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ARTICLE INFO ABSTRACT

Keywords: Triterpenoids are natural bioactive compounds that demonstrate cytotoxic and chemopreventive activities by
Cancer nanomedicine inhibiting various intracellular signals and transcription factors. Despite their efficacy, triterpenoid chemo-
Hydrogels therapeutics face significant challenges in cancer therapy because of their poor aqueous solubility, which re-
xe‘ll?:gma stricts the utilization of potent drug variants. Consequently, there is a pressing need to develop a solubilized form
Host-guest biomaterials of triterpenoid encapsulated within mechanically robust biomaterials, to facilitate injectable and minimally
Apoptosis invasive delivery. In this study, we focused on ginsenoside compound K (CK), a natural pentacyclic triterpenoid.

It was conjugated to hyaluronic acid (HA-CK) and employed as a novel guest molecule for binding to p-cyclo-
dextrin-grafted hyaluronic acid (HA-BCD), which is the host polymer. This interaction resulted in the creation of
an injectable supramolecular hydrogel (HG-Gel) through a straightforward mixing process involving host-guest
interactions between BCD and CK. The physical properties of the hydrogels were easily manipulated by altering
the molecular weight of HA and the grafting degree of BCD and CK in HA. Notably, the supramolecular hydrogel
precursors exhibited excellent cell viability for normal cells, sparing over 80 % of NIH 3T3 and HaCaT cells.
Intriguingly, these hydrogels facilitated effective delivery to CD44-overexpressing cancer cells, suppressing cell
proliferation. Enhanced trafficking of CK to cancer cells heightened caspase-dependent apoptosis in BL6F10 cells,
with the extent of cell death contingent on the expression levels of CD44 in cancer cells. This effect of CK seems to
be mediated through the induction of intracellular reactive oxygen species (ROS) and mitochondrial membrane
potential loss. In melanoma tumor-bearing mouse models, HG-Gels effectively inhibited tumor growth. Impor-
tantly, no side effects were observed on normal tissues, underscoring the safety of naturally derived biomaterials.
This study underscores the superiority of HG-Gels as a platform for utilizing triterpenoid saponins in melanoma
therapy, suggesting their potential for enhancing the safety and efficacy of triterpenoids in cancer treatment.

1. Introduction

Injectable materials, often in the form of hydrogels [1], can be
introduced into tissues through percutaneous procedures using syringes
and catheters, finding widespread applications in various biomedical
fields [2]. Traditionally, these materials are isotropic and homogeneous,
typically incorporating a blend of natural and synthetic polymers to
govern their physiological responsiveness [3]. While covalently
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crosslinked hydrogels boast numerous advantages, they tend to be
brittle, and supramolecular assemblies often exhibit pseudoplastic
deformation with low resistance to loading [4]. Within this realm,
self-assembled hydrogels stand out as a specific category, utilizing
crosslinking chemistry derived from noncovalent interactions such as
hydrophobic [5], ionic [6], and guest-host binding [7,8]. Notably, these
materials often possess shear-thinning properties [9], allowing for easy
injection and subsequent stabilization upon reaching the injection site
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[10].

Various non-covalent interactions can induce the formation of shear-
thinning hydrogels [11]. However, many of these interactions suffer
from the drawbacks of non-specificity and harsh gel formation condi-
tions, ultimately constraining the broader applications of hydrogels. To
address these limitations, researchers have delved into exploring
host-guest interactions involving two molecules with non-covalent
bonds [12]. Supramolecular chemistries based on host-guest in-
teractions, such as p-cyclodextrin-Paclitaxel [13], Cucurbit-Temozolo-
mide [14], and Calixarene-Ciprofloxacin [15], present an appealing
avenue for designing injectable hydrogels. These chemistries not only
facilitate shear-thinning behavior but also offer the advantage of
fine-tuning viscoelastic mechanical properties through both primary
and secondary cross-linking mechanisms, overcoming the challenges
posed by non-specificity and demanding gel formation conditions.

B-cyclodextrin (BCD), a cyclic oligosaccharide comprising seven
glucopyranose units, features a distinctive structure with a hydrophilic
outer cavity and a hydrophobic inner cavity [16]. This cyclodextrin,
recognized as non-toxic by the U.S. Food and Drug Administration,
enjoys widespread use in diverse industries, including food, cosmetics,
and pharmaceuticals [17]. Its ability to encapsulate guest molecules
within its cavity makes it a typical host molecule [18]. Paclitaxel (PTX),
an agent known to stabilize microtubules and reduce their dynamicity,
thereby promoting mitotic arrest and cell death [19], stands out as an
ideal guest molecule. Its suitable molecular volume, hydrophobic
properties, and relatively high association constant with CD make it a
compelling candidate [20]. The host-guest interaction between pCD and
PTX has garnered increasing attention for the development of functional
biomaterials [21]. Guest—host assembled hydrogels, owing to their
non-Newtonian properties, are well-suited as cell carriers for injectable
delivery, offering protection against excessive shear during needle
extrusion [22]. Despite these advantages, achieving fibrillar topogra-
phies in mechanically robust injectable hydrogels remains challenging.
Although self-assembling peptides can serve as injectable nanofibrous
hydrogels [23], their long-term mechanical properties are often limited.
On the other hand, electrospun hydrogel materials, exhibit robust me-
chanics and support biomimetic cellular behaviors. However, these
scaffolds typically require physical implantation and are not amenable
to injectable delivery.

Triterpenoids, a class of naturally occurring bioactive compounds,
are abundantly present in various plants as free acids or aglycones [24].
They constitute one of the largest subclasses of specialized metabolites,
encompassing over 14,000 known structures [25]. Based on their
structures, triterpenoids are divided into different subgroups, such as
acyclic and cyclic compounds [26]. Major types include tetracyclic de-
rivatives, such as dammarane, cucurbitane, tirucallane, and euphane.
Dammarane triterpenoids, the main metabolites of Panax ginseng, are
particularly important due to their remarkable biological activity [27].
Typically composed of six isoprene units, these triterpenoids exhibit
multiple functional groups, unique chiral centers, rigid skeletons, and
excellent biocompatibility [28]. These distinctive attributes not only
confer their pharmacological properties but also make them ideal
building blocks for self-assembling versatile supramolecular structures.
However, many of these compounds, including 293 isolated ginseno-
sides, exhibit poor solubility and targetability. To overcome challenges
related to  solubility and  non-targetability,  pentacyclic
triterpenoid-based small molecules have frequently been incorporated
into micro or nanoparticles [28]. However, the application of these
low-molecular-weight gels is limited, either because of the use of toxic
organic solvents or their poor mechanical properties. Hence, there is a
need to explore the development of polymeric hydrogels based on
pentacyclic triterpenoids, potentially opening up new possibilities in the
field of biomaterials derived from these compounds.

