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Abstract

Hepatocellular carcinoma (HCC) is among the most common malignancies worldwide and is characterized by high
rates of morbidity and mortality, posing a serious threat to human health. Interventional embolization therapy

is the main treatment against middle- and late-stage liver cancer, but its efficacy is limited by the performance

of embolism, hence the new embolic materials have provided hope to the inoperable patients. Especially, hydrogel
materials with high embolization strength, appropriate viscosity, reliable security and multifunctionality are widely
used as embolic materials, and can improve the efficacy of interventional therapy. In this review, we have described
the status of research on hydrogels and challenges in the field of HCC therapy. First, various preparation methods
of hydrogels through different cross-linking methods are introduced, then the functions of hydrogels related to HCC
are summarized, including different HCC therapies, various imaging techniques, in vitro 3D models, and the short-
comings and prospects of the proposed applications are discussed in relation to HCC. We hope that this review

is informative for readers interested in multifunctional hydrogels and will help researchers develop more novel
embolic materials for interventional therapy of HCC.
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Introduction

Hepatocellular carcinoma (HCC), accounting for approx-
imately 90% of primary liver cancers, which is the sixth
most common cancer and the third leading cause of
cancer-related deaths [1, 2]. In 2020, over 900,000 peo-
ple were diagnosed with liver cancer, and 800,000 people
died from this disease [3]. The onset of liver cancer is a
systemic, chronic, and protracted process. Well-known
risk factors for liver cancer include diabetes, obesity,
metabolic syndrome, chronic hepatitis B and C infec-
tion, smoking, and alcohol consumption [4]. In recent
years, significant progress has been achieved in cancer
treatment, and many novel imaging technologies and
treatment methods have been developed. The era of
comprehensive treatment has arrived, and the treatment
options for liver cancer now include liver transplantation,
surgical resection, ablation, chemotherapy, radiotherapy,
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etc. [5]. Future developments will involve accurate stag-
ing and integrated multidisciplinary care for patients
with liver cancer, and tailored medical models will be
created for patients, improving the overall effectiveness
of liver cancer treatment. Although the numerous effi-
cient diagnostic and therapeutic methods available to
treat the condition, the prognosis for HCC is frequently
unsatisfactory because the disease is typically asympto-
matic in its early stages [6]. At the initial diagnosis, 80%
of patients are diagnosed with middle and late stage can-
cer and have missed their best opportunity to be cured;
thus, preventing cancer and improving the life qual-
ity of patients have become the main focus of attention
[7]. At this time, transplantation, surgical resection, and
radiotherapy may be infeasible, the majority of patients
must receive interventional treatment. Interventional
treatment for HCC includes nonvascular interventions
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such as local ablation, and vascular interventions such
as selective hepatic artery perfusion or embolization [8].
Among these treatments, selective hepatic artery inter-
ventional therapy has the advantages of less trauma, defi-
nite curativeness and wide adaptation syndrome, so it is
the most widely used in clinic. Thus, the intervention can
improve the survival and quality of life of patients with
unresectable HCC [9].

In the vascular interventional therapy of HCC, some
transarterial embolization techniques available include
bland transarterial embolization (TAE), transarterial
radioembolization (TARE), and transarterial chemoem-
bolization (TACE) [10]. Selective hepatic artery embo-
lization can increase treatment response, lessen adverse
effects, and increase patient survival rates. As additional
chemical or radiation components in embolic parti-
cles are lacking, TAE is frequently referred to as "bland"
embolization [11]. With this therapy, endovascular arte-
rial occlusion induces hypoxia and subsequent death
of tumor cells [12]. In a locoregional therapy called
TARE, radioactive yttrium-90 (°°Y), iodine-131 (*3'I),
or rhenium-188 ('®®Re) are used to selectively inject
radioactive microspheres intra-arterially and cause
radiation-induced cell necrosis [13]. According to the
Barcelona Clinic Liver Cancer (BCLC) staging system,
TACE is the first-line treatment for patients with inter-
mediate stage HCC, including those with large or mul-
tinodular HCC, well-preserved liver function, and no
cancer-related symptoms or evidence of vascular inva-
sion or extrahepatic spread [14, 15]. The principle of
TACE is to block the hepatic artery, inhibit the blood
supply of solid tumors, and achieve localized chemo-
therapy [16]. C-TACE, containing a chemotherapeutic
agent and lipiodol, which is the recommended standard
of care for the treatment of intermediate stage HCC [17,
18]. Lipoidol mixtures can cause tumor microcircula-
tion embolism. Additionally, intratumoral retention of
lipiodol can be detected in postoperative imaging, which
enables the prediction of treatment responses [19]. How-
ever, an important limitation of C-TACE is the inconsist-
ency in the technique and the treatment schedules [20].
Introducing drug-eluting bead-transarterial chemoem-
bolization (DEB-TACE) led to more technical stand-
ardization and reduced TACE-related toxicity. The DEBs
loaded with a chemotherapeutic agent (mostly doxoru-
bicin) as a novel device can achieve tumor-specific drug
delivery along with the controlled release of drugs [21].
Both C-TACE and DEB-TACE utilize the ischemic effect
induced by embolic agents with deposition of thera-
peutic agents at a high concentration in the tumor [22].
As a result, the efficacy of tumor embolization is highly
related to the performance of embolic agents [23]. Many
studies have attempted to modify the structure, size,
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homogeneity, biocompatibility, and biodegradability of
embolic agents for improving the therapeutic effects [24].
Therefore, the development of safe, effective, and multi-
functional embolic materials is a crucial strategy for the
development of interventional therapy against liver can-
cer [25].

Through continuous research and development, poly-
mer medical materials with strong absorption capa-
bilities, environmental sensitivity, high biocompatibility,
and environmental-friendly properties have been widely
prepared and researched in various fields, such as agri-
culture, forestry, horticulture, and biomedical fields [26].
Due to the high bioactivity and biocompatibility of poly-
meric medical materials, they do not cause allergic reac-
tions in biological applications. Since the biodegradability
of polymers, most biomaterials do not cause cumulative
biotoxicity [27]. In addition, based on the different deg-
radation rates of different materials, biomedical materi-
als with different degradation rates can be prepared by
adjusting the ratio of components to achieve different
clinical applications [28, 29]. At present, the common
embolic materials commonly used in clinical tumor
intervention can be divided into solid and liquid materi-
als [30]. Common liquid embolic agents include lipiodol
and absolute ethanol, among which lipiodol is the most
widely used. Lipiodol with a good fluidity can be devel-
oped under X-ray, and can selectively flow to the tumor
area due to “siphon effect” [31]. However, due to the
poor stability and mechanical properties, lipiodol is easy
to be washed away by blood because of its low viscosity
[32, 33]. On the other hand, the common solid particle
embolic agents with the excellent embolization perfor-
mance such as gelatin sponge, polyvinyl alcohol, drug-
loaded microspheres and so on, that are often used for
tumor interventional embolization. These solid particles
all play the role of vascular mechanical embolization, and
some of them are degradable, which can realize repeated
embolization at the tumor site. The drug-loaded micro-
spheres developed in recent years have more excellent
drug loading rate, sustained release rate, targeting and
other advantages [21]. However, the solid embolic agent
still has some shortcomings, such as unable to embolize
peripheral blood vessels, ectopic embolization and so on
[34].

Hydrogels with “liquid—solid” conversion function
successfully integrate the advantages of solid and liquid
embolic agents and avoid its defects, and have become
one of the new hotspots in the treatment of tumors in
recent years. Hydrogels are an ideal embolic agent for
tumor interventional therapy owing to its adjustable vis-
cosity, mechanical properties, gelation time, injection
force and embolic pressure, good biocompatibility and
biodegradability, and impermeable X-ray line, as well as
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excellent embolization performance and intravascular
diffusivity [35]. Generally, hydrogels are polymer materi-
als that are prepared by physical or chemical cross-linking
using synthetic or natural polymers, which are extremely
hydrophilic gels with three-dimensional network struc-
tures [36, 37]. Novel materials based on the various
environmentally responsive properties of hydrogels (pH,
temperature, light, enzymes, ultrasound, etc.) can be
prepared for various treatments for liver cancer, such as
chemotherapy, photothermal therapy, magnetothermal
therapy, photodynamic therapy, and immunotherapy, or a
combination of treatments can be used to achieve better
therapeutic results [38]. After imaging materials, such as
tantalum powder, lipiodol, and magnetic nanoparticles,
were combined with hydrogels, new hydrogels materials
with imaging capabilities were prepared for visualization
under imaging devices, such as X-ray, CT, MRI, or ultra-
sound [39—-41]. Furthermore, researchers created in vitro
3D models of liver cancer based on hydrogels, such as
organoids, 3D tumor spheres, and organ chips, that can
replicate the spatial structure, microenvironment, and

Page 4 of 33

pathological functions of liver cancer in vivo, as well as
other key features. As a result, the biological character-
istics, pathogenesis, and metastasis mechanisms of liver
cancer can be better understood for future drug screen-
ing and individualized medicine applications [42].
Therefore, based on various excellent performances of
hydrogels, this review systematically presents the devel-
opment of research on the application of hydrogels in
HCC (Fig. 1). Firstly, the preparation of hydrogels from
different cross-linking methods are introduced. Further-
more, we highlighted the therapeutic fields of chemo-
therapy, radiotherapy, Magnetic Hyperthermia Therapy
and immunotherapy for HCC, as well as various imaging
techniques and in vitro 3D models for HCC. Finally, the
drawbacks and future directions of hydrogel-based mul-
tifunctional materials are summarized and discussed.

