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A B S T R A C T

Tumor microenvironment governs various therapeutic tolerability of cancer such as ferroptosis and immuno-
therapy through rewiring tumor metabolic reprogramming like Warburg metabolism. Highly expressed carbonic 
anhydrases (CA) in tumor that maintaining the delicate metabolic homeostasis is thus the most potential target to 
be modulated to resolve the therapeutic tolerability. Hence, in this article, a self-healable and pH-responsive 
spermidine/ferrous ion hydrogel loaded with CA inhibitor (acetazolamide, ACZ) and glucose oxidase (ACZ/ 
GOx@SPM-HA Gel) was fabricated through the Schiff-base reaction between spermidine-dextran and oxidized 
hyaluronic acid, along with ferrous coordination. Investigation on cancer cell lines (MOC-1) demonstrated ACZ/ 
GOx@SPM-HA Gel may induce cellular oxidative stress and mitochondrial dysfunction through disrupting the 
cellular homeostasis. Moreover, with the facilitation of autophagy induced by spermidine, ACZ/GOx@SPM-HA 
Gel may trigger a positive feedback loop to maximally amplify cellular ferroptosis and promote DAMPs release. 
The anti-tumor evaluation on xenograft mice models furtherly proved the local injection of such hydrogel 
formulation could efficiently inhibit the tumor growth and distinctively promote the immunogenicity of tumor 
bed to provide a more favorable environment for immunotherapy. Overall, ACZ/GOx@SPM-HA Gel, with such 
feasible physiochemical properties and great biocompatibility, holds great potential in treating solid tumors with 
acidosis-mediated immunotherapy tolerance.

1. Introduction

Despite the conventional treatment strategies like surgery or radio-
therapy, the field of immunotherapy for cancer treatment has witnessed 
significant advancements in the past few years [1–3]. To date, the U.S. 
Food & Drug Administration (FDA) has now approved various immune 
checkpoint inhibitors such as Nivolumab, Pembrolizumab, Atezolizu-
mab, Ipilimumab for cancer immunotherapy ranging from melanoma 

and non-small-cell lung cancer to advanced cutaneous squamous cell 
carcinoma [4,5]. However, owing to overall low response rate (5–30 %) 
and the immune-related adverse events (irAEs) such as colitis, its further 
application for cancer treatment is still confined before more clinical 
trials and evaluations [6–8]. Recently, ferroptosis as a type of non-
apoptotic cell death has emerged as a synergistic candidate to enhance 
the tumor vulnerability and susceptibility to immunotherapy through 
triggering the release of DAMPs (damage-associated molecular patterns) 
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[9–11]. Nevertheless, metabolic status like acidosis or hypoxia, and 
redox homeostasis modulated by cysteine/glutathione (GSH)/gluta-
thione peroxidase 4 (GPX4) axis would also increase the ferroptosis 
tolerability in cancer [12–15]. Therefore, interference of cellular 
metabolic homeostasis would be a fascinating strategy to maximally 
amplify the ferroptosis in tumor tissues and effectively improve the 
immunotherapy outcomes in clinical cancer treatments.

With the aggressive impetus to investigate cancer metabolism 
recently, tumor acidosis has proven to be another critical hallmark of 
tumor microenvironment (TME) [16,17]. Generally, tumor acidosis is 
originally derived from low partial pressure of oxygen [18]. Specifically, 
limited oxygen diffusion and consumption in tumors may initiate a shift 
in carbon utilization, leading to a reliance on glycolysis instead of 
oxidative phosphorylation for energy production [19]. Consequently, 
this metabolic reprogramming, widely known as Warburg metabolism, 
would lead to the massive accumulation of acidic by-products e.g., lactic 
acid, and ultimately result to tumor acidosis, which is devastating for the 
proliferation of cancer cells [20–23]. pH regulatory enzymes thus are 
key mediators for cancer cells to maintain the tumor pH homeostasis. 
Carbonic anhydrases (CA) are a type of metalloenzymes that may 
reversibly catalyze the hydration of CO2 to HCO3

− and protons, which is 
crucial for maintaining the delicate balance between extracellular and 
intracellular pH [24,25]. Owing to this, CA as a cell surface and extra-
cellular facing enzyme, is highly expressed in various cancer cells to 
orchestrate invasion and metastasis, thus has proved as an indicator to 
predict the poor prognosis in several solid tumors [26–28]. Moreover, 
CA -mediated tumor pH homeostasis is also devasting to T cell response 
as excessive acidic by-products may inhibit the glycolytic pathway of T 
cell and impair its proliferation and cytokine production through 
abrogating the lactate concentration gradient across T cell membrane 
[29,30]. Additionally, through a synthetic CRISPR lethal screen, Shou-
kat Dedhar et al. firstly unveiled and identified CA IX-NFS1/xCT axis as a 
potential target to overcome acidosis-mediated ferroptosis tolerability 
and other therapeutic resistance, which underlines the significance of 

CA IX as a critical target to disrupt the tumor pH homeostasis and 
improve the ferroptosis/immunotherapy tolerability in tumors [31].

Autophagy, as a conserved self-degradative process, is another key 
regulator in maintenance of cellular metabolic homeostasis, which could 
promote tumor progression and increase chemotherapy resistance in 
specific cases [32–34]. Intriguingly, recent studies have indicated the 
intimate interplay between autophagy and ferroptosis [35,36]. Under 
certain circumstances, autophagy is considered as a reinforcer that 
enhance ROS-dependent ferroptosis via disrupting redox homeostasis. 
Specifically, Autophagy triggered by excessive reactive oxygen species 
(ROS) and lipid peroxidation (LPO) derived from ferroptosis can further 
promote iron and ROS accumulation, which may form a positive feed-
back loop to continuously amplify the ferroptosis [37–39]. The rationale 
to cascade amplifies on ferroptosis in cancer cells through autophagy is 
thus highly feasible. In fact. Zheng et al. has verified such speculation in 
their research, demonstrating the autophagy depletion in HSC-LX2 cells 
would increase the accumulation of oxidized lipids and enhance their 
tolerability to ferroptosis [40]. Moreover, Wu et al. introduced spermi-
dine, an autophagy inducer, to prepare a self-assembly metal--
immunopeptide nanocomplexes for enhancing ferroptosis vulnerability 
of lymphomas, and thus synergistically improve the immunotherapy 
efficacy of lymphoma [41]. Overall, facilitated by autophagy as a further 
reinforcer of ferroptosis, interference with cellular pH and redox ho-
meostasis emerges as a potential strategy to enhance ferroptosis 
vulnerability and maximally improve the immunotherapy of HNC [42,
43].

