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Recent years have seen an ever-increasing utilization of redox-responsive polymeric materials for various
biomedical applications. In this regard, the photopolymerization of poly(ethylene glycol) (PEG) polymers
has been extensively explored for the fabrication of bulk and 3D-printed hydrogels, with applications in
therapeutic and diagnostic uses. Herein, disulfide-containing PEG-based crosslinkers are obtained using a
modular approach from commercially available linear PEGs and are used to produce redox-responsive
bulk and 3D-printed gels that can encapsulate proteins and release them on demand under reducing
conditions. Additionally, partial degradation of the disulfide linkages enables facile functionalization via
thiol-maleimide and thiol-disulfide exchange chemistry, as demonstrated by reversible and irreversible
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attachment of fluorescent dyes. Furthermore, the obtained hydrogels and their degradation products
exhibit high cytocompatibility, as evidenced by cytotoxicity and live/dead assays with cultured fibroblast
cells. One can envision that this operationally simple approach to fabricating versatile redox-responsive
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Introduction

Polymeric materials are vital in enabling various biomedical
applications since they can be designed and tailored to control
their interaction with the biological world." Such interaction
could enable intricate communication of the polymeric
scaffold with biological materials such as proteins and cells to
augment their attachment and proliferation. On the other
hand, protein and cell repellent surfaces are also in demand
when anti-biofouling interfaces are needed, such as antibacter-
ial coatings and sensor platforms.®* In this context, hydro-
gels, a class of crosslinked soft materials that can absorb and
hold water, have emerged as indispensable materials since
they can be readily obtained from natural and synthetic poly-
mers and can be engineered with diverse properties. In recent
years, advances in synthetic polymer chemistry have enabled
the fabrication of gels with varying physical and chemical pro-
perties, including facile post-gelation functionalization,
further enhancing the functional attributes of these
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hydrogels would enable its adaptation in various areas of biomedical sciences.

materials.'? 22

Apart from biocompatibility, tunable biodegrad-
ability plays an important role in various applications. In this
regard, incorporation of stimuli-responsive dynamic linkages
within hydrogels has emerged for biomedical applications
ranging from delivery of drugs, proteins, and cells to tissue
engineering.”* >

Over the past decade, a range of elegant chemical strategies
have been developed to design stimuli-responsive hydrogels.
While such advances are noteworthy, for eventual translation
to a viable product, one of the most important aspects is the
simplicity and scalability of the fabrication process. The hydro-
gel precursors should be readily available and involve straight-
forward chemical transformations, and the gelation process
should be rapid and proceed with high efficiency under mild
conditions. Although in recent years, since the advent of click
chemistry, various novel approaches to hydrogel synthesis have
been devised, simple photopolymerization continues to be a
popular method of choice due to its operational simplicity,
apart from high spatiotemporal control.”®

Among the synthetic polymers as hydrogel precursors, poly
(ethylene glycol) (PEG)-based materials are widely utilized due
to their high biocompatibility and mechanical stability.
Nonetheless, these PEG-based photo-polymerized hydrogels
suffer from a lack of facile degradability, as well as poor cellu-
lar adhesion. Thus, approaches that impart stimuli-responsive
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degradation to PEG-based materials have been actively
pursued over the past several years.””*® In particular, impart-
ing PEG-based materials with redox-responsive degradation
can expand their application in areas such as controlled
release of drugs and biomolecules under benign and mild con-
ditions. Redox-responsive linkages can be introduced as side-
chain functional groups or along the backbone of the poly-
meric matrix, which allows the release of a conjugated or
encapsulated functional molecule from the polymeric
constructs.”>* Alternatively, the redox-responsive linkages are
incorporated as crosslinkers, the disruption of which results in
the degradation from the gel to the sol state. In the context of
photopolymerization induced gelation, disulfide-containing
crosslinkers, such as bis(2-methacryloyl)oxyethyl sulfide
(DSDMA), a disulfide-based dimethacrylate, are among the
most commonly employed redox-responsive linkers. Compared
to the macromolecular PEG-based hydrogel precursors, small
molecule based crosslinkers like this one would not only intro-
duce tighter networks with limited swelling, but also pose
challenges for obtaining 3D-printed structures using conven-
tional extrusion-based printing techniques since it is a low
molecular weight liquid. In this context, Matyjaszewski and co-
workers reported the employment of a long-chain PEG cross-
linker with a disulfide unit at the center.®® Although an
elegant approach, the utilization of hetero-telechelic PEG for
making such a crosslinker makes the overall synthesis non-
trivial. A more straightforward and modular approach to such
redox-responsive crosslinkers would be desirable to fabricate
redox-responsive  hydrogels. Fabrication using photo-
polymerization provides spatial and temporal control over the
fabrication process and thus expands the shapes, mor-
phologies, and properties of the obtained materials.
Furthermore, such redox-responsive photo-polymerizable
hydrogels would also be attractive as bio-inks for printing
hydrogel-based scaffolds that could undergo on-demand
degradation in a stimuli-responsive fashion. Although some
redox-responsive printed photo-polymerized hydrogels have
been reported in recent years,>®?” most reports, apart from
some polyurethane-based elastomers and bio-based resins,*®3°
involve the incorporation of cleavable disulfide linkers to
attach and release cargoes such as small molecules, peptides,
and proteins rather than installing a redox-responsive degra-
dation switch for the printed scaffold, as reported in this work.

