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Drug-Eluting Shear-Thinning Hydrogel for the Delivery of
Chemo- and Immunotherapeutic Agents for the Treatment
of Hepatocellular Carcinoma
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Yangzhi Zhu, Youngjoo Byun, Ali Khademhosseini,* Natan Roberto de Barros,*
and Han-Jun Kim*

Hepatocellular carcinoma (HCC) is a malignant and deadly form of liver cancer
with limited treatment options. Transcatheter arterial chemoembolization,
a procedure that delivers embolic and chemotherapeutic agents through
blood vessels, is a promising cancer treatment strategy. However, it still
faces limitations, such as inefficient agent delivery and the inability to address
tumor-induced immunosuppression. Here, a drug-eluting shear-thinning
hydrogel (DESTH) loaded with chemotherapeutic and immunotherapeutic
agents in nanocomposite hydrogels composed of gelatin and nanoclays
is presented as a therapeutic strategy for a catheter-based endovascular
anticancer approach. DESTH is manually deliverable using a conventional
needle and catheter. In addition, drug release studies show a sustained and
pH-dependent co-delivery of the chemotherapy doxorubicin (acidic pH) and
the immune-checkpoint inhibitor aPD-1 (neutral pH). In a mouse liver tumor
model, the DESTH-based chemo/immunotherapy combination has the highest
survival rate and smallest residual tumor size. Finally, immunofluorescence
analysis confirms that DESTH application enhances cell death
and increases intratumoral infiltration of cytotoxic T-cells. In conclusion, the
results show that DESTH, which enables efficient ischemic tumor cell death
and effective co-delivery of chemo- and immunotherapeutic agents, may have
the potential to be an effective therapeutic modality in the treatment of HCC.
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1. Introduction

Hepatocellular carcinoma (HCC) is a type of
liver cancer and a leading cause of cancer-
related mortality worldwide.[1,2] It is esti-
mated that more than one million new
HCC cases will be diagnosed by 2025,[2]

contributing to more than one million
deaths in 2030.[1] HCC treatment remains
challenging due to late diagnosis and a
lack of therapeutic options for advanced
disease.[3,4] For example, surgical resection
and liver transplantation are the most rad-
ical approaches; however, they are only in-
dicated in cases of early diagnosis, usu-
ally due to tumor size. Even then, up
to 70% of patients experience recurrence
within 5 years.[5] This highlights the lim-
itations of current surgical interventions
and underscores the necessity for alter-
native therapeutic options for advanced-
stage HCC. While historically, systemic
chemotherapy has been the cornerstone of
cancer treatment, the inability to achieve
uniform drug delivery to tumors, collat-
eral toxicity to the healthy liver tissues,
and systemic side effects have provided

a reason for interest in developing novel therapies or platforms
for liver cancer.[3]

Transcatheter arterial chemoembolization (TACE) is a promis-
ing procedure for treating liver cancer. This technique in-
volves using an X-ray-guided catheter to deliver microbeads
loaded with chemotherapy directly into the artery vessels
supplying liver tumors.[6–10] However, the embolization effi-
ciency is relatively low as the beads cannot be readily de-
livered into microvasculature to achieve uniform ischemia
and chemotherapy delivery.[7,11] This non-uniformity can im-
pede the desired therapeutic effect and reduce the overall
efficacy of the procedure. Another limitation is that these
beads can break apart or aggregate in blood vessels, pre-
venting them from traveling deeper into tumors.[12] In addi-
tion, TACE today does not address cancer-mediated immune
suppression.
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Recently, novel immunotherapeutic agents, including im-
mune checkpoint inhibitors (ICIs), CAR-T cells, and on-
colytic viruses, have been developed and used to treat various
cancers.[13–16] However, their use is still limited due to systemic
side effects and difficulty delivering to solid tumors.[17] ICI ther-
apy, in particular, has revolutionized cancer treatments in recent
years and dramatically improved cancer outcomes.[18,19] They tar-
get specific proteins expressed in cancer or immune cells, allow-
ing the immune system to recognize and attack cancer cells more
effectively. Specifically, some block the PD-1/PD-L1 interaction
between T cells and cancer cells to overcome T cell exhaustion.[20]

Others bind to CTLA-4 to allow for robust activation of T cells.[21]

Unlike traditional chemotherapy or targeted therapies, ICIs
can elicit durable patient responses.[22] The activated immune
cells can continue recognizing and attacking cancer cells even
after the treatment is completed, leading to long-term responses.
However, some systemic side effects can arise from the activa-
tion of the immune system, leading to immune-related adverse
events that may affect healthy tissues.[23] Strategies to minimize
systemic side effects and improve tumor-specific delivery of these
agents are necessary to harness the full potential of immunother-
apy in liver cancer treatment and can be achieved with drug deliv-
ery systems. Furthermore, poor tumor penetration and the tumor
immunosuppressive microenvironment lead to a low response
rate of about 30% in patients treated with ICIs.[24] Therefore, re-
lieving the immunosuppressive microenvironment has been ex-
plored with combination therapies.[25,26]

Synergistic effects of chemotherapy and immunotherapy can
lead to improved outcomes and increased patient response
rates.[27] Chemotherapy exerts its effects by inducing cell death
through apoptosis and inhibiting the cell cycle, reducing tumor
growth.[28] Additionally, chemotherapy triggers an intense in-
flammatory response in the tumor microenvironment (TME).[29]

It has been reported that some chemotherapeutics, such as dox-
orubicin (DOX), can induce dendritic cell maturation and infiltra-
tion of T cells into the tumor, thus turning the “cold” immuno-
suppressive tumor into a “hot” tumor.[30] This, in turn, promotes
immunogenic cell death (ICD) and enhances the recognition and
response of the immune system against cancer cells.[31] DOX
induces reactive oxygen species (ROS)-based endoplasmic retic-
ulum stress effects for ICD induction.[32] Therefore, it is used
in this study to alter the TME to be more susceptible to im-
munotherapy. However, a drug delivery system that allows for
a sustained release and can deliver the therapies locally to the
tumor is ideal for minimizing the systemic side effects and de-
livering the therapeutics locally to the tumor.[10,25,33–35] Hydrogel
biomaterials are a leading class of delivery matrices that can be
used. Hydrogel biomaterials offer several advantages as delivery
systems in cancer therapy. The tunable physical and chemical
properties of hydrogels allow for customization to suit specific
therapeutic requirements.[36,37] Additionally, hydrogels allow for
a targeted and sustained delivery of therapeutics while minimiz-
ing off-target effects.[38]

