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Esophageal cancer is one of the most common cancers in the world, ranking sixth in cancer-related mortality. Doxorubicin (DOX), as a classic broad-spectrum, non-specific small-molecular anti-tumor drug, has achieved widespread use, including in the treatment of esophageal cancer. However, due to its strong cardiotoxicity, poor tumor-targeting ability, and short half-life, the clinical application of DOX has been greatly limited. In this research, we designed and successfully synthesized a peptide sequence IEIIIK (IEK for short) with excellent pH responsiveness. Under physiological conditions (pH 7.4), the peptide can encapsulate DOX and self-assemble into a stable hydrogel (DOX-IEK) through hydrophobic and electrostatic interactions. After being injected into the acidic tumor microenvironment, the protonation degree of alkaline amino acid lysine increased and the negative charge of glutamate decreased, directly leading to enhanced electrostatic repulsion and subsequent hydrogel dissociation. Released DOX can accumulate in tumor tissue and achieve anti-tumor efficacy. More importantly, the hydrogel can act as a drug reservoir for sustained drug release, improving the drug targeting ability, prolonging the duration of drug administration to compensate for the short half-life of DOX, and reducing systemic toxicity. Ideal anti-tumor efficacy has been achieved in both the in vitro and in vivo experiments.
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1 INTRODUCTION
Esophageal cancer is currently one of the most common cancers in the world, leading to 509,000 deaths each year and ranking sixth in cancer-related mortality (Bray et al., 2018). According to the World Health Organization, approximately half of the cases occur in China. The main histological type is squamous cell carcinoma, and the overall 5-year survival rate of patients is less than 20% (Kumari et al., 2015).
Doxorubicin (DOX), as a broad-spectrum, non-specific small-molecule chemical anticancer drug of anthracycline, has achieved widespread curative effects on a variety of cancers such as esophageal cancer, breast cancer, osteosarcoma, and leukemia with basically satisfactory treatment efficacy. However, due to strong cardiotoxicity, poor tumor-targeting ability, short half-life, and tumor resistance, the clinical application of DOX has been greatly limited (Rivankar, 2014). At present, a variety of auxiliary nanocarriers have been developed for the drug delivery of DOX, such as liposomes, micelles, and nanoparticles, but these carriers also have certain limitations, such as poor drug-loading capacity, toxic metabolites, or a tendency to trigger immune responses (Rostamabadi et al., 2019; Duan et al., 2020; Yang et al., 2016). Therefore, in order to solve the abovementioned problems, it is urgent to develop a sustained and controlled-release drug delivery system with high drug-loading capacity and biocompatibility.
Hydrogel is a type of material with a three-dimensional network structure (Cai et al., 2020). In the early stage of the development of hydrogel, the 3D networks were usually formed by covalently crosslinked polymers, including polyethylene glycol (Cha et al., 2011), polyvinyl alcohol (Kim et al., 2015), polyacrylamide (Ye et al., 2024), and chitosan (Zhang et al., 2023; Lv et al., 2024). Although the costs of these chemically crosslinked hydrogels were extremely low, due to the presence of trace amounts of harmful reagents or catalysts, certain potential safety hazards still existed, limiting their application in biology (Urakami and Guan, 2008). Among various types of hydrogels, polypeptide hydrogel is a hydrogel with a three-dimensional fiber network structure formed by crosslinking of peptides through physical or chemical bonds with advantages such as high water content, rich micropore structure, adjustable mechanical stability, excellent biocompatibility, excellent injectability, and tissue-like elasticity. In addition, polypeptide hydrogels can be easily modified through side-chain and main-chain modification to achieve specific applications. These characteristics endow peptide hydrogels with extensive applications in the field of biomedicine (Du et al., 2015; Katyal et al., 2020; Sathaye et al., 2015), such as drug delivery (Zhu et al., 2022; Feng et al., 2023), tissue engineering (Xue et al., 2023), and wound healing (Hao et al., 2023). Among them, supramolecular self-assembled peptide hydrogels can be formed by non-covalent interactions between polypeptides, such as hydrogen bonding, π-π stacking, hydrophobic interaction, and electrostatic interaction (Dou et al., 2017; Li et al., 2024). The preparation process does not require additional crosslinking reagents, making the peptide hydrogels easy to degrade and enhancing their responsiveness to environmental stimuli such as ions, pH, light, solvents, and enzymes (Dou et al., 2017; Song et al., 2023).
