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3D Printable Polyelectrolyte Complex-Integrated
Interpenetrating Network Hydrogels with Customizable
Mechanical Strength and pH-Responsiveness

Vaishali Pruthi, Valerian Hirschberg, and Patrick Théato*

Herein, a novel 3D printable ink designed for the fabrication of
interpenetrating polymer network (IPN) hydrogels is introduced, ingeniously
integrating a polyelectrolyte complex (PEC) of hyaluronic acid (HA) and
chitosan (CS) with a photo-crosslinkable P(OEGMA-co-EGDEMA) polymer.
Initially, the carboxyl group of HA is modified with a photo-labile
ortho-nitrobenzyl group, preventing premature PEC formation during 3D ink
formulation. Subsequent UV illumination via digital light processing (DLP)
simultaneously triggers the photo-deprotection of the carboxyl group of HA
and the photopolymerization of OEGMA crosslinked hydrogel, together
creating a PEC-integrated IPN hydrogel. Comprehensive characterizations,
including NMR, IR, UV/Vis, TGA, DSC, SEM, and mechanical tests are
conducted to evaluate the structural, morphological, and rheological

properties of these hydrogels. Furthermore, adjustments to the composition of

the 3D ink enable the production of hydrogels with a spectrum of mechanical

strength and elastic modulus ranging from 1 to 10 kPa. The resultant PEC-IPN

hydrogels display excellent flexibility, compressive strength, high strain
tolerance, pH responsiveness, and thermal stability. In essence, the approach
seamlessly merges natural polyelectrolytes with technological innovation to
refine 3D ink production. This method could mark a pivotal advancement in

incredibly versatile across numerous
areas. For example, they are instru-
mental in drug deliveryl’! and tissue
engineering,[*’! as well as in the cre-
ation of smart actuators,®® flexible
electronic devices,”! sensors,[* func-
tional coatings,'!l and water harvesting
systems.[?] This versatility stems from
their unique characteristics — softness
with an ability to tune their mechanical
properties, responsive behavior, biocom-
patibility, bioactivity, unique viscoelastic
character, wetness and aptitude for
mass transport.['¥] On account of these
inherent properties, hydrogels have
been widely adopted and continue to
offer significant benefits for 3D printing
applications across various fields.[**1%]
3D printing smart hydrogels is a
pathway for developing functional
material-based devices.!®) In the past
decade, there has been the introduction
of various 3D printing techniques like-

the realm of 3D materials, unlocking numerous prospective applications.

1. Introduction

Hydrogels, distinguished by their hydrophilic nature and 3D
cross-linked polymeric structures swollen in water, have become
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extrusion-based printing, 18! stereolith
ography  (SLA),21  digital  light
processing (DLP),[?!?2]  bioprinting,[**]
and inkjet printing'3?*] for the fabrication of hydrogel materials.

Among them, DLP stands out due to its unique advantages in
precision, speed, and versatility. Digital light processing (DLP)
employs a digital light projector to cure photopolymer resins
layer by layer, allowing for the creation of intricate structures
with high resolution.’!) 3D printing has been extensively used
for the production of hydrogels for tissue engineering,?’! drug-
loading,[?% scaffolds,!?’] regenerative medicines!?8! and microflu-
idic devices.[?°! Particularly, the customization of the 3D ink can
enhance various desirable properties of the printed structure. A
study conducted by Zolfagharian et al. in 2018 reveals the advan-
tage of using a 3D printer to fabricate a chitosan-based polyelec-
trolyte actuator, comparing its performance with conventional
cast chitosan.’”) By employing naturally occurring, biocompat-
ible, and biodegradable polymer materials, it is possible to cre-
ate intricate and responsive hydrogel structures through additive
manufacturing.

Among the wide array of bioinks currently being investigated,
hyaluronic acid (HA) and its derivatives hold a distinct position.
Hyaluronan, a constituent of the extracellular matrix, is a gly-
cosaminoglycan characterized by its high molecular weight. It
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is uniquely structured, comprising repetitive disaccharide units,
specifically N-acetylglucosamine and glucuronic acid. HA’s bio-
logical relevance and cytocompatibility are key features, comple-
mented by its shear-thinning properties. Additionally, its unique
viscoelastic nature and capacity for precise fine-tuning of desired
attributes through chemical modifications further underscore its
significant potential in the field.3!]

Acting as a biocompatible polycationic natural polymer, chi-
tosan can also be crosslinked with HA to form a polyelectrolyte
complex (PEC).*? Chitosan, a natural, mildly polycationic com-
pound, consists of non-linearly structured units of N-acetyl-
glucosamine and glucosamine. Owing to its desirable physic-
ochemical characteristics, optimal viscosity, and cell adhesion
capabilities, it is deemed fit for bioprinting applications.!?333
PECs are physically crosslinked as a result of electrostatic inter-
action between two oppositely charged polyelectrolytes and the
entropic-driven release of small counter ions.?*l In comparison
to covalently crosslinked hydrogels, PEC exhibits greater sensitiv-
ity to swelling, particularly in response to pH variations.3?] But
when exposed to aqueous environments, PEC undergoes con-
tinuous swelling and will ultimately dissolve, which results in
the breakdown of their structural integrity. However, by achiev-
ing controlled and adjustable swelling, it is possible to prevent
the loss of material, maintain the stability of the structure and
mechanical characteristics, and preserve the functionalities of
PEC hydrogels.*>] They offer a promising foundation for creat-
ing soft materials tailored for various biomedical applications.
These applications range from serving as scaffolds in tissue
engineering,[?3¢! drug delivery,¥”3#! ionic conductors**#°! and
food industry.*1*2] The mechanical robustness of PEC hydrogels
can also be modulated by varying the reactive ion pairs. In 2018,
Liu et al. reported the fabrication of a 3D-printed PEC hydrogel
by polycomplexation of alginate and chitosan.[’]

