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Abstract: Surgery is the primary treatment strategy for breast cancer (BC). However, postoperative recurrence is a
great challenge faced by current surgical treatment strategies for BC. Therefore, it is worth studying how to prevent
the recurrence of BC after surgery effectively. This paper reviews the process of BC metastasis, the alteration of the
immune microenvironment after surgery, and the published synthetic methods and composition principles of hydro-
gel for BC postoperative in situ treatment. Recent advances in the use of hydrogel in the postoperative treatment of
BC to prevent recurrence are emphasized. Current shortcomings and future directions are discussed.
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Introduction

Breast cancer (BC) is the most common non-
skin malignancy among women worldwide and
the leading cause of cancer-related death [1].
In clinical practice, surgery is the preferred
method for the comprehensive treatment for
primary BC [2, 3]. The goal of both mastectomy
and breast-conserving surgery is to remove as
much tumor tissue as possible [4]. However,
residual tumor cells and circulating tumor cells
(CTCs) around the resection cavity [5-7], as
well as postoperative inflammation-associated
immunosuppression, can lead to recurrence
and ultimately death of the patient [8, 9].
Postoperative BC metastasis can be divided
into three processes: (1) in situ invasion of
residual BC cells after surgery, (2) endosmosis
and survival of BC cells within the circulatory
system, and (3) extravasation of BC cells and
formation of metastatic foci. The immune sys-
tem plays a crucial role in the process of metas-
tasis (Figure 1).

To reduce the risk of recurrence, chemotherapy
and radiotherapy are currently the primary
interventions for treating BC after surgery.
However, due to the patient’s limited ability to
tolerate the adverse effects of multiple treat-
ment strategies, the combination of radiothera-

py and chemotherapy with surgery usually re-
quires at least a one-month interval and can-
not be applied during the perioperative period.
Additionally, chemotherapy drugs face the chal-
lenges such as low solubility, high side effects,
and short blood circulation time. Rdiotherapy
also has drawbacks, including adverse side
effects, treatment resistance, and radiation da-
mage [10, 11], which limit its application and
reduce patients’ quality of life [12, 13]. Unlike
radiotherapy and chemotherapy, immunothera-
py works by enabling the host’s immune system
to recognize and attack residual tumor cells,
thereby preventing cancer recurrence [14-16].
Immunotherapeutic strategies, including can-
cer vaccines [17, 18], immune checkpoint
blockade [19], adoptive cell therapy [20], cyto-
kine therapy [21], chimeric antigen receptor
(CAR)-T cell therapy [22], and monoclonal anti-
body therapy [21], have shown promising the-
rapeutic results. However, in clinical practice,
immunotherapy is influenced by various fac-
tors, such as the tumor microenvironment and
immunosuppression, and its stability needs to
be improved [23-25]. New therapeutic approa-
ches need to be developed to meet the need for
comprehensive postoperative BC treatment.

Local drug delivery involves implants or inject-
ing drugs directly into the surgical cavity to elim-
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Figure 1. Three processes of postoperative BC metastasis and the essential role of immune system.
inate residual tumor cells after resection [26, with high blood drug concentration [32].

27]. Compared to systemic therapy, local ad-
ministration of drugs can increase the concen-
tration of drugs near the residual tumor tissue.
This approach allows the drugs to be localized
directly to the cancerous area, avoiding exces-
sive circulation through the bloodstram. This
not only improves the speed at which the drugs
reach the tumor site but also reduces the high
side effects associated with systemic therapy
[28]. With advancements in various fields, com-
bined treatments in various fields of molecular
biology, oncology, pharmacology, materials sci-
ence, and other disciplines have broadened
BC treatment [29, 30]. Hydrogel-based cancer
therapeutic platforms have gained significant
attention due to their superior characterization.
The excellent biocompatibility and degradabili-
ty of hydrogels help prevent strong immune
rejection and systemic organ toxicity in humans
[31]. Compared to traditional drug delivery plat-
forms, hydrogels’ slow-release properties and
high drug-loading capacity ensure a higher
local concentration of therapeutic drugs, there-
by minimizing adverse reactions associated
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Hydrogels made from different materials and
synthesis using various methods can be cus-
tomized with different functionalities and the-
rapeutic effects to meet the needs of diverse
cancer treatment strategies due to their excel-
lent drug co-encapsulation compatibility [33].
Specific modifications and the incorporation of
different sensitizers allow hydrogels to respond
to various external stimuli, including light [34],
near-infrared light (NIR) [35-37], temperature
[38, 39], Ph [40], magnetic fields [41], and
enzymes [42]. Natural hydrogels, such as col-
lagen, hyaluronic acid, fibronectin, methylcellu-
lose, and chitosan, are soft materials that have
natural advantages in soft tissue reconstruc-
tion [43-46].

Moreover, in surgery, the removal of cancerous
tissue often results in tissue defects, affecting
the normal function and appearance of the
patient’s breasts, which can impose a signifi-
cant psychological burden on the patient [47-
50]. In BC surgery, hydrogels’ reversible ex-
pansion and contraction properties and good
fluidity enable them to adequately fill the surgi-
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cal cavity. They can be used to repair breast
defects and restore the original appearance
while preventing tumor recurrence [51]. Hydro-
gels are a new type of biomaterial with great
potential for clinical application in the postop-
erative treatment of BC, providing an effective
solution to the challenges of removing residual
tumor cells, combating wound infection, and
repairing tissue defects following BC surgery.

Overall, this review discusses and emphasizes
the mechanism of BC postoperative recurrence
and postoperative inflammation-associated im-
munosuppression. It highlights hydrogel deliv-
ery systems for the postoperative treatment of
BC. The purpose is to call more attention to the
entire metastatic process of breast tumors.
This review aims to offer researchers a broader
perspective on postoperative BC therapy and
inspire new ideas for the development and use
of novel hydrogels.

The process of postoperative metastasis of BC

Effect of surgery on the in situ invasion of BC
cells

Postoperative residual BC cells can invade into
surrounding normal tissues, involving various
changes in migration and cell adhesion mole-
cules. Epithelial-mesenchymal transition (EMT)
in tumor cells occurs through the loss of inter-
epithelial cell adhesion and the acquisition of
mesenchymal features. EMT plays a critical
role in all stages of development, including pro-
to-gut embryo formation, neural crest cell for-
mation, and inflammation-induced cellular
fibrosis [52-56]. Studies have shown that the
EMT process can be initiated by activating mul-
tiple pathways, such as transforming growth
factor-B (TGF-B), Wnt, and NOTCH, which induce
EMT regulators like Twist-1, Zeb-1, Zeb-2, and
Snail. This leads to the down-regulation of epi-
thelial markers [e.g., E-cadherin and zonula
occludens connexin 1 (Z0-1)] and the up-regu-
lation of mesenchymal markers [e.g., vimentin,
fibronectin, and N-cadherin], ultimately result-
ing in the tumor cells’ acquiring invasiveness
[55, 56].

