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a b s t r a c t 

Post-resection tumors with microscopic foci and immunosuppressive microenvironments have high risk of recur- 
rence and metastasis but respond poorly to various therapies. Herein, we propose a biomimetic hydrogel as a bio- 
compatible, biodegradable and bioadhesive postoperative dressing that could be formed in situ by NaIO4 -initiated 
thiourea-catechol crosslinking after syringe-injection into the resection cavity. The thiourea or catechol-bearing 
hyaluronic acid precursors are also separately engineered with phenylboronic acid and 𝛽-cyclodextrin ( 𝛽-CD) 
groups, potentiating the reversible immobilization of (1S, 3R) RAS-selective lethal 3 (RSL3) and glycosylated 
granulocyte macrophage-colony stimulating factor (GM-CSF) without invasive chemical reactions. Meanwhile, 
the interconnected porous superstructure of the hydrogels allows the incorporation and self-regulated delivery of 
PD-L1 antibody (aPD-L1). RSL3-induced immunogenic ferroptosis and GM-CSF could cooperatively trigger robust 
adaptive tumor-specific immune responses, while aPD-L1 further alleviates the accumulated immunoresistance 
of tumor cells due to interferon 𝛾-mediated PD-L1 upregulation, thus stimulating potent local and whole-body 
antitumor immunity to prevent postoperative tumor recurrence and metastasis. The biomimetic hydrogel may 
serve as a promising solution for the postoperative treatment of solid tumors. 
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. Introduction 

Surgical resection is a mainstream treatment against solid tumors,
ut the prevention of postoperative tumor recurrence is still challeng-
ng due to various detrimental factors including microscopic residual
umors and surgical stress-induced immune dysfunction [1–4] . Adju-
ant localized chemotherapy or radiotherapy is often necessary after
he resection of primary tumors, which could continuously inhibit tu-
or growth post-resection and improve patient survival with reduced

ystemic toxicity [ 5 , 6 ]. Interestingly, these adjuvant therapies could in-
uce immunogenic cell death (ICD) and sensitize remaining tumor cells
o immune cell-mediated cytotoxic activities [ 7 , 8 ], thus offering po-
ential antitumor synergy with immunotherapy to present highly spe-
ific cytotoxic action, systemic immune response, and long-term im-
unological memory against selected tumor cell types, all of which

re highly promising for preventing local recurrence and distal tu-
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ors after resecting the primary tumors [ 9 , 10 ]. Recent insights re-
eal that ferroptosis, a recently identified regulated cell death pathway
haracterized by the accumulation of lethal iron-catalyzed lipid perox-
des, has intrinsic connection with T cell-mediated antitumor immunity
11–14] . On one hand, ferroptosis is a highly immunogenic cell death
ode that releases abundant damage-associated molecular patterns

DAMPs) including high mobility group box 1 (HMGB1) and adenosine
 ′ -triphosphate (ATP), which could be sensed by pattern recognition re-
eptors on APCs to stimulate tumor-specific adaptive immune responses
15–17] . On the other hand, interferon- 𝛾 (IFN- 𝛾) secreted by CD8+ 

 cells may inhibit the SLC3A2 and SLC7A11 subunits of glutamate–
ystine antiporter system xc− in tumor cells to impair glutathione (GSH)
iosynthesis and amplify the ferroptotic damage [ 18 , 19 ]. Consequently,
he rational combination of ferroptosis and immunotherapy could
ield potent and durable tumor inhibition efficacy for postoperative
reatment. 
uo) . 
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Based on the previous insights regarding post-resection adjuvant
herapies, in situ administration of ferroptosis inducers and immunos-
imulatory agents is a promising approach to concentrate their thera-
eutic activity while reducing systemic adverse impacts. However, sur-
ical stress in the resected tumor bed would disrupt key immunologi-
al events including maturation of antigen-presenting cells (APCs) and
evelopment of tumor-specific CD4+ and CD8+ T cells, thus consoli-
ating a highly immunosuppressive microenvironment [ 20 , 21 ]. More-
ver, IFN- 𝛾 would upregulate programmed death-ligand 1 (PD-L1) ex-
ression on tumor cells and potentially undermine the persistence of T
ell-mediated antitumor immunity [ 22 , 23 ]. Remarkably, injectable in-
itu forming hydrogel has attracted increasing interest for cancer ther-
py and tissue engineering applications and provides an effective solu-
ion for postoperative tumor treatment [24–27] . These hydrogel systems
ould be prepared by injecting solubilized polymeric precursors into the
efected tissue and subsequently applying a physical or chemical trigger
o initiate crosslinking, leading to the formation of closely-fitted hydro-
els with good shape adaptability and tissue adherence for maximum
overage of residual tumor foci in the wound margin. Moreover, the hy-
rogels present abundant modification sites and interconnected porous
uperstructures for the incorporation of various functional moieties and
herapeutic components, allowing facile control over their drug delivery
roperties [ 28 , 29 ]. On the basis of these insights, we hypothesize that
ationally designed in situ-forming hydrogels have the potential to real-
ze the therapeutic synergisms between ferroptosis and immunotherapy
ith minimal systemic side effects. 

In this study, we report that the tumor surgical bed could be ther-
peutically modulated for cooperative ferroptosis-immunotherapy us-
ng an injectable in-situ forming biomimetic hydrogel based on bio-
erived constituents to prevent locoregional and systemic postoperative
umor recurrence ( Fig. 1 ). For this purpose, we synthesized two types
f functionalized hydrogel precursors by conjugating hyaluronic acid
HA), a major constituent of the extracellular matrix, with dopamine
nd thiourea groups, which could be syringe-delivered to the resected
avity and rapidly form closely-fitted hydrogels with high bioadhesive-
ess after the addition of a safe dose of NaIO4 solution [30] . To exert the
ostoperative antitumor activities, the thiourea or dopamine-conjugated
A precursors were also separately modified with phenylboronic acid

HA-NCSN-PBA) or 𝛽-CD (HA-CD-DA) side groups, which could trap gly-
osylated GM-CSF and (1S, 3R) RAS-selective lethal 3 (RSL3) via boronic
ster ligation and physical host-guest molecular inclusion, respectively.
urthermore, the hydrogel presents highly interconnected pores that
llows the facile loading of macromolecular PD-L1 antibodies (aPD-
1). After integration into the resection cavity, the implanted hydro-
els could be gradually degraded and release the therapeutic contents
n-situ in a self-regulated manner. Specifically, RSL3 induces tumor cell
erroptosis that releases tumor-derived DAMPs into the surrounding mi-
roenvironment to enhance the immunogenicity of residual tumor cells,
hich are in turn recognized by GM-CSF-stimulated APCs to activate

umor-specific effector T cells and elicit both local and systemic antitu-
or immunity [ 31 , 32 ]. Meanwhile, the enhanced effector function of

ctivated T cells also disrupts the glutamate uptake by residual tumor
ells and amplifies their ferroptosis susceptibility via IFN- 𝛾-SLC7A11
xis. Furthermore, the concurrently released aPD-L1 ameliorates the
daptive immune resistance in the postoperative microenvironment due
o IFN- 𝛾-mediated PD-L1 upregulation and maintains the effector func-
ion of activated T cells for durable protection against tumor recurrence
ost-resection [33] . In addition to the ferroptosis-immunotherapy syner-
ism, this injectable hydrogel also enables immediate tight wound seal-
ng and rapid recovery from the surgical injury, taking advantage of its
iomimetic features including dopamine-mediated strong tissue adher-
nce and pore-facilitated nutrient/gas exchange [34–36] . The injectable
ydrogel system prevents the local tumor recurrence and distal tumors
n mice bearing resected B16F10 and 4T1 tumors with negligible toxic
ffects, indicating its clinical potential for the postoperative care of var-
ous solid tumor indications. 
w
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. Materials and methods/experiment 

.1. Materials 

Hyaluronic acid, 𝛽-cyclodextrin, dopamine hydrochloride, 4-amino-
henylboric acid, 4-toluenesulfonyl chloride, adipic acid dihydrazide,
ethyl isothiocyanate were supplied by Sigma-Aldrich. N-hydroxy

uccinimide (NHS), 1-(3-dimethylamino propyl)-3-ethyl carbodiimide
ydrochloride (EDC), sodium periodate, absolute ethanol, acetone,
’N-dimethylformamide, deuterium oxide, Sulfo-Cyanine5 (Cy5) were
urchased from Aladdin China. Cellular glutathione peroxidase assay
it, Annexin V-FITC apoptosis detection kit, ATP assay kit, GSH assay
it, DAPI, and TUNEL kit were purchased from Beyotime. CRT, HMGB1,
nd SLC7A11 were supplied by Proteintech (Wuhan, China). APC anti-
D45, APC anti-CD11c, FITC anti-CD80, PE anti-CD86, FITC anti-CD4,
E anti-CD8, PE anti-MHC II, FITC anti-IFN- 𝛾, PE anti-F4/80 were
urchased from Biolegend. Murine aPD-L1 purchased from BioXcell.
urine GM-CSF was purchased from PeproTech. Red blood cell lysis

uffer was obtained from Solarbio (Beijing, China). 

.2. Cell lines and animal models 

B16F10-luc and 4T1-luc cell lines were bought from Yeze Shanghai
iological Technology Co. LTD. C57BL/6 and BALB/c mice (female, 6-
eek-old) were provided by Chongqing Medical University and all mice
ere kept in the animal house of Chongqing Medical University. All

nstitutional and national guidelines for the care and use of laboratory
nimals were followed. All characterizations were carried out following
he Animal Management Rules of the Ministry of Health of the People’s
epublic of China. The Animal Ethics Committee of Chongqing Medical
niversity have reviewed and approved all the experimental procedures

n this study (SYXK-PLA-20120031). 