Synthesis of hydrogels

Hydrogels are a type of hydrophilic polymeric net-
work material that can expand significantly in water
[43, 44]. According to the origins of the raw materials,
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Fig. 1 The development of research on the application of hydrogels in HCC. (Created with BioRender.com)
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the substances used to create hydrogels can be divided
into the following main groups: natural polymers, such
as alginate, chitosan, gelatin, hyaluronic acid, fibrino-
gen, and peptides; and synthetic polymers, such as
polyethylene glycol (PEG), polyacrylic acid (PAA),
polyacrylamide (PAM), and polyvinyl alcohol (PVA).
The categories of hydrogels can also be distinguished
based on cross-linking techniques, such as chemical
cross-linking and physical cross-linking [45] (Fig. 2).
Chemically cross-linked hydrogels are built by covalent
chemical bonds to form a three-dimensional network
with a stable structure that is permanent and unchang-
ing [46]. Owing to the presence of certain groups in
hydrophilic polymers, such as COOH-, NH,—, and
OH-, polymers are often covalently linked through the
isocyanate-OH/NH, reaction, the formation of amine-
carboxylic acid, or Schiff base reactions to form the
hydrogel network [44]. Physically crosslinked hydro-
gels are primarily crosslinked by noncovalent bonds
that are reversible and dynamic [47]. When the exter-
nal conditions change, synthetic hydrogels with weak
mechanical properties are transferred back to the solu-
tion state. Numerous types of hydrogels exhibit distinct
properties and ranges of use in practical applications.
For instance, chemically cross-linked hydrogels exhibit
better mechanical properties and are suitable for the
preparation of slow-release medications, artificial carti-
lage, etc. Physically cross-linked hydrogels exhibit bet-
ter water absorption properties and are suitable for the
preparation of absorbent dressings, wet dressings, etc.
Consequently, when determining a procedure to create
hydrogels in accordance with the particular applica-
tion needs and performance requirements, the proper
cross-linking method must be chosen.
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Physically cross-linked hydrogels

Physical crosslinking is used to crosslink polymers into a
network structure by using physical interactions between
molecules to form crosslinking points. The physical
interactions are mainly secondary bond valence forces,
including hydrogen bonding, ionic interactions, hydro-
phobic interactions, chain entanglement, and crystal-
lization [48]. The different physical interactions mainly
depend on the corresponding functional groups, such as
COOH-, NH,—, and OH-. By controlling the changes
in external environmental parameters, such as tempera-
ture, pH, salt content, and other factors, the interac-
tions between molecular chains inside the hydrogels can
be influenced, and ultimately the mechanical and water
absorption capabilities of the hydrogels [47]. The prepa-
ration process of physically cross-linked hydrogels is sim-
ple and does not require the use of cross-linking agents,
so as to avoid the impact of harmful substances on the
human body and the environment [49]. Several common
physical cross-linking methods for synthetic hydrogels
are described below.

Hydrogen bonding

Hydrogen bonding is one of the most frequently utilized
non-covalent interactions in the synthesis of hydrogels.
The common hydrogen bond donors mainly include car-
boxyl groups, amino groups, hydroxyl groups, etc. In
addition, some processes can improve the performance
of hydrogels, including freezing/thawing, solvent replace-
ment, annealing, and swelling. Wang et al. created PVA/
PVDF composite hydrogels by the annealing-swelling
process to significantly improve hydrogen bonding
in the hydrogels, and the hydrogen bonding between
PVA/PVDF molecules was stronger than that between
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Fig. 2 Schematic diagram of hydrogels formation by physical and chemical cross-linking
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individual molecules [41]. The tensile mechanical capa-
bilities of composite hydrogels also are related to different
PVA/PVDF ratios. For the sample with the PVA/PVDF
ratio of 7:3, the hydrogen bonding and degree of cross-
linking are best, exhibited ultra-high tensile strength
(6.29 MPa), elastic modulus (6.4 MPa) and stretchability
(300.88%).

lonic/electrostatic interactions

The ionic/electrostatic interaction between 2 molecules
with opposite charges has been used in the prepara-
tion of hydrogels. For example, Wang et al. designed a
hydrogel by using a high-concentration ZnCl, solution
and plant functional components [50]. ZnCl, can form
reversible ionic/electrostatic interactions with both
lignin and CA, and by adjusting the relative concentra-
tion of the components to change the internal cross-
linking degree. As a result, the hydrogel exhibits superior
mechanical strength (tensile strength of 795.4 kPa and
compressive strength of 4.1 MPa), strong/long-lasting/
repeatable adhesive capability (34.8 kPa on the surface
of Zn-carbon cloth in 28 days storage), good ionic con-
ductivity (14.2 mS cm™"). Polysaccharide residues, natu-
ral polysaccharides negatively charged in alginate, show a
strong affinity for divalent metal cations, including Ca*,
Sr**, and Cu?*[51]. The interaction can quickly com-
bine the two components to produce hydrogels without
heating. Kumar et al. dissolved sodium alginate in Cacl,
and ZnCl, solutions with overnight stirring to create a
sodium alginate with calcium and zinc composite hydro-
gel (SA-CZ), which demonstrated outstanding in vitro
and in vivo hemostatic efficiency with a wide range of
wound healing potential [52].

Hydrophobic interactions

Hydrophobically associating hydrogels use the hydropho-
bic groups of amphiphilic polymers to gather inward in
the aqueous phase, causing the molecular or intramo-
lecular association of macromolecular chains to form a
hydrogel network structure [53, 54]. Demott et al. cre-
ated a triple network (TN) hydrogel with electrostatic
repulsive interactions inside the first network of anionic
PAMPS, hydrophobic interactions inside the second net-
work of neutral P(NIPAAm-co-AAm), and electrostatic
attraction between the third network of cationic PAP-
TAC and the first network [55]. After these electrostatic
and hydrophobic interactions were combined, the TN
hydrogel achieved an unprecedented cartilage-matching
compression modulus. By adjusting the concentration
of the cationic 3rd network, these TN hydrogels achieve
high modulus of = 1.5 to & 3.5 MPa without diminish-
ing cartilage-like water contents (= 80%), strengths, or
toughness values.
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Chain entanglement

Compared with small molecules, polymers with long
chain structure have the property of chain entanglement.
Physical entanglement occurs between linear molecu-
lar chains, resulting in chain entanglement effect. Chain
entanglement is a major non-covalent reinforcement
mechanism in hydrogel synthesis, which is caused by
the fact that polymer chains cannot pass through each
other in polymer networks. For example, Fu et al. signifi-
cantly improve the stiffness of the hydrogel composed of
folded elastomeric proteins by introducing chain entan-
glements [56]. This hydrogel combines various incom-
patible mechanical properties, including high toughness
(250 + 68 k] m~3), high stiffness (E=0.70+0.11 MPa), and
ultrahigh compressive strength (68 +12 MPa). This tech-
nique greatly broadens the range of mechanical proper-
ties that can be attained by protein hydrogels, showing
mechanical qualities that are similar to cartilage.

Crystallization

Taking crystallization as the physical cross-linking
point, the random curl in the solution polymer chain
was induced to form a crystalline cross-linked hydrogel
network [57]. By adjusting the change of temperature,
ordered microcrystals can be formed in the cross-link-
ing zone, forming a structurally stable hydrogel. There-
fore, crystal crosslinking can usually be achieved by
repeated freezing and thawing. Aqueous solution con-
centration, molecular weight, freezing temperature and
time, and the number of freeze-thawing cycles will affect
the properties of hydrogels in varying degrees [45]. For
instance, an increase of freeze—thaw cycles of (PVA)
helps to strengthen the existing crystals in the structure
[58]. Increasing the initial concentration of PVA aqueous
solution leads to higher crystallinity initially. The increase
of molecular weight of PVA results in a higher layer
thickness and broader size distribution of the crystal.

Chemically cross-linked hydrogels

Under physiological conditions, chemically cross-linked
hydrogels with covalent bonds between polymer chains
often exhibit better chemical stability and mechanical
capabilities than those of physical hydrogels. However,
after covalent bonds are broken during deformation,
they are challenging to repair. The properties of chemi-
cally cross-linked hydrogels can be adjusted by chang-
ing the type and amounts of cross-linking agents. Since
organic solvents and many catalysts are needed to create
chemically cross-linked hydrogels, cross-linking tech-
niques should be continually improved and refined to
address issues with biocompatibility and environmental
contamination [45]. Chemical cross-linking is a three-
dimensional network built by chemical reactions to form
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irreversible covalent bonds, which can be initiated by
various reactions, such as high-energy radiation, Schiff-
base reaction, free radical polymerization, Diels—Alder
reaction, and enzyme cross-linking [59]. Several chemi-
cal cross-linking methods commonly used in hydrogel
design are described in detail below.

Radiation cross-linking

Radiation cross-linking is a cross-linking process that
occurs between polymer chains by y-rays or electron
beams. The benefits of radiation technology include mild
reaction conditions, without initiators, pure products,
and a straightforward process when compared to the
crosslinking polymerization of monomers triggered by
chemical initiators [60]. Hydrogels that are cross-linked
and sterilized by irradiation are frequently utilized in the
medical industry as burn and wound dressings. Singh
et al. prepared a novel hydrogel from a mixture of polyvi-
nyl alcohol (PVA), polyvinylpyrrolidone (PVP), and ster-
culia gum by y-radiation to initiate cross-linking, which
can be used as a dressing to deliver antimicrobial agents
to wounds [61]. The increase of PVP content in the poly-
mer will lead to a decrease of the crystallinity of the PVA
segment, thus increasing the swelling of the hydrogel.

