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Abstract

Conventional gelatin-based hydrogels lack responsiveness to the tumor microenvironment
and exhibit low drug-loading efficiency for hydrophobic drugs, which limits their applica-
tion in targeted cancer therapy. In this study, a reduction-responsive gelatin hydrogel was
developed by grafting hydrophobic tert-butoxycarbonyl (Boc) groups onto gelatin chains,
followed by EDC/NHS-mediated chemical cross-linking with L-cysteine dimethyl ester
dihydrochloride, which contains disulfide bonds. The success of Boc grafting was con-
firmed by 'H NMR, and free amine quantitative analysis. Rheological characterization con-
firmed the formation of a stable elastic network with controllable gelation times (5-12 min),
demonstrating excellent injectability. Reduction-triggered degradation was observed in the
presence of DTT or GSH, with the cleavage of disulfide bonds further evidenced by the
detection of free sulfthydryl (-SH) groups via X-ray Photoelectron Spectroscopy. Microscale
thermophoresis (MST) demonstrated measurable binding between Boc-modified gelatin
and hydrophobic drugs, with dissociation constants (Kq) of 0.46 £ 0.37 uM for curcumin
and 0.14 = 0.14 uM for camptothecin. Drug loading assays show dramatically enhanced en-
capsulation efficiency for hydrophobic drugs (62.7% for curcumin, 66.6% for camptothecin)
compared to unmodified hydrogels (7.2% and 16.8%, respectively). In vitro release ki-
netics follow the Korsmeyer-Peppas model, indicating a non-Fickian diffusion—erosion
mechanism, and can be precisely tuned by gelatin concentration and reducing agent levels.
Complete drug release occurs within approximately 325 min in 15 mM GSH. MTT and
hemolysis assays confirm high biocompatibility. Collectively, this reduction-responsive
system offers a promising platform for controlled, site-specific delivery of hydrophobic
anticancer agents.

Keywords: gelatin-based hydrogel; Boc modification; reduction-responsive; drug controlled
release; hydrophobic drug delivery

1. Introduction

Cancer remains one of the leading causes of death worldwide. Conventional systemic
chemotherapy is often hindered by low drug bioavailability, severe off-target toxicity, and
insufficient tumor specificity. These limitations not only reduce therapeutic efficacy but
also result in significant systemic side effects [1,2]. Consequently, increasing attention has
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been directed toward the development of safer and more effective targeted drug deliv-
ery systems capable of achieving high drug-loading efficiency and precise, site-specific
release [3]. Among the various carriers, hydrogel materials characterized by high wa-
ter content and a three-dimensional polymer network structure have emerged as highly
promising candidates [4]. However, traditional hydrogels often lack the ability to respond
to the pathological microenvironment, leading to uncontrolled drug release and thereby
limiting their therapeutic efficacy [5].

Gelatin, a natural biopolymer derived from collagen, has been widely explored in
biomedical applications due to its inherent biocompatibility, biodegradability and ease
of processing under mild conditions [6,7]. Moreover, gelatin molecular chains contain a
wealth of reactive functional groups, including the e-amino group of lysine residues and
the carboxyl groups of glutamic and aspartic acid residues [8,9]. These functional groups
provide ideal reaction sites for the chemical modification of gelatin and have been widely
applied in the fields of tissue engineering, wound dressings, and drug delivery [10,11].

Despite these advantages, conventional gelatin-based hydrogels exhibit poor respon-
siveness to the tumor microenvironment, particularly showing insufficient sensitivity to
the elevated glutathione (GSH) levels in cancer cells [12,13]. The intracellular GSH con-
centration in tumor cells (2-10 mM) is significantly higher than that in normal cells and
the extracellular environment (2-20 uM), driven primarily by elevated oxidative stress
and enhanced GSH synthesis associated with cancer metabolism and chemoresistance [14].
This stark concentration gradient not only contributes to the resistance of cancer cells to
certain chemotherapeutics but, conversely, provides a unique biochemical cue for design-
ing smart drug delivery systems. Reduction-responsive hydrogels have been developed
by introducing disulfide bonds (-5-S-) into the polymer network. These bonds remain
stable under normal physiological conditions, but are cleaved in the reducing intracellular
environment of tumors, leading to network degradation and triggered drug release. This
strategy has been successfully applied to various polymer systems [15,16]. Another critical
challenge for gelatin-based hydrogels is their limited capacity to load hydrophobic drugs.
As a predominantly hydrophilic protein, gelatin lacks sufficient hydrophobic domains
to effectively interact with hydrophobic drug molecules, leading to poor drug-loading
efficiency. This is particularly problematic since many anticancer drugs are hydrophobic in
nature [17].

In this study, we designed a reduction-responsive gelatin-based hydrogel with en-
hanced hydrophobic drug-loading capability. As illustrated in Figure 1, hydrophobic
tert-butyloxycarbonyl (Boc) groups were first grafted onto gelatin chains via modifica-
tion with di-tert-butyl dicarbonate, introducing hydrophobic domains for improved drug
affinity. Subsequently, the Boc-modified gelatin (Gel@Boc) was chemically cross-linked
with L-cysteine dimethyl ester dihydrochloride using an N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC-HCI) and N-Hydroxysuccinimide (NHS)-mediated
coupling strategy, forming a stable three-dimensional network containing disulfide link-
ages. The incorporation of Boc groups and methyl ester groups enhances interactions with
hydrophobic drugs, while the disulfide-crosslinked structure imparts reduction-responsive
degradability, enabling controlled drug release in reductive environments.
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Figure 1. Schematic illustration of design strategies for the reductive-responsive gelatin-based hydrogels.

2. Results and Discussion
2.1. Characterization of Gel@Boc and Gel@Boc-Dc Hydrogels

Di-tert-butyl dicarbonate (BocyO) is widely used to introduce the tert-butoxycarbonyl
(Boc) protecting group, selectively masking primary and secondary amines [18]. The
successful grafting of Boc groups onto gelatin was confirmed through spectroscopic and
chemical analyses. In the 'H NMR spectrum of Gel@Boc, a characteristic intensification of
the resonance at 4 1.26 ppm was observed, which is characteristic of the methyl hydrogen
protons of the tert-butyl group in the Boc moiety [19]. Notably, while unmodified gelatin
exhibits a weak signal at the same chemical shift due to the overlapping methyl resonances
of hydrophobic amino acid residues (e.g., alanine, valine, leucine, and isoleucine) [20], the
marked increase in signal intensity in the Gel@Boc sample confirms the successful grafting
of Boc groups. Furthermore, the resonance corresponding to the methylene protons adjacent
to the e-amino groups of lysine residues underwent a downfield shift from 2.84 ppm to
2.90 ppm [20]. This shift reflects the change in the electronic environment resulting from
the transformation of free amines into carbamate moieties, providing robust evidence for
the covalent conjugation of Boc groups to the gelatin backbone [21].

Gelatin contains a certain amount of free amino groups, predominantly originating
from the e-amino groups of lysine residues [22]. To optimize Boc modification, gelatin was
reacted with varying Boc concentrations, and the residual free amino group content was
quantified using the o-phthalaldehyde (OPA) assay (Figure S1). Based on these results,
a Boc concentration that produced near-maximal grafting was selected for subsequent
experiments. Quantitative OPA analysis at this concentration (Figure 2b) indicated a
Boc grafting efficiency of approximately 87%, confirming effective masking of free amino
groups through Boc functionalization. Collectively, these results demonstrate successful
hydrophobic functionalization of gelatin, introducing domains capable of interacting with
hydrophobic molecules.

Boc modification substantially alters the intrinsic sol-gel transition behavior of gelatin.
In contrast to native gelatin, which undergoes thermoreversible gelation through triple helix
formation upon cooling [23], Gel@Boc remains in a sol state at room temperature (Figure 2c).
This effect is attributed to steric hindrance imposed by bulky tert-butyl groups and disrup-
tion of hydrogen bonding, which inhibit chain alignment and helix formation [24]. This
observation not only further confirms the successful incorporation of Boc moieties but also
demonstrates that Gel@Boc is incapable of forming a physically crosslinked gel network
through intrinsic gelatin interactions.
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Figure 2. Structural characterization of Gel@Boc: (a) "H NMR spectra of gelatin and Gel@Boc in D,0,
confirming successful Boc grafting; (b) quantitative results of free amino group content before and
after Boc modification, determined using the OPA method, confirming the successful Boc grafting
and the masking of amino groups; (c) photographs of gelatin (5 wt%) and Gel@Boc (5 wt%) solutions
after standing at room temperature for 1 h.