Herein, we report the fabrication of PEG-based redox-
responsive hydrogels using photopolymerization. To this end,
a simple and scalable approach to obtain PEG-based macro-
molecular crosslinkers is developed. Commercially available
linear PEG polymers are modified with methacrylate groups at
the chain ends through a disulfide-based linker. Hydrogels
with varying swelling and degradation properties can be
obtained by the utilization of this redox-responsive crosslinker
alone, or in conjunction with a non-degradable PEG-based
crosslinker. Protein encapsulation and release under non-redu-
cing and reducing conditions are demonstrated. Furthermore,
it is shown that partial degradation of the disulfide linkers pro-
vides hydrogels that are amenable for non-reversible and
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reversible thiol-conjugation chemistries. Lastly, it is demon-
strated that 3D-printed hydrogels that can undergo degra-
dation in a redox-responsive manner can be obtained using
the disulfide-containing PEG-based crosslinkers reported here.

Experimental

Materials

2-Hydroxyethyl methacrylate (HEMA) and 3,3'-dithiodipropio-
nic acid (95%) were obtained from Sigma-Aldrich and used for
synthesizing  2-[3-[(2-carboxyethyl)dithio]-1-oxopropoxy]ethyl
2-methyl-2-propenoate (HEMA-SS) which was obtained accord-
ing to a previously reported procedure.*® Poly(ethylene glycol)
methyl ether methacrylate (PEGMEMA, M, = 950 g mol "),
poly(ethylene glycol) dimethacrylate (PEGDMA, M,, = 550 g
mol ™), and poly(ethylene glycol) (PEG, 4 kDa) were purchased
from  Sigma-Aldrich.  Lithium  phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP, 95%), 4-(dimethylamino)pyridine
(DMAP, >99%), and 2,2'-dithiodipyridine were obtained from
Sigma-Aldrich and then used as received. 1,4-Dithio-pr-threitol
(DTT) purchased from N,N'-
Dicyclohexylcarbodiimide (DCC) was obtained from Apollo
Scientific. Gellan gum (G434) was purchased from PhytoTech
Labs. SAMSA fluorescein, 5-((2-(and-3)-S-(acetylmercapto) suc-
cinoyl) amino) fluorescein, and mixed isomers (A685) were
obtained from Thermo Fisher Scientific.
Tetramethylrhodamine (TAMRA) maleimide, 5-isomer, was
obtained from Lumiprobe. Fluorescein isothiocyanate conju-
gated bovine serum albumin (FITC-BSA) was purchased from
Sigma. Anhydrous dichloromethane (DCM) and toluene were
obtained from a SciMatCo purification system. Other solvents
were obtained from Merck and used without further purifi-
cation. Ultra-pure water was obtained via a Milli-Q Water
Purification System (Merck Millipore, USA).

was neoFroxx.

Characterization

FTIR spectra were recorded using a Thermo Scientific Nicolet
380 FT-IR spectrometer. "H NMR spectra were obtained using
a Bruker Avance Ultrashield 400 (400 MHz) spectrometer. The
molecular weights of the copolymers were determined by gel
permeation chromatography (GPC) using a TSKgel Alpha-4000
column calibrated with poly(methyl methacrylate) (PMMA)
standards using a refractive-index detector. 0.03% Lithium
bromide in dimethylacetamide (DMAc) was used as an eluent
at a flow rate of 1 mL min~" at 30 °C. The morphology of the
hydrogels was analyzed using a scanning electron microscope
(SEM) (JEOL NeoScope JCM-500, with an accelerating voltage
of 10 kV). The hydrogel samples were lyophilized and
immersed in liquid nitrogen prior to SEM characterization. All
rheological measurements of the hydrogels were performed
using an ANTON PAAR MCR 302 rheometer. The release beha-
viors of FITC-BSA from the hydrogels were monitored via a UV/
Vis spectrophotometer (Varian Cary 50 Scan). A Zeiss Z1
Observer inverted microscope with an Axiocam MRc5camera
(ZEISS Fluorescence Microscopy, Carl Zeiss Canada Ltd,
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Canada) was used for fluorescence images. Hydrogel precursor
solutions were printed using an extruder-based 3D BIO X bio-
printer (CELLINK, USA). One-way analysis of variance (ANOVA)
within Tukey’s post hoc tests was performed to determine stat-
istical significance, which was accepted at a P value below 0.05
and generated using GraphPad Prism 10.6.1. All results,
including mean values, were obtained from repeated measure-
ments at least three times.