Hence, in this article, a self-healable and pH-responsive spermidine 
hydrogel loaded with CA inhibitor (acetazolamide, ACZ) and GOx was 
fabricated through the Schiff-base reaction between spermidine-dextran 
(SPM-DEX) and oxidized hyaluronic acid (HA-ALD), and the metal ions 
(Fe2+) coordination as indicated in Scheme 1. Its effect on disrupting the 
pH and redox homeostasis was firstly demonstrated on cancer cell lines 
(MOC-1).Moreover, the mechanism being facilitated with autophagy to 
maximally amplify the ferroptosis in MOC-1 cells was also elucidated. 

Scheme 1. (A) Synthesis of ACZ/GOx@SPM-HA Gel via Schiff-base reaction between SPM-DEX and HA-ALD. (B) Schematic illustration of the antitumor mechanism 
of ACZ/GOx@SPM-HA Gel through autophagy-dependent ferroptosis.
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The anti-tumor efficacy and anti-metastatic efficacy combing with anti- 
PD-L1 were further investigated on MOC-1 xenograft mice model and 
metastasis mice model. Overall, ACZ/GOx@SPM-HA Gel holds signifi-
cant potential in treating solid tumors with acidosis-mediated immu-
notherapy tolerance.

2. Materials and methods

2.1. Animal study

C57BL/6 mice used in this research were purchased from Guangdong 
Medical Laboratory Animal Center (Guangzhou, China). All experiments 
were performed in accordance with a protocol approved by the Insti-
tutional Animal Care and Use Committee of Sun Yat-sen University 
(SYSU-IACUC-2023-000577).

2.2. Preparation and characterization of ACZ/GOx@SPM-HA Gel

The spermidine hydrogel was prepared based on the Schiff-base re-
action between SPM-DEX and HA-ALD. In specific, stock solution of each 
component was prepared in advance (100 mg/mL SPM-DEX, 100 mg/ 
mL HA-ALD, 2 mg/mL FeSO4, 160 mg/mL ACZ, and 2 mg/mL GOx). 
After that, SPM-HA hydrogel without Fe2+ was prepared by simple 
mixture of SPM-DEX and HA-ALD at volume ratio of 1:1 (V/V). The 
other formulations including SPM-HA Gel, ACZ@SPM-HA Gel, 
GOx@SPM-HA Gel, and ACZ/GOx@SPM-HA Gel were prepared ac-
cording to the above protocol with corresponding components to be 
dispersed in HA-ALD priorly. The final content of each component was 
as follows: 50 mg/mL SPM-DEX, 50 mg/mL HA-ALD, 0.2 mg/mL FeSO4, 
1.6 mg/mL ACZ, and 0.1 mg/mL GOx. The morphology and structure of 
as prepared hydrogel were characterized by scanning electron micro-
scope (SEM) and FT-IR. Basic physiochemical properties including 
swelling ratio, self-healing, mechanical properties, hemocompatibility, 
release kinetics were also evaluated. The catabolism of GOx on glucose 
oxidation was also tested through Hydrogen Peroxide Assay Kit pur-
chased from Beyotime Institute of Biotechnology (Haimen, China) in the 
presence of 20 mM glucose.

Swelling ratio of ACZ/GOx@SPM-HA Gel. The swelling ratio of ACZ/ 
GOx@SPM-HA were further evaluated according to our previous pro-
tocol. Briefly, SPM-HA Gel and ACZ/GOx@SPM-HA were prepared ac-
cording to the aforementioned procedures followed with lyophilization. 
Their original weights were weighed and recorded as W0. After that, 
these two hydrogels were immersed into PBS buffer and their weights 
were weighed every 20 min and recorded as Wt. The swelling ratio of 
ACZ/GOx@SPM-HA at a specific time interval was then expressed as the 
percentage of W0.

Hemocompatibility of ACZ/GOx@SPM-HA Gel. Blood samples anti-
coagulated with heparin sodium (12 IU/mL) were collected from 
C57BL/6 mice. The blood cells were centrifuged, then washed with sa-
line buffer for three times following with suspension in saline buffer at a 
content of 4 % (v/v). After that, SPM-HA Gel and ACZ/Gox@SPM-HA 
Gel were incubated in saline buffer to obtain the extracts. Four groups 
were set in the experiment: (1) Negative Control: 1 mL saline buffer + 1 
mL blood cells suspension; (2) SPM-HA Gel: 1 mL SPM -HA Gel extract +
1 mL blood cells suspension; (3) ACZ/GOx@SPM-HA Gel: 1 mL ACZ/ 
GOx@SPM-HA extract + 1 mL blood cells suspension; (4) Positive 
Control: 1 mL deionized water + 1 mL blood cells suspension. All the 
groups were incubated for 2 h at 37 ◦C. Finally, supernatant from each 
group was collected and the absorbance was determined by microplate 
reader at 540 nm.

2.3. In vivo antitumor efficacy of ACZ/GOx@SPM-HA Gel

MOC-1 tumor-bearing mice models were used to evaluate the anti-
tumor efficacy of ACZ/Gox@SPM-HA Gel. Briefly, C57BL/6 mice were 
subcutaneously injected with 1 × 106 MOC-1 cells at the right limb. Mice 

with tumor volume reaching ~150 mm3 were chosen and randomly 
divided into 6 groups (5 mice per group) for the evaluation: (1) Control: 
intratumoral (i.t.) injection of 100 μL saline; (2)SPM-HA Gel without 
Fe2+: i.t. injection of 100 μL SPM-HA Gel without Fe2+; (3) SPM-HA Gel: 
i.t. injection of 100 μL SPM-HA Gel (1 mg/kg Fe2+); (4) ACZ@SPM-HA 
Gel: i.t. injection of 100 μL ACZ@SPM-HA Gel (1 mg/kg Fe2+, 8 mg/kg 
ACZ); (5) GOx@SPM-HA Gel: i.t. injection of 100 μL GOx@SPM-HA Gel 
(1 mg/kg Fe2+, 0.5 mg/kg GOx); (6) ACZ/GOx@SPM-HA Gel: i.t. in-
jection of 100 μL ACZ/GOx@SPM-HA Gel (1 mg/kg Fe2+, 8 mg/kg ACZ 
and 0.5 mg/kg GOx). Tumor volume from each treatment group was 
measured by caliper with the length (L) and width (W), then calculated 
based on the following equation: 0.5 × L × W2 (mm3). The whole 
evaluation lasted for 12 days, during which mice body weight and tumor 
volume were recorded every other day. After that, mice were eutha-
nized, major organs and tumors were resected for further histological 
analysis (Ki67, TUNEL, and CRT) and ELISA essay of cytokines including 
TNF-α, IL-6, and IFN-γ.