Shear-thinning hydrogels (STHs) are biomaterials with in-
jectability properties resulting from decreased viscosity under
shear stress and recovery once the stress is removed.[38–40]

They can be crosslinked through physical crosslinking, such
as ionic, hydrophobic, hydrogen bonding, and electrostatic
interactions.[41] These interactions can be broken and reformed

based on external stimuli, allowing for these shear-thinning prop-
erties. Based on these unique mechanical characteristics, the
STHs can be administered through needles or catheters to de-
liver the therapeutic agents locally and sustainably, leading to
long-term effects and thus eliminating the need for multiple
injection doses.[42] Among the various STHs, nanocomposite
hydrogels based on electrostatic interactions have been consis-
tently reported to have high applicability due to their simplic-
ity of preparation and injectability based on their shear thin-
ning properties.[43] Hydrogels produced with the synthetic nan-
oclay Laponite have gained attention due to their unique shear-
thinning properties, making them suitable for easy injection and
delivery through needles and catheters for various biomedical
applications.[41] When mixed with gelatin, Laponite forms hydro-
gels with strong electrostatic interactions and can be used for con-
trolled drug release.[38,42,44] In prior studies from our group, this
hydrogel has been used to achieve a pH-dependent drug (DOX)
release controlled through electrostatic attraction/repulsion, hy-
drogen bonding, and ionic exchange between the drug and
Laponite.[42]

In this study, we present a transformative technology that
uses a catheter-based locoregional approach to deliver a shear-
thinning gelatin/nanoclay composite hydrogel, that is, next-
generation TACE, to induce more efficient ischemic cell death
within the tumor microvasculature coupled with efficient chemo-
and immunotherapy delivery. The drug-eluting shear-thinning
hydrogel (DESTH) can be delivered manually with conventional
needles and catheters to induce ischemic cell death efficiently.
Additionally, an effective co-delivery of chemo- and immunother-
apy agents demonstrates the potential of our DESTH as a valu-
able and transformative option in advancing HCC therapies.

2. Results and Discussion

2.1. Preparation and Characterization of the Shear-Thinning
Biomaterials

In this study, we aimed to develop a tunable biocompatible
DESTH, which can be delivered by a catheter to liver lesions
with deep penetration and solidify upon reaching the target ves-
sel size, releasing entrapped chemo- and immunotherapeutic
agents in a sustained and localized manner for treating HCC
(Figure 1). Building upon previous reports demonstrating the po-
tential of localized chemotherapy in converting tumors from an
immunosuppressive “cold” state to an immunogenic “hot” state,
we sought to enhance immunotherapeutic responses in HCC.[45]

STHs were prepared by combining Laponite with gelatin solu-
tion. Three STH formulations were prepared using altering con-
centrations of gelatin and Laponite, 6NC25, 6NC50, and 6NC75
(6 corresponding to the concentration in weight percentage of
overall gel and NC25-75 representing the percentage of Laponite
within the mixture). The shear-thinning and mechanical proper-
ties were characterized using rheology and injection force mea-
surements. Shear-thinning properties define flow behavior un-
der shear forces and recovery of the hydrogel after the force is
removed. Shear thinning is required for delivering hydrogels us-
ing syringes and catheters, so the STHs must be easy to ad-
minister while maintaining their properties during the injection.
Therefore, injection force measurements were performed using
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Figure 1. Schematic combination therapy: chemotherapy and immunotherapy within a DESTH. A) Preparation of gelatin/Laponite STH and loading
DOX and ICI (aPD1) into the hydrogels. B) The mode of action of combined chemo- and immunotherapy on HCC. C) STHs can be delivered through a
catheter using the TACE method or direct injection into the tumor vicinity.

a 1CC syringe with a 2.8 Fr catheter and a 3CC syringe with a 5
Fr catheter for the STHs described above (Figure 2A,B). It was
found that STH 6NC25 (composite having the lowest Laponite
concentration and highest gelatin) was the easiest to inject, hav-
ing a load of ≈8 N (1 cc/2.8 Fr) and 15 N (3 cc/5 Fr), compared to
6NC50 and 6NC75 (composite having the highest Laponite con-
centration and the lowest gelatin), with a load of 20–25 N (1 cc/2.8
Fr) and 28–34 N (3 cc/5 Fr) (Figure 2C,D). At higher concentra-
tions of Laponite, the colloid network becomes more robust and
less prone to shear-thinning because of increased interactions
between the nanosilicate particles (i.e., electrostatic and van der
Waal forces). This aligns with literature that states that hydrogels
have lower concentrations of Lapointe to gelatin, resulting in the
nanocomposites retaining the viscoelastic properties of gelatin,
creating a more viscous, sheer-thinning hydrogel.[44,46] These re-
sults showed that as the Laponite concentration in the STH was
increased, the force required to inject the hydrogel also increased.

From the rheological studies of the STHs, the storage modu-
lus was measured, as well as the recovery after exposure to strain
and viscosity (Figure 2E). Under conditions where the shear rate
is greater than or equal to 0.1/s, 6NC25 displayed the lowest vis-
cosity, meaning a lower resistance to mechanical deformation
and flow (Figure 2Eii). However, our results showed that at low
shear rates (0.001 to 0.01 (1/s)), the shear stress and viscosity
of some 6NC50s were higher than those of 6NC25. The shear-

thinning properties were shown for all concentrations of hydro-
gels (Figure 2Ei,iii). These results proved that Laponite is the
major component contributing to mechanical properties. Addi-
tional results from injectability and rheology are presented in the
Supporting Information (Figures S1 and S2, Supporting Infor-
mation).

In our previous rheology (shear stress, viscosity) results of
drug-free STH, 6NC25 showed lower shear stress and viscosity
than 6NC50 at lower shear rates.[44] However, the injection force
plateau of 6NC25 is significantly lower than the 6NC50 for all in-
jection conditions (1cc syringe+2.8Fr catheter, 3cc syringe+5Fr
catheter). In particular, the force/pressure applied to hydrogel-
based embolic agents in typical TACE applications is significant,
suggesting that the drug-loaded 6NC25 may require less force for
injection than the 6NC50 in real-world TACE application condi-
tions.