Synthesis of a methacrylate disulfide (MA-SS)-terminated
telechelic PEG polymer (PEGDMASS)

HEMA-SS acid (0.33 g, 1.025 mmol) and PEG (4 kDa (M,, from
the supplier), 1.02 g, 0.256 mmol) were dissolved in anhydrous
DCM (3 mL), followed by stirring on ice. The solution of DCC
(0.21 g, 1.025 mmol) and DMAP (0.06 g, 0.513 mmol) in 2 mL
of anhydrous DCM was slowly added to the reaction mixture,
and then allowed to stir at room temperature for 24 h. 5 mL of
DCM was added to the mixture for dilution and then filtered
to remove dicyclohexylurea (DCU). The solution was concen-
trated using rotary evaporation and then precipitated in isopro-
pyl alcohol. The pure product was obtained with a yield of
79% (0.94 g). '"H NMR (CDCls, 5, ppm), 6.13 (s, 2H, C=CH,),
5.61 (s, 2H, C=CH,), 4.36 (m, 4H, OCH,CH,), 4.27 (m, 4H,
CH,CH,0), 3.85-3.42 (m, 370 H), 2.91 (t, 8H, SCH,CH,), 2.77
(t, 8H, COCH,CHy,), 1.95 (s, 3H, CH;C=CH,).

Fabrication of hydrogels

A representative procedure for preparing hydrogels is
described below. A deionized aqueous solution of a LAP
initiator (0.5% wt/v) was sonicated for 30 min. An aqueous
solution of a HEMA disulfide-terminated PEG polymer
(PEGDMASS) (40 mg) and PEGMEMA (10 mg) was sonicated
for 15 min. The control hydrogel groups contained PEGDMA
(10 mg) for a 10% final concentration. Each solution was
merged, vortexed and sonicated for 15 min to a final concen-
tration of 10% w/v. 365 nm UV light exposure for 45 min
yielded hydrogels. For loading of FITC-BSA, stock solutions
(1 mg mL™") were freshly prepared. The final precursor solu-
tion contained 1% ug pL~' of BSA. The obtained HGs were
rinsed with water several times to remove any unreacted bio-
molecules or precursors. The swollen hydrogel sample was
frozen and then freeze-dried in vacuo to yield the dried gel.

Swelling study

Dry hydrogel samples (W,) were placed in 10 mL of distilled
H,O at room temperature. At regular intervals, the weight of
the swollen hydrogel (W,) was recorded after removing excess
H,O0. The swelling ratio (W) was determined using eqn (1):

Wop (%) = (W, — W)/ Wo x 100 (1)

Rheological characterization

The rheological behavior of the swollen hydrogels was evalu-
ated on an Anton Paar MCR 302 rheometer equipped with a
15 mm parallel plate geometry at room temperature.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Oscillatory frequency (amplitude strain of 1%, 0.1-100 rad s )
and amplitude (angular frequency of 10 rad s, 0.01-100%
strain) sweep tests were performed using a Peltier temperature
hood system. A 0.2 N axial force was applied to ensure tight
contact between the samples and the plate. For stability and
degradation measurements in different media (DI-H,0/10 mM
DTT), time sweep tests (amplitude strain of 1% and angular
frequency of 10 rad s™') were performed at 37 °C using the
Peltier temperature hood system to avoid medium evaporation.
Oscillatory amplitude strain was varied from 1% to max% at 1
rad s~* with 10 measuring points.

Protein release studies

All hydrogels were prepared using FITC-BSA solution (1 mg
mL™") in phosphate-buffered saline (PBS) 1x as described
above. Hydrogel samples were incubated in an Eppendorf tube
containing 2 mL DTT solution (1 or 10 mM DTT in PBS 1x) or
2 mL GSH solution (10 pM or 10 mM GSH in PBS 1x) while
shaking in a bioshaker at 37 °C for 48 hours. 1 mL aliquots
were refreshed at regular time intervals (1-6th, 24th, and 48th
hours) and monitored using a UV spectrophotometer. The
release profiles of the hydrogel samples were determined by
measuring the absorbance of FITC-BSA at 492 nm. The
amount of released FITC-BSA was quantified using a standard
calibration curve obtained for FITC-BSA.

Fluorescent dye conjugation and cleavage from hydrogels

One side of the swollen hydrogel sample was treated with
1 mM DTT solution for 10 min followed by washing with
DI-H,O0 to remove any residual reducing agent. The newly gen-
erated thiol groups were then functionalized with a 10 mM
solution of 2,2'-dithiodipyridine (PDS) prepared in MeOH.
After 20 min, the hydrogel sample was immersed in DI-H,O to
remove unreacted PDS and residual MeOH. A solution of the
thiol-containing dye, SAMSA (1 mg mL™' in DI-H,0), was
dropped onto the DTT treated side of the hydrogel and kept in
the dark for 20 min to complete the thiol-exchange reaction.
The hydrogel was immersed in DI-H,O again to remove the
unbound fluorescent dye. To enforce the dye release, the
sample surface was treated with 1 mM DTT solution for
10 min. All four steps (DTT — PDS — SAMSA — DTT) were
monitored using fluorescence microscopy. Functionalization
with TAMRA-maleimide for irreversible conjugation was under-
taken using the same protocol. A solution of TAMRA-male-
imide (1 mg mL™") was dropped onto the free thiol-containing
side of the hydrogel, followed by washing to remove the
unreacted dye. All steps (DTT — TAMRA) were monitored
using fluorescence microscopy.