Among the extensive range of polymeric-based matrices, inter-
penetrating networks (IPNs) and semi-IPNs membranes stand
out due to their exceptional adjustability in composition and
physicochemical properties. This adaptability is facilitated by
integrating various polymers and utilizing different crosslink-
ing techniques. These innovative systems exhibit impressive en-
hancements in both stability and mechanical strength, primar-
ily attributable to molecular reinforcement due to the interwo-
ven networks of diverse polymers.[*] IPN is a structure formed
by two or more polymer networks that are interlinked, either
physically or chemically, and intertwined with one another. On
the other hand, a semi-IPN is slightly different, with only one
polymer undergoing crosslinking.*#*’] In 2016, Bootsma et al.
fabricated complex and tunable IPN hydrogel materials possess-
ing tissue mimetic properties using dual syringe 3D printing
technique.[*]

Moreover, a recent study by Li et al. reported the creation of
PEC-IPN hydrogels in order to overcome the drawback of PEC
by interlacing it in a covalent network.*”] They highlighted the
synergic improvements in the mechanical properties of the hy-
drogel network by incorporating PEC in IPN. Although 3D print-
ing of PEC and IPN has been studied separately, research on 3D
printing of such PEC containing IPN hydrogels is still emergent,
which motivated us for the present study. The quest to efficiently
3D print IPN hydrogels faces intriguing challenges, especially
in understanding and manipulating their viscoelastic properties.
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This research gap is critical, as these properties are pivotal in ma-
terial applications.

Herein, we designed a unique approach for 3D printing of IPN
hydrogels, containing PEC of HA/CS and photo-crosslinkable
P(OEGMA-co-EGDEMA) polymer. First, we synthesized an ortho-
nitrobenzyl protected ester of hyaluronic acid in order to avoid
the PEC formation while mixing the polyelectrolytes (PEs) in
the 3D ink. The strategy is to induce the photodeprotection
of the carboxyl group of HA and the photopolymerization of
OEGMA crosslinked hydrogel simultaneously under UV using
digital light processing (DLP). Moreover, we fabricated and op-
timized the photopolymer, semi-IPNs and IPNs using conven-
tional methods for 3D printing. All the synthesized hydrogels
were characterized by studying their structural, morphological
and rheological properties. The composition of the 3D ink was
adjusted and modified for further improvement, enabling the
production of hydrogels with diverse mechanical strengths. The
comparative pH-induced swelling properties of the hydrogels
were also investigated in this work. Therefore, we report a tech-
nique to print PEC-containing IPN hydrogels with variable me-
chanical properties. This strategy could herald a major leap for-
ward in the field of 3D materials, paving the way for numerous
emerging applications.

2. Results and Discussion

2.1. Composition of 3D Ink

For the fabrication of PEC-containing IPN hydrogels, the initial
step was to prepare the photo resin (3D ink) and optimize its com-
position. The strategy is to enable simultaneous photodeprotec-
tion and photo-polymerization in the photoresin when exposed
to UV light. Figure 1 illustrates the method employed for the
formulation of 3D ink. To do so, naturally available, oppositely
charged biopolymers—chitosan (CS) (a cationic polyelectrolyte)
and hyaluronic acid (HA) (an anionic polyelectrolyte), were em-
ployed. Firstly, in order to avoid the PEC formation before print-
ing, the carboxyl groups of hyaluronic acid were protected using
an ortho-nitrobenzyl photo-labile protecting group (PPG). On ex-
posure to UV light at 365 nm, the PPG is cleaved due to photo-
induced deprotection and the COOH functionality is restored,
which leads to the formation of PEC.

Further, to induce photopolymerization in the 3D ink,
oligo(ethylene glycol) methyl ether methacrylate (OEGMA), ethy-
lene glycol dimethylacrylate (EGDEMA) and lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) were used as a poly-
merizable vinyl monomer, crosslinker, and water-soluble pho-
toinitiator, respectively. LAP is a suitable candidate for 3D inks
to form hydrogels as it offers a balance between biocompatibility
as well as photon absorption, along with a high polymerization
rate at low concentrations.*®!

2.2. Protection and Deprotection of Hyaluronic Acid Using
Ortho-Nitrobenzyl PPG

2.2.1. Protection of HA Using Photolabile Group

The photo-labile protection of the carboxyl group on
hyaluronic acid was achieved by grafting the o-NB groups onto
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Figure 1. Conceptual diagram detailing the methodology for 3D ink formulation.

carboxylic acid groups of HA chains through an ester link-
age (Scheme 1a). The HA salt was esterified with ortho-
nitrobenzyl chloride, resulting in the formation of o-NB HA
ester. By varying the amount of ortho-nitrobenzyl chloride
added to the mixture, various o-NB grafted HA derivatives were
obtained.