2.2. Release of Chemo- and Immunotherapeutic Agents from
STHs

The gelatin-Laponite hydrogel has previously been shown to re-
lease DOX in a pH-dependent matter as the DOX release in-
creased as the pH decreased.[42] It was found that STHs with
lower Laponite (6NC25) have a more significant release profile at
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Figure 2. The mechanical properties of STHs encapsulated with DOX and aPD-1. A) The scheme for injectability testing of STHs using a syringe,
catheter, and mechanical tester. B) Consistency of the STH after injection showing gelation post-shear-thinning. C) Injection force measurements of
6NC25, 6NC50, and 6NC75 formulations using a 2.8 Fr catheter and 1 cc syringe. D) Injection force measurements of 6NC25, 6NC50, and 6NC75
formulations using a 5 Fr catheter and 3 cc syringe. E) Rheological characterization of storage modulus, viscosity, and oscillatory step strains of 6NC25,
6NC50, and 6NC75 DESTH formulations.
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Figure 3. Drug release study of aPD-1 and DOX from STHs. A) Hydrogels prepared with aPD-1, DOX, and DOX-aPD-1. B) Scheme of the pH-responsive
release of the combined immunotherapy. C) Release of DOX from 6NC25, 6NC50, and 6NC75 DOX-ICI-STH at pH 5.0 and 7.4. D) Release of aPD-1
from 6NC25, 6NC50, and 6NC75 DOX-ICI-STH at pH 5.0 and 7.4.

pH 5–6, followed by 6NC50 and 6NC75. Laponite is a synthetic
nanoclay composed of layered silicates, and its strong electro-
static interactions with other charged species are made possible
by the ensuing negative and positive charges on the surface of
Laponite particles.[47] These electrostatic interactions are respon-
sible for the retention and release of drugs from the matrix and
the pH-responsive behavior of Laponite (Figure 3B). At neutral
pH (around pH 7), Laponite nanoparticles exhibit a strong neg-
ative charge due to the dissociation of hydroxyl groups on their
surface, and as the pH is decreased, the concentration of hydro-
gen ions (H+) increases, leading to protonation of the surface
hydroxyl groups resulting in a shift toward the positive charge.
These strong interactions keep the hydrogel intact and contribute
to the strong mechanical properties of the STH. Over the course

of testing, very minimal degradation of the hydrogel was ob-
served.

STHs loaded with DOX and aPD-1 were tested at pH 5 and 7.4
(Figure 3C,D). Composite hydrogels containing lower concentra-
tions of Laponite (6NC25) were shown to release about 35% of
loaded DOX in 2 to 3 days at acidic pH. In contrast, STHs with
higher Laponite concentrations released less than 20% for 6NC50
and less than 5% for 6NC75 (Figure 3C). However, after 3 days
of exposure to the acidic environment, DOX release from STHs
was increased, reaching up to 70% drug release in up to 10 days.
Laponite has been known to degrade under acidic conditions,[48]

which could also explain the increased release of DOX after 3 days
of exposure to acidic pH. While Laponite may degrade to some
extent in mildly acidic conditions, the extent of this degradation
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may not be significant enough to produce harmful by-products
or significantly influence cells in the context of drug delivery, and
the FDA has approved this formulation. At neutral pH, all STH
compositions were shown to release less than 10% of loaded DOX
by 2 to 3 days. In addition, no increased drug release was observed
for extended incubation periods.

The average charge of DOX is positive at acidic pH, shifting to
neutral as the pH increases to neutral, and is negatively charged
at basic pH. Therefore, pH 5–6 represents a point where the DOX
and Laponite have the same charge, increasing the release of the
drug. Interestingly, aPD-1, a protein larger than DOX, has the
opposite effects and releases more in physiological pH while still
releasing in acidic pH (Figure 3D). All STH formulations tested
were shown to provide a sustained release of aPD-1, with acidic
environments providing a release of about 30% of aPD-1 up to 10
days for 6CN25, 18% for 6CN50, and less than 5% for 6CN75. In
contrast, at neutral pH, aPD-1 release was improved and reached
about 85% release up to 10 days for 6CN25, 20% for 6CN50, and
10% for 6CN75.

Protein drug release from Laponite involves the interplay
of diffusion, desorption, and matrix degradation.[43] The pH-
responsive effect of Laponite has been reported in a num-
ber of papers. There are reports that Laponite-based hydro-
gels can have yield stresses that change with pH changes.[49]

In addition, various researchers, including our previous pa-
per, have reported that hydrogels containing Laponite are pH-
responsive and can release drugs.[42,46,50,51] Due to the charges
on Laponite, the interactions between the protein, which dis-
plays positively and negatively charged regions on its surface,
can play a role in its binding and release. Furthermore, Laponite
can expand, which creates channels or pores within the hydro-
gel, enabling the release of aPD-1 over time. However, to the
best of our knowledge, it has not been fully investigated: 1)
Laponite-based hydrogels loaded with more than one drug, or
2) proteins such as antibodies being released in response to pH
changes.

The ideal immunotherapeutic TACE was considered to be one
in which chemotherapeutic DOX is released first to convert the
tumor to a “hot” tumor, followed by the release of immunothera-
peutic agents to establish a second line of therapeutic defense.
The STH allows for the slow, sustained release of the agents
in a timely matter for the most optimal defense against cancer.
It also shows a similar trend where 6NC25 shows the most re-
lease for aPD-1, followed by 6NC50 and 6NC75. The highest re-
lease kinetics observed in 6NC25 could be explained by the lower
Laponite concentration, hence lower overall charge and matrix
interactions in the hydrogel.