To address the poor solubility of triterpenoids, resulting in a brief
half-life in the blood circulation, low bioavailability, and limited ther-
apeutic effectiveness, a strategy was devised to chemically conjugate
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triterpenoids to the hyaluronic acid (HA) backbone. In this study, gin-
senoside compound K (CK) was selected as the representative drug
candidate, considering that dammarane-based triterpenoids, after
intravenous administration, often undergo non-specific distribution in
the body, especially in low-molecular-weight variants. To create a su-
pramolecular hydrogel, a conjugate of HA and pCD was synthesized
using natural resources. Both conjugates formed a complex through
host-guest interactions, with CK and fCD groups facilitating a dynamic
network characterized by reversible interactions within physiological
conditions. This approach effectively addressed the issues associated
with most dammarane-based triterpenoids. A similar approach can be
used by substituting CK with other ginsenosides, and the resulting
conjugate or gel can be used for various biomedical applications. The
resulting hydrogel exhibited excellent injectability and self-healing
properties. Validation in a melanoma tumor model confirmed that the
injection of the hydrogel (HG-Gel) achieved precise and sustained
release of CK at the tumor site without evident long-term toxicity, thus
simplifying the frequency of drug administration. These findings indi-
cate the suitability of hydrogels as effective biomaterials for melanoma
treatment. Notably, this work represents the first instance of employing
a preassembly approach that combines host-guest interactions with tri-
terpenoids to construct an injectable hydrogel with hydrolytic degra-
dation resistance and multifunctionality. This study introduced a
general strategy for preparing triterpenoid-based hydrogels, paving a
new avenue for the fabrication of intelligent biomedical materials with
promising applications. Fig. 1 illustrates the synthesis route and working
principle of injectable supramolecular hydrogels, both in vitro and in
vivo.

2. Results and discussion

In our pursuit to construct supramolecular materials using entirely
natural polymers derived from plants, animals, and micro-
organisms—integral components with exceptional properties and vital
roles in sustaining life—we posit that pre-organizing the host and guest
monomers enhances in-situ gelation efficiency. In this context, we
explore the conjugation of host and guest monomers to the backbone of
water-soluble and non-immunogenic HA. Our approach involves the
synthesis of HA-BCD and HA-CK conjugates, where simple mixing of
these conjugates leads to the formation of host-guest inclusion com-
plexes (Fig. 1a). These complexes arise through non-covalent crosslinks
between BCD and CK, ultimately giving rise to supramolecular hydrogels
to apply in a tumor mouse model leading to a ROS-mediated apoptosis
mechanism (Fig. 1¢). This strategy offers a versatile and efficient method
for creating hydrogels with desirable properties, aligning with the
overarching goal of utilizing natural polymers for innovative materials
in various applications.

To create injectable hydrogels based on HA through host-guest in-
teractions, precursor polymers HA-CK and HA-BCD were synthesized, as
illustrated in Figure S1, Supporting Information.

Before host-guest complexation, HA-BCD was synthesized as the host
polymer through an esterification reaction between PCD and HA
(Figure Sla, Supporting Information). Comparative analysis with HA
revealed that the 'H NMR spectrum of HA-BCD exhibited new signals
corresponding to anomeric protons at 5.2 ppm and the C-6 methylene
group|[29] attributed to the protons of BCD. This observation affirmed
the successful conjugation of fCD into the backbone of HA. The singlet
peak of —CH protons in pCD was distinctly present at § = 5.2 ppm and
exhibited a gradual increase with an increasing degree of substitution
(DS) of BCD (Fig. 2a, ¢), indicating the successful preparation of HA-BCD
(Table S1, Supporting Information). As anticipated, the proton peaks of
polysaccharide units in the HA backbone and BCD ring substantially
overlapped in the range of 5 = 3.4-4.2 ppm. With an increase in the DS
of BCD, the peaks corresponding to HA gradually weakened.

Subsequently, the hydrophobic guest monomer CK, which is insol-
uble in water, was conjugated to the HA backbone through carbonyl
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Fig. 1. Schematic illustration of an injectable supramolecular hydrogel and mechanism of injectable hydrogel system that exerts anticancer efficacy in the treatment
of advanced melanoma through induction of ROS-mediated apoptosis by cleavage of caspases-9 and —3. (a) Preparation of an injectable supramolecular hydrogel
using HA-BCD and HA-CK conjugates. The fCD and CK units in the backbone of HA could form inclusion complexes due to the formation of hydrogen bonds in the
hydrophobic interior of pCD and CK, thereby forming a supramolecular hydrogel. (b) The mechanism of the supramolecular hydrogel triggered anticancer effect in a

melanoma tumor model after subcutaneous injection.

diimidazole (CDI)-mediated esterification, resulting in the HA-CK con-
jugate (Figure S1b, Supporting Information). This method not only
enhanced CK solubility but also reduced toxicity to normal cells and
improved target specificity to tumor cells [30]. The 'H NMR charac-
terization confirmed the successful grafting of CK onto the HA chains,
with the degree of substitution varying based on the molecular weight of
HA (Fig. 2b, d). Specifically, the degree of substitution decreased with
increasing HA molecular weight (Table S2, Supporting Information).
Importantly, the substitution efficiency exhibited a notable decrease
with the higher molecular weight of HA, possibly attributed to an
apparent steric hindrance effect caused by the elongated polymer chain
[31].

Fourier-transform infrared (FT-IR) spectroscopy proves to be a
valuable method for scrutinizing alterations in the chemical bonds of
substances. In the FT-IR spectrum of HA (Fig. 2e, f), the antisymmetric
and symmetric stretching vibration absorption peaks of carboxylate
groups were prominently observed at 1640 and 1417 cm™, respectively
[32]. Following the grafting of CD to HA, the intensity of the broad
trough corresponding to the OH bond and the -COOH characteristic
peak diminished. Notably, an additional small peak emerged at
1740 ecm™, attributed to the C=O0 stretching vibration in ester groups
(-COO0"), signifying the conversion of part of -COOH in HA to -COO" in
HA-BCD. To highlight these ester bonds more clearly, the diagnostic
regions were enlarged as shown in Figure S2 (Supporting Information).
These alterations in characteristic peaks provided clear evidence of the
successful conjugation of PCD to HA chains. In the FT-IR spectra of
HA-CK conjugates, alongside the major characteristic peaks of HA, vi-
bration bands corresponding to the C—O, C—H, and C—OH groups
appeared at 1645, 1401, and 1069 cm™, respectively. Importantly, the
intensity of the ester peaks gradually intensified with increasing degree
of substitution (DS), underscoring successful conjugation.