.3. Synthesis of NH2 - 𝛽-cyclodextrin 

First, 31.7 mmol of 𝛽-CD was added to a 500 mL round bottom
ask and dissolved in 300 mL deionized water. Meanwhile, 98.4 mmol
f sodium hydroxide was dissolved in 8 mL of deionized water and
dded dropwise to 𝛽-CD solution within 5 minutes. 31.7 mmol of 4-
oluenesulfonyl chloride was dissolved in 18 mL of acetonitrile and then
dded dropwise to the mixture under ice bath conditions, which was
tirred continuously at room temperature for 3 hours. After the reac-
ion, the pH was adjusted to neutral with hydrochloric acid solution. The
ixed solution was recrystallized in a refrigerator under 4 °C overnight,

fterwards the precipitate was collected and dispersed into acetone and
thanol solutions to remove unreacted 4-toluenesulfonyl chloride. TOS-
-CD was obtained by recrystallization, purification, and precipitation
ith distilled water for multiple times and the moisture was removed
ia vacuum freeze-drying. 

The resulting TOS- 𝛽-CD (3.0 g, 2.33 mmol) was dissolved in 15 mL
f anhydrous N, N-dimethylformamide. Under the protection of nitro-
en, 3 mL of ethylenediamine solution was added dropwise through a
yringe, and then the reaction mixture was stirred at 60 °C for 12 hours.
fter the reaction, the reaction solution was cooled naturally to room

emperature and slowly dropped into 150 mL of acetone solution to ex-
ract the raw product via precipitation. The precipitates were recovered
ia filtration, washed, and precipitated again with ethanol (50 mL) and
cetone (50 mL) twice. The purified precipitate was redissolved in water
2 mL) and recrystallized with ethanol and acetone (150 mL). The raw
roducts were further dialyzed against deionized water with a dialysis
ag (500Da, MWCO, Millipore) for 3 days, afterwards the moisture was
emoved via vacuum freeze-drying to obtain NH2 - 𝛽-CD. The NH2 - 𝛽-CD
as characterized using 1 H NMR (400 MHz, D O, ppm) analysis. 
2 
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Fig. 1. Injectable in-situ forming biomimetic hydrogel mediates cooperative ferroptosis-immunotherapy to elicit durable protection against postoperative 

tumor recurrence and metastasis. (a) Molecular structures of the HA-based precursors and the gelation mechanics. (b) Schematic illustration of hydrogel-mediated 
cooperative ferroptosis-immunotherapy after in-situ implantation. 
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.4. Synthesis of HA-CD and HA-CD-DA 

In 100 mL hexamethylene buffer was firstly dissolved 1 g of
yaluronic acid and then added with EDC/NHS (3.9 mmol: 3.9 mmol).
he activation reaction would last 1 h under room temperature. NH2 -
-CD was added to the solution at a hyaluronic acid: NH2 - 𝛽-CD ratio of
:1.5 and stirred at room temperature for 36 h. After the reaction, the
olution was transferred to a dialysis bag (3000Da, MWCO, Millipore)
nd dialyzed against deionized water for 72 h. The water was changed
very 4 hours. Afterwards, the solution was freeze-dried to obtain HA-
D and characterized by 1 H NMR (400 MHz, D2 O, ppm). 

In 50 mL of MES buffer was dissolved 500 mg HA-CD and added
ith EDC / NHS (2.1 mmol: 2.1 mmol), which was further incubated at

oom temperature for 1 h to activate the carboxyl groups. Dopamine hy-
rochloride (DA) was added at a hyaluronic acid: dopamine hydrochlo-
ide ratio of 1:1.5. The reaction mixture was stirred under N2 protec-
ion at room temperature for 24 hours, afterwards it was transferred to
 dialysis bag (500Da, MWCO, Millipore) and dialyzed against deion-
1049
zed water first at pH 6 for 24 h and then under neutral pH for 48 h.
he water medium was changed every 4 h and the reaction solution
as eventually freeze-dried to obtain HA-CD-DA. The structure of the
roduct was analyzed by 1 H NMR (400 MHz, D2 O, ppm). 

For the loading of RSL3, 500 mg HA-CD-DA was dissolved in 20 mL of
eionized water. Meanwhile, 5 mg RSL3 was dissolved in methanol and
hen dropped into HA-CD-DA solution. The mixture was first stirred at
oom temperature for 8 h and subsequently centrifuged at 12000 rpm
or 10 min. The supernatant was collected and freeze-dried to obtain
A-CD-DA@RSL3. 

.5. Synthesis of HA-NCSN and HA-NCSN-PBA 

1 g of hyaluronic acid was dispersed in 100 mL of deionized water
nd then mixed with 2.396 g of EDC, 1.914 g of HOBt and 34.84 g of
dipic acid dihydrazide (ADH). The solution was stirred for 6 h with
onstant addition of NaOH to maintain the pH value at about 6.8, fol-
owed by dialysis first with sodium chloride for 3 days and then deion-
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zed water for another 3 days. The purified solution was freeze-dried
o obtain HA-ADH. To synthesize HA-NCSN, HA-ADH was dissolved in
eionized water at a concentration of 1% (w/v) and added with exces-
ive methyl isothiocyanate dissolved in dimethyl sulfoxide at a methyl
sothiocyanate: HA-ADH ratio of 5:1. The mixture was further stirred in
itrogen atmosphere for 3 days and dialyzed first with sodium chloride
or 3 days and then deionized water for another 3 days. The solution
as freeze-dried to obtain HA-NCSN. The structure was analyzed by 1 H
MR (400 MHz, D2 O, ppm). 

500 mg HA-NCSN was dissolved in MES buffer and added with
DC/NHS (2.1 mmol: 2.1 mmol), followed by incubation at room tem-
erature for 1 hour. 4-aminophenylboric acid was added at the HA-
CSN: 4-aminophenylboric acid ratio of 1:1.5, stirred at room temper-
ture for 24 h and eventually the solution was transferred to a dialysis
ag (500da, MWCO, Millipore) for dialysis against deionized water for 3
ays, during which the water was changed every 4 h. Sample-containing
olution was processed through freeze-drying to obtain HA-NCSN-PBA.
he structure was analyzed by 1 H NMR (400 MHz, D2 O, ppm). 

500 mg HA-NCSN-PBA was dissolved in 50 mL of 0.2 M disodium
ydrogen phosphate solution at pH 9 and added with 20 μg of GM-CSF,
tirred at room temperature for 6 h and eventually freeze-dried to obtain
A-NCSN-PBA@GM-CSF. 

.6. Preparation of the biomimetic hydrogel 

HA-CD-DA@RSL3 and HA-NCSN-PBA@GM-CSF solutions with a
oncentration of 30 mg/mL were mixed at the volume ratio of 1:2, fol-
owed by the addition of anti-PD-L1 antibody (aPD-L1) at 0.6 mg/mL
nd further stirred at 4 °C for 2 hours. NaIO4 solution was added to the
ixed solution at a NaIO4 /HA molar ratio of 0.03: 1 to initiate hydrogel

ormation. 

.7. Morphology and mechanical properties of hydrogel 

The morphology of the hydrogel was observed by scanning electron
icroscopy (SEM) after freeze-drying. The rheological properties of hy-
rogels were determined by a rotational rheometer, and the young’s
odulus of hydrogels was determined on a universal tensile testing ma-

hine. 

.8. Hydrogel degradation behaviors 

The net weight of the hydrogel samples was determined at the start
f incubation (M0 ) by vacuum freeze-drying, afterwards the hydrogels
ere placed in phosphate-buffered saline (PBS, pH 6.8, with or without
Aase 100 IU/mL). All samples were incubated under gentle shaking at
7 °C. At predetermined time points, the gels were extracted and freeze-
ried before weighing on a digital balance (M1 ). Degradation rate was
alculated using the formula (M0 - M1 ) / M0 × 100%. 

.9. Drug release kinetics of hydrogels 

The drug release profiles from the hydrogels were analyzed in
hosphate-buffered saline (PBS, pH 6.8, with or without HAase 100
U/mL) at 37 °C. The released RSL3 was analyzed by HPLC. The re-
eased GM-CSF and aPD-L1 were determined by GM-CSF and IgG total
LISA kit, respectively. 

.10. Cytotoxicity evaluation of hydrogels in vitro 

B16F10 cells were cultured in RPMI1640 medium containing 10%
etal bovine serum (Gibco), while 4T1 cells and HUVECs were cultured
n high glucose DMEM medium containing 10% fetal bovine serum. To
valuate the biocompatibility of hydrogel system, B16F10 cells, 4T1
ells, and HUVECs were inoculated in the bottom chamber of 24-well
ranswell plates at an initial cell density of 8 × 104 /well and placed
1050
n an incubator under a constant temperature of 37 °C and a 5% CO2 
tmosphere. Meanwhile, hydrogel samples were pretreated with HAase-
ontaining culture media for 1, 2 or 3 days. When the cell confluence
eached around 50%, hydrogel soaking solution was added to the upper
hamber of 24-well plates and cultured for another 24 h. After incu-
ation, the chambers were removed and MTT reagents were added to
etect cell viability after different treatment according to procedures in
he user manual. 