The IR spectra of the product confirmed the presence of the
ortho-nitrobenzyl group (Figure 2a). The characteristic bands of
the —NO, group were observed at 1526 and 1346 cm™, and the
ester peak at 1750 cm™!. The esterification was further validated
using the 'H NMR of HA-NB (Figure 2b). 'H NMR of the ob-
tained ortho-nitrobenzyl ester of HA showed the characteristic
shifts at 7.5 to 8.2 ppm for the aromatic (—C;H,—), along with
the shifts at 3.1 to 4 ppm. The o-NB grafting degree was calculated
by integrating the NMR signal from the aromatic protons in the
0-NB group and the NMR signals from the anomeric protons of
the disaccharide units in HA. Moreover, UV/vis spectroscopy was
conducted for various HA-NBs with different grafting degrees,
dissolved in water at a concentration of 0.2 mg mL™. The result-
ing spectra are depicted in Figure 2c.

2.2.2. Photo-Deprotection

The o-NB protecting group can be easily cleaved when irradi-
ated with UV light (365 nm), as shown in Scheme 1b. Upon
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UV exposure, the o-NB ester linkage undergoes a photo-induced
cleavage upon UV irradiation, resulting in the release of HA and
the formation of a nitrosobenzaldehyde byproduct. This could
be confirmed by the NMR spectra at different intervals of UV-
irradiation on HA-NB as shown in Figure 2d. The new peaks
arising at 9.36 and 10.25 ppm, representing the aldehyde CHO
group in nitrosobenzaldehyde and the free COOH carboxylic acid
group of HA, respectively, confirm the deprotection of HA-NB.
The photo-deprotection of the HA-NB derivative was also studied
using UV/vis spectroscopy (Figure 2e). A change in the color of
the HA-NB solution was noted when exposed to UV (4 & 365 nm)
over a period of time, transitioning from a light yellow (t = 0 min)
to a deeper yellow hue (t = 360 min) (Figure 2f). The time taken
for photo-cleavage also depended on the intensity of light irradi-
ated and the degree of NB grafting on HA.[*!

2.3. 3D Ink Formulation

In order to establish the optimal composition of the photoresin
for 3D printing applications, the initial step involves optimizing
the formulation of 3D ink. This process was undertaken by first
synthesizing photo-polymers using the standard cast-mold tech-
nique, employing a UV lamp with a 365 nm wavelength as the
illuminating source. The optimized compositions for the photo-
induced syntheses of the hydrogels are detailed in Table 1.
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Scheme 1. a) Synthetic route for the protection of HA using ortho-nitrobenzyl photo-labile protecting group, b) deprotection of ortho-nitrobenzyl ester

of HA (HA-NB).

2.3.1. Photocrosslinkable P(OEGMA-co-EGDEMA) Hydrogel

A variety of photopolymers were produced by adjusting the
amounts and combinations of three components: OEGMA as
the monomer, EGDEMA as a crosslinker, and LAP as the pho-
toinitiator. The mixture was subjected to UV light (365 nm) for
the fabrication of hydrogels. The crosslinker ratio was tuned to
adjust the crosslinking density, with an excess potentially lead-
ing to brittleness. Also, the photoinitiator concentration was reg-
ulated to refine the speed and efficiency of curing. An opti-
mal concentration range of 2—4 mol% for EGDEMA and 1 wt%
LAP was determined. The completion of crosslinking and photo-
polymerization was confirmed through the use of infrared (IR)
spectroscopy. As depicted in the IR spectra (Figure 3a), the C=C
bonds in the methacrylate group (1637 cm™!) of OEGMA and
EGDEMA disappeared after photopolymerization and symmetric
methylene stretching (—CH,) at 2870 cm™" remained as it does
not participate in the polymerization.

2.3.2. PEC Hydrogel of HA-NB and CS

PEC hydrogels were prepared by mixing different proportions of
HA-NB and CS to optimize the ratio that would result in a stable

hydrogel film. The hydrogel comprising HA-NB/ CS with the ra-
tio of 1:1 was found to be the most stable, probably as a result of
maximum complexation due to the strongest ionic interaction.
As shown in Figure 3b, the IR spectra of dried PEC film was
compared with that of HA-NB and CS. The IR spectra of PEC
showed bands between 1560 cm™! and 1650 cm™! representing
C=0, N—H and C—N vibrations. It confirms the ionic interac-
tion between carboxylic acid group of HA and amine group of CS,
hence the formation of PEC. Moreover, a slight shift in the posi-
tion and changes in the intensity and shape of the O—H (3200 to
3600 cm™') and N—H (~3200 to 3600 cm™!) bands in PEC spectra
also could be seen as a result of hydrogen bonding between HA
and CS.