To prepare supramolecular injectable HA-based hydrogels, HA-BCD
and HA-CK conjugates with different molar ratios [fCD:CK = 1:1, 1:2,
1:3, 2:1, 2:2; 2:3] were dispersed in PBS for 6 hours at 40 °C. The HA-
BCD conjugates resulted in a transparent solution owing to the presence
of water-soluble polysaccharides (Fig. 3a (Figure S3, Supporting Infor-
mation)). In contrast, the HA-CK did not exhibit a transparent solution
due to the hydrophobic nature of CK. As illustrated in Fig. 3a, HG-Gels
were created by mixing HA-BCD and HA-CK under physiological con-
ditions. Gelation was confirmed using a rheological test (Figure S4,
Supporting Information). The mixed solutions were transformed into
supramolecular hydrogels within seconds or minutes, depending on the
molar ratio of pCD: CK. The gelation mechanism of the HG-Gels was
attributed to the formation of a hydrophobic complex through supra-
molecular host-guest interactions. Importantly, the preassembled pre-
cursor polymers significantly accelerated the assembly efficiency,
circumventing the less efficient supramolecular assembly achieved by
directly mixing the modified polymers. To validate the structure of the
HG-Gels, they were freeze-dried and characterized using XRD and DSC
spectroscopy.

The formation of the inclusion complex based on the host-guest
interaction between PCD and CK was validated through XRD. In the
presented Fig. 3b, both HA and CK appeared in an amorphous state
without discernible diffraction, while fCD exhibited multiple strong
crystal diffraction peaks in the range of 5°-30° [33]. Notably, the XRD
patterns of HG-Gels differed significantly from those of pure HA, pCD,
and CK. A distinct and robust characteristic diffraction peak at 20 =
34.7° was evident in the XRD patterns of HG-Gels. This characteristic
peak in the crystalline structure confirmed the formation of the inclusion
complex, signifying that the dammarane structure of CK penetrated the
BCD cavity to create an inclusion complex structure. This formation was
facilitated by the hydrophobic inner cavity of fCD and the hydrophobic
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Fig. 2. Characterizations of the HA-BCD and HA-CK conjugates. (a and ¢) 'H NMR spectra of HA-BCD conjugates. (b and d) 'H NMR spectra of HA-CK conjugates.
Asterisks (*) denote the residual solvent peaks. Red arrows indicate corresponding increase in the pCD and CK conjugates in the conjugates with respect to the
decrease in the molecular weight of HA. (e and f) FTIR spectra of HA-BCD and HA-CK conjugates. The orange-brown band highlights the presence of ester linkages in
the conjugates, which confirmed the effective conjugation of BCD and CK to the HA.

pentacyclic rings.

To further explore the interaction between BCD and CK, a DSC study
was performed (Fig. 3c). Analysis of the heating curves of native com-
pounds and HA conjugates alone or in combination allowed us to
identify interactions between host and guest molecules due to complex
formation. The DSC thermogram of BCD showed two broad peaks at 82.6
and 330.1 °C, corresponding to the loss of water absorbed in the inner
cavity and its melting point, respectively [34]. This observation is
consistent with previously reported DSC thermograms of fCD. For native
HA, a sharp characteristic peak was observed at 231 °C, which corre-
sponded to the thermal decomposition of HA. For instance, Pan et al.
reported a similar thermal degradation pattern for HA [35]. In contrast,
for HA-BCD conjugates, the characteristic melting peaks of fCD and the
decomposition peaks of HA disappeared, indicating the effective
conjugation of fCD to the backbone of HA through ester bond formation.
A similar change in the DSC curve pattern for modified pCD has been
reported for citrate derivatives of CD, where the melting point peak of
BCD disappeared [36].

For the HG-Gels, the characteristic melting peak of CD completely
disappeared in the DSC thermogram, indicating that CK was embedded
into the non-polar cavity of BCD, forming an amorphous complex.
Additionally, the change in the molecular weights of HA and fCD in the
HG-Gels did not alter the formation of the host-guest complex. A similar
pattern was observed for the host-guest complexes prepared using fCD
and its derivatives. DSC analysis of the different HG-Gels provided
strong evidence of physical changes and suggested the formation of in-
clusion complexes. The disappearance of the thermal peaks of the host
molecules further indicated the successful formation of the host-guest
complex.

2.1. Thermal properties of HG-Gels

Thermogravimetric analysis (TGA) is a commonly employed tech-
nique for analyzing the thermal stability of polymers and their de-
rivatives (Fig. 3d)[37]. TGA provides information about the thermal
decomposition pattern; therefore, the thermal stability and decomposi-
tion of native HA, BCD, HA-BCD, and three different HG-Gels were
investigated using this technique. The TGA curves in Fig. 3d were ob-
tained by plotting the percentage weight loss of the polymers versus
temperature. The TGA curve of pCD shows a two-step weight loss: the
first loss observed between 34 and 82 °C is due to the loss of water
molecules in the inner cavity of fCD, and the second weight loss at 380
°C is due to the decomposition of the sample, with residual weight
dropping to less than 10 %. The weight loss pattern of CD observed in
this study is consistent with previously reported studies [38]. The TGA
curve of HA showed multiple weight loss stages. The first major weight
loss occurred at 80 °C, which was likely due to the loss of bound and/or
H-bonded water molecules within the natural polymer. A sharp reduc-
tion in weight loss was observed at 278 °C owing to the decomposition of
natural HA. The residual weight of HA is approximately 38 % at 500 °C
[391.

For the HA-BCD conjugate, the degradation curve shifted to a slightly
higher temperature than that of native HA, indicating increased thermal
stability owing to the formation of covalent bonds between HA and CD.
During the thermal decomposition of HG-Gels, the decomposition rate
decreased over a broader range of 210-500 °C, potentially influenced by
the formation of inclusion complexes that could mitigate the decom-
position of the HA repeating units. In the HG-Gels, water evaporation
primarily occurs in the initial stage of thermal decomposition (<120 °C),
while the later stage of weight loss predominantly results from the
decomposition and loss of functional groups at higher temperatures.
Notably, HG-Gels, which had a slightly lower initial decomposition
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Fig. 3. The properties of HG-Gels. (a) A two-dimensional contour map depicting gelation with varying mixing ratios of host (HA-BCD) and guest (HA-CK) conjugates
is presented. The stable gel-forming area is highlighted by red dotted points. A corresponding photograph illustrates the dispersion of HA-BCD and HA-CK conjugates
in PBS. Upon mixing, the system undergoes gelation, as visually evidenced in the image. (b) XRD patterns of HA, fCD, CK, and HG-Gels prepared with different
molecular weight HA. (c) DSC spectra of HA, pCD, HA-BCD, and HG-Gels prepared with different molecular weight HA. (d) TGA curves of HA, BCD, HA-BCD, and HG-
Gels prepared with different molecular weight HA. (e-g) FE-SEM images of surface micromorphology of the HG-Gels after lyophilization prepared with varying

molecular weight of HA.

temperature, underwent a slower thermal decomposition process. This is
likely attributed to the formation of a robust inclusion complex and
strong hydrophobic interactions between BCD and CK. Additionally,
molecular entanglements forming macromolecular chains stabilized by
hydrogen bonds can influence the thermal stability of the biomaterials
[40].