.11. Hydrogel degradation behaviors in vivo 

To track the degradation of the hydrogel in vivo, the HA precursors
ere first loaded with the therapeutic contents and then grafted with
y5 by EDC/NHS reaction. Meanwhile, to establish the animal tumor
odel, 1 × 106 B16F10 cells were subcutaneously injected into C57BL/6
ice. Ten days later, tumors were resected when they reached 200 mm3 ,

eaving about 5% of the tumor at the primary site. The Cy5-labeled hy-
rogels were created in the resection cavity and the wound was then
utured and sterilized. At predetermined time points, Cy5 fluorescence
n mice was observed by a living-image system. 

Alternatively, Cy5 was loaded into the biomimetic hydrogel via phys-
cal encapsulation to represent the encapsulated aPD-L1. 1 × 106 B16F10
ells were injected subcutaneously into C57BL/6 mice. When the tumor
eached 200 mm3 , the mice were divided into two groups (free Cy5,
y5/gel) and received similar partial tumor resection. Cy5 hydrogel was
stablished in the wound cavity, followed by suturing and sterilization.
t predetermined time points, the retention of Cy5 fluorescence in mice
as observed using a living-imaging system. 

.12. GPX4 activity assay in vitro and in vivo 

Gel@RSL3 and Gel were soaked in hyaluronidase-supplemented me-
ia for 1, 3, and 5 days, while RSL3-containing cell culture media were
ged for the same period and used for comparative analysis. B16F10
r 4T1 cells were incubated in 24-well plates with an initial cell den-
ity of 8 × 104 /well under the standard conditions mentioned above.
lack control, Gel soaking solution, RSL3-containing culture medium,
el@RSL3 soaking solution were added into individual well and the in-
ubation would last for another 24 h. After incubation, the cells were
ollected and treated by cellular glutathione peroxidase assay kit (Be-
otime) to determine the GPX4 activity. As for the in vivo analysis of
PX4 activity in tumor tissues, tumor tissues were extracted from indi-
idual groups (control, Gel, Gel@GM-CSF, Gel@RSL3, Gel@RSL3 + GM-
SF, Gel@RSL3 + GM-CSF + aPD-L1) and measured by the same assay kit
ccording to the manufacturer’s instructions. 

.13. Lipid ROS assay by BODIPY-C11 staining 

B16F10 or 4T1 cells were inoculated into 24-well plates (8 ×
04 /well). Control, Gel soaking solution, RSL3-containing culture
edium, Gel@RSL3 soaking solution were added to individual wells for
4 h incubation. After incubation, cells were collected for staining by 5
M BODIPY 581/591 C11 in 1 mL PBS and incubated at 37 °C for 30
in. The cells were washed 3 times and resuspended in 300 μL fresh PBS

or flow cytometric analysis. Alternatively, B16F10 cells were seeded on
onfocal dishes (1 × 105 /well) and treated by the same procedures for
LSM imaging. 

For the co-incubation system with immune cells, B16F10 and 4T1
ells were inoculated into 24-well plates (8 × 104 /well) under standard
onditions and then treated by control, Gel soaking solution, Gel@GM-
SF soaking solution, Gel@RSL3 soaking solution, Gel@RSL3 + GM-CSF
oaking solution and Gel@RSL3 + GM-CSF + aPD-L1 soaking solution for
4 h. Subsequently, immune cells extracted from the spleen of mice
ere inoculated in the 24-well plates. After incubating overnight at
7 °C under an atmospheric CO level of 5%, the floating immune cells
2 
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ere discarded and remaining tumor cells were analyzed with Lipid ROS
ssay kit to determine the lipid ROS levels. 

.14. Evaluation of the antitumor efficacy in vitro 

B16F10 or 4T1 cells were inoculated into 24-well transwell plates
8 × 104 /well). Control, Gel soaking solution, RSL3-containing culture
edium, Gel@RSL3 soaking solution were added to the upper chamber

f individual wells for 24 h incubation. After incubation, cells in the
ottom chambers were collected and stained with Annexin V/PI cell
ssay kit (Beyotime) for flow cytometric analysis. 

For the co-incubation system with immune cells, B16F10 or 4T1
ells were inoculated into 24-well plates (8 × 104 /well) and then
reated by control, Gel soaking solution, Gel@GM-CSF soaking solution,
el@RSL3 soaking solution, Gel@RSL3 + GM-CSF soaking solution and
el@RSL3 + GM-CSF + aPD-L1 soaking solution for 24 h. Afterwards, im-
une cells extracted from the spleen of mouse were co-inoculated in

he bottom chamber of the 24-well plates. After incubating overnight
t 37 °C under an atmospheric CO2 level of 5%, the tumor cells were
xtracted for survival analysis. Same procedures have been applied for
ow cytometric analysis of tumor cell survival. 

.15. Evaluation of immunogenic cell death of tumor cells 

B16F10 or 4T1 cells were inoculated into confocal dishes (1
105 /dish). Control, Gel soaking solution, RSL3-containing culture

edium, Gel@RSL3 soaking solution were added to individual dish for
4 h incubation. After incubation, cells were washed with PBS for 3
imes, treated with CRT and HMGB1 antibodies and incubated overnight
t 4 °C. Subsequently, fluorescent secondary antibodies were added for
ncubation at 37 °C for 2 h, followed by DAPI staining at 37 °C for 10
inutes. Finally, the samples were washed with PBS and observed by a

eica TCS SP8 confocal laser microscope. 
For the tests on ATP release, B16F10 or 4T1 cells were inoculated

nto 24-well transwell plates (8 × 104 /well). Control, Gel soaking solu-
ion, RSL3-containing culture medium, Gel@RSL3 soaking solution were
dded to the upper chamber of individual wells for 24 h incubation.
fter incubation, the supernatant in the bottom chamber of different
roups was collected and analyzed with ATP assay kit (Beyotime). 

.16. Gel@GM-CSF induces maturation of BMDCs and RAW264.7 cells 

C57BL/6 mice were euthanized and sterilized by soaking in 75%
thanol for 10 minutes. After that, the femur of the mice was extracted
nder sterile conditions. The attached muscle tissues were carefully re-
oved and the epiphyses on both ends of the femur were cut off. Bone
arrow was extracted with a sterile 1 mL syringe and the medullary

avity was washed repeatedly. The extracted bone marrow and wash-
ng solution of medullary cavity were suspended with culture media, fil-
ered with a 300-mesh nylon net, and centrifuged at 1200 rpm for 5 min-
tes. After centrifugation, the supernatant was removed and 2 mL of red
lood cell lysis buffer was added to resuspend the cells. 5 mL of culture
edium was added after 5 minutes and the suspension was centrifuged

t 1200 rpm for 5 minutes. Immune cells extracted from bone mar-
ow were cultured in the medium containing granulocyte-macrophage
olony-stimulating factor GM-CSF (20 ng/mL) and interleukin-4 (10
g/mL). The medium was changed every two days. BMDCs were suc-
essfully obtained after 6 days of culture. The extracted BMDCs were
noculated into the bottom chamber of 24-well transwell plates, and the
oaking solutions of Control, Gel, GM-CSF and Gel@GM-CSF for 1, 3, or
 days were added into the upper chamber for 24 h of incubation. The
MDCs were eventually collected and the expression levels of CD80 and
D86 on their surface were detected by flow cytometry. 

Alternatively, RAW264.7 cells were inoculated into the bottom
hamber of 24-well transwell plates; the soaking solutions of control,
el, GM-CSF and Gel@GM-CSF for 1, 3 or 5 days were added into the
1051
pper chamber for 24 h of incubation. RAW264.7 cells were collected
o analyze the treatment-induced changes in the expression of CD80 on
AW264.7 surface. 

.17. Analysis of hydrogel-induced immunity in vitro 

C57BL/6 mice were euthanized and sterilized by soaking in 75%
thanol for 10 minutes. The spleen tissue of mice was taken out under
terile conditions. After washing 3 times by sterile PBS, the spleen was
rapped with 300 mesh nylon net, and gently grounded in a petri dish
ith culture medium to extract the cells. The spleen cell suspensions
ere collected, filtered once through a 300-mesh nylon net and cen-

rifuged at 1200 rpm for 5 minutes. The supernatant was removed and
efilled with 3 mL red blood cell lysis buffer. 5 mL culture medium was
dded after 5 minutes and the mixture was centrifuged at 1200 rpm for
 minutes. The supernatant was removed and the residual cells were
ultured with RPMI1640 culture medium. 

B16F10 or 4T1 cells were inoculated into the bottom chamber of
4-well transwell plates at the initial cell number was 8 × 104 /well, fol-
owed by the adding the soaking solutions of control, Gel, Gel@GMCSF,
el@RSL3, Gel@RSL3 + GMCSF, Gel@RSL3 + GM-CSF + aPD-L1 into the
pper chamber for 24 h incubation. The culture media were extracted
nd the splenic immune cells were added to the bottom chamber for
nother 24 h of incubation. The splenic immune cells were collected
fterward and centrifuged at 1200 rpm for 5 minutes. CD80+ /CD86+ ,
4/80+ /CD80+ , CD4+ /CD8+ and CD8a+ /IFN- 𝛾+ ratios in different im-
une cell populations were detected by flow cytometry, while the cul-

ure media were used to detect the secretion levels of IFN- 𝛾, TNF- 𝛼 and
zmB by ELISA. 