2.4. Combinative antitumor efficacy of ACZ/GOx@SPM-HA Gel with 
anti-PD-L1

MOC-1 tumor-bearing mice metastatic models were used to evaluate 
the combinative antitumor efficacy of ACZ/GOx@SPM-HA Gel with 
Anti-PD-L1. Briefly, C57BL/6 mice were firstly subcutaneously injected 
with 1 × 106 MOC-1 cells at the right limb. After four days, left limb of 
mice were also subcutaneously injected with 1 × 106 MOC-1 cells. Mice 
with tumor volume on right limb reaching ~150 mm3 were chosen and 
randomly divided into 4 groups (5 mice per group) for the evaluation: 
(1) Control: i.t. injection of 100 μL saline at primary tumor; (2) ACZ/ 
GOx@SPM-HA Gel: i.t. injection of 100 μL ACZ/GOx@SPM-HA Gel at 
primary tumor (1 mg/kg Fe2+, 8 mg/kg ACZ and 0.5 mg/kg GOx); (3) 
Anti-PD-L1: i.t. injection of 100 μL Anti-PD-L1 solution at primary tumor 
(5 mg/kg; 2 dosages); (4) Gel + Anti-PD-L1: i.t. injection of 100 μL ACZ/ 
GOx@SPM-HA Gel (1 mg/kg Fe2+, 8 mg/kg ACZ and 0.5 mg/kg GOx) 
and 100 μL Anti-PD-L1 solution at primary tumor (5 mg/kg; 2 dosages). 
Tumor volume from each treatment group was measured by caliper with 
the length (L) and width (W), then calculated based on the following 
equation: 0.5 × L × W2 (mm3). The whole evaluation lasted for 14 days, 
during which mice body weight and tumor volume on both limbs were 
recorded every other day, different formulations were administered on 
Day 0 and 7. After that, mice blood samples were collected for ELISA 
essay of cytokines including TNF-α, IL-6, and IFN-γ, and then eutha-
nized, tumors were resected for further histological analysis (Ki67, 
TUNEL, CD31) and lymphocyte infiltration detection.

2.5. Statistical analysis

All values are expressed as mean ± standard deviation (SD). Com-
parisons among all groups were evaluated using one-way analysis of 
variance or Student’s t-test using GraphPad Prism version 9.0 for Win-
dows (GraphPad Software, USA), and p < 0.05, p < 0.01, p < 0.001, or p 
< 0.0001 were considered statistically significant.

3. Results and discussion

3.1. Preparation and characterization of ACZ/GOx@SPM-HA Gel

SPM-DEX and HA-ALD were initially synthesized as described in 
supplementary information (Section 1.2) and the structure was verified 
by 1H NMR (Fig. S1). Spermidine hydrogel (SPM-HA Gel) was then 
prepared through Schiff-base reaction between SPM-DEX and HA-ALD 
as depicted in Fig. 1A. SPM-HA Gel loaded with ACZ and GOx (ACZ/ 
GOx@SPM-HA Gel) was prepared through similar procedures as indi-
cated in Materials and Methods. The production of H2O2 by GOx- 
catalyzed glucose oxidation was then tested through Hydrogen 
Peroxide Assay Kit. As indicated in Fig. S2, the increasement of H2O2 
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level was highly correlated with the time and the GOx concentration, 
demonstrating the glucose oxidation catalyzed by GOx and its potential 
in disturbing the cellular redox homeostasis. After that, morphology of 
SPM-HA Gel and ACZ/GOx@SPM-HA Gel was studied by SEM. As 
indicated in Fig. 1B, a distinct and regular 3D porous structure of SPM- 
HA Gel could be observed with pore size at ~5 μm, suggesting the 
successful cross-linking between SPM-DEX and HA-ALD through Schiff- 
base reaction. Besides that, though loading with ACZ and GOx, the 
porous structure of ACZ/GOx@SPM-HA Gel was still maintained only 
with pore size enlarged to ~10 μm. The chemical cross-linking between 
SPM-DEX and HA-ALD was also confirmed through FT-IR. As shown in 
Fig. 1C, the stretching vibration peak (~3277 cm− 1) of amine group in 
the spectrum of SPM-DEX redshifted to ~ 3256 cm− 1 in the spectrum of 

SPM-HA, indicating the molecular interaction between SPM-DEX and 
HA-ALD. Correspondingly, a new absorption peak at ~1648 cm− 1, 
representative peak of imine group (-C=N), was detected in the spec-
trum of SPM-HA, further verifying the Schiff-base reaction between 
these two components. Besides, the disappearance of absorption peak at 
~1632 cm− 1 derived from aldehyde group in the spectrum of SPM-HA 
also supported the conclusion above.

After confirming the successful preparation, the physiochemical 
properties of ACZ/Gox@SPM-HA Gel were characterized. As indicated 
in Fig. 1D, the swelling ratio of SPM-HA Gel could be high up to ~600 % 
in 20 min and maintained at this level in the following 2 h. Besides, the 
laden drugs did not alter the swelling ratio (~400 %) significantly, 
which is crucial for the hygroscopicity and anchor of hydrogel 

Fig. 1. Preparation and characterization of ACZ/GOx@SPM-HA Gel. (A) SPM-HA Gel was prepared through the Schiff-base reaction between SPM-DEX and HA- 
ALD. (B) Morphological study of SPM-HA Gel and ACZ/GOx@SPM-HA Gel by SEM, scale bar = 100 μm (inset scale bar = 20 μm). (C) FT-IR spectrum of SPM-HA Gel. 
(D) Swelling ratio, (E) Hemocompatibility, (F) Thermogravimetric analysis, and (G) In vitro degradation of ACZ/GOx@SPM-HA Gel. (H) In vivo degradation of ACZ/ 
GOx@SPM-HA Gel after subcutaneous injection in mice, scale bar = 100 μm. (I) Biochemical indices of mice after subcutaneous injection of ACZ/GOx@SPM-HA Gel 
for 12 days, ALT: alanine aminotransferase; AST: aspartate transaminase; ALP: alkaline phosphatase; BUN: blood urea nitrogen; CRE: creatinine. All data are shown 
as mean ± SD (n = 3).
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formulation in tissues after topical injection [44]. The hemolysis test 
(Fig. 1E) further confirmed the biosafety of ACZ/Gox@SPM-HA Gel in 
vivo as its hemolysis ratio was nearly closed to 0 %. Even after loading 
with ACZ and GOx, the hemolysis ratio did not change significantly, 
indicating the great hemocompatibility and the prevention of drug 
leakage fulfilled by the chemical cross-linking. Biodegradation of 
hydrogel formulations is another essential property for their clinical 
application and translation [45]. Therefore, the degradation and ther-
mostability of each component in the hydrogel was preliminarily 
investigated by thermogravimetry (TG). As shown in Fig. 1F, both 
SPM-HA Gel and ACZ/GOx@SPM-HA Gel exhibited a similar declining 
trend in mass. Specifically, around 100 ◦C, the mass of both hydrogel 
formulations dropped for 10 % significantly due to the evaporation of 
water. With the enhancement of temperature (~200–300 ◦C), a 30 % 
mass was lost owing to the burning and decomposition of SPM-DEX, HA 
and the laden drugs. The degradation ratio was thus further investigated 
both in vitro and in vivo according to the protocols describe in Section 
1.11 of supplementary information. As indicated in Fig. 1G and Fig. S3, 
the degradation ratio in the first 12 days maintained about 20–25 % with 
a higher ratio in vivo considering the catalysis of relative enzymes may 
accelerate the degradation process. To date, low molecular weight HA 
(LMW-HA) as an integral component of extracellular matrix (ECM) in 
tumor, plays critical role in tumor progression and metastasis. The high 
expression of hyaluronidases in various types of tumor tissues was thus 
often detected and reported [46]. Therefore, the degradation ratio of 
this polysaccharide-based hydrogel under enzymatic environment (0.04 
U/mL hyaluronidases) was further evaluated. As observed in Fig. S4, the 
degradation ratio of both SPM-HA Gel and ACZ/GOx@SPM-HA Gel was 
significantly enhanced to ~70 % on Day 1 and then almost degraded 