2.2. Morphology of HG-Gels

FE-SEM analysis unveiled a porous 3D microstructure of freeze-dried
HG-Gels. Notably, as the molecular weight of the host and guest mole-
cules in the polymers increased, discernible differences in density and
wall thickness, particularly in the internal morphology, were observed.
HG-Gel-4 kDa exhibited a loose lamellar structure with layers connected
in a sparse network (Fig. 3e), while HG-Gel-16 kDa displayed a compact
and uniform circular hole-like structure (Fig. 3f). Remarkably, HG-Gel-
60 kDa exhibited a distinctive honeycomb-like structure (Fig. 3g). The
increase in the molecular weight of HA in the BCD and CK conjugates
increased the degree of cross-linking of the host and guest polymers,
resulting in a transformation of the micromorphology from a loose
macro-porous network to a dense porous structure. In terms of surface
morphology, all hydrogels displayed similar honeycomb-like porous
structures, yet HG-Gel-4 kDa had a looser structure, smaller diameter,
and higher density of pores compared to HG-Gel-60 kDa. The significant
differences between the surface and internal structures of HG-Gel-4 kDa
and HG-Gel-60 kDa may be attributed to the greater susceptibility of low
cross-linking hydrogels to environmental influences during formation
and freeze-drying processes. In contrast, HG-Gel-16 kDa exhibited con-
sistency between surface and internal structures, indicating effective
resistance to such influences owing to a higher cross-linking degree.

These differences in micromorphology imply that hydrogels with low
cross-linking have inferior mechanical properties. However, the porous
3D structure observed was beneficial for the transport of nutrients and
metabolites to cells encapsulated within the hydrogels.

2.3. Invitro release of CK from HG-Gels

In general, hydroxyl groups of various chemotherapeutic drugs,
including paclitaxel or docetaxel, are often directly conjugated to the
carboxylic groups of HA through ester bond formation, an acid-labile
linkage [41]. These conjugated drugs exhibit drug release by hydroly-
sis under acidic pH conditions, exploiting the tumor microenviron-
ment’s acidic pH (6.0-7.0) compared with normal plasma (7.4).
Additionally, lysosomes, which are cell organelles that digest engulfed
foreign particles, have a pH of 4.0-5.0, facilitating the rapid release of
drugs inside the cells. Similarly, various studies have developed
cisplatin-conjugated PEG polymers via ester bonds, showing a
pH-dependent drug release pattern [42].

In this study, we developed HA-CK conjugates by attaching CK to the
backbone of HA through ester bond formation (Fig. 1). The HA-CK
conjugates form a complex with HA-BCD conjugates through host-
guest interactions between BCD (host) and CK (guest), resulting in a
gel depot called HG-Gels. The stability and mechanical properties of the
hydrogels at human body temperature were confirmed by incubating the
HG-Gels under physiological conditions (pH 7.4, 37 °C) (Figure S5,
Supporting Information). Stability testing of HG-Gels confirmed that
hydrogels are stable at pH 7.4 and can be a suitable formulation for
subcutaneous implantation. Furthermore, the compression test
confirmed the gradual increase in mechanical toughness with increasing
molecular weight of the HG-Gels (Figure S6, Supporting Information).
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Upon subcutaneous implantation, HG-Gels exhibit controlled disas-
sembly of the host-guest interaction and begin releasing independent
HA-CK conjugates. These conjugates are taken up by surrounding cancer
cells via CD44-dependent uptake and release of CK under intracellular
enzyme and acidic pH conditions. The release mechanism of CK is
illustrated in Figure S7 (Supporting Information). To examine the
release rates of CK from hydrogels under clinically relevant conditions,
we conducted release experiments in which HG-Gels were incubated
under physiologically relevant pH conditions (pH 7.4) at 37°C. The
release of CK was monitored over time. As depicted in Figure S8
(Supporting Information), CK release from HG-Gels was sustained, with
approximately 44 % of the drug released in 7 days.

2.4. Hemocompatibility and cytocompatibility analysis

The Fig. 4a illustrates the hemocompatibility evaluation of the HG-
Gels and its precursors. The hemolysis ratio and erythrocyte durability
were employed to assess the hemocompatibility of the hydrogel[43].
After 1 hour of incubation, PBS, HA, pCD, and HA-BCD exhibited
significantly lower hemolysis ratios (less than 5 %) than Triton-X. No
obvious hemolysis was observed in any of the samples. As anticipated,
Triton-X induced severe hemolysis of red blood cells within 2 hours. The
low hemolysis ratio (less than 5 %) demonstrated that the modification
of HA in this study is suitable for clinical applications. Additionally, the
microscopic observation of red blood cell (RBC) morphology after
treatment with hydrogels revealed that all treated RBCs maintained a
biconcave disc shape, resembling the shape of healthy RBCs in the PBS
group, except for the Triton-X group (Fig. 4b).

Normal cells (NIH 3T3 and HaCaT) and cancer cells (B16F10) with
varying CD44 expression levels, ranging from none to high levels, were
employed to assess the toxicity of the HG-Gel precursors. In comparison
to the untreated control group, the cell viability of each group remained
over 95 % after 48 hours of incubation (Fig. 4c-f, (Figure S9, Supporting
Information)). Notably, even at a concentration of 1000 g, the three
different HA-BCD formulations exhibited good cell compatibility.
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Collectively, these results demonstrate that HG-Gels possess favorable
hemocompatibility and cytocompatibility.

2.5. Invitro cytotoxicity of HG-Gels

Furthermore, considering the biocompatibility of HG-Gel hydrogel
precursors, an in vitro cytotoxicity assay of HA-CK at different concen-
trations was conducted to evaluate the efficacy of released CK on CD44-
expressing and non-expressing cells (Fig. 5a-c). The HA-CK conjugates
exhibit no toxicity towards normal cells, including NIH 3T3 and HaCaT
cells. This suggests the site-specific nature of the conjugates. Remark-
ably, the HA-CK conjugates demonstrated dose-dependent toxicity in
cancer cells, showing a dependency on the amount of CK conjugation.
Notably, the cell viability of HA-CK-4 kDa and HA-CK-16 kDa decreased
to 20.13 % and 10.98 %, respectively. In contrast, at the same concen-
tration, the cell viability of HA-CK-60 kDa was 63.02 %. This can be
explained by the difference in the molecular weight of HA in the HA-CK
shell. The higher molecular weight effectively controlled the dissocia-
tion of CK in the conjugation process and required more time, as inter-
nalization was delayed in CD44-mediated endocytosis. Subsequently, a
Live/Dead assay was employed to assess the effect of HA-CK conjugates
(Figs. 5d and 5e). Fluorescence microscopy images revealed no signif-
icant dead cell population compared to the control group and exhibited
dose-dependent toxicity for HA-CK conjugates. This highlights the
excellent cytocompatibility of the hydrogel and its ability to exhibit
toxicity toward cancer cells while sparing normal cells, making it a
promising vehicle in the biomedical field.