2.2. Gelation Behavior of Gel@Boc-Dc Hydrogels

Upon EDC/NHS-mediated crosslinking with L-cysteine dimethyl ester, Gel@Boc-
Dc hydrogels are formed via covalent amide bond formation, establishing a chemically
crosslinked three-dimensional network. Compared with native gelatin, Gel@Boc-Dc ex-
hibits a markedly slower viscosity evolution during gelation (Figure 3a), which can be
attributed to the substantial reduction in available nucleophilic amine groups following Boc
protection. This limitation in reactive sites decreases crosslinking probability and delays
network percolation, thereby moderating the gelation process.

Consistent with this mechanism, gelation time decreases when polymer concentra-
tion increases (Figure 3b), since higher chain density promotes intermolecular collision
frequency and thereby expedites network formation. However, even at elevated concentra-
tions, Gel@Boc-Dc retains longer gelation times than unmodified gelatin, highlighting the
dominant role of chemical modification in regulating gelation kinetics. Importantly, the
gelation window (5-12 min) falls within an optimal range for injectable systems, enabling
sufficient processing time while ensuring rapid in situ stabilization post-administration [25].

Rheological analysis (Figure 3c) further elucidates the network characteristics. The
consistent dominance of the storage modulus (G') over the loss modulus (G”), coupled
with weak frequency dependence, indicates the formation of a well-developed, elastically
percolated network with stable crosslinking points. This behavior suggests that chem-
ical crosslinks, rather than physical entanglements, govern the mechanical integrity of
the hydrogel [26]. The loss modulus (G”) exhibits a characteristic V-shaped dependence
on angular frequency, reflecting the mechanically stable hydrogel networks. In the low-
frequency region, G” progressively decreased with increasing frequency, which can be
attributed to the sufficient relaxation of polymer chains and solvent-associated structures
during each oscillation cycle, resulting in reduced viscous dissipation [27]. As the frequency
approached the intermediate regime, G” reached a minimum, corresponding to a charac-
teristic relaxation frequency of the hydrogel network. Conversely, in the high-frequency
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region, the rapid oscillation outpaces the characteristic relaxation time of the network,
where restricted chain mobility and localized deformations enhance energy dissipation,
resulting in a significant rise in G [28].

The swelling behavior (Figure 3d) provides additional insight into the internal net-
work architecture. When the gelatin concentration exceeds 6 wt%, increasing polymer
content results in reduced equilibrium swelling, reflecting higher crosslinking density
and a corresponding reduction in network mesh size. This densification restricts solvent
diffusion and thereby limits water uptake [29]. It should be noted that, at lower concentra-
tions, insufficient chain entanglement and crosslinking lead to heterogeneous and loosely
connected networks, which are prone to partial disintegration during swelling, yielding
reduced apparent swelling ratios [30]. Such structure-swelling relationships have been
widely reported in hydrogel systems, where mesh size and crosslink density serve as key
determinants of water absorption and transport behavior [31].

Collectively, these results demonstrate a strongly interdependent relationship between
chemical modification, crosslinking kinetics, and network architecture. Through modu-
lation of polymer concentration and Boc functionalization, both gelation behavior and
structural properties of the hydrogel can be controlled, providing a tunable synthesis
strategy for optimizing drug delivery functionality.
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Figure 3. Gelation behavior, rheological properties and swelling behavior of Gel@Boc-Dc hydrogels:
(a) time-dependent viscosity evolution during the Sol-Gel transformation of Gel@Boc-Dc; (b) gelation
time as a function of gelatin concentration; (c) frequency-dependent storage modulus (G') and
loss modulus (G”) of Gel@Boc-Dc hydrogels; (d) swelling behavior of Gel@Boc-Dc hydrogels with
varying gelatin concentrations. Different lowercase letters in the figure indicate statistically significant
differences between groups (p < 0.05, n = 3).

2.3. Micromorphology of Gel@Boc-Dc Hydrogels

Figure 4 presents the micromorphological characterization of freeze-dried Gel@Boc-Dc
hydrogels using digital microscopy and scanning electron microscopy (SEM). All samples
exhibited a typical three-dimensional porous network structure, which provides ample
space for drug encapsulation and ensures homogeneous dispersion of therapeutic agents
within the gel matrix. At low gelatin concentrations, the hydrogel surface displayed high
porosity. As the gelatin concentration increased, the pore structure became more compact
and the number of pores substantially decreased.
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The variation in pore architecture significantly influences drug loading and release
behavior, including drug loading capacity, encapsulation efficiency, and release kinetics.
Generally, larger pore sizes and higher porosity facilitate rapid drug diffusion and pro-
mote drug release from the hydrogel interior. In contrast, denser networks with lower
porosity prolong drug diffusion pathways, slow down the release rate, and mitigate burst
release, thereby achieving sustained release. Notably, microscale pore structures (with
pore sizes in the range of 1-100 um) offer unique advantages in applications such as tis-
sue engineering scaffolds, macromolecular drug delivery, and cell culture. For instance,
Kim Sungjun et al. [32] reported porous structures with pore sizes ranging from 20 to 80 um
achieved by tuning polymer concentration and crosslinking conditions. Such structures sig-
nificantly improved the swelling capacity and mechanical elasticity of the hydrogels while
providing ample space for the encapsulation of macromolecular drugs or growth factors.

2.4. Reduction-Responsiveness

The redox-responsive degradation behavior of Gel@Boc-Dc (6%) hydrogels was evalu-
ated using dithiothreitol (DTT) as a reducing agent. As shown in Figure 5a, the hydrogel
underwent rapid structural disintegration, ultimately forming a homogeneous solution
within 95 min, indicating efficient network cleavage under reductive conditions. The
swelling-degradation profiles (Figure 5b) reveal a distinct two-stage behavior. In the initial
stage, both Gel-Dc (6%) and Gel@Boc-Dc (6%) hydrogels exhibited a mass increase due
to rapid water uptake and swelling. However, after approximately 20 min, the mass of
Gel@Boc-Dc (6%) decreased continuously, reflecting progressive degradation of the net-
work. This transition arises from reductive cleavage of disulfide crosslinks, which reduces
crosslinking density and ultimately disrupts network connectivity, leading to macroscopic
dissolution. In contrast, the hydrogel derived from native gelatin (Gel-Dc) showed no
mass loss under the same conditions and instead reaches swelling equilibrium, indicat-
ing the absence of reduction-sensitive linkages. This difference underscores that Gel-Dc
(6%) primarily relies on intrinsic gelatin interactions for network formation, whereas Boc
modification suppresses such physical crosslinking by masking amino groups. The sub-
sequent incorporation of disulfide bonds therefore serves as the dominant crosslinking
mechanism in Gel@Boc-Dc (6%), conferring redox responsiveness to the hydrogel system.
Further validation is provided by degradation studies in different media (Figure 5c). The
hydrogel remains structurally stable in PBS (pH 7.4), exhibiting negligible mass change,
whereas continuous mass loss is observed in PBS containing 10 mM DTT until complete
degradation. This marked contrast confirms that hydrogel disintegration is specifically
triggered by reductive cleavage of disulfide bonds rather than nonspecific hydrolysis.

To elucidate the molecular mechanism, degradation products were analyzed by X-ray
photoelectron spectroscopy (XPS). The survey spectrum (Figure 5d) reveals characteristic
peaks corresponding to C 1s (285.6 eV), O 1s (530.8 eV), and N 1s (399.27 eV), along with a
distinct signal at 162.9 eV attributable to the S 2p3 /, orbital of thiol (R-SH) groups [33]. High-
resolution spectra (Figure 5e) further confirm the presence of C-S5-H structures, indicating
the formation of free thiol groups following disulfide bond cleavage [34].

