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Abstract 

Gastrointestinal tumors are the main causes of death among the patients. These tumors are mainly diagnosed 
in the advanced stages and their response to therapy is unfavorable. In spite of the development of conventional 
therapeutics including surgery, chemotherapy, radiotherapy and immunotherapy, the treatment of these tumors 
is still challenging. As a result, the new therapeutics based on (nano)biotechnology have been introduced. Hydrogels 
are polymeric 3D networks capable of absorbing water to swell with favorable biocompatibility. In spite of applica-
tion of hydrogels in the treatment of different human diseases, their wide application in cancer therapy has been 
improved because of their potential in drug and gene delivery, boosting chemotherapy and immunotherapy 
as well as development of vaccines. The current review focuses on the role of hydrogels in the treatment of gastro-
intestinal tumors. Hydrogels provide delivery of drugs (both natural or synthetic compounds and their co-delivery) 
along with gene delivery. Along with delivery, hydrogels stimulate phototherapy (photothermal and photodynamic 
therapy) in the suppression of these tumors. Besides, the ability of hydrogels for the induction of immune-related cells 
such as dendritic cells can boost cancer immunotherapy. For more specific cancer therapy, the stimuli-responsive 
types of hydrogels including thermo- and pH-sensitive hydrogels along with their self-healing ability have improved 
the site specific drug delivery. Moreover, hydrogels are promising for diagnosis, circulating tumor cell isolation 
and detection of biomarkers in the gastrointestinal tumors, highlighting their importance in clinic. Hence, hydrogels 
are diagnostic and therapeutic tools for the gastrointestimal tumors.

Keywords  Hydrogels, Gastrointestinal tumors, Drug and gene delivery, Cancer immunotherapy, Stimuli-responsive 
hydrogels

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Journal of 
Translational Medicine

†Min Tang, Junzhou Song, and Shuyi Zhang have contributed equally to this 
work.

*Correspondence:
Milad Ashrafizadeh
dvm.milad73@yahoo.com
Ya Zhou
15823063152@163.com
Ming Lei
leiming2024666@163.com
1 Department of Oncology, Chongqing General Hospital, Chongqing 
University, No.104 Pipa Mountain Main Street, Chongqing 401120, China
2 Department of Oncology, BoAo Evergrande International Hospital, 
Qionghai 571400, Hainan Province, China
3 Department of Health Management Center, Chongqing General 
Hospital, Chongqing University, Chongqing 401120, China
4 Radiation Oncology Center, Chongqing University Cancer Hospital, 
Chongqing 400030, China

5 Department of Ultrasound, Chongqing Health Center for Women 
and Children, Women and Children’s Hospital of Chongqing Medical 
University, No. 120, Longshan Road, Yubei, Chongqing 401147, China
6 Department of Radiation Oncology, Shandong Provincial Key 
Laboratory of Radiation Oncology, Shandong Cancer Hospital 
and Institute, Shandong First Medical University, Shandong Academy 
of Medical Sciences, Jinan 250000, Shandong, China
7 Department of Biomedical Engineering, Erciyes University, 
38039 Kayseri, Türkiye
8 Department of Technical Sciences, Western Caspian University, 
AZ1001 Baku, Azerbaijan
9 Department of Nuclear Medicine, Chongqing University FuLing 
Hospital, Chongqing University, No. 2 Gaosuntang Road, Chongqing, 
China

http://orcid.org/0000-0001-6605-822X
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-024-05749-9&domain=pdf


Page 2 of 26Tang et al. Journal of Translational Medicine          (2024) 22:970 

Introduction
Cancer is a prominent contributor to global mortality, 
with around 9.6 million deaths attributed  to cancer in 
2018, out of a total of 18.1 million of diagnosed cases. 
Furthermore, up to 43.8 million cancer cases suffer from 
relapse within five years or less [1–3]. The most common 
tumor types in men are lung, prostate, colorectal, gastric 
and liver cancers, while breast, colorectal, lung, cervi-
cal and thyroid tumors are common among the females. 
According to the data, one in five of the males and one in 
six of females are diagnosed with tumor during their life 
[2]. Among them, one-in-eight men and one-in-eleven 
women cannot overcome this disease in their longevity 
[4]. The incidence rate of cancer has shown an increase 
in most the countries. The survival rate of cancer patients 
is low because of the late diagnosis and restricted access 
to therapeutics, which are more prevalent in developing 
countries [4]. Currently, there are a number of thera-
peutics for human tumors, including surgical resection, 
immunotherapy, chemotherapy, radiotherapy, targeted 
therapy and hormonal therapy [2, 5]. However, these 
therapeutic modalities are associated with adverse 
impacts affecting the  life quality of patients. Moreover, 
the resistance to therapeutics is another hurdle towards 
the anticancer activity of chemotherapy drugs [5]. There-
fore, oncological research has been directed towards the 
development novel therapeutics for the cancer [6], and 
the development of biomedical materials is among them.

The biomedical application of nano- and micro-mate-
rials in disease therapy has been of importance. These 
materials can propose new insights for disease therapy, 
especially cancer treatment, including cancer diagno-
sis, phototherapy, immunotherapy, improving gene 
therapy, boosting chemotherapy and significant reduc-
tion in tumorigenesis [7–11]. The current issues in 
cancer therapy, including drug resistance and the side 
effects of therapeutics, can be solved by such materi-
als through the specific delivery of drugs and genes as 
well as high accumulation at the tumor site. Moreover, 
there is a need for the encapsulation of cargoes, includ-
ing genes, to protect against degradation by enzymes. 
Therefore, there are many reasons for the development 
of materials in cancer therapy. Hydrogels are three-
dimensional physical or chemical polymeric networks 
possessing hydrophilic groups [12]. Although hydro-
gels are not soluble in water, they are can absorb and 
swell in water, providing a number of characteristics, 
including biocompatibility, viscoelasticity and specific 
mechanical strength [13–15]. Hydrogels have been 
significantly applied in drug delivery and tissue engi-
neering [16–18]. Both natural and synthetic organic 
polymers can be used for the development of hydro-
gels. In the recent years, natural hydrogels have been 

mainly comprised of polymers, and an example is colla-
gen, which is one of the most common natural hydrogel 
materials and has been applied for skin and blood ves-
sel reconstruction [19, 20]. Furthermore, natural-based 
hydrogels (such as hydrogels developed from fibrin and 
alginate) have been popular as safe structures in wound 
healing and drug delivery. The application of natural 
hydrogels in drug delivery can be limited due to their 
elasticity and easy degradation in vivo [21, 22].

The application of hydrogels in cancer is exponen-
tially growing regarding the promise provided by these 
structures in tumor elimination. Upon incomplete radio-
therapy suppression, the injectable hydrogels containing 
OK-432 and doxorubicin can be administered to increase 
anticancer immunotherapy through STING upregula-
tion [23]. Injectable hydrogels can also be prepared from 
ferritin and oxidized dextran to increase tumor penetra-
tion through active transcytosis and promote anticancer 
immunotherapy [24]. In addition to accelerating cancer 
immunotherapy [25–27] and vaccine development [28], 
hydrogels can be used for photothermal therapy [29] and 
drug delivery [30]. Moreover, stimuli-responsive hydro-
gels, including NIR- and pH-sensitive hydrogels, can be 
used in cancer therapy [31].

Gastrointestinal (GI) tumors are among the most 
malignant diseases posing major threat to human health 
and providing high mortality and morbidity. There are 
significant challenges in the treatment of GI tumors, 
requiring novel strategies in their suppression. First of 
all, there is a complicated and dense tumor microen-
vironment (TME) preventing the entrance of bioac-
tive molecules and therapeutics to this region, reducing 
the penetration of drug. As a result, the nanostructures 
have been introduced for the drug delivery in GI tumor 
therapy [32]. Moreover, the conventional therapeutics 
used for GI tumors suffer from specific delivery and may 
cause damage to healthy tissues. Due to the malignant 
behavior of GI tumors, they have the potential to develop 
resistance to conventional therapeutics including radio-
therapy [33], chemotherapy [34] and immunotherapy [35, 
36]. Therefore, the new strategies should be introduced 
for GI tumor therapy that nanoarchitectures are among 
them [37]. In addition, there are challenges in the diag-
nosis of GI tumors that nanoparticles can aim in improv-
ing diagnosis of patients [38]. Regarding these challenges 
in the treatment of GI tumors and promises of hydrogels, 
the present review has been dedicated to understanding 
the application of hydrogels for the treatment of gastro-
intestinal cancers as a major threat to human health, and 
such hydrogels can mediate drug delivery and increase 
anticancer activity along with reversing drug resistance. 
The development of hydrogels and their stimuli-respon-
sive kinds can improve the fight against digestive tumors. 
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Figure  1 represents an overview of the application of 
hydrogels for the treatment of gastrointestinal tumors.

Hydrogels: basics and oncological application
Wichterle and Lim, in 1960, used the word hydrogel for 
the first time to describe the material they  developed 
from poly-2-hydroxyethylmethacrylate (PHEMA), which 
is a synthetic biocompatible material used in contact lens 

applications [39]. Then, the PHEMA lenses were dis-
tributed in Western Europe in 1962, despite poor avail-
ability and acceptance. However, PHEMA lens very soon 
received approval from FDA [40]. Until now, hydrogels 
have been used as contact lenses, particularly in soft 
lenses developed from silicon hydrogels. Furthermore, 
extensive applications in biomedicine, especially in tis-
sue engineering and wound healing, have been observed 