2.6. Determination of intracellular ROS

ROS levels were determined using the HyDCFDA staining assay. The
generation of ROS by HA-CK conjugates was examined in HaCaT and
B16F10 cells, and the results were compared with HyOs-induced cells
and non-treated cells-Hy05 can induce ROS generation in cells, leading
to oxidative stress and the activation of multiple signaling pathways
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Fig. 4. Hemocompatibility and cytocompatibility of HG-Gel precursors. (a) Optical image and hemolysis ratio of RBCs after incubating with HA and HA-BCD
conjugates at 37 °C for 3 h. PBS and Triton-X 100 were used as negative and positive control, respectively. (b) Optical microscopic images of RBCs after incubating
with HA and HA-BCD conjugates for 48 h. (c and d) In vitro cell viability of NIH 3T3 and B16F10 cells after incubating with HA and HA-BCD conjugates. (e and f) In
vitro cell viability of NIH 3T3 and B16F10 cells after incubating with HA and HA-BCD conjugates. Data are presented as the mean + SD (n = 4). Statistical sig-

nificance: ***p < 0.001; ‘ns’ indicates no significance.
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[44]. Quantification of fluorescence intensity revealed no significant
increase in intracellular ROS in HA-BCD conjugate-treated HaCaT cells
(Fig. 6a). While Hy02 (positive control) resulted in an increase in
intracellular ROS, the results obtained from HA-CK conjugates were
compared to those of the positive control group, indicating the
ROS-generating potential of HA-CK conjugates (Fig. 6b).

ROS can reportedly mediate autophagy-mediated cell death [45].
ROS generation was also analyzed in B16F10 cells to examine the po-
tential for autophagy-mediated cell death induced by HA-CK conjugates.
After internalization of HA-CK conjugates, the released CK stimulated
ROS generation in B16F10 cells, with a significant enhancement in ROS
levels at 6.25 pg/mL. In contrast, no ROS induction was observed in
HA-BCD conjugates treated B16F10 cells (Figs. 6¢ and 6d). Notably,
among the HA-CK conjugates, HA-CK-60 kDa showed low ROS levels,
consistent with previous cytotoxicity results, as higher molecular weight
HA requires more time for internalization and induces slower ROS
generation. As anticipated, ROS generation was moderate, slightly lower
than that in B16F10 cells, and higher than that of HaCaT cells. The
distinct levels of ROS generation can be explained by changes in the
expression levels of CD44 receptors, which induce the CD44-mediated
internalization of HA-CK conjugates. These results collectively suggest
that ROS induced by CK in the HA-CK conjugates participate in the in-
duction of autophagy. Microscopic images showed an increase in
intracellular ROS with an increase in CK concentration (Fig. 6e).

2.7. Effect on apoptotic gene and protein expression analysis

This study elucidates the mechanism underlying mitochondria-
dependent apoptotic cell death triggered by HA-CK conjugates in
B16F10 cells. The gene expression of both anti-apoptotic and apoptotic
proteins in HA-CK conjugates-exposed B16F10 cells was analyzed using
semi-quantitative RT-PCR. Cells treated with 3.125 and 6.25 ug/mL of

HA-CK conjugates were assessed by RT-PCR (Figs. 7a and 7b). The study
focused on the expression levels of the BAX, Bcl-2, and p53 genes,
revealing a significant suppression of Bcl-2 expression and an exciting
up-regulation of BAX and p53 in HA-CK conjugate-treated cancer cells
compared to control cells.

The enhanced expression of BAX is known to play a key role in the
intrinsic pathway, responsible for inducing mitochondrial modifica-
tions [46]. A dose-dependent activity was observed, indicating an
up-regulation of gene expression with increased exposure time to HA-CK
conjugates. The decreased Bcl-2 level suggests that HA-CK conjugates
effectively mediate intrinsic apoptotic activity. At each time point, total
apoptotic (BAX) and anti-apoptotic genes (Bcl-2) and proteins (cas-
pase-9 and caspase-3) were isolated, revealing expression levels indic-
ative of apoptotic gene expression [47]. A previous report has
demonstrated that BAX plays a crucial role in inhibiting the
anti-apoptotic function of Bcl-2 [48]. The overexpression of Bcl-2 levels
leads to the suppression of cytochrome c release from the mitochondria
to the cytoplasm and blocks the caspase activation step of the
mitochondrial-mediated intrinsic apoptotic pathway [49].

The current study also examined the expression of p53 in treated
cells, revealing a dramatic increase in p53 expression in a time-
dependent manner. This observation confirms that the up-regulation
of p53 plays a pivotal role in activating apoptosis. Previous research
has indicated that apoptotic signaling mediated by p53 generates amino-
terminal conformational alterations leading to the release of cytochrome
¢ from mitochondria [50]. Cytochrome c, in turn, facilitates the cleavage
of caspases-9 and —3, ultimately leading to apoptotic cell death [51]. In
this study, GAPDH served as an internal standard, and its expression
level remained unchanged.

The percentage of protein expression levels increased after treatment
with HA-CK conjugates compared to that in control B16F10 cells. The
caspase-3 expression profile showed up-regulation in B16F10 cells
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Fig. 6. ROS generation of HA-CK conjugates. The cell-permeable reporter H,DCFDA was used to quantify ROS production 180 min after the incubation. (a) HaCaT
cells were treated with HA-CK conjugates (3.125 and 6.25 pg/mL of CK) for 24 h. (b) B16F10 cells were treated with HA-CK conjugates (3.125 and 6.25 pg/mL of CK)
for 24 h. Intracellular ROS accumulation was quantified using microplate reader detection of the oxidized fluorescent H,DCFDA. Cells treated with 500 uM of H20»
was served as control. The graph shows mean + SD values of three replicates. (c) CLSM images of H,DCFDA stained B16F10 cells treated with Free CK and HA-CK
conjugates. (d) Quantification of the percentage of HoDCFDA stained B16F10 cells. The percentage of H,DCFDA stained B16F10 cells was measured using ImageJ

software. The scale bar for images is 100 um. Statistical significance: *p < 0.05; **p < 0.01; ***p < 0.001; ‘ns’ indicate no significance.

treated with biogenic HA-CK conjugates. This examination confirms that
the up-regulation of caspase-9 triggers the activation of caspase-3.
Caspase-3 is a key effector caspase activated through either the death-
receptor or mitochondria-mediated pathway [52]. It has been reported
that apoptosis mediated by p53 induces the membrane translocation of
BAX, which may amplify the apoptotic signal by activating caspase-9
and other downstream caspases, such as caspase-3 [53]. Cytochrome
¢, acting as a necessary factor for ATP production, also plays a central

role in apoptosis [54].