2.3.3. Semi-IPN Hydrogel Containing Hyaluronic Acid or Chitosan

The formation of semi-IPNs comprised of either HA or CS
involved dissolving them separately with a trio of OEGMA,
EGDEMA, and LAP, and using UV light to induce gelation.
The concentration of polyelectrolyte was varied in order to op-
timize the dissolution of the mixture and the stability of the
hydrogel. Figure 3c displays the IR spectra of semi-IPN con-
taining HA, highlighting the distinctive bands of both HA and

Table 1. Optimized composition for the photo-induced synthesis of hydrogels.

Photopoymerized hydrogel OEGMA EGDEMA LAP HA HA-NB (& Gelling Elastic modulus®
l8l [mol%] [wi%] (mg] (mg] (me] time®) [min] [kPa]

P(OEGMA- co -EGDEMA) 0.5 3 1 - - - 5 1

Semi-IPN with CS 0.5 3 1 - - 2.5 5 4

Semi-IPN with HA 0.5 3 1 2.5 - - 5 2

IPN (HA-NB, 5 /CS)1:1 0.5 3 1 . 2.5 25 15 8

IPN (HA-NB,5/CS)1:2 0.5 3 1 - 5.0 2.5 15 6.5

IPN (HA-NBg/CS)2:1 0.5 3 1 - 25 5.0 15 7

? Gelling time was calculated by measuring the time it takes for a liquid precursor to form a gel); ) Elastic modulus was determined through rheological assessments.
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Figure 2. a) IR spectra comparing HA-Na and HA-NB, b) "H NMR spectra of HA-NB in D,O, c) UV/Vis absorption spectra of HA-NBs highlighting
variations in grafting degrees, d) "H NMR spectra (400 MHz, 298 K) presenting the deprotection process of HA-NB in D,O at distinct photo-irradiation
time points, €) UV/Vis absorption profiles demonstrating the deprotection of HA-NB upon UV exposure at various intervals (note: all spectra were
acquired in D,O at a concentration of 0.2 mg mL™") and f) time-dependent color transition in HA-NB solution under UV light exposure.

P(OEGMA-co-EGDEMA). Similarly, it presents the IR spectra for
the semi-IPN with CS, emphasizing the characteristic bands of
CS and P(OEGMA-co-EGDEMA).

2.3.4. Polyelectrolyte Complex (PEC) Containing IPN Hydrogel

PEC-incorporated IPN hydrogels with varying properties were
fabricated by using HA-NBs with different grafting degrees (0.2
to 0.7) and by adjusting the ratio of the HA-NB and CS com-
ponents (i.e., 1:1, 1:2, 2:1) in the blend, containing OEGMA,
EGDEMA and LAP. The proportions of polyelectrolytes were
varied to investigate their effect on the degree of ionic interac-
tion and complexation within the hydrogel. The simultaneous
photo-polymerization and photo-cleavage of 0-NB ester linkage
was achieved by exposure to UV light (365 nm). The IR spectrum

Adv. Mater. Technol. 2024, 2400416 2400416 (5 of 12)

of IPN with PEC (HA-NB/CS) is shown in Figure 3c, which also
displays the band at 1640 cm™, confirming the ionic interaction
between HA and CS. Figure 3d,e displays the IPN hydrogels pro-
duced using the invert-vial method, while Figure 3f showcases
the lyophilized hydrogel.

2.3.5. Optimized 3D Hydrogel Ink Formulation

To achieve the desired crosslinking density, mechanical proper-
ties, curing efficiency, and printability of the hydrogels, the photo-
resin’s optimized composition was established through the
synthesis methods mentioned earlier. It was scaled up in order to
prepare sufficient ink (%10 mL) in the resin tank, to process the
printing. For this, a PEC-integrated IPN hydrogel ink was pre-
pared by dissolving the solution of 50 mg HA-NB in water, 10 g

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. IR spectra of a) P(OEGMA- co -EGDEMA) hydrogel alongside its individual components: OEGMA and EGDEMA, b) PEC(HA-NB/ CS) in
comparison to HA-NB and CS, c) semi-IPNs and IPN hydrogels, d) visualization of hydrogel formation via the invert-vial technique used for optimization
of composition of 3D ink, €) IPNs with different proportions of HA-NB and CS, f) lyophilized (freeze-dried) IPN hydrogel, g) photographic captures of
3D printed hydrogels (printed using Miicraft Hyper 80x3D printer with UV = 365 nm).

OEGMA, 0.079 g EGDEMA (2 mol%) and 0.10 g LAP (1 wt%)
solution in 3 mL water. Then, a solution of 50 mg CS in 1% AA
was added to the mixture. The mixture was stirred for 15 min
to completely dissolve all the components. Once a homogenous
mixture was obtained, it was then poured into the resin tank of
the DLP 3D printer for printing.

2.4. 3D Printing of Hydrogels
The 3D ink optimized in the previous step was employed for the

3D printing of hydrogels. In order to print the hydrogels, the com-
ponents of the 3D ink were blended together to prepare a ho-

Adv. Mater. Technol. 2024, 2400416 2400416 (6 of 12)

mogenous mixture and this ink was then transferred to the resin
bath of a digital light processing (DLP) printer. When optimizing
the 3D ink formulation, the interplay between the chemistry of
the ink and the DLP printer settings was considered. The photo-
resin was tuned to adjust the ink’s viscosity (by varying the ratio of
constituents) and curing depth (by modifying the photo-initiator
composition). Additionally, the printing parameters such as- light
intensity (365 nm), base curing exposure time (50 s), layer thick-
ness (20 pm) and printing speed (slow) were adjusted in order to
refine the printed material. (More details are mentioned in Table
S1 and Figure S6, Supporting Information). PEC-based IPN hy-
drogels with variable compositions of HA-NB and CS were suc-
cessfully printed as shown in Figure 3g.