.18. Treatment-induced expression of PD-L1 in tumor cells 

B16F10 or 4T1 cells were inoculated into the bottom chamber of
4-well transwell plates at the initial cell number of 8 × 104 /well under
tandard conditions, followed by adding the soaking solutions of control,
el, Gel@GMCSF, Gel@RSL3, Gel@RSL3 + GMCSF, Gel@RSL3 + GM-
SF + aPD-L1 to the upper chamber for 24 h incubation. The culture
edia were removed and the splenic immune cells were added to the

ottom chamber for another 24 h of incubation. After the co-culture, the
umor cells were collected and centrifuged at 1200 rpm for 5 minutes.
PC anti-PD-L1 was used to detect the PD-L1 expression of tumor cells
y flow cytometry. 

.19. Treatment-induced changes in GSH levels 

B16F10 or 4T1 cells were inoculated into the bottom chamber of
4-well transwell plates at the initial cell number of 8 × 104 /well under
tandard conditions, followed by adding the soaking solutions of control,
el, Gel@GMCSF, Gel@RSL3, Gel@RSL3 + GMCSF, Gel@RSL3 + GM-
SF + aPD-L1 to the upper chamber for 24 h incubation. The culture
edia were removed and the splenic immune cells were added to the

ottom chamber for another 24 h of incubation. After co-culture, the
umor cells were collected and the GSH levels were detected by GSH
ssay kit (Beyotime). 

.20. Evaluation on treatment-induced changes in MDA levels 

B16F10 or 4T1 cells were inoculated into the bottom chamber of
4-well transwell plates at the initial cell number of 8 × 104 /well under
tandard conditions, followed by adding the soaking solutions of control,
el, Gel@GMCSF, Gel@RSL3, Gel@RSL3 + GMCSF, Gel@RSL3 + GM-
SF + aPD-L1 to the upper chamber for 24 h incubation. The culture
edia were removed and the splenic immune cells were added to the

ottom chamber for another 24 h of incubation. After co-culture, the
umor cells were collected and the cellular MDA levels were detected
y MDA assay kit (Beyotime). The MDA levels in tumor tissues were
easured by the same assay kit. 
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.21. Western blot analysis 

B16F10 or 4T1 cells were inoculated into a 6-well plate and co-
ultured with the soaking solutions of control, Gel, Gel@GMCSF,
el@RSL3, Gel@RSL3 + GMCSF, and Gel@RSL3 + GM-CSF + aPD-L1 for
4 hours. Afterwards, the tumor cells were collected and the total pro-
ein was determined by BCA protein assay kit. Protein immunoassay was
erformed by SDS-PAGE electrophoresis and finally photographed by a
olecular imaging apparatus (Versa doc MP 4000 system, Bio-Rad). The

xpression levels of CRT, HMGB1 and SLC7A11 were observed and an-
lyzed using 𝛽-Actin as the internal standard. 

.22. Hydrogel-induced antitumor immunity in vivo 

42 female C57BL/6 mice were purchased and housed in Chongqing
edical University with an average age of around 4-6 weeks and weight

f around 18 g. All animal tests have been reviewed and approved by
he Animal Care and Use Committee of Laboratory Animals Admin-
stration of Chongqing Medical University and followed the national
nd institutional guidelines. Each mouse was injected with PBS solu-
ion containing 1 × 106 B16F10-luc cells to establish the tumor animal
odel. When the tumor volume grew to about 200 mm3 , the mice were

andomly divided into 6 groups with 7 mice in each group (Control,
el, Gel@GMCSF, Gel@RSL3, Gel@RSL3 + GMCSF, and Gel@RSL3 + GM-
SF + aPD-L1). Body weight and tumor volumes of each group were
aintained at the same level. The mice were anesthetized by intraperi-

oneally injecting 100 μL of 4% chloral hydrate solution. Tumors were
artially resected that around 5% of the original tumors remained in
he primary site. 150 μL of HA precursor solutions (3%) were injected
nto the wound cavity, followed by spraying sodium periodate solution
0.05%) to initiate in situ gelling. Finally, the hydrogel-filled wounds
ere sutured and sterilized. The dimensions of the tumors were mea-

ured using a digital calliper once every three days and the tumor vol-
me was calculated using the formula Vtumor = L × W2 /2 (L: longitudinal
iameter of the tumor, W: cross-sectional diameter of the tumor). After
1 days of treatment, the mice were euthanized, and tumor and main or-
ans were excised and washed with PBS 3 times. Subsequently, the ma-
or organs and tumors were embedded into paraffin sections and then
tained with H&E and TUNEL kit. Immune cells were extracted from
he tumors by fluorescence-activated cell sorting using various fluores-
ently labelled antibodies including FITC anti-CD80, PE anti-CD86, APC
nti-CD3, FITC anti-CD4, PE anti-CD8, PE anti-F4/80, APC anti-CD11c,
PC anti-CD45 for flow cytometric analysis. For determining the intra-

umoral infiltration of T cells, tumors were dissected and sliced into thin
ections after formaldehyde fixation, treated using 50 μL of PE anti-CD4
nd PE anti-CD8, and incubated in a 4-degree refrigerator for 8h. Fi-
ally, the infiltration of immune cells in tumor tissue was observed on a
uorescence confocal microscope. The secretion levels of IFN- 𝛾, TNF- 𝛼
nd GzmB in serum were analyzed by ELISA. 

.23. Survival analysis 

B16F10-luc tumor-bearing mice were randomly divided into
 groups with 7 each (Control, Gel, Gel@GMCSF, Gel@RSL3,
el@RSL3 + GMCSF, and Gel@RSL3 + GM-CSF + aPD-L1). The number of

ive mice in each group was recorded once every 3 days until day 60. 

.24. Construction of bilateral tumor model and treatment 

The B16F10 tumor-bearing C57BL/6 mice were constructed by sub-
utaneously injecting 1 ×106 B16F10-luc cells into the right flank of
57BL/6 mice. After 7 days, 1 × 106 B16F10-luc cells were injected
o the left flank to establish the secondary tumors. When the right tu-
or grew to 200mm3 , mice were randomly divided into 6 groups with
 mice each (Control, Gel, Gel@GM-CSF, Gel@RSL3, Gel@RSL3 + GM-
SF, Gel@RSL3 + GM-CSF + aPD-L1). The mice were anesthetized by in-
1052
raperitoneally injecting 100 μL of 4% chloral hydrate solution. Tumors
ere partially resected that around 5% of the original tumors remained

n the primary site. 150 μL of HA precursor solutions (3%) were injected
nto the wound cavity, followed by spraying sodium periodate solution
0.05%) to initiate in situ gelling. Finally, the hydrogel-filled wounds
ere sutured and sterilized. The tumor size, weight, and survival rate
f mice during treatment were recorded. After 21 days of treatment, the
ice were euthanized, and the left tumors of the mice were extracted

nd washed with PBS. The infiltration of immune cells in the left tumor
nd the maturation of DC cells in lymph nodes were analysed by flow
ytometry. 

.25. Statistical analysis 

All data were processed in GraphPad Prism (version 8.0 for Win-
ows) by Student’s t-test. ∗ indicates significance at P < 0.05, ∗ ∗ indi-
ates significance at P < 0.01, ∗ ∗ ∗ indicates significance at P < 0.001,
 ∗ ∗ ∗ indicates significance at P < 0.0001. 

. Results and discussion 

.1. Synthesis of the polymeric precursors and their gelation properties 

The HA-CD-DA and HA-NCSN-PBA precursors were firstly synthe-
ized using well-established reaction routes. Specifically, HA-CD-DA was
btained by the procedural conjugation of aminated 𝛽-CD and dopamine
ia EDC/NHS coupling. The substitution degree of 𝛽-CD and dopamine
n the HA backbone was around 19% and 24%, respectively. Based
n similar conjugation mechanisms, aminated PBA and NCSN moieties
ere sequentially accommodated on HA at a substitution degree of 22%
nd 33% to afford HA-NCSN-PBA. The resultant products were thor-
ughly characterized using 1 H NMR (Fig. S1), which not only validated
heir chemical composition but also confirmed that the desired biopoly-
eric precursors were successfully synthesized with high yield and pu-

ity. Due to the conjugation of abundant 𝛽-CD and PBA moieties on HA-
D-DA and HA-NCSN-PBA precursors, they could not only efficiently
rap RSL3 and glycosylated GM-CSF molecules via reversible host-guest
nclusion and boronic ester ligation for localized drug delivery, but also
void additional invasive chemical modification on these therapeutic
gents to retain their in vivo activity. Adding small amounts of NaIO4 
olution into the mixture of HA-CD-DA and HA-NCSN-PBA caused al-
ost instant gel formation, and the underlying mechanism is that the