completely after 7 days, demonstrating its great biodegradability. The 
epidermal slices through H&E staining (Fig. 1H) distinctively presented 
this process as the implanted hydrogel beneath the epidermis has 
decomposed into pieces (indicated as purple color) instead an intact 
mass after 12 days evaluation. Biochemical indices from each treatment 
group (Fig. 1I and Fig. S5) further proved additional evidence of the 
biocompatibility and low acute toxicity of ACZ/GOx@SPM-HA Gel as 
liver function indicators (ALT, AST, ALP) and kidney function indicators 
(BUN, CRE) were all comparable to the control healthy group on both 1 
day and 12 day-post subcutaneous implantation. Besides, pathological 
changes or inflammation sites could hardly be observed in the major 
organ slices stained by H&E (Fig. S6), further confirming its histocom-
patibility. Taken together, ACZ/GOx@SPM-HA Gel with such feasible 
physiochemical properties and great hemocompatibility and histocom-
patibility would be suitable for the further investigation on animal 
evaluations.

As a chemical crosslinking hydrogel based on Schiff reaction, SPM- 
HA Gel may exhibit fascinating physiochemical properties under spe-
cific given environmental conditions. As indicated in Fig. 2A, the dy-
namic interaction between amine groups and aldehyde groups enables 
SPM-HA Gel to self-heal intactly within a very short time after cut. 
Moreover, thanks to its self-healing capability, SPM-HA Gel could still be 
injectable even after gelation, which ensure its further biomedical 
application and clinical translation. In specific, self-healing hydrogel is 
always injectable, which thus enables the direct injection of hydrogel 
formulations into tumor tissue while still maintain the tumor tissues in 
their natural state. Additionally, owing to its self-healing property, 
hydrogels may also preserve their pore structure and anchor in the 
tumor tissue to promote the uniform distribution of laden 

Fig. 2. Self-healing and controllable release kinetics based on dynamic chemical cross-linking. Representative photo of (A) self-healing property and (B) pH- 
responsive gelation of SPM-HA Gel. (C) Schematic illustration of pH-responsive gelation based on Schiff-base reaction. (D) In vitro release profile of SPM-HA Gel 
under different pH. (E) Gelation time, and (F) Viscoelasticity of SPM-HA Gel.
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chemotherapeutics [47,48]. For the syringe needle size, considering the 
condense chemical cross-linking between SPM-DEX and oxidized HA, 
26G syringe needle size (0.45 mm) or even larger size (18G-24G) would 
be more applicable for the injection of ACZ/GOx@SPM-HA Gel in cancer 
treatment [49]. To date, Schiff reaction may be reverted when amine 
groups are protonated. Therefore, the gelation between SPM-DEX and 
HA-ALD under different pH was studied. As observed in Fig. 2B and 2C, 
owing to the protonation of SPM-DEX, SPM-HA Gel could dissociate and 
turn back into fluid under acidic environment. Moreover, this process 
could be reverted after the pH environment was adjusted back to alka-
line. Considering its pH-responsive gelation property, the release kinetic 
of laden drugs was thus further investigated based on the protocols 
described in Supplementary information (Section 1.3). It could be noted 
in Fig. 2D, under alkaline environment (pH = 7.4), the cumulative 
release of Fe2+ could only be ~40 % in the first 12 h and maximally 

plateaued to ~50 % in 48 h. In contrast, under weak acidic environment, 
the cumulative release of Fe2+ in the first 12 h could be high up to ~70 
% and maximally plateaued to ~90 % in 48 h, exhibiting a 
pH-responsive release kinetics. Besides that, the release of laden ACZ 
and GOx (Figs. S7A–S7B) also exhibited a similar pH-responsive 
behavior under alkaline or acidic environment, which was consistent 
with pH-responsive gelation property of SPM-HA Gel. Mechanistically, 
under acidic environment, the amine group of SPM-DEX in the gel would 
be pronated and its dynamic Schiff base reaction with oxidized HA 
would weaken, thereby the cross-linking of the gel formulation would 
loose and thus release more laden component into the ambient 
environment.

In addition to the dynamic interaction between amine groups and 
aldehyde groups, metal ions coordination in the hydrogel scaffold also 
plays a critical role in its physiochemical properties particularly its 

Fig. 3. Cellular oxidative stress induced by ACZ/GOx@SPM-HA Gel. (A) Cell viability of MOC-1 cells after treated with different formulations. (B) MDA, (C) SOD, 
and (D) GSH/GSSG level in MOC-1 cells after treated with different formulations. (E) Representative fluorescence images of MOC-1 cells stained with DCFH-DA probe 
after treated with different formulations, scale bar = 100 μm. (F) The plot of intracellular ROS level vs. time in 2 h incubation with different formulations. (G) Flow 
cytometric analysis, and (H) Fluorescence quantitative analysis of mitochondrial membrane potential in MOC-1 cells after treated with different formulations. (I) 
Representative fluorescence images of intracellular pH of MOC-1 cells stained with BCECF-AM probe after treated with different formulations, scale bar = 50 μm. (J) 
Schematic illustration of potential anticancer mechanism of ACZ/GOx@SPM-HA Gel. All data are shown as mean ± SD (n = 3).
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mechanical property. Therefore, a rotational rheometer was used to 
investigate the influence of Fe2+ coordination on the mechanical prop-
erties of SPM-HA Gel according to the protocols described in Supple-
mentary information (Section 1.4). As show in Fig. 2E, without the Fe2+, 
the gelation time of SPM-DEX and HA-ALD was ~67 s. While with the 
addition of Fe2+, this time was speeded up for ~50 % (~33 s), indicating 
the metal ions could further accelerate the chemical crosslinking in the 
hydrogel scaffold through coordination with abundant hydroxyl groups 
in SPM-DEX and HA-ALD. As reported by Ghassan H. Matar et al. in their 
study, imine groups formed from Schiff base reaction may further co-
ordinated with metal ions to further condense the cross-linking frame-
work of hydrogel [50,51]. Therefore, the gelation time of SPM-HA Gel 
with a series concentration of Fe2+ was further evaluate to verify the 
effect of metal coordination on the cross-linking of this hydrogel. As 
shown in Fig. S8, with the enhancement of ferrous ions from 0.5 to 2 
mg/mL, the gelation time of SPM-HA Gel was significantly reduced from 
24.3 s to 15.3 s. Likewise, the release kinetics of ACZ (Fig. S7C) also 
exhibited a declined tendency with the increasement of Fe2+, verifying 
the verry essential role of ferrous ions in participating the dynamic 
chemical cross-linking of SPM-HA Gel. Moreover, owing to this metal 
coordination in the scaffold, the viscoelasticity of SPM-HA Gel was also 
significantly enhanced as shown in Fig. 2F. Taken together, SPM-HA Gel 
with such great self-healing and reversible pH-responsive gelation 
property holds potency to be translated for the clinical treatment of 
diseases with different commands.