These results provide direct chemical evidence that the hydrogel degradation arises
from reduction-induced disulfide bond cleavage. Collectively, the combination of macro-
scopic degradation behavior and molecular-level characterization establishes a clear
structure-mechanism relationship, demonstrating that Gel@Boc-Dc hydrogels possess
well-defined and efficient redox-responsive properties.
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Figure 4. Microstructure of Gel@Boc-Dc hydrogels with varying gelatin concentrations: (a) SEM
images; (b) optical microscopy images obtained with SDFM.

2.5. Drug Loading Performance

The drug loading performance of Gel-Dc and Gel@Boc-Dc was assessed employing
two hydrophilic drugs (doxorubicin hydrochloride and fluorouracil) and two hydropho-
bic drugs (curcumin and camptothecin) (Figure 6). At a fixed gelatin concentration of
6 wt%, the hydrogels demonstrate substantially different loading behaviors as a function
of drug polarity.

For hydrophilic drugs, the encapsulation efficiencies decrease from 16.53% (doxoru-
bicin hydrochloride) and 7.8% (fluorouracil) in Gel-Dc to 6.9% and 5.5% in Gel@Boc-Dc,
respectively, with a corresponding reduction in loading content. This decrease reflects
the reduced compatibility between hydrophilic drugs and the hydrophobically modified
matrix, where Boc groups disrupt favorable polymer-drug interactions [35].

In contrast, Gel@Boc-Dc exhibits significantly enhanced loading capacity for hydropho-
bic drugs. The encapsulation efficiencies of curcumin and camptothecin reach 62.7% and
66.6%, respectively, considerably higher than those recorded for Gel-Dc (7.2% and 16.8%).
This pronounced improvement suggests the presence of strong intermolecular interactions
between the modified hydrogel network and hydrophobic drug molecules [36].

To elucidate the origin of this selective loading behavior, the binding affinity between
Gel@Boc and the model drugs was further investigated using microscale thermophore-
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sis (MST) (Figure 7). Gel@Boc exhibits strong binding toward hydrophobic drugs, with
dissociation constants (K4 of 0.46 & 0.37 uM for curcumin and 0.14 £ 0.14 uM for camp-
tothecin), indicative of high-affinity interactions. In contrast, negligible binding is observed
for hydrophilic drugs, as no reliable binding curves can be obtained.
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Figure 5. Reduction-responsive degradation of Gel@Boc-Dc (6%) hydrogels: (a) macroscopic degra-
dation process in DTT solution; (b) water absorption—disintegration curves of Gel-Dc (6%) and
Gel@Boc-Dc (6%) hydrogels in 10 mM DTT; (c) mass changes in Gel@Boc-Dc (6%) hydrogels in PBS
and DTT-containing media; (d) XPS total spectra of degradation products from the aforementioned
Gel@Boc-Dc (6%) hydrogels in DTT-containing media; (e) high-resolution S2p spectra confirming the
formation of thiol groups following disulfide bond cleavage.
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Figure 6. Encapsulation efficiency (a) and drug loading capacity (b) of native gelatin-based hydrogels
(Gel-Dc) and Gel@Boc-Dc toward hydrophilic drugs (doxorubicin hydrochloride and fluorouracil)
and hydrophobic drugs (curcumin and camptothecin).

This binding selectivity originates from hydrophobic interactions between the tert-
butoxycarbonyl (Boc) moieties and hydrophobic drug molecules, which facilitate stable
association in aqueous environments, whereas hydrophilic drugs remain preferentially
solvated and thus exhibit minimal interaction with the hydrophobic domains [35].

The strong agreement between MST-derived binding affinity and macroscopic loading
performance highlights that drug encapsulation is primarily governed by hydrophobic
interactions introduced through Boc functionalization. Collectively, these results demon-
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strate that Boc modification transforms gelatin into an amphiphilic carrier that selectively
enhances the loading of hydrophobic therapeutics.

2.6. Stimuli-Responsive Drug Release Behavior

The reduction-responsive drug release behavior of Gel@Boc-Dc hydrogels was first
qualitatively evaluated using doxorubicin hydrochloride-loaded hydrogels (10 mM DTT)
(Figure 8). Upon exposure to the reducing medium, the hydrogel undergoes progressive
reduction and eventually dissolves, with a gradual increase in the characteristic red color
in the surrounding solution, indicating continuous drug release. This behavior reflects the
cleavage of disulfide crosslinks, which triggers network disintegration and enables the
release of encapsulated drugs.

To quantitatively elucidate the drug release mechanism of Gel@Boc-Dc hydrogels,
curcumin was employed as a model hydrophobic drug, and the release profiles were
fitted using multiple kinetic models, including zero-order, first-order, Higuchi, and
Korsmeyer—Peppas models, to identify the dominant release mechanisms under different
environmental conditions.

In PBS (pH 7.4) (Figure 9a), all hydrogels exhibit a characteristic biphasic release profile
consisting of an initial burst release followed by a sustained-release phase. The initial stage
(0-100 min) is dominated by rapid diffusion of loosely bound or surface-associated drug
molecules, whereas the subsequent sustained release is governed by diffusion from the
interior of the hydrogel network. The release data in PBS showed the best fit to the first-
order model (R? > 0.92), suggesting that drug release under physiological conditions is
primarily diffusion-controlled [37]. Moreover, increasing gelatin concentration resulted in
a denser network structure with reduced mesh size, thereby restricting molecular diffusion
and slightly suppressing overall drug release.

Under reductive conditions (10 mM DTT) (Figure 9b), the release behavior is markedly
accelerated due to cleavage of disulfide bonds. In this case, drug release is no longer
governed solely by diffusion but is strongly coupled with network degradation. The release
profiles exhibited the best fit to the Korsmeyer-Peppas model (R? > 0.98), with diffusion
exponent (n) values ranging from 0.60 to 0.82, consistent with a non-Fickian transport mech-
anism dominated by the combined effects of diffusion and matrix erosion [38,39]. Notably,
the n value increased with gelatin concentration (0.60 to 0.82), suggesting progressively
enhanced erosion contributions in denser networks [40]. Hydrogels with lower gelatin
content (6 wt%) exhibit faster release kinetics, achieving complete release within ~115 min,
whereas those with higher concentrations (8 wt%) require extended time (=175 min), re-
flecting the increased structural stability and reduced accessibility of disulfide bonds in
denser networks.

The influence of reducing agent concentration was further evaluated (Figure 9¢). The
release rate increases with DTT concentration, with complete release observed at 10 mM,
while only partial release (~52%) occurs at 1 mM. At high concentrations (10 mM and
5 mM), the release curves exhibited the best fit to the Korsmeyer-Peppas model (R? > 0.98),
with n values of 0.6 and 0.62, respectively, confirming the dominant contribution of coupled
diffusion and matrix erosion. In contrast, the release profile at 1 mM DTT was better
described by the first-order model, indicating that diffusion remained the predominant
release mechanism under weakly reducing conditions. These findings demonstrate that
the extent and rate of disulfide bond cleavage directly regulate network degradation and,
consequently, drug release kinetics.

To more accurately mimic the tumor microenvironment, the contribution of enzymatic
degradation was additionally assessed (Figure 9d). In the absence of DTT, collagenase
induces a moderate increase in drug release at later stages, indicating gradual enzymatic
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degradation of the gelatin backbone. In contrast, in the presence of DTT, complete drug
release is achieved within 105 min regardless of enzyme addition, demonstrating that the
reductive cleavage of disulfide bonds dominates the degradation process under strongly
reducing conditions, effectively overshadowing enzymatic contributions.
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Figure 7. Binding affinity of Gel@Boc toward model drugs determined by microscale ther-
mophoresis (MST): (a) curcumin, (b) camptothecin, (¢) doxorubicin hydrochloride, and (d) fluo-
rouracil. Gel@Boc exhibited strong binding affinity toward hydrophobic drugs, with dissociation
constants (Kd) of 0.46 £ 0.37 uM for curcumin and 0.14 + 0.14 uM for camptothecin, indicating
high-affinity interactions.