Schiff-base reaction

Schiff base, is the product of condensation of aldehyde
group and nucleophilic amine group under physiological
conditions, that has the characteristics of dynamic and
reversible [62]. The hydrogel constructed by Schiff base
with the advantages of simple preparation, pH respon-
siveness, good injectability and self-healing under physi-
ological conditions has attracted extensive attention and
research in recent years [63]. Huang et al. prepared a
series of self-healing hydrogels by Schift base with good
electrical conductivity and antioxidant activity [64]. The
cross-linking of these Schiff bases between the amino-
glycoside antibiotics tobramycin and oxidized glucan
can make tobramycin release slowly and react to pH. The
storage modulus, antioxidant efficiency and A T of the
hydrogel increased with the addition of polydopamine-
coated polypyrrole nanowires (PPY@PDA NWs), and
continued to increase with the increase of PPY@PDA
content, enhancing the mechanical strength, antioxidant
activity, and photothermal properties of the hydrogel,
respectively.

Free radical polymerization

Free radical polymerization refers to a cross-linked net-
work formed by chain polymerization of active radicals
of unsaturated double-bond monomers or polymers
[65]. Free radical polymerization is one of the common
chemical cross-linking methods for the preparation of
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hydrogels, which has the advantages of wide applica-
tion range of monomers, high reaction activity, high
conversion and so on [66]. Yu et al. synthesized a novel
variant monomer [N-acryloyl alaninamide (NAAA)] by
introducing a methylene spacer between two amides in
the side chain of N-acryloyl glycinamide (NAGA) and
formed a supramolecular poly(N-acryloyl alanine amide)
hydrogel (PNAAA) by free radical polymerization of the
NAAA monomer in aqueous solution without a chemical
cross-linking agent [67]. Therefore, the adjusted PNAAA
hydrogel formed a transient network with good swelling
and injectability. This kind of hydrogel has the ability of
self-fusion and stain-resistance, and can overcome post-
operative and recurrent adhesions.

Diels-Alder reaction

Diels—Alder reaction represents a series of highly selec-
tive cycloaddition reactions between dienes and dieno-
philes. As a reversible “click” reaction, side reactions
and byproducts are not involved in the process, so it has
become one of the important strategies for the prepa-
ration of dynamic covalent hydrogels [68]. Lueckgen
et al. used Diels—Alder reaction to create a covalently
crosslinked alginate hydrogel system [69]. The rheologi-
cal and mechanical characteristics of this hydrogel could
be altered by modifying the oxidation state of the poly-
mer backbone, the degree of substitution of norbornene,
and the ratio of norbornene to tetrazine.

Enzyme cross-linking

Enzymes as a catalyst can effectively trigger the chemi-
cal cross-linking of polymers containing specific func-
tional groups to form hydrogels [70]. The enzymatic
cross-linking method has the advantages of high catalytic
efficiency, mild reaction conditions, and the presence of
nontoxic substances [71]. Kim et al. established hydro-
gel nanomembranes on the surface of monocyte and
pancreatic -cell spheroids by cross-linking glycolic chi-
tosan (GC) and hyaluronic acid (HA) through a strepto-
myces avermitilis—derived tyrosinase (SA-Ty)-mediated
enzymatic reaction [72]. This kind of enzymatic cross-
linking-based hydrogel nanofilm has the advantages of
porous, durable and high stability. The gradually accumu-
lated polysaccharide layer laid a foundation for islet cell
transplantation.

Physical/chemical double cross-linked hydrogels

The crosslinking mode and process of hydrogels deter-
mine its performance. Hence, innovative preparation
methods are crucial for improving the performance
of hydrogels. The combination of physical and chemi-
cal cross-linking is advantageous and helps unify the
mechanical and biological properties of hydrogels
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because physically cross-linked hydrogels typically
exhibit greater biocompatibility and chemically cross-
linked hydrogels show better mechanical stability [73].
Yuan et al. synthesized AG-OD-Fe (III) hydrogels for the
dynamic healing of burn wounds by using Schiff base
cross-linking between catechol-modified oxidized hya-
luronic acid (OD) and aminated gelatin (AG) under vari-
ous —CHO/-NH2 ratios and coordination cross-linking
between OD and Fe®" [74]. The physical and chemical
double crosslinking improved the mechanical properties
and tissue adhesion of the hydrogels to varying degrees.
Zhao et al first generated ionic cross-linked hydrogels
with strong hydrogen bonds to the surface of the matrix
using Ca®" and peptide-modified alginate (APD) [75].
Next, glutamine transaminases (TGases) were used to
catalyze covalent heteropeptide bonds between APD and
corneal ECM fibers. The results show that the double
cross-linked bioadhesive hydrogels exhibit high histo-
compatibility, adhesion, versatility and regeneration, and
can be used for large corneal defect repair.

Function of hydrogels

Hydrogels for HCC therapy

Compared with other materials, hydrogel presents sig-
nificant advantages in the treatment of HCC. In general,
the benefits of hydrogels utilized in HCC therapy can be
summarized as follows: functional carrier, responsive-
ness, injectability, self-healing and so on. Hydrogel is a
promising functional carrier because of its hydrophilicity,
biocompatibility and stable 3D porous structure [76, 77].
3D porous hydrogel can effectively protect the loaded
and has a high drug loading rate. The large specific sur-
face area gives the hydrogel great modifiability, so it is
beneficial to the construction of multi-functional carrier
hydrogel. Thus far, carrier hydrogels for HCC therapy can
load not only small molecular drugs, protein macromol-
ecules, but also nanovesicles and nanoparticles.

In recent years, the development of “smart” hydrogel
has greatly expanded its application in the field of tumor
therapy [78]. Under the external stimulation of light,
heat, magnetic field or the internal environment of liver
cancer, these hydrogels can undergo sol-gel transition,
swelling-contraction, degradation and other response
changes [79, 80]. Among them, the responsive hydrogels
synthesized based on the immune and metabolic char-
acteristics of liver cancer have made great progress. The
stimulus response can realize the on-demand release of
the drugs contained in the hydrogel at the tumor site and
reduce the damage to normal tissues and cells [81]. Due
to its shear-thinning characteristic, the injectable hydro-
gel can effectively protect the drugs, cells or other bioac-
tive components embedded in the hydrogel and reduce
the shear damage during injection [82, 83]. Additionally,
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the hydrogel exhibits the characteristics of small driving
force in the process of injection and filling the irregular
cavity of liver cancer [84]. Therefore, injectable hydrogels
offer the benefits of minimally invasive drug delivery and
local targeting, and show great medical prospects in the
treatment of liver cancer. As a novel material, self-healing
hydrogel has a longer lifetime than traditional hydrogel
[85]. They can self-repair after cracks occur and recov-
ery of accidental stress injury, thereby reducing the pos-
sibility of complications [86]. Therefore, the self-healing
property of hydrogel is more beneficial to the develop-
ment of interventional minimally invasive surgery in
HCC therapy.

Hydrogels exhibit excellent biodegradability and bio-
compatibility, drug loading and drug controlled- release
ability. A variety of new materials based on hydrogels
have gained considerable attention in therapeutic appli-
cations of HCC. The materials can be used in various
treatments for HCC, such as chemotherapy, radiother-
apy, photothermal therapy, magnetic hyperthermia ther-
apy and immunotherapy. A summary of the reviewed
studies in this section is presented in Table 1.

Chemotherapy

Chemotherapy is among the crucial options for
numerous stages or the entire course of tumor treat-
ment, that along with surgery and radiotherapy as the
three main methods for treating cancer. Preoperative
neoadjuvant chemotherapy shrinks inoperable tumors
into operable lesions to reduce the risk of recurrence
and metastases. Postoperative adjuvant chemotherapy
primarily eliminates microscopic liver cancer lesions
that remain after surgery to prevent metastases. More-
over, advanced palliative chemotherapy can lessen
uncomfortable symptoms caused by advanced liver
cancer, relieve pain, and delay the life span of patients
[87]. Drugs used in systemic chemotherapy spread to
all tissues and organs in the body through blood cir-
culation and damage healthy cells. These side effects
including nausea, vomiting, indigestion, abdominal
pain, abdominal distension, constipation, and hair
loss, will exacerbate any damage to the human body
[88, 89]. Local chemotherapy is essential for the treat-
ment of cancers in this situation. It is a targeted treat-
ment in which drug concentrations are high in tumor
tissues but systemic plasma drug concentrations are
low. Thus, local chemotherapy can lessen the toxic
side effects of chemotherapy medications and their
negative effects on the body [90].

Hydrogel-based nanosystems are used to carry vari-
ous functional anticancer drugs for effective, pre-
cise, and secure anticancer treatments [91, 92].
Based on the high biocompatibility, low cytotoxicity,
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biodegradability, high drug loading capacity, sensitive
stimulus—response, and even multistimulus response,
hydrogel-based drug delivery systems (DDSs) are an
effective drug delivery method with significant poten-
tial in the development of HCC treatments. Due to its
unique pharmacokinetic properties, DDSs stand out
among many polymeric drug control release systems.
These drug delivery systems show great potential for
delivering anticancer medications in the context of
chemotherapy for HCC, both as carriers of insoluble
and unstable medications and as local drug depots.
Hydrogels directly deliver medications to the desired
location at high concentrations for slow and sustained
release at the tumor site [93].