2.3. DOX-STH In Vitro Studies

Chemotherapy response can vary depending on the type and
stage of cancer.[52] Some cancers are more responsive to
chemotherapy and have higher response rates. On the other
hand, certain cancers are known to be less responsive to
chemotherapy, meaning that the tumors may not shrink signifi-
cantly or may continue to grow despite treatment. Examples of
cancers that are typically less responsive to chemotherapy in-
clude pancreatic, liver, and some types of lung cancer.[53] DOX

was shown ineffective in the systemic treatment of HCC, and it
is still the first drug of choice in TACE.[54]

While it is shown that DOX released from STH has been effec-
tive in our past study in melanoma cancer,[42] here we observe dif-
ferent effects on liver cancer. Our DOX-STH in vitro studies show
that release from an embolizing agent is not as effective for this
type of cancer, and an extra line of treatment is needed. During
this study, we exposed the DOX-STH media eluates with various
concentrations of released DOX to the HepG2 cells over 7 days
to evaluate the effects of the released DOX (Figure 4A,B). Consis-
tent with the release studies, 6NC25 has the highest killing and
decreased metabolic activity due to the highest release in compar-
ison with the other gels. Additionally, only the highest concentra-
tion of DOX loaded in the STH 6CN25 (1000 μg mL−1) has a signi-
ficative effect (Figure 4B), achieving the IC50 for DOX when used
to treat HepG2 cells in vitro, which ranges from 1.6 to 14.4 μm de-
pending on the treatment time.[55] In contrast, all the other doses
do not directly kill the liver cancer cells (i.e., do not achieve a DOX
release enough to reach the IC50 for HepG2).

Furthermore, our results highlight the importance of consider-
ing the specific experimental setup when evaluating the effects of
treatments. It is worth noting that the experimental conditions,
specifically using samples tested in a neutral pH environment,
may affect DOX release. The release of DOX was observed to be
reduced at neutral pH (Figure 3C), which could also explain the
diminished effect on liver cancer cells in vitro. Considering the
experimental conditions, including pH, STH composition, and
drug concentration, is essential for interpreting and optimizing
the outcomes of such studies. Therefore, further investigations
exploring combination therapy with ICIs are suggested to en-
hance the antitumor efficacy of DOX release.

While we show that DOX released from STHs is insufficient to
kill the HepG2 cells directly, we investigated the ability of DOX to
cause an increase in the expression of tumor markers. Immuno-
histochemistry analysis was performed on HepG2 cells after ex-
posure to DOX-STH to evaluate the effect of DOX on the cells.
The samples were stained for IFN-𝛾 and PD-L1, and the fluores-
cence was measured from the confocal microscope images for
up to 7 days (Figure 5). It was found that both PD-L1 and IFN-𝛾
protein expression was increased over time in the STH and DOX-
STH treated groups, with DOX-STH showing the highest fluores-
cence intensity of the surface markers after 7 days. When incu-
bating HepG2 cells with DOX-STHs, we found an increase in the
PD-L1 expression in the treated cancer cells, further supporting
the benefit of dual treatment with chemo- and immunotherapies
to make the tumor a good target for ICI treatment (Figure 5B).
Comparing day 7 of our control group of media, STH alone, and
the DOX-STH, we found the highest PD-L1 expression for DOX-
STH. Additionally, IFN-𝛾 detection increased after exposing the
cells to DOX-STHs compared to media alone (control) and the
STH after 7 days (Figure 5C). There is a trend in the STH and
DOX-STH groups where the expression increases over time. In
contrast, the control group stays relatively constant. In addition,
the expression of IFN-𝛾 in the DOX-STH group is the highest,
showing the effect of DOX on the HepG2 cells.

It is known that DOX enhances the accumulation of IFN-𝛾
in tumors.[32] When cancer cells release more IFN-𝛾 , it induces
the expression of resistant genes in the cancer cells.[56] While
IFN-𝛾 can induce immunoevasion and inhibition of antitumor
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Figure 4. Live/dead and metabolic activity assay for HepG2 cells exposed to DOX-STHs loaded with different doses of DOX. A) Live/dead staining
of HepG2 cells treated with 0, 1, 10, 100, and 1000 μg g−1 DOX loaded 6NC25, 6NC50, and 6NC75 STHs (green: live; red: dead, scale bar: 100 μm).
B) PrestoBlue viability assay of the HepG2 cells cultured for 7 days and treated with STHs loaded with 0, 1, 10, 100, and 1000 μg g−1 DOX, and no
hydrogel control (grey: 6NC25, pink: 6NC50, blue: 6NC75). The dotted red line shows the viability % for the control group.

immunity, this signaling is also said to drive the maturation of
immune cells and enhance T-cell infiltration, converting a “cold”
tumor into a “hot” tumor, thus making immunotherapy more
effective. Furthermore, DOX affects PD-L1 expression in cancer
cells depending on the pathway activation and type of cancer. Up-
regulated PD-L1 expression in liver cancer may produce an im-

munosuppressive environment that impairs the capacity of the
immune system to identify and destroy tumor cells. High PD-
L1 expression can impair effector T cell performance and hasten
their depletion, preventing them from efficiently identifying and
killing cancer cells.[57] The high expression of PD-L1 in liver can-
cer also offers a chance for immunotherapy, specifically immune
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Figure 5. Immunostaining analysis of HepG2 cells exposed to DOX-STH at different time points. A) Immunostaining of HepG2 treated with
100 μg g−1 DOX. The samples were stained with aIFN-𝛾 and aPD-L1 (blue: nucleus, red: IFN-𝛾 , green: PD-L1, scale bar: 50 μm). B) PD-L1 fluores-
cence intensity measured from confocal laser scanning microscope (CLSM) images of HepG2 on days 1, 3, and 7 after media control, STH, and DOX-
STH treatment. C) IFN-𝛾 fluorescence intensity measured from CLSM images of HepG2 on days 1, 3, and 7 after media control, STH, and DOX-STH
treatment.

checkpoint blocking therapy, making this type of cancer prone
to ICIs, specifically aPD-1 or aPD-L1 antibodies. Immunothera-
pies that target the PD-1/PD-L1 pathway can interfere with the
PD-1/PD-L1 interaction and restore the antitumor immune re-
sponse. These treatments can increase the activity of effector T
cells and improve their capacity to identify and destroy cancer
cells by inhibiting the PD-1 receptor or PD-L1 ligand. Here, we
show that DOX released from the STH may induce an increase
in the immunotherapy treatment efficacy following DOX release.

2.4. In Vitro Release Study of aPD-1 from DOX-ICI-STHs with
CHO PD1 Cell Line

Our next goal was to evaluate the release profile and binding
potential of ICI protein released from ICI-STHs in vitro. While
there are studies showing the release of ICIs from hydrogels
and in vivo testing showing efficacy, proof that they can be de-

livered from STHs and bind to its PD-1 target on cancer cells
has never been demonstrated in vitro. Therefore, a release study
was conducted with a specialty CHO PD-1 overexpressing cell
line (ATCC) to test the efficacy of releasing the aPD-1 protein
from STHs. This reporter cell line has an abundance of PD-1
receptors in the cell surface for interaction with the aPD-1 re-
leased from the STHs. The binding of aPD-1 to its PD-1 receptor
on CHO cells can be demonstrated by the successful delivery of
aPD-1 from the hydrogel. The anti-mouse IgG then binds to the
aPD-1, resulting in the emission of green fluorescence (Alexa488)
(Figure 6A).