Given that glutathione (GSH) is the primary intracellular reducing agent, release
behavior was further investigated in GSH-containing systems (Figure 9¢,f). Although the
overall trends are consistent with those observed in DTT, the release kinetics are noticeably
slower, requiring longer times to reach completion. Under high GSH concentrations,
the release profiles were also well fitted by the Korsmeyer-Peppas model, with n values
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ranging from 0.40 to 0.45 [41,42]. Compared with DTT-triggered release, the lower n values
suggest reduced erosion contributions and enhanced diffusion-controlled release behavior.
This milder degradation process prevents abrupt collapse of the hydrogel network and
avoids rapid burst release of the encapsulated drug. The slower release kinetics in GSH
are likely attributable to its lower reduction potential and slower thiol-disulfide exchange
kinetics compared with DTT [43]. Importantly, this behavior suggests that the hydrogel
can maintain structural integrity under physiological conditions while enabling sustained
and controlled drug release in reductive environments [44].

Figure 8. Time-dependent visual observation of doxorubicin hydrochloride release from Gel@Boc-
Dc hydrogels in 10 mM DTT solution at (a) 5 min, (b) 25 min, (c) 45 min, (d) 65 min, (e) 85 min,
and (f) 105 min, showing progressive hydrogel degradation and drug release.

Collectively, these results demonstrate that drug release from Gel@Boc-Dc hydrogels
is governed by a synergistic interplay between diffusion and reduction-triggered network
degradation. The kinetic modeling confirms a clear shift from Fickian diffusion in non-
reducing conditions to erosion-controlled release in reducing environments, with the
transition governed by disulfide bond cleavage. Both polymer concentration and reductive
conditions serve as key parameters for modulating release kinetics, providing a tunable
platform for the controlled delivery of hydrophobic anticancer drugs.

2.7. Biosafety Assessment

For reduction-responsive hydrogels intended for biomedical applications, biocom-
patibility is a critical prerequisite. The cytocompatibility of Gel@Boc-Dc hydrogels was
therefore evaluated using an MTT assay by measuring the relative growth rate (RGR) of
HepG2 cells following incubation with hydrogel extracts for 24 and 48 h. As shown in
Figure 10a, cell viability across all groups remains approximately 90%, with no significant
cytotoxicity observed. These results indicate that neither Boc functionalization nor disulfide
crosslinking adversely affects the cytocompatibility of the hydrogel system. Notably, the hy-
drogel maintains high cell viability while incorporating both hydrophobic modification and
reduction-responsive functionality, confirming that the introduced chemical modifications
do not compromise biological safety.

Hemolysis, defined as the rupture of red blood cells accompanied by the release of
hemoglobin and other intracellular components, is an important indicator for evaluating
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the blood compatibility of biomaterials. As shown in Figure 10c, all tested hydrogel
samples exhibited hemolytic behavior comparable to that of the negative control, indicating
negligible membrane-disruptive effects toward red blood cells. Quantitative analysis
(Figure 10b) further demonstrated that the hemolysis rates of all hydrogel formulations
remained below 1% across the tested concentration range. Collectively, these results confirm
the excellent hemocompatibility of the Gel@Boc-Dc hydrogels and suggest their suitability
for biomedical applications.

The biosafety of hydrogel degradation products is also an important consideration for
their potential biomedical applications. The reduction-triggered degradation of the hydro-
gel mainly proceeds through the cleavage of disulfide bonds, generating gelatin-derived
fragments and cysteine-containing oligomers. Gelatin is a denatured collagen biopolymer
whose degradation products are primarily peptides and amino acids that can be further
metabolized through normal physiological pathways and are widely recognized as biocom-
patible and biodegradable biomaterials [45,46]. Moreover, the disulfide cleavage products
contain cysteine-related species, which are naturally occurring metabolites involved in
glutathione metabolism and cellular redox regulation [47]. Therefore, the degradation
products generated from the Gel@Boc-Dc hydrogel are expected to exhibit low biological
toxicity and good metabolic compatibility.
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Figure 9. Drug release behavior of Gel@Boc-Dc hydrogels (pH = 7.4, temperature = 37 °C): (a) release
profiles of curcumin from hydrogels with different gelatin concentrations (6%, 7%, 8%) in PBS;
(b) release profiles of curcumin from hydrogels with different gelatin concentrations (6%, 7%, 8%)
in 10 mM DTT; (c) effect of DTT concentration (1, 5, 10 mM) on drug release; (d) release profiles
of hydrogels with the same gelatin concentration (6%) under four different conditions (PBS, DTT,
collagenase, and DTT + collagenase); (e) release profiles in GSH solutions with varying gelatin
concentrations; (f) effect of GSH concentration (5, 15, 25 mM) on drug release.
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Figure 10. Biocompatibility assessment of Gel-Dc and Gel@Boc-Dc hydrogels. (a) Cell viability
of HepG2 cells after incubation with hydrogel extracts for 24 and 48 h, evaluated by MTT assay.
(b) Hemolysis percentage: Quantitative analysis of hemolytic toxicity. All hydrogel experimental
groups showed negligible hemolysis (near 0%), well below the 5% safety threshold for biomedical
materials. (c) Visual results of the samples after centrifugation. The positive control shows a distinct
red supernatant due to erythrocyte rupture, while the experimental groups and the negative control
exhibit clear supernatants with intact red blood cells settled at the bottom, confirming superior
hemocompatibility (data are presented as mean + SD, n = 3).

3. Conclusions

In summary, a reduction-responsive gelatin-based hydrogel with enhanced hy-
drophobic drug loading capability has been successfully developed through Boc func-
tionalization and disulfide-mediated crosslinking. The introduction of hydrophobic Boc
groups transforms gelatin into an amphiphilic matrix, significantly improving its affin-
ity toward hydrophobic drugs, while disulfide bonds confer upon the hydrogel with
redox-responsive degradability.

The resulting Gel@Boc-Dc hydrogels exhibit tunable gelation behavior, well-defined
network architectures, and markedly enhanced encapsulation efficiency for hydrophobic
therapeutics. Under simulated tumor reductive environments, the specific cleavage of
disulfide bonds triggers the degradation of the hydrogel network, enabling a transition
in drug release kinetics from diffusion-controlled to degradation-controlled. Given its
excellent biocompatibility and precise responsiveness, this study provides a reliable strategy
for the functionalization of natural biopolymers and offers a highly promising smart
platform for targeted anticancer drug delivery.
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4. Materials and Methods
4.1. Materials

Gelatin (Type A, derived from porcine skin) was purchased from Sigma-Aldrich
(Darmstadt, Germany). Doxorubicin Hydrochloride (DOX-HCI) was obtained from Shang-
hai Macklin Biochemical Co., Ltd. (Shanghai, China). Di-tert-butyl dicarbonate, L-Cystine
dimethyl ester dihydrochloride, o-Phthalaldehyde (OPA), N-Hydroxysuccinimide (NHS),
and N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC-HCl) were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
HepG2 was purchased from Jiangsu KeyGEN BioTECH Co (Jiangsu, China). All other
reagents were of analytical grade and used as received without further purification.

4.2. Preparation of Boc Grafted Gelation (Gel@Boc)

Gelatin (4.2 g) was dissolved in 50 mL of deionized water under continuous stirring
at 50 °C, followed by the addition of 0.5 g sodium bicarbonate to the solution. Separately,
di-tert-butyl dicarbonate (1.745 g) was dissolved in 50 mL of tetrahydrofuran (THF). The
Boc solution was then added dropwise to the gelatin solution, and the reaction was al-
lowed to proceed at room temperature for 24 h. After completion, THF was removed by
rotary evaporation and the residue was dissolved in deionized water. The solution was
subsequently dialyzed (MWCO 8-14 kDa, Solarbio, Beijing, China) against deionized water
for 48 h, with the external medium replaced every 3-5 h to remove unreacted Boc. The
purified product was then lyophilized to obtain Boc grafted gelation.

4.3. Preparation of Reduction-Responsive Gelatin-Based Hydrogel (Gel@Boc-Dc)

Lyophilized Gel@Boc (0.21 g) was dissolved in deionized water to prepare solutions
with concentrations of 5%, 6%, 7%, and 8% (w/v). L-cysteine dimethyl ester dihydrochloride
(50 mg) was added to each solution and mixed thoroughly. Subsequently, EDC (28.75 mg)
and NHS (17.5 mg) were added sequentially, and the mixture was allowed to react at
room temperature for 1 h to form hydrogels. The obtained hydrogels were denoted as
Gel@Boc-Dc (5%), Gel@Boc-Dc (6%), Gel@Boc-Dc (7%), and Gel@Boc-Dc (8%), respectively.