The mechanism behind the cascade activation involves the release of
mitochondrial cytochrome c, leading to the subsequent activation of
caspase-3 [55]. Caspase-3 then cleaves a variety of substrates, resulting
in characteristic morphological changes in the nucleus, DNA fragmen-
tation, and the appearance of the phagocytic marker phosphatidylserine
on the cell surface [56]. In summary, the present findings clearly
demonstrate the underlying mechanisms and principal mode of cell
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Fig. 7. (a and b) The semi-quantitative RT-PCR images demonstrates the gene expression changes for BAX, Bcl-2, p53, Cas-9 and Cas-3 of B16F10 cells exposed to
HA-CK conjugates with 3.125 and 6.25 g/mL concentration of CK. GAPDH expression was used as a loading control. (al-a5 and b1-b5) The amounts of the RT-PCR
products, quantified using ImageJ, are shown as arbitrary units. Gene expression in each lane was determined by normalizing the intensity of each band to that of
GAPDH. Data are plotted as mean + SD of three independent experiments. Statistical significance: *p < 0.05; **p < 0.01; ***p < 0.001; ‘ns’ indicate no significance.

death induced by HA-CK conjugates, which involves the intrinsic

mitochondrial-mediated apoptosis pathway in B16F10 cells.
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2.8. Anti-tumor effects induced by the local therapy in vivo

To assess the therapeutic effects of the injectable hydrogel on mouse
melanoma, a melanoma tumor model was established, and the hydrogel
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Fig. 8. Anti-tumor effects induced by the local chemotherapy in vivo. (a) The flow chart of the animal experiment. (b) Images of BI6F10 tumors treated with
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R. Mathiyalagan et al.

was injected in situ around the tumors. Once the tumor volume reached
200 mm®, the mice were randomly divided into three groups, each of
which received different treatments. After 14 days, the mice were
euthanized, and tumor tissues and major organs were extracted for
tumor analysis. In addition, blood collection was also carried out to
investigate the anti-tumor mechanism (Fig. 8a).

To illustrate the therapeutic effects of HG-Gels treatment, a mela-
noma tumor model was established. The findings demonstrated that, in
comparison to CK treatment alone and the PBS group, HG-Gels treat-
ment significantly suppressed tumor growth. As depicted in Fig. 6b-e,
the tumors in the CK-only treated group exhibited rapid growth, similar
to the PBS group, suggesting that CK alone diffused or metabolized
quickly. Interestingly, mice treated with HG-Gels displayed the most
pronounced tumor inhibition efficacy compared to the PBS and free CK
control groups (Figure S10, Supporting Information). The heightened
anti-tumor efficacy of HG-Gels can be attributed to the prolonged de-
livery of CK to the tumor tissues from the HG-Gel depot, which operates
through a diffusion-controlled mechanism. Additionally, the potential
delivery of CK through HA-CK conjugates, facilitated by internalization
via CD44-mediated specific endocytosis, and triggered burst release of
CK by intracellular enzymes, may contribute to the enhanced anti-tumor
effects. These results indicate a significantly improved anti-tumor effi-
ciency through localized delivery of triterpenoid saponins from HG-Gels.

Furthermore, monitoring the mice’s body weights revealed no
apparent systemic toxicity from localized treatment (Fig. 8f). Impor-
tantly, there was no noticeable weight loss or tissue injury observed in
the mice after all treatments, underscoring the high in vivo biocom-
patibility of HG-Gel-based treatments.

To explore the antitumor effects and systemic toxicity, we collected
tumors and major organs (e.g., lung, heart, liver, kidney, and spleen) for
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histological analysis at the conclusion of the treatment. H&E staining
images revealed a dense cancer cell population in the PBS and Free CK
groups (Fig. 9a). Notably, the HG-Gels group exhibited a reduced den-
sity of cancer cells due to apoptosis induced by the controlled and
prolonged release of the anti-cancer drug CK from the hydrogel formu-
lation. This enhanced apoptosis was further validated by the TUNEL
assay, which demonstrated the highest apoptosis in the HG-Gels group
(Fig. 9b). These investigations confirm the prominent anti-tumor po-
tential of HG-gels. Furthermore, the proliferative effect of tumor cells in
tumor tissues was examined using Ki67 immunohistochemistry (Figs. 9c
and 9d). As a representative marker of tumor cell proliferation and
growth, the expression of Ki67 was significantly lower in the HG-Gels
group than in the PBS group, suggesting the effective inhibition of
tumor growth. H&E staining of major organs revealed no obvious
pathological damage (Fig. 9e), indicating no systemic toxicity associated
with the HG-Gels formulation.

2.9. Systemic immune responses induced by HG-Gels

In the realm of anti-tumor immune responses, inflammation-related
cytokines play pivotal roles by finely tuning the cellular functions of
immune cells. To investigate inflammatory response to HG-Gels, the
concentrations of the various cytokines and apoptosis related genes,
including IL-6, IL-8, TNF-a, IFN-y, BAX, Bcl-2, p53, Cas-9, in the serum
were detected using RT-PCR following the terminal stage of anti-tumor
analysis. IL-6, IL-8, TNF-a, and IFN-y, recognized as crucial proin-
flammatory cytokines in anti-tumor immune responses, orchestrate the
commitment, development, and maturation of multiple immune cells.
Notably, the HG-Gels treated groups exhibited a significant increase in
serum concentrations of TNF-a and IFN-y compared to both the PBS and

(e)

PBS _ Free CK_ HG-Gels

Heart

Lung

Liver

Kidney

Fig. 9. Histological and immunohistochemical analyses of tumor tissues and major organs. (a) H&E staining images depicting B16F10 tumor tissues in each group
(scale bar = 100 um). (b) TUNEL staining revealed pathological changes in tumor tissues from different groups. Cell nuclei were stained blue (DAPI), and green
fluorescence (FITC) indicated apoptotic cells in TUNEL analysis (scale bar = 100 ym). (c and d) Immunohistochemistry showing the expression of the cell prolif-
eration marker, Ki67 protein, in tumor tissues from each group (scale bar = 100 um). (e) H&E-stained images of major organs with different treatments at the end of
the experiment in the B16F10-bearing model (scale bar = 100 um). Statistical significance is denoted as ***p<0.001.
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CK groups (Figs. 10a and 10b). This suggests the optimal effectiveness
of HG-Gels in triggering anti-tumor immune responses.

This effectiveness was further manifested in the examination of
apoptosis-related genes. The expression of the Bcl-2 gene was signifi-
cantly reduced, while caspase-3 expression in the HG-Gels treated group
increased compared to that in the control group (Figs. 10c and 10d).
This confirms the heightened apoptosis induced by the sustained release
of CK from the HG-Gels formulation. In summary, our study reveals that
HG-Gels up-regulate proinflammatory cytokines in the serum, concur-
rently enhancing apoptosis induction. This sheds light on the systemic
immune responses induced by the local treatment of HG-Gels in vivo.

Although apoptosis is generally non-immunogenic, treatment-
induced modifications and the release of certain molecules can convert
this form of cell death into an immunostimulatory event, engaging the
immune system and potentially contributing to the therapeutic effects.
For instance, during apoptosis, cells can release damage-associated
molecular patterns (DAMPs) such as ATP, calreticulin, and High
Mobility Group Box 1 (HMGB1) [57]. These molecules act as signals that
alert the immune system to the presence of dying cells, leading to an
immune response. Additionally, measuring the levels of chemokines (e.
g., CCL2, CCL17, and CXCL10) in the tumor microenvironment can
further support the evidence of treatment-induced remodeling [58]. As
shown in Figure S1 (Supporting Information), both HMGB1 and che-
mokine CCL17 were downregulated in the HG-Gels treatment group,
which inhibited the migration and progression of melanoma. These re-
sults support the notion that HG-Gel treatment induces significant

Materials Science & Engineering R 160 (2024) 100824

remodeling of the tumor immune microenvironment, leading to
enhanced anti-tumor immunity.