3D printing of a disulfide-containing hydrogel

An extrusion-based 3D bioprinter equipped with a pneumati-
cally driven print head was utilized for all printing protocols.
The precursor hydrogel solution (HG-25,) containing gellan
gum (GG, 1.5% wt/v) was prepared as described above, then
loaded into a 3 mL printing cartridge fitted with a 20-gauge
needle (0.580 nm nozzle diameter) and stored at room temp-
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erature for 1 hour. An extrusion pressure of 12-15 kPa with a
printing speed of 1 mm s~ was applied to dispense the solu-
tions out of the nozzle onto a 25 °C print bed. UV light
(365 nm, 10 mW cm™?) was utilized for photo-crosslinking the
printed scaffolds. The square constructs were printed accord-
ing to a CAD model with dimensions of 20 x 20 x 3 mm, con-
sisting of five layers with a first layer height of 0.58 mm.

Biological assays

L929 mouse fibroblast cells were purchased from ATCC (LGC
Standards, Germany). 100 pL of cell suspensions, containing
5000 cells per well in a culture medium, were seeded into a
96-well plate and incubated at 37 °C for 24 hours for a CCK8
(Cell Counting Kit-8, Fluka) viability assay. Hydrogel samples
(0.5 and 1 mg) were placed into the culture plate and incu-
bated under 5% CO, at 37 °C for 24 hours, followed by two
PBS washes. 10% CCK-8 solution was added to the cell-
attached wells and incubated for 3 hours, after which the
absorbance at 450 nm was measured using a microplate

a) o

DCC
DMAP
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reader (Multiscan FC, Thermo Scientific, USA). The 10.6.1
version of GraphPad prism was employed to generate viability
curves related to the corresponding cell counting values. Cell
viability against degradation byproducts of hydrogels treated
with DTT was assessed using the same protocol. Aliquots (5
and 10 pL) of degradation samples were transferred into
culture plates and incubated under 5% CO, at 37 °C for
24 hours. For the live and dead viability assay, L929 cell sus-
pensions (20 000 cells per well in Dulbecco’s modified Eagle’s
(low) medium) were seeded into a 12-well plate and incubated
at 37 °C for 24 hours. The hydrogel samples (1 mg) were
placed into cell-attached wells and incubated at 37 °C. After
24 hours incubation, the wells were cleaned to remove hydro-
gel residuals by two PBS washing. Cells were treated with 10 pL
of calcein-AM and 5 pL of propidium iodide (PI) (live and dead
assay kit) (Sigma, 04511-1KT-F) in PBS solutions and incubated
at 37 °C for 30 min. The same live and dead assay protocol was
applied to cell cultures treated with 5 and 10 pL of degradation
byproducts and incubated with cultured wells at 37 °C. Stained
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Fig. 1 (a) Synthesis of PEGDMASS using commerecially available PEG polymers and (b) *H NMR spectrum of the PEGDMASS macro-crosslinker.
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wells were recorded using a fluorescence microscope (Zeiss Z1
Observer inverted microscope with an AxioCam MRc5 camera).
A Zeiss Filter set 38 (excitation BP: 470/40, emission BP: 525/
50) was employed for visualizing green live cells attached to
the wells. Zeiss Filter set 43 (excitation BP: 545/25, emission
BP: 605/70) was used for imaging red dead cells in the wells.

Results and discussion

Synthesis of a disulfide-containing PEG-dimethylacrylate
(PEGDMASS) crosslinker

Initially, a disulfide-containing methacrylate/carboxylic acid-
terminated polymer (HEMASS) was synthesized utilizing
hydroxyethyl methacrylate and 3,3’-dithiodipropionic acid in
accordance with a previously reported protocol.*® HEMASS
serves as a reagent for modifying alcohol-terminated polyethyl-
ene glycol (PEG) polymers, thereby facilitating the synthesis of
redox-responsive  poly(ethylene  glycol)  dimethacrylate.
Commercially available alcohol-terminated PEG was modified
with HEMASS through DCC/DMAP coupling to obtain the
redox-responsive macro-crosslinker PEGDMASS (Fig. 1a). The
purity and chemical composition of PEGDMASS were verified
utilizing 'H, *C NMR and FTIR spectroscopy, and GPC. The
FTIR spectrum revealed the presence of a carbonyl band at
approximately 1740 cm™" (Fig. S1). Additionally, the end-group
functionalization of PEGDMASS was substantiated through the
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SEC analysis, which indicated a slight increase in the mole-
cular weight of the polymer (Fig. S2). The number average
molecular weights of the polymers were obtained using PMMA
calibrants, and hence, were slightly different from the exact
molecular weight provided by the supplier, but the expected
shift to higher molecular weight upon functionalization was
unambiguous. The molecular structure of PEGDMASS was
examined using NMR spectroscopy; notably, the 'H NMR spec-
trum of PEGDMASS confirmed the existence of proton reso-
nances at 5.15 and 6.13 ppm, corresponding to double bond
protons, and at 2.70 ppm, associated with protons adjacent to
the disulfide unit (Fig. 1b). The molecular structure was also
confirmed through "*C NMR spectroscopy (Fig. S3).