4.4. Characterization of Gel@Boc
4.4.1. '"H NMR Analysis

Gelatin and Gel@Boc were dissolved in deuterium oxide (D,0) in an NMR tube, and

'H NMR spectra were recorded over a chemical shift range of 0-10 ppm on a Nuclear
Magnetic Resonance Spectrometer (JEOL JNM-ECZL400S, JEOL, Tokyo, Japan).

4.4.2. Determination of Free Amino Group Content

The free amino content of Gel@Boc was quantified by the o-phthalaldehyde (OPA)
method. Lyophilized samples were dissolved in deionized water, and 400 pL of the solution
was mixed with 3 mL of fresh OPA reagent. After reacting for 2 min at room temperature,
absorbance was measured at 335 nm using a UV-Vis spectrophotometer (NanoPhotometer®
NP80, Implen, Munich, Germany). All measurements were performed in triplicate, and
serine was used as the standard for calibration. The serine concentration range used for
plotting the standard curve is 0-100 pg/mL.

4.5. Gelation Behavior of Gel@Boc-Dc Hydrogels
4.5.1. Rheological Measurements

Rheological characterization of the Gel@Boc-Dc hydrogels was conducted on an
ARES/G2 rotational rtheometer (TA Instruments, New Castle, DE, USA). Dynamic fre-
quency sweeps were performed using a 25 mm parallel plate geometry at 25 °C with a
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constant strain of 1% over a frequency range of 0.1-100 Hz to obtain the storage modulus
(G’) and loss modulus (G").

4.5.2. Viscosity Testing

The viscosity of the Gel@Boc-Dc hydrogel before and after gelation was determined
using a rotational viscometer (DV2T Touch Screen Viscometer, Brookfield, New York, NY,
USA). A suitable spindle (e.g., SC4-18 for low-viscosity samples or SC4-34 for higher-
viscosity samples) was selected based on the expected viscosity range and fully submerged
in the sample. The measurement was conducted at 25.0 £ 0.1 °C via a water bath, with the
rotational speed adjusted to maintain a torque reading of approximately 50%. The viscosity
was recorded after stabilization, and each test was repeated three times.

4.5.3. Gelation Time

Aliquots of the liquid precursor solutions (prepared in Section 2.2 following the
addition of EDC and NHS) were transferred into glass vials and maintained at 25 °C. The
vials were inverted at 10 s intervals, and the gelation time was defined as the point at which
no flow was observed.

4.5.4. Swelling Performance Test

Lyophilized samples were weighed (W;) and immersed in 100 mL of PBS buffer
(pH 7.4) at room temperature for 24 h. The samples were then removed, gently blotted
with filter paper to remove surface water, and weighed again (Ws). Measurements were
performed in triplicate, and the equilibrium swelling percentage (ESR) was calculated
using the formula below:
Ws — Wy

ESR(%) = == x100% 1)

where W; and W; represent the dry and swollen weights, respectively.

4.6. Morphological Analysis
4.6.1. Scanning Electron Microscopy (SEM)

The cross-sectional morphology of freeze-dried samples was examined using scanning
electron microscopy (EM-30 Plus, COXEM, Daejeon, Republic of Korea) at an accelerating
voltage of 20 kV and 931x magnification. Prior to imaging, samples were fractured in
liquid nitrogen.

4.6.2. Super-Depth-of-Field Microscope (SDFM)

A Super-Depth-of-Field Microscope (LEICA DVM6A, Leica, Wetzlar, Germany) was
employed to examine the micromorphology of the samples. The freeze-dried Gel@Boc-Dc
hydrogels were cryofractured in liquid nitrogen, and the resulting flat cross-sections were
imaged at 500 x magnification.

4.7. Reduction-Responsive Analysis
4.7.1. Swelling-Degradation Behavior

Approximately 0.6 g of the Gel-Dc (6%) and Gel@Boc-Dc(6%) hydrogel (recorded
as W1) was immersed in 15 mL of PBS solution (0.02 M, pH 7.4) containing 10 mM DTT,
respectively, and incubated at 37 °C for degradation. Every ten minutes, the hydrogel
samples were taken out, the surface liquid was blotted with filter paper, and the samples
were weighed (recorded as W»). The relative mass retention percentage (R) was calculated

using the following formula:

R(%) = % x100% )
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4.7.2. Degradation Behavior

The Gel@Boc-Dc(6%) hydrogels were fully swollen in PBS buffer (pH 7.4). Approx-
imately 0.6 g of the swollen hydrogel (recorded as W3) was immersed in 15 mL of PBS
solution (0.02 M, pH 7.4) containing 10 mM DTT and in PBS solution without DTT, respec-
tively, and incubated at 37 °C for degradation. Hydrogel samples were collected at 10 min
intervals during the initial phase and at 20 min intervals during the subsequent phase.
The surface liquid was removed by blotting with filter paper, and the samples were then
weighed (recorded as Wy). The relative mass retention percentage (R) was calculated using
the following formula:

R(%):%xloo% 3)

where W1 and W, represent the mass of the sample before and after degradation, respectively.

4.7.3. XPS Analysis

The resulting solution from the degradation experiment was dialyzed (8-14 kDa
MWCO) against deionized water for 2 days, with the external buffer replaced every 3-5 h.
The dialyzed product was lyophilized, and the surface chemical states were analyzed by
X-ray photoelectron spectroscopy (ESCALAB Xi+, Thermo Fisher, Waltham, MA, USA).

4.8. Performance Evaluation
4.8.1. Drug Encapsulation and Loading

Freeze-dried hydrogel samples, each with its own actual weight recorded as W5, were
immersed in 10 mL of drug solution (pH 7.4) with an initial concentration of 100 pg/mL (Cy).
The mixtures were incubated under continuous stirring at room temperature in the dark for
24 h to allow drug loading equilibrium to be reached. After incubation, the supernatants
were collected, and the absorbance at the characteristic maximum absorption wavelength
(Amax) of each drug was measured using a UV-Vis spectrophotometer (NanoPhotometer®
NP80, Implen, Germany). Two hydrophilic drugs, doxorubicin hydrochloride (DOX-HC],
Amax = 480 nm) and 5-fluorouracil (Amax = 266 nm), together with two hydrophobic drugs,
curcumin (Amax = 434 nm) and camptothecin (Amax = 370 nm), were employed as model
compounds. The residual drug concentration in the supernatant (C;) was subsequently
determined from the corresponding standard calibration curves. The drug loading capacity
(LC) and encapsulation efficiency (EE) were calculated according to the following equations:

(Cl—C2)X10
LC(%) = 21— =2/ 277 4
(%) W (4)
EE(%) = C=C2 100% (5)
G

4.8.2. MST Assay for Gel@Boc- and Drug-Binding Assays

Cyb5-labeled Gel@Boc was prepared by dissolving Cy5 NHS ester (1.0 mg in 400 uL
DMSO) and Gel@Boc (1.0 mg in 400 uL 0.1 M NaHCO;3, pH 8.0) in a 3 mL glass vial with
15 pL triethylamine, followed by overnight stirring at room temperature in darkness. The
labeled product was dissolved in 40% DMSO (for hydrophobic drugs) or aqueous solution
(for hydrophilic drugs) and diluted to 400 nM. Stock solutions (curcumin, camptothecin,
doxorubicin hydrochloride, and fluorouracil) were prepared in the same solvent system
and serially diluted. Each drug dilution was mixed 1:1 (v/v) with the labeled Gel@Boc
solution and analyzed using a Monolith NT.115 instrument (NanoTemper Technologies,
Munich, Germany).
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4.8.3. In Vitro Drug Release

Drug-loaded hydrogels were placed in 30 mL of release medium and incubated in
a shaking water bath (120 rpm, 37 °C). Release media included PBS (pH 7.4), DTT (1, 5,
10 mM), collagenase (1 pg/mL), GSH (5, 15, 25 mM), and their combinations. The effect of
gelatin concentration was examined using 10 mM DTT or 25 mM GSH. At predetermined
time points, 3 mL of release medium was withdrawn and replaced with fresh medium. The
collected samples were stored in the dark at low temperature. Drug release was quantified
by UV-Vis spectroscopy and calculated using a standard curve.

amount of drug in the release medium
amount of drug loaded into microgels

Releasing content (%) = x100% (6)

4.8.4. Cytotoxicity Assay

HepG2 cells were cultured at 37 °C in 5% CO,. Lyophilized Gel@Boc-Dc hydrogels
were sterilized by UV irradiation (30 min per side). Cells seeded at 6 x 10° cells/well were
treated with the hydrogel extract (prepared by incubating 100 mg of hydrogel in 5 mL MEM
with 10% FBS at 50 °C). After 24 and 48 h of incubation, the medium was removed, and the
wells were washed with PBS. MTT solution (0.5 mg/mL in MEM, 100 pL) was added to
each well and incubated for 4 h. The supernatant was discarded, and the formazan crystals
were dissolved in DMSO (100 uL). Absorbance was measured at 570 nm using a microplate
reader (SPARK 10M, TECAN, Mannedorf, Switzerland).