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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2.5. Properties of Hydrogels
2.5.1. Swelling Properties

Swelling was measured in terms of the percentage increase in
weight, indicating the amount of water the hydrogel had ab-
sorbed (Equation S1, Supporting Information). The graph rep-
resenting the comparison in the swelling percentage of all the
hydrogels is depicted in Figure 4a. The hydrogel pictures in
Figure 4b clearly show the remarkable difference in the size of
the hydrogels when swollen till equilibrium.

The comparative trend observed in the swelling is as follows:
IPN hydrogels > semi-IPN hydrogels > P(OEGMA-co-EGDEMA)
hydrogel, with the equilibrium swelling percentages as follows:
PEC-integrated IPN hydrogels at 2455%, Semi-IPN with HA at
1127%, semi-IPN with CS at 780%, and P(OEGMA-co-EGDEMA)
hydrogel at 532%. The pronounced swelling ability of the poly-
electrolyte IPN gels can be attributed to the electrostatic forces
that drive the charged groups on the polymer chains apart.>!
Both HA and CS, being natural polysaccharides, possess hy-
drophilic characteristics, though they differ slightly in their water
retention abilities.

2.5.2. pH-Induced Swelling

The swelling behavior of the synthesized hydrogels was also in-
vestigated at different pH values of pH 1, 3, 5, 7 and 11. As
depicted in Figure 4c, the IPN hydrogels exhibited maximum
swelling at pH = 3 and minimum at pH = 5. At pH = 7, the
swelling again increased and was observed to be higher at pH =
11. This could be explained as PEC hydrogels are created through
ionic interaction and the extent to which they swell is governed
by the pH-responsive charge interactions of the two polymers.5!]
Furthermore, they possessed a notable water content and high
electric charge, facilitating the diffusion of water.®?l When pH
changed, the charge balance as well as the degree of interaction
between HA and CS also fluctuated. The lowest swelling occurred
when pK_ (anionic)<pH<pK, (cationic).>?! pK, of HA and CS are
3 and 6.5, respectively. Therefore, at low pH, amino groups of CS
are ionized and at pH > 6.5, carboxyl groups of HA are ionized,
resulting in higher swelling. The swelling ratio is least at pH =
5, as a result of strong electrostatic interactions between the poly-
electrolytes.

Additionally, swelling was also dependent on the relative pro-
portion of polyelectrolytes in PEC as illustrated in Figure 4c.
This is attributed to the change in the degree of interaction
and crosslinking density in the PEC.[32] Therefore, it is possi-
ble to modulate the properties of PEC-IPN hydrogel by tuning
its composition. Hydrogels of this nature, characterized by pH-
responsive swelling and adjustable attributes, hold immense po-
tential across a wide array of applications, including drug delivery
systems and the field of soft robotics.

2.5.3. Morphological Properties
Figure 4d shows scanning electron microscopy (SEM) images of

freeze-dried P(OEGMA-co-EGDEMA), semi-IPN with CS, semi-
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IPN with HA and IPN with HA-NB/CS (1:1) hydrogels. The ob-
served porosity in these hydrogels aligns well with the swelling
percentage calculated for each hydrogel. This is due to the fact
that the equilibrium water uptake of hydrogels notably rises with
an increase in porosity.l>3] Moreover, the different components
in the semi-IPN and IPN structures had distinct effects on the
porosity of the hydrogels. Introducing HA to the hydrogel re-
sulted in a greater increase in porosity compared to adding CS.
This could be due to their different interactions with the polymer
matrix. Further, the combination of HA and CS in the IPN, con-
taining P(OEGMA-co-EGDEMA) resulted in the largest pores,
suggesting a potential synergistic effect or complexation between
these components. This could be attributed to the entropy and
strong electrostatic attraction between the oppositely charged
polymers.P>*]

2.5.4. Thermal Properties

Thermal characterization of the synthesized hydrogels was per-
formed by employing thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) techniques to provide
a comprehensive understanding of their thermal stability and
durability. Figure 4e represents the comparative TGA curves for
the freeze-dried hydrogels. All the fabricated hydrogels showed a
high thermal decomposition temperature (T; (5%)) ranging be-
tween 220 °C to 290 °C, indicating high thermal stability levels.
Such resilience to heat ensures that these hydrogels can be em-
ployed across various applications where elevated temperatures
are encountered, maintaining their integrity and functional per-
formance without degradation. Furthermore, the DSC graphs of
the swollen hydrogel samples are illustrated in Figure 4f. DSC
serves as a crucial method for identifying the physical state of wa-
ter within the hydrophilic polymer.*>! The DSC of all hydrogels
showed an endothermic peak at around 1 °C and 10 °C which
is probably attributed to the melting of freezing bound water
and freezing free water in the hydrogels, respectively. Addition-
ally, the endothermic peak representing the vaporization of non-
freezable bound water, varying from 107 °C in semi-IPNs, 110 °C
in IPN and 114 °C in P(OEGMA-co-EGDEMA) can be observed.
This variation could be associated with the changes in the degree
of crosslinking, water-polymer interactions and hydrophilicity.>®]
The interplay among the charged polymer chains present in HA
and CS introduces a subtle shift in the peak and gives rise to an
additional shoulder on the DSC curve. Furthermore, the varia-
tions in the area under the endothermic peak in various hydro-
gels can be attributed to the differing complexities of their struc-
tures and the varying amounts of water they retain within their
matrices. (Figure S5, Supporting Information).