DOX is an anthracycline antibiotic isolated from Strep-
tomyces and is used to treat malignant diseases, such as
breast cancer, Hodgkin’s lymphoma and non-Hodgkin’s
lymphoma, ovarian cancer, lung cancer, acute lympho-
blastic leukemia, and HCC [79]. The first report on DOX
for HCC was published in 1976, and it is among the ear-
liest and most commonly used antitumor drugs for the
treatment of HCC [94]. However, the high systemic tox-
icity of DOX causes side effects, such as bone marrow
suppression, cardiotoxicity, and gastrointestinal reactions
[95]. Thus, it is necessary to safely and specifically trans-
port DOX to the lesion site. An intelligent DDS based on
hydrogel can ensure that DOX is safely delivered, which
greatly improves the selectivity, biocompatibility, disper-
sion and stability of DOX; as a result, the delivery effi-
ciency and bioavailability of DOX are improved [79]. In
a recent study, Qu et al. used N-carboxyethyl chitosan
(CEC) and dibenzaldehyde-terminated poly (ethylene
glycol) (PEGDA) to create an injectable hydrogel for
DOX encapsulation via the Michael reaction [86]. This
hydrogel with self-healing and pH-responsive proper-
ties achieved in situ DOX release from HCC. The release
rate of DOX was faster in the acidic tumor microenviron-
ment (pH=5.5) than in the normal microenvironment
(pH=7.4). The cellular experiments in vitro confirmed
that the hydrogel inhibited the proliferation of human
HCC (HepG2).

Furthermore, hydrogels with an appropriate viscos-
ity play a significant role in the DDS of HCC. Wan
et al. described a temperature-sensitive triblock poly-
mer (D-PNAx) prepared by DOX and the nanomate-
rial PNAXx for local drug delivery in HCC (Fig. 3A) [96].
The hydrogel achieved a high drug loading and encap-
sulation rate and slow drug release (9.4% in 1 day; 60%
in 10 days) (Fig. 3B-D). Due to the temperature sensi-
tivity of the hydrogel (Fig. 3E-G), the loaded DOX was
released sustainably in tumor tissues with a long treat-
ment time. After intratumoral injection was performed,
the tumor volume in an animal model of liver cancer was
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significantly reduced, demonstrating the remarkable anti-
cancer effect of D-PNAXx (Fig. 3H, I).

Cisplatin is known as the “penicillin of anticancer
drugs” due to its widespread usage in treating can-
cer [97]. However, systemic chemotherapy can result
in dose-related side effects, such as nephrotoxicity and
neurotoxicity [98]. Chen et al. prepared a new type of
mucoadhesive hydrogel (HCp-bandage) by coupling
human serum albumin (HSA) and encapsulating cisplatin
(Cp) in the hydrogel (Fig. 4A) [99]. This hydrogel matrix
incorporates “triple hydrogen bonding clusters” (THBC)
as a side group and strongly adheres to tissue (Fig. 4B—
D). This hydrogel can firmly cling to liver tissues and per-
form prolonged drug release, delivering cisplatin directly
to the tumor site (Fig. 4E, F). It was demonstrated that
HCp bandages practically treat mice with in situ liver
tumors in just three weeks without harming surrounding
tissues and organs (Fig. 4G-I).

Norcantharidin (NCTD) can induce apoptosis in
tumor cells by an endogenous mitochondrial signaling
mechanism [100]. Li et al. described an NCTD-loaded
metal—organic framework IRMOEF-3 coated with a tem-
perature-sensitive gel (NCTD-IRMOF-3-Gel) for effi-
ciently transporting drugs to HCC cells [101]. The drug
release curve confirmed that the hydrogel had a signifi-
cantly delayed release rate, and NCTD-IRMOEF-3-Gel
showed strong cytotoxicity on Hepal-6 cells with dose-
dependent inhibition. The hydrogel effectively blocked
the cycle of Hepal-6 cells in the S-phase and G1/M-
phase to inhibit cell proliferation. Apoptosis tests further
revealed that the gel effectively induced Hepal-6 cell
apoptosis. A series of in vitro studies have shown that
NCTD-IRMOF-3-Gel shows potential for stable, pro-
longed drug release and exhibits considerable antitumor
effects, leading to an advancement in local area therapy
technology for HCC.

Triptolide (TP) is a drug with a wide range of pharma-
cological activities, including anti-inflammatory, anti-
tumor, and immunosuppressive actions, but it causes
severe side effects and shows poor water solubility [102,
103]. Thus, Zhao et al. produced C16-N/T hydrogels with
the peptide amphiphile C-16-GNNQQNYKD-OH and
TP to utilize nanofibers [104]. This gel can be used as an
intraperitoneal depot to treat HCC mice in situ by intra-
peritoneal injection. C16-N/T showed preferential accu-
mulation and sustained release of tretinoin in the liver
within 14 days, as well as significantly prolonged survival
in mice. As a result, this hydrogel could be a good carrier
for the treatment of HCC in situ.

Curcumin, a natural substance, exhibits an anti-inflam-
matory and antioxidant activity and could be a possi-
ble anticancer drug by inhibiting a variety of signaling
pathways [105, 106]. As curcumin can couple functional
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groups found in polymer chains, Hanafy et al. exploited
curcumin as a unique biological cross-linking agent to
optimize a hydrogel-based drug delivery system [106].
Scientists examined the in vitro anticancer effects of
curcumin on human HCC cell lines and found that cur-
cumin inhibited the proliferation of HepG2 and Huh7
cells after 48 h of treatment (21.9+3.1% and 29.8 +3.1%,
respectively).

Radiotherapy

Radiotherapy for tumors includes two main types of
treatment: external and internal radiotherapy [107].
External radiotherapy is still the main form of radio-
therapy for liver cancer and can help patients with HCC
at various stages. However, external radiotherapy sends
rays to the tumor site in the body from outside the body,
which usually causes more side effects than internal radi-
otherapy [108]. These effects include nausea, vomiting,

bone marrow suppression, liver function damage, and in
extreme cases, gastrointestinal bleeding [109]. Internal
radiotherapy for liver cancer is treated by direct intratu-
moral injection or transcatheter hepatic artery radioem-
bolization [110, 111]. The treatment causes radionuclides
to accumulate in the tumor, but at a lower concentration
than the tolerance dose in normal liver tissue [112]. Inter-
nal irradiation of tumors can improve the tumor control
rate and reduce the side effects caused by radiotherapy.
Currently, 13!, Y, and '®Re are the most frequently
employed radionuclides for internal radiotherapy against
liver cancer [110, 113-115]. In some investigations, these
radionuclides have been used with hydrogels for radi-
oembolization or direct intratumoral injection in HCC
to improve the internal radiotherapy agent and achieve
superior anticancer therapeutic results.

188Re emits P rays, which can have a therapeutic effect,
and y rays, which can be used for imaging to dosimetry
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and monitor the distribution of therapeutic agents [115].
Peng et al described a temperature-sensitive hydro-
gel (Lipo-Dox/'®®Re -Tin) that contained the radionu-
clide '®Re and the chemotherapeutic agent Lipo-Dox
for local combined radiotherapy against HCC (Fig. 5A)
[116]. In vitro release curves showed that DOX could be
released slowly, continuously, and stably. According to
in vivo experiments, '*Re was mainly distributed at the
intratumoral injection site and showed little retention in
healthy normal tissues (Fig. 5B—D). Compared with the
single treatment group, the hydrogel exhibited a signifi-
cant synergistic effect with radiotherapy, and the tumor
growth inhibition rate at 32 days reached 99.8% (Fig. 5E—
G). Immunohistochemical analysis of the tumor showed
more pronounced necrosis and vacuole formation in the

hydrogel group. This confirmed that Lipo-Dox/'*Re-Tin
exhibits safe and effective synergistic effects on tumors
treated with local radiotherapy.

20y (Yttrium-90) is a radionuclide that can achieve
localized, continuous, low-dose radiation by emitting
B-rays without causing significant radiation damage
to surrounding normal tissue cells [117]. The treat-
ment can achieve precise therapeutic effects against
tumors, especially for the treatment of primary liver
cancer, colorectal cancer liver metastases, and other
liver tumors [118]. Fisher created an injectable hydro-
gel called *°Y-RadioGelTM that contained insoluble,
microscopic yttrium-phosphate particles carried by
a sterile solution [119]. After the polymer solution
was injected into a rabbit with a VX2 liver tumor, the
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solution solidified at a temperature close to body tem-
perature (30-37 °C). Therefore, the therapeutic agent
containing *°Y could lodge at the tumor site and deliver
localized, precise B radiation. Liquid scintillation
counting and microCT showed that the radiation from
%Y was contained in the tumor and tumor margins.
Therefore, neighboring normal organs or tissues receive
a modest dose of radiation dosage, or even a negligible

dose. In conclusion, *°Y-RadioGel ™ is a radiologically
safe and effective therapy option for solid tumors.

I emits 90% B-rays, generates shorter radiation dis-
tances and causes ionizing radiation damage and radio-
biological effects on surrounding cells without affecting
normal hepatic parenchymal cells [112, 120]. Hwang et al.
developed a chitosan-based hydrogel labeled with 31 as
a novel radioembolization device for radioembolization
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therapy of HCC [112]. In vivo studies showed that '*'I-
Chi was deposited in large amounts mainly in the liver,
with minimal deposition in extrahepatic tissues and
organs. Compared with that in the control group, tumor
growth was significantly inhibited in the *'I-Chi-treated
group. The tumor volume showed a 4.2-fold reduction
in size at 28 d compared to that of the pretreatment,
and extensive tumor necrosis could be observed micro-
scopically after the tumor tissue was stained with H&E
staining. Moreover, *'I emits 10% of the y-rays used for
imaging. These rays can be utilized to track the location
and distribution of "' in the body to realize the indi-
vidualized treatment of liver cancer. All of these findings
suggest that '*!I-Chi has significant and unique oncologi-
cal benefits.