Fabrication and characterization of hydrogels

A series of hydrogels were obtained using photopolymerization
of the disulfide-containing PEG-based crosslinker, with a PEG-
based methacrylate monomer, in the presence and absence of
a non-degradable PEG-based crosslinker (Fig. 2). For achieving
fast photopolymerization in aqueous media, LAP was used as a
photo-initiator. Apart from its high solubility in aqueous
media, this photo-initiator is also known to possess high com-
patibility with cells, because of its reduced toxicity.*"

The dependence of the mechanical properties of PEGDMA-
based hydrogels on the molecular weight and the amount of
the crosslinker was investigated. To evaluate the impact of the

and/or

o
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Fig. 2 Schematic illustration of the fabrication of bulk and 3D-printed hydrogels using photo-crosslinking of a mixture of crosslinkers and a

PEGMEMA monomer.
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molecular weight of the PEG unit on the mechanical pro-
perties of the hydrogels, firstly, PEGDMASS and PEGDMA were
employed. Moreover, a range of formulations was utilized to
examine the influence of varying disulfide-containing cross-
linkers on the hydrogel’s properties (HG-1;99, HG-259, HG-3,5,
and HG-4,). The subscripts (100, 50, 25, and 0) refer to the
relative amounts of the redox-responsive PEG linker
(PEGDMASS) in the hydrogels. The concentrations of
PEGMEMA 5% (w/v) and LAP 0.5% (w/v) in DI-H,O were kept
constant for all hydrogels. Thus, HG-3,5 contains one fourth
amount of the redox-responsive linker compared to HG-14¢o.
In addition to the dimethacrylate crosslinkers, the hydrophilic
macromonomer PEGMEMA was incorporated into all formu-
lations to provide a spacer between the crosslinkers, as well as
acting as a monomer that can be easily replaced by other func-
tional hydrophilic monomers in future studies (Table 1).

First, HG-1,9o and HG-4, were compared to evaluate the
effects of the molecular weights of the crosslinkers, while
HG-250 and HG-3,5 were compared to assess the impact of the
overall crosslinker amount on hydrogel properties. The hydro-
gels were fabricated under ultraviolet light (365 nm, 10 mW
em™?), resulting in disk-shaped hydrogels with a thickness of
1 mm (Fig. 3a). The swelling behavior of these hydrogels was
examined using disk-shaped samples, which were incubated
in PBS at 37 °C. HG-1,0o demonstrated a swelling capacity that
was more than four times greater than that of HG-4, (Fig. 3b),
likely attributed to the higher molecular weight of PEGDMASS,
which enhances network flexibility and water absorption. To
investigate the impact of the PEGDMASS amount on swelling,
HG-25, and HG-3,5 were compared. HG-3,5 absorbed approxi-
mately three times more water than HG-25,, suggesting that
swelling can be modulated by adjusting the PEGDMASS
content (Fig. 3c). Furthermore, the stability of disulfide bonds
within PEGDMASS during ultraviolet crosslinking is critical for
preserving the integrity of the crosslinked network. Ellman’s
assay was used to confirm the absence of free thiols in the fab-
ricated hydrogels, suggesting that the exposure to ultraviolet
irradiation employed during fabrication did not cleave the di-
sulfide bonds present in the hydrogels (Fig. S4).

Given that the swelling behavior of hydrogels is intricately
associated with their porosity, a comparative analysis of the
surface morphology of these hydrogels was conducted.
Hydrogels HG-4, and HG-14¢, in their swollen state were sub-

Table 1 Composition of HGs with various amounts of degradable and
non-degradable crosslinkers

LAP
PEGDMASS PEGMEMA PEGDMA (Wt/v,
Hydrogel” (wt/v, %) (wt/v, %) (wtlv, %) %)
HG-1,0 20 5 0 0.5
HG-25, 10 5 5 0.5
HG-3,5 5 5 5 0.5
HG-4, 0 5 20 0.5

“All hydrogels were prepared using DI-H,O containing LAP as a
photoinitiator.
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Fig. 3 (a) Representative images of a hydrogel disk. Orange food color
has been added to aid visualization, (b) swelling behavior of HG-1;9¢ and
HG-4,, and (c) swelling behavior of HG-25¢ and HG-3,5. Scale bars in
the digital images represent 1 cm.

jected to freeze-drying for subsequent analysis. Morphological
analysis of the lyophilized HG-4, using SEM revealed a
smooth, non-porous structure; conversely, HG-1,,, displayed a
highly porous morphology, attributed to its high molecular
weight crosslinker (Fig. 4). Similarly, SEM images illustrated
that both HG-25¢ and HG-3,5; exhibited porous structures,
which can be attributed to the presence of the PEGDMASS
macro-crosslinker.