Additionally, myeloid-derived suppressor cells
(MDSCs), a heterogeneous population of im-
mature myeloid cells with immunosuppressive
functions, can also promote tumor cell invasion
by secreting matrix metalloproteinases (MMPs)
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[57]. It has been found that surgical stress can
enhance the EMT process in tumor cells by
increasing the levels of TGF-B, vascular endo-
thelial growth factor (VEGF), and IL-10, as well
as promoting the recruitment of MDSCs [58].
However, the EMT process is not the only
requirement for breast tumor metastasis to
occur [59]. The surgically induced inflammatory
response recruits macrophages, which assist
BC cells in local invasion by secreting proteas-
es that degrade cell adhesion molecules and
extracellular matrix (ECM) and by activating cell
chemokines [60, 61].

Effect of surgery on intracellular leakage,
circulatory system survival, and extracellular
leakage of BC cells

Breast tumor cells can spread by lymphatic and
hematogenous routes. These cells secrete col-
ony-stimulating factor 1 (CSF-1), which sti-
mulates the growth of macrophages that are
recruited in response to postoperative inflam-
mation. These macrophages then secrete pro-
teases that degrade the vascular basement
membrane, allowing tumor cells to enter the
circulation [62]. VEGF secreted by macro-
phages also promotes tumor cell migration.
The structure of lymphatic vessels, character-
ized by a discontinuous basement membrane
and a lack of tight inter-endothelial junctions,
facilitates the entry of tumor cells into the lym-
phatic circulation. Lymph node metastasis is a
crucial finding for BC staging, as it increases
the risk of distant metastasis [63, 64].

Once tumor cells enter the circulatory system,
they become CTCs. Studies have shown a sig-
nificant increase in CTCs after surgery [65].
CTCs face three major challenges in circulation:
(1) anoikis (loss of cell-matrix adhesion), (2)
physical damage from blood flow shear stress,
and (3) immune attack. Breast tumor cells acti-
vate signaling pathways such as tropomyosin
receptor kinase B (TrkB), EMT, and phosphati-
dyl-inositol 3-kinase (PI3K) to overcome anoikis
[66]. During the repair of tissue damage caused
by surgery, the coagulation pathway is activat-
ed, initiating the wound-healing process [67].
Activated platelets attach to CTCs to form
aggregates through adhesion receptors such
as P-Selectin, glycoprotein (GP)Ib-IX-V, and
GPlIb-llla [68, 69]. GPIlb-Illa has been shown to
interact with the tumor cell receptor « B, pro-
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moting aggregation between tumor cells and
platelets [70, 71]. This aggregation helps retain
CTCs within the vessel wall, preventing their
destruction by shear generated by blood flow
[72].

Surgery promotes the release of inflammatory
cytokines [interleukin 1 (IL-1), IL-6, tumor necro-
sis factor (TNF)], which increase fibrinogen pro-
duction [73]. Surgically induced fibrinogen pro-
duction and activated platelets cover CTCs,
protecting them from natural killer (NK) cells in
the circulatory system [74, 75]. TGF-B released
by activated platelets downregulates natural
killer group 2, member D (NKG2D) expression,
thereby inhibiting the anti-tumor activity of NK
cells [76]. TGF-B also inhibits NK cells activa-
tion and function by suppressing mammalian
target of rapamycin (MTOR) activity in NK cells
[77]. Additionally, activated platelets can en-
hance the proliferation of CTCs [78], inhibiting
CTCs’ death [79], promoting EMT in tumor cells,
and facilitating CTC extravasation [54-56].

CTCs must undergo extravasation before they
can colonize specific tissues. A significant bar-
rier to CTC extravasation is the structural differ-
ences in the vascular system. For example,
unlike the highly permeable vasculature of
tumors, pulmonary capillaries are tightly struc-
tured. Therefore, CTCs must actively disrupt the
tight junctions between endothelial cells to
accomplish extravasation. Surgically induced
ischemia-reperfusion injury (IRI) modifies angi-
opoietin-like 4 (ANGPTL4) secreted by CTCs,
which disrupts the endothelium and facilitates
the extravasation of CTCs into the lung paren-
chyma [80]. The role of macrophages in cancer
extravasation has also been demonstrated in
BC, where researchers found that macrophage
depletion significantly reduces the number of
exudative BC tumor cells [81].

Tumor cell colonization and the formation of
metastatic foci

Before new metastases can form, tumor cells
that extravasate into the parenchyma of di-
stant organs must overcome several challeng-
es, including anti-metastatic signals secreted
by stromal cells, attack by immune cells, and
the different microenvironment compared to
the primary tumor site. For instance, in lung
metastasis, genes such as inhibitor of differen-
tiation binding ID-1/3, Tenascin C, chemokine
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(C-X-C motif) ligand 1 (CXCL1), vascular cell
adhesion molecule (VCAM), microRNA-200
(miR-200), and periosteal proteins have been
identified as contributors to lung metastasis.
Additionally, the interaction between the ECM
of the lung tissue and the breast tumor cells
entering it is crucial for the establishment of
new lung metastases.

Breast tumor cells capable of initiating lung
metastasis can activate Wnt signaling by se-
creting TGF-B, which stimulates lung fibroblasts
to produce periostin, ultimately promoting lung
metastasis development [82]. The glycoprotein
Tenascin C can also enhance the stem cell
properties of breast tumor cells by activating
the Notch pathway, supporting the initial growth
of breast tumor cells [83]. Moreover, VCAM-1
protects breast tumor cells from apoptosis
[84]. ID-1 further promotes the development of
lung metastases in BC by facilitating the mes-
enchymal-epithelial transformation (MET), the
reverse process of EMT, which is a critical step
for lung metastasis formation [85].

Postoperative immunosuppression and chang-
es in the tumor microenvironment

Tumor cells create an immunosuppressive
microenvironment that allows them to evade
immune surveillance, thereby promoting tumor
progression and metastasis [86, 87]. The
inflammatory response following surgery can
lead to a similar state of systemic immunosup-
pression. After tumor resection, inflammatory
changes at the surgical site cause the release
of factors that promote tumor metastasis and
recruit various types of immune cells.