Photothermal therapy

Photothermal therapy (PTT) is a new noninvasive can-
cer treatment technique that uses a photothermal agent
(PTA) to effectively kill cancer cells [121]. As the core of
PTT, the biosafety and photothermal conversion perfor-
mance of PTA have a significant influence on the effec-
tiveness of PTT [122]. Compared with conventional
cancer therapies, PTT has high specificity and low toxic
side effects and can easily be used multiple times [123].
In addition, deep tissue penetration, nonradiative light
energy conversion, and time—space specificity are fur-
ther benefits of this technology, which is currently a hot
research topic in the field of cancer therapy [124-126].
Currently, a wide range of gold nanorods, hollow gold
nanospheres, carbon tubes, and iron oxide are used as
PTA for cancer treatment [127-130]. It is difficult to
entirely eradicate remaining lesions on the margins using
PTT, so it is extremely susceptible to recurrence [121].
It is anticipated that numerous PTT-based combina-
tion therapies, including chemotherapy, chemodynamic
therapy, and immunotherapy, would greatly increase the
overall effectiveness of tumor treatment.

Jin et al. synthesized a PC10A/DOX/HAuNS hydro-
gel based on a genetically engineered polypeptide and
HAuNS that exhibited excellent photothermal effects and
photothermal stability [128]. According to in vitro tests,
the hydrogel can efficiently kill all HepG2 cells. After
tumor-bearing mice injected with the hydrogel under-
went 9 min of laser (\ =808 nm, 2.0 W c¢m™?) irradiation,
the temperature of the tumor reached 55.9 °C. Over time,
the tumor volume continued to decrease, and 80% of the
tumors disappeared completely. After 72 days, the recur-
rence rate and survival rate were 20% and 100%, respec-
tively. In vitro and in vivo experiments have shown that
tumor suppression is significantly improved through the
combination of chemophotothermal therapy compared
to either PTT or chemotherapy. As a result, the PC10A/
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DOX/HAuNS hydrogel will likely be used as a PTA to
perform in vivo PTT against tumors.

Dang et al. created 3D-printed hydrogel scaffolds (Gel-
SA-CuO) by using gelatin, sodium alginate, and CuO
nanoparticles [131]. They combined these scaffolds with
photothermal and chemodynamic therapy to inhibit
tumor recurrence. In addition to acting as a Cu®* release
reservoir to produce intracellular ROS, the CuO nano-
particles also caused GPX4 inactivation through GSH
depletion-induced (Fig. 6G), which ultimately results
in ferroptosis. Most significantly, it also functioned as a
PTA to produce heat. When exposed to an NIR laser at
0.6 W/cm? under dry conditions, Gel-SA-6CuO gradually
increased to 97.00 °C (Fig. 6A). When NIR laser irradia-
tion was at 1.3 W/cm?, the temperature reached 63.33 °C
under wet conditions (Fig. 6B—C). These results indicated
that environmental humidity had a significant influence
on the photothermal properties of Gel-SA-CuO hydro-
gel scaffolds. After H22 cells were irradiated by a near-
infrared laser for 24 h, the cell survival rate decreased to
12.802%, indicating that this scaffold exhibits a good anti-
cancer effect (Fig. 6D—F). After NIR laser irradiation, the
body temperature of the liver cancer model mice gradu-
ally increased to approximately 48 °C, and the tumor vol-
ume was dramatically reduced after therapy (Fig. 6H-]).
In addition, the photothermal effect may boost the effi-
ciency of Fenton-like reactions, thus improving their
chemical kinetic properties.

Huang et al. created an injectable temperature-sensitive
hydrogel called DOX@Au-MnO-L NPs/F127 hydrogel
(DAML/H) [132]. By cooperating with chemical photo-
thermal therapy, this hydrogel can circumvent problems
caused by multidrug resistance in tumor cells, which
results from long-term use of chemotherapeutic drugs.
After NIR radiation was applied for 10 min in vitro and
DAML/H was quickly warmed to 49.7 °C, a greater quan-
tity of DOX was released and a maximum percentage of
apoptosis was reached. The DAML/H group mice with
HepG2/ADR tumors had the greatest tumor temperature
(43.8 °C) following 10 min of exposure to an NIR laser
(808 nm, 1 W/cm?). The thermosensitive hydrogel can be
localized to the tumor region, increasing the photother-
mal conversion efficiency. A single dose can achieve on-
demand and sustained-release therapy for up to 14 days.
Therefore, DAML/H can be used as a promising syner-
gistic chemotherapeutic method for multidrug-resistant
liver cancer.

Indocyanine green (ICG) is a dye approved by the US
Food and Drug Administration (FDA) for use in near-
infrared fluorescence imaging of cancer [133]. ICG is
also employed as a PTA for tumor ablation since it pos-
sesses photothermal conversion abilities [133, 134].
Ganoderma lucidum polysaccharides (GLPs) exhibit
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immunomodulatory and antitumor properties [135].
Based on this, Xia et al. reported ICG-SF-Gel for com-
bination immunotherapy and PTT [136]. Results from
in vivo and in vitro tests indicated that ICG could convert
light into heat. ICG-SF-Gel could converge and accelerate
ICG’s photothermal action, enabling ICG to produce a
stronger and faster photothermal effect. GLPs increased
the photothermal efficacy of ICG, and the combination of
the two significantly prolonged the survival of mice. HE
staining and immunohistochemical staining of treated
mouse tumors indicated that the tumors in the ICG-SE-
Gel group exhibited much more extensive necrosis and a
considerable drop in Ki-67 expression compared to those

in the other groups. Therefore, this hydrogel can improve
the abscopal effect of PTT on HCC mice through immu-
nomodulation, anti-proliferation, pro-apoptosis, and
anti-angiogenesis.

Magnetic hyperthermia therapy

Magnetic hyperthermia therapy (MHT) is a remote and
noninvasive treatment for cancer [137]. Magnetic nano-
particles (typically paramagnetic iron oxide nanoparti-
cles) are exposed to alternating magnetic fields to vibrate
and cause local temperature to increase, achieving a
MHT effect against tumors [137, 138]. MHT achieves a
good effect and penetration depth, so it is frequently used
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to treat clinical tumors, such as glioblastoma, prostate
cancer, brain cancer, and other malignant tumors [139—
141]. Notably, MHT mediated by magnetic nanomateri-
als is beneficial because tissue penetration is practically
unlimited [137, 142]. Therefore, MHT can be used to
treat deep cancer, especially liver cancer [142, 143]. MHT
has attracted widespread attention in the field of nano-
medicine because of its ability to deeply penetrate tissues
and selectively kill tumors as well as its high biological
safety [142].

Chen et al. reported an injectable magnetic colloidal
gel (MCGQG) that is assembled from magnetic montmo-
rillonite (MMT) and amphoteric gelatin nanoparticles
(GNPs) [144]. After MCGpox Was exposed to an alternat-
ing magnetic field (AMF), which exhibits a thermal effect
that can kill cancer cells, the temperature of MCGpnx
rose to approximately 53 °C within 10 min. In addition
to improving mobility during magneto-thermal stimu-
lation, MCGpx contributed to quicker drug release.
Compared with that of the control group, drug release
in the MCGpy group increased by approximately dou-
ble. The MCGpox group of HepG2 tumor-bearing mice
exposed to an AMF (H=30 kA/m, f=312 kHz) showed
an increase in tumor region temperature to 42 °C in just
12 min and the lowest recurrence rate (0%) after 14 days.
This result illustrated that MCG exhibited superior mag-
netic heating capabilities and tumor suppressive effects.
MCG offered further minimally invasive treatments for
rabbits with VX2 tumors and was successfully applied
with ultrasound-guided interventional MHT to prevent
postoperative recurrence. The optimized MCG achieved
a multifunctional combination of hemostasis, stimula-
tion-responsive drug delivery, and magnetic thermother-
apy, enabling synergistic treatment of postoperative HCC
in the prevention of tumor recurrence.

Yan et al. constructed an in situ formed magnetic
hydrogel (NDP-FG) by using a triblock polymer matrix
(NIPAM-co-DOPA, NDP) and reduced graphene oxide
nanosheets decorated with iron oxide nanoparticles
(Fe;0,@rGO, EG) [145]. Under the effect of an AME, the
temperature of the aqueous NDP-FG dispersion quickly
rose from 20 to 49 °C within 10 min. Due to the incor-
poration of magnetic FG nanosheets, the composite

(See figure on next page.)
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hydrogel achieved effective magnetothermal therapy and
sufficiently killed liver cancer cells but only caused neg-
ligible damage to normal cells. In addition to enabling
magnetothermal therapy for HCC, the multifunctional
hybrid hydrogel permitted intraoperative hemostasis and
transarterial embolization for HCC. Therefore, these two
methods show good application prospects in the treat-
ment of HCC.

