostatic self-assemblies — micelles or network, respectively’’ 78 7°—
while gelatin methacryloyl (GelMA) at 37 °C serves as a representative low viscosity ink. Mixing
of the three ink constituents (the oppositely charged block polyelectrolytes and the crosslinkable
precursors) results in swift assembly of GelMA-containing viscous and extrudable PEC hydrogel

inks. The PEC hydrogels recover quickly upon deposition and provide interim insolubility in water,
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conserving the photopolymerizable precursors and limiting their dilution or loss of structural
integrity.®% Moreover, the combination of covalent network and non-covalent assemblies in the
crosslinked 3D printed manifolds exhibit improvements in shear and tensile properties, including
shear and tensile moduli, toughness, and extensibility, as well as provide control over their
swelling response. Suitable GelMA/DbPE and GelMA/TbPE formulations for 3D bioprinting are
demonstrated, as identified by rheological screening, and enable continuous extrusion of 3D
structures which require only a single photocrosslinking step in the end, paving the way for fast
biomanufacturing of human-scale tissue constructs with improved inter-layer bonding. Due to the
ease of transferability of our approach, we envision the PEC micelles and network as powerful
additives to any type of liquid-like precursor solution that will expand the future availability of

extrusion bioinks for tissue engineering.
5.2 Results and Discussion

5.2.1 Diblock and Triblock Polyelectrolytes as Viscosity Enhancers for Liquid-Like

Precursor Solutions

Ink additives based on oppositely charged bPEs were synthesized from poly(ethylene glycol) in a
two-step process. In the first step, methoxy poly(ethylene glycol)i1z-poly(allyl glycidyl ether)ass
(mPEO113-PAGE4s) AB diblock copolymers or poly(ally glycidyl ether)so-poly(ethylene
glycol)sss-poly(ally glycidyl ether)so (PAGEs30-PEO4s5-PAGE30) ABA triblock copolymers were
synthesized by ring-opening anionic polymerization. In the second step, the PAGE blocks were
functionalized with ionic (guanidinium or sulfonate) moieties using thiol-ene click chemistry to
yield diblock or triblock polyelectrolytes (DbPE or TbPE, respectively) (Figures 5-S1,2,3,4).

Mixing equimolar aqueous solutions of cationic and anionic bPESs resulted in swift electrostatic
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self-assembly of polyelectrolyte complex (PEC) hydrogels with characteristic PEC
microstructures. DbPEs assembled into micelles with the charged A blocks forming the micelle
core and the neutral B blocks forming the corona, while TbPEs formed interconnected networks,
wherein the neutral B midblocks bridged the PEC domains comprising the charged A endblocks

(Figure 5-1).77 7981

Aqueous self-assembly of the oppositely charged pairs of DbPEs or ThPEs was harnessed to create
a hydrogel scaffolding for the low viscosity, non-extrudable solutions of crosslinkable precursors,
thus providing structural stability and interim protection against uncontrolled dilution. Previously,
we have shown that inclusion of photocurable precursor polymers does not impede with the PEC
self-assembly. In this work, GelMA was used as a representative photocrosslinkable precursor.
While GelMA solutions exhibit excellent printing performance near the gelling point (~ 22 °C)
and has therefore become a widely used ink for 3D bioprinting® 4 8, its water-like viscosity at
37 °C is similar to most synthetic precursors which suffer from poor printability. Mixing the
GelMA precursor with the oppositely charged DbPEs resulted extrudable GelMA/DbPE hydrogels
comprising GelMA chains interspersed among jammed PEC micelles. Subsequent
photocrosslinking of the GelMA precursors was induced by ultraviolet/visible light irradiation and
led to the formation of hybrid GeIMA/DbPE hydrogels (Figure 5-1A). Similarly, mixing of
GelMA with the oppositely charged ThPEs resulted in homogenous and extrudable GelMA/TbPE
hydrogels comprising an interconnected PEC network with dispersed GelIMA chains. After
photocrosslinking, hybrid GelMA/TbPE hydrogels with interpenetrating covalent and non-

covalent networks were formed (Figure 5-1B).
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Figure 5-1. Schematics representing a versatile strategy to improve 3D printability of low
viscosity bioinks (e.g., GeIMA at 37 °C) by inclusion of complex-forming block polyelectrolyte
additives. Electrostatic self-assembly of oppositely charged (A) diblock PE (DbPE) and (B)
triblock PE (TbPE) resulted in either micelle or network formation while increasing the viscosity
of the GelMA precursor solution. After photocrosslinking, covalently and electrostatically double-
crosslinked hydrogels were formed. (C) Proof-of-concept of employing electrostatically
reinforced bioinks in 3D bioprinting. A 5 wt% GelMA precursor solution was supplemented with
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20 wt% DDbPE that forms a protective hydrogel scaffolding to enable continuous extrusion of a
hollow square structure (11 layers) at 37 °C, followed by a single photocrosslinking step in the
end. Shape fidelity of the hybrid ink was compared to the print result of bPE-free GelMA which
relies solely on thermally induced gelation by a cooled cartridge and print bed and hence suffers

from loss of structural integrity with increasing layer stacking (scale bar: 10 cm).
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Reinforcement of the GelMA precursor with either PEC micelles or PEC network improved 3D
printability to such an extent that biomanufacturing at a physiological temperature became possible.
In a proof-of-principle experiment, we demonstrated that the protective hydrogel scaffolding
which forms within seconds provides advanced structural robustness to the ink over hours prior to
secondary crosslinking, making immediate photocuring upon deposition obsolete. Moreover,
electrostatic reinforcement overcomes current shortcomings of temperature-sensitive bioinks (e.g.,
GelMA) used for extrusion-based printing, particularly the remarkably deteriorating shape fidelity
and resolution with increasing layer stacking due to the poor temperature transfer from the print
bed to the top layers. Printing a hollow square structure consisting of eleven layers and without
photocuring between individual layers revealed insufficient cooling of the top layers of a bPE-free
GelMA construct. As a consequence, inward bending and eventual collapse of the structure was
promoted due to slow viscosity recovery, underlining the need of in situ photocrosslinking for
GelMA after each deposited layer (Figure 5-1C). In contrast, GeIMA inks supplemented with
appropriate amounts of bPEs do no longer rely on thermally induced pre-gelation by a cooled
cartridge (22 °C) and print bed (17 °C) but benefit the from the instantaneous formation of the
PEC assemblies. Hence, using electrostatically reinforced bioinks enabled continuous fabrication
at 37 °C of 3D structures with improved inter-layer adhesion and only a single photocrosslinking
step in the end, thus leading to reduced manufacturing time and UV exposure to encapsulated cells
(Figure 5-1C). In the following, we discuss the benchmarks for printable formulations in bioink
design and evaluate the impact of the additives on material properties to highlight the utility and

the potential of self-assembling bPEs in 3D bioprinting.
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5.2.2 Rheological Screening for Printable GelMA/bPE Bioinks

Rheology has established itself as a powerful method to assess and predict printability of bioinks
for extrusion-based printing, while benefiting from minimal material consumption.*® 48 84 47 The
rheological benchmarks for bioink printability were established through oscillatory and rotational
rheology of 22 °C GelMA precursor hydrogels, which served as the basis for the development of
printable GelMA/bPE formulations. GeIMA solutions with concentrations between 5 wt% and
10 wt% when cooled near their gelling temperature are typically considered to lie within the
“bioprintability window” and are commonly used for 3D bioprinting. While lower GeIMA
concentration formulations suffer from poor structural stability after photocrosslinking, higher

GelMA concentrations limit the available space for cell encapsulation and spreading.*! 50 &

First, small amplitude oscillatory strain measurements were carried out at 22 °C for pre-gelled
GelMA solutions (its optimal temperature for extrusion-based printing) to determine the
printability window in shear moduli (storage modulus G': 20-700 Pa). Then, 5 wt% of a low
viscosity GelMA solution at 37 °C was supplemented with increasing amounts of either DbPEs or
TbPEs to obtain formulations whose moduli were within the printability moduli window. Both
DbPEs and TbPEs represented suitable ink additives; their addition resulted in an immediate
increase in the shear moduli of the hybrid inks (Figure 5-2A, 5-S6). However, the respective
quantities of DbPEs and TbPEs required to achieve ink formulations with moduli within the
printability window were very different, ascribable to the different PEC microstructures (jammed
micelles vs. interconnected networks) they form. For TbPEs, even small concentrations (Crppg
< 10 wt%) had a significant impact on the ink moduli, while DbPE concentrations Cpp,pr > 20 Wt%

were required to achieve moduli commensurate to printable inks.
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Numerous promising GelMA/bPE formulations were identified by the small amplitude oscillatory
strain measurements, however, the investigation was limited to the properties of the static bulk
material prior and after extrusion, wherein the respective microstructure is expected to be
unperturbed. Hence, in addition to shear moduli determined within the linear viscoelastic (LVE)
regime, further rheological key parameters describing the shear conditions present during
extrusion through a small orifice, including yield stress, complex viscosity, and post-shearing
recovery, of the 37 °C GelMA/bPE inks were examined and compared with 22 °C GelMA inks.
The yield stress is defined as the minimum stress required for a material to start to flow and thus
influences the required extrusion pressure in 3D printing. In a stress ramp experiment, yielding
occurs when an initially elastic material (plateau-region) displays a steep decrease in viscosity
(viscosity-drop region) above a characteristic stress threshold (Figure 5-2B, 5-S8). It is primarily
observed for entangled polymer networks or physically pre-crosslinked materials, where non-
covalent bonds must first be broken to enable macroscopic flow. A large yield stress of an ink
generally promotes syringeability, fiber formation during extrusion as well as post-printing shape
fidelity (i.e., no flow in absence of applied force). However, if the yield stress exceeds a critical
value, it can impede dispensing, hinder miscibility with cells, and negatively impact cell viability

because of the high pressure that is needed for extrusion.*’ 48
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Figure 5-2. Rheological characterization of GeIMA/bPE precursor solutions with increasing
DbPE and TbhPE concentration at 37 °C. (A) Screening for printable inks within the biofabrication
window of GelMA (5-10 wt%, 22 °C). Shear moduli (G', G'") were derived from frequency sweeps
at w = 1.25 rad-s. Representative formulations were further characterized in terms of their (B)
yield stress, (C) shear-thinning behavior, and (D) structural recovery post-shearing. GelMA inks
are depicted in black stars, whereas GeMA/TbPE and GelMA/DDbPE inks are shown in red squares

and blue circles, respectively.
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As gelatin chains assemble into triple helices near the gelling point, GelMA demonstrates a distinct
yield point at which the ink transitions from elastic to flow behavior (black stars in Figure 5-2B).
Likewise, GeIMA/TDPE inks exhibited characteristic yield stress points that continuously rose
with TbPE loading (Crppr = 7.5-15 Wt%, red squares in Figure 5-2B), owing to the increasing
number of PEC crosslinks. In contrast, the GeIMA/DDbPE inks did not exhibit either a plateau or a
steep viscosity-drop region, but rather a continuous and slow decline in viscosity (blue circles in
Figure 5-2B). The absence of a specific stress required for flow initiation was ascribed to the lack
of both physical gelation of GelIMA at 37 °C and the lack of interconnection among the PEC
micelles. Nevertheless, comparable viscosities of the 22 °C GelMA inks and 37 °C GeIMA/DbPE
inks in the low and high stress regimes (corresponding to the pre- and post-yield states of 22 °C

GelMA inks) engendered confidence towards printability of GeMA/DbPE inks.