3.2. Intracellular oxidative stress induced by ACZ/GOx@SPM-HA Gel

Anticancer efficacy of ACZ/GOx@SPM-HA Gel was initially evalu-
ated on MOC-1 cells according to the protocols described in supple-
mentary information (Section 1.5). As shown in Fig. 3A, the cell viability 
of MOC-1 cells exhibited as dose-dependent manner after incubated 
with hydrogel extract for 24 h. It should be noted that without the 
addition of Fe2+, the cell viability of MOC-1 from SPM-HA Gel without 
Fe2+ group could maintain above 80 % at extract concentration up to 
0.6 mg/mL, indicating the indispensable role of Fe2+ in triggering the 
ferroptosis. Similar anticancer efficacy on CA-positive cells including 
A549, MG63, and HEPG2 was also detected by MTT assay (Fig. S9) 
[52–54]. It should be noted that, though cell viability decreased, 
NIH3T3 was more tolerant to the treatment of ACZ/GOx@SPM-HA Gel 
as it expressed lower CA [55]. Therefore, indices representing the 
cellular redox status were evaluated based the protocols described in 
supplementary information (Section 1.6). As shown in Fig. 3B-3D, while 
malondialdehyde (MDA) level from SPM-HA Gel without Fe2+ group 
was comparable to the control group, MDA level from SPM-HA Gel 
group enhanced for ~57 %, indicating the abnormal lipid peroxidation 
(LPO) induced by Fe2+. With the addition of ACZ, MDA level was further 
elevated by 36 % in compare with SPM-HA Gel group. However, the 
addition of GOx did not significantly enhance the MDA level, consid-
ering cells would be tolerable to the glucose catabolism by GOx under 
the function of carbonic anhydrases IX. The significant increase of MDA 
level in ACZ/GOx@SPM-HA Gel group proved the above speculation, as 
the co-treatment of ACZ and GOx could further enhance the MDA level 
by 11.8 % in compare with ACZ@SPM-HA Gel group. In contrast, 
opposite trends of SOD level and GSH/GSSG ratio could be observed in 
Fig. 3C and D, underlying the disturbance of redox homeostasis and the 
dysfunction of mitochondria. Therefore, oxidative stress in MOC-1 cells 
was further evaluated. As indicated in Fig. 3E, significant increase of 
green fluorescence intensity could be observed in cells from 
ACZ@SPM-HA Gel group, GOx@SPM-HA Gel group, 
ACZ/GOx@SPM-HA Gel group, suggesting the enhancement of cellular 
ROS level. Scattered green fluorescence could also detected in SPM-HA 
Gel group considering the function of Fe2+. Moreover, referred to the 
change of ROS level in 2 h (Fig. 3F), cellular ROS level in 
ACZ/GOx@SPM-HA Gel group was elevated for ~61 % in compare with 
control group, and elevated for 18.3 %, 10.8 %, and 15.1 % in compare 

with the monotreatment group respectively (SPM-HA Gel group, 
ACZ@SPM-HA Gel group, and GOx@SPM-HA Gel group). The alterna-
tion of mitochondrial membrane potential further confirmed the mito-
chondrial dysfunction induced by oxidative stress (specific protocols 
could be referred to the supplementary information (Section 1.7)) as the 
flow cytometric analysis in Fig. 3G presented an increase trend of JC-1 
monomer proportion in all treatment group, especially in 
ACZ/GOx@SPM-HA Gel group. Quantitative analysis distinctively 
indicated the significant differences among treatment groups. Specif-
ically, JC-1 monomer fluorescence from ACZ/GOx@SPM-HA Gel group 
was 87.5 %, 49.7 %, 65.4 % higher than that in monotreatment group 
respectively. Correspondingly, the oxygen status in MOC-1 cells was 
assessed using the luminescent oxygen sensor ([Ru(dpp)3]Cl2). As 
illustrated in Fig. S10, in compare with the control group, the treatment 
of each formulation decreased the cellular oxygen contents in different 
extents as the fluorescence intensity of [Ru(dpp)3]Cl2 increased. Spe-
cifically, due to the catabolic activity of glucose oxidase (GOx) on 
glucose within MOC-1 cells, the oxygen levels in both the GOx@SPM-HA 
Gel group and the ACZ/GOx@SPM-HA Gel group were lower than those 
in the other treatment groups, consequently decreased the quenching of 
oxygen on [Ru(dpp)3]Cl2, thereby exhibiting higher fluorescence.

The significant amplification on cellular oxidative stress and mito-
chondrial dysfunction resulted from the combinative treatment of Fe2+, 
ACZ and GOx thus intrigued us. To date, ACZ, as an inhibitor of CA, 
would inhibit its catabolism, retain the intracellular H+ and conse-
quently lead to cell acidosis, which has been reported as an accelerator 
for ferroptosis. Therefore, intracellular pH after treated with ACZ/ 
GOx@SPM-HA Gel was investigated by BCECF-AM probe based on the 
protocols described in supplementary information (Section 1.8). As 
shown in Fig. 3I, without the ACZ treatment, the green fluorescence 
intensity from SPM-HA Gel without Fe2+ group and SPM-HA Gel group 
was comparable to the control group (pH = 7.2–7.4). While in 
ACZ@SPM-HA Gel group, the green fluorescence intensity significantly 
declined, indicating the decrease of intracellular pH. Though the treat-
ment with GOx@SPM-HA Gel partially decrease the green fluorescence 
intensity owing to the gluconic acid catalyzed by GOx, the intensity was 
still distinct. This phenomenon was further confirmed the indispensable 
role of ACZ in this formulation as the green fluorescence intensity from 
ACZ/GOx@SPM-HA Gel group was the faintest among all treatment 
groups.