atechol groups in dopamine would be first oxidized by NaIO4 into
uinones and then react with the thiourea groups in the NCSN moi-
ties through the highly efficient thiourea-quinone coupling reaction,
uring which the quinone groups were reduced to catechol moieties
37] . In contrast, the gelation of pristine HA-CD-DA via oligomerization
f NaIO4 -oxidized catechol groups took more than 30 min ( Fig. 2 a, b).
EM imaging of the obtained hydrogel samples revealed a highly inter-
onnected porous structure, which potentiates the facile delivery of aPD-
1 and is also beneficial for removing wound exudate and facilitating
utrient/gas transport to the wound area to accelerate wound healing
 Fig. 2 c) [ 38 , 39 ]. Importantly, comparative rheological analysis showed
hat HA-CD-DA/HA-NCSN-PBA hydrogel has much higher bioadhesive-
ess than HA-CD-DA-only counterparts, ascribing to the NCSN-mediated
eduction of quinone to catechol groups to maintain the tissue-adhering
apacity of dopamine units [40] . Typically, Fig. 2 d showed that the HA-
D-DA/HA-NCSN-PBA hydrogel could reliably adhere to various tissues
nd organs including heart, liver, spleen, lung, kidney and B16F10/4T1
umors, suggesting its potential application in a lot of clinically rele-
ant scenarios. Mechanical analysis of the hydrogel samples prepared
t graded HA-CD-DA/HA-NCSN-PBA feeding ratios (w/w) not only con-
rmed the successful gel formation but also revealed that the stor-
ge modulus (G’) was the greatest under the HA-CD-DA/HA-NCSN-PBA
eeding ratio of 1:2, which was used as the standard set-up for the sub-
equent experiment. Quantitative HPLC and ELISA tests on the hydro-
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Fig. 2. The HA-based biomimetic hydrogel demonstrates fast gelation rate, biomimetic mechanical properties, controlled drug release kinetics and 

biodegradability. (a) Gelation behaviors of HA-CD-DA and HA-NCSN-PBA precursors. (b) Photographical illustration of the NaIO4 -initiated rapid gelation in aqueous 
environment. The mixture solution of the HA precursors was directly injected into NaIO4 solution (w/v 0.05%). (c) SEM image of the hydrogels after freeze-drying. 
(d) Adhesion behavior of hydrogel on various organs and tissues. (e) Comparative analysis on the mechanical properties of the hydrogel with or without drug loading. 
(f) Degradation profiles of hydrogel with or without hyaluronidase treatment. (g-i) Release kinetics of RSL3, GM-CSF and aPD-L1 from the hydrogel with or without 
HAase stimulation. (j) In vivo fluorescence images showing the degradation and drug release properties of the hydrogel after implantation. 
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el samples revealed that the loading ratios of RSL3, GM-CSF and aPD-
1 under standard conditions were 2%, 0.02% and 2.2%, respectively.
oreover, the high loading ratios of therapeutic components induced

nly negligible changes in the mechanical performance of the hydrogel
ystem ( Figs. 2 e and S2). 

HA is a naturally occurring polysaccharide universally present in
he connective tissues of human body and could be degraded by
yaluronidase in a time-dependent manner, which consolidates the
echanistic basis for the self-regulated and sustained release of the ther-

peutic cargos in the resected tumor bed for enduring protection [41] .
o investigate the hyaluronidase-mediated degradation of the HA-based
ydrogels, samples were processed in PBS buffer supplemented with 100
U/mL of hyaluronidase. For ease of understanding, the HA-CD-DA/HA-
1053
CSN-PBA composite hydrogel prepared under standard conditions was
enoted as “Gel ” in the following discussions. The residual Gel weight
ecreased steadily over time that only around 40% of the hydrogel re-
ained after 7 days of incubation. In contrast, hydrogel weight loss
as almost negligible when hyaluronidase was absent, supporting the

nzyme-mediated biodegradability of the hydrogel system after implan-
ation ( Fig. 2 f). Meanwhile, the release patterns of RSL3, GM-CSF and
PD-L1 were measured using HPLC and ELISA tests and were consistent
ith the hydrogel degradation profiles, of which the relative release

atios were 61%, 63% and 66% after 7 days of incubation ( Fig. 2 g-i).
he release features were further evaluated on mice bearing excisional
ounds, for which the HA molecules were conjugated with Cy5 for in
ivo fluorescence tracking. Interestingly, the Cy5 fluorescence dropped
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o an undetectable level after 16 days of incubation, indicating the com-
lete degradation of the implanted hydrogels (Fig. S3). Alternatively,
uantitative on-site drug retention test with Cy5-encapsulating Gel sam-
les showed that around 35% of the Cy5 has been retained in the im-
lantation site after 8 days of incubation, while Cy5 signals in mice
njected with Cy5 solutions was almost negligible ( Fig. 2 j). The obser-
ations on hydrogel degradation and drug release collectively substan-
iated our hypothesis that the therapeutic cargos could be released into
he surrounding tissues in a self-regulated manner over a sufficiently
ong period through the on-demand enzyme-mediated degradation of
he HA substrate in situ, which is demonstrably advantageous over lo-
ally injected free drugs. 

.2. Hydrogel induces immunogenic ferroptosis of tumor cells 

Before monitoring the response of tumor cells to the HA-based hydro-
el system, we first investigated its cytotoxic impact against various cell
ines including B16F10, 4T1 and non-malignant human umbilical vein
ndothelial cells (HUVECs) via MTT assay and observed no significant
hanges in cell viability throughout the 3-day incubation period, which
as ascribed to the intrinsic biocompatibility of HA molecules and ex-

luded the potential contribution of the hydrogel scaffold in the sub-
equent therapeutic evaluations (Fig. S4). We subsequently studied the
erroptosis-inducing capability of the HA-based hydrogel against tumor
ells using a transwell incubation system ( Fig. 3 a). Here the hydrogels
ere first immersed in hyaluronidase-supplemented culture media for
, 3 or 5 days (denoted as Gel@RSL3-D1, Gel@RSL3-D3 and Gel@RSL3-
5) and then transferred to the upper chamber, while tumor cells were

noculated in the bottom chamber. RSL3 solutions were aged using a
imilar set-up (RSL3-D1, RSL3-D3 and RSL3-D5) for comparative anal-
sis. According to the assay results with cellular glutathione peroxidase
ssay kit, GPX4 activity of the Gel group remained at base line level but
hanged significantly in the RSL3 and Gel@RSL3 group, which could be
xplained by the GPX4 inhibition capability of RSL3 while again sug-
esting the non-toxicity of the hydrogel scaffold [42] . Interestingly, the
PX4 inhibition effect of RSL3 gradually diminished under prolonged
ging. In contrast, the GPX4 inhibition effect of Gel@RSL3 showed a pos-
tive correlation with the hyaluronidase pre-activation time, for which
he GPX4 activity in the Gel@RSL3-D5 was 33% lower than the con-
rol group ( Figs. 3 b and S5). The opposing trends between RSL3 and
el@RSL3-mediated GPX4 inhibition confirmed that our hydrogel sys-

em protected RSL3 from various deterioration cues in the biological en-
ironment to improve the ferroptosis-mediated antitumor effect. Consis-
ent with the variations in GPX4 activity, the lipid peroxidation level in
el@RSL3-D5 group was 2-fold higher than that by RSL3-D5 ( Figs. 3 c-e
nd S6-7) and correlated with a tumor cell killing ratio of around 35%
 Figs. 3 f and S8). 

It is well established that ferroptotic cells can release abundant
AMPs and are considered more immunogenic than apoptotic cells,
hich could be exploited for activating specialized APCs to stimulate

he downstream antitumor immune effects [43] . Here the impact of the
ydrogel treatment on tumor immunogenicity was investigated by mon-
toring the changes in typical immunostimulatory DAMPs including cal-
eticulin (CRT), HMGB1 and ATP. ATP abundance of extracellular fluid
n the Gel@RSL3-D5 group was 3.6-fold and 2.2-fold higher than that
n the control and RSL-D5 group ( Figs. 3 g and S9). Meanwhile, west-
rn blot results in Fig. 4 k showed that the expression level of membrane
RT in the Gel@RSL3-D5 group was significantly upregulated compared
o the control group and RSL3-D5 ( Figs. 3 h-i and S10). The intracellu-
ar abundance of HMGB1 in B16F10 cells of the Gel@RSL3-D5 group
as decreased substantially due to the loss of cellular contents after
erroptotic tumor cell death. Meanwhlie, HMGB1 levels in the super-
atant of the Gel@RSL3-D5 group have increased by 72% (B16F10) and
0% (4T1) compared to the corresponding control groups, suggesting
he significant treatment-induced enhancement in its immunostimula-
ory potential. ( Figs. 3 j-k and S11-12). These observations collectively
1054
upported that the hydrogel-mediated ferroptosis treatment could effi-
iently induce tumor cell ferroptosis and continuously elevate the DAMP
bundance in the extracellular microenvironment, thus facilitating the
ntigen loading into APCs. 

.3. Hydrogel-stimulated activation of APCs 

The postoperative tumor bed is a highly complex ecological niche
ith an impaired immune surveillance system, necessitating the ratio-
al cooperation of immunostimulatory modalities to promote recog-
ition and cross-presentation of tumor-derived antigens [ 44 , 45 ]. The
ro-maturation capacity of the hydrogel on major APC types includ-
ng dendritic cells and macrophages was firstly investigated using a
imilar experimental set-up to ferroptosis analysis. Here Gel@GM-CSF
as pre-activated using hyaluronidase-supplemented culture media for
, 3 and 5 days and then collected together with the soaking solu-
ion for the incubation of immature APCs, of which the samples were
enoted as Gel@GM-CSF-D1, Gel@GM-CSF-D3 and Gel@GM-CSF-D5.
otably, treating bone marrow-derived dendritic cells (BMDCs) with

he hyaluronidase-processed hydrogels increased the frequency of ma-
ure dendritic cells (DCs) (CD80+ CD86+ ) at varying degrees, and the
ro-maturation effect was positively correlated with the hyaluronidase
re-activation time. Remarkably, the frequency of mature DCs in the
el@GM-CSF-D5 group reached around 50%, evidently supporting the
ydrogel-enhanced DC maturation status ( Figs. 3 l and S13). Mean-
hile, treating immature macrophages with the hyaluronidase-activated
el@GM-CSF also caused enhanced expression of macrophage matura-

ion marker CD80 in a similar manner that facilitated their polarization
nto the pro-inflammatory M1 phenotype, of which the frequency of M1
acrophages increased by 2-fold after the incubation with Gel@GM-
SF-D5 ( Figs. 3 m and S14). These observations collectively demon-
trated that the hydrogels substantially promoted the maturation of
PCs to facilitate the uptake, processing and presentation of tumor-
erived DAMPs. Notably, the frequency of mature DCs and macrophages
n the Gel@GM-CSF-D5 group was on the same level with the free GM-
SF group, suggesting that the GM-CSF component of the hydrogel sys-
em promoted APC maturation rather than the HA-based scaffold. 

