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A B S T R A C T   

Systematic administration of small molecular drugs often suffered from the low efficacy and systemic toxicity in 
cancer therapy. In addition, application of single mode drug usually leads to unsatisfactory therapeutic out-
comes. Currently, developing multimodal-drug combination strategy that acts on different pathways without 
increasing side effects remains great challenge. Here, we developed a hydrogel system that co-delivered 
glycolysis inhibitor apigenin and chemo-drug gemcitabine to realize combination strategy for combating can-
cer with minimal systemic toxicity. We demonstrated that this system can not only eliminate tumor cells in situ, 
but also induce abscopal effect on various tumor models. These results showed that our study provided a safe and 
effective strategy for clinical cancer treatment.   

1. Introduction 

Cancer is one of the leading causes of death worldwide, with 
approximately 20 million people diagnosed with cancer each year. 
Breast cancer, lung cancer, liver cancer, colon cancer, and prostate 
cancer are the most common types of cancer [1–5]. Surgery combined 
with chemotherapy is still the primary method for treating cancers. The 
clinical results of using chemo-drugs for the treatment of cancer 
demonstrated that monotherapy often led to the development of drug 
resistance [6]. Combination therapy has highlighted the potential for 
long-term cancer growth control and sustained response by targeting 
different pathways and remodeling tumor microenvironment [7]. That 
also poses challenges such as timing coordination and enhanced side 
effects [8–10]. By targeting tumor cell-specific metabolic pathways, it is 
possible to selectively eliminated tumor-associated cells while mini-
mizing the side effects to normal healthy cells. Therefore, tremendous 
efforts have been focused on discovery of potent agents that target tumor 
metabolic pathways (see Scheme 1). 

In 1924, Otto Warburg discovered that tumor cells tend to convert 
glucose into lactate through glycolysis [11–14], even in the presence of 
sufficient oxygen for mitochondrial oxidative phosphorylation [15,16]. 
Of notable interest is glucose transporter 1 (GLUT1), an extensively 
distributed glucose transporter which is highly expressed in almost all 
tumor cells, increase intracellular glucose uptake for glycolysis [17]. 
Therefore, reducing the degree of tumor glycolysis by decreasing GLUT1 
and thus reducing the energy source of tumor cells is a crucial strategy. 
Some preclinical studies have indicated that glycolysis inhibitors exhibit 
notable targeting specificity and have the potential to serve as adjunc-
tive therapies to existing standard chemotherapy [18–21]. Besides, 
several glycolysis inhibitors have shown the ability to remodel the tumor 
immune-suppressive microenvironment, which holds great potential for 
effective cancer post-surgical treatment. Nevertheless, the efficacy of 
GLUT1 inhibitors as anticancer drugs is still limited, and the side effects 
are still undesirable, indicating delivery and combination strategies are 
needed for practical use of GLUT1 inhibitors [22]. 

Several bioactive molecules derived from natural plant ingredients 
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are thought to have potential in treating cancers through inhibition of 
GLUT1 [23–25]. For instance, apigenin (4′,5,7-trihydroxyflavone) was 
selected as GLUT1 inhibitor for its glycosylated modification [26], 
anti-tumor effects [27], low toxicity [28] and immunoenhancement 
[29]. The most important aspect is that apigenin has minimal toxicity to 
normal cells. In addition, apigenin is inexpensive and easily accessible. 
Studies have been focused on in vitro chemo-sensitization and reduced 
nephrotoxicity in vivo, or on in vitro synergistic antiproliferative effects, 
or on molecular mechanisms of action of apigenin in combination with 
chemotherapy agents [30]. However, apigenin has low bioavailability, 
making it challenging to achieve the desired effects, which requires 
delivery strategies of apigenin to enhance its anti-tumor activity. Up to 
now, several drug carriers delivering apigenin as GLUT1 inhibitor for 
cancer treatment had been reported, however, these delivery systems 
only received moderated antitumor effect, indicating inhibition of 
GLUT1 may not be sufficient enough towards effective cancer treatment 
[31]. Combination of apigenin with chemo-drugs such as 5-fluorouracil 
has been proved to be more effective, but also led to increased side ef-
fects. Therefore, there is an urgent need to develop delivery strategy for 
combination of apigenin and chemo-drugs with high efficiency and low 
side effects. 