Based on the abovementioned information, we developed a pH-responsive IEIIIK peptide (Scheme 1). The peptide can encapsulate DOX and self-assemble into a stable hydrogel under physiological conditions through a hydrophobic interaction induced by isoleucine and electrostatic interactions between glutamate and lysine. After being injected into the acidic tumor microenvironment, the protonation degree of alkaline amino acid lysine increased and the negative charge of glutamate decreased, directly leading to enhanced electrostatic repulsion and subsequent hydrogel dissociation. Released DOX can accumulate in tumor tissue and achieve anti-tumor efficacy. More importantly, the hydrogel can act as a drug reservoir for sustained drug release, improving drug-targeting ability, prolonging the duration of drug administration to compensate for the short half-life of DOX, and reducing systematic toxicity.
[image: Scheme 1]SCHEME 1 | Schematic diagram of the pH-responsive DOX-loaded IEK peptide hydrogel for the efficient treatment of esophageal cancer.
2 MATERIALS AND METHODS
2.1 Materials
Fmoc-Rink resin, Fmoc-protected amino acids, and 1-hydroxybenzotriazole (HOBT) were obtained from GL (Shanghai, China). EDTA–pancreatin at a concentration of 0.25% was purchased from Beyotime Biotechnology (Shanghai, China), DMEM and 1,640 medium were purchased from Gibco (United States), and doxorubicin hydrochloride (DOX) was purchased from Aladdin (Shanghai, China).
AKR esophageal cancer cell line and HEEC human normal esophageal epithelial cell line were all purchased from Huatuo Biotechnology Co., Ltd (Shenzhen, China).
2.2 Ethical approval statement
NOD/SCID mice were purchased from Jiangsu Aniphe BioLab to verify the in-vivo anti-tumor efficacy of our drug delivery system. Mice were placed in IVC cages and fed every day. Surrounding temperature and relative humidity were 25°C and 40%–60%, respectively. When injected with tumor suspension or a drug, mice were anesthetized by urethane to minimize suffering. When euthanasia was performed, mice were placed in a closed container and euthanized by injecting CO2 with a final concentration of 30% into the container. All animal experiments were carried out in accordance with the guidelines approved by the Laboratory Animal Ethics Committee of Affiliated Yueqing Hospital of Wenzhou Medical University (Ethics approval number: YQYY202400127), and the authors have adhered to the ARRIVE guidelines.
2.3 Synthesis of the IEK peptide
The IEK peptide was synthesized by solid-phase peptide synthesis (Supplementary Figure S1). The synthesized peptide was purified by reversed-phase high-performance liquid chromatography (RP-HPLC). Liquid chromatography–mass spectrometry technology (LC-MS) was utilized to analyze the molecular weight of the purified peptide.
2.4 Preparation and properties of the IEK peptide hydrogel
2.4.1 Preparation of the IEK hydrogel
The IEK peptide, at a concentration of 10 mg/mL, was dissolved in deionized water. NaOH (1 M) was utilized to adjust the pH of the solution to 7.4. The process of the IEK solution forming a stable, transparent hydrogel was observed.
2.4.2 TEM and DLS
The blank IEK hydrogel was diluted 10 times with deionized water under acid and neutral conditions, and the suspension was then dropped onto a copper mesh. The filter paper was used to absorb the excess sample, dried, and stained with phosphotungstic acid to observe the microstructure of peptide hydrogel using a transmission electron microscope (TEM). The dynamic light scattering (DLS) method was used to measure the fiber length of the peptide hydrogel.