BC surgery is associated with a significant
increase in various pro-tumor cytokines, includ-
ing VEGF, IL-1, IL-6, IL-10, monocyte chemotac-
tic protein-1 (MCP-1), and TGF-B, and a signifi-
cant decrease in interferon-gamma (IFN-y) [88,
89]. Additionally, surgery can affect immuno-
suppressive cells, and studies have shown that
after surgery, there is an overall decrease in the
number of CD8(+) T-cells, along with impaired
function, which may promote tumor recurrence
[90-92]. NK cells, a major source of IFN-y, play
a crucial role in cancer immune surveillance,
and the density of NK cells in tumors correlat-
es with cancer prognosis and morbidity [93-
95]. Surgical stress has been shown to affect
NK cell function, leading to a significant inhibi-
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tion of IFN-y secretion, with more than 90% of
patients having lower than normal INF-y levels
on the first day after surgery, which can persist
for up to two months [96].

Regulatory T cells (Tregs) are essential for regu-
lating the immune system and maintaining tol-
erance to self-antigens to prevent autoimmune
disease [97]. After surgery, an increase in Tregs
has been observed, which exerts an inhibitory
effect on effector T cells and NK cells, there-
by promoting tumor cell metastasis [98-101].
Tregs can release inhibitory cytokines such as
IL-10, TGF-B and IL-36 to suppress effector T
cell function [102-105]. They also release lar-
ge amounts of granzymes and perforins that
induce apoptosis in effector T cells [106].

Neutrophils are a key component of the innate
immune system, acting as first responders in
the host’s defense against external injury, initi-
ating immune regulation, repairing tissue dam-
age, and combating cancer [107-109]. Neutr-
ophils are rapidly recruited to the site of injury
within minutes of surgery by a damage-associ-
ated molecular pattern (DAMP) released by IRI-
induced sterile inflammation [110], and they
form neutrophil extracellular traps (NETs) at
sites of tissue injury [111]. NETs are complex
structures made of DNA, histones, and specific
granular enzymes such as neutrophil elastase
(NE) and myeloperoxidase (MPO) [112]. Ori-
ginally recognized for their role in neutrophil-
mediated defense against microbes [113],
recent research has highlighted their signifi-
cant involvement in cancer metastasis [114,
115]. A high concentration of matrix metallo-
proteinase-9 (MMP-9) in NETs promotes tumor
progression and metastasis by activating the
local immunosuppressive microenvironment of
NETs in TGF-B niches [116, 117]. NETs also trig-
ger the release of high-mobility group box 1
(HMGBZ1), which not only binds platelets by toll-
like receptor 4 (TLR4) but also activates the
TLR9-dependent pathway in tumor cells, there-
by promoting tumor cell growth, adhesion,
migration, and invasion following surgical
stress [118].

Design of hydrogel drug delivery systems for
postoperative BC treatment

Hydrogels have attracted researchers’ atten-

tion due to their excellent biocompatibility, con-
trolled drug release, and high drug-carrying
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capacity. Surgical excision combined with hy-
drogel-based postoperative treatment is a
promising treatment a promising option that
has been used topically to inhibit BC recurren-
ce after surgery, minimize side effects, and
improve efficacy. The hydrogel, when placed in
the surgical defect area, can maintain the local
drug concentration for an extendedperiod, dra-
matically reducing the possibility of tumor
recurrence after surgery. Currently, hydrogels
used for postoperative treatment are mainly
categorized into hydrogel drug-carrying sys-
tems for encapsulating chemotherapeutic dr-
ugs targeting in residual tumor cells, and immu-
notherapy hydrogel drug-carrying systems tar-
geting the immune system.

Hydrogel for the treatment of local residual BC
cells

Postoperative chemotherapy is the corner-
stone of treatment after surgery, but the sig-
nificant side effects of chemotherapy limit its
further application. Hydrogel extended-release
formulations have reduced side effects, and
hydrogel-encapsulated chemotherapeutic ag-
ents may be an effective strategy for treating
postoperative BC recurrence. Ranran Fan [119]
prepared insoluble paclitaxel (PTX) as nano-
crystals using wet media milling to improve the
solubility and bioavailability of PTX. These
nanocrystals were loaded into thermosensitive
hydrogels made from Poloxamer 407, Polo-
xamer 188, and Carbomer 974P to create PTX-
NCS-gel thermosensitive hydrogels for local-
ized PTX release. Rheological characterization
and in vitro dissolution studies showed that
PTX-NCS-gel thermosensitive hydrogel have a
clear and regular network structure with good
temperature sensitivity. They could gel within
minutes at 33.1°C, exhibiting good viscoelas-
ticity and self-recovery ability. In a mouse model
of postoperative tumor recurrence, PTX-NCS-
gel thermosensitive hydrogel provided long-
term slow release of PTX, reduced systemic
toxicity, and effectively inhibited tumor recur-
rence in mice with recurrent BC (Table 1). The
multi-activated thermosensitive hydrogel offers
temperature-controlled, precise, and continu-
ous drug release. It demonstrates better bio-
safety compared to intravenous methods, pro-
vided there is a thorough understanding of the
synthesized material’'s various physical pro-
perties, pharmacology, and toxicology. Zexiang
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Table 1. Hydrogel for the treatment of local residual BC cells

Hydrogel Features Advantages Disadvantages Rf

PTX-NCS-gel Mesh-like porous structure, shear-thin- Localized drug delivery, strong adhesion, Limited storage and usage conditions, potential [119]
ning properties, semi-solid at near-body  controlled drug release, good rheological biocompatibility issues.
temperature. properties.

OHA-Met pH-responsive drug release, dynamic re-  Degradability, mechanical stability, good Potential initial drug burst release might harm [120]
versible imine bond connection ensures  biocompatibility. normal cells.
drug release, reduces cytotoxicity.

MSH Magnetic field control for precise localiza- Injectable, shape memory and fluid-like Complex preparation process may limit [121]
tion and drug release, local hyperthermia properties, good biocompatibility. production, long-term safety of Fe304 needs
enhances efficacy. further research.

IR820/Mgel Multi-porous structure with rough Injectable, good cell adhesion aids in Potential toxicity of photothermal agents, [128]
surface, loaded with photothermal and breast reconstruction. degradation byproducts may cause inflamma-
IR820, exhibiting thermal effects. tion or other side effects.

PTX/mPECT NPs Combined release of multiple drugs, Shape plasticity can match irregular Potential drug stability issues. [129]
controlled drug release mechanism. wounds, relatively simple preparation.

125I-GNR-RGDY Dual-network structure with different Good degradation rate, excellent mechani- Complex preparation process, high cost, highly  [130]
characteristics, PTT combined therapy. cal properties, significant antibacterial cross-linked structure affects material plasticity.

properties.

BGN-Fe-Ag2S PTT and CDT combined therapy, control-  High anti-tumor efficiency, quick response, Potential toxicity risk of metal ion accumulation [132]
lable gelation. antibacterial and promotes wound healing. in the body, complex preparation, high cost.