Results from the flow cytometer exhibit that the most sig-
nificant binding events occurred with 6NC25, followed by
6NC50, and then 6NC75 of our composition of DOX-ICI-STH
(Figure 6B,D). 6NC25 DOX-ICI-STH shows the most significant
and fastest release rate, as saturation is apparent in the release
from days 3 and 7, followed by 6NC50 DOX-ICI-STH. 6NC75
DOX-ICI-STH exhibited the lowest release due to the electrostatic

Adv. Funct. Mater. 2024, 34, 2309069 © 2023 Wiley-VCH GmbH2309069 (8 of 15)
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Figure 6. aPD-1 release in vitro study on CHO PD-1 transfected cell line demonstrated the release of aPD-1 from DOX-ICI-STH. A) The scheme of
released aPD-1 detection using CHO PD-1 cells. B) Flow cytometer plots of CHO-PD-1 cells treated with aPD-1 loaded 6NC25, 6NC50, and 6NC75
STHs (n = 3, representative images). C) Fluorescent microscopy images of CHO PD-1 cells treated with aPD-1 loaded 6NC25, 6NC50, and 6NC75 STHs
(n = 3, representative images) (nucleus: blue, green: aPD-1/anti-mouse IgG/Alexa488 complex, scale bar: 100 μm). D) Quantification of aPD-1 binding
to CHO PD-1 cell line.

interactions resulting from the higher Laponite concentration in
the formulation.

Complementary imaging was done to confirm these results
further (Figure 6C). The cells were stained using DAPI and anti-
mouse IgG, with the binding of the aPD-1 to the cells shown
through green fluorescence. For both 6NC25 DOX-ICI-STH and
6NC50 DOX-ICI-STH, the most significant amount of fluores-
cence was seen on day 7, as confirmed by the flow cytometry
results (Figure 6D). Minimal fluorescence was seen for 6NC75
because of its previously mentioned slower release. These re-

sults demonstrate the successful and functional release of the
aPD-1 antibodies from STHs and effective binding to the re-
porter cell line in a concentration-dependent manner. These re-
sults also agree with the drug release studies from STHs in
which we observed the highest release from the 6NC25 com-
posite (lowest Laponite concentration). The importance of this
study lies in the fact that the aPD-1 antibodies released from
the hydrogel still hold their functional integrity and interact
with the PD-1 receptors on the cell surface in a physiological
manner.

Adv. Funct. Mater. 2024, 34, 2309069 © 2023 Wiley-VCH GmbH2309069 (9 of 15)
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Figure 7. In vivo anticancer efficacy studies of DESTH on Hepa 1-6 tumor model. A) Experimental design of the in vivo tumor growth study. B) Tumor
growth curve of DESTH treatments in Hepa 1-6 mouse tumor model. *p < 0.05, **p < 0.01, ANOVA (*: compared to control, #: compared to STH, and
§: compared to DOX-STH). C) Endpoint tumor gross images of experimental groups. The red dotted line: tumor D) Histopathological analysis of Hepa
1-6 mouse tumor models treated with DESTHs (DOX, ICI, DOX-ICI). Blue dotted line in the whole mount: tumor, red dotted line in the whole mount:
STH remnant. The red dotted line in 200×: the border between the tumor and STH. Scale bar is 2 mm, 500, and 100 μm for whole mount, 40×, and 200×,
respectively. E) Quantitative analysis of tumor area. *p < 0.05, **p < 0.01, ANOVA (*: compared to control, #: compared to STH, and §: compared to
DOX-STH).

2.5. Anticancer Efficacy Testing Using a Mouse Liver Tumor
Model

Our results from drug release studies confirmed that DOX and
aPD-1 are released at different times depending on the compo-
sition of STH. We conducted experiments in a mouse liver tu-
mor model to further analyze the in vivo anticancer efficacy of
STH-based chemotherapeutic and immunotherapeutic delivery.
The combined anticancer efficacy of DOX-ICI-STH is designed
to induce immune cell infiltration and tumor cell killing in addi-
tion to the chemotherapeutic effectiveness of causing direct cell
death. Therefore, we used a syngeneic model (mouse tumor cell
implantation to mouse) rather than human liver cancer cells with
nude mice to confirm the immunotherapeutic efficacy, which
is responsible for one axis of the combined anticancer efficacy.
For this purpose, mouse liver tumor cells (Hepa 1-6) were in-
jected subcutaneously into 8-week-old male C57Bl/6J mice. Two
sets of in vivo efficacy tests (survival and tumor growth study)
were performed independently using the Hepa 1-6 tumor model
(Figure 7A, Figure S6A, Supporting Information). In the Kaplan-
Meier survival analysis, the tumor-only (control) and vehicle con-
trol (STH) groups died earlier than the treatment groups (DOX-
STH, ICI-STH, DOX-ICI-STH) (Figure S6B, Supporting Infor-
mation).

Interestingly, the DOX-STH group had a survival rate of less
than 50% at the endpoint (day 16 post-treatment), while the DOX-

ICI-STH group had a much higher survival rate for most of the
experimental period. However, the ICI-STH group had a lower
survival rate than the DOX-ICI-STH group and still presented a
60% survival rate at the endpoint. The higher survival rate seen
in the ICI-delivery group may be due to the fact that the Hepa 1-6
tumor model reported in the literature is known to have relatively
high ICI sensitivity.[58]

Tumor growth curve analysis was performed to confirm the
anticancer efficacy of DOX-ICI-STH in the tumor growth pro-
cess (Figure 7B,C). The tumor size of the control (PBS) and
STH groups was larger than that of the treatment groups (DOX-
STH, ICI-STH, DOX-ICI-STH) at the endpoint (post-treatment
day 16) (Figure 7C). In the tumor growth curve, similar to the
survival curve results, the DOX-ICI-STH group’s tumor size was
the smallest among the experimental groups (Figure 7B). There
was no significant difference in tumor size between the DOX-
ICI-STH and ICI-STH groups. However, the ICI-STH group did
not show a statistically significant tumor size difference from
the DOX-STH group. The DOX-ICI-STH group was significantly
smaller than the DOX-STH group. In particular, the DOX-STH
group showed an increase in tumor size at the endpoint. In con-
trast, the ICI-loaded groups (ICI-STH, DOX-ICI-STH) showed a
constant size with no increase over time.