3. Conclusions

In this study, we aimed to enhance the clinical translatability of
triterpenoid saponins by employing a biocompatible and sustained
release in situ injectable hydrogel for localized delivery of the chemo-
therapy drug CK. Unlike conventional gel systems, our HG-Gels
comprise a naturally derived host polymer conjugate of HA-BCD and a
guest polymer conjugate HA-CK. We demonstrated the stability and
safety of this delivery system and its potential for clinical applications.
The injectable hydrogel system directly induced ROS-mediated cell
death in melanoma cells. Furthermore, our strategy of localized CK
delivery from HG-Gels demonstrated the highest tumor inhibition effi-
cacy in a mouse model with B16F10 xenografts, without apparent sys-
temic side effects. The enhanced anti-tumor efficacy of HG-Gels is
believed to be associated with increased apoptosis induction through the
caspase-dependent pathway and the promotion of inflammatory cyto-
kines (IL-6, IL-8, TNF-a, and IFN-y). Based on these promising results,
the localized delivery of the triterpenoid saponin CK using the biode-
gradable and biocompatible HG-Gel hydrogel presents itself as a highly
promising platform for the efficient treatment of cancers, particularly
melanoma.
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4. Materials and methods
4.1. Synthesis of HA-fCD conjugates

The synthesis route for preparing HA-BCD conjugates is illustrated in
the provided Figure Sla, Supporting Information. The conjugation
process involved the esterification reaction between the carboxyl group
in HA (1 mmol) and the primary hydroxyl group in fCD (0.3 mmol). To
initiate the reaction, HA was dissolved in a mixture of formamide and
DMF (1:1) at a concentration of 10 wt%, followed by the addition of CDIL.
The mixture was stirred at room temperature for 30 minutes. Subse-
quently, pCD was introduced, and the stirring process continued for an
additional 48 hours. The resulting reaction mixture was then transferred
to cellulose membrane tubes with a molecular weight cutoff (MWCO) of
3500 kDa. Extensive dialysis against deionized water was carried out
over a period of three days. Finally, the HA-BCD conjugates were ob-
tained through lyophilization.

4.2. Synthesis of HA-CK conjugates

The synthesis route for preparing HA-CK conjugates is depicted in
the provided Figure S1b, Supporting Information. The conjugation
process entailed the esterification reaction between the carboxyl group
in HA (1 mmol) and the primary hydroxyl group in CK (0.2 mmol). To
initiate the reaction, HA was dissolved in a formamide and DMF mixture
(1:1) at a concentration of 10 wt%, with the subsequent addition of CDI.
The mixture was stirred at room temperature for 30 minutes. Following
this, CK dissolved in DMF was introduced, and the stirring process
continued for an additional 48 hours. The resulting reaction mixture
was then transferred to cellulose membrane tubes with a molecular
weight cutoff (MWCO) of 3500 kDa. Extensive dialysis against deionized
water was conducted over a period of three days. Ultimately, the HA-
BCD conjugates were obtained through lyophilization.

5. Characterization
5.1. NMR

The HA-BCD and HA-CK conjugates were dissolved in D20, along
with a mixture of D;O and DMSO-Dg (1:1), for NMR analysis. Subse-
quently, 0.75 mL of the prepared samples was transferred into an NMR
tube and allowed to cool at room temperature. The NMR spectra were
then acquired using spectrometers operating at 400 MHz (JNM-
ECZ400S/L1).

5.2. FTIR

The HA-BCD and HA-CK conjugates were prepared, followed by a 48-
hour lyophilization process to yield a powder. Subsequently, the ob-
tained powder was compressed with potassium bromide and subjected
to analysis using an infrared spectrometer (Spectrum One System by
Perkin-Elmer). Additionally, the FTIR spectra of free HA, fCD, and CK
were recorded in addition to those of the conjugates.

5.3. Powder XRD

The HG-Gels were prepared and subjected to a 48-hour freeze-drying
process to obtain a powdered form. An adequate quantity of the
resulting freeze-dried powder was then analyzed using powder X-ray
diffraction (D8 Advance by Bruker) at room temperature. The analysis
was conducted with the following parameters: a voltage of 40 kV, a
current of 240 nm, and a working length spanning from 5° to 40°.

5.4. DSC characterization

The HG-Gels underwent characterization using a differential

12

Materials Science & Engineering R 160 (2024) 100824

scanning calorimeter (Q-1000 by TA). The HG-Gels samples were sealed
in aluminum pans for testing, with an empty pan serving as the refer-
ence. The samples were initially equilibrated at 20 °C and subsequently
cooled to —70 °C.

5.5. TGA

The thermal stability of HG-Gels was assessed through thermogra-
vimetric analysis (TGA Q5000 IR / SDT Q600 by TA) with a temperature
ramp of 10 °C/min under a dynamic nitrogen flow of 20 mL/min.

5.6. Scanning electron microscopy

Multiple HG-Gels samples were prepared, frozen, and subsequently
subjected to freeze-drying. The resulting freeze-dried samples were then
sliced into small sections and affixed to SEM stubs. Before examination,
a thin layer of gold was applied to the xerogels, and the analysis was
carried out using a high-resolution MERLIN microscope (Carl Zeiss).

5.7. Rheological measurements

The viscosity of the HG-Gels as a function of shear rate was measured
to investigate the effect of shear-thinning property of the gels. The vis-
cosity of HG-Gels was measured within the shear rate range of 0-50 1/s
using a rheometer (Anton Paar QC viscometer). The mechanical tests
were carried out to measure the compression modulus of HG-Gels by
following the previously reported procedure[37].

5.8. In vitro stability and release test

The stability of HG-Gels was confirmed by incubating them under
physiological conditions (pH 7.4, 37 °C) with gentle shaking at 20 rpm.
Gels were photographed at several time points. For the in vitro release
test, the PBS solution on top of the HG-Gels was removed at pre-
determined intervals and replaced with an equal volume of fresh PBS.
The CK concentration in the PBS was measured following a previously
reported procedure[59].

5.9. Hemolytic activity assay

For the hemolytic activity assay, erythrocytes were obtained by
centrifuging mouse blood at 3500 rpm for 10 minutes. The acquired
erythrocytes were washed three times with PBS, and the purified
erythrocytes were subsequently diluted to a final concentration of 10 %
v/v. In a 1.5 mL tube, 0.9 mL of the polymer dispersion was combined
with 0.1 mL of the erythrocyte suspension. After incubating at 37 °C for
3 hours, all samples underwent centrifugation at 15,000 rpm for
3 minutes. Subsequently, 100 pL of the supernatants were transferred
into a new 96-well clear plate, and the absorbance at 541 nm was
measured using a microplate reader (BioTek). The positive control
consisted of 0.1 % Triton X-100, while PBS served as the negative
control.