Redox-responsive degradation of hydrogels

The rheological properties of swollen hydrogels were further ana-
lyzed to evaluate their behavior in aqueous environments. While

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of the surface morphologies of freeze-dried hydrogels.

the storage and loss moduli of HG-1,4o/HG-4¢ and HG-25,/HG-3,5
were comparable immediately following crosslinking, they exhibi-
ted notable differences in their swollen states. These distinctions
stemmed from variations in swelling behavior attributable to
differences in molecular weight and concentration, which conse-
quently impacted the mechanical properties. The amplitude
sweep test demonstrated a more pronounced disparity in the
storage modulus between HG-1,qo and HG-4,. Hydrogels incor-
porating PEGDMASS (HG-1,9, HG-250, and HG-3,;) exhibited an
elasticcdominant behavior within the linear viscoelastic region
(LVR). Conversely, HG-4, displayed LVR behavior only up to 2%
strain, after which a marked decline occurred, indicating
increased brittleness attributed to a highly dense network formed
by a lower molecular weight PEGDMA crosslinker (Fig. S5). The
frequency sweep tests further corroborated these observations,
revealing that HG-4, possessed a significantly higher storage
modulus than HG-1,¢0, in accordance with its lower swelling ratio
(Fig. 5a). Likewise, HG-25, exhibited a higher modulus than
HG-3,5, underscoring the impact of the crosslinker amount on
hydrogel stiffness. The stability of PEGDMA hydrogels is primarily
governed by the stability of ester bonds within the methacrylate
units in their chemical structure. Conversely, the stability of
hydrogels derived from PEGDMASS is contingent upon the integ-
rity of disulfide bonds. To assess hydrogel stability under various

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conditions, time sweep rheometer tests were performed on
swollen HG-1,¢, in PBS and a 10 mM DTT solution at 37 °C
(Fig. 5b). HG-1,¢, exhibited a stable storage modulus in PBS for
two hours, signifying effective crosslinking and retention of struc-
tural integrity. In contrast, exposure to DTT (10 mM) significantly
reduced the modulus, thereby confirming the redox-responsive
cleavage of disulfide bonds (Fig. 5b). However, the disulfide-
bond-deficient HG-4, maintained stability in the reducing agent
(10 mM DTT), in contrast to HG-1,9. Visual representations of
HG-1,¢9 and HG-4, before and after incubation with DTT further
demonstrate the degradation of hydrogels mediated by
PEGDMASS (Fig. 5¢ and d).

The on-demand degradation of hydrogels can be utilized to
facilitate the controlled delivery of large biomolecules, such as
proteins. To investigate this, we examined the release of the
fluorescently labeled protein FITC-BSA. Firstly, the release of
FITC-BSA from HG-1,,, was evaluated in the presence of 1 mM
DTT and PBS at 37 °C (Fig. 6a). A lower concentration of DTT
was selected to obtain a slow degradation profile for HG-1¢,,
which resulted in complete dissolution of the hydrogel within
48 hours. A significantly enhanced release was observed under
a reducing environment, when compared to that under neutral
conditions. For comparative analysis of the release behavior of
hydrogels, all hydrogels loaded with FITC-BSA were incubated
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at 37 °C, and (c) images of FITC-BSA containing HG-1,90 and (d) HG-4,
incubated in DTT (10 mM) for 120 minutes under UV light.
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Fig. 6 FITC-BSA release profiles of hydrogels: (a) HG-1390 in 1 mM DTT,
10 pm GSH, 10 mm GSH, and PBS at 37 °C after 48 h, (b) the comparison
between passive (in PBS) and active (in 10 mM DTT) FITC-BSA release
from various hydrogels at 37 °C after 48 h, and (c) the comparison
between passive (in PBS) and active (in 1 mM DTT, 10 pM GSH, and
10 mM GSH) FITC-BSA release from HG-1;40 at 37 °C after 48 h.

in either PBS or 10 mM DTT solution at 37 °C. Despite differ-
ences in swelling and stiffness, HG-1,9o and HG-4, displayed
similar FITC-BSA release profiles in PBS (Fig. 6b). This
suggests that the release of large molecules from a PEG-based
network primarily depends on network degradation. We ana-
lyzed the release of FITC-BSA in a 10 mM DTT solution to
evaluate this hypothesis. While HG-4, exhibited a release
pattern comparable to that observed in PBS, HG-1,49 demon-
strated a significantly higher release than HG-4, (Fig. 6b).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Additionally, we compared FITC-BSA release from HG-25, and
HG-3,5 in PBS. Despite HG-3,5 being more porous and softer
than HG-2s, its release was only marginally higher in PBS.
However, in the presence of DTT, HG-3,5 exhibited a signifi-
cantly enhanced release compared to HG-25,, suggesting that
accelerated degradation in reducing media facilitated the
release of the protein. The on-demand release of FITC-BSA
from HG-1,4, was also evaluated under different reductive
environments by mimicking intracellular and extracellular con-
ditions using GSH. In Fig. 6a, the passive release behavior of
protein from HG-1,99 was examined in PBS for 48 hours at
37 °C, resulting in a 27.2% release. The extracellular con-
ditions were mimicked using 10 pM GSH, where HG-14¢
exhibited a 35.2% release after 48 hours at 37 °C (Fig. 6a). A
notable difference was observed under intracellular conditions
(10 mM GSH), where HG-1,o showed a higher release of
FITC-BSA, reaching 49.3% (Fig. 6a). The comparative data
(Fig. 6¢) represent the on-demand release patterns of HG-1440
under different reductive environments (DTT and GSH). It
should be noted that bulk hydrogels cannot be internalized by
cells, but one can envision that similar GSH concentrations
can be externally supplied when used as an implanted device.