Once the flow is initiated, shear-thinning behavior is required to facilitate extrusion through a
small diameter nozzle and to prevent excessive shear stress on cells. Shear-thinning is a non-
Newtonian fluid behavior characterized in different solvents prior and after photocrosslinking of
the GelMA precursors by a decrease in viscosity with increasing shear rate or angular frequency.
Here, it was quantified by describing the linear region of the double-logarithmic angular frequency
- complex viscosity profiles with a power law (n* = K- ™ ') and determining the shear-
thinning exponent n (Figure 5-2C, 5-S9), wherein n = 1 applies to Newtonian fluidsand0 <n<1
describes shear-thinning fluids. 22 °C GelMA inks and 37 °C GelMA/TbPE inks both displayed
strong shear-thinning properties with n <0.2, ascribable to their physically crosslinked
microstructures. At the same time, the jammed microstructure of the disjointed PEC micelles in

the 37 °C GelMA/DDbPE inks resulted in milder shear-thinning behavior, with n~0.5. In both
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DbPE and TbPE containing inks, sufficient shear-thinning was observed to enable printing while

preserving cell viability.

After shearing, it is important for the ink to regain its original properties prior to extrusion. The
time required for returning to the equilibrium state is referred to as the recovery or the self-healing
time.* 88 Post-printing viscosity recovery (i.e., transition from fluid-like flow to elastic shape
retention) of 22 °C GelMA and 37 °C GelMA/bPE inks was studied by applying a high shear rate,
followed by a low shear rate to simulate the dispensing process (Figure 5-2D). Immediate flow
discontinuation and buildup of internal resistance after deposition is crucial to prevent undesirable
flows and loss of form prior to secondary photocrosslinking. GeMA inks exhibited slow recovery
kinetics (> 8 min) at 22 °C, owing to the long recovery timescale of the triple helix microstructure.
In typical printing setups, the print bed is therefore cooled to temperatures below the gelling point
of gelatin (17 °C) to accelerate gelation upon deposition. In contrast, both GeIMA/DbPE and
GelMAJ/TDPE inks displayed near-instant viscosity recovery at 37 °C (80% recovery within 20 s),

resulting from the rapid recovery of the PEC self-assemblies.

These tunable rheological characteristics of GelMA/bPE inks highlight the advantages of
employing these hybrid inks in 3D bioprinting. Hence, several bPE-based ink formulations within
the printability window were selected for further investigation of their physico-mechanical

properties, biocompatibility, and 3D bioprintability.
5.2.3 Enhanced Tensile Performance of GeMA/bPE Double Network Hydrogels

Photochemical crosslinking of the GelMA precursors provides almost immediate structural
stability in wet environments and at temperatures above the gelling point. However, compared to

other photocurable hydrogels, GelMA suffers from inherently poor mechanical and adhesive
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properties, limited stretchiness, and lack of robustness against external forces. As soon as stress is
applied, their structures easily fall apart, thus making damage-free transfer of hydrogel constructs

quite challenging.

Reinforcement of the covalent network with either PEC micelles or PEC network rendered
improved tensile performance to the GelMA hydrogels. Stress-strain curves from uniaxial tensile
tests (Figure 5-3A, 5-S11) revealed significant enhancements in ultimate stress (up to 572%,
Figure 5-3B), extensibility (up to 42%, Figure 5-3C), Young’s modulus (up to 1147%, Figure 5-
S12), and toughness (up to 772%, Figure 5-3D) for GeIMA/bPE hydrogels. In these hybrid
hydrogels, the self-assembled bPEs served as energy-dissipating scaffolds within the brittle
GelMA network. Due to the reversible nature of electrostatic interactions, the PEC domains were
hypothesized to undergo repeated sequences of disassembly and reassembly without influencing
the integrity of the GelMA network. Higher bPE loading enhanced the overall network resilience,

hence why more energy was required to break the network.
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Figure 5-3. Tensile tests for photocrosslinked GelMA and GelMA/bPE hydrogels with increasing

DbPE and TbPE concentration (n > 3). (A) Representative stress curves as a function of strain,

from which (B) ultimate stress (C) extensibility, and (D) toughness were determined. GelMA

hydrogels are depicted in black, whereas GelMA/TbPE and GelMA/DbPE hydrogels are shown in

red and blue, respectively. Data were presented as mean + SD and statistically evaluated by one-

way ANOVA. *, ** *** represent p < 0.05, 0.01, and 0.001, respectively.
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Subtle differences in the improvements of the tensile performance of GelMA/bPE hydrogels over
GelMA hydrogels were observed. While GelMA/DbPE hydrogels showed improved ultimate
stress and extensibility in comparison to GelMA hydrogels, GeIMA/TbPE hydrogels exhibited
further improvements in ultimate stress in comparison with GeIMA/DbPE hydrogels but with a
loss in extensibility, such that their extensibility was comparable to GelIMA hydrogels. These
differences can again be ascribed to the PEC microstructure — disjointed micelles vs.
interconnected networks — formed by DbPEs and TbPEs, respectively. The former is expected to
exhibit higher restructurability but at the expense of lower stress threshold for restructuring, while
the latter is expected to exhibit a larger threshold for network restructuring and lower
restructurability owing to the interconnected microstructure. Overall, we surmise that the
incorporation of bPEs into the covalent network overcame the low mechanical resilience of
GelMA bioinks after photocrosslinking and facilitated their post-printing processability for

applications that require relocation of the bioprinted constructs (e.g., transplantation).

5.2.4 Tunability of Mechanical Properties and Swelling Characteristics of Photocrosslinked

GelMA/bPE Hydrogels

In addition to tensile strength, further physico-mechanical properties of hydrogels must meet
specific demands to ensure cytocompatibility, which include a matrix stiffness matching to the
target tissue, a sufficiently high hydration degree for fast nutrient diffusion, and structural
robustness in physiological environments. Hence, shear moduli and swelling behavior of
photocrosslinked GelMA/bPE hydrogels were studied for different compositions and solvents

(Figure 5-4).
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Figure 5-4. Impact of bPE additives on hydrogel properties. (A) Shear moduli (storage and loss
moduli, G’ and G'"') of photocrosslinked GelMA/bPE hydrogels with increasing DbPE and ThPE
concentration, obtained from frequency sweeps at w = 1.25 rad-s. (B) Shear moduli (storage and
loss moduli, G' and G'') of 5/20% GelMA/DbPE hydrogels incubated in different solvents prior
and after photocrosslinking of the GelMA precursors, obtained from frequency sweeps at
w = 1.25 rad-st. (C) Mass release in GeIMA and GelMA/bPE hydrogels in DPBS at 37 °C over a
period of 14 days (n = 3). (D) Mass swelling ratio taking into account the mass release within the
first 24 h (n=5). GeIMA hydrogels are depicted in black, whereas GelMA/TbhPE and
GelMA/DDbPE hydrogels are shown in red and blue, respectively. Data were presented as
mean £ SD and statistically evaluated by one-way ANOVA. *, ** *** represent p < 0.05, 0.01,

and 0.001, respectively.
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After photocuring, the GelMA/bPE hydrogels displayed enhanced shear strength owing to the
synergistic contributions of covalent network and electrostatic self-assemblies (Figure 5-4A).
Precise tuning of shear properties could be achieved by variation in bPE loading, thus granting
access to suitable matrices for a wide range of tissue substrates (e.g., ~300 Pa for brain, ~600 Pa
for liver, ~2.5 kPa for kidney, 12-100 kPa for skeletal muscle, ~900 kPa for cartilage).t’
Moreover, the electrostatic self-assemblies based on strongly interacting guanidinium and
sulfonate moieties demonstrated excellent robustness of shear strength in physiological salt
conditions (approx. 0.1 M NaCl), such as in Dulbecco’s phosphate-buffered saline (DPBS) or
Dulbecco’s modified eagle’s medium (DMEM). GelMA/bPE precursor solutions and hydrogels,
however, were prone to highly salty environments (1 m NaCl) as a consequence of increasing
charge screening, leading to the eventual breakdown of the PEC self-assemblies (Figure 5-4B).
As shown in previous studies, the level of salt and pH responsiveness is dependent on the strength
of the ionic pair of the bPEs (strong: guanidinium and sulfonate vs. weak: ammonium and

carboxylate), thus providing a flexible platform for future design of adaptive hybrid hydrogels.”’

89

In addition, interlacing the electrostatically assembled bPEs with the covalent GelMA scaffold led
to protection against indefinite swelling — a drawback typically faced by PEC hydrogels. When
exposed to a solvent bath, the GelMA/bPE hydrogels swelled until they reached equilibrium within
several hours. In order to check whether bPEs were kept inside or diffused out of the hydrogel,
mass release during and after completion of swelling was monitored over a period of 14 days
(Figure 5-4C). For both GelMA and hybrid hydrogels, an initial loss of material was expected

attributed to the release of unfunctionalized gelatin chains as well as photoinitiator residues. Since
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GelMA/TbPE hydrogels did not show any additional mass release, we concluded that the
interpenetration of electrostatic and covalent networks prevented the escape of TbPEs. In contrast,
high mobility of the disjointed micelles in GeIMA/DbPE hydrogels resulted in their fast and almost
complete release. Hence, the DbPE additives can be considered as a sacrificial scaffolding which
temporarily improves material properties for 3D printing. Accounting for the respective mass loss
within the first 24 hours, an “effective” swelling ratio was calculated. The hybrid hydrogels
exhibited slightly reduced swelling properties (~ 30%) compared to the GeIMA hydrogels (Figure
5-4D), attributable to a combination of increased polymer concentration, entanglements, and

crosslink density in the hydrogels that limited network expansion and reduced swelling.
5.2.5 Biocompatibility of GelMA/bPE Bioinks

Among the numerous extrudable GeIMA/bPE ink formulations, those with the lowest possible
bPE concentration within the window of printability were chosen to reduce the exposure of cells
to potentially toxic materials. Hence, we considered 7.5 wt% TbPEs and 20 wt% DbPEs as suitable

polymer concentrations to supplement the GelMA ink in the following biocompatibility studies.

The addition of bPEs resulted in an almost negligible decrease in optical transparency, allowing
for fluorescent cell staining and subsequent confocal microscopy (Figure 5-5A, 5-S10). Changes
in the GelMA microstructure after photocrosslinking, which were induced by incorporation of the
bPEs, were visualized by scanning electron microscopy (SEM) of the lyophilized hydrogel
samples (Figure 5-5A). In the GeIMA/DbPE hydrogel, the high PEC micelle content led to
polymer accumulation around the GelMA pores, although, without influencing the micropore sizes
significantly. In comparison, interpenetration with PEC network composed of TbPEs revealed a

less uniform GelMA network structure with noticeable changes in pore size distribution.
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Cytocompatibility of the bPEs and their complexes was evaluated in two- and three-dimensional
(2D and 3D) toxicity studies using the human hepatocarcinoma cell line HepG2. HepG2 is a fast-
growing cell line which is a well-established model system for liver cell function in vitro and
shares many of the characteristics of primary hepatocytes, including metabolism and processing
of xenobiotics.® % A colorimetric assay for assessing metabolic activity (MTT) was conducted to
determine viability of HepG2 cells, which were grown in 2D on standard cell culture plasticware
and exposed to the bPEs for 72 hours (Figure 5-5B). bPEs were tested both in individual solutions
(only sulfonate or guanidinium bPES) and in the complexed state to investigate the impact of
excess charge and macromolecular charge complexation on cell fate. As oppositely charged bPEs
self-assemble into hydrogels even at concentrations as low as 5 wt%® and would have thus
hindered diffusion and potential cellular uptake in the toxicity studies, a concentration of 0.5 wt%
for the individual bPEs and 1 wt% for the oppositely charged complexes was chosen, that did not
result in any apparent viscosity increase. The cytotoxicity of the bPEs was found to be highly
dependent on the type of bPEs, with high survival rates for the sulfonate bPEs and complete cell
death for the guanidinium bPEs (Figure 5-5B). This strikingly detrimental impact of positive
charge on cell fate has been previously reported, especially in the context of cell penetrating
peptides (CPP) rich in lysine or arginine. Their strong affinity to the negatively charged cell
membrane as well as cellular internalization can cause cell membrane leakage and other toxic side
effects.®? % 9 However, upon the complexation of the positively and negatively charged bPEs,
charge compensation led to remarkably increased cell viability (Figure5- 5B). Following self-
assembly, the guanidinium groups were hypothesized to be primarily confined in the PEC domains,
preventing interaction with the cells in the water-filled inter-domain space. We note that despite

the use of identical polymer concentrations of DbPEs and TbPEs, their respective cytotoxicity
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varied marginally due to their different chemical structure (i.e., varying lengths of the PEO block

and the charged blocks).