Fig. 1  An overview of the application of hydrogels in the treatment of gastrointestinal tumors. Hydrogels have been utilized in the treatment 
different gastrointestinal tumors including liver cancer, gastric tumor, colorectal and pancreatic cancers. Hydrogels can deliver drugs 
including phytochemicals and synthetic compounds to accelerate tumor suppression. Moreover, they accelerate immunotherapy 
through induction of dendritic cells and subsequent induction of T cells. The tumor biomarkers can be detected by hydrogels to increase cancer 
diagnosis. Stimuli-responsive hydrogels including thermo-, pH- and enzyme-sensitive hydrogels have been designed to accelerate gastrointestinal 
cancer therapy. Other kinds of nanoparticles including liposomes, micelles and quantum dots can be loaded in hydrogels for the cancer diagnosis 
and therapy. Despite using genetic tools in gastrointestinal cancer therapy, they suffer from poor bioavailability and therefore, their loading 
in hydrogels can increase the potential in tumor suppression. (Created by Biorender.com)
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[41, 42]. Their application in wound healing is due to 
their ability to provide a  moist environment and pre-
vent the spread of fluids to other regions of skin tissue. 
Currently, several of their commercial forms are avail-
able, including DermaFilm®, Kaltostat®, Condress®, and 
Sofargen® [43]. Moreover, a number of them have been 
embedded with bioactive compounds, including iodine 
or zinc ions, to improve their  antimicrobial and cleans-
ing features, respectively [40]. The clinical applications 
of hydrogels for the treatment of human diseases have 
also  been followed. Perseris®, Sublocad® and Azasite® 
are several clinically used hydrogels for the treatment of 
diseases including schizophrenia, analgesia, and bacterial 
conjunctivitis, respectively [44]. Hydrogels can be cat-
egorized based on their composition, crosslinking, con-
figuration, and source. For crosslinking, hydrogels can 
be developed through chemical or physical crosslinking. 
For composition, they can be developed from homopoly-
mers, co-polymers, semi-IPN and IPN. From the source 
standpoint, hydrogels can be natural, synthetic, or hybrid. 
From the configuration standpoint, they can be amor-
phous, crystalline and semi-crystalline [45]. The common 
application of natural-based hydrogels is related to the 
delivery system development and tissue scaffolds because 
of their degradability and biocompatibility. The benefits 
of natural hydrogels include favorable biocompatibility, 
minimal toxicity, and natural degradation, while their 
cons include weak mechanical features and potential for 
immunogenicity. Synthetic hydrogels are mainly utilized 
in controlled drug release and regenerative medicine, 
offering precise control over physical and chemical prop-
erties. Their benefits include adjustable characteristics, 
including pore size and degradation rate, robust mechan-
ical strength, while their cons include toxicity and less 
biocompatibility compared to natural hydrogels. Hybrid 
hydrogels possess the features of both natural and syn-
thetic hydrogels using in drug delivery systems and tissue 
engineering. Their benefits include improved mechanical 
properties and biocompatibility, customizable features, 
whereas their cons include complicated synthesis and 
potential issues with batch-to-batch consistency. Amor-
phous hydrogels are promising in wound dressings and 
contact lenses due to their flexible and soft nature. Their 
benefits include favorable water content and conform-
ability to various shapes, while they suffer from lower 
mechanical strength and structural integrity. Crystal-
line hydrogels are utilized in load-bearing applications, 
including cartilage replacements due to their structured 
networks. Their benefits include improved mechani-
cal strength and stability, while their cons are decreased 
swelling capability and flexibility, which might limit their 
use in some biomedical applications. Semi-crystalline 
hydrogels are deployed for drug delivery systems that 

require a balance between mechanical properties and 
fluid dynamics. Their benefits include improved mechan-
ical strength and water absorption capabilities, while 
their cons include complicated manufacturing processes. 
More information regarding the synthesis of hydrogels 
can be found in these reviews [46–50].

Until now, multiple studies have shown the differ-
ent strategies utilized for the preparation of the hydro-
gels [14, 51–60]. The polymerization method is the first 
strategy for the development of hydrogels. A number of 
polymerization methods, including free-radical polym-
erization, can be utilized for hydrogel synthesis that is 
simple and efficient. Another strategy is the crosslinking 
method, which can occur as physical crosslinking using 
hydrogen bonding and ionic interactions, or chemi-
cal crosslinking using covalent bonding to improve the 
mechanical stability and functionality of hydrogels. Nota-
bly, the monomers used for the synthesis of hydrogels are 
of importance and can affect hydrogel characteristics. 
As an example, acrylic acid and its derivatives have been 
extensively used in the synthesis of hydrogels due to the 
high water absorbance ability and adjustable mechanical 
features. Both natural and synthetic polymers including 
alginate, chitosan, poly(vinyl alcohol) and polyacrylamide 
can be used for the synthesis of hydrogels. In order to 
develop biocompatible hydrogels, the synthesis of these 
materials using a  green approach is suggested. Further-
more, stimuli-responsive hydrogels (sensitive to pH, 
temperature, light and magnetic field) and nanocom-
posite hydrogels (adding nanostructures into the struc-
ture of hydrogels) have been developed for biomedical 
applications.

The application of hydrogels in cancer therapy has 
opened a new gate for tumor suppression. Hydrogels 
have been shown to be beneficial for tumor microenvi-
ronment (TME) remodelling [61], immunotherapy [62, 
63], vaccine development [64], drug delivery [65, 66], 
nanoparticle and drug co-delivery [67] and phototherapy 
[68]. Hydrogels can be developed from pectin and car-
boxymethyl to deliver silibinin, impairing the progres-
sion of lung tumor in  vivo and impairing the function 
of TMEM16A ion channel [69]. Despite using oral vac-
cines, their clinical application due to the safety issues 
is under question. Therefore, chitosan-sodium alginate 
microcapsules have been developed to encapsulate engi-
neered bacteria and protect against the conditions in the 
stomach. Moreover, the dissolution of the microcapsules 
can lead to the release of bacteria in the intestine peri-
odically, improving cancer immunotherapy [70]. Another 
function of hydrogels is related to the stimulation of mac-
rophages, increasing their phagocytic activity, and pro-
moting systemic cancer immunotherapy [71]. Hydrogels 
can accelerate cancer phototherapy, and for this purpose, 
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injectable nanocomposite hydrogels have been developed 
based on alginate-Ca2+ to provide melittin-assisted Ca2+ 
overload for increasing photothermal-mediated tumor 
ablation [72]. One of the interesting points of hydrogels 
in cancer chemotherapy is their potential for the slow 
release of drugs such as doxorubicin [73]. This can poten-
tiate chemotherapy and prevent drug resistance in can-
cer cells. The presence of tumor cells at TME can cause 
cancer relapse, and therefore, immunomodulatory DNA 
hydrogels comprised of PD-L1 aptamers can be devel-
oped to sense cancer cells for monitoring postoperative 
tumor relapse [74].

Hydrogels in the treatment of gastrointestinal 
cancers
Colorectal cancer
One of the most common digestive tumors is colorec-
tal cancer (CRC), where  up to half of the CRC patients 
can develop metastasis into  the liver and lung [75, 76]. 
The conventional therapeutics for CRC include surgical 
resection, radiation, and chemotherapy [77]. However, 
chemotherapy or surgery cannot significantly improve 
the survival of CRC patients. Therefore, the develop-
ment of new strategies, mainly based on hydrogels, can 
improve the treatment of CRC. Hydrogels have been 
developed from  the chemical crosslinking of hyaluronic 
acid (HA) and carboxymethyl cellulose sodium (CMCNa) 
and then loaded with oxaliplatin. These hydrogels can 
reduce intra-abdominal adhesion after chemotherapy. 
Moreover, the slow release of oxaliplatin from these 
hydrogels was observed to release drug via diffusion. The 
in vivo experiment was performed on an SD rat model, 
where the suppression of intra-peritoneal adhesion was 
provided by the hydrogels [78]. In this regard, hydrogels 
have been developed from HA and CMCNa through 
crosslinking, and then a  double emulsion strategy was 
utilized to develop oxaliplatin-embedded Poly-(d,l-lac-
tide-co-glycolide) (PLGA) microparticles. The PLGA 
microparticles had a size and zeta potential of 1100.4 nm 
and 77.9%, respectively. The microparticle-embedded 
hydrogels were able to release drug in a prolonged man-
ner and they improved the pharmacokinetic profile of 
oxaliplatin. These hydrogels provided protection of dam-
aged tissues against peritoneal adhestion [79]. However, 
the function of hydrogels is more than the regulation of 
abdominal adhesions; they can exert anticancer activities. 
Studies have shown that polysaccharides-based hydro-
gels are promising candidates for prolonged drug deliv-
ery because of their  biocompatibility and high swelling 
[80–82]. Alginate (Alg) is one of the polysaccharides with 
common use capable of supporting the drugs against the 
gastric juice and providing intestinal delivery of drug 
[83]. In this regard, hydrogels have been prepared from 

Alg and CMC via crosslinking with Ca2+. Then, metho-
trexate (MTX)-loaded CaCO3 (CaCO3/MTX) and aspirin 
(Asp) are co-entrapped in the hydrogels. These hydrogels 
provide the protection of MTX in stomach and small 
intestine and deliver it to the colorectum [84]. Therefore, 
they are promising candidates in cancer therapy through 
the delivery of chemotherapy drugs.

One of the factors determining the cellular fate is the 
mechanical interactions occurring between the cells and 
TME, which are important in metastasis and migration. 
The type I collagen hydrogels have been shown to affect 
the migration of CRC cells, and this is determined by the 
stiffness of the hydrogels related to the collagen concen-
tration and gelatin temperature [85]. However, this aspect 
has been ignored in most of the studies and they empha-
sized on the development of novel hydrogels and loading 
different drugs or other bioactive factors in the treatment 
of CRC. The physical cross-linked hydrogels have been 
developed from ABA triblock copolymers of vitamin 
D-functionalized polycarbonate and poly(ethylene glycol) 
to deliver Avastin in the treatment of CRC. Two models 
of CRC, including subcutaneous and intraperitoneal met-
astatic tumor models, were used. These hydrogels exerted 
more suppressive activity on subcutaneous tumors com-
pared to intraperitoneal models, and they preferentially 
accumulated at the tumor site with low accumulation in 
the  liver and kidney. These hydrogels improved the sur-
vival rate of animal models and they suppressed metas-
tasis [86].

One of the types of hydrogels is mucoadhesive hydro-
gels, which are capable of binding to mucin, as a glyco-
protein generated by the cells in the mucosal tissues. 
The presence of functional groups, including carbox-
ylic acids, amines, or thiols can affect the extent and 
strength of interaction with mucin [87, 88]. In line with 
this, mucoadhesive hydrogels have been developed by 
grafting poly(acrylic acid) (PAA) on cellulose nanocrys-
tals (CNC) at 6, 9 and 12 CNC:PAA w/w ratios. These 
hydrogels possessed rheological behavior when there is 
mucin compared to CNC and other gels, and they can 
release cisplatin in a sustained way to increase suppres-
sion of CRC [89]. In another study, hydrogels were devel-
oped from chitosan and chondroitin sulfate. In order to 
improve chitosan solubility and hydrogel characteristics, 
the hydrogel synthesis was performed from ionic liquids. 
Then, curcumin and silver nanoparticles were loaded into 
hydrogels. These hydrogels, along with photodynamic 
therapy (PDT), demonstrated potential in the induction 
of cell death in CRC due to increased metal-mediated 
singlet oxygen. Moreover, their biocompatibility was high 
due to lack of impact on healthy tissues [90].

One of the strategies is loading nanostructures inside 
the hydrogels for CRC therapy. In this line, alginate 
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nanostructures have been functionalized with folic acid 
and then embedded in hydrogels. The conjugation of 
folic acid to alginate nanoparticles was performed by 
NH2-linkage, and they can target the folate receptor 
overexpressed on the surface of cancer cells. The pH-
sensitive hydrogels were developed via  a free radical 
polymerization strategy to mediate the sustained release 
of diferourylmethane. The pH-mediated release of drug 
occurred at a pH level of 7.4, and it was internalized by 
the tumor cells through folate receptors [91]. This system 
can release the nanoparticles at the tumor site and then 
the nanoparticles provide the controlled release of drugs 
to increase the  anticancer potential. In another work, 
hydrogels were developed based on inulin, and then they 
were loaded with hollow MnO2 nanocarriers containing 
oxaliplatin. Bacteria in colon tissue mediated the metabo-
lism of these nanoparticles to degrade inulin and produce 
short-chain fatty acids to mediate immune responses and 
regulate microbiota, providing site-specific release of 
oxaliplatin and increasing ROS generation in the acidic 
TME [92]. It can be highlighted that hydrogels are prom-
ising factors for the delivery of chemotherapy drugs in 
CRC suppression. Hydrogels can  also impair perito-
neal carcinometastasis of the colorectal and decrease its 
growth [93–100]. Hydrogels are ideal candidates for the 
site-specific delivery of naringenin and tannic acid in 
CRC therapy [101, 102], emphasizing their function in 
natural product delivery. Moreover, hydrogels provide 
the prolonged release of drugs in CRC therapy [103].