Taken together, the antitumor mechanism of ACZ/GOx@SPM-HA 
Gel was deduced as depicted in Fig. 3J. In specific, Fe2+, as the initi-
ator of ferroptosis in this formulation, induces the oxidative stress 
through Fenton reaction. Meanwhile, under the catabolism of GOx, 
glucose in the cytoplasm would catalyze into gluconic acid and H2O2, 
which may correspondingly supplement the proton reservoir and H2O2 
reservoir to fuel cell acidosis and ferroptosis. ACZ, as the CA inhibitor, 
would block the function of CA IX on maintaining the pH homeostasis 
and further amplify the cell acidosis and ferroptosis, finally lead to the 
tumor cell death. Overall, through disrupting the pH and redox ho-
meostasis in cells, ACZ/GOx@SPM-HA Gel holds the antitumor poten-
tial to be further evaluated in vivo.

3.3. Autophagy-dependent ferroptosis induced by ACZ/GOx@SPM-HA 
Gel

Accumulating evidence has indicated the interplay between ferrop-
tosis and autophagy at the molecular level through modulating on the 
ROS generation and the accumulation of iron-dependent LPO. As a 
mTOR inhibitor, SPM-HA Gel containing spermidine thus holds the 
potential to amplify the ferroptosis through triggering autophagy in 
cells. Therefore, with the ferrous ions fixed to 0.2 mg/mL, autophagy 
and ferroptosis in MOC-1 cells under treatments of series contents of 
SPM-HA Gel were investigated by CYTO-ID and DHE probes based on 
the protocols described in supplementary information (Section 1.9). As 
shown in Fig. 4A and B, green fluorescence representing autophagy 
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signal increased in a dose-dependent manner, verifying the physiolog-
ical function of spermidine. Moreover, though the ferrous ions were 
fixed, red fluorescence representing the cellular ROS level still increased 
in a dose-dependent manner, suggesting the effect of autophagy on 
amplifying ferroptosis in cells. The expressions of two autophagy 
markers analyzed by western blotting (Fig. S11) further demonstrated 
the interplay between autophagy and ferroptosis as elevated level of 
LC3-II and p62 could distinctively be observed with the increase of SPM- 
DEX concentration while the ferrous ions remained constant.

Ferroptotic cells have been confirmed to release immune stimulative 
substances e.g. damage-associated molecular patterns (DAMPs; calreti-
culin, ATP, HMGB1) and facilitate the therapy of immune checkpoint 
blockades. Therefore, cellular calreticulin (CRT) level induced by ACZ/ 
GOx@SPM-HA Gel was studied by flow cytometry and confocal micro-
scopy based on the protocols described in supplementary information 
(Section 1.10). As observed in Fig. 4C-4E, in compare with the other 
monotreatment groups, ACZ/GOx@SPM-HA Gel exhibited the strongest 

fluorescence intensity and was elevated for 1.48-, 1.0-, and 1.1-folds 
respectively. Similarly, ATP and HMGB1 level in the medium (Fig. 4F 
and G) also exhibited the same trend, further demonstrating, with the 
facilitation of autophagy induced by spermidine, ACZ/GOx@SPM-HA 
Gel may maximally amplify the ferroptosis in cells through disrupting 
the pH and redox homeostasis. Taken together, ACZ/GOx@SPM-HA Gel 
may be applicable to be combined with immunotherapy to enhance its 
response rate and therapeutic outcomes.

3.4. In vivo antitumor efficacy of ACZ/GOx@SPM-HA Gel

The antitumor efficacy of ACZ/GOx@SPM-HA Gel was further 
investigated on MOC-1 tumor bearing mice model as diagram indicated 
in Fig. 5A. In order to confirm the target of ACZ and anti-PD-L1, the 
expression of CA IX and PD-L1 in MOC-1 tumor-bearing mice model was 
firstly evaluated by western blotting analysis. As shown in Fig. S12, high 
expression levels of both CA IX and PD-L1 expression could be detected 

Fig. 4. Autophagy-dependent ferroptosis induced by ACZ/GOx@SPM-HA Gel. (A) Representative fluorescence images of MOC-1 cells stained with CYTO-ID® 
and DHE probes after treated with different formulations, scale bar = 20 μm. (B) Semiquantitative analysis of autophagy and oxidative stress in cells after treated 
with different formulations. (C) Representative fluorescence images of MOC-1 cells stained with anti-CRT after treated with different formulations, scale bar = 20 μm. 
(D)Flow cytometric analysis and (E) Quantitative analysis of CRT expression in MOC-1 cells after treated with different formulations. The level of (F) ATP, and (G) 
HMGB1 in MOC-1 cells after treated with different formulations. All data are shown as mean ± SD (n = 3).
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in tumor tissues, verifying the feasibility of ACZ/GOx@SPM-HA Gel to 
be applied in the following in vivo experiments. After 12 days evaluation, 
the growth of resected tumors from each treatment groups (Fig. 5B) 
were all inhibited in different extents. In specific, as shown in Fig. 5C, 
while tumor volume from control group sharply climbed to ~1200 mm3, 
tumor volume from monotreatment group could be contained at ~600 
mm3. Remarkably, in compare with the uncontrollable and harsh tumor 
growth in control group, tumor volume from ACZ/GOx@SPM-HA Gel 
group was decreased for ~75 %. Besides that, tumor volume was further 
decreased in compare with the monotreatment groups, indicating the 
great antitumor efficacy of ACZ/GOx@SPM-HA Gel. Relative tumor 
volume from each treatment group (Fig. 5D) could further demonstrate 

this conclusion as its relative tumor volume on Day 12 was only elevated 
for 1.1-fold than that on Day 0. While in control and monotreatment 
groups, this difference was elevated for 7.5-, 4-, 3.4-, and 3.7-folds 
respectively. Resected tumor weights (Fig. 5E) also confirmed the 
above results as tumor weights from ACZ/GOx@SPM-HA Gel group was 
decreased for 58.3 %, 30.6 %, 50.7 % respectively in compare with 
monotreatment group. Besides that, mice body weights from all treat-
ment groups (Fig. 5F) fluctuated around 18–21 g, preliminarily sug-
gesting the great biocompatibility and biosafety of ACZ/GOx@SPM-HA 
Gel. Taken together, it could be concluded the combinative treatment of 
Fe2+, ACZ and GOx may maximally amplify the effect of SPM-HA Gel on 
inhibiting the proliferation of MOC-1 xenografts while minimally posing 