Cytocompatibility of the hybrid hydrogels was further examined through a comparative
biocompatibility study in 3D, where HepG2 cells were encapsulated in the hybrid hydrogels and
cultured over a period of 14 days (Figure 5-5D). Live/dead staining revealed superior cell survival
in DbPE-based hybrid hydrogels. Initial exposure of DbPEs resulted in moderate cell viability,
however, the proportion of live cells progressively increased to >60% over the period of
cultivation. A substantial portion of the DbPE micelles escaped from the hybrid hydrogels upon
incubation in the culture medium within 72 hours (Figure 5-4C), thus reducing both effective
polymer concentration in the gel and exposure of embedded cells to the DbPEs, resulting in
improved cell viability. Therefore, the DbPEs additive can be surmised to serve as a sacrificial
scaffolding material in the hybrid gels. In contrast, a high cell death rate was observed in TbPE-
based hybrid gels at day 1 post-encapsulation. TOPEs were more resistant against dilution due to
presence of the interconnected nanoscale PEC network (not visible in SEM).” 7 80 9 | imited
space for cells and long-term exposure to TbPEs hence led to poorer cell viability initially.
However, as network remodeling and enzymatic biodegradation of the gelatin scaffold proceeded,
cells gained more space, resulting in strongly increased viability after 14 days (Figure 5-5C and

5-5D).
5.2.6 Extrusion-based 3D Bioprinting with GelMA/bPE Bioinks

The suitability of GelMA/bPE hybrid hydrogels as bioinks, beyond their rheological screening
(Figure 5-2A), was validated in extrusion-based 3D printing (Figure 5-6A). First, cell-free hybrid

inks with 5 wt% GelMA precursor solutions supplemented with increasing amounts of DbPEs and
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TbPEs were extruded at 37 °C to create a grid that served as a model structure to evaluate printing
performance (Figure 5-6B). As expected, the low viscosity GelMA ink was not printable at 37 °C.
Increasing amounts of electrostatically self-assembling bPEs improved extrudability of the GelMA

ink and shape fidelity after deposition, commensurate with expectations from the rheological

screening.
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photocrosslinking (scale bar: 50 um). (B) Cytotoxicity of DbPEs and ThPEs assessed by a MTT
proliferation assay with HepG2 cells after 72 h exposure time (n = 6). Data were presented as
mean x SD and statistically evaluated by one-way ANOVA, wherein *** represents p < 0.001. (D)
Live/dead staining of embedded HepG2 cells with calcein-AM (green, live cells) and propidium
iodide (red, dead cells) 1, 7, and, 14 days post-encapsulation, followed by confocal microscopy
(scale bar: 200 um) and (C) cell viability analysis. Viability was determined by the percentage of

live cells over the total cell count.
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Figure 5- 6. Extrusion-based 3D bioprinting with GelMA/bPE ink formulations. (A) Schematic
overview of employing GelMA/DbPE bioinks. (B) Shape fidelity of extruded grids (cartridge:
37 °C) using GeIMA/TbPE and GelMA/DbPE inks with increasing bPE loading. (C) Performance
comparison between GelMA at 22 °C and GelMA/DDbPE inks at 37 °C when printing the KIT and
UCLA logos. (D) Bioprinted HepG2 cells using GelMA/DbPE bioinks, followed by visualization

of cell distribution along the z-axis (depth coding) after 7 days of cultivation (scale bar: 10 cm).

265



The printability of these hybrid hydrogel bioinks also emphasizes particularly the high accuracy
of the rheological screening methodology. Ink compositions which were considered below the
lower limit of printability according to rheology screening (i.e., 5 wt% GelMA + 10 wt% DbPE
and 5 wt% GelMA + 5 wt% TbPE inks) turned out to be too fluid-like for printing and immediately
started to flow and spread on the glass slide after deposition. The best resolution was achieved
with the 5 wt% GelMA + 40 wt% DbPE gels; however, such high micelle concentration impeded
with photochemical crosslinking of the GelMA precursor, thus leading to reduced crosslink density
and loss of structural integrity during swelling. When comparing the two types of bPE additives,
we observed that GeIMA/DbPE formulations benefited from higher ink homogeneity during
extrusion. Although both additives promoted fiber formation, printing of the GelMA/TbPE ink
turned out to be less consistent with several fiber breaks during extrusion. Since these
inhomogeneities persisted over a wide range of different extrusion rates, we attribute this to the

challenge of extruding highly interconnected TbPE networks through a small orifice.

Considering the results from the extrusion screening as well as the better biocompatibility of the
DbPE additive, we selected the 20 wt% DbPE composition for further cell-based 3D printing
experiments (Figure 5-6A). Bioinks were prepared by suspending HepG2 cells in GelMA and
GelMA/DbPE precursor solutions and were subsequently held in the cartridge until their respective
printing temperature (22 °C or 37 °C) was reached. The achievable resolution in 3D bioprinting
was found to be very similar for the GelMA ink at 22 °C and for the hybrid ink at 37 °C, as
exemplified by printing the two logos of the collaborating universities (Figure 5-6C, Movies 5-
SM1 and 5-SM2). Moreover, as gelation of the GelMA ink does typically not happen
instantaneously upon cooling (~ 20 min), cells could potentially sink and accumulate at the bottom

of the cartridge, resulting in inhomogeneous cell distribution in the printed construct. In the hybrid
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inks, the high viscosity and the high yield stress of the ink, both of which are attained nearly
instantaneously after mixing of the polymeric components, prevented cell sedimentation in the
cartridge during temperature modulation (analogous to the herbs in the “Italian dressing”).
Therefore, bioprinted HepG2 cells displayed a very homogeneous cell distribution along the z-axis
in the extruded hybrid hydrogels as a result of immediate pre-gelation in the cartridge as well as
provision of adhesion sites (RGD) by the gelatin biopolymer (Figure 5-6D). Our approach, based
on electrostatic self-assembly, hence exceled by requiring only a single crosslinking step in the
end and addressed current shortcomings faced by the GelMA ink, particularly long holding times
in the cartridge for cooling and inhomogeneous cell distribution in the inks, inefficient temperature
transfer from the print bed to the top layers of the deposited ink, and discontinuous fabrication

accompanied by stacking of disjointed layers.

5.3 Conclusions

In summary, we have demonstrated a facile approach based on complex-forming and
viscoelasticity enhancing bPEs to render very liquid-like bioinks applicable for extrusion-based
3D bioprinting at a physiological temperature (37 °C). Swift self-assembly of oppositely charged
bPEs was harnessed to lend initial structural robustness to photocurable precursor solutions,
improve their extrudability as well as post-printing recovery, and support inter-layer adhesion in
the printed structures. This, to the best of our knowledge, is the first demonstration of harnessing
electrostatic self-assembly of block polyelectrolytes to create a scaffolding for cell-containing
bioinks. Depending on the chemical composition, bPEs were able to either provide long-term
tensile strength to the hydrogel by interpenetration of the covalent network or serve as sacrificial
micellar additives, which were quickly removed by diffusion post-printing. Further improvements

in the already satisfactory biocompatibility of the PEC hydrogels are envisioned by varying the
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lengths of the neutral and the charged blocks and the nature of the charged moieties as well as
incorporation of enzyme- or photocleavable sites along the PEO backbone. Additional physico-
mechanical features provided by the PEC network, such as tunable shear moduli and salt
responsiveness, enabled the flexible platform to meet the increasing demands on advanced
materials for biomedical applications and tissue engineering. Our pioneering approach based on
electrostatic self-assembly of bPEs thus represents a competitive alternative to state-of-the-art
approaches of temperature-induced pre-gelation, mitigating their drawbacks and offering new
perspectives for future bioink design. Since any aqueous biopolymer solution — especially those
which are currently not extrudable due to their liquid-like properties — can be supplemented with

bPEs, the strategy demonstrated here excels by its unique versatility and feasibility.
5.4 Experimental Section

Materials: Potassium (99.5% trace metals basis), naphthalene, poly(ethylene glycol) (Mn=
20,000 g mol™), poly(ethylene glycol) monomethyl ether (M, = 5,000 g mol™?), allyl glycidyl ether
(AGE), calcium hydride, sodium 3-mercapto-1-propanesulfonate (technical grade, 90%), 1H-
pyrazole-1-carboxamidine hydrochloride (99%), cysteamine hydrochloride (> 98%), gelatin (type
A, gel strength ~300 g bloom, from porcine skin), methacrylic anhydride, propidium iodide, 2,2-
dimethoxy-2-phenylacetophenone (DMPA), and Irgacure 2959 were purchased from Sigma-
Aldrich. Lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAP) was obtained from TCI
Deutschland. Tetrahydrofuran (THF) and dimethylformamide (DMF) were purchased from Fisher
Scientific. DPBS™~, DMEM, fetal calf serum (FCS), penicillin-streptomycin (10 000 U mL™),
trypsin-EDTA (0.05%), phenol red, calcein-AM were purchased from Thermo Fisher Scientific.

The CellTiter 96 non-radioactive cell proliferation assay (MTT) was provided by Promega.
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Dialysis tubes were obtained from VWR International and Fisher Scientific. The human

hepatocarcinoma cell line HepG2 was received from PromoCell.

Block Polyelectrolyte Synthesis: Triblock Polyelectrolyte Synthesis: Guanidinium and sulfonate
functionalized poly(ally glycidyl ether)-b-poly(ethylene glycol)-b-poly(ally glycidyl ether)
(PAGE-PEO-PAGE) were synthesized following previously published protocols.”” Poly(ethylene
glycol) (PEO, M, = 20,000 g mol™?) was dried in a vacuum oven at 25 °C for one day before use.
Allyl glycidyl ether (AGE) was mixed with calcium hydride, stirred overnight to remove trace
amounts of water, and degassed by three cycles of freeze-pump-thaw, followed by distillation. All
anhydrous reagents were transferred inside a glove box with argon. An appropriate amount of PEO
was dissolved in 50 mL anhydrous THF and titrated with potassium naphthalenide (0.4 M in
anhydrous THF) until the solution turned light green. Then, AGE was added, and the reaction
mixture was stirred at 45 °C for 48 h. The anionic polymerization was terminated by addition of
degassed methanol. The product PAGE-PEO-PAGE was precipitated in hexane, filtered, and dried
under vacuum prior to further functionalization. The degree of polymerization of the PAGE blocks
was calculated from the relative peak intensities in the NMR spectra, yielding PAGE3o-PEQ4ss-

PAGE:3o.