Post-gelation functionalization of hydrogels

A notable characteristic of PEGDMASS-based hydrogels is their
amenability for chemical functionalization. Although direct
modification of these hydrogels is not feasible due to the
absence of reactive handles, the partial cleavage of disulfide
bonds results in the generation of highly reactive thiol groups.
In this regard, the hydrogel HG-3,5 was subjected to a brief
treatment with a low-concentration DTT (1 mM) solution to
generate thiol groups (Fig. 7a). After rinsing the hydrogel with
water to remove any unreacted DTT, modification using a
maleimide-containing dye molecule, namely TAMRA-male-
imide, was undertaken. After the removal of any unbound dye
by rinsing with solvents, fluorescence microscopy confirmed
successful dye conjugation due to the presence of character-
istic reddish emission (Fig. 7b).

In an alternative approach, the thiol groups generated in
the hydrogel were converted to a pyridyl disulfide group by
treatment with pyridyldisulfide, a moiety known to undergo
facile thiol-disulfide exchange reaction for conjugating thiol-
containing molecules reversibly (Fig. 8a). To this end, the
thiol-containing fluorescein dye SAMSA was used for investi-
gating reversible functionalization. As expected, analysis using
a fluorescence microscope revealed that the SAMSA functiona-
lized hydrogel exhibited the characteristic green fluorescence
(Fig. 8b). To further validate the reversible nature of this conju-
gation, the SAMSA functionalized hydrogel was treated with a
DTT (1 mM) solution for 10 min. While the hydrogel did not
undergo significant degradation due to the presence of a
sufficient amount of the non-degradable crosslinker, fluo-
rescence microscopy revealed a remarkable reduction of the
green fluorescence, suggesting the cleavage of the dye through
scission of the disulfide linkage (Fig. 8c). As mentioned above,
the network robustness of HG-3,5 played a decisive role in the
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Disulfide—Cleavage

Thiol-Maleimide
Conjugation

Fig. 7 (a) Schematic illustration and (b) fluorescence microscopy image
of HG-3,5 modified with a thiol-reactive maleimide-containing TAMRA
dye. Scale bar in the fluorescence microscopy image is 100 pm.

functionalization of dye molecules via thiol-disulfide exchange
and thiol-Michael addition. The comparative frequency sweep
tests clearly indicated that the hydrogel remained largely
intact, confirming its high mechanical integrity (Fig. S6). The
fluorescent dye conjugation via thiol-disulfide exchange and
thiol-Michael addition was further evaluated using HG-4,.
Since HG-4, was fabricated using PEGDMA, it served as a di-
sulfide-bond-deficient control hydrogel. The same functionali-
zation procedures were applied to HG-4,, and no fluorescence
was observed upon analysis with fluorescence microscopy
(Fig. S7 and S8), indicating that the presence of disulfide
bonds directly contributes to the functionalization observed in
the hydrogel HG-3,s.

Biocompatibility of hydrogels

To evaluate the suitability of PEGDMASS-based hydrogels for
biomedical applications, a series of cytotoxicity experiments
was conducted. The cytotoxicity of HG-119o on L929 cells was
systematically assessed by treating pre-seeded cells in 96-well
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Fig. 8 (a) Schematic illustration of the activation of hydrogels with
pyridyl-disulfide functional groups and their use for reversible conju-
gation of the thiol-containing fluorescent dye SAMSA; and fluorescence
microscopy images of (b) HG-3,5 modified with the thiol-containing
SAMSA dye and (c) treated with DTT (1 mM) to cleave the attached dye.
Scale bars in fluorescence microscopy images are 100 pm.

plates with HG-144, (1 mg) for 24 hours (Fig. 9a). The quanti-
tative analysis indicated that cell viability in the HG-1,90-
treated group was similar to that in the control group (Fig. 9b).
A live/dead assay further corroborated the observation of
minimal cell mortality following exposure to HG-14¢, (Fig. 9¢).
In addition to the hydrogel HG-1,4, itself, its degradation
byproducts were also evaluated for cytotoxicity. HG-1,4, was
degraded under reducing conditions, after which 1929 cells
were exposed to the resultant degradation extracts (Fig. 9d).
Both fluorescence microscopy and live/dead assay suggested
that the degradation products were also non-cytotoxic (Fig. 9e
and f).

RSC Appl. Polym.