4.8.5. Hemolytic Toxicity Test

Anticoagulated rabbit blood was centrifuged at 1500 rpm for 10 min. The plasma was
removed, and red blood cells (RBCs) were washed repeatedly with prechilled 0.01 M PBS
until the supernatant was clear. The washed RBCs were resuspended in the same buffer to
prepare a 12% (v/v) RBC suspension. Aliquots of this suspension were mixed with Gel@Boc-
Dc hydrogel extracts of varying concentrations (prepared by incubating 100 mg of hydrogel
in 0.01 M PBS at 50 °C) in 1.5 mL tubes. Controls included 0.25% Triton X-100 (positive)
and an equal volume of PBS (negative). Each condition was tested in triplicate. The tubes
were incubated at 37 °C for 1 h with shaking at 60 rpm, then centrifuged at 1000 rpm for
10 min. Hemolysis was visually assessed: a uniformly transparent red supernatant with
no obvious RBC pellet indicated positive hemolysis; a clear, colorless supernatant with an
intact RBC pellet indicated no hemolysis. Subsequently, 100 uL of the supernatant was
transferred to a 96-well plate, and the absorbance at 540 nm was measured. The hemolysis
rate was calculated using the following formula:

Hemolysis (%) = M x100% (7)

APOSltwe 7Anegative

where Agqple, Anegatives AN Apositive are the absorbance (OD) values measured at 540 nm for
the sample, negative control, and positive control, respectively.

4.9. Statistical Analysis

All experiments were performed in triplicate. Data are expressed as mean + standard
deviation. GraphPad Prism, version 11.0.1 software (GraphPad, San Diego, CA, USA),
was used to perform all statistical analyses. Welch's t-test or one-way analysis of variance
(ANOVA) was used as appropriate, and differences were considered significant at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.

mdpi.com/article/10.3390/gels12070614 /s1, Figure S1: Free amino acid content in Boc-modified
compounds at different ratios.

https://doi.org/10.3390/gels12070614


https://www.mdpi.com/article/10.3390/gels12070614/s1
https://www.mdpi.com/article/10.3390/gels12070614/s1
https://doi.org/10.3390/gels12070614

Gels 2026, 12, 614 18 of 20

Author Contributions: Conceptualization, D.Z.; methodology, S.W. and R.Z.; software, S.W. and X.C;
validation, S.W., R.Z. and X.C.; formal analysis, S.W. and H.W.; investigation, Y.H. and Y.Z.; resources,
D.Z.; data curation, S.W. and R.Z.; writing—original draft preparation, S.W.; writing—review and
editing, D.Z. and W.L,; visualization, D.Z.; supervision, D.Z.; project administration, D.Z. and W.L.;
funding acquisition, D.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Major Scientific Research Project for the Construction of
State Key Lab (2025ZDGZ02) and the 2025 Jinan City-University Integration Project for Sci-Tech
Achievement Transformation (202534065).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Yadav, A.; Singh, S.; Sohi, H.; Dang, S. Advances in Delivery of Chemotherapeutic Agents for Cancer Treatment. AAPS
PharmSciTech 2021, 23, 25. [CrossRef] [PubMed]

2. Davodabadi, F; Sajjadi, S.F.; Sarhadi, M.; Mirghasemi, S.; Nadali Hezaveh, M.; Khosravi, S.; Kamali Andani, M.; Cordani, M.;
Basiri, M.; Ghavami, S. Cancer Chemotherapy Resistance: Mechanisms and Recent Breakthrough in Targeted Drug Delivery. Eur.
J. Pharmacol. 2023, 958, 176013. [CrossRef] [PubMed]

3. Couvreur, P. Nanoparticles in Drug Delivery: Past, Present and Future. Adv. Drug Deliv. Rev. 2013, 65, 21-23. [CrossRef] [PubMed]

4. Kasai, R.D.; Radhika, D.; Archana, S.; Shanavaz, H.; Koutavarapu, R.; Lee, D.-Y.; Shim, J. A Review on Hydrogels Classification
and Recent Developments in Biomedical Applications. Int. J. Polym. Mater. Polym. Biomater. 2023, 72, 1059-1069. [CrossRef]

5. Chelu, M.; Calderon Moreno, ].M.; Musuc, A.M.; Popa, M. Natural Regenerative Hydrogels for Wound Healing. Gels 2024, 10, 547.
[CrossRef] [PubMed]

6. Samatra, M.Y.; Noor, N.Q.L.M.; Razali, U.H.M.; Bakar, ].; Shaarani, S.M. Bovidae-based Gelatin: Extractions Method, Physicochem-
ical and Functional Properties, Applications, and Future Trends. Comp. Rev. Food Sci. Food Safe 2022, 21, 3153-3176. [CrossRef]
[PubMed]

7. Liu, D.; Nikoo, M.; Boran, G.; Zhou, P,; Regenstein, ].M. Collagen and Gelatin. Annu. Rev. Food Sci. Technol. 2015, 6, 527-557.
[CrossRef] [PubMed]

8. Mahmoudi, C.; Tahraoui Douma, N.; Mahmoudi, H.; Iurciuc, C.E.; Popa, M.; Hamcerencu, M.; Andritoiu, C.V. Developing and
Characterizing a Biocompatible Hydrogel Obtained by Cross-Linking Gelatin with Oxidized Sodium Alginate for Potential
Biomedical Applications. Polymers 2024, 16, 3143. [CrossRef] [PubMed]

9. Venezia, V.; Verrillo, M.; Avallone, P.R.; Silvestri, B.; Cangemi, S.; Pasquino, R.; Grizzuti, N.; Spaccini, R.; Luciani, G. Waste
to Wealth Approach: Improved Antimicrobial Properties in Bioactive Hydrogels through Humic Substance-Gelatin Chemical
Conjugation. Biomacromolecules 2023, 24, 2691-2705. [CrossRef] [PubMed]

10. Afewerki, S.; Sheikhi, A.; Kannan, S.; Ahadian, S.; Khademhosseini, A. Gelatin-Polysaccharide Composite Scaffolds for 3D Cell
Culture and Tissue Engineering: Towards Natural Therapeutics. Bioeng. Transl. Med. 2019, 4, 96-115. [CrossRef] [PubMed]

11.  Yadav, D.; Giri, P,; Das, C. Polymer-Based Biomaterials and Their Applications in Tissue Adhesives. |. Adhes. Sci. Technol. 2024, 38,
2019-2046. [CrossRef]

12.  Cheah, K.E.; Yeoh, PS.Q.; Lai, KW.; Wu, S.; Muhamad, F. Smart and Injectable Hydrogels for Cancer Treatment and Other
Biomedical Applications. Biomater. Adv. 2026, 180, 214624. [CrossRef] [PubMed]

13.  Farajollahi, A. Injectable Hydrogel: A Promising Frontier in Cancer Therapy. Prog. Biophys. Mol. Biol. 2026, 199, 46—68. [CrossRef]
[PubMed]

14.  Firczuk, M,; Bajor, M.; Graczyk-Jarzynka, A ; Fidyt, K.; Goral, A.; Zagozdzon, R. Harnessing Altered Oxidative Metabolism in
Cancer by Augmented Prooxidant Therapy. Cancer Lett. 2020, 471, 1-11. [CrossRef] [PubMed]