2.4.3 Circular dichroism analysis
Circular dichroism (CD) spectroscopy (JASCO, Oklahoma, United States) was used to analyze the influence of pH on the secondary structure of the blank IEK hydrogel. The CD parameters were as follows: 1 s response time, 50 nm/min scanning speed, and 269–190-nm wavelength range.
2.4.4 Rheological property
In this experiment, a rotating rheometer was used to test the rheological characteristics of the blank IEK hydrogel. A dynamic strain sweep (1 Hz fixed frequency and 0.1%–100% strain sweep range) was performed to determine the linear range of hydrogel’s viscoelasticity. Next, a dynamic frequency sweep was performed with a 0.1% strain and a 0.1–100 rad/s frequency sweep range. Finally, a cyclic strain sweep was performed. The frequency was fixed at 1 Hz. The strain was repeatedly switched as 0.1%–50%–0.1%–50%–0.1%; the sweep time after each transformation was 120 s. By repeatedly applying high and low strains to the IEK peptide, the self-healing ability and injectability of the IEK hydrogel were investigated, recording the changes in the storage modulus (G′) and dissipation modulus (G″) of each test.
2.5 Drug-loading capacity
Doxorubicin was selected as the model drug. DOX solutions (1 mg/mL) prepared in purified water and IEK powder were directly mixed to obtain homogenous DOX-IEK solutions. The pH was then adjusted to 7.4 by adding 0.2 M NaOH and left to stand for half an hour, observing the change in each tube of the peptide solution from solution to the formation of a stable gel state. The UV/vis spectrum (Supplementary Figure S4) and standard curve of DOX (Supplementary Figure S5) were drawn. The encapsulation rate of Dox is calculated according to the following formula:
[image: image]
2.6 Drug release study of the self-assembled peptide hydrogel
A self-assembled DOX-IEK peptide hydrogel was prepared according to the method described in Section 2.4 and placed in a 1.5-mL EP tube. PBS solutions with different pH values (pH 5.5, 6.5, and 7.4) were added as a release medium. The release medium was removed at different time points (0–144 h), and a fresh release medium was added. The concentration of DOX was measured using an ultraviolet-visible spectrophotometer, and the cumulative release curve of the drug was drawn.
2.7 In vitro biocompatibility and cytotoxicity
2.7.1 Biocompatibility
HEEC suspension with a density of 5 × 104 cells/mL was prepared. The cell suspension was inoculated into a 96-well plate. The IEK peptide was dissolved in DMEM and incubated with HEEC for 72 h. The CCK-8 Kit was used to evaluate relative cell viability. A volume of 10 μL CCK-8 solution was added and incubated for an additional 1 h, and the absorbance OD value was detected at 450 nm. Relative cell viability was calculated according to the following formula:
[image: image]
2.7.2 Cell uptake
AKR cells were incubated with 1,640 (control), DOX-IEK at pH 5.8, and DOX-IEK at pH 7.4 for 4 h (total concentration of DOX was 10 μg/mL). The cells were fixed with 4% polyformaldehyde for 30 min and stained with 5 μg/mL DAPI for 5 min. Fluorescence images were captured using an inverted fluorescence microscope.
2.7.3 In vitro antitumor efficacy
Three groups were established: free DOX group, DOX-IEK at pH 5.8, and DOX-IEK at pH 7.4. DOX-IEK hydrogel and 1,640 medium at pH 7.4/pH 5.8 were used as the release medium, which was collected after 48 h of release behavior at 37°C. AKR cells were seeded in a 96-well plate at a density of 5 × 104 cells/mL (100 μL per well) and cultured at 37°C for 24 h. Five concentration gradients were set up, and a measure of 100 μL of the sample solution diluted with medium was added to each well. The final concentrations of DOX in the free DOX group were 0.1, 1, 10, 20, and 50 μg/mL. After 48 h of incubation at 37°C, the CCK-8 reagent was added, and incubation continued for another 1 h. The cell survival rate and IC50 value were calculated for each group.