.4. Hydrogel-mediated cooperative ferroptosis-immunotherapy against 

16F10 and 4T1 cells 

Next, we thoroughly studied the therapeutic response of tumor
ells to the hydrogel-mediated cooperative ferroptosis-immunotherapy.
erein, tumor cells and hydrogels were separately inoculated into the
ottom and upper chambers of transwell plates and incubated for 24 h
o induce immunogenic ferroptosis, afterwards ex vivo harvested splenic
mmune cells were added into bottom chambers to mimic in vivo im-
unological conditions. To investigate the general applicability of this
ydrogel system, we have included two types of tumor cell lines that
re the commonly employed B16F10 cells as well as the poorly im-
unogenic 4T1 cells. In the case of treatment against B16F10 cells,
el@GM-CSF and Gel@RSL3 only triggered modest maturation of DCs
nd macrophages, which could be explained by the immunostimula-
ory effect of GM-CSF and ferroptosis-induced release of tumor-derived
AMPs. Contrastingly, the Gel@RSL3 + GM-CSF group substantially pro-
oted the maturation of both DCs and macrophages as it significantly
pregulated MHC-II expression in DCs and CD80 in macrophages, of
hich the frequency was 3-fold and 4-fold higher compared to the con-

rol group, confirming our hypothesis that the Gel@RSL3 + GM-CSF hy-
rogel system could serve as a highly integrated scaffold to enhance
he APC-mediated detection of B16F10-derived antigens ( Figs. 4 a-b and
15a-b). The hydrogel-enhanced adaptive immune responses were fur-
her investigated by monitoring the activation status of T cells in the
o-incubation system of B16F10 and splenic immune cells. We observed
hat the frequency of CD4+ /CD8+ T cells has increased significantly in
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Fig. 3. Ferroptosis-inducing and immunostimulatory capabilities of the biomimetic hydrogel. (a) Schematic diagram for the tumor cell/immune cell co- 
incubation system in transwell plates. The tumor cells (B16F10, 4T1) or immune cells were inoculated in the bottom chamber of the 24-well transwell culture plate, 
while the hydrogel soaking solution was placed in the upper chamber. (b) Changes of GPX4 activity in B16F10 cells after different treatments. (I) Control, (II) 
Gel, (III) RSL3, (IV) Gel@RSL3 (n = 4). (c) Flow cytometric analysis on the lipid ROS levels in B16F10 cells after different treatments. (d) CLSM imaging of lipid 
ROS generation in B16F10 cells after different treatments. Higher green fluorescence intensity indicates greater lipid ROS production. (e) Quantitative fluorescence 
analysis of lipid ROS levels in panel D (n = 4). (f) Flow cytometric analysis on the hydrogel-mediated ferroptosis levels of B16F10 cells after different treatments. (g) 
ATP levels in the supernatants of cell culture after different treatments. (I) Control, (II) Gel, (III) RSL3, (IV) Gel@RSL3 (n = 4). (h) CLSM imaging of CRT expression 
in B16F10 cells after different treatments. Stronger red fluorescence indicates higher expression levels. (i) Quantitative fluorescence analysis of CRT expression 
levels in panel H (n = 4). (j) CLSM imaging of cellular HMGB1 abundance after different treatments. Lower red fluorescence indicates greater HMGB1 release into 
the extracellular compartment. (k) Quantitative fluorescence analysis of HMGB1 release in panel J (n = 4). (l) Flow cytometric analysis on the treatment-induced 
maturation of BMDCs. (m) Flow cytometric analysis on the activation status of macrophages by monitoring the CD80 expression levels. ∗ indicates significance at P 
< 0.05, ∗ ∗ indicates significance at P < 0.01. 
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Fig. 4. Gel@RSL3 + GM-CSF + aPD-L1 activates immune response in vitro. (a-d) Flow cytometric analysis of the activation status of DCs (CD11c+ /MHC II+ ), M1 
macrophages (F4/80+ /CD80+ ) and T cells (CD8+ /CD3+ and CD8a+ /IFN- 𝛾+ ) in the co-incubation system of splenic immune cells and B16F10 cells after treatment 
with (I) Control, (II) Gel, (III) Gel@GM-CSF, (IV) Gel@RSL3 and (V) Gel@RSL3 + GM-CSF (n = 4). (e) Secretion levels of immunostimulatory cytokines including 
IFN- 𝛾, TNF- 𝛼 and antitumor effector molecule GzmB in the supernatant from the co-culture system after different treatments (n = 4). (f) PD-L1 expression in 
tumor cells with after the hydrogel-mediated ferroptosis-immunotherapy. Group set-up for panel e-f: (I) Control, (II) Gel, (III) Gel@GM-CSF, (IV) Gel@RSL3 and 
(V) Gel@RSL3 + GM-CSF). (g-h) Flow cytometric analysis of the expression levels of effector T cell marker CD4+ /CD8+ and CD8a+ /IFN- 𝛾+ in T cells co-incubated 
with B16F10 cells after treatment with (I) Control, (II) Gel, (III) Gel@GM-CSF, (IV) Gel@RSL3, (V) Gel@RSL3 + GM-CSF and (VI) Gel@RSL3 + GM-CSF + aPD-L1. (i) 
Secretion levels of immunostimulatory cytokines including IFN- 𝛾, TNF- 𝛼 and antitumor effector molecule GzmB in the supernatant from the co-culture system after 
different treatments (n = 4). (j) Evaluation on the GSH levels in B16F10 cells after different treatments (n = 4). (k) Western blot analysis of the expression level 
of CRT, HMGB1 and SLC7A11 in different groups. (l) Flow cytometric analysis on the lipid ROS levels in B16F10 cells after different treatments. (m) MDA levels 
in B16F10 cells after different treatments (n = 4). Group set-up for panel I-M: (I) Control, (II) Gel, (III) Gel@GM-CSF, (IV) Gel@RSL3, (V) Gel@RSL3 + GM-CSF and 
(VI) Gel@RSL3 + GM-CSF + aPD-L1). (n) Flow cytometric analysis on the death rate of B16F10 cells after different treatments, including (I) Control, (II) Gel, (III) 
Gel@GM-CSF, (IV) Gel@RSL3, (V) Gel@RSL3 + GM-CSF and (VI) Gel@RSL3 + GM-CSF + aPD-L1. ∗ indicates significance at P < 0.05, ∗ ∗ indicates significance at P < 
0.01, ∗ ∗ ∗ indicates significance at P < 0.001, ∗ ∗ ∗ ∗ indicates significance at P < 0.0001. 
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he Gel@RSL3 + GM-CSF group by around 34% compared to the con-
rol group, accompanied with a substantial increase in their antitumor
ffector functions. Specifically, the IFN- 𝛾 level in CD8+ T cells of the
el@RSL3 + GM-CSF group increased by around 20%, while the IFN- 𝛾,
NF- 𝛼 and granzyme b (GzmB) levels in the culture media increased
y 5-fold, 5.5-fold and 4.8-fold, respectively ( Figs. 4 c-e and S15c-d).
mportantly, it is well established that IFN- 𝛾 would induce PD-L1 up-
egulation in tumor cells that may enhance the risk of tumor immune
scape. Consistent with the observations in previous studies [46] , we
etected that PD-L1 expression on tumor cells in the Gel@RSL3 + GM-
SF group was 2-fold higher than the control group ( Fig. 4 f). Interest-

ngly, Gel@RSL3 + GM-CSF + aPD-L1 group showed significantly higher
requency of CD4+ /CD8+ T cells, pro-inflammatory cytokine secretion
TNF- 𝛼 and IFN- 𝛾) and GzmB production than the Gel@RSL3 + GM-CSF
roup, validating the rationale that the incorporated aPD-L1 could re-
uce the adaptive immune resistance of tumor cells via blocking the
pregulated PD-L1 immune checkpoint on tumor cell surface ( Fig. 4 g-
). Furthermore, the impact of the enhanced IFN- 𝛾 secretion on ferrop-
osis susceptibility of B16F10 cells was also investigated based on its
LC7A11 regulatory capability. The SLC7A11 expression and intracel-
ular GSH abundance have both dropped substantially by 80% and 69%
fter the combined treatment of Gel@RSL3 + GM-CSF + aPD-L1 inocula-
ion and co-incubation with immune cells ( Figs. 4 j-k and S16). Due to the
FN- 𝛾-mediated blockade of system Xc-/GSH/GPX4 axis, tumor cells in
he Gel@RSL3 + GM-CSF + aPD-L1 group showed significantly enhanced
usceptibility to RSL3-induced ferroptosis, evidenced by the increasing
evels of typical ferroptosis markers including lipoperoxides (7-fold) and
DA (5-fold) compared to control group ( Fig. 4 l-m). Taking advantage

f the therapeutic cooperation between ferroptosis and T cell-mediated
ntitumor immunity, the Gel@RSL3 + GM-CSF + aPD-L1 group showed
uperior tumor inhibition effect than the other groups with a survival
ate below 30% for B16F10 cells in the co-incubation system ( Fig. 4 n). In
ddition to the evaluation on B16F10 cells, we also investigated the inhi-
ition effect of the hydrogel on poorly immunogenic 4T1 triple-negative
reast cancer cells and the results were highly consistent, supporting its
herapeutic activity against a broad spectrum of solid tumor indications
Figs. S17-18). 