HMI@GEL PTT and PDT combined therapy, control-  Combination of PTT and PDT enhances Complex synthesis and functionalization [141]
lable drug release. therapeutic effect, providing more process, high difficulty.

treatment options.
6996 Am J Transl Res 2024;16(11):6991-7015
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Zheng [120] prepared OHA-Met by covalently
grafting metformin (Met) onto oxidized hyal-
uronic acid (OHA) through imine bonds. In-
jectable hyaluronic acid hydrogels (CMCS/OHA-
Met) that release drugs in response to pH
changes were then created by attaching car-
boxymethyl chitosan (CMCS) to OHA-Met by
imine bonds. Under acidic conditions, the
hydrogel intelligently releases metformin while
maintaining mechanical stability, cytocompati-
bility, and anti-tumor properties. When directly
injected into mice, CMSC/OHA-Met hydrogel
facilitates tissue repair and eradication of
tumor cells (Table 1). Compared to direct
administration, CMSC/OHA-Met hydrogel re-
duces the dosage, frequency, and systemic
side effects of Met, showing great potential in
prevention postoperative BC recurrence and
promoting tissue repair.

A novel drug delivery system utilizing iron-based
hydrogel has been developed for the targeted
delivery of various chemotherapeutic agents.
Haoan Wu [121] designed a magnetic supra-
molecular hydrogel (MSH) to co-deliver chemo-
therapy and thermosensitive drugs, aiming to
prevent tumor recurrence after BC surgery. The
self-assembled MSH consists of polyethylene
glycolized iron oxide nanoparticle surface copo-
lymerization and a-cyclodextrin (a«-CD) com-
plexation [122, 123]. The hierarchical struc-
ture of MSH contains both hydrophilic and
hydrophobic structural domains. The hydropho-
bic molecule PTX is double-loaded into the
shell structure of the polyethylene glycolized
iron oxide nanoparticles, while the hydrophilic
molecule doxorubicin (DOX) is loaded into the
gel’'s aqueous phase, ensuring that both hydro-
phobic and hydrophilic drugs are loaded and
released successively with different release
profiles. MSH is injected into the surgical cavity,
and under the influence of an alternating cur-
rent magnetic field (ACMF), the MSH under-
goes a magneto-thermal gel-sol transition to
achieve precise alignment with the surgical
cavity. Magnetic nanoparticle-mediated con-
ductive heat then triggers drug release. MSH
combined with thermal chemotherapy offers
significant advantages in preventing tumor
recurrence after surgery (Table 1). Fei Gao
[124] developed a novel ferromagnetic vortex-
domain iron oxides (FVIOs) hydrogel with opti-
mal adaptive functionality based on difunction-
al telechelic poly (ethylene glycol) (DT-PEG) and
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glycol-chitosan. FVIO-functionalized hydrogels
overcome the possible side effects of conven-
tional superparamagnetic iron oxide nanoparti-
cles (SPI0s) hydrogels, exhibiting high induction
heating and remarkable rheological properties.
These adaptive functions allow for the sustain-
able release of anticancer drugs, and mild
hyperthermia under alternating magnetic field
(AMF) exposure effectively promotes DOX nu-
clear internalization. In vivo studies in tumor-
bearing mice demonstrate that FVIO-func-
tionalized hydrogels effectively prevent local
recurrence after primary tumor resection (Table
1).

Photothermal therapy (PTT), a non-invasive
therapy, uses NIR light-absorbing materials to
convert light into heat to ablate and remove
tumor tissue [125-127]. PTT-induced hyper-
thermia prevents DNA self-repair, promotes
blood circulation, and improves the hypoxic
microenvironment, thereby synergistically en-
hancing the efficacy of radiotherapy in cancer
treatment. Xi Yang [128] developed a thermo-
sensitive and injectable methylcellulose hydro-
gel platform (IR820/Mgel) by integrating por-
ous microspheres (MPs) and IR820 to prevent
recurrence after surgery through photothermal
therapy, while also serving as an adjunct in
breast reconstruction (Figure 2). IR820, known
for its excellent photothermal properties, acts
as a photothermal agent. The inclusion of MPs
enhances the hydrogel’s durability, ensuring its
long-term functionality in situ. Moreover, the
porous nature of the MPs provides additional
support for the stable attachment of normal
breast cells, aiding in breast reconstruction.
Experimentally results showed that IR820/
Mgel could effectively kill 4T1 cells when heat-
ed above 50.0°C under NIR irradiation, making
it an excellent therapeutic method for prevent-
ing local recurrence. It was well tolerated and
biologically safe in mice (Table 1).

In recent years, numerous innovative strate-
gies for incorporating PTT have emerged, along
with many biomedical applications of bionano-
materials. Meiyan Liu [129] developed an in-
jectable nanocomposite hydrogel platform with
multicomponent compatibility and sustainable
release of nanomedicines. The diblock copoly-
mer, methoxy-poly(ethylene-glycol)-b-poly (e-
caprolactone-co-1,4,8-trioxa-spiro-9-undecano-
ne) (MPECT), was used to create both mPECT-
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Figure 2. Scheme of hydrogel platform (IR820/Mgel) preparation and its applications for preventing post-surgical
tumor recurrence and improving breast reconstruction [128].

modified gold nanorods (AuNR-PECT) and pacli-
taxel-loaded mPECT nanoparticles (PTX/mPECT
NPs). This approach of creating nanocomposite
hydrogels through supramolecular assembly
for local combination therapy can be easily
adapted of various nano theranostic agents.
Yuanhao Wu [130] prepared a polyethylene gly-
col diacrylate (PEGDA)-alginate double-network
nanocomposite hydrogel (GPA) embedded with
125|-labeled RGDY peptide-modified gold nano-
rods (*?°I-GNR-RGDY) (Figure 3). The dual-net-
work (DN) hydrogels were formed by rapid gela-
tion of a GPA precursor solution injected into
the cancerous breast cavity of excised mice.
Increased temperature under near-infrared
light irradiation induced the polymerization of
PEGDA and the cross-linking of the second algi-
nate network with endogenous Ca?* around the
tumor. The DN hydrogel, with a dense polymer
network, tightly immobilizes 2°I-GNR-RGDY
and exhibits excellent sustained photothermal
and radiologic effects. Under NIR irradiation,
125|.GNR-RGNY exhibits a built-in photothermal
effect that generates high heat, inhibits the
self-repair of damaged DNA, improves the
hypoxic environment by promoting blood circu-
lation, and enhances the anti-tumor efficiency
of brachytherapy. The isotopic labeling with 12°]
also provides the hydrogel with long-term isoto-
pic imaging properties [131]. The synergistic
effect between the photothermal effect and
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the real-time brachytherapy effectively pre-
vents recurrence and wound infection after sur-
gery (Table 1). Han Huang [132] developed a
photoactivatable injectable hydrogel based on
a bioactive nanocomposite system by incor-
porating silver sulfide nanodots coupled with
Fe-doped bioactive glass nanoparticles (BGN-
Fe-Ag,S) into a poly (ethylene glycol) PEGDA
and 2,2-azobis[2-(2-imidazolidine-2-yl)propane]
dihydrochloride (AIPH) solution to inhibit tumor
growth, treat bacterial infections, and promote
post-injury healing. Silver sulfide nanodots act
as photothermal agents [133], and the laser-
generated thermotherapy irradiation triggers
the decomposition of AIPH to release alkyl ra-
dicals, which initiates the polymerization of
PEGDA [134]. Given the overexpression of
hydrogen peroxide in the inflammatory micro-
environment [135-137], BGN-Fe serves as a
growth promoter and chemodynamic therapy
(CDT) agent for wound tissue to inhibit tumor
growth and bacterial proliferation. Simultane-
ously, the BGN core promotes skin repair by
stimulating collagen formation during hydr-
olysis.