2.7.4 Cell morphology observation
AKR cells were incubated with 1,640 (control), DOX-IEK at pH 5.8, and DOX-IEK at pH 7.4 for 48 h (total concentration of DOX was 10 μg/mL). After incubation, morphology of AKR cells was recorded using an inverted microscope.
2.8 In vivo anti-tumor efficacy
2.8.1 Biodistribution
Taking DiR as a simulated drug, it was encapsulated in a hydrogel and its distribution in vivo was explored using the in vivo imaging system. Tumor-bearing mice with a tumor volume of approximately 250 mm3 were randomly divided into two groups (three mice in each group and six mice in total): the DiR group and the DiR-IEK group. The injection volumes of free DiR and DiR-IEK hydrogel were all 100 μL/20 g. The mice were anesthetized by i. p injection of 20% urethane solution (dose: 1 g/kg) at 1, 4, 12, 24, 72, and 144 h after administration, and the distribution of DiR in the body was observed. After 144 h, the tumor tissues and main organs (the heart, liver, spleen, lung, and kidney) were collected, and the distribution of DiR was observed.
2.8.2 In vivo anti-tumor efficacy
Six-week-old female NOD/SCID mice were selected and inoculated with AKR esophageal cancer cells in situ to evaluate the anti-tumor efficacy of the DOX-IEK hydrogel in vivo. When the tumor volume reached 100 mm3, mice were randomly divided into three groups (5 mice in each group and 15 mice in total) and weighed. Drug was administered by intertumoral injection, and the dose was 100 μL/20 g (mice in the control group were injected with saline). Body weight and tumor volume were measured every day. After 7 days, the mice were placed in a closed container and euthanized by injecting CO2 with a final concentration of 30% into the container. Tumor tissues and main organs (the heart, liver, spleen, lung, and kidney) were dissected, weighed, and fixed in 4% paraformaldehyde. H&E staining and TUNEL staining were performed.
The calculation formula of the mouse tumor volume inhibition rate was as follows: V = LW2/2 and inhibition rate [image: image]. L and W were the maximum and minimum tumor diameters, respectively; Vsample was the tumor volume in the sample group (Free DOX or DOX-IEK). Vcontrol was the tumor volume of the mice in the control group.
2.9 Biocompatibility
Healthy mice were divided into two groups (three mice in each group and six mice in total). Mice in the control group were injected with saline, and those in the IEK group were injected with the blank IEK hydrogel. The injection volume was 100 μL/20 g. After 7 days, mice were euthanized (same method as described in Section 2.7.2), and main organs were collected for H&E staining.
2.10 Statistical analysis
One-way ANOVA was used to statistically analyze the significance difference between target groups.
3 RESULT AND DISCUSSION
3.1 Preparation of the IEK peptide and IEK hydrogel
The IEIIIK peptide (IEK) prepared by solid-phase synthesis was composed of hydrophobic amino acid isoleucine (I), glutamate (E) (pI = 3.22, negatively charged at pH 7.4), and lysine (K) (pI = 9.74 positively charged at pH 7.4). HPLC showed that the IEK peptide sample had a high purity of 99.5% (Supplementary Figure S2), meeting our experimental requirements. The molecular weight of IEIIIK was 727.96, so the theoretical value of its [M + H]H+ was 728.98. LC-MS revealed that the actual value was 729.01, which was extremely close to the theoretical value, proving the successful synthesis of the IEK peptide (Supplementary Figure S3). Subsequently, we focused on exploring its gelation property. IEIIIK dissolved in deionized water formed a transparent acid solution with a concentration of 10 mg/mL. After adjusting the pH to 7.4, strong gelation occurs immediately due to hydrophobic interactions between isoleucine and electrostatic interactions between glutamate and lysine (Figure 1A).