Silk fibroin (SF) is a natural polymeric fibrous protein
obtained from silkworm cocoons and exhibits several
advantages, including water solubility, the capacity for
structural modifications, good biocompatibility and bio-
degradability, etc. [146, 147]. Composite hydrogels based
on SF have become a research hotspot for new antitu-
mor treatment methods that can treat glioblastoma,
breast cancer, liver cancer, stomach cancer, and other
tumors [143, 148-150]. Qian et al. described a ferrimag-
netic silk fibroin hydrogel (FSH) synthesized from SF
and iron oxide nanocubes (IONCs) [143]. The obtained
FSH retained the shear thinning behavior and could be
injected by a syringe. A typical sol-gel transition of the
IONC:s and silk fibroin hybrid solution is observed before
and after ultrasonication. One of the outstanding features
of FSH is its ability to provide effective magnetothermal
therapy to tumors in deeper locations. Under AME, this
ability was demonstrated in a subcutaneously implanted
tumor model in BALB/c mice after fresh pork tissue was
covered (Fig. 7A-D) and in an orthotopic transplantation
liver tumor in rabbits (Fig. 7E, F). However, unlike pho-
tothermal therapeutic agents, the final temperature could
be remotely controlled and FSH achieved a better pene-
tration depth. Therefore, FSH was beneficial for the treat-
ment of some deeper tumors, especially liver tumors.

Immunotherapy

The majority of patients with HCC have a background
of liver damage or inflammation because HCC is a typi-
cal inflammation-associated malignant illness [151, 152].
The immune microenvironment of HCC is composed of
immunosuppressive cells (e.g., myeloid-derived immu-
nosuppressive cells, tumor-associated macrophages, and
regulatory T cells), immune effector cells (e.g., CD8"
cytotoxic T cells and effector CD4™ T cells), the cytokine

Fig. 7 A Scheme illustration and infrared thermal image of mice with subcutaneous injection of ASH when exposed to NIR irradiation,

without or with the coverage of pork tissue on the injection site. B Scheme illustration and infrared thermal image of mice with subcutaneous
injection of FSH when exposed to AMF, without or with the coverage of pork tissue on the injection site. C, D The relative temperature change
curves of Au-silk fibroin hydrogel (ASH) in (A) and FSH in (B) recorded by a thermoelectric couple. The concentration of Fe;O,in FSH was 2 mg Fe/
ml. E The diagram of ultrasound guided percutaneous puncture combined with magnetocaloric therapy in the treatment of deep tumor. The FSH
was injected into VX2 tumor by percutaneous puncture under ultrasonographic guidance, and then the rabbits received MHT. F Ultrasound guided
injection of FSH. White dash line and red dash line indicated VX2 tumor and FSH in tumor, respectively. Reproduced with permission from Ref. [143].

Copyright 2020, Elsevier Ltd
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milieu (e.g., IEN-y, TGF-B, TNE, etc.), and tumor cell-
intrinsic signaling pathways (e.g.,, MCSF-CSE-1R and
CD47-SIRPa) [153]. These cells interact and play a key
role in the development of HCC and response to antitu-
mor therapy. Immunotherapy can improve the immune
function of patients by triggering the antitumor immune
response in the body and preventing tumors from form-
ing and progressing or it can directly enable the death
of tumor cells by activating immune effector cells in an
organism [154]. Various immunotherapeutic gels that
promote tumor vascular normalization, improve the
immunosuppressive microenvironment of tumors and
activate the antitumor immune response are becoming a
key area in research on cc for liver cancer.

Zhao et al. prepared NGC-Gel by integrating Hepal-
6-specific neoantigens, CpGODN, and the STING ago-
nist 2,3-cyclic-GMP-AMP (cGAMP) via cross-linking
and combining with TIM-3 antibody [155]. NGC-Gel
significantly promoted CD8* T-cell infiltration and acti-
vated long-lasting effector T cells, thus preventing tumor
cell proliferation and prolonging the survival of patients.
Synergistic immunotherapy with NGC-Gel and TIM-3
blockers induced a significant reduction in regulatory T
cells in tumor tissues, overexpression of IFN-y and IL-
12p70, increased proportions of IFN-y"CD8'T cells and
41BB*TCDS*T cells, and a reduction in Foxp3*CD25*T
cells. As a result, HCC and its distant metastases were
effectively eliminated in situ, and the overall survival of
mice was significantly prolonged by more than 180 days.

Hu et al. created HMPB/BLZ945/anti-SIRP« as a mul-
tifunctional immunotherapeutic in situ fibrin gel for
addressing challenged caused by postoperative recur-
rence of HCC (Fig. 8A, B) [156]. This immunotherapeu-
tic gel can release BLZ945 and anti-SIRP at the surgical
site of HCC, allowing the MCSF-CSF-1R and CD47-SIRP
signaling pathways to be blocked simultaneously. Eventu-
ally, tumor-associated macrophages (TAMs) polarized or
were reprogrammed from the M2 phenotype to the M1
phenotype, restoring the macrophage’s ability to phago-
cytize cancer cells (Fig. 8C-D). In addition, all-trans
retinoic acid (ATRA) can induce the differentiation of
tumor stem cells (CSCs) and increase their susceptibility
to immunotherapy. The multifunctional immunothera-
peutic gel successfully activated the antitumor immune
response and almost completely inhibited HCC recur-
rence (Fig. 8E-]).

Shi et al prepared TF-Nanogels by compounding
tTE-pHLIPs with poly(N-isopropyl acrylamide-co-butyl
methacrylate) (PIB) nanogels [157]. The nanogel was
delivered to the feeding artery of HCC via superselec-
tive interventional catheters to effectively inhibit tumor
recurrence (Fig. 9A-F). The immunohistochemical
analysis of the VX2 tumor-bearing rabbit tumor showed
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that TF-Nanogels exhibited a significant antitumor
immune response. Compared with the other groups, the
TE-Nanogel group efficiently promoted the infiltration
of lymphocytes, such as CD3" and CD8" T cells, into
tumors (Fig. 9G-K). As a result, the tumor microenvi-
ronment was remodeled and the antitumor metastasis
effect of TF-Nanogels was further improved (Fig. 9L-0O).

Liu et al. prepared AUNP@PNA/DOX by modifying
gold nanoparticle AuNPs onto the temperature-sensitive
block polymer PNA [158]. The hydrogel was a multifunc-
tional embolic agent that encapsulated DOX and was
used to improve postoperative tumor immune micro-
environment suppression. Immunohistochemical stain-
ing of tumor tissues showed that the expression levels of
HIF-1a, VEGF, and MMP-9 decreased, which improved
the hypoxic tumor microenvironment and inhibited
tumor metastasis. The resulting tumor-associated anti-
gens can also promote the infiltration of immune cells,
such as CD3* and CD8™ T cells, increasing the activation
and release of related cytokines, such as TNF-a and IFN-
y. This can promote the transformation of tumors from
immunosuppression to immune activation, providing a
favorable tumor microenvironment for immunotherapy
treatments against HCC.

Hydrogels for imaging of HCC

Importantly, HCC is the only solid tumor among all
tumors that does not require a pathological diagnosis
and can be diagnosed by imaging [159]. However, a pos-
sible exception occurs when the imaging presentation is
atypical, as the addition of other ancillary investigations
may be necessary [160]. Imaging can be used to deter-
mine the type, location, size, extrahepatic invasion, and
metastasis of the tumor to provide a basis for early diag-
nosis, accurate staging, and treatment planning of HCC
[18]. In addition, a variety of imaging techniques can be
used in treatment or adjuvant therapy, such as interven-
tional embolization guided by X-ray imaging systems or
the use of imaging materials as therapeutic agents for
intraoperative localization and postoperative monitoring.
Several imaging modalities, including X-ray, CT, MRI,
ultrasound, and fluorescence imaging, have been widely
employed in the clinical workup of HCC and, after dec-
ades of continuous progress, play a crucial role in treating
this illness [159]. A growing area of research is blending
imaging agents, such as tantalum powder, lipiodol, and
metal nanoparticles, for X-ray or CT imaging; SONA-
ZOID and Definity microbubble contrast agents for ultra-
sound imaging; magnetic nanoparticles for MRI imaging;
and NIR-II fluorescent dyes for fluorescence imaging. By
combining these reagents with gels and other materi-
als, multifunctional reagents can be created for diagno-
sis, drug delivery, and intraoperative and postoperative
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monitoring. These reagents show great potential for the
treatment of HCC. Examples of hydrogels mentioned in
this section for HCC imaging is presented in Table 2.
Microrobots enable precise route tracking and are
frequently employed in biomedical applications for
drug delivery, diagnostics, local biopsies, etc. [161].
Through microrobots, in vivo movement can be imaged

ells (DCs) in tumor tissue. For C-J, G1 was control group and G2 to G6 were
in, HMPB/BLZ945/anti-SIRPa@fibrin, HMPB/BLZ945/anti-SIRPa@ATRA@fbrin,
I significance was calculated by ordinary-one-way ANOVA and Tukey's test.
ith permission from Ref [156]. Copyright 2022 Elsevier BV

via MRI, CT, and fluorescence imaging [162]. In prac-
tical clinical work, embolization of tumors must meet
not only postembolization imaging requirements but
is also particularly important to achieve accurate real-
time imaging intraoperatively. Go et al. prepared a mul-
tifunctional medical microrobot system by loading the
drugs DOX and 5-FU onto gelatin beads and MNPs
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(Fig. 10A) [41]. By loading microbubbles and iodinated
X-ray contrast agents for ultrasound and X-ray imag-
ing, intraoperative real-time visualization was real-
ized (Fig. 10B). While brief, the X-ray imaging period
is much longer than its targeting time, which is suffi-
cient to meet its localization requirements (Fig. 10C).
The MNPs, a component of the microrobot, can also

be used for postoperative MRI imaging; as

biodistribution of MNPs and tumor outcome can be
monitored in a noninvasive manner. With both MRI
imaging or gross observation, the tumor volume of
liver cancer in the microrobot group was significantly
smaller than that in the control group (Fig. 10D). The
multifunctional microrobot can perform magnetic
actuation, drug delivery, real-time visualization, and
postoperative imaging, greatly enhancing the accuracy

and safety of interventional surgery.

a result, the

ICG is the most commonly used fluorescent dye rea-
gent in clinics. Excited by 750-810 nm light, ICG can
emit NIR at a peak wavelength of 840 nm and causes
virtually no side effects within the safe dose range [163].
ICG can provide clear, contrasting fluorescence images
of liver cancer and paraneoplastic tissue aggregates in
contrast to normal tissue [164]. The role of ICG-based
NIR fluorescence imaging in the detection, visualization,
and navigation of HCC has been reported in many stud-
ies [165, 166]. Salis et al. developed ICG-loaded hydro-
gels with the potential for intraoperative fluorescence
imaging and local therapy of HCC as embolic agents
[167]. A strong affinity was observed between ICG and
the hydrogel due to their electrostatic interaction. The
results showed that the hydrogel can maintain ICG well
when loaded with ICG and does not impact the degra-

dation rate. The ICG dye-loaded hydrogel solidified
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rapidly at body temperature after injection, so the mate-
rial can mark areas of liver tumors. The injection site of
the hydrogel was visualized intraoperatively by an NIR
fluorescence imaging system to realize NIR fluorescence
imaging and local treatment of HCC.