15. Yoon, S.; Kim, W.].; Yoo, H.S. Dual-Responsive Breakdown of Nanostructures with High Doxorubicin Payload for Apoptotic
Anticancer Therapy. Small 2013, 9, 284-293. [CrossRef] [PubMed]

16. Saito, G.; Swanson, ].A.; Lee, K.-D. Drug Delivery Strategy Utilizing Conjugation via Reversible Disulfide Linkages: Role and Site
of Cellular Reducing Activities. Adv. Drug Deliv. Rev. 2003, 55, 199-215. [CrossRef] [PubMed]

17. McKenzie, M,; Betts, D.; Suh, A.; Bui, K.; Kim, L.D.; Cho, H. Hydrogel-Based Drug Delivery Systems for Poorly Water-Soluble

Drugs. Molecules 2015, 20, 20397-20408. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ gels12070614


https://doi.org/10.1208/s12249-021-02174-9
https://www.ncbi.nlm.nih.gov/pubmed/34907501
https://doi.org/10.1016/j.ejphar.2023.176013
https://www.ncbi.nlm.nih.gov/pubmed/37633322
https://doi.org/10.1016/j.addr.2012.04.010
https://www.ncbi.nlm.nih.gov/pubmed/22580334
https://doi.org/10.1080/00914037.2022.2075872
https://doi.org/10.3390/gels10090547
https://www.ncbi.nlm.nih.gov/pubmed/39330149
https://doi.org/10.1111/1541-4337.12967
https://www.ncbi.nlm.nih.gov/pubmed/35638329
https://doi.org/10.1146/annurev-food-031414-111800
https://www.ncbi.nlm.nih.gov/pubmed/25884286
https://doi.org/10.3390/polym16223143
https://www.ncbi.nlm.nih.gov/pubmed/39599234
https://doi.org/10.1021/acs.biomac.3c00143
https://www.ncbi.nlm.nih.gov/pubmed/37167573
https://doi.org/10.1002/btm2.10124
https://www.ncbi.nlm.nih.gov/pubmed/30680322
https://doi.org/10.1080/01694243.2023.2288424
https://doi.org/10.1016/j.bioadv.2025.214624
https://www.ncbi.nlm.nih.gov/pubmed/41308530
https://doi.org/10.1016/j.pbiomolbio.2025.12.002
https://www.ncbi.nlm.nih.gov/pubmed/41349770
https://doi.org/10.1016/j.canlet.2019.11.037
https://www.ncbi.nlm.nih.gov/pubmed/31811907
https://doi.org/10.1002/smll.201200997
https://www.ncbi.nlm.nih.gov/pubmed/22930531
https://doi.org/10.1016/S0169-409X(02)00179-5
https://www.ncbi.nlm.nih.gov/pubmed/12564977
https://doi.org/10.3390/molecules201119705
https://www.ncbi.nlm.nih.gov/pubmed/26580588
https://doi.org/10.3390/gels12070614

Gels 2026, 12, 614 19 of 20

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Manana, P; Hosten, E.C.; Betz, R. The Crystal Structure of Di-Tert-Butyl Dicarbonate, C1gH;3Os. Z. Fiir Krist.—New Cryst. Struct.
2021, 236, 1087-1089. [CrossRef]

Watson, J.; Balmforth, V.; Gray, E.; Unthank, M.G. pH-Responsive, Thermoset Polymer Coatings for Active Protection against
Aluminum Corrosion. ACS Appl. Mater. Interfaces 2024, 16, 12986-12995. [CrossRef] [PubMed]

Claaf8en, C.; Claalen, M.H.; Truffault, V.; Sewald, L.; Tovar, G.E.M.; Borchers, K.; Southan, A. Quantification of Substitution of
Gelatin Methacryloyl: Best Practice and Current Pitfalls. Biomacromolecules 2018, 19, 42-52. [CrossRef] [PubMed]

Theillet, F.-X.; Liokatis, S.; Jost, J.O.; Bekei, B.; Rose, H.M.; Binolfi, A.; Schwarzer, D.; Selenko, P. Site-Specific Mapping and
Time-Resolved Monitoring of Lysine Methylation by High-Resolution NMR Spectroscopy. J. Am. Chem. Soc. 2012, 134, 7616-7619.
[CrossRef] [PubMed]

Azevedo, C.; Saiardi, A. Why Always Lysine? The Ongoing Tale of One of the Most Modified Amino Acids. Adv. Biol. Regul.
2016, 60, 144-150. [CrossRef] [PubMed]

Djabourov, M. Gelation of Physical Gels: The Gelatin Gels. In Proceedings of the Physics of Finely Divided Matter; Boccara, N., Daoud,
M., Eds.; Springer: Berlin/Heidelberg, Germany, 1985; pp. 21-23.

Zong, Q.; Geng, H.; Ye, L.; Zhang, A.; Shao, Z.; Feng, Z. Synthesis and Gelation Capability of Fmoc and Boc Mono-Substituted
Cyclo(L-Lys-L-Lys)s. Chem. Res. Chin. Univ. 2016, 32, 484-492. [CrossRef]

Gulfam, M.; Jo, S.-H.; Vu, T.T.; Ali, L; Rizwan, A_; Joo, S.-B.; Park, S.-H.; Lim, K.T. NIR-Degradable and Biocompatible Hydrogels
Derived from Hyaluronic Acid and Coumarin for Drug Delivery and Bio-Imaging. Carbohydr. Polym. 2023, 303, 120457. [CrossRef]
[PubMed]

Calafel, M.I,; Criado-Gonzalez, M.; Aguirresarobe, R.; Fernandez, M.; Mijangos, C. From Rheological Concepts to Additive
Manufacturing Assessment of Hydrogel-Based Materials for Advanced Bioprinting Applications. Mater. Adv. 2025, 6, 45664597 .
[CrossRef]

Moncada, D.; Bouza, R.; Rico, M.; Rodriguez-Llamazares, S.; Pettinelli, N.; Aragén-Herrera, A.; Feijéo-Bandin, S.; Gualillo, O.;
Lago, F,; Farrag, Y.; et al. Injectable Carrageenan/Green Graphene Oxide Hydrogel: A Comprehensive Analysis of Mechanical,
Rheological, and Biocompatibility Properties. Polymers 2024, 16, 2345. [CrossRef] [PubMed]

Demeter, M.; Calina, I.; Scarisoreanu, A.; Micutz, M. E-Beam Cross-Linking of Complex Hydrogels Formulation: The Influence of
Poly(Ethylene Oxide) Concentration on the Hydrogel Properties. Gels 2022, 8, 27. [CrossRef] [PubMed]

Hoare, T.R.; Kohane, D.S. Hydrogels in Drug Delivery: Progress and Challenges. Polymer 2008, 49, 1993-2007. [CrossRef]

Yang, Y.; Wang, T. Swelling of Hydrogels with Imperfect Polymer Networks. J. Appl. Mech. 2025, 92, 071003. [CrossRef]

Thang, N.H.; Chien, T.B.; Cuong, D.X. Polymer-Based Hydrogels Applied in Drug Delivery: An Overview. Gels 2023, 9, 523.
[CrossRef] [PubMed]

Kim, S.; Choi, Y.; Lee, W.; Kim, K. Fabrication Parameter-Dependent Physico-Chemical Properties of Thiolated Gelatin/PEGDA
Interpenetrating Network Hydrogels. Tissue Eng. Regen. Med. 2022, 19, 309-319. [CrossRef] [PubMed]

Viswanadham, B.; Mahomed, A.S.; Friedrich, H.B.; Singh, S. Efficient and Expeditious Chemoselective BOC Protection of Amines
in Catalyst and Solvent-Free Media. Res. Chem. Intermed. 2017, 43, 1355-1363. [CrossRef]

Castner, D.G.; Hinds, K.; Grainger, D.W. X-Ray Photoelectron Spectroscopy Sulfur 2p Study of Organic Thiol and Disulfide
Binding Interactions with Gold Surfaces. Langmuir 1996, 12, 5083-5086. [CrossRef]

Takei, T.; Yoshihara, R.; Danjo, S.; Fukuhara, Y.; Evans, C.; Tomimatsu, R.; Ohzuno, Y.; Yoshida, M. Hydrophobically-Modified
Gelatin Hydrogel as a Carrier for Charged Hydrophilic Drugs and Hydrophobic Drugs. Int. |. Biol. Macromol. 2020, 149, 140-147.
[CrossRef] [PubMed]