[image: Figure 1]FIGURE 1 | Morphology (A) and TEM images (B) of the blank IEK peptide hydrogel at pH 5.5 and 7.4. Scale bar: 200 nm. DLS spectrum of the blank IEK peptide hydrogel at pH 5.5 (C) and 7.4 (D). Circular dichroism spectrum of the blank IEK peptide hydrogel at pH 5.5 (E) and pH 7.4 (F).
3.2 Characterization of the IEK hydrogel
TEM images of the blank IEK peptide hydrogel are shown in Figure 1B. Under acidic conditions, spherical vesicles and nanorods coexist in the hydrogel formed by the IEK peptide. The formed fibers were also relatively short. When under neutral conditions, nanorods could form uniform long fibers, the fibers were entangled and interwoven to form a fiber network, thereby forming a stable hydrogel. DLS showed that peptide molecules aggregated and self-assembled to form slender nanofibers with an average particle size of 2000–2,100 nm at pH 7.4 (Figure 1D). However, when the pH value of the solution decreased to 5.5 (Figure 1C), the distribution of particle size mainly concentrated within the range of 400–700 nm. The abovementioned results indicated that peptide molecules in the neutral microenvironment were attracted by amino acid residues with opposite charges on their molecular chains, resulting in enhanced electrostatic interactions. Peptide molecules aggregate to form slender nanofibers, leading to an increase in particle size distribution. After reducing the pH of the solution, due to the protonation of alkaline amino acids in the peptide molecules, electrostatic repulsion in the system sharply increased, leading to the depolymerization of nanofibers into short segments, resulting in a decrease in the overall particle size. This was consistent with the aforementioned TEM and gelation behavior. The secondary structure of the IEK peptide was further validated by circular dichroism. As shown in Figures 1D, E, the circular dichroism spectrum showed chromatographic peaks in a random coil state at pH 5.5. However, when the pH increased to 7.4, the circular dichroism spectrum illustrated a strong positive peak at 190∼220 nm and a negative peak at 220 nm, indicating that during the process of pH elevation, short peptides gradually changed from random coils to α-helical structures, forming a stable supramolecular hydrogel with a nanofiber network structure.
3.3 DOX encapsulation and drug release behavior
When the encapsulated concentration of DOX increased from 1 mg/mL to 3 mg/mL, a stable hydrogel formed in a short time, with a drug encapsulation rate higher than 96%. The release behavior of the DOX-IEK hydrogel displayed significant pH dependence. In the release medium with a pH of 5.8, the cumulative release rate of DOX reached up to 70% within 144 h, while in the medium with a pH of 7.4, it was only 11.12% (Figure 2). This result showed that the dense fiber network structure of the peptide hydrogel slowly disintegrated in the acidic tumor microenvironment, accelerating the release of DOX embedded in the pores of the three-dimensional network structure of the hydrogel.
[image: Figure 2]FIGURE 2 | Cumulative release rate of DOX under different pH conditions within 144 h.
3.4 Rheological property
Confirming the solid stability and self-healing property of the IEK peptide hydrogel was essential for the intramural hydrogel injection. As shown in Figure 3A, the elasticity of the hydrogel was represented by the storage modulus G′, and the viscosity was represented by the energy dissipation modulus G″. When G′ was greater than G″, the hydrogel exhibited a solid state without fluidity. On the contrary, when G″ was greater than G, it appeared as a fluid in a liquid state (Li et al., 2022). Dynamic strain scanning results showed that the critical strain value of both blank hydrogel and DOX-loaded DOX-IEK hydrogel was approximately 34%. When the applied strain exceeded the critical strain, G′ started to be smaller than G″, indicating that the hydrogel transformed into a liquid state. In dynamic frequency scanning (Figure 3B), G′ was always much greater than G″, further indicating the formation of a stable hydrogel. Dynamic time scanning showed that G′ was greater than G″ when a low strain (0.1%) was first exerted. When the strain immediately enhanced to 50%, G″ became larger than G′, which was consistent with the previous results. When a high strain (50%) switched to a low strain, G′ and G″ immediately restored to the state close to the initial value (Figures 3C, D). Based on the statistics, we inferred that the IEK hydrogel can be used as an injectable material to deliver anti-cancer drugs, forming a stable drug reservoir at the tumor site to improve the therapeutic effect of DOX.