For post-functionalization via thiol-ene click chemistry, PAGEzo-PEQ4s5-PAGE30, photoinitiator
2,2-dimethoxy-2-phenylacetophenone (DMPA) and a functional thiol reagent (cysteamine
hydrochloride or sodium 3-mercapto-1-propanesulfonate, 5 equiv. per alkene group) were
dissolved in a DMF/water (1:1) mixture. The solution was degassed with nitrogen and then
exposed to UV light (365 nm, 8 W) for at least 6 h. The product solutions of PAGE30-PEQu4ss-
PAGEzo functionalized with either ammonium or sulfonate moieties were dialyzed (MWCO:

3.5 kDa) against deionized water for 10 cycles of 8 h each, followed by lyophilization.
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Guanidinilated PAGEz0-PEOu4s5-PAGE30 was obtained by dissolving an appropriate amount of the
ammonium functionalized block copolymer and 1H-pyrazole-1-carboxamidine in phosphate-
buffered saline (PBS) solution. After adjusting the pH to 10 with NaOH, the reaction mixture was
stirred for 3 days at room temperature. The product solution was dialyzed (MWCO: 3.5 kDa)

against deionized water for 10 cycles of 8 h each, followed by lyophilization.

Diblock Polyelectrolyte Synthesis: DbPEs were prepared and functionalized following the same
protocol used for the ThPE synthesis except for replacing the initiator PEO with poly(ethylene
glycol) monomethyl ether (Mn = 5,000 g mol™). *H NMR spectra of all block copolymers prior

and after functionalization are provided in the supplementary information (Figure 5-S2 and 5-S4).

Gelatin Methacryloyl Synthesis: GelMA was synthesized following previously published
protocols.>® 53 10 g gelatin (type A, gel strength ~300 g bloom, from porcine skin, 0.266 mmol
NH: groups, 1 equiv.) was dissolved in 100 mL DPBS. The solution was heated to 50 °C until
complete dissolution of gelatin. Then, 3.17 mL methacrylic anhydride (2.13 mmol, 8 equiv.) was
added dropwise and the mixture was stirred at 50 °C for 2 h, followed by dilution with 100 mL
DPBS. The solution was transferred into dialysis tubes (MWCO: 12-14 kDa) and dialyzed against
deionized water at 40 °C for 12 cycles of 8 h each. After lyophilization, the product was obtained

as a white solid and stored at —20 °C.

IH NMR (400 MHz, D20, 315K, 8): 7.60-7.40 (Haromic, gelatin), 5.88 (1H, Ha, vinyl), 5.64 (1H,

Hp, vinyl), 5.24-0.99 (gelatin), 3.20 (bs, 2H, NH2), 2.11 (s, 3H, CHs, Hc).

Preparation of GelMA/bPE Hydrogels: Stock solutions of the block polyanion (sulfonate
functionalized bPESs), block polycation (guanidinium functionalized bPEs), GelMA precursor, and

photoinitiator Irgacure 2959 or LAP were prepared in DBPS. GelMA/DbPE and GelMA/TbPE
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hydrogels were prepared by mixing the block polyanion with an aqueous solution of GelMA
precursor and photoinitiator, followed by the addition of the block polycation. Each addition step
was followed by thorough mixing to ensure homogeneity of the sample. The bPEs were mixed in

proportion such that the molar charge ratio of cationic and anionic moieties was 1:1.

Rheology: Rheological measurements were performed on an Anton Paar MCR 302 rheometer
(Anton Paar, Torrance, USA) using a cone-and-plate geometry (diameter: 10 mm, cone angle: 2°)
for precursor solutions and a parallel plate geometry (diameter: 8 mm, gap size: 0.6 mm) for
photocrosslinked hydrogels. Hydrogels were prepared by pipetting 75 pL in a cylindrical
polydimethylsiloxane (PDMS) mold (diameter: 8 mm, height: 1.5 mm), followed by UV light
exposure for 5 min (302 nm, 8 W). For the rheological characterization, the hydrogel slab or an
appropriate amount of precursor solution was placed on the lower plate. Excess sample volume of
the precursor solution was trimmed after reaching the measuring gap between cone and plate. A
solvent trap was employed to minimize water evaporation. Rheology data was acquired at 22 °C
for the GelMA precursor and at 37 °C for GelMA/bPE formulations and hydrogels. All samples
were pre-sheared by employing an oscillatory shear y = 100% for 30 s, followed y = 1% for 5 min
to reach steady state. Amplitude sweeps (Figure 5-S6 and 5-S7), with a strain amplitude y ranging
from 0.01-100%, were carried out at a frequency w = 1 rad-s™ to assess the linear viscoelastic
(LVE) regime. Frequency sweeps (w = 0.1-20 rad-s*) were performed at y = 1% (within the LVE
regime), leading to the frequency-dependent shear moduli G’ and G (Figure 5-S6 and 5-S7) and
the oscillatory complex viscosity. Shear-thinning behavior was quantified by fitting the linear
region of the angular frequency-complex viscosity plot with the power law model (Figure 5-S9).
A shear stress ramp ranging from 1-1000 Pa was applied to all precursor solutions to determine

the yield point. In the shear stress-viscosity diagram, the flow initiation point was computed by
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the intersection point between two linear regressions at the plateau-region and the viscosity-drop
region (Figure 5-S8). Rotational recovery measurements were conducted to simulate the recovery
behavior post-extrusion by applying a high shear rate at 100 s for 250 s, followed by a low shear

rate of 0.01 s for 500 s.

Tensile Test: Tensile properties of GelMA, GelMA/DbPE and GelMA/TbPE hydrogels were
characterized by an Instron 5542 tensile tester. 120 pL precursor solution was pipetted into a
rectangular PDMS mold (18 mm x 4.5 mm x 1.5 mm) and exposed to UV light (302 nm, 8 W) for
photocrosslinking. The hydrogel samples were affixed to the machine tension grips with double-
sided tape and stretched with an extension rate of 6 mm mint. Ultimate stress was the maximum
stress that a hydrogel sample could withstand before fracture, and its corresponding strain
indicated its extensibility. Young’s modulus was determined by computing the slope of the linear
region of the stress-strain curves (Figure 5-S12). Toughness was calculated by integrating the area

under the stress-strain curve, wherein the strain is unitless.

Release Study: Mass release of GelMA, GelMA/DbPE and GelMA/TbPE hydrogels was
monitored over a period of 14 days. 200 uL precursor solution was pipetted onto a PDMS surface
and photocrosslinked by UV light irradiation (302 nm, 8 W). Following lyophilization, dry weight
was measured, and samples were incubated in DPBS at 37 °C. The DPBS solution was exchanged
every 2-3 days. After 0, 1, 2, 4, 7, 10, and 14 days, hydrogel samples were lyophilized and weighed
after carefully removing residual water from the surface. The remaining mass was calculated from

the following equation, where w; is the initial dry weight and w; is the dry weight at time t.

w
Remaining mass [%] = Wt x 100% 1)

i
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Mass Swelling Ratio: 60 pL precursor solution of GelMA, GelMA/DbPE and GelMA/TbPE was
pipetted into a cylindrical PDMS mold (diameter: 5 mm, height: 3 mm) and photocrosslinked by
UV light irradiation (302 nm, 8 W). The hydrogel pads were swollen in DBPS for 24 h at room
temperature and weighed after carefully removing residual water from the surface. Then, the
samples were lyophilized, and dry weight was measured. Mass swelling ratio — taking into account
the mass release within the first 24 h — was calculated from the following equation, where

Wswouien 1S the weight after complete swelling, and wy,., is the weight after lyophilization.

. . Wswollen
Mass swelling ratio = ———

()

Wary

Scanning Electron Microscopy: 60 upL precursor solution of GelMA, GelMA/DbPE and
GelMA/TDPE was pipetted into a cylindrical PDMS mold (diameter: 5 mm, height: 3 mm) and
photocrosslinked by UV light irradiation (302 nm, 8 W). Then, the hydrogel pads were frozen with
liquid nitrogen and cut with a razor blade to reveal their cross-section. The frozen hydrogel slabs
were attached to a SEM pin mount holder with a double-sided conductive tape, followed by
lyophilization. After sputtering the specimen surface with gold, pore size and morphology was
characterized by SEM microscopy (Nova 230 NanoSEM, FEI company, Hillsboro, USA). All

images were taken using an acceleration voltage of 5-10 kV and a secondary electron detector.

MTT Cell Viability Assay: HepG2 cells were seeded at a density of 1 x 10* cells per well (1 x 10°
cells'mL?) in a 96-well plate. After 24 h, cell culture medium was removed, and cells were treated
with 0.5wt% (individual solution) or 1 wt% (complexed state) of guanidinium and sulfonate
functionalized bPEs. For the positive and negative controls, media was exchanged without addition
of any test compound. After incubation for 72 h (37 °C, 5% CO3), positive controls were treated

with 5 pL Triton X-100 (20% v/v). Then, 15 pL of the yellow MTT reagent was added to each
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well, followed by incubation for 3 h. The reaction was stopped by addition of 100 pL lysis buffer.
The next day, absorption was measured at 595 nm with the SpectraMax ID5 microplate reader
(Molecular Devices LLC, San José, USA). Cell viability for each test compound was determined,
wherein a viability of 0% and 100% was assigned to the positive and negative controls,

respectively.

Cell Encapsulation: For cell encapsulation, stock solutions of 20 wt% GelMA precursor, 70 wt%
DbPEs, 20 wt% TbPEs, and 6 wt% of photoinitiator LAP in DPBS were used. GelMA/bPE
hydrogels were prepared following the protocol described above. Importantly, HepG2 cell
suspension (2,5 x 10° cells'mL') was added prior to addition of the oppositely charged bPEs to
ensure homogenous mixing (sequence of addition: block polyanion, GelMA precursor, LAP, cell
suspension, and block polycation). 200 uL of the cell-laden precursor solution with 0.3 wt% LAP
was transferred to each well of an ibidi p-slide, followed by photochemical crosslinking (320-
500 nm, 500 mW cm?) for 60s using the Omnicure S2000 curing system (igb-tech GmbH,
Friedelsheim, Germany). Then, the hydrogels were transferred to a 24-well plate, covered with
1 mL DMEM and cultured over a period of 14 days (37 °C, 5% CO). Media was exchanged every

2-3 days.

Live/Dead Staining: Cell viability of embedded HepG2 cells was monitored by live/dead staining
1, 7, and 14 days post-encapsulation. The supernatant media was removed, and cells were stained
with calcein-AM (4 ug mL1) and propidium iodide (20 pg mL™?). After incubation for 30 min, the
staining solution was removed. Hydrogels were washed twice with DPBS and covered with cell
culture medium. Confocal microscopy (Leica Stellaris 5, Leica Microsystems GmbH, Wetzlar,

Germany) was used to record z-stacks of 300 um thickness (step size: 5 um), which were
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converted into 3D images with LasX software. Cell viability was calculated from the percentage

of live cells over the total cell count.

Extrusion-Based 3D Bioprinting: For 3D bioprinting, an extrusion-based 3D printer (BioSpot
BP, Biofluidix GmbH, Freiburg, Germany) equipped with a cooling system, syringe (Injekt Luer
Lock Solo, VWR, Bruchsal, Germany), and a dispensing nozzle (cone, diameter: 0.25 mm,
Vieweg GmbH, Kranzberg, Germany) was used. Cell-loaded (2.5 x 10° cells'mL™) precursor
solutions (bioinks) were prepared in a 2 mL syringe following the protocol described above. The
temperature of the bioinks was set to either 37 °C for GeIMA/bPE inks or 22 °C for the GeIMA
ink and hold for 30 min prior to extrusion. In order to support fast structural recovery upon
deposition, adhesive glass slides were cooled to 17 °C. G-codes were written for different model
structures, including grid (12 mm x 12 mm), university logos (10 mm x 26 mm), and a hollow
square structure of 11 uncrosslinked layers (6 mm x 6 mm). 3D printing was performed at an
average extrusion rate of 0.02 mm-s™ and a print speed of 5 mm-s™, followed by photochemical
crosslinking (320-500 nm, 500 mW cm?) for 60 s using the Omnicure S2000 curing system
(igh-tech GmbH, Friedelsheim, Germany). The printed structures on the glass slide were washed

with DPBS, transferred to a petri dish, and covered with 10 mL DMEM for further cultivation.