Photodynamic therapy (PDT) is highly selective
and non-invasive, causing fatal damage to
tumor cells by large amounts of cytotoxic reac-
tive oxygen species (ROS) [138]. The oral hypo-
glycemic drug Met has shown favorable thera-
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Figure 3. Schematic illustration of the fabrication of (A)*?°I-GNR-RGDY and (B) nanocomposite double-network GPA
hydrogel and their theranostic application for inhibition of postoperative BC recurrence and wound infection through
synergistic brachytherapy and photothermal therapy [130].

peutic effects on most types of cancer [139,
140], primarily by inhibiting mitochondrial com-
plex | and thus restricting energy flow to cancer
cells. Yanting Sun [141] prepared a smart, pho-
tothermally controlled drug-releasing g-quadru-
plex (G4) hydrogel using 5’-guanosine mono-
phosphate (5’GMP), indocyanine green (ICG),
hemin, and Met. Met release was triggered
under 808 nm NIR light. This approach signifi-
cantly reduced mitochondrial oxygen consump-
tion due to dual inhibition of glycolysis and
tricarboxylic acid (TCA) cycle through the com-
bined action of hemin and Met. The combition
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of PTT with the synergistic enhancement of PDT
and activated tumor immunotherapy led to sig-
nificant tumor cell apoptosis and necrosis
(Table 1).

Systematic immunotherapy hydrogel for pre-
venting postoperative breast tumor recurrence

Compared to traditional treatments, immuno-
therapy is better tolerated, concentrates the
drug at the site of action, and minimizes some
of the negative impacts associated with sys-
temic therapy [142]. BC immunotherapy en-

Am J Transl Res 2024;16(11):6991-7015



Hydrogel and postoperative breast cancer recurrence

compasses methods such as tumor vaccine
therapy, cytokine therapy, monoclonal antibody
therapy, and adoptive cell therapy [143].

Immunogenic cell death (ICD) is a specific vari-
ant of regulated cell death (RCD), driven by
stress-induced pressures, that triggers adap-
tive immunity against antigens from dead cells.
Dinglingge Cao [144] developed a therapeutic-
prophylactic (TPV) hydrogel from a matrix com-
bining two types of poly (d,l-lactide-co-gly-
colide)-b-poly (ethylene glycol)-b-poly (d,l-lac-
tide-co-glycolide) block copolymers, incorporat-
ing bioactive inorganic calcium salt and the
organic substance R827. R827, serving as an
immune adjuvant, is embedded within the TPV
hydrogel in microcrystalline form to activate
immune responses upon release. The TPV-gel
is designed to facilitate both immediate and
prolonged dispersion of calcium ions, achieving
burst and sustained release through the incor-
poration of CaCl, and CaCO,. This mechanism
aims to provide effective treatment by ensuring
an adequate supply of calcium ions at the resid-
ual tumor site, thereby inducing ICD in remain-
ing tumor cells through calcium overload (Table
2).

Immunological analysis after the resection of in
situ breast tumors reveals that the activation of
postoperative chemokine receptor 4 (CXCR4)
signaling exacerbates immunosuppression and
correlates with adaptive upregulation of pro-
grammed cell death 1 ligand 1 (PD-L1) in recur-
rent tumors [145]. Minglu Zhou [146] devel-
oped a multifunctional hydrogel integrating
CXCR4 inhibition, immunogenic activation, and
PD-L1 blockade strategies. This hydrogel in-
cludes a methacrylamide copolymer-adriamy-
cin coupling (P-DOX), an antagonist coupling
[P-(LV)6], and an anti-PD-L1 antibody. P-DOX
naturally accumulates within primary tumors,
triggering ICD and attracting anti-tumor T cells.
P-(LV)6 specifically targets and binds extensive-
ly to CXCR4 receptors, which are overexpressed
on cancer cells, leading to significant CXCR4
depletion. This process effectively reduces the
migration of immunosuppressive cells into the
tumor. Experimental results showed that the
hydrogel had a localized inhibitory effect on
residual tumor cells and disrupted the pre-met-
astatic niche (PMN). Additionally, it produced
vaccine-like effects and long-lasting anti-tumor
memory (Table 2). Xiang Liu [147] proposed a
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unique synergistic approach to cancer immuno-
therapy by co-localizing cancer nanomedicine
delivery to enhance the tumor immunogenicity
and incorporating a nano-vaccine to boost anti-
tumor T-cell immunity. They developed an in-
jectable, thermosensitive hydrogel from self-
assembling, curcumin-loaded polymeric nano-
particles that encapsulate a nano-vaccine for
post-surgical tumor immunotherapy. This nano-
medicine effectively promoted ICD in the
remaining cancer cells, thereby increasing tu-
mor immunogenicity and making the tumor
more susceptible to antitumor T-cell immunity.
The cancer nano-vaccine, composed of an anti-
genic peptide, a toll-like receptor 9 (TLR9)
agonist (CpG-ODN), and a cationic polymer
nanoparticle, significantly enhanced the ma-
turation of dendritic cells (DCs) and elicited
robust, vaccine-specific T-cell immune respons-
es. Administering the hydrogel formulation at
the surgical site significantly improved the sup-
pression of local tumor spread to the lungs
(Table 2).