5.10. In vitro biocompatibility

The cytocompatibility of HG-Gel precursors was assessed using the
methyl thiazolyl tetrazolium (MTT) assay against both normal (HaCaT
and NIH 3T3) and cancer cells (MCF7 and B16F10 cells). In brief, 96-
well plates were seeded with Dulbecco’s Modified Eagle Medium
(DMEM) or RPMI containing cells (1 x 104 cells/well) and incubated at
37 °C with 5% CO; for 24 hours. Subsequently, the medium was
replaced with fresh medium, and copolymer solutions of varying con-
centrations were introduced. PBS treatments served as the negative
control. After an additional 24-hour incubation, the copolymer solutions
were removed, cells were washed with PBS, and MTT assays were per-
formed by using a microplate reader at 490 nm. Cell viability was
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calculated using the formula:

Cell viability (%) = (ODsam/ODpgs) x 100 %, where ODg,y, and
ODppgs represent the absorbencies of the cells treated with polymer and
PBS, respectively.

5.11. Cytotoxicity measurement in vitro

The cytotoxicity of HA-CK conjugates was evaluated using the MTT
assay against various normal and cancer cells. In a nutshell, 96-well
plates were seeded with cells in RPMI or DMEM (5 x 10°3 cells/well)
and incubated at 37 °C with 5 % CO; for 24 hours. Subsequently, the
medium was replaced with fresh medium containing varying concen-
trations of drugs (CK: 12.5, 6.25, and 3.125 pg/mL), followed by an
additional 48-hour incubation period. Following this, cell viability was
assessed using the MTT assay, and the viability was calculated using the
formula used in the previous section.

Additionally, a live/dead assay was conducted to assess cell viability.
Following a 24-hour incubation, HA-CK conjugates were washed with
10 mM phosphate-buffered saline (PBS) at pH 7.4 and then stained using
a live/dead cell staining kit (BioVision, Milpitas, CA). Fluorescent im-
ages were captured using a Nikon Confocal A1R fluorescence micro-
scope. The percentage of live and dead cells was quantified using ImageJ
software (NIH, Bethesda, MD).

5.12. ROS generation in vitro

The estimation of reactive oxygen species (ROS) was conducted
using the cell-permeant 2,7-dichlorodihydrofluorescein diacetate
(HoDCF-DA), which permeates the cell and reacts with reactive oxygen
to produce a green fluorescent compound called dichlorofluorescein
(DCF)[60]. The ROS generation in B16F10 cells was visualized using a
Nikon Confocal A1R fluorescence microscope. A stock solution of
HoDCF-DA (10 mM) was initially prepared in methanol and further
diluted with culture medium to a working concentration of 100 pM.
Cells were treated with HA-CK conjugates (CK concentrations: 6.25 and
3.125 ug/mlL) for 12 hours. Subsequently, the cells were washed with
ice-cold Hanks balanced salt solution (HBSS) and incubated with
100 pM (working solution) of HpDCF-DA for 30 minutes at 37 °C.
Following this, the cells were lysed with alkaline solutions, and the
fluorescence intensity was measured at an excitation of 485 nm and
emission at 520 nm using a BioTek plate reader. Cells treated with 1 %
H,0, for 6 hours were used as positive controls.

5.13. Semi-quantitative RT-PCR analysis for apoptotic gene expression

Alterations in the expression profiles of BAX, Bcl-2, p53, Cas-9, and
Cas-3 were identified through RT-PCR analysis. Total RNA from B16F10
cells treated with HA-CK conjugates was isolated using TriZol reagent.
Briefly, cDNA was synthesized using a cDNA synthesis kit and then
amplified according to the manufacturer’s protocols in a 25 mL reaction
mixture, including random primer pairs (1.0 mL), buffer (5.0 mL), cDNA
(2.0 mg), 25 mM/L MgCl (3.0 mL), 10 mM/L dNTPs (1.0 mL), and Taq
polymerase (2.5 U). Semi-quantitative RT-PCR amplification involved
denaturation at 94 °C for 1 minute, primer annealing at 57 °C for
45 seconds, and extension at 72 °C for 45 seconds, totaling 30 cycles,
followed by terminal extension at 72 °C for 10 minutes. The primer
sequences for GAPDH, BAX, Bcl-2, p53, Cas-9, and Cas-3 are provided in
Table S3, Supporting Information, with GAPDH serving as the internal
reference.

5.14. In vivo gelation of HG-Gels

For in situ gelation, 200 pL of HG-Gels was injected into the dorsal
region of BALB/c mice. The mice were subsequently euthanized, and the
gels were photographed 30 minutes post-injection.
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5.15. Anti-tumor efficacy of the drug-loaded hydrogels in vivo

All animal experiments were performed in accordance with the
guidelines of the Institutional Animal Experiment Committee of Kyung
Hee University. The Institutional Committees of Kyung Hee University
approved our experiments (approval number: KHU-22-216). The in vivo
anti-tumor efficacy of HG-Gels was assessed using a B16F10 xenograft
model in female BALB/c mice (6 weeks old). In brief, a suspension of
B16F10 cells (0.1 mL PBS containing 1 x 1076 cells per mouse) was
subcutaneously injected into the armpit of the right limb, leading to
tumor formation approximately one week later. When the tumor volume
reached about 100 mm"3, mice bearing B16F10 tumors were randomly
divided into six groups (5 mice/group), including a PBS control group, a
free CK group, and HG-Gels groups (5 mg of CK/kg mice). Treatment
involved a single injection of free CK or HG-Gels (CK: 5 mg/kg, 0.2 mL
per mouse). To assess therapeutic efficacy and safety, tumor volume and
body weight were recorded every other day. Tumor volume was calcu-
lated using the formula: V = Long diameter x Wide diameter®/2. After the
experiment, the mice were anesthetized, and tumor tissues and major
organs (heart, liver, spleen, lung, and kidney) were collected, immersed
in 10 % neutrally buffered formaldehyde, and embedded in paraffin.
Paraffin-embedded tumor tissue samples were sliced and stained with
H&E, TUNEL, and Ki67 for histopathological analysis. In addition, the
major organs were stained with H&E to investigate the safety of the
organs. Furthermore, blood from the mice also drawn to investigate
proinflammatory (IFN, TNF, IL-6 and IL-8) and apoptosis-related genes
(Cas-9, p53, Bcl-2, and BAX) in the tumor-bearing mice using RT-PCR
analysis, as described earlier, with three independent samples tested
for each data point.

5.16. Statistical analysis

All experiments were conducted in triplicate, unless otherwise
specified. Data analysis was performed using GraphPad Prism 9.0. Stu-
dent’s t-test or one-way ANOVA with Tukey’s post hoc test was
employed for comparisons between two groups or multiple groups,
respectively. Results are presented as mean + SD. Significance levels
were denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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