In addition to survival and tumor size studies, tumor samples
were processed through the formalin-fixed paraffin-embedded
method, followed by histopathological analysis with hematoxylin
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& eosin (HE) staining to analyze the microstructural changes
of Hepa 1-6 tumor model upon drug-loaded hydrogel treatment
(Figure 7D,E). In the whole mount view of the macroscopic anal-
ysis results, all STH-treated groups (STH, DOX-STH, ICI-STH,
DOX-ICI-STH) were observed to have residual injected STH ma-
terial. Interestingly, in the DOX-ICI-STH group, the amount of
STH remaining was more significant than the area occupied by
the tumor. In the STH group, the boundary between the injected
material and the tumor was relatively clear (Figure 7D, red dot-
ted line). In contrast, DOX-STH was observed to have inflamma-
tory cell infiltration between the material and the tumor. How-
ever, the infiltration of inflammatory cells inside the DOX-STH
was less evident compared with ICI-loaded groups (ICI-STH and
DOX-ICI-STH). In the ICI-STH and DOX-ICI-STH groups, the
boundary between the tumor and drug-loaded STHs was un-
clear at high magnification (200×), and a large number of in-
flammatory cells were observed infiltrating the injected material.
These results may indicate that the ICI-loaded material may af-
fect immune cell migration and tumor infiltration. In addition,
the tumor-only area, excluding the STH remnant, was analyzed
(Figure 7E). Quantitative analysis showed that the size of tumors
in the control and STH groups were not significantly different
and were larger than the other drug-loaded groups (DOX-STH,
ICI-STH, DOX-ICI-STH). In particular, DOX-ICI-STH was sig-
nificantly smaller than DOX-STH, similar to the growth curve
analysis results. From these results, it was found that the DOX-
ICI-STH group with both DOX and ICI, representing differ-
ent therapeutic mechanisms, had the highest survival rate, the
smallest residual tumor size, and supported not only tumor cell
death but also inflammatory cell infiltration into and around the
tumor.

Furthermore, immunofluorescence staining was performed to
analyze how tumor cell death (TUNEL), tumor cell proliferation
(Ki67), and cytotoxic T-cell infiltration (CD8) changed upon DOX-
ICI-STH treatment of Hepa 1–6 tumor model (Figure 8). Relative
to TUNEL staining to analyze apoptotic cell death (Figure 8A),
the control and STH groups showed no significant difference.
However, all drug-treated groups showed a significant increase in
TUNEL-positive cells compared to the control group. The DOX-
STH group showed a high and significant increase in TUNEL-
positive cells compared to the STH and ICI-STH groups. Inter-
estingly, the DOX-ICI-STH group, which delivers both DOX and
ICI, showed a significant increase in TUNEL-positive cells com-
pared to all groups (p < 0.01) (Figure 8C).

The expression of the proliferation marker Ki67 was high-
est in the control group, as opposed to TUNEL (Figure 8B,C).
The control and STH groups showed increased Ki67 marker ex-
pression compared to the drug-loaded STH groups (DOX-STH,
ICI-STH, and DOX-ICI-STH). The DOX-ICI-STH group showed
lower Ki67 marker expression compared to DOX-STH. At the
same time, the difference between DOX-STH and ICI-STH was
not significant.

CD8-positive cytotoxic T-cells, which are known as tumor-
killing immune cells, were not well observed in the control and
STH groups but showed a significant increase in the treatment
groups (DOX-STH, ICI-STH, DOX-ICI-STH) (Figure 8B,C). In
particular, the DOX-ICI-STH group showed a significant increase
among all treatment groups. These results suggest that the com-
bined delivery of DOX and aPD-1 causes an increase in apoptotic

tumor cell death, a decrease in proliferative cells, and an increase
in the infiltration of cytotoxic T-cells.

3. Conclusion

Our transformative technology, a catheter-based locoregional ap-
proach utilizing the DESTH, holds great promise as a next-
generation TACE option for HCC treatment. It is worth noting
that the STH was recently approved by the FDA (July, 2022: Class
II Vascular Embolization Device) as an embolic agent. Addition-
ally, by addressing the limitations of conventional TACE meth-
ods, DESTH offers a novel solution to induce more efficient
ischemic cell death within the tumor microvasculature while
achieving effective co-delivery of chemo- and immunotherapy
agents. The sustained and pH-dependent release of DOX and
aPD-1 further enhances its potential as a valuable and transfor-
mative tool in advancing HCC therapies. The remarkable results
obtained in the mouse liver tumor model, including the high-
est survival rate, smallest residual tumor size, increased tumor
cell death, and enhanced inflammatory cell infiltration, under-
score the clinical significance of our approach. Immunofluores-
cence assays revealing an augmented apoptotic tumor cell death,
reduced proliferative cells, and heightened cytotoxic T-cell infil-
tration further emphasize the potential of DESTH in improv-
ing HCC treatment outcomes. Overall, the compelling evidence
presented here supports the notion that DESTH represents a
promising option for enhancing the efficacy and precision of
HCC treatment, potentially improving the prognosis and quality
of life for HCC patients.