CD47 is one of the most promising targets in
tumor immunotherapy, playing a key role in the
immune system’s ability to recognize “self”.
Tumors often exploit CD47 overexpression to
achieve immune escape. Tumor cells can eva-
de attack by the immune system through the
CD47 “don’t eat me” signaling pathway [148].
CD47 antibodies (aCD47) bind to CD47 recep-
tors on the surface of tumor cells, blocking this
pathway and triggering macrophage-mediated
cellular phagocytosis [149, 150]. Xiaodan Wu
[151] designed an injectable hydrogel scaffold
infused with engineered exosome mimetics.
This innovative approach effectively attracts
and reprograms endogenous macrophages in
vivo into M1 macrophages that bind with the
aCD47 antibody (M1-aCD47 macrophages),
aimed at enhancing postoperative cancer im-
munotherapy. The injectable chitosan hydrogel
encapsulates M1 macrophage-derived exo-
some mimetics, co-modified with vesicular
stomatitis virus glycoprotein (VSV-G) and anti-
CD47 (V-M1EM-aCDA47), for targeted delivery.
In vivo experiments demonstrated that the
hydrogel activated of the adaptive immune sys-
tems to inhibit postoperative BC recurrence
(Table 2).

Sorafenib, a small molecule multikinase inhibi-
tor, modulates macrophage polarization and
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Table 2. Systematic immunotherapy hydrogel for preventing postoperative breast tumor recurrence

Hydrogel Mechanism: Advantages Disadvantages Rf
TPV-gel Induces intracellular Ca?* overload to Injectable, good biocompatibility. Low solubility of the copolymer may limit some [144]
enhance antigen immune response. applications.
PVA-TSPBA-gel Induces ICD, inhibits CXCR4-CXCL12 axis Persistent anti-tumor memory effect, sys- Accumulation of degradation products may [146]
to suppress metastatic microenviron- temic immunity, dual therapy. cause adverse reactions, long-term safety
ment, blocks PD-L1 receptor binding. needs to be studied.
PECT-Cur NPs Combination of nano-vaccine and Injectable, good biocompatibility, control- Stability may be affected by body temperature [147]
nano-drug enhances anti-tumor T cell lable drug release. fluctuations.
immunity.
V-M1EM- Exosome-modified aCD47 recruits and Specific targeting, sustained release, high  Potential biocompatibility issues. [151]
aCDh47@CS programs M1-type macrophages. drug retention.
DLG Sorafenib promotes anti-tumor M1 mac- Combined immunotherapy, precise tempo- Complex preparation process, potential [154]
rophages, blocks CD47-SIRPa pathway.  ral programmatic drug release, long-lasting inter-patient variability.
anti-tumor effects.
aCD47/Ceb@ Combined ICB and PDT synergistic PDDA framework’s ROS scavenging ability = Complex preparation and application process, [159]
PPG therapy, targeting CD7. protects ICB antibodies, real-time monitor-  long-term safety.
ing via Raman imaging.
FK@I1Q-4T1 Inhibits PD-L1 to enhance anti-tumor im- Personalized treatment for different pa- Complex preparation process, high cost. [166]
mune response, blocks immune escape. tients, targeted drug delivery.
PTLDH GM-CSF activates DCs for more effective Regulates immune microenvironment, High swelling ratio leads to instability. [167]
tumor antigen presentation to T cells. personalized immune response.
SH@FP@CaCO, Promotes DC maturation and activates Dual action, strong targeting. Ca?* accumulation from degradation products [168]
T cells, promotes M1-type macrophage needs further study.
polarization.
PF127-MTL Specifically targets DCs, activates STING Dual action, good biocompatibility. Trichosanthin as an exogenous protein re- [169]
pathway. quires further research on its immunogenicity.
RIC NPs@PLEL  RIC NPs activate immune response, PTT and immune stimulation synergistic Long-term biocompatibility issues require [170]
significantly increasing CD8+ T cells. therapy. further study.
ICG-STING-gel Activates STING pathway to activate PTT synergistic therapy. High swelling ratio structure may be unstable, [21]
innate immune system. affecting long-term degradation.
BPQDs@pNIPAM Activates and proliferates yo T cell. PTT synergistic therapy, reduces limitations Complex preparation process, material [171]
of traditional immunotherapy. stability needs further research.
CMCS/OHA-Met  Activates immune system through PDT synergistic therapy. Initial drug burst release might harm normal [175]

Caspase-3/PARP signaling pathway.

cells.
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[154].

influences macrophage involvement in tumor
metastasis and formation [152]. Blocking CD47
to activate tumor cell phagocytosis by carrier T
cells enhances anti-tumor efficacy [153]. Liping
Huang [154] designed an injectable, hierarchi-
cally structured gel matrix with a double lipid
gel (DLG) layer, where the outer and inner layers
consist of different mass ratios of soybean
phosphatidylcholine (SPC) and glycerol dioleate
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(GDO) (Figure 4). A binary system of SPC/GDO
with a mass ratio of 35/65 was selected as the
precursor for the outer lipid gel (LG) layer of the
DLG matrix, incorporating sorafenib-loaded
graphene oxide (GO) nanoparticles (SG). The
inner LG precursor of the DLG matrix is loaded
with aCD47, and the outer layer is thermo-
responsive, loaded with first-adsorbed GO
nanoparticles. The release of these nanoparti-
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cles under 808 nm NIR irradiation activates
tumor-associated macrophages (TAMs) and
improves the immunogenic tumor microenvi-
ronment. Subsequent release of aCD47 blocks
the CD47 signaling pathway involving the regu-
latory protein o (SIRPx), providing long-term
anti-tumor effects [152, 153]. In vivo studies
have shown that the DLG can locally rever-
se immunosuppression, synergistically block
CD47-dependent immune evasion, enhance
systemic immune response, and effectively
prevent tumor recurrence after surgery (Table
2).

Combining ICB therapy [155-158] with PDT has
excellent potential for treating immunologically
“cold” tumors. Yiyi Zhang [159] developed a
ROS-responsive, biocompatible hydrogel na-
med PPG, which utilizes cross-linking of conju-
gated poly (deca-4,6-dienedioic acid) (PDDA)
[160] with natural pullulan glycan [161, 162]
to simultaneously release ICB antibodies and
photosensitizers (PSs), addressing the issue of
ROS potentially harming unreleased antibod-
ies. The cluster of differentiation 47 (CD47)
antibody (aCD47) and chlorine e6 (Ce6) were
loaded into the PPG hydrogel. The degradation
of the hydrogel under LED irradiation at 640
nm resulted in sustained release of aCD47 and
Ce6. In vivo experiments demonstrated that
the hydrogel inhibited recurrence in 4T1 tumor-
bearing mice (Table 2). Additionally, the Raman
imaging response of PDDA allowed visualiza-
tion of the hydrogel degradation process, en-
abling precise control of drug release [163].