Lipiodol is impermeable to X-rays and can specifi-
cally accumulate in HCC tissues; thus, lipiodol can be
used as a carrier of various chemotherapeutic drugs
and has been utilized generally in the clinical emboli-
zation of hepatocytes [31, 168]. To improve the embo-
lization strength and stability of Lipiodol in TACE
therapy of HCC patients, Li et al. fabricated a temper-
ature-responsive Pickering gel emulsion with highly
dispersive stability (Fig. 11A—E) [40]. The hPNA-sta-
bilized Pickering emulsion can cause rapid and long-
term occlusion of tumor arteries. In rabbit renal artery
embolization, a CT scan showed that the vessels were
completely occluded for 56 days. The TAE antitumor
efficacy in VX2 tumor-bearing rabbits indicated that
the hPNA-stabilized Pickering emulsion achieved com-
plete embolization with no demulsification (Fig. 11F).
Because of the X-ray impermeability of the hPNA-sta-
bilized Pickering emulsion, the signal intensity of CT
images of embolic tumors remained unchanged dur-
ing the observation period. The results showed that the

hPNA-stabilized Pickering emulsion helped improve
long-term embolization to tumor arteries and exhibited
a significant antitumor effect (Fig. 11G-I). These results
indicated that the gel emulsion may be developed as a
novel embolic agent for TAE therapy to achieve radio-
graphic imaging and long-term embolization of HCC.
Tantalum exhibits a strong radiopaque property due to
its high atomic number, so it is often mixed with other
embolic materials to prepare radiopaque embolic agents
for visualization under X-ray [169-171]. Ko et al. devel-
oped tantalum alkoxide liquid embolic (TALE) based
on tantalum ethoxide [39]. This is a novel multifunctional
embolic agent that can be observed under X-ray fluor-
oscopy. Although the contrast exhibited by the contrast
agent decreased with increasing oleyl alcohol content in
tantalum ethoxide, the improvement in contrast was suf-
ficiently high under X-ray fluoroscopy to meet clinicians’
needs for intraoperative detection of embolic agents.
TALE is a liquid embolic agent that can achieve deeper
penetration. In contrast to other forms of embolic agents,
TALE can successfully provide guidance in real time and
monitor the tumor response at early stages after treat-
ment under the X-ray imaging system. T,;0,; was syn-
thesized by mixing the angiogenesis inhibitor sorafenib
(SOF) with TALE for TACE in rat HCC transplants. The
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results showed that almost all SOF accumulated in the
tumor and achieved remarkable therapeutic effects.

Gold nanoparticles (AuNPs) are the most widely stud-
ied precious metal nanoparticles, with multiple surface
functions and unique localized surface plasmon reso-
nance [172]. AuNPs have a wide range of clinical appli-
cations, such as antibacterial and biosensor applications,
targeted drug delivery, and cancer therapy [172, 173].
In addition, AuNPs can be used as an effective X-ray
imaging agent to monitor efficacy during tumor treat-
ment. Liu et al. prepared a multifunctional embolic agent
(AuNP@PNA/DOX) based on AuNPs [158]. The embolic
agent generated concentration-dependent X-ray attenua-
tion that displayed high-density shadowing on CT scan
images. Due to its strong and excellent X-ray shield-
ing effect, arterial embolism can be visualized for up to
90 days. AuNP@PNA/DOX considerably inhibited tumor
cell proliferation and metastasis in the VX2 rabbit liver
cancer model. According to these studies, AUNP@PNA/
DOX has a promising future in the clinic as a multifunc-
tional vascular imaging and embolization agent.

Hydrogels for in vitro model of HCC

Liver cancer is among the most common malignant
tumors worldwide, is characterized by high morbidity
and mortality, and is a serious threat to human life and
health [3]. Before therapeutic approaches for liver can-
cer can be effectively applied to patients, the therapies
must undergo a series of repeated and lengthy preclini-
cal cellular and animal studies. Although animal models
of liver cancer are the "gold standard" for preclinical test-
ing, there are limitations in terms of ethics, cost, and trial
periods [174]. More complex and physiologically relevant
in vitro models constructed from patient-derived HCC
cell lines can assist in treatment validation by providing
additional humanized preclinical models. The method
can circumvent the limitations of in vivo animal tumor
models and is expected to be among the alternative tech-
nologies that replace animal tumor models. The most
commonly used HCC cell line for in vitro HCC models
is HepG2 [175]. Other HCC cells used for in vitro studies
include Huh7, HCC-LM3, SNU-449, Bel-7405, HEP3B,
Hep G2.2.15, SNU-182, and QGY-7701 [42]. These cell
lines share similar biological characteristics to primary
HCC cells and have unrestricted passage, thus providing
an ideal in vitro model for HCC research.

Conventional 2D tumor cell culture is currently the
main method for in vitro experiments, with the advan-
tages of low-cost and high-throughput [42]. However,
since flat tumor cells are adapted to artificial in vitro cul-
ture conditions, it is difficult to retain the intrinsic het-
erogeneity and phenotypic characteristics of the original
tumor [176]. It is also difficult to reproduce key features
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of tumor spatial structure, microenvironment, and inter-
cellular interactions [177]. Therefore, 2D cell culture
methods and the data collected based on them may be
misleading and unpredictable for in vivo applications
[177]. HCCs are in a 3D environment in vivo, so increas-
ing research in recent years has favored in vitro 3D hepa-
tocellular carcinoma cell culture. With this method, the
microenvironmental parameters of cells (temperature,
chemical gradient, oxygen, pH, etc.) can be more easily
controlled and monitored. Then, a suitable microenvi-
ronment is provided for individual cells to maintain their
normal 3D shape and structure, successfully simulating
the construction of tumor structure and function in vivo
[176]. Ultimately, the heterogeneity of tumor cells and
the impact of their microenvironment will be studied
to achieve multicellular coculture that traditional two-
dimensional culture cannot achieve.

Bionic in vitro 3D tumor models, such as 3D tumor
spheroids, organoids, and organs-on-a-chip, can mimic
the key features of in vivo tumors to explore the biological
properties, pathogenesis, and metastasis mechanisms of
HCC [178-180]. These models have become among the
hottest research topics today and are widely used in dis-
ease research, new drug development, and regenerative
medicine [181]. Tumors grow in an extracellular matrix
(ECM) composed of proteins, glycoproteins, etc. [182].
Among the currently available biomaterials, polymeric
hydrogels are a very common and appropriate choice
for mimicking natural ECM and guide a variety of cel-
lular behaviors [183]. The material has a high water con-
tent, relatively well-defined composition, mostly tunable
physicochemical properties, and good biocompatibility
[184]. Numerous hydrogel-based 3D models of HCC
have been created in vitro. These models have accelerated
the development of 3D in vitro cell culture techniques for
HCC and led to more in-depth research on the cell—cell
and cell-extracellular matrix interactions in HCC. The
models also help researchers study the effects caused by
tissue-specific stiffness, oxygen, nutrients, and metabolic
waste gradients on the action of HCC [176]. Examples of
hydrogels mentioned in this section for HCC imaging is
presented in Table 3.

Chen et al. conducted a study on the utilization of 3D
hydrogels for human hepatocellular carcinoma cell cul-
ture systems in vitro and established an in vivo xeno-
grafted tumor model [185]. HepG2 cells grew in 3D
within the hydrogel, resulting in the formation of more
aggregated cell clusters and longer culture times. In 3D
cell culture, the cytoskeleton of HepG2 cells changed, and
the cytoplasmic actin microfilaments rearranged, which
showed structural similarity with tumor tissue in vivo.
HepG2 tended to aggregate into more multicellular sphe-
roids in 3D cell culture, and the cellular characteristics,
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Table 3 Examples of hydrogels mentioned in this section for in vitro 3D model of HCC
3D tumor model (In vitro) Model cells Characteristics Application Refs
Tumor spheroids HepG2 High cell fixation, high tumor formation rate, tight cell In vivo xenografted tumor model [185]
arrangement, high volumetric 3D aggregates, cytoskeleton
rearrangement
tumor spheroids HepG2 Controlled stiffness,controlled intercellular organization, Study the effect of matrix stiffness [188]
phenotype, and angiogenic activity on malignant level of 3D tumor
sphere
Tumor spheroids HepG2 High drug resistance, low drug penetration, mimic High-throughput drug screening [191]
Hep3B the tumor microenvironment
Organoids 14 different  Retain viability, proliferative capacity, genomic profile, gene  Drug testing (193]
HCC-PDX expression and intra-tumoral heterogeneity
lines
Organ-on-a-chip HepG2 Ordered micro-nano structure, uniformity of cell sphere, High-throughput drug screening [194]

adequate supply of nutrients high cell survival rate, repro-
ducible and accurate drug screening

such as cell morphology and interaction between cell
membranes, actin cytoskeleton, and nucleus, were differ-
ent from those in 2D culture.