2.5.5. Tunable Mechanical Properties

To analyze the mechanical behavior of the prepared hydrogels
and to understand the influence of different components on their
mechanical properties, strain and frequency-dependent shear
rheology to study the flow behavior and uniaxial compression
tests were conducted to measure the storage (G’) and loss mod-
ulus (G”) at room temperature (20 °C) and an angular frequency
ranging from 0.1 to 100 rad s1.[#+>7]

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. a) Comparative analysis of swelling percentages among various hydrogels, b) representative images of hydrogels pre- and post-swelling,

) pH-responsive swelling behavior of IPN hydrogels with varying polyelectrolyte content, d) SEM micrographs illustrating the differential porosity
(Magnification = 2500x), e) TGA profiles and f) DSC plots of P(OEGMA-co-EGDEMA), semi-IPNs and IPN hydrogels.
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Figure 5. Frequency sweep analyses demonstrating the viscoelastic properties via storage and loss modulus measurements for a) P(OEGMA-co-
EGDEMA), semi-IPNs, and IPN hydrogels, b) IPNs integrated with HA-NB of varied grafting degrees, c) IPNs containing diverse ratios of polyelectrolytes,
d) relationship between complex modulus |G*| and weight percentage of various polyelectrolytes at an angular frequency of 100 rad s, e) depiction of
hydrogel resilience, maintaining integrity even under substantial compression at a strain of 80% and f) stress-strain profiles derived from compressive

testing of hydrogels.

For all examined hydrogels, rheological analysis consistently
reveals a higher value of G’ relative to G”, indicating a dominantly
elastic (“solid-like”) behavior of gels over viscous behavior.[*’]
This suggests that the hydrogels possess a robust internal poly-
mer network capable of maintaining structural integrity and re-
covering to its original form/shape upon stress removal.

As illustrated in Figure 5a, introducing a polyelectrolyte into
the P(OEGMA-co-EGDEMA) hydrogel network increased G’ and
G”, thereby enhancing the hydrogel’s stiffness. Furthermore, the
semi-IPN with CS integrated into P(OEGMA-co-EGDEMA) ex-
hibited a stiffer network (G’ ~ 4 kPa) compared to the semi-
IPN with integrated HA (G’ = 2 kPa). IPNs that incorporated
PEC (HA/CS) displayed even higher G’ values (ranging from 5
to 10 kPa). This increase is attributed to heightened molecular
interactions, complex formation, and higher crosslinking density
due to the presence of two crosslinked networks within the [IPN
hydrogel system.

Consequently, PEC-IPN hydrogels with different mechanical
strengths were achieved using HA-NB with varying grafting ra-
tios of the o-NB group. Figure 5b illustrates the relationship be-
tween the grafting degree of 0-NB and the changes in the storage
modulus (G’) and the loss modulus (G”). Notably, as the grafting
degree of HA-NB decreased, G’ increased. This trend may be at-
tributed to a higher degree of complexation and the formation of
a denser network structure in the IPN with the lowest grafting de-
gree of HA-NB, specifically IPN(HA-NB,,,/CS) which displayed

Adv. Mater. Technol. 2024, 2400416 2400416 (9 of 12)

a G’ of 10 kPa at a frequency of 100 rad/s. Such a structure limits
the mobility of the polymer chains, thereby enhancing the ma-
terial’s rigidity and leading to a larger G’ compared to G”. On
the other hand, the IPN(HA-NB,;/CS) demonstrated values of
G’ and G” that were closer together, signifying a comparably less
elastic material and a higher viscous contribution in the mechan-
ical response.

Figure 5c further illustrates the impact of the ratios of HA-
NB,; and CS on G’ and G” of the PEC-integrated hydrogel. No-
tably, the IPN with a (HA-NB 5 /CS) ratio of 1:1 exhibited a higher
G’ (8 kPa) and G” (3 kPa) compared to the 1:2 and 2:1 HA-
NB, 5:CS ratios at the angular frequency of 100 rad s'. Therefore,
the 1:1 ratio of HA-NB and CS provides an optimal crosslink-
ing density, resulting in a balance between the rigidity provided
by crosslinks and the flexibility necessary for some movement
within the network.