Fig. 5. In vivo antitumor efficacy of ACZ/GOx@SPM-HA Gel. (A) Schematic diagram of antitumor efficacy on MOC-1 tumor-bearing mice model: Whole eval-
uation lasted for 12 days and different formulations were administered intratumorally on Day 0. (B) Representative photo of resected tumors from each treatment 
group after 12 days. (C) Tumor volume curves of mice from each treatment group. (D) Relative tumor growth ratio of mice from each treatment group. (E) Weights of 
resected tumors from each treatment group on Day 12. (F) Body weight of mice from each treatment group during the evaluation. (G) Histological analysis of tumor 
slices by H&E staining, TUNEL detection, and immunofluorescence staining of Ki67 and CRT, scale bar = 100 μm. (H) Quantitative analysis of the immunofluo-
rescence results. (I) Cytokine levels including TNF-α, IL-6, IFN-γ in mice tumors from each treatment group on Day 12. All data are shown as mean ± SD (n = 5).
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toxicity to health tissues.
Antitumor efficacy of ACZ/GOx@SPM-HA Gel was further investi-

gated by histological analysis. As shown in Fig. 5G, H&E staining of 
tumor slices from control group exhibited harsh cancer cell proliferation 
as purple color zone was nearly covered the whole slice, indicating the 
active cell division status. In contrast, only scattered purple spots could 
be observed in tumor slices from ACZ/GOx@SPM-HA Gel group, sug-
gesting the proliferation of MOC-1 cells was inhibited. The further 
immunofluorescence staining by Ki67 profoundly verified the above 
observation as the Ki67 positive area (Fig. 5H) from ACZ/GOx@SPM-HA 
Gel group was decreased for ~98 % in compare with control group. 
Correspondingly, compared to the control group, the TUNEL signal 
representing the fragmented DNA in tumor from ACZ/GOx@SPM-HA 
Gel group significantly increased, demonstrating its great antitumor 

efficacy. Considering the effect of ferroptosis on inducing immunogenic 
cell death (ICD), the immune status in tumor tissues was investigated by 
CRT immunofluorescence staining and ELISA assays of inflammatory 
cytokines (TNF-α, IL-6, INF-γ). As observed in Fig. 5G and H, in compare 
with control group, the CRT expression in tumor treated with ACZ/ 
GOx@SPM-HA Gel enhanced for 8.5-folds, confirming the strong ef-
fect of ACZ/GOx@SPM-HA Gel on amplifying the ferroptosis in tumor 
tissues through disrupting the pH and redox homeostasis in an auto-
phagy dependent manner. Moreover, among the monotreatment groups, 
the CRT expression from ACZ/@SPM-HA Gel group was ~27 % higher 
than that form GOx@SPM-HA Gel group, underlying the critical role of 
CA IX inhibitor on alleviating of acidic tumor microenvironment and the 
immunosuppressive status of infiltrated lymphocytes. The expression of 
GPX4 and ACSL4 that representing the ferroptosis in tumor tissues was 

Fig. 6. Anti-metastasis potential of ACZ/GOx@SPM-HA Gel combined with immunotherapy. (A) Schematic diagram of antimetastatic efficacy on MOC-1 
tumor-bearing mice metastatic model: Whole evaluation lasted for 14 days and different formulations were administered intratumorally on Day 0 and 7. (B) Pri-
mary tumor and (C) Distant tumor volume curves of mice from each treatment group. Relative growth ratio of mice (D) primary tumor and (E) distant tumor from 
each treatment group. (E) Weights of (F) resected primary tumors and (G) resected distant tumors from each treatment group on Day 14. (H) Histological analysis of 
distant tumor slices by H&E staining, TUNEL detection, and immunofluorescence staining of Ki67, CD31, and CD3/CD8, scale bar = 100 μm. Quantitative analysis of 
(I) CD3+ lymphocytes and (J) CD8+ lymphocytes infiltrated in distant tumors. (K) Cytokine levels including TNF-α, IL-6, IFN-γ in mice serum from each treatment 
group on Day 14. All data are shown as mean ± SD (n = 5).
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further verified by western blotting. As Observed in Fig. S13, the 
expression of GPX4 from ACZ/GOx@SPM-HA Gel group was signifi-
cantly downregulated, indicating the disturbance of the redox homeo-
stasis in tumor tissues. Correspondingly, the significant up-regulation of 
ACSL4 could be detected in tumor tissues treated with ACZ/GOx@SPM- 
HA Gel, demonstrating the participant of ferroptosis in the antitumor 
mechanism. Cytokine levels in tumor tissues from different treatment 
groups (Fig. 5I) also verified the above detection. Specifically, in 
compare with monotreatment groups, TNF-α level from ACZ/ 
GOx@SPM-HA Gel increased for 2-, 0.35-, and 1-fold respectively. 
Similar trends were also detected in IL-6 and INF-γ, indicating the 
topical injection of ACZ/GOx@SPM-HA Gel could maximally induce 
ferroptosis in tumor tissues through the combinative treatment of Fe2+, 
ACZ and GOx in an autophagy dependent manner.

Taken together, all these data proved the local injection of such 
hydrogel formulation could efficiently inhibited the tumor growth 
through ferroptosis induction and distinctively promote the ICD in 
tumor bed to provide a favorable environment for the therapy of im-
mune checkpoint blockades like PD-L1.

3.5. Combinative immunotherapy with ACZ/GOx@SPM-HA Gel 
inhibited tumor metastasis

After demonstrating the great antitumor efficacy of ACZ/GOx@SPM- 
HA Gel on MOC-1 tumor-bearing mice model, its treatment combining 
with Anti-PD-L1 therapy was further investigated on a MOC-1 tumor- 
bearing mice metastatic model as depicted in Fig. 6A. After 14 days 
evaluation, with combinative treatment of ACZ/GOx@SPM-HA Gel and 
Anti-PD-L1, tumor volume of both primary tumors and distant tumors 
were significantly decreased. Seen from Fig. 6B and C, it could be noted, 
in ACZ/GOx@SPM-HA Gel group, though the primary tumor volume 
could be reduced to ~350 mm3, its inhibitive effect on the growth of 
distant tumor was not so obvious (~400 mm3), indicating the specific 
antitumor immune response provoked by this hydrogel formulation was 
not strong enough to prevent the tumor metastasis. In Anti-PD-L1 group, 
this situation was alleviated as the distant tumor volume could be 
maintained ~300 mm3. In contrast, both the primary tumor and distant 
tumor volume from Gel + Anti-PD-L1 group was maintained around 
~200 mm3, exhibiting great antitumor and antimetastatic effect. The 
plot of relative tumor volume vs. time (Fig. 6D and E) better presented 
the tumor growth trend of each treatment group. Specifically, the 
inhibitive effect of monotreatment by ACZ/GOx@SPM-HA Gel or Anti- 
PD-L1 on primary tumor growth was comparable as the relative pri-
mary tumor volume on Day 14 was both reduced for ~50 % in compare 
with control group. However, the inhibitive effect between these two 
monotreatment groups on distant tumors was distinct: in Anti-PD-L1 
group, the relative distant tumor volume on Day 14 was 26.7 % lower 
than that in ACZ/GOx@SPM-HA Gel group, exhibiting better anti-
metastatic efficacy. Besides that, the combinative treatment of ACZ/ 
GOx@SPM-HA Gel and Anti-PD-L1 significantly decreased the growth 
of both primary and distant tumors as the relative primary/distant 
tumor volume on Day 14 was only elevated for 0.6- and 3-fold in 
compare with Day 0. Correspondingly, in the monotreatment groups, 
this elevation could be high up to 1.5- and 8-fold. Similar trend was also 
verified by the primary/distant tumor weight resected form each 
treatment group (Fig. 6F and G). The body weight change of mice from 
the combinative treatment group further verified its biosafety as the 
mice body weights maintained around 21–23 g (Fig. S14).