Gastric cancer
Gastric cancer (GC) is another malignant of gastrointes-
tinal tract, and it is a major public health problem [104]. 
GC has been mentioned as the most malignant tumor 
in China and the leading cause of death [105]. Surgical 
resection, along with chemotherapy and radiotherapy, 
are conventional therapies for GC [106]. However, the 
tumor cells can develop resistance to traditional thera-
pies. Therefore, the application of nanoparticles for the 
treatment of GC has surged. Regarding this, hydrogels 
have been developed to deliver a number of chemother-
apy drugs, including cisplatin, to improve the survival 
time of animal models bearing GC cells and impair pro-
liferation and invasion [107]. Hydrogels can deliver sev-
eral chemotherapy drugs to suppress GC. In line with 
this, biodegradable hydrogels have been developed from 
PDLLA-PEG-PDLLA to deliver cisplatin and 5-fluoro-
uracil. The hydrogels provided the prolonged release of 
cargo, and stimulated apoptosis, while suppressing pro-
liferation of cancer cells. On the other hand, the adverse 
impacts were reduced, and the in vivo experiment high-
lighted the reduction of growth in metastatic tumors 
[108].

Compared to systemic therapy, local therapy has been 
suggested to be more effective in cancer therapy [109–
111]. The local intraperitoneal chemotherapy allows 
to preserve high levels of drug at peritoneal cavity for a 
prolonged period of time, and this can also decrease side 
effects [112, 113]. In line with this, hydrogels have been 
developed from polyethylene-glycol-modified bovine 
serum albumin (PEG-BSA). Then, red blood cell mem-
brane biomimetic nanostructures containing paclitaxel 
were loaded into the hydrogels. The nanostructures had a 
size of 133  nm with a  negative zeta potential. Moreo-
ver, their drug encapsulation and loading were 85% and 
22%, respectively. These injectable hydrogels provided 
prolonged  drug release with a  cumulative release of 
paclitaxel of 30% after six days. In addition to being bio-
compatible and biodegradable, these hydrogels showed 
high anticancer activity and impaired tumorigenesis 
in vivo [114]. Regarding the high importance of intraperi-
toneal delivery of drugs in GC therapy, a similar strategy 
has also been used for the delivery of cisplatin. A biode-
gradable hydrogel has been developed from crosslinking 
of hyaluronic acid with adipic dihydrazide and aldehyde 
that can mediate in-situ gelation in peritoneum, and it 
released cisplatin for 4 days. This delivery system reduced 
the weight of peritoneal nodules [115]. It appears that the 
development of hydrogels from hyaluronic acid is ben-
eficial in improving the  sustained release of cargo. For 
instance, hyaluronic acid-based hydrogels can release 
cisplatin for 2  days [116]. Hybrid networks can be also 
developed, such as a network of gelatin microsphere-
alginate hydrogel, which can provide prolonged release 
of 5-fluorouracil as cargo in GC therapy [117]. Hydro-
gels should be developed from sources and compounds 
to improve their erosion capacity. Notably, the develop-
ment of hydrogels from poly(organophosphazene) (PPZ) 
containing α-amino-ω-methoxy-poly(ethylene glycol) 
(AMPEG) 750 instead of AMPEG 550 improves the ero-
sion ability of the hydrogels, and they can deliver doc-
etaxel in GC therapy [118]. As a result, hydrogels can 
provide co-delivery of drugs (paclitaxel and doxorubicin) 
[119] and mediate prolonged release of chemotherapy 
drugs [120]. Nanoparticles can be loaded in gelatin 
hydrogels to exert anti-tumor activity upon local implan-
tation [121].

Liver cancer (hepatocellular carcinoma)
Liver cancer is the fifth leading cause of death in the USA, 
and its incidence rate has gradually increased [122]. Up to 
80–90% of all liver cancers are hepatocellular carcinoma 
(HCC), and cholangiocarcinoma is responsible for the 
10–15% of liver cancer cases [123]. Hepatoblastoma and 
HCC can affect both children and adolescents, responsi-
ble for 67–80% and 20–33% of cases, respectively [124]. 
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Despite advances in the treatment of HCC and the devel-
opment of new strategies for the diagnosis of this disease, 
it is still one of the leading causes of death. Regardless 
of the  diagnosis, liver cancer cells can develop therapy 
resistance, urging scientists to develop new strategies 
for its treatment. Although chemotherapy is the main 
tool for liver cancer therapy, systemic chemotherapy 
shows poor efficacy, and it is associated with side effects. 
Hydrogels can provide new insights for the effective 
treatment of cancer through local chemotherapy [125]. 
The hydrogels utilized for the treatment liver cancer have 
been synthesized from different compounds including 
hyaluronic acid and tyramine [126], poloxamer 407 and 
alginate [127], PEG and gelatin [128], PCLA [129], cellu-
lose [130], curdlan derivatives [131], k-carrageenan [132], 
PVA/CNCs [133] and PNIPAm-co-Polyacrylamide [134]. 
Each of these hydrogels demonstrates its own benefits, 
and they can be used for drug delivery, sustained release 
of cargo, and overall, improving the fight against tumors.

Surgery is one of the options in the treatment of HCC. 
In addition to the surgical hemorrhage, the relapse 
rate of HCC is also high. Hydrogels have been shown 
to overcome such challenges in the treatment of HCC 
and reduce its recurrence. In this regard, nanoparticle-
embedded hydrogels have been suggested. A block copol-
ymer containing PEG and polyglutamic acid has been 
utilized for the encapsulation of monoclonal antibodies, 
generating self-assembled micelles. However, such nano-
structures suffer from poor stability, and therefore, mag-
nesium calcium carbonate nanostructures encapsulating 
monoclonal antibodies were developed through a chemi-
cal precipitation strategy to improve stability. Finally, 
the hydrogels synthesized from fibrinogen and throm-
bin were combined with previously synthesized nano-
structures. These hydrogels not only diminish surgical 
hemorrhage but also prevent cancer recurrence through 
inducing dendritic cell maturation and activation of T 
cells to impair tumorigenesis [135].

In addition to proliferation, metastasis and recurrence, 
another issue in HCC is the angiogenesis, which is the 
generation of new vessels from the pre-existing ones to 
increase the nutrition entrance into the tumor site and 
mediate their spread. HCC could  recruit tumor-asso-
ciated macrophages (TAMs) in revascularization and 
enhance tumorigenesis. In this regard, hydrogels have 
been developed from the co-assembly of PCN-Len nano-
particles and oxidized dextran, and then, the nanomodu-
lators of TAMs-reprogramming polyTLR7/8a, known as 
(p(Man-IMDQ) nanoparticles, were embedded into the 
hydrogels. Each part has a function in the cancer therapy. 
PCL-Len nanoparticles can target the tyrosine kinases 
in vascular endothelial cells to impair VEGFR. Then, 
(p(Man-IMDQ) nanoparticles mediate  the re-education 

of M2 polarized macrophages into M1 macrophages 
through mannose-binding receptors and diminish VEGF 
secretion by suppressing the invasion and growth of vas-
cular endothelial cells. The in  vivo experiment showed 
that single administration of such hydrogels can reduce 
tumor microvessel density and increase vascular network 
maturation [136].

In addition to the delivery of chemotherapy drugs, 
hydrogels have been used to deliver bioactive natural 
compounds with anticancer activity. Curcumin is a bio-
active compound of Curcumin longa, and in addition to 
its antioxidant activity, this compound has shown high 
potential in cancer therapy and overcoming chemoresist-
ance. The delivery of curcumin by hydrogels can potenti-
ate its anticancer activity. The hydrogels were developed 
from glycyrrhetinic acid-modified curcumin supramolec-
ular pro-gelators showing desirable water solubility. The 
formation of supramolecular gels is due to the disulphide 
bond reaction mediated  by glutathione. The hydrogels 
can release curcumin in a prolonged manner, and due 
to the upregulation of GA on the surface of liver cancer 
cells, they show high internalization in tumor cells and 
impair tumorigenesis [137]. In addition, the hydrogels 
developed from PDLLA-PEG-PDLLA can be loaded with 
paclitaxel nanostructures to impair liver metastasis [138]. 
Therefore, hydrogels are promising candidates for the 
suppression of lymph node metastasis [139] and delivery 
of chemotherapy drugs [140] in cancer therapy.

Pancreatic cancer
Pancreatic cancer (PC) is one of the leading causes 
of death worldwide [141]. Although PC is account-
able for 3% of all cancer cases, PC is responsible for 
7% of all cancer deaths [122, 142]. The on-time diag-
nosis of PC is still challenging, and it is mainly diag-
nosed in advanced stages. Moreover, only 10% to 20% 
of patients are eligible for the surgical resection [143]. 
The aggressive nature of PC can result in drug resist-
ance [144, 145]. Gemcitabine is commonly used for the 
treatment of PC; however, the tumor cells can develop 
resistance to therapy. Regarding this, hydrogels have 
been utilized for the prolonged release of gemcitabine 
in PC therapy. The hydrogels have been prepared from 
oxidized-carboxymethylcellulose (OCMC) and CMCS 
via a dopamine-functionalized method to mediate pro-
longed release of gemcitabine for impairing growth, 
increasing apoptosis and the treatment of PC [146]. In 
another experiment, PEG cross-linked HA hydrogels 
comprised of PEGylated TRAIL have been prepared. 
HA was conjugated to the 4-arm PEG(10  k)-amine as 
cross-linker using another cross-linker 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride, 
and then PEG-TRAIL was loaded within the hydrogels. 



Page 8 of 26Tang et al. Journal of Translational Medicine          (2024) 22:970 

The yield for the preparation of hydrogels at a  100:1 
ratio was more than 88%, and they were moderately 
stiff. These hydrogels released PEG-TRAIL in a period 
of 14 days in vitro, while it lasted 7 days in vivo. They 
demonstrated high anticancer activity through  PEG-
TRAIL mediated apoptosis [147]. Since TRAIL is bene-
ficial for increasing apoptosis in PC cells, another study 
focused on the development of albumin-crosslinked 
PEG hydrogels through a thiol-maleimide reaction. 
These hydrogels are comprised of the thiolated human 
serum albumin and 4-arm PEG20k-maleimide. The 
gelation time of such hydrogel is adjustable, and it is 
in the range of 15  s to 5  min. This hydrogel demon-
strated a  hard interaction with  the TRAIL protein, 
showing favorable release profiles for increasing thera-
peutic potential. Such hydrogels are beneficial for the 
injectable, prolonged  release of antitumor compounds 
[148]. Solid tumor treatment can be accelerated by 

the application of intratumoral radiotherapy. Recently, 
hydrogels have been applied to potentiate PC radia-
tion therapy. Notably, hydrogels can mediate intra-
tumoral radiotherapy. In this way, thermosensitive 
micellar nanoparticles were synthesized from an 
elastin-like polypeptide (ELP), and their labeling was 
performed by radionuclide (131)I to generate in  situ 
hydrogel. The presence of body heat induces the ELP 
micelles to change into insoluble form. The high energy 
β-emissions of (131)I increase depot stability through 
mediating crosslinks within the ELP depot over 24  h. 
These ELP depots demonstrated 52% and 70% accumu-
lation in prostate and pancreatic tumors, respectively 
[149]. However, the studies regarding the hydrogel 
application in PC therapy are poor in terms of the vari-
ety of the applied drugs, the impact on the underlying 
molecular pathways in cancer, and the lack of attention 
to overcoming chemoresistance. Figure  2 highlights 
the development of hydrogels for the treatment of GI 
tumors.