Compared to systemic administration, local drug delivery via in situ 
release offers the advantage of gradual drug release within the body, 
thereby extending the duration of drug exposure and reducing the 
required dosage, resulting in enhanced therapeutic efficacy and 
increased safety [32–34]. For example, hydrogels can slowly release 
drugs in the body for several days, which greatly extend the time of drug 
action, reduce drug dosage and toxic side effects, and significantly 
improve the effectiveness of drug treatment [35,36]. Additionally, lots 
of synthetic or natural polymers can be readily used in hydrogel fabri-
cation. For instance, the cost-effective polysaccharide-based natural 
polymers (e.g., chitosan, dextran and hyaluronic acid) with high 
biocompatibility, excellent in vivo safety profiles, simplified hydrogel 
formulation and preparation have been extensively used in various 
hydrogel systems [37]. Therefore, we proposed that the co-delivery of 
apigenin as a glycolysis inhibitor with gemcitabine within a 
polysaccharide-based in situ hydrogel system may address the issues of 
GLUT1 inhibitors and provide more effective and safe treatment towards 

post-surgical cancer treatment [38–40]. 
Herein, we first reported a hydrogel drug delivery system to co- 

deliver apigenin and gemcitabine for post-surgical cancer treatment of 
colorectal cancer. The hydrogel used in this work was prepared from 
oxidized sodium alginate and carboxymethyl chitosan through Schiff- 
base reaction. To test the abscopal effect, the recurrence model and 
re-injection model were utilized in this study. Results showed that the 
designed strategy achieved excellent anti-tumor effects for different 
tumor models. In addition, the tumor immune-suppressive microenvi-
ronment was greatly changed during the treatment. This approach 
offered great advantages towards safe and effective post-surgical treat-
ment. These findings in our study will provide a foundation for further 
exploration of glycolysis inhibitors for cancer therapy. 

2. Result and discussion 

2.1. Fabrication and characterization of the chitosan-based hydrogel 

The hydrogel preparation method involved the oxidation of sodium 
alginate to form oxidized sodium alginate, followed by a Schiff-base 
reaction between the aldehyde groups of oxidized sodium alginate and 
the amino groups of carboxymethyl chitosan, and finally crosslinking to 
prepare chitosan-based hydrogels. The schematic diagram of this syn-
thesis method was illustrated (Fig. 1A). After screening the properties of 
hydrogels according (Table S1), carboxymethyl chitosan with 4 % 
concentration and sodium alginate oxide with 10 % concentration were 
selected to form hydrogel to complete the follow-up experiment. 

The structure of sodium alginate was analyzed by fourier transform 
infrared spectroscopy (FTIR), and the characteristic absorption peak in 
the range of 1700 cm− 1 to 1750 cm− 1 corresponded to the C––O double 
bond of the aldehyde group was observed [41] (Fig. S1). Additionally, 
hydrogen nuclear magnetic resonance spectroscopy (1H NMR) 
confirmed the successful oxidation of sodium alginate and the presence 
of cross-linking sites in the hydrogel [42] (Fig. S2). 

Subsequently, ultraviolet absorption measurements were utilized to 
investigated the drug release from the hydrogel (Fig. 1B). The hydrogel 
reached 95 % of the maximum drug release after the tenth day, indicated 
that the hydrogel has a sustained drug release performance. 

Scheme 1. In situ sustained release hydrogel system involved GLUT1 inhibitor and chemo-drug to improve anti-tumor efficacy.  
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Furthermore, the swelling behavior of hydrogels can ensure drug ex-
change and release in vivo. Therefore, the swelling ratio (Fig. 1C) and 
erosion rate (Fig. 1D) of the hydrogel were measured in phosphate 
buffered saline (PBS, pH = 7.4). Once the aqueous solution entered the 
hydrogel, the polymer chains interacted with the solution due to osmotic 
pressure, resulting in gel stretching and swelling. There were no sig-
nificant differences in the swelling and erosion rates between the drug- 
loaded hydrogel and the base hydrogel. The swelling ratio stabilized 
after the day 3. Once the osmotic pressure reached equilibrium, the gel 
stretch was constrained, leading to gel degradation. At this point, the 
erosion rate exhibited a slow increase, and the total erosion reached 38 
% by the fifth day before gradually stabilizing. 