The stiffness of hydrogels can affect cell survival,
migration, adhesion, and tissue-specific functions [186].
Some studies have reported that the mechanical rigidity
of hydrogels is mainly controlled by collagen concentra-
tion and plays a key role in regulating the malignancy
of cancer cells attached to the colloidal surface [187].
Liang et al. encapsulated HepG2 cells in a hydrogel with
controlled rigidity and limited permeability variation to
produce a cell-instructive hydrogel [188]. This modified
matrix rigidity could control cell adhesion to the stroma
and neighboring cells, ultimately producing 3D tumor
spheres with various degrees of malignancy. The spheres
were characterized by controlled cell proliferation,
metabolite detoxification, and tumor vascular growth.
Compared to cells with E;=4.0 kPA, the tumor cells in
gels with E;=0.7 kPA proliferated faster, formed larger
tumor spheres, and expressed higher levels of -1 integ-
rin and VEGF on the 9th day.

The differentiation, proliferation, migration, tumor
microenvironment, as well as the signaling mechanisms
between cells and the extracellular matrix, can be bet-
ter replicated in tumor spheres created through 3D cul-
ture [176]. Therefore, 3D tumor spheroids are gradually
replacing planar cultured tumor cells, becoming among
the most popular models in in vitro tumor research for
tumor invasion studies and high-throughput screen-
ing (HTS) of drugs [189, 190]. Lee et al. developed a 3D
aggregated spheroid model (ASM) after optimizing the
3D cell culture method [191]. In the HTS test in vitro,
the model exhibited higher resistance to six different
anticancer drugs than the conventional spheroid model
(CSM) and a 2D cell culture model. Western blot analysis
of cells in various cultures revealed that the epithelial cell

marker E-cadherin in ASM was more highly expressed,
suggesting that the epithelial features of HCC cells were
more effectively preserved in ASM. The expression of
proteins associated with cancer cell proliferation (p-AKT,
p-Erk) and drug resistance markers (Fibronectin, ZO-1,
Occludin) was also significantly higher in ASM patients
than in controls. Therefore, ASM can better simulate the
tumor microenvironment of human solid tumors, reduce
the cost of experiments, increase the throughput of
drug analysis and testing, and facilitate large-scale drug
screening.

The organoid model derived from tumor tissue forma-
tion is a "mini" organ with a 3D structure, which can bet-
ter preserve the relevant characteristics of tumors [192].
The model provides a reliable reference to help research-
ers determine the pathogenesis of cancer and develop
drugs to prevent and treat cancer. Fong et al. synthesized
a 3D macroporous sponge system composed of hydroxy-
propyl cellulose (HPC) and methacrylate (MA) (Fig. 12A,
B) [193]. This hydrogel exhibited a highly macroporous
structure with a wide pore size of 80-180 um, a poros-
ity of 94.8%, and mechanical properties up to 9.7 kPa
(Fig. 12C-E). The key features, such as tumor cell pro-
liferative activity, genomic profiles, and tumor heteroge-
neity, of the organoids formed by inoculating different
HCC-PDX lines onto the sponge were well preserved,
providing robust culture conditions for HCC-PDX
organoids in vitro (Fig. 12F-H). Additionally, HCC-
PDX cells cultured in sponges showed good sensitivity
in drug assays, which is beneficial for future HCC drug
development.

Among the multiple methods used to treat liver cancer
with poor prognosis and high mortality, simple and prac-
tical medication therapy is the main treatment method.
Organ-on-a-chip technologies that can be employed
for preclinical drug screening and patient treatment
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Fig. 12 A Normalized UV absorption as MA-HPC undergoes thermal-induced phase separation with increasing temperature. Aqueous MA-HPC
exhibits low critical solution temperature transition, from isotropic solutions at room temperature to metastable colloidal systems upon heating.
Phase transition occurs at the precipitous decrease in transmittance with increasing temperature. B Reaction scheme of MA-HPC and sponge
fabrication process. C Scanning electron micrographs of MA-HPC sponge at low (left, scale bar=1 mm) and high (right, scale bar=300um)
magnifications, highlighting macroporosity of sponge. D Brightfield image of MA-HPC image when dry (left) and hydrated (right, stained

with propidium iodide). E Brightfield (left) and phalloidin-stained (right) images of HCC-PDX cells cultured in MA-HPC sponge. Scale bars=100 um.
F Heatmaps of fold change differences (PDX vs 3D PDX) in expression levels (FPKM) of known up-regulated and down-regulated HCC genes

between PDX and 3D PDX. Each row in the heatmap represents the expression profile of individual HCC-PDX lines (HCC 1-

14). Each column

represents a gene. Blue lines in the heatmap indicate lower gene expression in PDX as compared to 3D PDX and red lines indicate higher gene
expression in PDX as compared to 3D PDX. Globally, the heatmaps for both down-regulated and up-regulated genes are largely white, indicating
similarity in gene expression profile between PDX and 3D PDX. This was quantified using Pearson correlation coefficient as indicated by the blue
bars on the left of the heatmaps. G i. Differentially expressed genes (up-regulated in HCC) between PDX and 3D PDX are significantly enriched

in cell cycle and p53 signaling pathways amongst others (brown bars). ii. Differentially expressed genes (down-regulated in HCC) between PDX
and 3D PDX are significantly enriched in metabolism-related pathways amongst others (brown bars). Black lines represent individual genes

in these enriched pathways, where their position along the white bar corresponds to their position in the heatmap in (F). H Beeswarm plot

of Pearson correlation coefficient between PDX and 3D PDX for nine cancer-related pathways and overall pathways in cancer. Each dot represents
a matched in vitro-in vivo HCC-PDX pair. Reproduced with permission from Ref. [193]. Copyright 2018, Elsevier Ltd

response prediction are emerging for individualized
treatment coupled with tumor heterogeneity. Zhu et al.
generated a hierarchical hydrogel system with ordered
micro-nano structures by using the template replication
method for liver cancer cell culture, drug screening, and
organ-on-a-chip construction [194]. Due to the pres-
ence of ordered micro-nano structures, the cell spheres
cultured in the hydrogel were more uniform in size and
achieved a higher long-term survival rate than those
cultured on 2D surfaces or simple microstructures. The
hierarchical hydrogel system was integrated into a mul-
tichannel concentration gradient microfluidic chip and
a functional liver cancer-on-a-chip was prepared. This
chip achieved high-throughput drug screening with good

repeatability and high accuracy. Due to these features,
the hierarchical hydrogel system and its integrated liver
cancer chip are an excellent platform for personalized
medication screening.

Conclusion and prospects

This review focuses on hydrogels that were modified and
compounded in different ways and their significant role
in the treatment of liver cancer with chemotherapy, radi-
otherapy, MHT, PTT, and immunotherapy. In addition,
the combination of hydrogels with materials impervious
to X-rays is reviewed, as these hydrogels can perform
imaging and better monitor treatment effects against
liver cancer. Finally, it is introduced that the biofunctional
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materials provided by hydrogels offer new opportuni-
ties for research in the field of organoids, spheroids, and
organs-on-a-chip for liver cancer. Compared to previ-
ous technology, the application of these hydrogels to 3D
models of liver cancer in vitro generates a preclinical test
that is more scientifically rational, providing more accu-
rate and improved next-step guidance for the treatment
of HCC. In the past few decades, researchers have been
modifying and compounding hydrogels to further diver-
sify their functions. Hydrogels exhibit more biocom-
patibility, higher water absorption and water retention,
higher elasticity and toughness, and biodegradability.

Although research on hydrogels for oncology applica-
tions has been active and achieved good results in recent
decades, there are still some drawbacks. First, the experi-
mental results obtained from novel materials based on
hydrogels remain a problem in clinical applications. The
in vitro 3D model of HCC mentioned in the paper can
preserve key features, such as spatial structure, tumor
heterogeneity, and cellular interactions, and is more accu-
rate than the test data obtained through 2D tumor cell
culture and animal tumor models. However, due to the
immaturity of related technologies, these bionic in vitro
models cannot fully encapsulate the complexity of the
tumor microenvironment in vivo. Even if the models are
becoming more similar to real human tumors, differences
are inevitable. Therefore, experimental results can only
be close to results obtained in vivo and cannot be directly
transformed into practical clinical applications. Second,
hydrogel materials with flexible stimulus—response prop-
erties under external or internal physiological stimuli,
such as pH, temperature, light, enzymes, and magnetic
fields, are increasingly being investigated for the local
treatment of tumors. However, this property may affect
the chemical or physical stability of a hydrogel in human
tumors, leading to failure or decomposition of the mate-
rial and reducing its therapeutic or other effects. Finally,
modifying hydrogels to prepare more functionalized
hydrogel materials is a sophisticated technique, so fur-
ther research is needed to achieve large-scale produc-
tion applications. In summary, hydrogel materials have
been greatly progressed in tumor treatment, imaging,
and in vitro bionic models, but shortcomings still remain.
In future research, we can continue to study the modi-
fication of hydrogel-based material composites in detail,
develop novel hydrogels with more intelligent and multi-
functional properties, and examine a broader application
field.
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