Fig. 2  The development of hydrogels in the treatment of gastrointestinal cancers. There are multiple sources utilized for the development 
of hydrogels in gastrointestinal cancer therapy. Various kinds of polymers have been used, especially natural-based polymers such as cellulose, 
chitosan and alginate. These hydrogels have been mainly deployed for the delivery of chemotherapy drugs including oxaliplatin, doxorubicin, 
docetaxel and 5-fluorouracil. Their final impact on the tumor cells can be decreasing metastasis and proliferation of cancer cells, macrophage 
reprogramming to M1 phenotype, reversing drug resistance and reduction in angiogenesis through controlling VEGF levels. (Created by Biorender.
com)
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Stimuli‑responsive hydrogels in the treatment 
of gastrointestinal tumors
Stimuli-responsive hydrogels respond to the endogenous 
or exogenous stimuli by changing their physical and 
chemical features. Such changes can occur in response 
to pH, temperature, light, magnetic or electric fields, and 
specific biochemicals. Overall, there are several kinds of 
stimuli-responsive hydrogels with potential applications 
in cancer therapy. The pH-sensitive hydrogels are able 
to respond to alterations in pH levels that are efficient 
for the drug delivery in TME. The temperature-sensitive 
hydrogels undergo a volume-phase transition in response 
to temperature changes that can be utilized for respond-
ing to body heat or external temperature stimuli. The 
light-responsive hydrogels can alter their structure or 
release the cargo in response to specific light wavelengths 
with spatio-temporal precision. The magnetic-sensitive 
hydrogels contain magnetic particles that can react to 
magnetic fields, thereby releasing cargo. The redox-sen-
sitive hydrogels respond to the alterations in the levels 
of glutathione in healthy and cancerous tissues. Moreo-
ver, there are enzyme-responsive hydrogels capable of 
responding to the enzymes in TME, including matrix 
metalloproteinase. More information regarding stim-
uli-responsive hydrogels can  be found in these reviews 
[150–153].

Stimuli‑responsive hydrogels in colorectal cancer
The stimuli-responsive of nanomaterials are a novel 
class in which they  respond to the specific stimulus in 
the TME to release the cargo. Currently, the TME has 
a number of distinct features compared to the normal 
tissues, including alterations in pH, redox status, tem-
perature and enzymes. Therefore, the development of 
stimuli-responsive hydrogels can provide new insights 
in the treatment of cancer. The most common kind of 
hydrogels that have been used for CRC therapy is ther-
mosensitive hydrogels. This kind of hydrogel can be syn-
thesized from conjugated linoleic acid-coupled Pluronic 
F127 (Plu-CLA) to deliver 5-fluouracil. This thermosen-
sitive hydrogel can impair proliferation and metastasis, 
while it induces apoptosis in CRC cells [154]. Thermo-
sensitive hydrogels release the drug in demand, and they 
can also be used for the delivery of other chemotherapy 
drugs including doxorubicin [155]. Other compounds 
for the synthesis of thermosensitive hydrogels are polox-
amers P407 and P188 as well as alginate that can deliver 
5-fluorouracil. This injectable hydrogel demonstrates a 
free-flowing form in ambient temperature, while having 
a SOL–GEL transition  at 26.0  °C ± 0.6  °C, providing an 
in situ non-flowing gel at the physiological temperature. 
This thermosensitive hydrogel showed an elastic behavior 

and responded to shear-thinning fluid. The presence of 
alginate delays the release of cargo, and the drug under-
goes release mainly by diffusion [156]. Thermosensitive 
hydrogels can also be synthesized from methyl-cellulose 
to deliver oxaliplatin as  a chemotherapy drug. Along 
with high biocompatibility and thermosensitive feature, 
these hydrogels were able to provide prolonged release of 
cargo, and they stimulated apoptosis through inhibition 
of the PI3K/Akt axis [157]. Other kinds of nanoparticles 
can be loaded into thermosensitive hydrogels to increase 
their potential in cancer therapy. Biodegradable thermo-
sensitive hydrogels have been synthesized from chitosan, 
and 5-fluorouracil-embedded micellar nanoparticles and 
cisplatin were loaded in the  hydrogels. These hydrogels 
can disrupt the  proliferation and invasion of CRC cells, 
while improving the survival time of animal model. 
Moreover, hydrogels can impair the metastasis of CRC 
cells to liver and lung [158]. As a result, the thermosensi-
tive hydrogels are a promising approach in CRC therapy 
[159, 160]. However, other kinds of hydrogels, especially 
pH-sensitive hydrogels, can also  be developed for CRC 
treatment.

Stimuli‑responsive hydrogels in gastric cancer
The development of stimuli-responsive hydrogels can 
also offer help with the fight against GC. The majority 
of studies have focused on thermosensitive hydrogels in 
GC therapy. The thermosensitive hydrogels can be devel-
oped from poly(organophosphazene) (PPZ) to deliver 
docetaxel. These hydrogels can decrease tumor growth, 
improve the  survival rate of animal models, and impair 
peritoneal metastasis in GC [161]. Previously, it was 
mentioned that Plu-CLA hydrogels can be developed for 
CRC therapy, and this has also been followed in the treat-
ment of GC. The thermosensitive hydrogels based on 
Plu-CLA can deliver docetaxel, decreasing survival of GC 
cells. Moreover, these thermosensitive hydrogels stimu-
late apoptosis and decrease the number of peritoneal 
metastatic nodules [162]. The thermosensitive hydrogels 
are able to encapsulate gabbogic acid-loaded and iRGD-
functionalized nanoparticles to exert anticancer activity 
[163]. The reason for functionalization with iRGD is to 
increase attachment to integrin receptors for increasing 
internalization by GC cells.

Stimuli‑responsive hydrogels in liver cancer
Similar to other tumor types, stimuli-responsive hydro-
gels are also beneficial in the treatment of liver tumor. 
The most common type of hydrogels used for the treat-
ment of liver cancer are thermosensitive hydrogels that 
can be prepared from PELG-PEG-PEGL to provide 
prolonged release of paclitaxel, and along with biocom-
patibility, they can suppress tumor xenograft [164]. In 
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addition to paclitaxel, other kinds of chemotherapy 
drugs, such as doxorubicin, can be delivered by ther-
mosensitive gels in cancer therapy [165]. One important 
potential is the co-delivery of chemotherapy drug and 
natural products in tumor suppression. Notably, ther-
mosensitive Pluronic F127 hydrogels were utilized for 
the delivery of resveratrol microspheres and cisplatin to 
accelerate apoptosis and cell cycle arrest. In vivo experi-
ments demonstrated the potential of hydrogels in reduc-
ing ascite number, decreasing proliferation, angiogenesis, 
and improving the survival rate of mice by increasing the 
potential of intraperitoneal chemotherapy [166]. Nota-
bly, the dual responsive hydrogels have been used in liver 
cancer therapy. The pH- and thermosensitive hydrogels 
can be developed from N-isopropyl acrylamide (NIPAm) 
and acrylamide (AAm) as comonomers. These hydro-
gels are known as PNIPAm-co-PAAm HG and they can 
deliver curcumin. The release of drug was performed in 
response to pH and temperature, and drug loading effi-
cacy was 65%. The release of drug was performed at pH 
5.5 and 40  °C and despite possessing favorable biocom-
patibility, they can reduce viability of tumor cells [167]. 
The hydrogels possessing self-healing and pH-sensitive 
features are of importance in cancer drug delivery. The 
changes in the TME (competition for proliferation and 
metabolism) can decrease the pH levels and put it at 
a mildly acidic level. Therefore, the pH-responsive hydro-
gels can release the drugs at the TME. Such hydrogels 
can be developed from N-carboxyethyl chitosan (CEC) 
through Michael reaction and dibenzaldehyde-termi-
nated poly(ethylene glycol) (PEGDA). Doxorubicin was 
loaded in hydrogels for delivery, and the hydrogels pos-
sessed self-healing properties because of the  dynamic 
covalent Schiff-base linkage between amine groups from 
CEC and benzaldehyde groups from PEGDA. In addition 
to biocompatibility and pH-sensitive release of drug, the 
hydrogels can impair the HCC [168]. Most  studies have 
focused on the single drug delivery by hydrogels in can-
cer therapy. In order to accelerate loading bioactive com-
pounds into hydrogel structures, porous hydrogels are 
suggested that can be developed from pNIPAM particles 
and deliver 5-fluorouracil and metformin. These hydro-
gels provide prolonged release of cargo in response to 
temperature, and due to encapsulation, they support the 
drug against resolving [169]. One of the challenges in the 
treatment of liver cancer is the presence of drug resist-
ance. The upregulation of P-glycoprotein (P-gp) as a drug 
transporter on the surface of cancer cells can mediate 
drug efflux to decrease accumulation of drugs within the 
cells and mediate chemoresistance. To overcome such an 
issue, thermosensitive hydrogels have been developed 
from Pluronic PF127 and then modified with TPGS to 
suppress tumor growth and disrupt the resistance in 

P-gp-upregulating cancer cells [170]. Taking everything 
together, current studies highlight the importance of 
hydrogels in liver cancer therapy, and the thermosen-
sitive hydrogels are more beneficial in this case due to 
responding to temperature. However, more attention 
should be paid to self-healing, thermosensitive hydrogels. 
The limitations have been mentioned in the conclusion of 
this paper.

Stimuli‑responsive hydrogels in pancreatic cancer
The development of stimuli-responsive hydrogels is 
important in the treatment of PC due to their dense 
TME, requiring site-specific delivery systems to maxi-
mize the accumulation and internalization of drugs in PC 
cells. Paclitaxel-embedded liposomal gels are beneficial 
in the treatment of PC. The thermosensitive hydrogels 
demonstrate favorable sol-to-gel transition temperatures, 
and they can improve the drug stability [171]. A method 
for the preparation of such thermosensitive hydrogels is 
their development from PVLA-PEG-PVLA, and then 
paclitaxel- and gemcitabine-loaded liposomes function-
alized with PR-b (targeting integrin α5β1) were loaded 
into hydrogels. These hydrogels can mediate prolonged 
delivery of cargo, and they can suppress the growth of 
PC [172]. Notably, pH- and enzyme-sensitive hydrogels 
have been also developed for the treatment of PC. These 
self-healing hydrogels have been developed from PLys- 
b-(PHIS- co-PBLG)-PLys- b-(PHIS- co-PBLG)- b-PLys 
that have been combined with the aqueous solution of 
gemcitabine. After injection at the tumor site, they are 
transformed into hydrogels, and their degradation occurs 
after being close to PC due to their pH-sensitive nature, 
improving their site-specific feature. The in vivo experi-
ment showed that  the efficacy of such hydrogels with 
embedding only 40% of  the drug is similar to the  peri-
tumoral injection of 100% of the  free drug [173]. Fig-
ure 3 demonstrates the application of stimuli-responsive 
hydrogels in GI cancer therapy.