Data Analysis and Statistics: Data analysis and statistics were carried out using OriginPro 2021.
All data are presented as mean + standard deviation (SD). Unless stated otherwise, the value of n
is defined as the number of repeat attempts performed. A two-sample independent Student's t-test
was conducted when two average values were compared. If more average values needed to be
compared, one-way analysis of variance (ANOVA) with Bonferroni correction was carried out
across groups. In all cases, significance was defined as p <0.05 (*p <0.05, **p <0.01, and

**%) < 0,001).
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5.5 Supplementary Information
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Figure 5-S1. Synthesis of diblock polyelectrolytes. Synthesis of the diblock copolymer precursor

2 (mPEO113-PAGE4s) from poly(ethylene glycol) monomethyl ether by ring-opening anionic

polymerization and subsequent functionalization of the PAGE blocks using thiol-ene click
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chemistry, yielding oppositely charged AB diblock copolyelectrolytes with 3 (sulfonate), 4

(ammonium), and 5 (guanidinium) moieties.
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Figure 5-S2. 'H NMR spectra (400 MHz) of diblock copolyelectrolytes (A) sulfonate
functionalized mPEO113-PAGE s, (B) guanidinium functionalized mPEO113-PAGE.s in D20, and

(C) mPEO113-PAGEu4s precursor in CDCIs prior to functionalization.
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Figure 5-S3. Synthesis of triblock polyelectrolytes. Synthesis of the triblock copolymer precursor
2 (PAGE30-PEO4s5-PAGEz0) from poly(ethylene glycol) by ring-opening anionic polymerization

and subsequent functionalization of the PAGE blocks using thiol-ene click chemistry, yielding
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oppositely charged ABA triblock copolyelectrolytes with 3 (sulfonate), 4 (ammonium), and 5

(guanidinium) moieties.
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Figure 5-S4. 'H NMR spectra (400 MHz) of triblock copolyelectrolytes: (A) sulfonate
functionalized PAGE3z0-PEO4s5-PAGEz0, (B) guanidinium functionalized PAGEs30-PEO4ss-

PAGEz3 in D20, and (C) PAGE30-PEO4s5-PAGE30 precursor in CDCls prior to functionalization.
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A
GelMA (~ 50-60% DoF)

Figure 5-S5. 'H NMR spectra (400 MHz, D,0, 315 K) of (A) GelMA hydrogel precursor and

(B) unmodified gelatin.
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Figure 5-S6. Frequency sweeps and amplitude sweeps of (A-B) GelMA/DbPE and (C-D)

GelMA/TbPE precursor solutions with increasing bPE concentration at 37 °C. Storage (G') and

loss (G'") moduli are depicted as a function of (A,C) angular frequency w and (B,D) shear strain y.

A strain of y = 1% (within the LVE region) was selected to perform the frequency sweeps.
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Figure 5-S7. Frequency sweeps and amplitude sweeps of photocrosslinked (A-B) GeIMA/DbPE

and (C-D) GelMA/TbPE hydrogels with increasing bPE concentration at 37 °C. Storage (G') and

loss (G'") moduli are depicted as a function of (A,C) angular frequency w and (B,D) shear strain y.

A strain of y =
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Figure 5-S8. Stress ramp profiles for (A) GelMA/DbPE and (B) GeMA/TbPE precursor solutions

with increasing bPE concentration at 37 °C and GelMA ink without bPEs at 22 °C. Yield stress

was determined using the tangent intersection method. VValues of yield stress are given in the table

below.
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Figure 5-S9. Complex viscosity profiles for (A) GeIMA/DbPE and (B) GelMA/TbPE precursor
solutions with increasing bPE concentration at 37 °C and GelMA ink without bPEs at 22 °C.
Shear-thinning behavior was quantified by power law regression of the linear regions. Values of

shear-thinning coefficients are given in the table below.
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5% GelMA 5% GelMA
5% GelMA + 5% GelMA +
10% DbPE 5% TbPE
5% GelMA + 5% GelMA +
20% DbPE 7.5% TbPE
5% GelMA + 5% GelMA +
30% DbPE 10% TbPE
5% GelMA + 5% GelMA +
40% DbPE 12.5% TbPE

5% GelMA +
15% TbPE

Figure 5-S10. Photographs of GelMA and GelMA/bPE hydrogels after photocrosslinking.
Increasing amounts of DbPEs and TbPEs resulted in a gradual decrease in optical transparency.
DbPE concentrations of > 30 wt% impeded with photochemical crosslinking of the GelMA

precursors, thus leading to reduced crosslink density and a loss of structural integrity.
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Figure 5-S11. Stress-strain curves from uniaxial tensile tests for photocrosslinked (A) GelMA,

(B-C) GelMA/DbPE, and (D-E) GelMA/TbPE hydrogels
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hydrogels determined from the slope of the linear region of the stress-strain curves. Data were
presented as mean = SD and statistically evaluated by one-way ANOVA. *, ** ***

represent p < 0.05, 0.01, and 0.001, respectively.
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Supplementary Movies

Movie 5-SM1. Movie depicting extrusion-based 3D printing of the KIT logo at 37 °C using a
5 wt% GelMA ink supplemented with 20 wt% DDbPE additives. A green dye was added to the

precursor solution to aid visualization.

Movie 5-SM2. Movie depicting extrusion-based 3D printing of the UCLA logo at 37 °C using a
5 wt% GelMA ink supplemented with 20 wt% DDbPE additives. A blue dye was added to the

precursor solution to aid visualization.
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Chapter 6

Coupling Between Microstructures and Relaxation Dynamics in

Polyelectrolyte Complex Hydrogels

Abstract

The relaxation dynamics of hydrogels have been known to not only correlate with bulk shear
properties, swelling characteristics, and microstructures but also influence hydrogel functioning,
such as affecting cell behaviors. Hydrogels typically possess a fairly understood fast relaxation
dynamic, but there exists an additional slow relaxation dynamic behavior of some hydrogels,
which is poorly understood. In recent years, the dynamics of hydrogels with ordered
microstructures started to attract research attention but it still requires much effort to understand
the relationship between dynamics and microstructures. Here, we investigated the relationship
between microstructures and relaxation dynamics of ABA triblock polyelectrolytes complex (PEC)
hydrogels, wherein block B comprised neutral poly(ethylene glycol) (PEO) and block A
functionalized with either ammonium or sulfonate moieties. Upon mixing, the oppositely charged
blocks of polyelectrolytes form PEC domains, serving as physical cross-links, and the bridging
PEO chains connected the PEC domains to construct 3-D polymer networks. X-ray photon
correlation spectroscopy (XPCS) was employed to investigate structural relaxation dynamics, and
small-angle X-ray scattering (SAXS) was applied to acquire nanoscale microstructural information
on PEC domain arrangement. Interestingly, we found a coupling relationship between the
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structural relaxation modes and microstructures, which has not been reported previously. Single-
mode structural relaxation, only containing the fast dynamics, was found to be correlated with a
disordered sphere. Double-mode structural relaxation, containing both fast and slow dynamics,
was discovered to be coupled with lamellar structure. Besides, stress relaxation time scales,
investigated by the linear viscoelastic response via rheology, were found to be smaller than the
structural relaxation times measured by XPCS. Our findings regarding the coupling relationship
between microstructure and structural relaxation modes expanded the research scope of slow

dynamics and provided a new route for future investigation.
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6.1 Introduction

Hydrogels are covalently or physically crosslinked three-dimensional (3-D) hydrophilic polymer
networks, which can be swellable but not dissolved in water.1"!! Due to high water content,>* 711
mechanical tunability,” and biocompatibility,> ' 2 hydrogels have been demonstrated as
promising materials for biomedical applications, such as cell scaffolds for tissue engineering,31°
bioadhesives,'8 cartilage regeneration engineering,'®% and drug delivery® 2426, The feature of
the 3-D polymer network structure, similar to extracellular matrix (ECM),'? provides structural
and mechanical support for cell proliferation, growth, and differentiation.?’: 2 Mechanical stimuli
have been acknowledged as an important factor to influence cellular behaviors.?2%° Thus, the
development of hydrogels, that can mimic the dynamics of natural ECM, is highly anticipated. In
recent years, reversible and dynamic physical interactions are harnessed to acquire stimuli-
responsive and self-healing hydrogels, such as polyelectrolyte complex (PEC) hydrogels. PEC
hydrogels are formed by mixing oppositely charged block polyelectrolytes, carrying either cationic
or anionic moieties. In most hydrogels, dynamics at the molecular level exhibit a closed
relationship with microscopic structure, bulk mechanical properties®, and swelling properties 3.3
33 An understanding of dynamics is crucial to clarifying the relationship and designing biomaterials
that tailored mechanical and functional properties. Yet, the dynamics of PEC hydrogels remain

poorly understood, especially the relationship between dynamics and microstructures.

Dynamic light scattering (DLS) is a powerful technique for characterization of hydrogel structural
dynamics, such as dynamics of DNA in a charged hydrogel,®* the influence of surfactant on
hydrogels,®, polymer diffusion in gels,** diffusion coefficient,*® and the relationship between

elasticity and dynamics®. Structural dynamics, influenced by a local environment of polymer
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networks, are closely related to bulk mechanical properties and performance of hydrogels.t! 3

Microscopic dynamics have received increasing research attention because dynamics can
influence cellular behaviors by applying mechanical stimuli, which can be converted to
biochemical signals by cells. 2237 With a similar hydrogel stiffness, hydrogels with a faster
relaxing behavior (ti2 = 50 s) had demonstrated the ability to stimulate cell activity and accelerate
bone regeneration. 2 Besides, reversible dynamic bonds were employed to dissipate energy during
hydrogel deformation and thus improve fracture toughness, which has been repeatedly observed
in double network hydrogels®“3 and polymer/silica hydrogel systems**. Previous research work
by DLS has shown that hydrogels typically possess a fast dynamic behavior but some of them can
feature additional slower dynamics.*® Fast dynamics, observed repeatedly in gel systems, are
believed to be caused by diffusion or cooperative diffusion of polymer chains. However, slow
dynamics were poorly understood but had been repeatedly observed in semi-dilute or concentrated
polymer systems by DLS. %46 There are several suggested origins of slow dynamics, such as
restricted motion of interacting polymer chains,* relaxations of a transient network,* diffusion of
large polymer aggregates,* long-distance concentration fluctuations,*’ aggregations of charged
polymers,*® and even diffusion of dust particles*. Yet, the concepts and mechanisms of slow

dynamics have not been fully established.