[image: Figure 3]FIGURE 3 | (A) Dynamic strain sweep of the blank IEK hydrogel and DOX-IEK. (B) Dynamic frequency sweep of the blank IEK hydrogel and DOX-IEK. Circle sweep of the blank IEK (C) hydrogel and DOX-IEK (D).
3.5 In vitro biocompatibility
The CCK-8 assay was performed to detect the biocompatibility of the IEK peptide. The results showed that the survival rate of HEEC cells incubated with the IEK peptide for 72 h was greater than 95% (Figure 4A). The relative cell viabilities of HEEC cells treated with the IEK peptide at concentrations of 1 μg/mL, 10 μg/mL, 50 μg/mL, 100 μg/mL, 200 μg/mL, and 400 μg/mL were 98.23%, 102.30%, 96.10%, 98.94%, 99.91%, and 96.90%, respectively, illustrating that the IEK peptide showed no cytotoxicity and demonstrated excellent cell biocompatibility, making it a promising potential drug delivery carrier for the treatment of esophageal cancer.
[image: Figure 4]FIGURE 4 | (A) Relative cell viability of HEEC cells incubated with the IEK peptide within the range of 0–400 μg/mL for 48 h. (B) Fluorescence images of AKR cells after 4 h of incubation with 1640 medium, DOX-IEK at pH 5.8, and DOX-IEK at pH 7.4 for 48 h. Relative cell viability (C) and morphology (D) of AKR cells co-incubated with 1640 medium, DOX-IEK at pH 5.8, and DOX-IEK at pH 7.4 for 48 h. **, p < 0.01.
3.6 In vitro anti-tumor efficacy
First, we examined the cell uptake behavior of DOX with different administration. The control group showed no red fluorescence signal (Figure 4B). DOX-IEK at pH 5.8 showed the strongest fluorescence signal, which was much stronger than that of DOX-IEK at pH 7.4 as the acidic microenvironment led to more drug release due to the pH responsiveness of the IEK hydrogel, thus greatly increasing the cellular uptake of DOX.
Subsequently, we examined cytotoxicity to verify anti-tumor efficacy in vitro. The inhibition rates of AKR cells treated with different concentrations of free DOX and DOX-IEK under different pH conditions are shown in Figure 4C. As the concentration of doxorubicin increased, the inhibition rate of AKR remarkably increased. Free DOX and DOX-IEK at pH 5.8/7.4 demonstrated that the cytotoxicity toward AKR cells was concentration-dependent. With the increase in DOX concentration, the cytotoxicity of DOX-IEK at pH 5.8 was significantly higher than that of DOX-IEK at pH 7.4 due to more released DOX, which was consistent with the cell uptake experiment. IC50 results also showed that DOX-IEK at pH 5.8 had better anti-tumor efficacy (Table 1). Finally, we observed the cell morphology of AKR. As shown in Figure 4D, AKR cells showed a round shape incubated with DOX-IEK at pH 5.8, indicating widespread cell death. However, cell death of AKR cells incubated with the release solution under DOX-IEK at pH 5.8 was relatively less, further illustrating that the medicinal IEK hydrogel had ideal pH responsiveness and in vitro anti-tumor efficacy.
TABLE 1 | IC50 values of different drug administrations.
[image: Table 1]3.7 In vivo biodistribution
An animal fluorescence imaging system was used to visualize the biodistribution of the target drug released by the hydrogel in vivo. The free drug group showed the strongest DiR fluorescence signal within 1–4 h after free DiR injection. Unfortunately, fluorescence intensity declined rapidly over time and the fluorescence signal became difficult to detect at 72 h and 144 h. On the contrary, the DiR-IEK hydrogel group showed a strong fluorescence signal for a long period. The signal can still be clearly detected even at 144 h (Figure 5A). Compared with the free DiR group, the fluorescence distribution of main organs in the DiR-IEK group showed DiR concentrated in the tumor site, further proving that the IEK hydrogel can induce sustained release of the encapsulated drug and protect it from being degraded (Figure 5B).