Hydrogels in the phototherapy of gastrointestinal 
tumors
Colorectal cancer phototherapy by hydrogels
Regarding the progresses in the field of nanobiotechnol-
ogy, there has been a significant focus on the application 
of new methods, including immunotherapy, photother-
mal (PTT), and photodynamic (PDT) therapy, and their 
combination in tumor elimination [174–176]. PDT and 
PTT are becoming novel strategies in cancer therapy 
because of their non-invasive features, high specificity, 
and poor adverse impacts [177]. Indocyanine green (ICG) 
has been utilized as a photothermal compound, and 
through changing light into the singlet oxygen, it can cure 
tumor [178]. However, this agent has poor photostability 
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[179]. According to this, ICG-embedded pH-sensitive 
bortezomib supramolecular hydrogels have been synthe-
sized to improve photostability of ICG and increase the 
potential of PTT and PDT as well as their combination 
with chemotherapy [180]. In another work, the hydrogels 
have been developed from sonosensitizer protoporphyrin 
IX (PpIX)-conjugated manganese oxide (MnO2) nano-
particles and a glutathione (GSH) inhibitor. In this way, 
the MnO2 nanostructures can increase oxygen levels to 
reduce hypoxia and promote ROS generation through 
the action of sonodynamic therapy. Then, GSH depletion 
can suppress GSH synthesis, increasing the  potential of 
sonodynamic therapy in CRC therapy [181]. The com-
bination of immunotherapy and phototherapy for the 
treatment of CRC should be followed in the upcoming 
studies. Moreover, EGFR-conjugated fucoidan/alginate-
embedded hydrogels have been demonstrated to stimu-
late the EGFR/Akt axis in increasing apoptosis, and they 
also enhance mtROS levels to induce mitochondrial dys-
function and enhance protein aggregates. Moreover, such 

hydrogels can mediate cell cycle arrest and increase ROS 
levels to mediate cell death in CRC cells [182].

Pancreatic cancer phototherapy by hydrogels
In the recent years, phototherapy has emerged as 
a  potential therapeutic strategy for PC [183–185]. 
Hydrogels can increase phototherapy-mediated PC 
ablation. In this regard, a thermosensitive liposomal 
hydrogel was developed for the delivery of gemcitabine 
and NIR-II photothermal compound, known as DPP-
BTz. The injectable hydrogels demonstrated a flowing 
solution at room temperature, while they demonstrated 
cross-linked gel structure at the physiological tempera-
ture. Exposure to 1064 nm laser irradiation can medi-
ate heat to degrade the thermosensitive liposomes for 
releasing gemcitabine in the elimination of PC cells, 
highlighting the importance of phototherapy and 
chemotherapy combination [186].

Fig. 3  The role of stimuli-responsive hydrogels in gastrointestinal cancer therapy. Currently, most of the studies have focused on the application 
of pH- and thermo-sensitive hydrogels in GI cancer therapy. However, other kinds of hydrogels including redox- and enzyme-responsive are 
also present that future studies can focus on their application in GI tumor therapy. Such stimuli-sensitive hydrogels can release the cargo (drug 
or gene) at the tumor site to improve their internalization in reducing tumorigenesis. (Created by Biorender.com)



Page 12 of 26Tang et al. Journal of Translational Medicine          (2024) 22:970 

Hydrogels in the immunotherapy 
of gastrointestinal tumors
Colorectal cancer immunotherapy by hydrogels
In the recent years, nanoparticles have been introduced 
as novel therapeutics for the regulation of tumors and 
improving cancer immunotherapy. The activation of 
alternative molecular pathways and other genomic 
changes in cancer can mediate immune evasion and 
the low response of patients to immunotherapy. There-
fore, nanoparticles have been utilized for the delivery 
of immunomodulators and reversing the immune eva-
sion in human cancers [10]. Increasing evidences have 
shown the application of hydrogels for the regulation of 
immune responses in CRC therapy. Regarding this, ther-
mosensitive hydrogels have been developed based on the 
self-assembly of PDLLA-PEG-PDLLA to generate PLEL 
micelles and then loading R848 and oxaliplatin to develop 
PLDL hydrogels. The in vivo injection of these hydrogels 
leads to the in situ vaccination of tumor cells through the 
regulation of TAAs, CRT and HMGB1 to finally induce 
dendritic cell maturation. Then, dendritic cells mediate 
proliferation and activation of cytotoxic T lymphocytes 
in the lymph nodes to increase chemo-immunotherapy 
[187].

The immune checkpoint inhibitors have been widely 
utilized in the treatment of cancer, demonstrating bet-
ter efficacy compared to small molecules and antibodies 
[188]. In addition, the anti-PD-L1 antibodies have been 
combined with other therapies, including radiotherapy 
and chemotherapy, to enhance their potential [189]. The 
introduction of nanomaterials can improve the efficacy 
of this therapy [190, 191]. In this regard, sodium alginate 
hydrogels have been synthesized that are comprised of 
elesclomol-Cu and galactose, inducing cuproptosis and 
reducing PD-L1 levels in cancer immunotherapy. The 
immobilization of elesclomol into a sodium alginate sac-
charide chain through the coordination with bivalent 
copper ions (Cu2 +), followed by  the incorporation of 
galactose, can lead to the fabrication of hydrogels. The 
implantation of these hydrogels into the cancer site can 
lead to the crosslinking with Ca2+ in the generation of 
hydrogels. Such hydrogels mediate DLAT oligomeriza-
tion and cuproptosis in CRC, and despite PD-L1 upregu-
lation by radiotherapy, these hydrogels suppress PD-L1 
to release ES-Cu and galactome, increasing the efficacy 
of immunotherapy and radiotherapy in CRC suppression 
[192]. Therefore, the immune checkpoint inhibition by 
hydrogels can accelerate immunotherapy [193].

Gastric cancer immunotherapy by hydrogels
In the recent years, immunotherapy has been intro-
duced as a novel therapeutics for GC. Several factors 

are responsible for the immune evasion in GC, includ-
ing IL-1β-associated NNT acetylation [194] and PD-1 
[195]. Therefore, hydrogels have been introduced for the 
immunotherapy of GC. The immunosuppressive TME in 
GC can be mediated by tumor-associated macrophages 
(TMAs) that the M2 polarized macrophages have carci-
nogenic function. In this way, injectable hydrogels have 
been developed for the delivery of polyphyllin II (PP2) 
and resiquimod (R848) in localized immunotherapy of 
GC. The synthesis of hydrogels was based on the Schiff 
base reactions between aldehyde-functionalized poly-
ethylene glycol and the amino group of polylysine. These 
hydrogels increase M1 polarization of macrophages and 
promote the generation of TNF-α and IL-6. Furthermore, 
they upregulate iNOS/CD206 ratio in TAMs, increase 
infiltration of CD8+ T cells in GC therapy, and reverse 
immunosuppressive TME [196].

Liver cancer immunotherapy by hydrogels
One of the most challenging issues in the immunother-
apy of liver cancer is the presence of immune evasion. 
The researchers have revealed a number of mechanisms 
involved in the immune evasion including PRDM1/
BLIMP1 [197], HERC2 [198], HKDC1 [199] and TP53/
mTORC1 [200]. However, such advancements have 
not been sufficient to overcome immune evasion in 
cancer patients. Therefore, novel strategies should be 
used with  the possibility of clinical translation, and 
hydrogels are among them. The abnormal expression of 
ABHD5 is observed in HCC, and it can mediate PD-L1 
to induce immunosuppression. An experiment has 
focused on the delivery of ABHD5 using the host–guest 
interaction with branched polyethyleneimine-g-poly 
(ethylene glycol), poly (ethylene oxide) and poly (pro-
pylene oxide) block copolymers and α-CD (PPA/CD) 
for the prolonged release of cargo. These hydrogels pos-
sess high stability and elevate the gene transfection effi-
ciency for increasing apoptosis in the HCC cells [201]. 
Navoximod, an Indoleamine 2, 3-dioxygenase 1 (IDO1) 
inhibitor, is able to enhance the herpes simplex virus 
type 1 (HSV-1) replication and HSV-1-induced oncoly-
sis in cancer. Therefore, it is ideal for combination with 
HSV-1-mediated virotherapy. Both HSV-1 and Navox-
imod have been loaded in the injectable and biocom-
patible hydrogels known as V-Navo@gel to treat HCC. 
Such hydrogels provided a local delivery to increase 
the replication of virus (increasing anticancer immune 
responses) and were able to distribute in the tumor 
site upon one injection. These hydrogels improved the 
disease-free survival of mice and prevented cancer 
relapse. The mechanism of IDO1 upregulation is that 
virus induces Senser to mediate nuclear transloca-
tion of IRF1. Then, secretion of IFNα/β occurs, which 
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mediates the STAT1-STAT2 complex to increase IDO1 
levels in inhibition of virus replication. Therefore, its 
inhibition by hydrogels can increase virus-mediated 
anticancer immune responses [202]. Hydrogels can be 
harnessed for improving the cell death-accelerated can-
cer immunotherapy. Notably, chitosan hydrochloride 
and oxidized dextran (CH-OD) were used to develop 
injectable hydrogels for the delivery of sulfasalazine. 
Such hydrogels stimulate ferroptosis with immuno-
genic activity. Moreover, these hydrogels can induce 
M1 polarization of macrophages and enhance matu-
ration of dendritic cells to accelerate immunotherapy. 
These hydrogels also demonstrate synergistic impact 
with PD-1 immunotherapy to regress up to 50% of 
ascites and mediate long-term immune memory [203].