To further validate the formation of chitosan-based hydrogels, 
compression test was conducted using a universal testing machine. The 

results revealed no significant differences in the mechanical properties 
between the drug-loaded hydrogel and the base hydrogel. Both hydro-
gels exhibited the ability to resist compression (Fig. S3). This suggested 
that the hydrogels can be utilized in various in vivo and in vitro experi-
ments, as well as surgical procedures at tumor sites. 

The structure of the hydrogel network plays a critical role in drug 
release and gel degradation rates. Scanning electron microscopy (SEM) 
was employed to observe the internal microstructure of the hydrogel 
(Fig. 1F). The SEM images demonstrated a complex porous and inter-
connected structure within the freeze-dried hydrogel material, with 
relatively uniform pore sizes. Pore sizes ranging from 60 to 90 μm were 
measured at five randomly selected locations (Fig. 1E). The porosity, 
determined using the Archimedes method, was found to be 60 %–70 %. 
These results indicated that the hydrogel was suitable for physiological 

Fig. 1. Synthesis and characterization of chitosan-based hydrogel. A) Synthesis of hydrogel. B) Release rate of hydrogel loaded with Api or Gem in PBS solution (n =
3). C) Swelling Ratio of the hydrogel over 4 days (n = 3). D) Weight loss rate of the hydrogel over 7 days (n = 3). E) Quantitative analysis of pore size and porosity of 
the hydrogel (n = 3). F) Scanning electron microscopy image of the internal microstructure of the hydrogel. G) Optical scanning image of the surface microstructure 
of the hydrogel (2.8 * 2.1 * 0.9 μm). H) In vivo degradation fluorescence imaging of the hydrogel in mouse (0, 3, 10, 15 days). I) Quantitative analysis of the 
fluorescent range in the degradation images of the hydrogel in vivo (n = 3). J) Quantitative analysis of the fluorescent intensity in the degradation images of the 
hydrogel in vivo (n = 3). *, P < 0.05, **, P < 0.01, ***, P < 0.001 and ****, P < 0.0001. 
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information exchange and possessed a certain level of mechanical 
strength. Additionally, an optical scanning imaging device to observe 
the surface microstructure of the scaffold material and measure the 
roughness at the detection site, which was 595 μm (− 200 μm–395 μm) 
(Fig. 1G). This verified that the rough surface morphology of the ma-
terial facilitates cell recruitment, enhances cell adhesion, promotes cell 

activity, and thus improves the recruitment of T cells and the efficacy of 
the drug against tumor cells. 

The in vivo degradation of the hydrogel significantly affects the ef-
ficacy of combination therapy. The volume changes of the hydrogel 
during the treatment were observed, and the fluorescent area and in-
tensity were quantitatively analyzed (Fig. 1H–J). The results revealed a 

Fig. 2. Synergistic effects of apigenin and gemcitabine on tumor cells. A-B) Optimal concentration selection of apigenin and gemcitabine in cancer cells (CT26) using 
the CCK-8 assay (n = 3). C) Detection and quantitative analysis of the pro-apoptotic effect on cancer cells (CT26) staining (n = 3). D) Analysis of glycolysis pathway 
targets in tumor cells (CT26, 4T1) treated with different drug combinations using western blot. E) Immunofluorescent staining of GLUT1 in tumor cells (CT26, 4T1) 
treated with different drug formulations (scale bar: 100 μm). *, P < 0.05, **, P < 0.01, ***, P < 0.001 and ****, P < 0.0001. 
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gradual degradation process of the hydrogel, allowing for the gradual 
release of drugs and maintaining a sustained drug concentration during 
the treatment. As the degradation of the hydrogel increased, the drug 
release rate also increased, enabling a gradually increasing drug delivery 
rate and improving the efficiency of the treatment outcome. 