X-ray photon correlation spectroscopy (XPCS) has emerged as an effective technique that applies
coherent X-ray synchrotron beams to acquire structural dynamics of soft materials by tracking
scattering intensity fluctuations and time correlation.*®52 The shorter wavelength nature of XPCS
allows it to easily access motions of materials on a smaller length scale (~1 nm), measure cloudy

and opaque materials and avoid the influence caused by dust, which is difficult to be achieved by
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DLS. XPCS has been employed to investigate dynamics behaviours of polymer melts,*3 53
colloids,>® Newtonian nanoparticle fluids,> particles in elastomers,* polymer film,*, and gels®®.
In recent years, XPCS and rheology have been combined and harnessed to investigate structural
relaxation dynamics and stress relaxation dynamics in various polymer systems, respectively. For
instance, Patel et al studied polystyrene-block-polyisoprene copolymer with hexagonally closed
packed cylinder (HEX) microstructure and found that the structural relaxation time by XPCS was
1-2 order magnitude larger than the terminal stress relaxation by bulk rheology, indicating the
structural dynamics was slower than stress dynamics. They reported that the structural relaxation
time was primarily caused by micelles diffusion and the stress relaxation was contributed by
disordered concentration fluctuations. In addition, they suggested that stress relaxation comprised
multiple relaxation processes across various time and length scales, resulting in a smaller stress
relaxation time.*° In a different polymer system, Quah et al observed a different phenomenon in
commercial PEO-PPO-PEO triblock copolymer F-127, the structural relaxation time scales
measured by XPCS did not show the corresponding crossover frequency by conventional rheology.
They estimated a crossover frequency by extrapolating G" to a lower frequency outside the
measurable range and found a smaller stress relaxation time. They suggested that structural
dynamic was more rapid at small length scales compared to stress dynamics at the macroscale.?®
In recent years, dynamic behaviors during a disorder-order transition of block polymers have
attracted increasing attention, especially block polymers with ordered microstructures (e.g., body-
center cubic (BCC), hexagonally closed packed cylinders (HEX), and lamellae (LAM)). Lewis 11
et al used XPCS to investigate the diblock polymer melt with BCC microstructure, and they

observed speed distribution within a sample. They believed the speed distribution was caused by
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BCC grain boundary migration.>® Sanz et al discovered that a better-defined LAM microstructure
could result in a slower diffusive motion owing to interfacial diffusion of chain segments.>” With
a similar LAM microstructure, Oparaji et al observed a hyperdiffusive motion in the diblock
polymers doped with different lithium salt concentrations and at different temperatures. They
attributed this behaviour to cooperative dynamics, more specifically grain rotation. Overall,
despite the development of recent progress, it would require much effort to gain insights into the

interplay relationship between dynamics and microstructures of hydrogels.

In this work, polyelectrolyte complexes (PEC) hydrogels, which were prepared by mixing
oppositely charged ABA triblock polyelectrolytes, were exploited to investigate the relationship
between microstructures and relaxation dynamics owing to their tunable microstructures. Block A
was functionalized with either ammonium or sulfonate moieties via thiol-ene click reactions, and
block B consists of neutral poly (ethylene glycol) (PEO) block. The oppositely charged blocks A
rapidly attract each other by electrostatic interaction and form polyelectrolyte complex domains
upon mixing, serving as physical cross-links of three-dimensional polymer networks. We
systematically acquired the information on microstructures and structural relaxation dynamics
with varying polymer concentrations, salt concentrations, and charged block length by SAXS and
XPCS. Besides, rheology was applied to characterize stress relaxation behaviours, wherein the
stress relaxation time scales were similar to or smaller than those measured by XPCS. We
discovered a coupling relationship between relaxation dynamics and LAM microstructure, in
which the lamellar structures coexisted with the double-mode relaxation behaviours. These
findings provide a deeper understanding of how polymer concentration and salt content affect the

microstructures of PEC domains and structural relaxation dynamics at the same time.
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6.2 Material and Method

Triblock Polyelectrolytes Synthesis: The synthesis method of polyelectrolytes was based on
previous studies.®® > First, 20 grams of dried poly(ethylene oxide) (PEO, MW 20,000) was
dissolved in around 60 mL anhydrous tetrahydrofuran (THF) at 45 °C in a glove box with low
huminity and Argon gas. The PEO solution in a 250 mL round bottom flask was titrated with
potassium naphthalenide until the solution color became light green. Then, anhydrous allyl glycyl
ether (AGE) was added to the PEG-dialkoxide macroinitiator solution to make poly(allyl glycidyl
ether)m-polyethylene glycolsss- poly(allyl glycidyl ether)m (PAGEm-PEOa4s5-PAGEm) via anionic
polymerization. The polymerization was allowed to run for two days and then terminated by
degassed methanol. The PAGEm-PEO4s5-PAGEm was precipitated in hexane solvent, filtered, and

dried in vacuum.

Ammonium or sulfonate-funcitonalized PAGEn-PEQ4s5-PAGEm was synthesized by thiol-ene
click reactions. 2 grams of PAGEn-PEOQus5-PAGE, an appropriate amount (5 Equiv. per alkene)
of functional thiol reactants, photoinitiator 2,2-dimethoxy-2 phenylacetophenone (0.05 equiv. per
alkene) were dissolved in a mixture of water and Dimethylformamide (DMF) with volume ratio
of 1 : 1. The mixture solution was degassed by nitrogen gas for 30 minutes. Cysteamine
hydrochloride and sodium 3-mercapto-1-propanesulfonate were used as thiol reactants for
ammonium and sulfonate functionalization, respectively. The solutions were exposed under
ultraviolet (UV) light (365 nm, 8 watt) for at least 6 hours to complete thiol-ene click reactions.
The ammonium or sulfonate functionalized PAGEm-PEOus5-PAGEm product solution was first
dialyzed against deionized water for 14 cycles and then lyophilized. The final products were

characterized by *H NMR (Figures 6-S1 and 6-S2).
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X-ray Photon Correlation Spectroscopy (XPCS)

XPCS experimental results were collected at the Sector 8-ID of the Advanced Photon Source
(APS), Argonne National Laboratory. The PEC hydrogels were loaded into the 3 mm diameter
holes of the aluminum strip with both sides sealed with Kapton tapes to avoid water evaporation.
The distance between samples and detector was set to 3.9 m to obtain the wave vector q. The
coherent 11 keV X-ray with a beam size of 15 x 15 um? was shined into samples. The X-ray
scatterings were collected with a large area Medipix based detector array (LAMBDA, 516 x 1556
pixels, each pixel size is 55 um). The time autocorrelation function g, was analyzed at the
principal peak q* to acquire clear and reliable data information. The g, experimental data, outside
the vicinity of g, were not represented and discussed in this article due to weak scattering and

noised data.
Rheology Characterization

Rheological information was collected by Anton Paar (MCR 302) with a cone plate (diameter
25mm, cone angle 2°) at room temperature (25 °C). A solvent trap was used to reduce water
evaporation during measurement. Oscillatory Amplitude sweep tests were performed at w=1 rad/s
to determine the linear viscoelastic regime. Oscillatory frequency sweeps (0.01-100 Hz) were

measured within the strain in the linear viscosity region.
6.3 Results and Discussion

Previous studies have suggested that relaxation dynamics exhibit a close relationship with
mechanical properties and structure of complex coacervate materials,®> 3 but the relationship

remains poorly understood owing to little knowing their microstructures. In order to systematically
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clarify this relationship, the PEC hydrogels with varied polymer concentration and salt
concentration were characterized by XPCS and SAXS to acquire information on structural
relaxation dynamics and microstructures, respectively. The PEC hydrogels were prepared by
mixing ammonium and sulfonate-functionalized PAGEn-PEOus5-PAGEn with a molar charge
ratio of 1:1, where m represents the repeating unit of the PAGE block. Both cationic and anionic
polyelectrolytes were derived from the same parent polymer (PAGEm-PEO4s5-PAGEm) via thiol-
ene reactions. This feature not only eliminated the uncertainty of mismatched polymer chain length
and stoichiometry issues but also ensured similar inter-domain distance and predictability of PEC
domain properties.® Due to the highly-dense polymer chains inside the PEC domains and the high
electron number of nitrogen and sulfonate atoms, their sizes, microstructures, and dynamics were

capable to be measured by synchrotron X-ray techniques, SAXS, and XPCS.%

A high brightness coherent X-ray source (APS) provided the possibility to probe dynamics of soft
matter by recording the speckles fluctuations on the detectors in an XPCS experiment. The pixel
positions on the detector were typically arranged in the cartesian coordinates. Here, the pixels were
positioned in the polar coordinates, wherein the center of the polar coordinate was the incident
beam position (g = r = 0). Thus, the pixel location was expressed by radial distance r and azimuthal
angle ¢. Therefore, g2(q, t) could be expressed as

(Ir¢ (q(r, ), t1)1r¢ (q(r, ), t + tl))tl,d)
IT‘¢ (Q(T: ¢); tl))tl,qb (Ir¢ (q (T', ¢)I t+ tl))t1,¢

g2(q,t) = ( (1)

Equation 1 was typically used to compute g» by azimuthally averaging isotropic scattering patterns.

However, the ordering of PEC domains produced anisotropic 2-D scattering patterns in company
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with Bragg reflection peaks, which caused Equation 1 to be invalid. Therefore, Equation 1 was

modified as a function of r, ¢, and t, as shown in Equation 2.

_ (Ir(j) (q (T'), (,b, tl)lr(j) (q (1"), d)' t+ tl))t1,¢
(IT¢ (q (T'), ¢' t1)>t1,¢ (IT¢> (q (T'), d)' t+ t1)>t1,¢>

92(q, 1) 2)

The normalized g2(q(r), ¢, t) exhibited an independence of the azimuthal anisotropy feature of
intensity /(q, ¢). Therefore, the ordering of the PEC domain had little influence on the local thermal
fluctuations and resulted in the decorrelation of /(g, ¢). The g-independent isotropic feature of
92(q9(r), ¢, t) permits the possibility to integrate and an average of all g2(q(7), ¢, t) functions to a

single function, g2(q, t).
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Figure 6-1. Microstructure and relaxation of PAGE7o-PEO4s5-PAGE7 hydrogels. (A) One-
dimensional small-angle X-ray scattering intensity I(q) versus wave factor g of the PEC
hydrogels at C,pr from 25 wt% to 50 wt%. I(q) were scaled vertically for clarity based on the
scale factors labelled on the right axis. (B) Intensity-intensity time autocorrelation function,
g2(q", t) and corresponding fitting function g, r;:(q*, t) versus delay time t of Cj,pg from 25 wt%
to 50 wt%. Both g,(q",t) and g, f;:(q", t) were shifted vertically for clarity according to the
values labeled on the right axis. The fitting parameters, (C) Relaxation time (7), (D) Exponential
pre-factors f; and f,, and (E) Stretching exponential (8) were plotted against polyelectrolyte

concentration.
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6.3.1 Coupling Relationship between Microstructure and Dynamic Mode

An examination of the static scattering profiles from the PAGE70-PEQu4s5-PAGE7¢ PEC hydrogels
with increasing C,pg revealed a morphological and ordering transition of the PEC domains from
disordered spheres to parallelly arranged lamellae. As shown in Figure 6-1A, I(q) from the PEC
hydrogels with C,pr = 25 Wit% and 35 wt% had a broad peak near ¢ = 0.028 A, indicating the
presence of the PEC domains in the three-dimensional network and revealing their spherical shape
and disordered arrangements in the network, as quantified by fitting the I1(q) spectra with a sphere
form factor P(q) and hard sphere structure factor S(q) (see Supplementary Information for
details). When C,pr Was increased to 40 wt% and above, the primary peak sharpened prominently
and a secondary peak appeared in the g range of 0.05-0.06 A™. These peaks are indicated by short
vertical bars in Figure 6-1A, and their sharpening and appearance indicate an ordering transition
leading to emergence of the Bragg scattering. Moreover, the secondary peaks in the 40 wt% <
Cprpr < 50 Wt% I(q) spectra appeared at exactly twice the location of the primary peak (q),
indicating the presence of parallelly arranged lamellar PEC domains in these hydrogels. Similar
morphological and ordering transition have been previously reported in the PEC hydrogels,>®
induced by variations in block polyelectrolyte length and concentrations, salt concentration and

pH, and the presence of (interacting or inert) additives in the hydrogels.