4. Experimental Section
Materials and Cell Lines: Type A porcine skin gelatin, formaldehyde so-

lution (4% v/v), human IL-2 ELISA kit, recombinant human interferon-
gamma (E. coli), Triton X-100, phytohemagglutinin (PHA-P–lectin from
Phaseolus vulgaris (red kidney bean)), bovine serum albumin (BSA), Eagle’s
Minimum Essential Medium (EMEM) with Earle’s salts, DOX hydrochlo-
ride, and 4′,6-diamidino-2-phenylindole (DAPI) for nucleic acid staining
were purchased from Sigma Aldrich. Live&Dead cell viability kit, Alexa
Fluor 488 phalloidin, Alexa Fluor 568 phalloidin, PrestoBlue cell viabil-
ity reagent, Honeywell Fluka citric acid/sodium hydroxide buffer solution
pH 5.0, Honeywell Fluka potassium dihydrogen phosphate/disodium hy-
drogen buffer solution pH 7.0, and Dulbecco’s phosphate-buffered saline
(DPBS; GIBCO) were purchased from Thermo Fisher Scientific. Rat IgG
ELISA Kit (ab189578), anti-PD-L1 antibody[38–40] (FITC) (ab224027), anti-
Interferon gamma antibody [4S.B3] (ab178447), APC anti-PD1 antibody
[EH12.2H7], and recombinant human IgG1 protein (ab155632) were pur-
chased from Abcam. Synthetic nanoclay (Laponite) was purchased from
(BYK Additives Ltd, TX, USA). 1 mL BD Luer-Lok and 3 mL BD Luer-Lok
syringes were purchased from BD Medical. Cook Beacon Tip 5.0 Fr angio-
graphic catheter was purchased from Cook Medical. Terumo MC*PV2815Y
Progreat microcatheter system 2.8 Fr × 3.0 Fr × 130 cm was purchased
from DOTMED. Hoechst 33342/PI double staining kit was purchased
from Biorbyt. Anti-PD-1 rat monoclonal antibody [clone: RMP1-14] was
purchased from Bio X Cell. Glass bottom cell culture dish Φ15 mm
was purchased from NEST Scientific. Corning 24 mm Transwell 0.4 μm
polyester membrane was purchased from Costar. Hep G2(HB-8065) was
purchased from ATCC, PD-1 stable cell line was a stably transfected CHO-
K1 cell line that expressed human PD-1 and was purchased from Abeomics
(14-500ACL).

Preparation of Gelatin/Laponite STH: To prepare the gelatin/Laponite
STHs, 18% w/v gelatin and 9% w/v Laponite stock solutions were
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Figure 8. Immunofluorescence staining studies of DESTH on Hepa 1-6 tumor model. A) Representative immunofluorescence images of tumor tissues
from Hepa 1-6 mouse tumor model stained with TUNEL (green) and DAPI (blue) to assess apoptotic cell death. Scale bar is 100 μm. B) Representative
immunofluorescence images of tumor tissues stained for Ki67 (green, proliferative cells), CD8 (red, CD8+T cells), and DAPI (blue, nuclei) to assess
cell proliferation and immune cell infiltration. C) Quantitative analysis of TUNEL, Ki67, and CD8 immunofluorescence staining. *p < 0.05, **p < 0.01,
ANOVA (*: compared to control, #: compared to STH, §: compared to DOX-STH, and ‡: compared to ICI-STH).

prepared separately using ultrapure water. STHs with 6% w/v total solid
content and various gelatin/Laponite ratios (1:3, 1:1, 3:1—6NC25, 6NC50,
6NC75) were prepared from the stock solutions following Table 1. The
stock solutions were mixed with a defined weight of ultrapure water at
3000 rpm for 5 min in a SpeedMixer (DAC 150.1 FVZ, Germany). The mix-
ing step was repeated three times with a 5-min interval between mixings.
The gelatin/Laponite STHs were stored at 4 °C for 24 h before use. Before
any experimental procedures, the gelatin/Laponite STHs were equilibrated
at room temperature (25 °C) for 60 min.

Rheological Characterization: Rheological properties of the STHs, in-
cluding shear stress, viscosity, and storage moduli, were evaluated using
a parallel plate geometry on an Anton Paar rheometer (AR-G2, TA instru-
ments protocol). Mineral oil was added around the plate once the samples
were loaded to prevent the hydrogel samples from evaporating through-
out the run. Under the application of fixed oscillatory stress of 10 Pa at
25 °C and 01–100 Hz, an oscillatory frequency sweep was achieved. Shear

stress, temperature sweep, viscosity, and storage moduli were measured
with a 25 mm sandblasted parallel-plate geometry. Frequency sweeps were

Table 1. Summary of mixed solution ratios for preparing gelatin/Laponite
STHs.

Gelatin/Laponite STH formulations

6NC25 6NC50 6NC75

Gelatin 18% [g] 12.50 8.33 4.17

Laponite 9% [g] 8.33 16.67 25.00

Water [g] 29.17 25.00 20.83

Total [g] 50.00 50.00 50.00

Adv. Funct. Mater. 2024, 34, 2309069 © 2023 Wiley-VCH GmbH2309069 (12 of 15)
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performed at 0.1–10 Hz under a fixed oscillatory strain of 1% at 25 °C. Tem-
perature sweeps were performed at 1 Hz and a fixed strain of 1% from
10–40 °C. Viscosity experiments were performed at 25 °C with a 0.001–10
1/s shear rate. Oscillatory step strain experiments were performed at 1 Hz
at 25 °C with cycles 1, 3, and 5 at a strain of 1% and cycles 2 and 4 at 200%
strain.

Injectability Assessment of Gelatin/Laponite STH: For injectability as-
sessment, gelatin/Laponite STHs were loaded into 1 cc or 3 cc syringes
and injected through 2.8 Fr or 5.0 Fr microcatheters (1 cc-2.8 Fr, 3 cc-5.0
Fr). The injection forces were examined by a mechanical tester (Instron
5943, Instron Int. Ltd., MA, USA) using the Bluehill version 3 software
with a 100 N load cell and an injection rate of 100 mm min−1.

Loading of DOX and aPD-1 within STH: STHs were thoroughly mixed
with different amounts of aqueous DOX solution (Oakwood Chemical, SC,
USA) of 10 mg mL−1 in a SpeedMixer at 3000 rpm for 5 min to achieve an
even distribution of the components, resulting in final concentrations of
1, 10, 100, and 1000 mg g−1. aPD-1 was added to achieve a concentration
of 100 μg g−1.

Chemotherapy and Immunotherapy Release Studies: The DESTHs were
analyzed by releasing DOX and a-PD1 against physiologically neutral and
acidic buffers. The DESTHs were submerged in buffers with predeter-
mined pH levels of 5.0 and 7.4. The DOX concentrations following release
were determined by measuring the fluorescence at an excitation of 470 nm
and an emission of 560 nm at specific time intervals. The solution was
taken at time points of up to 28 days to quantify DOX release into the
surrounding buffer, and DOX fluorescence was measured using the fluo-
rometer. For the aPD-1 release assessment, a rat IgG ELISA kit was used.
A standard curve was generated for both.