Figure 5d displays a bar graph that highlights the variations in
the complex modulus (|G*|) of the hydrogels based on their dif
ferent compositions. The integration of HA-NB with CS within
an interpenetrating network (IPN) significantly augmented |G*
relative to semi-IPNs composed exclusively of HA and CS. This
could be ascribed to the optimal synergy and strong electrostatic
interaction in PEC, resulting in a more structurally cohesive and
mechanically robust network.[*’! Moreover, the elevated |G*| val-
ues observed in IPNs validate the development of a polymer ma-
trix that possesses reinforced structural integrity and augmented
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resistance to deformation. The IPN configuration with a balanced
1:1 HA-NB/CS ratio is distinguished by its superior mechanical
resilience, as evidenced by its highest |G*| value, which is 2x the
value for Semi-IPN with CS.

Therefore, we demonstrate that by judiciously altering the
network structure and molecular composition, it is feasible to
precisely engineer the mechanical properties of hydrogel net-
works to meet bespoke application requirements. Prior stud-
ies, notably in 2021, have showcased printed PEC hydrogels de-
rived from HA and CS with shear storage moduli within the
range of 0.1 to 1 kPa.’8) Here, we present a notable enhance-
ment in the mechanical strength of our 3D printable IPN hydro-
gel, with G’ values registering between 5 to 10 kPa, attributable
to the incorporation of PEC into the crosslinked P(OEGMA-co-
EGDEMA) framework. This is in agreement with the reported
literature that indicates the cumulative effects of network inter-
actions enhancing mechanical performance beyond that of indi-
vidual components.[*’]

Additionally, compression tests were also performed for all the
hydrogels for comparative analysis. The IPN hydrogel featured in
Figure 5e demonstrated its durability by resisting breakage even
under intense compression at a strain of 80%. The stress-strain
graph of hydrogels illustrated in Figure 5f reveals that these hy-
drogels could endure substantial strain without breaking. There-
fore, all the fabricated hydrogels demonstrated good mechani-
cal properties, and outstanding compression properties, coupled
with high flexibility and stretchability (Figures S3 and S8, Sup-
porting Information).

3. Conclusion

In our study, we introduced the formulation of a novel 3D ink
for printing IPN hydrogels by skillfully combining the PEC of
HA and CS with a photo-crosslinked network of P(OEGMA-co-
EGDEMA) polymer. Firstly, we modified the carboxyl group on
HA with a photolabile ortho-nitrobenzyl group to avoid the early
formation of the PEC during 3D ink development. This alteration
culminated in a dynamic UV-mediated process, wherein the car-
boxyl group was photo-deprotected and the OEGMA hydrogel
was crosslinked in a simultaneous action. In-depth characteriza-
tions of the hydrogels underscored their structural, morphologi-
cal, and rheological properties. We also evaluated their swelling
dynamics as well as their pH sensitivity. After refining the com-
position of the 3D ink, the fabricated IPN hydrogels created had
mechanical attributes with G’ spanning 5 to 10 kPa, displaying
significant flexibility, commendable compression resistance, and
high strain tolerance. This level of customization is what sets our
work apart from others in the literature, as it provides a versatile
platform for creating tailor-made hydrogels with desired charac-
teristics. Thus, our research presents a promising approach for
the fabrication and 3D printing of PEC-integrated IPN hydrogels
with regulated swelling and the maintenance of structural stabil-
ity, mechanical robustness, and intrinsic functions within the hy-
drogels. Their pH sensitivity and excellent thermal resilience fur-
ther solidify their potential. At its core, our strategy harmoniously
melds the innate attributes of natural polyelectrolytes with con-
temporary 3D ink refinement techniques, offering a cost-efficient
and dependable approach. The potential of this technique is vast,
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with promising implications for areas such as— biomimetics and
soft robotics.

4. Experimental Section

Materials: Sodium hyaluronate (M, ~ 10°%) was purchased from
Alfa Aesar and chitosan ((50 000-190 000 Da) was purchased from
Sigma. OEGMA ((oligo(ethylene glycol) methyl ether methacrylate) (M,
= 500) and EGDEMA (ethylene glycol dimethacrylate) were received
from Sigma and were purified by passing through basic alumina be-
fore use. LAP (lithium phenyl-2,4,6-trimethylbenzoylphosphinate), ortho-
nitrobenzyl chloride, and tetrabutylammonium hydroxide were also sup-
plied by Sigma. All solvents including DMSO, acetic acid, and buffer so-
lutions were used as received. Ultrapure MilliQ water with a resistivity of
18 MQ cm was employed.

Characterization: "H NMR (400 MHz) spectra were recorded on a
Bruker Ascend 400 NMR spectrometer at ambient temperature using D,O
as a deuterated solvent. IR spectroscopy of dried hydrogels was performed
using Bruker Vertex 80 FT-IR spectrometer. The protection and deprotec-
tion of o-NB grafted HA were studied by UV/Vis spectroscopy using an
Ocean Optics spectrometer. Moreover, SEM images of freeze-dried were
taken with a Zeiss LEO 1530 microscope operating at 5 kV. Samples were
sputtered with gold (thickness 5 nm) prior to measurement. For thermal
studies, thermal gravimetric analysis (TGA) of freeze-dried hydrogels was
carried out using a TGA 5500 (TA Instruments) at a heating rate of 10 K
min~" under a nitrogen atmosphere up to 600 °C, and differential scan-
ning calorimetry of swollen hydrogel samples was conducted using a DSC
Q200 (TA Instruments) ranging from —50 °C to 200 °C with a scan rate of
10 K min=".