The scattering intensity autocorrelation functions, revealing the relaxation dynamics in PEC
hydrogels, exhibited an intriguing correlation with the static scattering from the PEC hydrogels.
Figure 6-1B shows the normalized autocorrelation functions, g,, obtained at g = g* of each
hydrogel, for PAGE7o-PEO4s5-PAGE70 hydrogels with increasing Cp,pg. For the Cppp < 35 Wt%

hydrogels that comprise disordered arrangements of spherical PEC domains (red curves in Figure
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6-1A), the g2 curves featured a single step decay in the vicinity of 0.05— 0.5 s (red curves in Figure
6-1B). For the Cppr = 40 Wt% hydrogels that featured parallelly stacked lamellar PEC domains
(blue symbols in Figure 6-1A), however, the g. curves exhibited a two-step decay, with a fast
decay in the vicinity of 0.05 — 0.5 s followed by a slow decay in the vicinity of 0.5 — 5 s (blue

symbols in Figure 6-1B).

The correlation between the PEC domain microstructure and their relaxation behaviors was further
explored by quantitative analysis of the g, curves to obtain the intermediate scattering function F

as

92(q",t) = a+ kF*(q*,t) 3)

where a and k are the baseline and Siegert factor, respectively. F was further described as a single
stretched exponential decay or a linear combination of two stretched exponential decays (Eq. 4

and Eq. (5), respectively) as:

Ba)
P = few— (=) @
p1(@") B2(q")
F(q*,t) = fiexp — <T1 (tq*)) + f, exp — <T2 (tq*)> (5)

Here 7, 7;, and t, are the characteristic relaxation times, 8, f;, and B, are the stretching
exponents, and £, f;, and £, are the exponential pre-factors such that f = 1 and f;+ f, =1.3260.6
f1 and f, thus represent the fraction of fast dynamics and slow decay, respectively. The values of

the characteristic relaxation times, stretching exponents and the exponential pre-factors, as
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obtained from fits to the data shown in Figure 6-1B with Eq. 3 combined with either Eq. 4 or Eq.5,

are summarized in Figures 6-1C-E.

The characteristic relaxation time t for the g, exhibiting single step relaxation were found to be
in the range of 0.2 - 0.5 s. These 7 values were similar to the faster characteristic relaxation time
7, for the g, exhibiting two-step relaxation. Thus, it can be surmised that the fast relaxation
processes occurred in both disordered and ordered PEC hydrogels. Moreover, the relaxation time
increased with C,pr from 25 wt% to 35wt%, as expected with increasing density of the PEC
domains, but then became nearly independent of C, 5. The slower characteristic relaxation time
T, for the g, exhibiting two-step relaxation were found in the range of 5 s, approximately one

order of magnitude slower than 7 and ;.

The faster and slower relaxation processes both contributed substantially to the overall relaxation
in the ordered hydrogels. Rather counterintuitively, the slower relaxation processes contributed
most significantly upon the emergence of the two-step relaxation processes, as indicated by f,
being the highest for the 40 wt% hydrogels (Figure 6-1D). At higher Cypg, f; and f, approached
each other, indicating nearly equal contributions from the fast and slow relaxation processes.
Surprisingly, we also observed the stretching exponents transition from g ~ 1 for the single step
relaxation to 8, ~ 1.5 accompanied with a 5, ~ 1 for the faster and the slower relaxation steps,
respectively, in the two-step relaxations. These observations were in agreement with previous

studies, where 8 > 1 was a common feature reported in the jammed polymer system.®?

A similar transition of g, from a one-step to two-step relaxation was observed upon the ordering
transition in PEC hydrogels composed of oppositely charged triblock polyelectrolytes based on

PAGE40-PEO4s5-PAGE4 (Figure 6-S3), which possessed a shorter charged block length.
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Expectedly, as the charged blocks were shorter, the PEC domain size and interdomain distances
were smaller as well, resulting in the primary S(q) peak and the primary Bragg peak being located
at a slightly higher g. Nevertheless, similar trends as those observed for the PAGE7o-PEQu4ss-
PAGE?7o hydrogels were noted in these systems, with (i) the faster relaxation timescale z; in the
two-step relaxation processes being similar to the relaxation timescale for the single step relaxation
7, (i) the slower relaxation timescale t, approximately 10 times larger than the 7; regardless of
charged block length and polymer concentration, and (iii) coupling relationship between the

lamellar microstructure and double-mode relaxation.

The PEC domains contain high concentration of the polyelectrolyte endblocks comprising high
atomic number elements, such as sulfur, nitrogen and oxygen. Therefore, the information acquired
by SAXS and XPCS largely reflect the physical properties and relaxation dynamics of the PEC
domains. Moreover, the relaxation dynamics reported here were obtained at a length scale ~26 nm
and ~22 nm for the PAGE7o-PEOuss-PAGE7 hydrogels and the PAGE40-PEOuss5-PAGE40
hydrogels, respectively, as estimated by 27 /g* which corresponded to the average inter-domain
distances in the hydrogels. It is expected that the interconnected nature of PEC domains in the
networks limit their displacement larger than inter-domain distance, in the absence of an external
force. Therefore, the relaxation dynamics in the disordered hydrogels were attributed to the

thermally induced relaxation of PEC the domains around their mean positions.

The fast dynamics always occurred regardless of polymer concentration and PEC domain
microstructure, while the slow dynamics only emerged in the ordered hydrogels. The similarity of
the timescales of the fast relaxation in the disordered and ordered hydrogels also pointed towards

a similar relaxation mechanism at play in these systems. At the same time, in the ordered hydrogels,
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we also expect the PEC lamellae to form microcrystalline domains (or grains), and the relaxation
of these microcrystalline grains is hypothesized to occur through slow rearrangements contributed
by motion along the grain boundaries. Therefore, we hypothesize that the two step relaxation
observed in the ordered hydrogels emerges from a combination of fast relaxing disordered
spherical PEC domains and slow relaxing microcrystalline grains of PEC lamella, both of which

coexist in the PAGE7-PEOu4s5-PAGE70 hydrogels with Cppp = 40 wt%.
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Figure 6-2. Frequency sweeps for PAGE70-PEO4s5-PAGE7o hydrogels with varying polymer
concentrations, Cppr = 25 and 45wt%, in the linear viscoelastic regime. The open and closed

symbol denoted the storage (G') and loss moduli (G"), respectively.
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Coexisting PEC domain morphologies have been previously reported in PEC hydrogels and have
been attributed to a combination of thermodynamic and Kinetic origins. The coexisting
morphologies can exist in metastable equilibrium and can also result from heterogenous local
hydrogel compositions. While the former is expected to be prominent in hydrogels with
composition near the morphology transitions, the latter is more prevalent in hydrogels with high
polymer concentrations wherein uniform mixing becomes increasingly cumbersome. In this
context, the unusual variation of f; and f, with Cpp for the PAGE70-PEO4s5-PAGE70 hydrogels
can also be rationalized. It can be expected that with increasing Cppg, the fraction of ordered
domains in the hydrogels increases and result in a greater contribution from the slow relaxation to
the overall relaxation dynamics. Thus, f, can be expected to grow with C, g, at the expense of f;.
However, we find that f, decreases significantly upon C,pr increasing from 40 wt% to 45 wt%
before increasing slightly upon increasing C,pg to 50 wt%. We hypothesize that the competition
between increasing Cppg leading to a higher fraction of ordered domains and increasing difficulty
in achieving homogenously mixed hydrogels result in the unusual behaviors of f; and f,. The
similar unusual phenomena were also observed in PAGE4o-PEOu4s5-PAGE40 hydrogels, in which

f> decreased slightly upon increasing Cppg from 45 wt% to 50 wt%.

These transitions in the relaxation behavior of the PEC hydrogels upon the ordering transition also
manifest in their distinct response to oscillatory strain. Figure 6-2 and Figure 6-S4 shows the
frequency (w) response of PAGE7-PEQO4s5-PAGE70 hydrogels before and after the ordering
transition, at C,pr = 25 and 30 wt%, and at 40, 45, and 50 wt%, respectively. For hydrogels with
disordered spherical PEC domains, the storage and the loss moduli, G" and G"', appear to be similar
to each other in the high- w region before settling onto a plateau in the low-w region. These

321



observations point towards distinct fast relaxation processes coupled with very slow relaxations
that are not captured in the w window in the disordered hydrogels. Although there was no
frequency crossover for 25 wt% PAGE7o-PEO4ss-PAGE70 hydrogel and 25 wt%, 35 wt% PAGEo-
PEOus5-PAGE40 hydrogels (Figure 6-S5) within the measured frequency range, it is reasonable to
expect a fast stress relaxation behavior in each of these systems, which has been well-known and
repeatedly observed in dilute polymer solutions and gel systems. Therefore, a fast stress relaxation,
whose crossover frequency was higher than 100 Hz, was expected. In contrast, hydrogels that
exhibit an ordered lamellar morphology of the PEC domains have moduli that continually increase
with w and overlap over a large range of w. Thus, it can be argued that in the ordered hydrogels,
there is a continuous spectra of relaxation times associated with stress relaxation processes,
possibly arising from the presence of both disordered spherical PEC domains and microcrystals
(of varying sizes) of lamellar PEC domains, with a possibility of the fraction of either or the sizes

of the latter evolving in response to the external stresses applied on the hydrogels.
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A characteristic stress relaxation time t, for a material can be determined by the frequency of the
oscillatory strain, w, at which storage modulus (G') and loss modulus (G'’) cross over as 7, =
1/w,. In the case of ordered hydrogels, since we observe a range of w over which the moduli
overlap spanning from w, to w,, we define a window of stress relaxation times in these hydrogels
spanning from t,; = 1/wg; 10 T4, = 1/ws, . As shown in Figure 6-3, the stress relaxation
window coincides closely with the structural relaxation times for both PAGE70-PEO4s5-PAGE70
and PAGE40-PEQO4s5-PAGE40 ordered hydrogels, indicating that the stress relaxation phenomena
in these hydrogels manifest from the nanoscale structural relaxation processes, which in turn
comprise the thermal relaxation of the spherical PEC domains in the disordered hydrogels and a
combination of thermal motion of the spherical PEC domains and a slow relaxation arising from
the rearrangements of the lamellar PEC microcrystals in the ordered hydrogels. These observations
are in agreement with previous studies wherein similarity of relaxation timescales from stress
relaxation measured by rheology and structural dynamics measured by the XPCS were

demonstrated.*
6.3.2 Structure and Dynamics of PEC Hydrogels Influenced by NacCl

Addition of salt is an effective approach to control the microstructure, chain relaxation dynamics,
and rheology of PEC materials.%® Salt ions screen the electrostatic interactions among the
oppositely charged bPE chains and diminish the entropy gains from the release of counterions
bounded in the bPE chains into the surrounding aqueous environment.®* Consequently, salt ions
suppress the complexation and phase separation of bPE chains, hinder the formation of PEC

domains, increase the water content in the PEC domains, and induce morphological transition to
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lower ordered systems.®* ¢ Moreover, with enhanced screening and weakened interactions

between the intrinsic ionic pairs, acceleration of chain relaxation is expected.®

The microstructure, dynamics, and rheology of PEC hydrogels were examined by varying salt
(NaCl) concentration Csg,;; from 0 mM to 1000 mM in PAGE70-PEOu4s5-PAGE7 hydrogels with a
fixed Cppg. As shown in Figure 6-4A, parallelly aligned lamellar PEC domains persisted in PEC
hydrogels with Cp,pr= 45 Wt% up till a Cy,;; = 600 mM, but the static scattering from hydrogels
with C,q;: > 800 mM indicated an absence of Bragg peaks, indicating disordered spherical PEC
domains comprising the three-dimensional network in these hydrogels. Correspondingly, the g
curves transitioned from a two-step decay behavior to a single-step decay upon increasing the

Csq1e > 600 mM (Figure 6-4B), denoting vanishment of double-mode relaxation.