Zeng, T.; Chen, L.; Yoshitomi, T.; Kawazoe, N.; Yang, Y.; Chen, G. Research Strategies and Methods of Hydrogels for Antitumor
Drug Delivery. Biomedicines 2025, 13, 1899. [CrossRef] [PubMed]

Kumar, G.; Chaudhary, K.; Mogha, N.K.; Kant, A.; Masram, D.T. Extended Release of Metronidazole Drug Using Chi-
tosan/Graphene Oxide Bionanocomposite Beads as the Drug Carrier. ACS Omega 2021, 6, 20433-20444. [CrossRef] [PubMed]
Ritger, P.L.; Peppas, N.A. A Simple Equation for Description of Solute Release I. Fickian and Non-Fickian Release from Non-
Swellable Devices in the Form of Slabs, Spheres, Cylinders or Discs. J. Control. Release 1987, 5, 23-36. [CrossRef]

Ritger, PL.; Peppas, N.A. A Simple Equation for Description of Solute Release II. Fickian and Anomalous Release from Swellable
Devices. J. Control. Release 1987, 5, 37-42. [CrossRef]

Bettini, R.; Colombo, P.; Massimo, G.; Catellani, P.L.; Vitali, T. Swelling and Drug Release in Hydrogel Matrices: Polymer Viscosity
and Matrix Porosity Effects. Eur. J. Pharm. Sci. 1994, 2, 213-219. [CrossRef]

Ghumman, S.A.; Noreen, S.; Hameed, H.; Elsherif, M.A.; Shabbir, R.; Rana, M.; Junaid, K.; Bukhari, S.N.A. Synthesis of pH-
Sensitive Cross-Linked Basil Seed Gum/Acrylic Acid Hydrogels by Free Radical Copolymerization Technique for Sustained
Delivery of Captopril. Gels 2022, 8, 291. [CrossRef] [PubMed]

Akbay, 1K.; Ozdemir, T. N-Vinylcaprolactam-Based Temperature and pH-Sensitive Graft Hydrogels for Controlled Drug Release
of 5-FU: A Comprehensive Study on Synthesis, Characterization, and Release Kinetics. Macromol. Res. 2024, 32, 217-230.
[CrossRef]

https:/ /doi.org/10.3390/ gels12070614


https://doi.org/10.1515/ncrs-2021-0228
https://doi.org/10.1021/acsami.3c14752
https://www.ncbi.nlm.nih.gov/pubmed/38426266
https://doi.org/10.1021/acs.biomac.7b01221
https://www.ncbi.nlm.nih.gov/pubmed/29211461
https://doi.org/10.1021/ja301895f
https://www.ncbi.nlm.nih.gov/pubmed/22519908
https://doi.org/10.1016/j.jbior.2015.09.008
https://www.ncbi.nlm.nih.gov/pubmed/26482291
https://doi.org/10.1007/s40242-016-5471-5
https://doi.org/10.1016/j.carbpol.2022.120457
https://www.ncbi.nlm.nih.gov/pubmed/36657844
https://doi.org/10.1039/D5MA00019J
https://doi.org/10.3390/polym16162345
https://www.ncbi.nlm.nih.gov/pubmed/39204565
https://doi.org/10.3390/gels8010027
https://www.ncbi.nlm.nih.gov/pubmed/35049562
https://doi.org/10.1016/j.polymer.2008.01.027
https://doi.org/10.1115/1.4068317
https://doi.org/10.3390/gels9070523
https://www.ncbi.nlm.nih.gov/pubmed/37504402
https://doi.org/10.1007/s13770-021-00413-5
https://www.ncbi.nlm.nih.gov/pubmed/34905183
https://doi.org/10.1007/s11164-016-2702-9
https://doi.org/10.1021/la960465w
https://doi.org/10.1016/j.ijbiomac.2020.01.227
https://www.ncbi.nlm.nih.gov/pubmed/31982526
https://doi.org/10.3390/biomedicines13081899
https://www.ncbi.nlm.nih.gov/pubmed/40868153
https://doi.org/10.1021/acsomega.1c02422
https://www.ncbi.nlm.nih.gov/pubmed/34395991
https://doi.org/10.1016/0168-3659(87)90034-4
https://doi.org/10.1016/0168-3659(87)90035-6
https://doi.org/10.1016/0928-0987(94)90025-6
https://doi.org/10.3390/gels8050291
https://www.ncbi.nlm.nih.gov/pubmed/35621589
https://doi.org/10.1007/s13233-023-00222-w
https://doi.org/10.3390/gels12070614

Gels 2026, 12, 614 20 of 20

43. Kovacikova, L.; Prnova, M.S.; Bodo, P; Stefek, M. Cemtirestat Dimerization in Liposomes and Erythrocytes Exposed to Peroxyl
Radicals Was Reverted by Thiol-Disulfide Exchange with GSH. Free Radic. Res. 2024, 58, 1-10. [CrossRef] [PubMed]

44. 1i, L, Lei, D.; Zhang, J.; Xu, L,; Li, J; Jin, L.; Pan, L. Dual-Responsive Alginate Hydrogel Constructed by Sulfhdryl Dendrimer as
an Intelligent System for Drug Delivery. Molecules 2022, 27, 281. [CrossRef] [PubMed]

45.  Go6mez-Guillén, M.C.; Giménez, B.; Lépez-Caballero, M.E.; Montero, M.P. Functional and Bioactive Properties of Collagen and
Gelatin from Alternative Sources: A Review. Food Hydrocoll. 2011, 25, 1813-1827. [CrossRef]

46. Amirrah, LN.; Lokanathan, Y.; Zulkiflee, I.; Wee, M.EM.R.; Motta, A.; Fauzi, M.B. A Comprehensive Review on Collagen Type I
Development of Biomaterials for Tissue Engineering: From Biosynthesis to Bioscaffold. Biomedicines 2022, 10, 2307. [CrossRef]
[PubMed]

47. Lu, S.C. Glutathione Synthesis. Biochim. Biophys. Acta (BBA)—Gen. Subj. 2013, 1830, 3143-3153. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ gels12070614


https://doi.org/10.1080/10715762.2023.2298852
https://www.ncbi.nlm.nih.gov/pubmed/38145452
https://doi.org/10.3390/molecules27010281
https://www.ncbi.nlm.nih.gov/pubmed/35011513
https://doi.org/10.1016/j.foodhyd.2011.02.007
https://doi.org/10.3390/biomedicines10092307
https://www.ncbi.nlm.nih.gov/pubmed/36140407
https://doi.org/10.1016/j.bbagen.2012.09.008
https://www.ncbi.nlm.nih.gov/pubmed/22995213
https://doi.org/10.3390/gels12070614

	Introduction 
	Results and Discussion 
	Characterization of Gel@Boc and Gel@Boc-Dc Hydrogels 
	Gelation Behavior of Gel@Boc-Dc Hydrogels 
	Micromorphology of Gel@Boc-Dc Hydrogels 
	Reduction-Responsiveness 
	Drug Loading Performance 
	Stimuli-Responsive Drug Release Behavior 
	Biosafety Assessment 

	Conclusions 
	Materials and Methods 
	Materials 
	Preparation of Boc Grafted Gelation (Gel@Boc) 
	Preparation of Reduction-Responsive Gelatin-Based Hydrogel (Gel@Boc-Dc) 
	Characterization of Gel@Boc 
	1H NMR Analysis 
	Determination of Free Amino Group Content 

	Gelation Behavior of Gel@Boc-Dc Hydrogels 
	Rheological Measurements 
	Viscosity Testing 
	Gelation Time 
	Swelling Performance Test 

	Morphological Analysis 
	Scanning Electron Microscopy (SEM) 
	Super-Depth-of-Field Microscope (SDFM) 

	Reduction-Responsive Analysis 
	Swelling–Degradation Behavior 
	Degradation Behavior 
	XPS Analysis 

	Performance Evaluation 
	Drug Encapsulation and Loading 
	MST Assay for Gel@Boc- and Drug-Binding Assays 
	In Vitro Drug Release 
	Cytotoxicity Assay 
	Hemolytic Toxicity Test 

	Statistical Analysis 

	References