2.2. Cytotoxicity in vitro 

CCK-8 cell experiments were conducted to optimize the concentra-
tions of two drugs, apigenin (Api) and gemcitabine (Gem), and evaluate 
their inhibitory effect on tumor cell proliferation. A range of concen-
trations (0.25/0.50/1.0/2.0/5.0/10/25/50 μM) was selected based on 

preliminary experiments and literature reports [43,44]. The selected 
concentrations were applied to CT26 cell lines. The results of the con-
centration screening experiments for apigenin and gemcitabine (Fig. 2A 
and B) indicated that apigenin had a minimal inhibitory effect on cell 
proliferation, while a significant inhibitory effect was observed when 
the two drugs were used in combination (Fig. S4). Gemcitabine 
exhibited a dose-dependent inhibition on cell proliferation within a 
certain concentration range. Calculation of IC50 further indicated a 
synergistic effect between apigenin and gemcitabine within a specific 
concentration range. The same drug concentrations were also applied in 
4T1 mouse breast cancer cells and B16F10 mouse melanoma cells 
(Figs. S5–S6). Based on Jin’s Formula, concentrations of 1.0 μM apigenin 

Fig. 3. Therapeutic effect of combination drugs on cancer recurrence model. A) Tumor cell injection in the CT26 recurrence model. B) Imaging of solid tumors. (Scale 
bar as shown in the figure).C-D) Tumor volume changes in each group. (n = 5). E) Survival period presentation of mice in each group. (n = 5). F) Body weight 
changes in each group. (n = 5). G-H) TUNEL staining levels in tumor and the quantitative analysis. (TUNEL staining shown in green, n = 3, scale bar: 500 μm). *, P <
0.05, **, P < 0.01, ***, P < 0.001 and ****, P < 0.0001. 
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and 1.0 μM gemcitabine were selected for subsequent experiments. 

Q=Ea+b /(Ea+Eb − Ea ∗Eb)=68%/(38%+11% − 4.18%)≈1.52>1.15 

The effect of combination therapy on cell apoptosis was investigated 
in order to optimize the drug use for further studies. A cell apoptosis 
assay was conducted to analyze the effects of combining apigenin and 
gemcitabine on tumor cell apoptosis. The results demonstrated that in 
the control group, the average percentage of apoptotic cells was 14.2 ±
1.1 % (Fig. 2C). When used alone, the inhibitory effect of Api drug on 
tumor cells was not significant. Gem had an obvious inhibitory effect on 
tumor cells, with an apoptosis rate of 58.2 ± 6.0 %. In contrast, the 
combination therapy group (G + A) exhibited an average percentage of 
apoptotic cells of 94.1 ± 1.8 %, indicating a significant increase in 
apoptotic cells compared with the other groups. The results of the cell 
apoptosis assay validated the excellent effectiveness of combination 
therapy in inducing cell apoptosis. 

Western blotting was used to evaluate the mechanism through target 
protein expression and activation. Changes in glycolysis such as Glut, 
LDHA, PDK1, HK2 were measured and analyzed (Fig. 2D). The cells 
were divided into four groups: Control (Ctrl), apigenin (Api), gemcita-
bine (Gem), and gemcitabine & apigenin (G + A). CT26 and 4T1 tumor 
cells were used in this assay. The results showed that in the group 
without the use of glycolysis inhibitors, protein bands in various path-
ways had significant staining. Among these, the protein bands in the G 
+ A group had the weakest staining, indicating that apigenin was an 
effective inhibitor of the glycolysis pathway. Furthermore, when co- 
administered with gemcitabine, apigenin further enhanced the glycol-
ysis inhibitory effect. 

To investigate the impact of combination therapy on protein 
migration, an immunofluorescence experiment was conducted using 
CT26 and 4T1 tumor cells (Fig. 2E). The intensity and localization of the 
fluorescent signals in the different cell groups were then observed and 
compared. The results of the experiment displayed a significant inhibi-
tory effect on GLUT1 protein migration in the group treated with Api, 
with the majority of the target protein fluorescence. 