Pancreatic cancer immunotherapy by hydrogels
Immunotherapy has emerged as a potent strategy in the 
elimination of PC. Regarding the fact that  various fac-
tors and mechanisms, including CD155/TIGIT [204], 
autophagy-induced MHC-I degradation [205] and 
FAK-inhibited antigen processing [206], participate in 
immune evasion in PC, it would be difficult to target all 
of these factors to disrupt immune evasion. Therefore, 
current treatments have been directed towards potenti-
ating  the immunotherapy of PC using novel strategies, 
and hydrogels are among them. TME remodelling by 
hydrogels has been suggested to be beneficial in cancer 
immunotherapy. The injectable hydrogels were prepared 
from chitosan and then IRF5/CCL5-siRNA-embedded 
nanostructures were loaded into the hydrogels to medi-
ate immune niche reprogramming. Such hydrogels 
can increase IRF5 levels and reduce CCL5 secretion to 
promote M1 polarization of macrophages, increasing 
T-cell mediated responses in PC immunotherapy [207]. 
The hydrogels can function as vaccines in PC immuno-
therapy. The CD103+  CD11b−  cDC1-activated hydrogel 
microsphere vaccine was prepared for the PC ablation. 
For this purpose, Cas9 plasmid and CD40L were loaded 
into liposomes and CaCO3 nanostructures, respectively, 
and at the next step, their combination with FLT3L 
cytokines and HA was performed to generate a  hydro-
gel microsphere vaccine. These hydrogels can increase 
cDC1-induced antigen cross-presentation and CD8+ 
T-cell induction to trigger PC transformation from “cold” 
to “hot” tumor. Moreover, such hydrogels increase sys-
temic immunity and suppress distant metastasis that are 
valuable in improving the survival of animal models [25]. 
Notably, hydrogel-mediated immunotherapy can prevent 
PC recurrence after surgical resection [208]. Figure  4 
highlights the application of hydrogels in the photother-
apy and immunotherapy of GI tumors.

Hydrogels in the diagnosis and detection 
of gastrointestinal tumors
Colorectal cancer
One of the simple methods for cancer diagnosis is the 
extraction of exosomes from interstitial fluid. Hydro-
gel microneedles are promising in this way, and they are 
able to be expanded in the skin tissue for interstitial fluid 
absorption. Then, exosomes can bind to the glypican-1 
antibodies within the structure of hydrogels. Upon the 
removal of hydrogels, it is possible to purify the exosomes 
from interstitial fluid for the investigation of tumor-asso-
ciated biomarkers [209]. Another method for the diagno-
sis of CRC is based on the determination of serological 
signatures [210]. In this way, the hemispherical hydrogels 
comprised of immobolized proteins and oligosaccharides 
(glycohip) can be utilized. The compounds immobilized 
on the glycochip are tumor-associated glycans (SiaTn, Tn, 
TF, Le(C), Le(Y), SiaLe(A), and Manβ1-4GlcNAcβ) and 
antibodies against human immunoglobulins IgG, IgA, 
and IgM. This glycochip has demonstrated potential in 
the detection of antibodies against the tumor-associated 
glycans in patient’s sera. Another important source for 
the detection of CRC is based on the circulating tumor 
markers [211]. Regarding this, chemically stable and 
instantly degradable (CSID) hydrogel immunospheres 
have been developed to isolate circulating tumor cells 
(CTCs) and circulating tumor exosomes (CTXs). The 
synthesis of CSID hydrogels has been performed by the 
hybridization of alginate and poly(vinyl alcohol). These 
hydrogels demonstrate pH-responsive feature, and they 
are stable in the biological buffer (no sign of dissocia-
tion). The chelating agents mediate gradual degradation 
of hydrogel. In the next step, the CSID hydrogels were 
functionalized with anti-EpCAM antibody and anti-
CD63 antibody for the isolation of circulating markers 
in liquid biopsy, including CTCs and CTXs. Hydrogels 
can even  be used for the evaluation of gene expression 
in CRC [212]. In this way, a new system has been devel-
oped known as MDHB (Multiplexed Digital-PCR cou-
pled with Hydrogel Bead-array). In order to prepare a 
template for bead-based emulsion PCR (emPCR), reverse 
transcription using sequence-tagged primers was used. 
The immobilization of emPCR was performed by hydro-
gels to generate a single-bead layer on a chip. This system 
was decoded by gene-specific probe hybridization and 
Cy3-dUTP based primer extension reaction. The pres-
ence of positive beads is in parallel with the abundance 
of expressed genes. The MDHB system demonstrated 
a discrimination limit of 0.1%, and the sensitivity was 
below 100 cells upon application of β-actin gene as the 
detection target. The MDHB system has been utilized to 
detect the genes for CRC progression, including c-myc, 
COX-2, MMP7, and DPEP1, with high detection scores. 
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Therefore, hydrogels are promising candidates for the 
diagnosis of CRC in the future.

Gastric cancer
One experiment has evaluated the application of hydro-
gels in the detection of biomarkers in GC. Since GC is a 
malignant disease, it is of importance to detect it in early 
stages, and the development of materials for its diagnosis 
is also valuable. Regarding this, supramolecular hydrogels 
have been developed from Cy5.5-conjugated polyethyl-
eneimine/hyaluronic acid polyplexes that have CD44-
targeting ability and are sensitive to near-infrared (NIR) 
light. These hydrogels demonstrated high water stability, 
biocompatibility, and selective targeting of CD44 on the 
stem-like GC cells. The NIR-sensitive feature provided 
the ability of these nanoparticles for the imaging of these 
stem cells [213]. Since the stem cells are responsible for 
the carcinogenesis and cancer relapse, such a system can 
provide new insights towards diagnosis and treatment of 
GC.

Liver cancer (hepatocellular carcinoma)
Similar to other gastrointestinal tumors, the diagnosis 
of liver cancer can occur through CTCs. However, the 
use of CTCs for the diagnosis of liver cancer has been 
faced with issues in clinics due to the low abundance 
of CTCs in the blood environment, making it hard for 
their capture. Therefore, a new strategy has been devel-
oped to recognize the sialyated glycans on the surface 
of CTCs using an ultrastrong ligand, l-histidine (HH). 
The integration of HH and a cell-imprinted polymer 
was performed to develop a hydrogel for CTC imprint-
ing, providing high elasticity, hemocompatibility and 
anti-interference abilities. The capture efficiency of 
hydrogels was suggested to be more than 95% in the 
peripheral blood, and they can release CTCs in a con-
trolled way. This strategy has been beneficial in dis-
tinguishing between the liver cancer, cirrhosis, and 
healthy groups. The diagnostic accuracy was estimated 
to be 94%, and this method was affordable [214].

Fig. 4  The potential of hydrogels in accelerating phototherapy and immunotherapy. The exposure of primary tumor cells to NIR irradiation 
can cause photothermal and photodynamic therapy (1), resulting in the release of antigens from tumor cells (2). Then, the dendritic cells are 
stimulated (3) and they are matured (4) to induce CD8+ and CD4+ T cells, (5) impairing progression of primary tumor (6) and reducing tumorigenesis 
of metastatic tumor (7). Moreover, phototherapy can stimulate DNA damage to mediate cell death in disrupting progression of cancer cells (8). 
(Created with Biorender.com)
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Pancreatic cancer
The diagnosis of PC can also be accelerated by hydrogels. 
PC cells release carbohydrate antigen 19–9 (CA 19–9) 
as a glycosylated protein biomarker that has low levels 
in healthy patients (< 37 U/ml), but its levels increase in 
cancer patients [215]. Evaluating Ca19-9 levels is benefi-
cial after surgical resection to monitor the disease [216, 
217]. An experiment has focused on the development of 
hydrogels from cellulose for encapsulating quantum dots 
and molecularly imprinted materials (MIPs) in PC diag-
nosis. The MIPs function as biorecognition elements, and 
their conjugation to cadmium telluride quantum dots 
occurs as a sensing system. The excitation wavelength 
and emission range were 477  nm and 530–780  nm, 
respectively. The enhancement in the levels of CA19-9 
can mediate fluorescent quenching of cellulose hydro-
gels, displaying linearity in the range of 2.76 × 10  −2—
5.23 × 10  2  U/ml. Notably, these hydrogels have a linear 
response lower than the cut-off values for the diagnosis 
of PC (< 23 U/ml) along with detection limit and imprint-
ing factor of 1.58 × 10 −3 U/ml and 1.76, respectively. The 
hydrogels have high specificity towards CA19-9, and they 
possess good stability, highlighting their importance in 
the diagnosis of PC [218].

Hydrogels in gene delivery for the treatment 
of gastrointestinal tumors
Colorectal cancer
In recent years, gene therapy has emerged as a promis-
ing tool in tumor suppression. However, gene therapy 
suffers from degradation of genes by enzymes and their 
poor selectivity towards tumor cells. Therefore, the appli-
cation of nanoparticles for gene delivery has increased. 
Although the focus of current studies has been on drug 
delivery using hydrogels, several experiments have inves-
tigated the potential of hydrogels in gene delivery. The 
presence of ulcerative colitis can result in the develop-
ment of CRC. Therefore, the alleviation of colitis can pre-
vent the CRC. The downregulation of TNF-α by siRNA is 
beneficial for the alleviation of colitis. Notably, a hybrid 
structure of sodium alginate hydrogel and metal–organic 
framework (MOF) has been developed that can accumu-
late in the local colon tissues to downregulate TNF-α for 
the alleviation of colitis, lacking impact on the weight, 
blood parameters and diarrhea in mice [219].

Gastric cancer
For the delivery of siRNA, lentiviral transfection is 
used, but there are some safety issues in vivo. Therefore, 
biomaterials and non-viral vectors have been utilized 
for the delivery of therapeuticscompounds including 
carbon nanotubes and chitosan [220, 221]. Collagen 

has also been of importance in the development of drug 
delivery systems, and it is a natural component of con-
nective tissue. The collagen-based biomaterials demon-
strate a number of features, including biocompatibility, 
high safety, and unique characteristics [222]. Colla-
gen has been used for the siRNA delivery to improve 
its local retention and release of cargo in a prolonged 
manner [223]. In line with this, hydrogels have been 
developed from collagen to deliver id1-siRNA. For 
improving the siRNA delivery, cationic polyethylen-
imine (PEI) has been loaded into the scaffold. These 
structures can deliver Id-1-siRNA and due to adding 
PEI to collagen, the intracellular accumulation in the 
GC cells increases to suppress tumorigenesis [224].