Cancer vaccines developed from tumor cells
represent another promising approach to can-
cer immunotherapy. Autologous tumor cells
obtained from patients can release specific
antigens for personalized immunotherapy [164,
165]. Tingting Wang [166] developed a per-
sonalized cancer vaccine (PVAX) loaded with
JQ1 (a BRD4 inhibitor) and ICG within a hydro-
gel matrix derived from tumor cells. The con-
trolled release of tumor-specific antigens and
JQ1, triggered by NIR light, effectively induces
anti-tumor immunity and block PD-L1-de-
pendent immune evasion, thereby preventing
tumor recurrence after BC surgery (Figure 5).
Yi Lu [167] introduced an innovative hydrogel
vaccine system that incorporates granulocyte-
macrophage colony-stimulating factor (GM-
CSF) with lysates from surgically excised tumor
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cells. This personalized tumor lysate-derived
hydrogel (PTLDH) was formulated by crosslink-
ing the tumor cell lysates with alginate at low
temperatures. GM-CSF is gradually released
from the hydrogel, attracting DCs to this unique
tumor antigen reservoir. These DCs take up
the personalized tumor antigens from PTLAH,
effectively initiating multi-antigen specific T
cells for the precise elimination of residual
tumor cells. The hydrogel enhances the thera-
peutic effect of aPD-L1 and demonstrates
excellent efficacy in preventing tumor recur-
rence (Table 2).

The presence of a large number of suppressor
cells and cytokines in TME is detrimental to
the activation of immune cells within tumors.
Enhancing the immunogenicity of tumor vac-
cines in a manner that aligns with the TME is
key to improving the anti-tumor vaccine re-
sponse and inhibiting breast tumor recurrence.
Wendi Huo [168] developed a CaCO, biominer-
alized hydrogel DCs vaccine, incorporating
membrane proteins from 4T1cell-DCs fusion
cells (FP) into a biomineralized silk fibroin hydro-
gel framework. This vaccine, labeled SH@QFP@
CaCO,, enhances immunogenicity by providing
a broad array of tumor-associated antigens
(TAAs) and ensuring sustained protein release,
which is cruical for DCs maturation and T cells
activation. Additionally, the inclusion of CaCO,
adjusts the pH level of the TME, facilitating the
transition from M2-type to Ml-type macro-
phages. This shift counteracts the immunosup-
pressive TME and reduces its impact on T cells,
offering a dual-mode mechanism to strengthen
the immune response against cancer. The
biomineralized hydrogel vaccine demonstrates
excellent immune activation effects by simulta-
neously enhancing the immunogenicity and
reversing the immunosuppressive TME (Table
2).

DCs are the most potent antigen-presenting
cells (APCs), and vaccines targeting DCs have
the potential to induce strong immunity through
the initiation and enhancement pathways.
Trichosanthin, a plant-derived protein, has de-
monstrated cancer immune-stimulation prop-
erties. Guihua Chen [169] developed a protein
vaccine, termed TLM, incorporating trichostatin
as an adjuvant and the legumain domain as a
peptidic antigen. Additionally, they chemically
modified this vaccine with mannose to specifi-
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Figure 5. Schematic illustration of fabrication of PVAX for cancer immunotherapy [166].

cally target DCs. The vaccine was then loaded
into a temperature-sensitive hydrogel based on
Pluronic F127 for implantation at the postop-
eration site. The PF127-MTL hydrogel, with its
temperature-sensitive properties, not only in-
hibitied tumor recurrence but also prevented
lung metastasis of BC (Table 2).

Given the immunosuppressive conditions often
observed following surgery, combining PTT with
immunotherapy holds considerable promise
for managing local recurrence and metastasis
post-surgery. Yan Peng lJia [170] developed a
locally injectable therapeutic platform based
on a thermosensitive PDLLA-PEG-PDLLA (PLEL)
hydrogel with NIR-stimulated drug release
(Figure 6). The RIC NIPs, a novel multifunctional
nanoparticle formulation, integrates three ther-
apeutic agents: indocyanine green for photo-
thermal action, resiquimod (R848) as a TLR-
7/8 stimulant, and CpG ODNs as a TLR-9
activator. These nanoparticles are seamlessly
incorporated into a thermosensitive PLEL hy-
drogel. Upon local injection into the post-surgi-
cal tumor cavity, the RIC NPs encapsulated
within the PLEL hydrogel (RIC NPs@PLEL) per-
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form targeted photothermal therapy to eradi-
cate residual tumor cells and release tumor-
associated antigens. Demonstrating superior
biocompatibility both in vitro and in vivo, this
hydrogel, through photothermal ablation and
its immunoadjuvant properties, effectively sup-
presses lung metastasis and stimulates a
potent immune defense, thereby preventing BC
recurrence (Table 2).

Cyclic dinucleotides (CDNs) are a promising
class of immunostimulants that activate the
stimulator of interferon genes (STING), thereby
initiating both innate and adaptive immune
responses. Cunguo Chen [21] developed a
novel immunotherapy approach using inject-
able hydrogels that respond to ROS. The hydro-
gel is designed to release 5,6-dimethylxanthe-
none-4-acetic acid (DMXAA), an agent that
activates the STING pathway, along with ICG,
leveraging high ROS levels within the TME. By
combining the STING agonist with PTT, this
approach not only enhances the biological per-
formance of DMXAA but also transforms the
suppressive TME into an immunogenic en-
vironment conducive to tumor destruction. The
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hydrogels, known for their robust mechanical
properties, biocompatibility, and biodegradabil-
ity, enable a sustained release of therapeutic
agents by utilizing the ROS concentration at
tumor sites. Integrating this delivery system
with physical tumor ablation and immunothera-
py may significantly improve clinical response
rate (Table 2).

Gamma-delta (yd) T cells, which are part of the
innate-like T cell family, have gained recogni-
tion as a promising approach for specifically
targeting tumors in cancer therapy. Xin Shou
[171] developed an innovative hydrogel particle
that mimics yd T cells, showing potential for BC
immunotherapy. This particle is created by
embedding black phosphorus quantum dots
(BPQDs) into a N-isopropy! acrylamide (NIPAM)
pre-gel solution, then using this mixture to cre-
ate a negative of the structure of silica colloidal
crystal beads (SCCBs), resulting in a porous
scaffold. These BPQDs-doped pNIPAM hydro-
gel particles, when loaded with zoledronate,
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not only support the growth and activation of yo
T cells but also significantly reduce tumor size
in nude mice experiments, highlighting their
potential as a comprehensive platform for can-
cer treatment (Table 2).