.5. Hydrogel-enabled prevention of postoperative B16F10 and 4T1 tumor 

ecurrence in vivo 

To test the therapeutic effect of the biomimetic hydrogel in clinically
elevant scenarios, it was employed as the wound dressing for partially
esected B16F10-luc and 4T1-luc tumor mouse models. We observed
apid and homogenous hydrogel formation even under a low NaIO4 
osage (0.03 mmol NaIO4 for 1 mmol of HA precursors) with a gela-
ion time less than 5 s, which enabled the stable dressing of the excision
ound ( Fig. 5 b). The residual B16F10 tumors in mice implanted with
lank gels showed rapid regrowth like the control group, of which the
umor volume reached around 1200mm3 after 21 days of incubation.
reatment with Gel@GM-CSF and Gel@RSL3 caused modest inhibition
n the growth of the residual B16F10 tumors, of which the final size
t day 21 was around 800 mm3 and 700 mm3 , ascribing to the limited
ntitumor efficacy of RSL3-induced ferroptosis and GM-CSF-mediated
PC maturation when acting separately. The Gel@RSL3 + GM-CSF + aPD-
1 group showed the most pronounced tumor inhibition effect with al-
ost no significant changes in tumor volume throughout the 21-day

reatment period ( Fig. 5 c, d). In line with its potent tumor inhibition
ffect, the Gel@RSL3 + GM-CSF + aPD-L1 group showed the largest dead
ell population according to H&E and TUNEL staining assay ( Fig. 5 j) and
lso significantly prolonged the survival time of the tumor-bearing mice
hat around 60% of the Gel@RSL3 + GM-CSF + aPD-L1-implanted mice
urvived for at least 60 days ( Fig. 5 e). Notably, the hydrogels firmly
dhered to the surgical tumor bed during the whole postoperative treat-
ent session, confirming the favorable bioadhesiveness of the hydrogel

ystem. 
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To elucidate the molecular mechanism underlying the superior an-
itumor efficacy of Gel@RSL3 + GM-CSF + aPD-L1 in vivo, we further
xtracted the tumor tissues from the surgical site for comprehen-
ive analyses. Treatment with RSL3-containing hydrogels (Gel@RSL3,
el@RSL3 + GM-CSF, Gel@RSL3 + GM-CSF + aPD-L1) caused a significant

oss of GPX4 activity in tumor cells that was in line with the GPX4-
eactivating function of RSL3. Meanwhile, tumors treated by Gel-GM-
SF also revealed a moderate decrease in GPX4 activity, which could
e explained by the SLC7A11/GSH/GPX4 regulatory capability of IFN-
secreted by activated T cells. Gel@RSL3 + GM-CSF + aPD-L1 treatment

nduced the greatest decrease in GPX4 activity by more than 67%, sug-
esting that the biomimetic hydrogel system enables the synergistic in-
egration of GPX4-inhibition functions of RSL3 and T cell-mediated im-
unotherapy to amplify the ferroptosis inducing efficiency ( Fig. 5 g).

n line with the observations above, the Gel@RSL3 + GM-CSF + aPD-L1
roup showed the highest MDA and 4-HNE levels that were 2-fold and
-fold higher than the control group ( Figs. 5 i and S19) and validated the
ronounced ferroptosis damage thereof. The hydrogel-enabled tumor
ell ferroptosis also improved the immunoavailability of tumor-derived
AMPs in the tumor microenvironment, as western blot and immunoflu-
rescence tests collectively confirmed the substantial upregulation of
RT (4-fold) and HMGB1 (4-fold) in the extracted tumor tissues ( Figs. 5 h
nd S20-21). Taking advantage of the ferroptosis-induced DAMP re-
ease, GM-CSF-mediated APC stimulation effect and aPD-L1-mediated
mmune checkpoint inhibition, Gel@RSL3 + GM-CSF + aPD-L1 substan-
ially enhanced the overall tumor immune cell infiltration (CD45+ ) by
round 20% ( Fig. 6 a). Specifically, the number of tumor-resident DCs
nd M1 macrophages have increased by 20% and 22% compared to
he control group ( Fig. 6 b, c), accompanied with a 36% increase in
he infiltration of CD4+ /CD8+ T cells. The flow cytometric test results
ere also supported by CD4/CD8 immunofluorescence analysis, which

evealed a similar trend in the abundance of CD4/CD8 T cells in the
xtracted tumor tissues. In line with the expanded populations of ac-
ivated tumor-specific T cells, we also observed that serum levels of
FN- 𝛾, TNF- 𝛼 and GzmB in the Gel@RSL3 + GM-CSF + aPD-L1 increased
ignificantly compared to the blank control and Gel@RSL3 + GM-CSF,
uggesting its superior capability to generate enhanced adaptive anti-
umor immune responses in vivo ( Figs. 6 d-g and S22). In addition, the
ntitumor performance of the hydrogel was also tested on partially re-
ected 4T1-luc tumor mouse model to test and the results were highly
onsistent (Figs. S23-S24). These observations validated the hydrogel-
egulated therapeutic synergism among RSL3, GM-CSF and aPD-L1 in
he resected tumor bed and indicated that the postoperative treatment
f Gel@RSL3 + GM-CSF + aPD-L1 could elicit potent and durable anti-
umor immunity against a broad spectrum of solid tumor indications.
oreover, hydrogel-treated mice showed only negligible body weight

hanges and no histopathological abnormalities in major organs (heart,
iver, spleen, lungs and kidneys), which was ascribed to the high bio-
ompatibility of the HA precursors and the localized delivery of RSL3,
gain validating the safety of the hydrogel system under clinically rele-
ant conditions ( Figs. 5 f and S25). 

.6. Abscopal effect of the biomimetic hydrogel for eliminating distal 

umors 

After confirming that the ability of Gel@RSL3 + GM-CSF + aPD-L1 to
nhibit postoperative local tumor recurrence, we further investigated
hether the locoregional hydrogel treatment could elicit systemic im-
une responses to offer whole-body protection against residual or re-

urrent tumors. For this purpose, we first inoculated B16F10-luc tumor
ells into the right flank of the mice to establish the primary tumor
ite, and 1 × 106 units of B16F10-luc tumor cells were injected into
he left flank of the mice after 7 days of incubation to mimic distant
umors. The primary tumors were partially resected at day 10 after
he inoculation of the distal tumors and hydrogels were implanted into
he resection cavity to initiate the postoperative treatment ( Fig. 7 a).
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Fig. 5. Antitumor effect of biomimetic hydrogel in vivo. (a) Schematic illustration of the treatment scheme of the B16F10-luc tumor-bearing mice (n = 7). (b) 
Treatment procedures on the tumor-bearing mice. (c) In vivo bioluminescence images of B16F10-luc tumor-bearing mice throughout the treatment period with (I) 
Control, (II) Gel, (III) Gel@GM-CSF, (IV) Gel@RSL3, (V) Gel@RSL3 + GM-CSF and (VI) Gel@RSL3 + GM-CSF-aPD-L1. (d) Tumor size changes during the incubation 
period after different treatments. (e) Survival analysis of mice after different treatments. (f) Body weight changes after treatment with different samples. (g) Evaluation 
on the GPX4 activity in tumor tissues after different treatments (n = 4). (h) Western blot analysis on the expression of CRT, HMGB1 and SLC7A11 in B16F10-luc 
tumors after treatment with (I) Control, (II) Gel, (III) Gel@GM-CSF, (IV) Gel@RSL3, (V) Gel@RSL3 + GM-CSF and (VI) Gel@RSL3 + GM-CSF-aPD-L1. (i) MDA levels 
in tumor tissue after different treatments (n = 4). (j) H&E and TUNEL staining of tumor tissue samples after treatment (I) Control, (II) Gel, (III) Gel@GM-CSF, (IV) 
Gel@RSL3, (V) Gel@RSL3 + GM-CSF and (VI) Gel@RSL3 + GM-CSF-aPD-L1. ∗ indicates significance at P < 0.05, ∗ ∗ indicates significance at P < 0.01, ∗ ∗ ∗ indicates 
significance at P < 0.001. 
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Fig. 6. Hydrogel-mediated antitumor immune response in vivo. (a-e) Flow cytometric analysis on the tumor infiltration of (a) total immune cells (CD45+ ), (b) 
M1 macrophages (F4/80+ /CD80+ ), (c) DCs (CD11c+ /MHC II+ ) and (d) effector T cells (CD4+ /CD8+ ) after treatment with (I) Control, (II) Gel, (III) Gel@GM-CSF, 
(IV) Gel@RSL3, (V) Gel@RSL3 + GM-CSF and (VI) Gel@RSL3 + GM-CSF-aPD-L1 in vivo (n = 4). (f) Serum levels of IFN- 𝛾, TNF- 𝛼 and GzmB in mice after treatment 
with (I) Control, (II) Gel, (III) Gel@GM-CSF, (IV) Gel@RSL3, (V) Gel@RSL3 + GM-CSF and (VI) Gel@RSL3 + GM-CSF-aPD-L1 (n = 4). (g) Immunofluorescence images 
of extracted tumors showing CD4+ /CD8+ T cell infiltration after treatment with (I) Control, (II) Gel, (III) Gel@GM-CSF, (IV) Gel@RSL3, (V) Gel@RSL3 + GM-CSF 
and (VI) Gel@RSL3 + GM-CSF-aPD-L1. ∗ indicates significance at P < 0.05, ∗ ∗ indicates significance at P < 0.01, ∗ ∗ ∗ indicates significance at P < 0.001, ∗ ∗ ∗ ∗ indicates 
significance at P < 0.001. 