Liver cancer (hepatocellular carcinoma)
RNA interference (RNAi) has become a promising tool 
in the treatment of human diseases since 1998 [225]. 
The inhibition of expression in specific genes can be 
provided by siRNA application. Despite the potential of 
siRNA as a powerful gene modulator, the degradation 
of this tool in biological fluids and the physico-chem-
ical characteristics, including high molecular weight, 
negative charge, and rigid structure, can reduce the 
intracellular accumulation of siRNA. Moreover, siRNA 
has an issue in endoplasmic reticulum escape and 
release in cytoplasm [226]. The application of siRNA in 
liver cancer has shown a significant increase, and one of 
the reasons is the dysregulation of molecular pathways 
in its progression. Hydrogels have been shown to be 
promising for siRNA delivery in HCC therapy. Inject-
able hydrogels have been utilized for the delivery of 
siRNA-loaded nanoparticles. In order to increase spe-
cific cancer delivery, siRNA was conjugated to GalNAc. 
This complex was then grafted to DP7-C nanoparti-
cles and finally loaded into hydrogels. These hydrogels 
can improve the stability and enhance the potential of 
siRNA in downregulating Pin1, disrupting HCC pro-
gression [227]. However, studies related to the gene 
delivery should be increased to better understand the 
concept of hydrogels in gene therapy. Notably, hydro-
gels have been utilized in the delivery of microRNAs 
(miRNAs) with dysregulation in HCC. In this line, miR-
192 was embedded in hydrogels and through binding 
to WNT10B, it impairs  the Wnt/β-catenin axis for the 
inhibition of tumorigenesis. Moreover, upregulation 
of miR-192 through  the hydrogel delivery diminished 
the levels of CD90, EpCAM, and CD133. The delivery 
of miR-192 by hydrogels can stimulate apoptosis while 
it suppressing growth and metastasis of HCC cells 
[228]. Table 1 provides a summary of the application of 
hydrogels in the treatment of GI tumors.
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Table 1  The introduction of hydrogels in the treatment of gastrointestinal tumors

Hydrogel Cancer Remark References

Hydrogel microsphere vaccine Pancreatic cancer Release of FLT3L and CD40L at acidic pH to enhance 
migration of dendritic cells to lymph nodes for enhanc-
ing anti-cancer immunity

[25]

PLGA-PEG-PLGA hydrogel Pancreatic cancer Injectable and biocompatible hydrogels for the delivery 
of gemcitabine in enhancing apoptosis an dreducing 
proliferation

[229]

sulfhydryl-hyaluronic acid-dopamine hydrogel Pancreatic cancer Loaded with polydopamine-cloaked cytokine interleu-
kin-15 and platelets conjugated with anti-TIGIT
Increasing number of CD8 + and NK cells to boost anti-
cancer immunity

[208]

PVLA-PEG-PVLA hydrogel Pancreatic cancer Delivery of liposomes consisting of paclitaxel and gem-
citabine to suppress progression

[172]

GelMA/SilMA hydrogel Colorectal cancer Loading curcumin-shellac nanoparticles 
within the structure of hydrogels
Controlled release through the swelling and degrada-
tion of matrix
Increasing cellular uptake of curcumin

[230]

mPEG-luteolin-BTZ@ICG hydrogels Colorectal cancer Delivery of indocyanine green and bortezomib to exert 
combination chemotherapy and photodynamic 
therapy
Favorable tumor suppression activity

[180]

PEG-PCL-PEG hydrogel Colorectal cancer Sustained delivery of 5-fluorouracil to suppress growth 
and dissemination of tumor cells

[93]

pH-responsive nanohydrogels Colorectal cancer Delivery of naringenin
Prolonged and targeted release of bioactive compound 
in response to pH

[101]

Methyl-cellulose-based injectable hydrogel Colorectal cancer Thermo-sensitive feature
Delivery of oxaliplatin
Impairing peritoneal metastasis

[157]

Solid lipid nanoparticle-loaded hydrogels Colorectal cancer Loading topotecan in solid lipid nanostructures 
to embed inside hydrogels for the colorectal delivery
Improved anti-cancer activity

[94]

Magnetic-driven hydrogel microrobots Colorectal cancer Improving anti-cancer activity of lycorine hydrochloride 
to reduce proliferation and mobility along with apop-
tosis induction

[95]

Thermosensitive hydrogels Colorectal cancer Loading 5-fluorouracil-embedded micelles and cispl-
atin inside the hydrogels
Reduction in proliferation and invasion
Improving survival rate

[158]

Injectable hydrogel Hepatocellular carcinoma Development of hydrogels from branched polyethyle-
neimine-g-poly (ethylene glycol), poly (ethylene oxide) 
and poly (propylene oxide) block copolymers and α-CD 
(PPA/CD)
Delivery of ABHD5 siRNA to improve gene transfection 
efficiency and mediate apoptosis

[201]

Injectable hydrogel Hepatocellular carcinoma Development of hydrogels from dextran and chitosan
Stimulation of ferroptosis and increasing M1 polariza-
tion of macrophages to boost immunotehrapy

[203]

Magnetic hydrogels Hepatocellular carcinoma Thermo-sensitive feature and ability in decreasing 
postoperative recurrence rate

[231]

Nanohydrogel Hepatocellular carcinoma The development of hydrogels from algin/polyethyl-
eneimine
Delivery of miR-192 to downregulate Wnt expression

[228]

Injectable thermosensitive hydrogel Hepatocellular carcinoma Delivery of GalNAc-siRNA and DP7-C nanostructures 
by hydrogels
Endosomal escape in hepatocytes
Suppressing tumor expression and controlling Pin1 
expression

[227]
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Table 1  (continued)

Hydrogel Cancer Remark References

Thermosensitive hydrogel Hepatocellular carcinoma Loading norcantharidin nanoparticles and oxaliplatin 
within the hydrogels to disrupt angiogenesis and prolif-
eration and improve the survival of animal model

[232]

Thermosensitive hydrogel Hepatocellular carcinoma Loading norcantharidin nanostructures and doxo-
rubicin inside the hydrogels to reduce proliferation 
and angiogenesis

[233]

GelMA/PVA hydrogel Hepatocellular carcinoma Suppressing β-klotho/HDAC3 axis to reduce progres-
sion of cancers

[234]

Alginate hydrogel Hepatocellular carcinoma Loading MSA-2 as STING agonist inside the hydro-
gels to enhance M1 polarization of macrophages 
and enhance dendritic cell maturation
Promoting the infiltration of lymphocytes in cancer 
immunotherapy

[235]

Injectable nanocomposite-hydrogel Hepatocellular carcinoma Gradual release of lactate oxidase (LOX)-loaded hollow 
mesoporous MnO2 nanostructures to reduce levels 
of lactate
Reversing immunosuppressive tumor microenviron-
ment and exerting combination with immunotherapy

[236]

Magnetic colloidal hydrogel Hepatocellular carcinoma The development of hydrogels based on a binary sys-
tem comprising super-paramagnetic Fe3O4 nanoparti-
cles and gelatin nanoparticles
Extruding through percutaneous needle and self-
healing activity
The generation of heat

[237]

4armPEGDA and N-carboxyethyl chitosan hydrogels Hepatocellular carcinoma pH-sensitive feature an self-healing property
Loading doxorubicin on hydrogels to impair cancer 
growth

[238]

Thermo-sensitive hydrogel Hepatocellular carcinoma Development of hydrogels from F127 and loading 
with doxorubicin and Au-MnO-L nanostructures
Exerting photothermal activity
Injectable feature
Sustained drug release
Combination of chemotherapy and photothermal 
therapy

[239]

Acrylate-based hydrogels Hepatocellular carcinoma High biocompatibility and delivery of doxorubicin 
to exert anti-cancer activity

[240]

Nanocomposite hydrogel Hepatocellular carcinoma Development of hydrogels from PDLLA-PEG-PDLLA 
to induce toxicity of dendritic cells and lymphocytes

[241]

PDLLA-PEG-PDLLA hydrogels Hepatocellular carcinoma Thermo-sensitive feature and loading norcantharidin 
inside the structure of hydrogels
Improving retention time of drug

[242]

Thermo-sensitive hydrogel Hepatocellular carcinoma Development of hydrogels from PCL-PEG-PCL copoly-
mer
Improving residence time of drug in tumor site
Loading liposomal doxorubicin inside the hydrogels
Reducing tumor growth

[243]

Thermosensitive injectable hydrogel Hepatocellular carcinoma Development of hydrogels based on PECT
Increased anti-cancer activity of embelin

[244]

Thermosensitive injectable hydrogel Colorectal cancer The OxP/R848@PLEL hydrogels can provide synergis-
tic anti-cancer activity of oxaliplatin and resiquimod 
(R848_ to enhance dendritic cells maturation and pro-
mote the expansion of T lymphocytes

[187]

Natural hydrogels Colorectal cancer Development of hydrogels from alginate and sodium 
carboxymethyl cellulose with pH-sensitive feature 
to deliver aspitin and methotrexate

[84]

Thermosensitive hydrogel Colorectal cancer The thermosensitive hydrogels were prepared based 
on the features of poloxamers P407 and P188 to deliver 
5-fluorouracil in impairing cancer growth

[156]

Injectable biodegradable hydrogels Colorectal cancer Targeted delivery of avastin
Development of hydrogels from vitamin D-functional-
ized polycarbonates

[86]
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Clinical considerations
The clinical application of hydrogels is advantageous in 
the treatment of gastrointestinal tumors. These struc-
tures demonstrate desirable biocompatibility, and they 
are promising candidates for the sustained delivery of 
drugs in cancer therapy. Moreover, hydrogels can accel-
erate immunotherapy and phototherapy for tumor elimi-
nation. However, several criteria should be considered for 
their clinical application. The accumulation of hydrogels 
at the tumor site occurs in a passive manner, and their 
accumulation reduces with time and reaches baseline 

within 24  h. Despite low accumulation in liver tissue, 
there is no detection of hydrogels in the kidney or blad-
der, demonstrating specific accumulation of these struc-
tures in the tumor site. However, this depends on the 
composition of hydrogels and their size, stiffness, charge, 
and shape. Accordingly, adding quantum dots as a hard 
material to the structure of hydrogels can increase their 
accumulation at the  tumor site [246]. Since the clinical 
application of hydrogels depends on their selective accu-
mulation at the tumor site, it is suggested to add such 
hard materials into the structure of hydrogels. However, 

Table 1  (continued)

Hydrogel Cancer Remark References

HP-β-CD/agarose-g-poly(MAA) hydrogel Colorectal cancer pH-sensitive feature
Favorable biocompatibility
Delivery of capecitabine in colorectal cancer therapy

[245]

Cisplatin hydrogel Gastric cancer Improving survival time of animal model
Reducing tumor growth and metastasis

[107]

Thermosensitive hydrogel Gastric cancer Co-delivery of 5-fluorouracil and cis-platinum 
to exert synergistic impact in suppressing recurrence 
and growth of metastatic tumors

[108]

Albumin hydrogel Gastric cancer Loading paclitaxel in red blood cell membrane nano-
structures and their inclusion in hydrogels
Favorable biocompatibility and biodegradability
Induction of chemotherapy

[114]

Thermosensitive hydrogel Gastric cancer Development of hydrogels from poly (organophospha-
zene) (PPZ) to deliver docetaxel
Reduction in tumor growth
Impairing peritoneal metastasis

[161]

Thermosensitive hydrogel Gastric cancer The linoleic acid-incorporated poloxamer hydrogels 
have been loaded with docetaxel to impair peritoneal 
metastasis

[162]

Natural hydrogel Gastric cancer Intraperitoneal delivery of cisplatin using hyaluronan-
based nanogels to suppress peritoneal dissemination 
of tumor cells

[116]

Thermosensitive hydrogel Gastric cancer Loading gambogic acid nanostructures and iRGD 
as peptide inside the hydrogels
High anti-cancer activity

[163]

Injectable hydrogels Gastric cancer The polylysine hydrogels can deliver polyphyllin II (PP2) 
and resiquimod (R848) (PR-Gel) to induce M1 polariza-
tion of macrophages in cancer immunotherapy

[196]

In-situ forming hydrogels Gastric cancer The prolonged release of siRNA/PEI complex 
from hydrogels can reduce the levels of id1 to suppress 
cancer progression

[224]

Natural hydrogels Colorectal cancer Development of hydrogels from hyaluronic acid 
and carboxymethyl cellulose sodium
Prolonged release of oxaliplatin
Providing intraperitoneal chemotherapy