DOX-STH Anticancer Assessment In Vitro: HepG2 cells were cultured
in DMEM supplemented with 10% FBS and 1% streptomycin/penicillin
solution at 37 °C under a 5% CO2 atmosphere. Subculturing was per-
formed using trypsin EDTA (Gibco, CA, USA) once the cells achieved 80–
90% confluency and then seeded at 5 × 104 cells per well on a 24-well
plate (Corning, USA). After 1 day of culture, the eluates (8 g of drug-loaded
STH with 40 mL of media on top) of the DOX release from the STHs
were added to the cells. Cell viability was assessed using a Live/Dead vi-
ability/cytotoxicity kit (Invitrogen, USA) after incubating the cells for 1, 3,
or 7 days. A fluorescence microscope (Zeiss Axio Observer; Carl Zeiss,
Jena, Germany) was used to conduct imaging. Using the Image J software
(NIH, MD, USA), ten non-overlapping areas at 20× magnification were
utilized for quantitative data analysis. The living-to-total cell number ratio
was taken to calculate the viability of cells (%).

In Vitro Release Study of aPD1 from DESTHs with CHO PD1 Cell Line:
Eluates from media (days 1, 3, 7, 10, and 14) from varying DESTH for-
mulations (6NC25, 6NC50, 6NC75) loaded with 100 μg g−1 of DOX were
prepared for each predetermined sample composition. The eluates were
then exposed to the PD-1 stable cell line, and an FC blocker was added to
each tube (150 uL per tube). After 1 h of incubation, 200 mL of diluted anti-
mouse IgG antibody (Alexa Fluor 488) (abcam ab150113) (ratio of 1:1000)
was added to each epitube. The samples were again incubated before 1 mL
of DPBS was added. The samples were read on a Flow cytometer (Attune
Thermo Fisher) to investigate the binding events, and the results were an-
alyzed using the FloJo Software.

In Vivo Assessment of Antitumor Efficacy: 6-week-old male C57B1/6J
mice were received from Jackson Laboratories (Bar Harbor, ME, USA). All
animal procedures were conducted under the supervision of the IACUC
committee of the Lundquist Institute (#22813). In both the survival and tu-
mor growth studies, tumor cells were implanted under general inhalation
anesthesia. Anesthesia was induced using isoflurane (isoflurane concen-
tration: 5% for induction/2–3% for maintenance, oxygen flow: 2 L min−1),
and the depth of anesthesia was maintained by continuous anesthetic gas
supply through a face mask and spontaneous inspiration. The hair at the
injection site was shaved with a clipper, disinfected with alcohol and povi-
done, and 1 × 106 Hepa 1–6 cells were injected subcutaneously into the
flank. When the tumor volume reached ≈50–200 mm,[3] 50 uL of experi-
mental material was injected into the tumor. The negative control group
(Tumor) was injected with DPBS. Blank STHs (6NC25), DOX-STH (DOX
conc: 5 mg kg−1), ICI-STH (aPD-1: 5 μg kg−1), and DOX + ICI-loaded

STHs (5 mg kg−1 of DOX and 5 μg kg−1 of aPD-1) were injected into
the tumor.

For the survival study, five mice from each group were tested to as-
sess the survival rate throughout the experimental period. The endpoint
of the experiment was defined as a humane endpoint or when the maxi-
mum length of the tumor was greater than 15 mm. Animals that met the
endpoint criteria were humanely euthanized and considered “dead.” For
the tumor growth study, tumor size was measured using a caliper every 2
days, with the final size measurement date set at 16 days after treatment.
The humane endpoint was defined as when the tumor size reached over
2000 mm3, or when the criteria for humane endpoint were met. However,
no individual animal had a tumor size greater than 2000 mm3 and no in-
dividual was satisfied with a human endpoint such as tumor ulceration,
anorexia, or cachexia. Five mice from each experimental group were euth-
anized by CO2 inhalation on postoperation day 16 for the tumor growth
curve analysis. Tissue samples including tumor (with adjacent skin), liver,
lung, heart, spleen, and kidney were taken from each group and fixed in
10% neutralized buffered formalin (NBF, Leica Biosystems, IL, USA) for
further histopathological evaluation.

Histopathological Evaluation: Tissue samples fixed in NBF were sub-
jected to routine paraffin-based histopathologic procedures (tissue trim-
ming, dehydration, clearing, paraffin infiltration, and paraffin block prepa-
ration). Tissue paraffin blocks were then subjected to standard hema-
toxylin (Leica Biosystems) and eosin (Sigma) (H&E) staining after tissue
sections were cut to 4 um thickness using a microtome. The stained tis-
sue slides were embedded, and microscopic images were obtained using
a slide scanner (PathScan Enabler 5, Meyer, USA) and a Zeiss inverted mi-
croscope. Quantification analysis of the tumor area was obtained using
AmScope image analysis software (Irvine, CA, USA) on whole mount im-
ages. Image J image analysis software (NIH, MD, USA) was used to quan-
tify the number of positive cells/intensity in immunofluorescence images.

Deparaffinized tissue slides were subjected to a heat-induced antigen
retrieval process to liberate antigens for immunostaining. The slides were
then permeabilized in 0.3% Triton in DPBS and blocked with 1% bovine
serum albumin for 30 min. The primary antibodies used were: An anti-
Ki67 rabbit polyclonal antibody (Abcam, CA, USA), anti-CD8 mouse poly-
clonal antibody (Abcam), and BrdU-FITC TUNEL assay kit. The primary
antibodies were incubated overnight at 4 °C. The antibodies used as sec-
ondary antibodies were fluorescence labeled: goat anti-mouse IgG Alexa
Flour 594 conjugated antibody (ThermoFisher) and goat anti-rabbit IgG
Alexa Flour 488 conjugated antibody (ThermoFisher). To prevent fluores-
cence bleeding and for counterstaining, the slides were embedded with flu-
oromounts containing DAPI (Vector Laboratories, CA, USA). The stained
slides were placed under an inverted fluorescence microscope (Axio Ob-
server 5, Zeiss, Germany) to obtain fluorescence images.

Statistical Analysis: All data were presented using average ± standard
deviation. More than a triplicate of group data sets was used for statistical
analysis. Multiple comparisons were conducted using one-way ANOVA
with Bonferroni post hoc tests. p < 0.05 was deemed to be statistically
significant.
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