G  

o  

a  

t  

l  

s  

g  

n  

w  

c  
el@RSL3 + GM-CSF + aPD-L1 induced the most pronounced inhibition
n both the primary and secondary tumors and the highest survival rate
mong all groups ( Figs. 7 b and S26). Interestingly, we observed that
he extracted distal tumor tissues showed a modest decrease in cellu-
ar GPX4 activity that could be explained by the treatment-enhanced
1059
erum IFN- 𝛾 levels, while the increase in MDA was negligible, sug-
esting that ferroptosis was not the primary contributor to the pro-
ounced inhibition of the distal tumors thereof (Fig. S27). Meanwhile,
e have observed many pro-immune alterations in the immune mi-

roenvironment of tumor tissues and lymph nodes (LNs). Specifically,
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Fig. 7. The biomimetic hydrogel stimulates systemic antitumor immune response to suppress distal tumors. (a) Schematic illustration for establishing the 
bilateral tumor model and treatment schedule (n = 7). (b) In vivo bioluminescence images of B16F10-luc tumor-bearing mice throughout the treatment period 
with (I) Control, (II) Gel, (III) Gel@GM-CSF, (IV) Gel@RSL3, (V) Gel@RSL3 + GM-CSF and (VI) Gel@RSL3 + GM-CSF-aPD-L1. (c) Flow cytometric analysis on the 
DC maturation status in tumor-draining lymph nodes after treatment with(I) Control, (II) Gel, (III) Gel@GM-CSF, (IV) Gel@RSL3, (V) Gel@RSL3 + GM-CSF and (VI) 
Gel@RSL3 + GM-CSF-aPD-L1. (d-e) Flow cytometric analysis images (d) and quantification results (e) regarding the activation status of DCs (CD11c+ /MHC II+ ) in 
primary and secondary tumors. I: Distal tumors in the untreated group. II: Distal tumors in the hydrogel-treated group. III: Primary tumors in the untreated group. IV: 
Primary tumors in the hydrogel-treated group (n = 4). (f-g) Flow cytometric analysis images (f) and quantification results (g) regarding the activation status of M1 
macrophages (F4/80+ /CD80+ ) in primary and secondary tumors (n = 4). I: Distal tumors in the untreated group. II: Distal tumors in the hydrogel-treated group. III: 
Primary tumors in the untreated group. IV: Primary tumors in the hydrogel-treated group. (h-i) Flow cytometric analysis (h) and quantification results (i) regarding 
the activation status of T cells (CD4+ /CD8+ ) in different groups in primary and secondary tumors (n = 4). I: Distal tumors in the untreated group. II: Distal tumors 
in the hydrogel-treated group. III: Primary tumors in the untreated group. IV: Primary tumors in the hydrogel-treated group. ∗ ∗ ∗ indicates significance at P < 0.001, 
∗ ∗ ∗ ∗ indicates significance at P < 0.001. 
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he treatment with Gel@RSL3 + GM-CSF + aPD-L1 hydrogel triggered the
ighest DC maturation levels in tumor-draining LNs that was 6.8-fold
igher than the control group ( Fig. 7 c). Flow cytometric analysis on
he extracted tumor samples showed that the numbers of infiltrating
1 macrophages and mature DCs in the primary and distal B16F10

umors of the Gel@RSL3 + GM-CSF + aPD-L1 group have both increased
ignificantly ( Figs. 7 d-g and S28a-d). In line with the critical roles of
umor-infiltrating mature APCs for the activation and recruitment of cy-
otoxic T cells, we found that the implanted Gel@RSL3 + GM-CSF + aPD-
1 hydrogel induced the highest cytotoxic CD8+ T cell infiltration in
he primary and distal B16F10 tumors ( Figs. 7 h-i and S28e-f). These ob-
ervations evidently suggested that the hydrogel implanted in the pri-
ary tumors stimulated potent systemic antitumor immunity and effi-

iently eliminated distal tumors, suggesting its potential application for
he postoperative care of solid tumors to prevent recurrence. 

. Conclusion 

In this work, we report an injectable hydrogel that could orches-
rate potent local and systemic adaptive antitumor immunity to inhibit
umor recurrence post-resection. Immunotherapy for solid tumors has
hus far been challenging due to the immunosuppressive microenviron-
ent, insufficient immune cell infiltration and heterogenous, and their

ranslation for resected tumors is more difficult due to the surgical stress-
nduced impairment of local immune system. By exploiting the immuno-
enic nature of the recently discovered ferroptosis cell death mode,
he hydrogel locally delivered RSL3 to the microscopic tumor foci in
he postoperative wound bed to trigger the release of tumor-associated
AMPs while also releasing GM-CSF to promote the in-situ maturation
f APCs, thus creating an immunostimulatory tissue microenvironment
o enable sustainable activation and recruitment of tumor-specific ef-
ector T cells. The significant expansion of activated cytotoxic T cells
urther exerts potent systemic antitumor effect for eliminating distal
umors. The enhanced IFN- 𝛾 secretion by the activated T cells may
lso disrupt the redox balance of tumor cells via IFN- 𝛾-SLC7A11-GSH-
PX4 axis to amplify the ferroptotic damage. Additionally, the hydrogel-
ncapsulated aPD-L1 could be gradually released during the treatment
ourse to prevent premature T cell exhaustion by the IFN- 𝛾-upregulated
D-L1 expression in tumor cells, substantially enhancing the robustness
nd persistence of the hydrogel-induced adaptive antitumor responses
or sustainable protection. 

Postoperative adjuvant therapy via localized delivery of chemother-
peutic drugs or radiosensitizing implants is a commonly applied tech-
ology in the clinics to inhibit tumor recurrence while limiting their
otential systemic toxicities. However, the post-resection cavity usually
resents complex topology that limits the accessibility of these thera-
eutic modality to the microscopic tumor foci. To address these clinical
hallenges, the molecularly engineered HA-based precursors could be
olubilized in water and syringe-delivered to the resected cavity with
igh controllability for in-situ gelation, ensuring spread-filling of the re-
ected tissue surface for maximum coverage of the residual microscopic
umors. Moreover, taking advantage of the NCSN-mediated reduction
f quinone to catechol groups in dopamine units, the biomimetic hydro-
el demonstrated high bioadhesiveness that may stably adhere to the
esected site for sustained treatment and enhanced wound healing. 

In the context of the immunotherapeutic activity of the biomimetic
ydrogel, the HA precursors in the present study were individually mod-
fied with 𝛽-CD and PBA moieties for the hierarchical integration of the
herapeutic components. Specifically, 𝛽-CD rings could trap hydropho-
ic RSL3 via host-guest inclusion, while PBA may form boronic ester
ond with the hydroxyl groups in the glycosylated GM-CSF. Notably,
he two interaction modes were intrinsically reversible that potentiated
fficient local drug release after the HAase-mediated degradation of the
A scaffold, which is critical for preventing systemic ferroptosis toxicity.
eanwhile, the thiourea-catechol crosslinking and the intercalation of

-CD would generate a highly interconnected porous network with large
1061
ore sizes that could be used to trap macromolecular aPD-L1 species. In
ddition to regulating the drug delivery to achieve the immunostimu-
atory function, the hydrogel assembly protocol also avoids additional
hemical modification on individual therapeutic components that pre-
erves their natural bioactivity while eliminating potential safety con-
erns. These features above collectively highlight the clinically favorable
dvantages of the biomimetic hydrogels for postoperative treatment. 

In summary, we have developed an injectable immunostimulant hy-
rogel as a biomimetic wound dressing for adjuvant immunotherapy of
esected tumors. The molecularly engineered HA-CD-DA and HA-NCSN-
BA precursors could efficiently trap RSL3 and glycosylated GM-CSF in
 reversible and non-invasive manner. The drug-loaded HA precursors
re procedurally mixed with aPD-L1 and syringe-delivered to the re-
ected cavity, and hydrogels are formed almost instantaneously upon
dding a small dose of NaIO4 oxidant to trigger rapid thiourea-catechol
oupling. The biomimetic hydrogel may release RSL3 and GM-CSF into
he resection margin inhibit microscopic residual tumors via cooper-
tive ferroptosis-immunotherapy as well as elicit potent systemic an-
itumor immunity to eliminate distal tumors, while the concurrently
eleased aPD-L1 could further ameliorate the negative impact of IFN-
-upregulated PD-L1 expression on the robustness of adaptive anti-
umor immune responses. The immunotherapeutic hydrogel success-
ully overcame the insufficient APC maturation, impaired antigen cross-
resentation and IFN- 𝛾-mediated PD-L1 upregulation in the postoper-
tive tumor bed and significantly prolonged mouse survival in both
16F10 and 4T1 tumor models, which may thus be a promising tech-
ology for the treatment of resected solid tumors in a broad spectrum
f clinical scenarios. 
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