Histological analysis by H&E staining and immunofluorescence was 
further performed to better clarify the antitumor and antimetastatic 
efficacy of the combinative treatment. As shown in Figs. 6H and S15, the 
positive area of TUNEL signal in distant tumor slices from Gel + Anti-PD- 
L1 group was high up to ~62 %, which was ~54 % and ~66.7 % higher 
than that of ACZ/GOx@SPM-HA Gel group and Anti-PD-L1 group 
respectively. Correspondingly, the positive area of Ki67 signal in distant 
tumor slices from Gel + Anti-PD-L1 group was only ~0.3 %, suggesting 

the great antimetastatic efficacy and the robust antitumor immune 
response induced by the combinative treatment of ACZ/GOx@SPM-HA 
Gel and immunotherapy. Moreover, CD31 signal, the indicator of 
angiogenesis, further confirmed the above conclusion as the positive 
area of CD31 signal in distant tumor slices from Gel + Anti-PD-L1 group 
was decreased for 76.7 % and 85 % in compare with ACZ/GOx@SPM- 
HA Gel group and Anti-PD-L1 group respectively. Taken together, 
local injection of ACZ/GOx@SPM-HA Gel and Anti-PD-L1 could provoke 
the specific antitumor immune response through triggering the release 
of DAMPs and thus efficiently inhibit the tumor metastasis.

Therefore, the infiltrated lymphocytes in distant tumors from each 
treatment groups were investigated by immunofluorescence staining. As 
observed in Fig. 6H-6I, CD3+CD8+ lymphocytes could hardly be 
detected in control group, exhibiting an immunosuppressive microen-
vironment. While in ACZ/GOx@SPM-HA Gel, though the infiltrated 
CD3+ lymphocytes proportion could be enhanced to ~6 %, the infil-
trated CD3+CD8+ lymphocytes proportion was only elevated to ~1.5 %. 
These data thus explained the unsatisfying antimetastatic efficacy of 
ACZ/GOx@SPM-HA Gel monotreatment as the local injection of such 
hydrogel formulation was more prone to induce native immune 
response instead of adaptive immune response through triggering the 
release of DAMPS and the local inflammation. Intriguingly, in Anti-PD- 
L1 group, the infiltrated CD3+ lymphocytes proportion (8.6 %) and the 
infiltrated CD3+CD8+ lymphocytes proportion (7.7 %) were compara-
ble, indicating the specific antitumor immune response provoked by 
Anti-PD-L1. Remarkably, in Gel + Anti-PD-L1 group, the infiltrated 
CD3+ lymphocytes proportion could be high up to 31.8 %, which was 
elevated for 4.4-, and 2.7-fold in compare with the monotreatment 
group respectively. Moreover, the infiltrated CD3+CD8+ lymphocytes 
proportion was ~85 % higher than that in Anti-PD-L1 group. Serum 
cytokine levels including TNF-α, IL-6, INF-γ from each treatment group 
(Fig. 6K) were also consistent with the above analysis. Besides that, the 
antimetastatic potential of ACZ/GOx@SPM-HA Gel was also verified on 
a 4T1 orthotopic metastasis model as described in supplementary in-
formation (Section 1.12). As shown in Fig. S16, in compare with the 
malignant lung metastasis in control group, the combinative treatment 
of ACZ/GOx@SPM-HA Gel and Anti-PD-L1 significantly inhibited the 
lung metastasis of 4T1 cells. Moreover, in compare with the mono-
treatment of anti-PD-L1, the tumor nodes in Gel + anti-PD-L1 group was 
further decreased for ~78 %, demonstrating the antimetastatic efficacy 
of such combinative treatment. Therefore, it could be concluded that 
through provoking both native and adaptive immune response, local 
injection of ACZ/GOx@SPM-HA Gel and Anti-PD-L1 could efficiently 
inhibited tumor progression and its potential metastasis.

Overall, concluding from the data of xenograft mice model and 
metastasis mice model, it could be speculated the topical treatment of 
ACZ/GOx@SPM-HA Gel could maximally induce ferroptosis and ICD in 
tumor tissues through the combinative treatment of Fe2+, ACZ and GOx 
in an autophagy dependent manner. Moreover, its integrative treatment 
with immunotherapy may promote the infiltration of CD3+CD8+ lym-
phocytes and provoke both native and adaptive immune response to 
fight against tumor growth and metastasis, which would be feasible to 
the multi-mode treatment of HNC.

4. Conclusions

In this study, a self-healable and pH-responsive spermidine hydrogel 
loaded with ACZ and GOx has been successfully fabricated through the 
Schiff-base reaction between SPM-DEX and HA-ALD, along with the 
metal ions (Fe2+) coordination. Investigation on oral squamous cells 
demonstrated that the ACZ/GOx@SPM-HA Gel may induce cellular 
oxidative stress and mitochondrial dysfunction through disrupting the 
pH and redox homeostasis in MOC-1 cells.Moreover, with the facilita-
tion of autophagy induced by spermidine, ACZ/GOx@SPM-HA Gel may 
maximally amplify the ferroptosis in cells and promote DAMPs release to 
induce ICD. The results of xenograft mice model and metastasis mice 
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model further substantiated that the local injection of such hydrogel 
could efficiently inhibit the tumor growth and distinctively promote the 
ICD in tumor bed to provide a favorable environment for immuno-
therapy. Moreover, its integrative treatment with immunotherapy may 
promote the infiltration of CD3+CD8+ lymphocytes and provoke both 
native and adaptive immune response to fight against tumor growth and 
metastasis. Overall, ACZ/GOx@SPM-HA Gel, with such feasible physi-
ochemical properties and great biocompatibility, holds great potential in 
treating solid tumors with acidosis-mediated immunotherapy tolerance. 
However, given that the topical administration of ACZ/GOx@SPM-HA 
Gel is more likely to elicit innate immune response through promoting 
the release of DAMPs, it would be more feasible for this hydrogel 
formulation to be independently applied in the early intervention of 
tumor while combining it with immunotherapy like anti-PD-L1 in 
advanced or metastatic stages to achieve better therapeutic outcome.
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