Gasdermin E (GSDME) is a tumor suppressor
gene associated with pyroptosis-mediated cell
death [172]. GSDME converts non-inflammato-
ry apoptosis into inflammatory pyroptosis [173].
The potential of pyroptosis lies in the release of
immunogenic molecules that contribute to both
the primary and memory anti-tumor immune
response [174]. Dandan Mi [175] developed a
photopolymerized hydrogel using poly (ethylene
glycol) dimethacrylate (PEG-DMA) and sericin
methacryloyl (SER-MA) for postoperative BC
treatment. The hydrogel, loaded with the DNA
methylation inhibitor decitabine (DEC) and
gambogic acid (GA) encapsulated in poly (lac-
tic-co-glycolic acid), facilitates rapid DEC
release and sustained GA release, inducing
GSDME-mediated pyroptosis in tumor cells.
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This mechanism not only directly targets tumor
cells but also stimulates an immune response
that helps prevent tumor recurrence and lung
metastasis, making the hydrogel a powerful
tool for managing surgical wounds and reduc-
ing the risk of cancer recurrence in BC treat-
ment (Table 2).

Conclusion

Postoperative treatment of BC still faces signifi-
cant challenges due to different mechanisms
of tumor recurrence. Hydrogel-based cancer
therapeutic platforms have gained much at-
tention due to their superior characteristics.
This paper reviewed the effects of surgery on
promoting postoperative metastasis in BC.
Postoperative residual breast tumor cells in
situ become more invasive to normal tissues
due to EMT and cytokines secreted by macro-
phages. Various systemic changes induced by
surgery can help CTCs survive and metastasize
to different degrees. The postoperative inflam-
matory response creates a state of systemic
immunosuppression similar to the tumor micro-
environment, enabling tumor cells to evade the
immune system. We also summarized various
principles and synthetic methods for construct-
ing hydrogels used in postoperative BC treat-
ment, including local chemotherapy, immuno-
therapy, PTT, PDT, CDT, and multimodal com-
binations.

In terms of synthetic design of hydrogels, we
have found that to achieve injectability, the
material composition of most current hydro-
gels tends to favor organic/inorganic synthesis
using known materials. However, the superior
biocompatibility and tissue regeneration bene-
fits of natural hydrogels cannot be overlooked.
Modifying natural hydrogels can achieve ideal
drug delivery properties, allowing the desired
structural features to be obtained while re-
taining the benefits of the natural material.
Moreover, most hydrogel drug delivery designs
focus primarily on drug loading, with the hydro-
gel itself serving only as a passive carrier. The
functional design of the hydrogel itself (such as
responsive drug release) is often neglected. It
is noteworthy that hydrogel drug delivery sys-
tems for multimodal combination therapy are
gaining increasing attention. Various photother-
mal agents not only enable combined PTT, but
also act as a “key” to achieving controlled
release of the loaded drug.
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Note that when choosing a type of treatment,
most chemotherapeutic drugs have serious
toxic side effects and can even compromise
the body’s immune system, making them
unsuitable for use in the perioperative period.
However, a single short-term dose of cyclophos-
phamide or anthracycline during the posto-
perative period has been shown to improve
the long-term survival of cancer patients. Re-
searchers should consider the postoperative
period when designing a localized chemothera-
py hydrogel loaded with a drug, whether the
hydrogel is intended for immediate postopera-
tive use or for identifying the appropriate
timing for administration through models. Im-
munotherapy hydrogel avoids the use of che-
motherapy drugs during the perioperative peri-
od. However, literature indicates that the post-
traumatic inflammatory response, inflammation
resolution, and tissue repair are sequential pro-
cesses that provide physiologic protection to
the body. Interfering with this process through
immunotherapy during the perioperative period
may lead to excessive inflammation and its
harmful effects. Current hydrogels for immuno-
therapy primarily focus on activating the
immune response by applying immune inhibi-
tors or inducing ICD to activate T cells, DCs, or
macrophages. Additionally, NETs play a crucial
role in the body’s immune response, but NETs-
based immunotherapy hydrogels are rarely dis-
cussed. In future studies, researchers evaluat-
ing the design of hydrogel experiments should
not only focus on pharmacodynamics but also
consider whether the mechanism of action of
the hydrogel affects the body’s inflammation
resolution and wound repair processes. It is
also recommended that they systematically
evaluate the mechanism of action at all stages
of drug efficacy to fully demonstrate the safety
and effcetiveness of their hydrogel designs.

Despite the step-by-step progress made in
applying hydrogel technology for BC treatment,
further research is required before these tech-
nologies can be widely adopted in clinical prac-
tice. Currently, most therapeutic strategies
involving hydrogels target only specific stages
of tumor cell metastasis. To more effectively
prevent the spread of breast cancer, it is essen-
tial to broaden the focus of research to encom-
pass the entire metastatic process. By leverag-
ing the multi-drug loading capacity of hydrogels,
it may possible to inhibit tumor cell metastasis
at various stages, thus blocking the spread
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more comprehensively. Hydrogel therapy for BC
presents a platform with tremendous potential,
but correct, rational, and safe application in
clinical settings will require improvements in
standardization. Furthermore, the successful
application of hydrogels depends on a compre-
hensive understanding of their in vivo beha-
vior, including biocompatibility, degradation
rate, and the safety of degradation byproducts.
Ensuring that hydrogels degrade safely in the
body without causing toxicity or immune reac-
tions is crucial for their clinical use. At the same
time, the production processes for hydrogels
must be scalable to meet clinical demands,
while maintaining consistent quality and perfor-
mance in large-scale manufacturing. Beyond
drug delivery, hydrogels can also serve as carri-
ers for gene therapy, immune modulators, or
other bioactive substances, allowing for inter-
vention at multiple levels of tumor progression
and metastasis. Combining hydrogels with
other treatments, such as radiation, chemo-
therapy, targeted therapies and immunothera-
py, could significantly enhance overall treat-
ment outcome and overcome the limitations
and resistance associated with monotherapy.
Moreover, future research should prioritize the
development of personalized hydrogel-based
therapies tailored to the unique characteristics
of a patient’s tumor. This approach may involve
integrating biomarker-driven strategies to pre-
cisely target metastatic cells while minimizing
side effects.

As our understanding of the tumor microenvi-
ronment and metastatic pathways deepens,
the design of hydrogel systems can evolve not
only to deliver chemotherapeutics but also to
carry immune modulators, gene therapies, or
RNA-based treatments. These advancements
may dramatically improve outcomes for BC
patients, particularly those with advanced or
refractory disease. However, achieving these
goals will require rigorous preclinical testing fol-
lowed by well-designed clinical trials to ensure
the safety and efficacy of hydrogel-based inter-
ventions across diverse patient populations.
Only through a multidisciplinary, integrated
approach can hydrogel therapy fulfill its pro-
mise.
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