2.3. Antitumor evaluation on recurrence model in vivo 

The anti-tumor effect of hydrogel was first studied in the CT26 mouse 
cancer model (Fig. 3A). After 12 days of inoculation, when the tumor 
volume reached the desired range (150–200 mm3), the mice were 
randomly divided into six groups: Ctrl, Api, Gem, G + A and intraperi-
toneal injection (i.p.), hydrogel (Gel), and subjected to tumor resection 
surgery. After anesthesia, approximately 10 % v/v of the tumor mass 
was retained. Subsequently, hydrogels loaded with different drugs were 
implanted into the resected tumor sites. To minimize the impact on the 
mice, the surgical procedure was limited to approximately 10 min per 
animal. 

On day 36 after injection, 5 mice from each group were euthanized, 
and residual tumors were collected for histological analysis (Fig. 3B). 
The data indicated that the tumor volume in the G + A group was 
relatively smaller, suggesting that the treatment regimen of the G + A 
group had a positive therapeutic effect and inhibited tumor growth. The 
tumor volume of mice in different groups was measured using a caliper, 
and the results for each group were presented separately (Fig. 3C and D). 
The results demonstrated a significant inhibitory effect on tumor growth 
during the treatment period in the G + A group. 

Furthermore, the survival time of the remaining mice were recorded 
until day 60 after tumor injection. According to the experimental results 
(Fig. 3E), the mice in the G + A group maintained a 60 % survival rate 
after 60 days post-injection, exhibiting a much longer survival time 
compared to the control groups. The mice in the Api and Gem groups 
experienced death between days 53–56 post-injection, while those in the 
i.p. and Gel groups experienced death around 40 days post-injection. 
This suggested that the treatment of G + A group can effectively 

prolong the survival period and survival rate of tumor bearing mice. 
The body weight of the remaining mice was also recorded and 

observed them during the treatment period (Fig. 3F). According to the 
data, there was no significant change in the recovery of body weight 
among the mice in the G + A group compared to the other groups. All 
groups showed a slow and gradual increase in body weight. This sug-
gested that the treatment regimen of G + A group did not have detect-
able side effects. 

Terminal Deoxynucleotidyl Transferase mediated dUTP Nick-End 
Labeling (TUNEL) staining experiment was conducted to detect DNA 
fragmentation within the tumor cells in the tissue sections, serving as an 
indicator of cell apoptosis level (Fig. 3G). The results demonstrated that 
the number of TUNEL-positive cells (indicating DNA fragmentation) in 
the G + A group was significantly higher than that in the other groups, 
which was further supported by the quantitative analysis of fluorescence 
intensity (Fig. 3H). The high apoptosis rate in G + A group suggested 
that this treatment displayed a positive role in inhibiting tumor growth 
and promoting cell apoptosis. 

By observing and comparing the hematoxylin-eosinstaining (H&E) 
staining results of tumors in different groups of mice, the antitumor 
effects of different treatments were further evaluated. According to the 
results (Fig. 4A), cells in the G + A group exhibited abnormal tissue 
structure, changes in nuclear and cytoplasmic morphology, as well as 
noticeable infiltration of inflammatory cells. In summary, combined 
treatment with G + A demonstrated significant effectiveness in pro-
moting tumor necrosis and inhibiting tumor growth, when compared to 
the monotherapy of Api and Gem. The results of H&E staining on the 
animal organ sections showed no significant pathological changes in the 
organs (Fig. S7), which indicated that the combination of the two drugs 
did not cause detectable damage to the mice. 

Tumor-associated macrophages (TAMs) were the most common im-
mune cells in the tumor microenvironment. In this study, specific 
markers F4/80 and CD86 were used to identify and analyze the M1 
phenotype of macrophages (Fig. 4B). The results showed a high pro-
portion of macrophages expressing the dual-positive phenotype of F4/ 
80 and CD86 in the G + A group, followed by a higher expression pro-
portion in the Api group compared to the other three groups. Quanti-
tative analysis indicated that the G + A group had a higher percentage 
and intensity level of macrophages expressing F4/80 and CD86 
(Fig. 4C–S9), indicating a higher content of M1 macrophages in the G +
A group and a highly polarized state. Based on these results, the acti-
vation and regulation of M1 macrophages were assessed by the treat-
ment method used in this study and further investigate their functions 
and mechanisms. 