Synthesis of HA-NB Derivative: The sodium salt of HA was converted
into its acidic form by draining it through a cationic-exchange resin (Am-
berlite IRN-77, H* form), which was then neutralized by tetrabutylammo-
nium hydroxide (C4Hq)4N*OH™ to pH 7.1°1 The tetrabutylammonium
salt of HA was obtained after freeze-drying for 2 d. 0.1242 g of HA-TBA
salt was then dissolved in dried DMSO at 40 °C. Subsequently, a solu-
tion of ortho-nitrobenzyl chloride (0.0343 g) in 1 mL DMSO was slowly
introduced into it, and the reaction was continued at 40 °C on a magnetic
stirrer for 48 h. To the resultant o-NB-grafted HA solution, a concentrated
aqueous solution of NaCl (10% w/w) was added to convert it into sodium
salt, which was then precipitated in acetone and filtered. Thereafter, it was
washed thoroughly with acetone and dried. The obtained 0-NB HA ester
was purified extensively by dialysis against Milli-Q water for a week and
then freeze-dried.

Synthesis of Photocrosslinkable P(OEGMA-co-EGDEMA) Hydrogel: A
pre-gel mixture was developed by combining OEGMA and EGDEMA in a
water-based solution containing LAP. This solution was subsequently ex-
posed to UV light at a wavelength of 365 nm, leading to the formation of a
hydrogel within 5 min of exposure. The successful creation of the hydrogel
was validated using the inverse-vial technique, a standard method in the
field.

Synthesis of PEC Hydrogel of HA-NB and CS: To synthesize a PEC, a
solution of HA-NB in de-ionized water and a solution of CS in water with
a few drops of 1vol% acetic acid (AA) were prepared separately by stirring
overnight. Then, a mixture was prepared by dissolving equal proportions
of HA-NB and CS solutions. The mixture was stirred overnight under UV
for deprotection and for the formation of PEC. The prepared solution was
then poured into petri dishes and was dried in the oven at 40 °C for 48 h.
Further, the obtained product was washed with water to remove any unre-
acted compounds. The formed PEC films were dried in a vacuum oven for
a week.

Synthesis of Semi-IPN Hydrogel Containing Hyaluronic Acid or Chitosan:
To synthesize semi-IPNs featuring either hyaluronic acid or chitosan, the
following procedure was employed. First, HA was thoroughly dissolved in
the least possible volume of water to form a solution. Subsequently, this
solution was combined with a reaction mixture in water, which comprised
OEGMA, EGDEMA, and LAP. On the other hand, to create a semi-IPN
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containing CS, CS was dissolved in a mixture of water and 1 vol% AA
to form a solution. Later, this solution was then integrated into a simi-
lar reaction mixture. These pre-gel solutions were then irradiated with UV
(365 nm) for 5 min, resulting in the formation of semi-IPN hydrogels.

Synthesis of Polyelectrolyte Complex (PEC) Containing IPN Hydrogel:
For obtaining PEC-incorporated IPN hydrogel, two separate solutions of
HA-NB and CS were initially prepared. The HA-NB was dissolved in water,
while the CS solution was prepared in a blend of water and 1% AA. These
two solutions were subsequently mixed with an aqueous solution, contain-
ing OEGMA, EGDEMA and LAP. The final mixed solution exhibited a pH of
approximately 4.5. To form the hydrogel, this mixture was then subjected
to UV light (365 nm) for 15 min.

3D Printing Methodology: ~ First of all, the CAD model of the print was
created using Fusion 360 software and “.stl” format of the model was
sliced using Miicraft Utility software. Then, the hydrogels were printed us-
ing Miicraft Hyper 80x3D printer that employs a UV source of 365 nm
wavelength. The parameters set for printing included a layer thickness of
20 um, a power ratio of 100%, UV exposure at a wavelength of 365 nm, a
base curing time of 50 s and curing time of 5 s for each layer. The printing
parameters (power ratio, layer thickness and curing time for each layer)
were further adjusted.

Swelling Studies of Hydrogels: To determine the swelling percentage,
the initial and swollen sample weights were recorded at different time
intervals. The process involved taking preweighed dry samples and sub-
merging them in deionized water. After removing the excess surface wa-
ter with filter paper, the swollen samples were weighed at different time
frames.

Rheological and Mechanical Testing: Disc-shaped hydrogels (25 mm
diameter and 4 mm height) were prepared for the rheological measure-
ments. The shear tests were performed at 20 °C. Rheology of as prepared
hydrogels was tested at 20 °C using a shear rheometer (ARES-G2, TA-
Instruments) with a Peltier (thermoelectric cooling) unit to keep the tem-
perature constant. Further, compression tests of hydrogels (swollen in wa-
ter for 15 min) were performed using a Universal Testing Machine “Inspect
Table 10 kN,” Hegewald & Peschke at room temperature equipped with a
1.5 kN force cell. Before the measurements, the dimensions of the sam-
ples were measured using a vernier caliper.
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