[78]

Composite hydrogels Colorectal cancer Development of composite hydrogels from sonosensi-
tizer protoporphyrin IX-conjugated manganese oxide 
(MnO2) nanoparticles and a glutathione (GSH) inhibitor 
after Ca2+ induced in situ gelation in the tumor site
Amelioration of hypoxia through generation of oxygen
Enhancing the levels of ROS

[181]

PLGA microparticle-loaded hydrogels Colorectal cancer Delivery of oxaliplatin and improving pharmacokinetic 
profile
Sustained drug release

[79]
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caution should be directed towards the biocompatibility 
of the added hard material, its metabolism, and clearance 
in the body. Regarding the importance of biocompatibil-
ity, a number of studies have focused on this issue. The 
HP-β-CD/agarose-g-poly(MAA) hydrogels have been 
demonstrated to be effective structures in drug delivery 
(capecitabine), and the evaluation of their toxicity has 
shown that they are biosafe and biocompatible, lacking 
toxicity on oral, dermal, or ocular organ tissues, along 
with no changes in the blood parameters and histologi-
cal profile of vital organs [245]. According to this, even 
adding other structures into the hydrogel network can-
not significantly change its biocompatibility. However, 
a rational investigation of metabolism and clearance in 
the body is required. Moreover, studies have evaluated 
the biocompatibility of hydrogels for a short time, while 
long-term studies are required to further highlight their 
biocompatibility and safety profile. Although hydrogels 
have shown significant impact in the treatment of gas-
trointestinal tumors, some cautions should also be con-
sidered. Depending on the structure and network of 
hydrogels, these materials can affect cancer hallmarks. 
For instance, biomimetic hydrogels grafted with GRGDS 
peptide and comprised of polyisocyanides can affect liver 
cancer progression. Hydrogels, comprised of long poly-
mers with high critical stress, can increase the migration 
of liver cancer cells and promote actin stress fibers, along 
with inducing nuclear transfer of YAP [247]. Two points 
should be considered: similar experiments should be per-
formed on other gastrointestinal tumors to confirm such 
function. Moreover, this impact of hydrogels on the can-
cer migration may aggravate the situation in clinical stud-
ies since the preparation of hydrogels on a large-scale is 
quite complex, and therefore, such adverse impacts on 
cancer patients should be considered and investigated 
to provide a better treatment of tumor. Despite the ideal 
promise of hydrogels for biomedical applications, the 
poor mechanical characteristics of hydrogels are a chal-
lenging issue. These challenges can reduce the therapeu-
tic importance of hydrogels, especially for the treatment 
of gastrointestinal tumors, and provide challenges in the 
prolonged release of cargo. To overcome this, special 
attention should be directed towards the synthesis and 
compounds utilized for hydrogel preparation. The prep-
aration of nanocomposite hydrogels from quaternized 
cellulose and rigid rod-like cationic cellulose nanocrys-
tals is promising, and such hydrogels show gelation with 
temperature increase. These nanocomposite hydrogels 
demonstrate favorable mechanical strength along with 
high extension in degradation and prolonged release of 
cargo. Such unique features are because of the strong 
interaction between cellulose and nanocrystals through 
the cross-linking agent (β-glycerophosphate) [248]. This 

aspect is of importance in clinical studies, because hydro-
gels may follow the way of the gastrointestinal tract and 
are exposed to harsh conditions such as acidic stomach 
juice. Therefore, improving the mechanical strength and 
degradation features of hydrogels can provide sustained 
drug release in cancer therapy.

Conclusion and limitations: directions to the future 
studies
Hydrogels are promising candidates for the treatment of 
human cancers. One of the main reasons for the appli-
cation of hydrogels in the treatment of cancer is the 
poor efficacy of the conventional therapeutics in cancer 
removal. Surgical resection has faced challenges due to 
the spread of tumor cells to other parts of body; chemo-
therapy and radiotherapy suffer from resistance and side 
effects; and immunotherapy has been challenged by the 
development of immune evasion. As a result, new kinds 
of therapies should be introduced for the suppression of 
tumors. Hydrogels are ideal candidates in this scenario, 
as they have demonstrated numerous benefits in the 
treatment of human cancers by facilitating drug deliv-
ery and addressing the aforementioned issues. In case of 
gastrointestinal tumors, increasing evidences has shown 
that hydrogels can improve the accumulation of drugs 
at  the tumor site, and their stimuli-responsive types, 
including thermo- and pH-sensitive kinds, have been 
developed. Moreover, hydrogels can deliver phytochemi-
cals with anticancer activity, synthetic drugs or their co-
delivery in potentiating cancer suppression. Despite the 
introduction of gene therapy for cancer suppression, the 
precise delivery and protection of these molecules are 
needed. Therefore, hydrogels have been explored for the 
delivery of siRNA in the suppression of gastrointesti-
nal tumors through encapsulation, site specific delivery, 
and protection against enzyme degradation. PDT and 
PTT are major therapeutics for gastrointestinal tumors, 
but the pharmacokinetic profile of these compounds is 
poor. Hydrogels can deliver such compounds for improv-
ing phototherapy-mediated tumor ablation. In addition, 
hydrogels can improve gastrointestinal cancer immuno-
therapy through the activation of immune-related cells, 
such as dendritic cells, to induce their migration into 
lymph nodes and increase T cell activity. Furthermore, 
hydrogels with  immunogenic activity  can improve fer-
roptosis. Finally, increasing evidence has shown that 
hydrogels are promising in the diagnosis of gastrointes-
tinal tumors through isolation of circulating tumor cells, 
detection of biomarkers, and recognition of cancer stem 
cells, which are beneficial in on-time diagnosis of tumors. 
Despite such advances, there are still a number of limita-
tions, as follows:
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A)	 Stimuli-responsive hydrogels have been synthesized 
for gastrointestinal tumor therapy. However, the 
major focus has been on the thermosensitive hydro-
gels, and a few studies have mentioned the applica-
tion of pH-sensitive hydrogels. There are also other 
unique features in the TME, including redox status 
and enzymes that can be used for the development of 
stimuli-responsive hydrogels,

B)	 Different kinds of nanoparticles and structures have 
been included in hydrogels for the gastrointestinal 
cancer therapy. One aspect that has been ignored 
is the inclusion of β-cyclodextrin in the hydrogels. 
β-cyclodextrin has been significantly applied in the 
cancer therapy [249–251], and this structure is able 
to provide the prolonged release of drugs and other 
cargoes. Therefore, its inclusion can promote the sus-
tained release feature of hydrogels in potentiating gas-
trointestinal cancer therapy,

C)	 The major emphasis has been on the diagnosis and 
therapy of gastrointestinal tumors by hydrogels, while 
their internalization mechanism has been ignored. 
Moreover, the stiffness of hydrogels may increase the 
migration of these tumors, and for biosafety issues, 
the degradation, clearance from the body, long-term 
safety, and mechanical strength in the treatment of 
gastrointestinal tumors should be evaluated in more 
experiments,

D)	 Regarding GC, the application of hydrogels has 
increased the fight for their treatment. However, there 
is no experiment using hydrogels in the phototherapy 
of GC,

E)	 Hydrogels have been used for TME remodeling, 
such  as reprogramming TAMs, in the alleviation of 
immunosuppressive TME. However, a number of 
aspects have been ignored, including the  function of 
hydrogels in affecting TAMs and manipulating their 
exosome section (macrophages can secrete exosomes 
to transfer cargo in tumorigenesis) and their ability to 
regulate cancer-associated fibroblasts as other factors 
involved in tumorigenesis,

F)	 The potential of hydrogels in boosting cancer immu-
notherapy has been evaluated. The major focus has 
been on the activation of dendritic cells and the 
induction of ferroptosis-mediated immunotherapy. 
The immunogenic cell death is another factor for can-
cer therapy [252, 253] that potential of hydrogels for 
its regulation in gastrointestinal tumors should be 
evaluated. Moreover, the induction of natural killer 
cells and direct activation of CD8+ and CD4+ T cells 
require investigation,

G)	 The application of hydrogels for the delivery of siRNA 
has been explored in gastrointestinal tumors. Hydro-
gels can protect the siRNA against enzymatic degra-

dation, prolong blood circulation time, and increase 
tumor accumulation. However, there is no evidence 
regarding the application of hydrogels for the delivery 
of shRNA, CRISPR/Cas9, plasmids, and non-coding 
RNAs,

H)	 An experiment has focused on the role of hydro-
gels for the delivery of miR-192 in HCC therapy to 
increase apoptosis and reduce proliferation, metasta-
sis, and stemness. However, the impact on the regula-
tion of chemoresistance should be investigated,

I)	 Despite significant efforts to understand the function 
of hydrogels in gastrointestinal cancer therapy, there 
is an ignorance towards the regulation of cancer drug 
resistance that should be further elucidated,

J)	 PC has a dense TME, and it impairs the entrance of 
drugs and other therapeutics for internalization in the 
tumor cells. Adding some agents for the degradation 
of TME in hydrogels can improve the accumulation 
and internalization of drugs in PC cells,

K)	 Hydrogels have been used for the CTC detection in 
liver cancer. However, there are also other biomarkers 
in GC, including non-coding RNAs and exosomes, 
that can be identified for the diagnosis of GC. Fur-
thermore, hydrogels can also be utilized for the diag-
nosis and therapy of GC simultaneously, known as 
theranostics, so that future studies can focus on it. 
One possibility is loading quantum dots into hydro-
gels for therapy and imaging,

L)	 Various types of nanoparticles have been loaded into 
hydrogels for gastrointestinal cancer therapy. How-
ever, there is no experiment about loading metal–
organic frameworks (MOFs) in hydrogels that can 
improve drug and gene delivery as well as photother-
apy to accelerate gastrointestinal tumor suppression,

M)	An interesting point regarding the hydrogels is their 
synthesis from natural sources with high anticancer 
activity and favorable biocompatibility,

N)	 One of the recent advances is the combination of 
exosomes and hydrogels to create a hybrid system. 
This can improve a number of characteristics of 
hydrogels, especially biocompatibility. However, this 
strategy has been ignored in the treatment and diag-
nosis of gastrointestinal tumors,

O)	 Exosomes are potential factors in cancer therapy. 
Regarding the high importance of exosomes in gas-
trointestinal tumors, hydrogels are promising for the 
detection of exosomes in the blood to accelerate diag-
nosis of these tumors,

P)	 Hydrogels have been used for the PTT of PC. How-
ever, PDT has been also shown to be beneficial in 
impairing PC progression [254, 255]. Loading PDT 
compounds in hydrogels and evaluating their poten-



Page 21 of 26Tang et al. Journal of Translational Medicine          (2024) 22:970 	

tial in PDT-mediated PC ablation requires investiga-
tion,

Q)	 Esophageal cancer is another gastrointestinal tumor, 
but hydrogels have been applied for the applications 
other than esophageal cancer therapy and reduc-
ing esophageal stricture, among others [256–258]. 
Therefore, the application of hydrogels for increasing 
immunotherapy, diagnosis of this tumor and its sup-
pression through gene and drug delivery should be 
evaluated.
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