View Article Online

RSC Applied Polymers

@) Hydrogel Toxicity b) 200, .
2 1 ns
% 1]
Sl Z 100
S
>
Z 50
& ] DD_D
ol B
~xy S &
&
1929 Cells ¥

d) e)
ns
24 hours 200 —
ngOJ ns ns
Hotw N =150] .
% 1001 e
rAa s
i Degradation = 509
Extract © |
DTT [
Sowtion (s@\ o o

Fig. 9 (a) Schematic illustration of L929 cells treated with HG-1,40 for
24 hours, (b) cell viability of L929 cells incubated with various concen-
trations of HG-1,q0, (c) representative fluorescence microscopy image
from the live/dead assay of L929 cells treated with 0.5 and 1.0 mg mL™*
of HG-1;00, (d) schematic illustration of L929 cell treatment with the
degradation products of HG-1,40, (€) L929 cell viability following treat-
ment with HG-1,00 degradation products, and (f) representative fluor-
escence microscopy image from the live—dead assay of L929 cells
treated with HG-1;00 degradation products. Scale bars in fluorescence
microscopy images are 100 pm.

Printing of degradable hydrogels

For extrusion-based hydrogel printing, factors such as shape
fidelity of printed constructs, self-supporting ability, adjusta-
ble viscosity, and appropriate external pressure are essential
for printability.*>** To trigger fluid flow through the nozzle,
the applied pressure must exceed the yield stress,’* which
serves as a threshold of elastic behavior. Another important
parameter, the flow point,">*° indicates the crossover point
where the elastic (G') modulus equals the loss (G”) modulus.
Therefore, gellan gum (GG) was incorporated into the hydrogel

© 2026 The Author(s). Published by the Royal Society of Chemistry
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precursor solution as a natural viscosity modifier to enhance
its printability.*” " Elastic and loss moduli of HGs without GG
indicated rigid behavior in the LVE region; however, yield and
flow points of HGs with GG indicated improved flow, which
was confirmed by comparative strain sweep tests (Fig. S9). At
low shear stress, the gel-like behavior dominated over the
fluid-like response. As shear stress increased, G’ showed a
decreasing trend, indicating the extrudability of the HGs, since
fluid-like behavior becomes dominant when G” > G’ under
sufficient pressure.

Hydrogel precursor solutions (HG-1449, HG-250, and HG-3,5)
containing GG (1.5% wt/v) were evaluated as printable bioinks.
Although all hydrogel precursor bioink formulations were
printed evenly, HG-1,0o could not retain its printed pattern,
indicating poor shape fidelity, and HG-3,5 did not have ade-
quate mechanical strength to support a free-standing construct
due to a smaller amount of crosslinker. Therefore, HG-25, was
determined to be a suitable bioink formulation for a free-
standing printable hydrogel. The GG-containing HG-25, hydro-
gel ink was continuously extruded to form a high-resolution
3D construct with a customized grid pattern with 18% infill
density that was designed in CAD software. The printed hydro-

a)
b
) \S'S/ Disulfide HS/
Cleavage
100 mM DTT
E—

1 hour

3D-Printed
( Hydrogel
c)
1 min 1sth
Fig. 10 (a) 3D-printed disulfide-containing hydrogel (HG-25, ink based)

(scale bar is 500 pm), (b) schematic illustration of the 3D-printed hydro-
gel under reducing conditions, and (c) images of the disulfide-contain-
ing 3D-printed hydrogels before and after treatment with a reducing
solution (100 mM DTT in PBS, room temperature) (scale bar is 500 pm).
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gels were photo-crosslinked under UV light (365 nm, 10 mW
cm™?) at room temperature to obtain printed scaffolds that
could be lifted off from the glass substrate (Fig. 10a). As a
further proof of concept of on-demand degradability, the di-
sulfide bonds in the 3D-printed construct were reduced under
reducing conditions (100 mM DTT) (Fig. 10b). Upon incu-
bation in a reducing environment, the printed scaffolds
rapidly disintegrated (Fig. 10c and Fig. S10).

The mechanical integrity of 3D-printed scaffolds was
assessed following post-printing stability tests. To this end,
long-term structural integrity was evaluated in DI-H,O. The
3D-printed hydrogels were immersed in DI-H,O for up to 7
days. Stability was examined by measuring the mass (%) of
each scaffold after predetermined immersion periods.
Representative mass values recorded over a 7 day period
showed a negligible mass loss (0.2%) (Fig. S11). The findings
indicated that the printed scaffolds exhibit high stability and
remain intact over prolonged periods under neutral con-
ditions, while degrading in reducing environments.

Conclusions

In this study, we successfully synthesized a redox-responsive
PEG-dimethacrylate crosslinker and demonstrated its utility in
modulating the mechanical and degradation properties of
hydrogels. The incorporation of a disulfide-containing cross-
linker enabled the formation of redox-responsive hydrogels
with tunable swelling behavior, mechanical properties, and
degradation kinetics. On-demand release of protein from these
hydrogels was also demonstrated under reducing conditions.
Moreover, partial degradation of disulfide linkers furnishes
thiol-containing reactive hydrogels, which can undergo revers-
ible and non-reversible conjugation using thiol-disulfide and
thiol-maleimide chemistry, respectively. Overall, these findings
highlight the potential of the disulfide-containing crosslinker
disclosed here in engineering stimuli-responsive hydrogels
which can find applications in biomedical sciences.
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