The CD8/CD3 T cell ratio within the tumor is an important indicator 
for evaluating tumor immune cell infiltration and activity. The T cell 
ratio within the tumor tissue of different groups was analyzed using flow 
cytometry (Fig. 4D), and the results were quantitatively and localization 
analysis (Fig. 4E–F, S8). It was observed that the CD8/CD3 T cell ratio in 
the G + A group was significantly higher compared to the other groups. 
This indicated a higher proportion of CD8+ T cells relative to the total T 
cell population within the tumor tissue of the G+A group, and suggested 
the presence of a robust cellular immune response in the tumor immune 
environment of the G + A group, where CD8+ T cells played a vital role 
in anti-tumor immunity. 

The results together indicated that the treatment of hydrogel loaded 
with G + A exhibited potent antitumor effects with minimal side effects. 
Characterization of the tumor interior revealed that the G + A group not 
only exhibited a favorable anti-tumor recurrence effect but also exerted 
the ability to remodel tumor immune suppressive environment. These 
findings suggested that this treatment regimen may serve as an effective 
therapeutic strategy with potential clinical application. 

2.4. Antitumor evaluation on metastasis tumor model in vivo 

To further validate the anti-tumor effect of the drug-loaded hydrogel, 
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a mouse metastasis tumor model experiment was conducted. According 
to previous results, combined treatment group had the best treatment 
effect, in metastasis model, the combined group was used as the 
experimental group and the untreated group as the control group. 
Subsequently, the tumor tissues were monitored, and on the 36th day 
after injection, five mice from each group were euthanized (Fig. 5A). 

Firstly, statistical analysis on the changes in body weight of the 
mouse groups were conducted (Fig. 5B). The data showed a gradual and 
almost negligible difference in weight gain between the two groups, 
demonstrating that the combined use of G + A in the metastasis model 
did not adversely affect the health of the mice. Secondly, the changes in 
primary tumors and metastatic lesions were statistically analyzed in the 
two groups (Fig. 5C–E). Tumor volume in the control group increased 
rapidly post-surgery, while the G + A group exhibited minimal changes 
in tumor volume. Additionally, in the analysis of metastatic lesions, it 
was observed that the G + A group still exerted a significant inhibitory 
effect on the growth of metastatic lesions. By the 24th day post-surgery, 
most of the metastatic lesions in the G + A group did not exceed 100 
mm3, while the control group showed a slow initial growth followed by 

rapid expansion. In conclusion, the treatment of G + A group demon-
strated effective therapeutic and inhibitory effects on tumor metastasis. 

In the metastasis model, the ratios of CD4+/CD3+ and CD8+/CD3+ T 
cells were important indicators for evaluating the distribution of tumor 
immune cell types and the immune environment. Flow cytometry 
analysis and quantitative analysis were performed (Fig. 5F and G). The 
results indicated that the CD4+/CD3+ ratio was higher in the G+A group 
compared to the Ctrl group, including an increased abundance of CD4+

T lymphocytes relative to the total T lymphocytes in the tumor tissue of 
the G+A group. Similarly, the CD8+/CD3+ ratio was higher in the G+A 
group compared to the Ctrl group, indicating an elevated ratio of CD8+ T 
lymphocytes relative to the total T lymphocytes in the tumor tissue, 
which was beneficial to prevent tumor metastasis and recurrence. 