In both double- and single-mode relaxations, the fast structural dynamics were observed across
Csq1¢ ranging from 0 mM to 1000 mM (Figure 6-4C). However, the slow structural dynamics
disappeared upon transition from ordered to disordered PEC domains when C,;; Was increased
from 600 mM to 800 mM. Interestingly, we observed that both 7; and 7, remained stable values
at 0 mM < Cyq;r < 600 mM where the double-mode relaxation existed (Figure 6-4B). In a saline

environment, the time scale of 7, was around one magnitude larger than that of z,, which was
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similar in a salt-free environment. At Cg,;; > 800 mM,t, disappeared owing to vanishment of
double-mode relaxation, and 7, remained the similar values. This indicated that although addition
of salt could accelerate chain dynamics, it had limited influence on the relaxation behaviors of
PEC domains and crystalline grains. Upon increasing Cgq;; from 0 mM to 600 mM, f; and f,
varied slightly but remained relatively stable (Figure 6-4D). Similar phenomena were also
observed in B, and 3, (Figure 6-4E). The relative stability of (1) f; and £, or (2) B, and 3, also
reflected that increasing salt loading had a limited impact on the relaxation behaviors and fractions

of PEC domains and crystalline grains.

The frequency response of the salt-doped PEC hydrogels followed a similar evolution with C,g;;
as was observed with decreasing C,pg. Broad regions of G’ and G'' overlap were observed in the
frequency sweeps for PEC hydrogels with Cs,;; < 400 mM, while a liquid-like response with a
small characteristic relaxation time was observed for the gels with Cs,;; = 600 mM (Figure S6).
The stress relaxation time window for the PEC hydrogels with C,,;; < 400 mM coincided closely
with 7, and t,from XPCS. The behavior of the PEC hydrogel with C,,;; =600 mM was intriguing,
as it exhibited an ordered microstructure and a two-step relaxation in g,, but a liquid-like response
in oscillatory rheology experiments. We attribute this behavior to two reasons: (i) Cs4;; =600 mM
was closed to the critical salt concentration separating the ordered and disordered microstructure
and the single- or two-mode relaxation behavior, and (ii) the external force applied during rheology
measurements may accelerate the relaxation dynamics of the PEC domains but also their
morphological rearrangements. Therefore, the two-mode relaxation in the quiescent state in the
Csqi: = 600 mM hydrogels transitions into a single mode relaxation under stress. Overall, the

relaxation time scales and relaxation modes by rheology were in agreement with the ones acquired
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by XPCS. Both experiments reflected the coupling relationship between the microstructure and

relaxation modes in a saline environment.

6.4 Conclusion

In this contribution, XPCS and SAXS were employed to investigate structural relaxation and
microstructures, respectively. We found a strong correlation between the occurrence of the
disordered spheres microstructure and the single-mode relaxation, while the two-mode relaxation
coupled strongly with the presence of lamellar PEC domains. The relaxation timescale in the
single-mode relaxation was comparable to the fast structural relaxation in the two-mode relaxation,
indicating this type of fast dynamics existed regardless of microstructures. The fast dynamic
behavior was mostly attributed to the thermally induced motion of the PEC domains. In
comparison, the slow dynamics is hypothesized to emerge from the slow motion of the lamellar
microcrystalline grains along the grain boundaries. The coupling between the relaxation processes
and microstructures was observed either with varying polymer concentrations or salt content in the
hydrogels. Moreover, the stress relaxation time scales were comparable to or smaller than those
structural relaxation measured by XPCS, corroborating the hypothesis that the overall relaxation
in PEC hydrogels comprises a combination of fast thermal motion of the PEC domains, slow
rearrangements of the ordered PEC microcrystals, and very slow chain exchange between the PEC

domains.
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6.5 Supplementary Information
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Chapter 7

Conclusions and Future Work

In summary, we first reported the innovative PEC IPN hydrogels, which consisted of
interpenetrated electrostatic networks formed by triblock polyelectrolytes and covalent networks.
The physical and mechanical properties of PEC IPN have been investigated systematically, and
PEC IPN hydrogels have demonstrated promising properties for extrusion-based 3D bioprinting
and wet bioadhesives applications. The PEC IPN hydrogels integrate the advantages of two kinds
of networks and meanwhile mitigate their drawbacks. PEC IPN hydrogels exhibited synergistic
effects in shear moduli and tensile properties, which are inaccessible by either PEC or covalent
networks. Furthermore, the PEC network platform has demonstrated high compatibility with
different photocrosslinkable polymers or monomers, such as 4-arm PEGA, PEGDA, AAm, and
GelMA. All these four polymers or monomers have different molecular structures, polymer origin,
crosslinking mechanisms, and molecular weight. Besides, the PEC network platform also
exhibited synergistic effects with covalent networks with varying mesh sizes, which were formed
by PEGDA with different molecular weights ranging from 0.7 kg/mol to 20 kg/mol. Overall, our
one-pot solution strategy was adequate to address some significant drawbacks of
photocrosslinkable hydrogels with a simple one-pot solution method, thus enhancing their

applications, such as wet bioadhesives and extrusion-based 3D bioprinting.

PEC networks retained self-assembly properties regardless of the perturbance of polymer additives
or covalent networks. Self-assembly of PEC domains is essential because PEC domains serve as
electrostatic network joints, which contribute to PEC network formation and mechanical strength.

Polymer additives with a large molecular weight, such as GeIMA, occupied space and caused
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macromolecular crowding, which hindered self-assembly of PEC domains and thus reduced
connectivity of PEC networks. The arrangement of PEC domains enriched the microstructural
complexity of PEC hydrogels and resultant PEC IPN hydrogels. Hierarchical structures of
contemporary hydrogels are highly pursued in tissue engineering applications because structural
complexity of human tissues has been discovered to play a vital role in multi-functions, such as
responsiveness to mechanical and chemical cues.! Contemporary hydrogels not only consider
similar mechanical properties of hydrogels to human tissues but also take into account nanoscopic
structures. The tunable and anisotropic structure of PEC domains provides a feasible platform to
create PEC IPN hydrogels with a similar structure to mimic human tissues. PEC IPN hydrogels
have tunable shear and tensile properties and meanwhile controllable swelling characteristics. One
interesting work in the future is to design PEC IPN hydrogels with the microstructures and
mechanical properties similar to human tissues to systematically investigate the relationship
between microstructures and multifunctional functions of human tissues. Besides, electrostatic
interactions of PEC domains render the ability to encapsulate the charged therapeutic agents (e.g.,
nucleic acid, drug, and protein), improving drug delivery application of PEC IPN hydrogels. The
electrostatic interaction also contributes to pH- and salt- responsiveness properties of PEC IPN
hydrogels, which can be applied to encapsulate or release therapeutic agents. We first reported
PEC IPN hydrogels but we lacked the chance to investigate the drug delivery applications. One
interesting direction is to use PEC IPN hydrogels to encapsulate charged therapeutic agents for
drug delivery applications. To the best of our knowledge, no research work has been reported for

the drug delivery applications of PEC IPN hydrogels.

Interpenetration between PEC and covalent networks contributes to synergistic effects in shear

moduli and tensile properties. Owing to physical interaction, the PEC hydrogels typically feature
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shear moduli less than 20 kPa, negligible tensile strength, and uncontrollable swelling in an
aqueous environment, which restrict their biomedical applications. In comparison,
photocrosslinkable precursors feature low viscosity and negligible mechanical strength, which
limit wet bioadhesives application owing to concentration dilution and material loss in an aqueous
environment and restrict 3D bioprinting application because of undesirable secondary flow from
a target site. After photocrosslinking, covalent hydrogels have limited toughness, lack
microstructural complexity, and possess poor ability to encapsulate and deliver charged
therapeutic drugs. A combination of PEC networks and photocrosslinkable materials can combine
the advantages of the two networks and meanwhile minimize their disadvantages. Introduction of
PEC networks can bring in microstructural diversity in the resulting hydrogels. Before light
irradiation, PEC networks serve as protective scaffolds to enhance the viscosity of precursors and
prevent precursors from concentration dilution in an aqueous environment. After
photocrosslinking, the polymer entanglement between interpenetrated PEC and covalent networks
contributes to remarkable improvements and synergistic effects in both shear moduli and tensile
properties, which are inaccessible by either single network. Besides, the electrostatically
crosslinked PEC networks act as an energy-dissipative structure to enhance reversibility and
toughness of PEC IPN hydrogels. Interpenetration between PEC and covalent networks overcame
the original drawbacks of each network and demonstrated the promising properties for wet
bioadhesives and extrusion-based 3D bioprinting applications. PEC IPN hydrogels have
demonstrated promising properties for 3D bioprinting because PEC networks could serve as
scaffolds to enhance viscosity and mechanical properties for photocrosslinkable GelMA bioink
(e.g., GelMA). Thus, the PEC+GelMA bioink at 37 C° could achieve a similar printing resolution

as the GelMA bioink below 22 C°. The 3D extrusion-based applications can be further expanded
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in two directions. The first direction is to apply PEC networks to other bioinks (e.g., PEGDA) in
extrusion-based bioprinting applications. The second direction is to develop new polyelectrolytes,
which not only can achieve similar effects as the polyelectrolytes used in this dissertation but also
have less cell toxicity, high biocompatibility, and biodegradability. In addition, PEC IPN
hydrogels also have demonstrated promising properties for wet bioadhesives applications. The
PEC networks can serve as scaffolds to protect adhesive ingredient precursors from dilution in a
wet environment, which are typically seen in biomedical applications owing to blood and
biological fluid. Besides, our preliminary work has demonstrated that adhesive ingredient
precursors were able to crosslink and form hydrogels underwater with the presence of PEC
networks. Thus, future work can be expanded to combine PEC networks with different types of

adhesive materials to enhance their functionality in a wet environment.

Polymer dynamics have gradually attracted more attention in recent years. Nanoscale polymer
dynamics not only influence bulk mechanical properties but also affect their biomedical
applications. For instance, a proper range of dynamics could influence cells’ behaviors and
stimulate growth. Despite importance of dynamics, it remains poorly understood about polymer
dynamics and their influences, especially slow dynamics. Slow dynamics was first observed by
dynamic light scattering (DLS) around 40 years ago, but researchers still doubted its existence.
Due to the long wavelength (~ 300-700 nm) of DLS, dust particles can even cause another mode
of dynamics. By using XPCS, we can avoid the influence of dust particles because the X-ray
wavelength of XPCS is around 1.13 A. In our projects, we observed the appearance of slow
dynamics in PEC hydrogels with a high concentration, further confirming the existence of slow
dynamics. Besides, we used and averaged the high-intensity regions of 2D scattering at four angles

to process and generate autocorrection function gz. Our results showed that the anisotropic analysis
348



of scattering patterns provided an alternative and feasible method to process the XPCS scattering
data. XPCS collected the information on microstructures and dynamics at the same time and length
scale, providing a chance to investigate their relationship. By varying polyelectrolyte
concentrations, the PEC hydrogels underwent a microstructural transition from disordered spheres
to lamellar structures. The PEC hydrogels with disordered spheres and lamellar structure have
single dynamics mode and double dynamics mode, respectively. The coupling relationship
between PEC microstructure and dynamics modes was observed in both saline and salt-free
environments. Besides, the structural dynamics by XPCS were in agreement with stress dynamics
by rheology. We believe that the discovered coupling relationship between microstructure and
dynamics will provide a new direction and reference for future structure-dynamics research of
hydrogels in the future. Furthermore, another future work is to investigate how the dynamics and
microstructures of hydrogels influence cell behaviors, which still remains poorly understood in

tissue engineering.
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