2.5. Antitumor evaluation on re-challenge model in vivo 

The anti-tumor effect of the designed drug-loaded hydrogel was 
finally validated in the mouse re-challenge mode. (Fig. 6A). First, sta-
tistical analysis of the differences in weight gain among the groups of 

Fig. 4. Therapeutic effects of combination drugs on cancer recurrence model: H&E staining, flow cytometry, and CD8 staining. A) H&E staining of tumor sections in 
each group. (scale bar: 100 μm) B) Proportions of M1 macrophages in tumor tissues of each group. C) Quantitative analysis of M1 macrophages in tumor tissues of 
each group (n = 5). D) Proportions of CD8+/CD3+ cells in tumor tissues of each group. E) Quantitative analysis of CD8+/CD3+ cells in tumor tissues of each group (n 
= 5). F) CD8 staining in tumor tissues of each group (Ctrl, Api, Gem, G + A) (CD8 staining shown in green, scale bar: 50 μm, 10 μm). *, P < 0.05, **, P < 0.01, ***, P 
< 0.001 and ****, P < 0.0001. 
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mice showed no significant change in weight gain between the two 
groups (Fig. 6B), indicating that the combined use of G + A in the re- 
challenge model had no adverse effect on the overall health of the 
mice. Then, the volume changes of the regenerated tumors were 
analyzed (Fig. 6C and D). The tumor volume of the Ctrl group increased 
after reinjection, while the tumor volume of G + A group increased 
much slower. The results showed that group G + A had a significant 
inhibitory effect on the growth of regenerated tumors. 

Flow cytometry analysis and quantitative analysis were performed 
for the CD8+ ratio (Fig. 6E and F). The results revealed that the CD8+/ 
CD3+ ratio was higher in the G+A group compared to the Ctrl group. 
This indicated an increase of CD8+ T lymphocytes in the tumor tissue of 
the G+A group, revealing enhanced immune response against the tumor 
during the treatment. 

The population of CD44+ CD62L+ cells was analyzed to evaluate the 
activation of memory T cells in tumor immune response. Based on the 
results (Fig. 6G and H), the proportion of CD44+ CD62L+ cells were 
detected the immune memory effect (CD44+ CD62L+: Tcm, CD44+

CD62L− : Tem). In G + A group, higher Tcm and lower Tem ratio were 
observed when compared with control group. These findings suggested 
an increase in immune memory T cells, enhanced immune protection 

and memory for the designed treatment group. 
In summary, the results in the mouse re-challenge model had 

confirmed that the combination therapy of G + A effectively enhanced 
tumor prognosis, increased the suppressive capacity against tumor 
recurrence, and reduced the likelihood of tumor recurrence. This 
treatment approach was effective and safe. 

3. Conclusion 

In summary, our study demonstrated that the combination of api-
genin and gemcitabine in the chitosan-based hydrogel was an effective 
and safe treatment for cancer post-surgical treatment. The therapeutic 
approach of delivering the GLUT1 inhibitor and chemo-drug using the 
hydrogel showed excellent tumor inhibition activity in vivo against 
different tumor models with minimal side effects. Due to the remodeling 
of tumor immunosuppressive microenvironment by targeting tumor 
metabolic pathways, such strategy holds great potential for clinical 
cancer therapy through significant inhibition of tumor metastasis and 
recurrence. Detailed studies are needed to further validate the safety and 
efficacy for clinical translation. 

Fig. 5. Therapeutic effects of combination therapy on cancer metastasis model. A) Treatment schedule for CT26 metastasis model. B) Body weight changes in each 
group (n = 5). C) Initial tumor volume changes in each group (n = 5). D) Metastases volume changes in each group (n = 5). E) The initial tumors and metastases 
volume changes in each group. F-G) Flow cytometric analysis and quantification of CD4+/CD3+ and CD4+/CD8+ cells in tumor tissues in each group (Ctrl, Api, Gem, 
G + A) (n = 5). *, P < 0.05, **, P < 0.01, ***, P < 0.001 and ****, P < 0.0001. 
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Experimental section 

The experimental details are provided in the Supporting Information. 

Ethics approval and consent to participate 

1.The animal experiment program is reasonably designed, and the 
experimental operation meets the requirements of ethical review; 
2.The number of experimental animals is set reasonably, and the 
experimental cycle is in line with their physiological characteristics; 
3.The project involves operations that cause harm to animals, all of 
which have appropriate treatment measures; 
4.The project has taken appropriate euthanasia measures for the 
animals after the experiment. 
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