[image: Figure 5]FIGURE 5 | (A) In vivo fluorescence images of tumor-bearing mice after the administration of free DiR and DiR-IEK within the time range of 1–144 h. (B) Ex vivo fluorescence imaging of the tumor, heart, liver, spleen, lung, and kidney dissected from mice treated with free DiR and DiR-IEK for 144 h.
3.8 In vivo anti-tumor efficacy
To further study the antitumor efficacy of the DOX-IEK hydrogel, NOS/SCID mice were inoculated with esophageal cancer cells in situ and treated with saline (control group), free DOX, and DOX-IEK. As shown in Figure 5A, compared with the blank control group, both free DOX and DOX-IEK groups were able to effectively inhibit the growth of tumor volume. At the end of the treatment cycle, the tumor volume of control group mice sharply increased to 1,000 mm3. It is worth noting that treatment efficacy of the free DOX group was better during the first 36 h (Figures 6A, C). However, the DOX-IEK group showed better efficacy after 36 h. This intriguing phenomenon may be due to the direct action of free drugs on tumor tissue, which quickly reduces tumor proliferation. However, due to the limited half-life, free DOX could not have a long-term effect. The IEK hydrogel served as a means of sustained and controlled release. In the acidic tumor microenvironment, the hydrogel gradually disintegrated, allowing for the stable release of DOX encapsulated within its network, achieving long-term anti-tumor efficacy. The average tumor mass of the control, free DOX, and DOX-IEK groups at the end of treatment was 1.44 g, 0.54 g, and 0.32 g, respectively, with a significant difference between the free DOX and DOX-IEK groups (Figure 6B), which was consistent with the statistics of tumor volume. The average body weight (Figure 6D) of the control group mice steadily increased from 19.1 g per day to 21.58 g per day. The value of DOX-IEK group mice did not show significant changes during the first 4 days but increased from the 5th day. Intriguingly, the weight of mice treated with free DOX gradually decreased from 19.36 g to 17.64 g, displaying a significant difference compared to the DOX-IEK group. DOX can play an anti-tumor role while producing certain toxic and side effects, thus reducing the quality of life of the organism. Therefore, the toxic reaction caused by DOX in mice free of drugs causes weight loss, while the IEK hydrogel can significantly reduce the adverse effects of DOX and improve the quality of life. In addition, to evaluate the therapeutic effect of the DOX-IEK hydrogel, we further carried out H&E and TUNEL staining. Compared with the control group, H&E staining of tumor tissues after the administration of DOX-IEK showed an enhanced degree of tissue necrosis (Figure 6E). TUNEL staining (Figure 6F) showed that the DOX-IEK group presented the largest percentage of apoptotic cells, which was consistent with the results of H&E staining (Figure 6E).
[image: Figure 6]FIGURE 6 | (A) Tumor volume curve of tumor-bearing mice during the treatment period. (B) Average tumor weight dissected after treatment for 7 days. (C) Image of tumor tissues dissected after treatment. (D) Body weight of mice within the treatment period. (E) H&E staining and (F) TUNEL assay images of tumor tissues dissected after treatment for 7 days. *, 0.01 < p < 0.05.
3.9 In vivo biocompatibility
H&E staining of the main organs dissected from healthy mice injected with saline (PBS group) and IEK hydrogel (IEK group) for 7 days showed no obvious pathological changes (inflammation or tissue necrosis), and routine blood tests showed no significant difference between the two groups, indicating that the IEK hydrogel had supreme biocompatibility in vivo (Supplementary Figures S6, S7).
4 CONCLUSION
In this research, we successfully developed a pH-responsive self-assembled peptide hydrogel loaded with anti-tumor drug doxorubicin. Studies showed that the drug delivery system had excellent self-assembly ability, high drug encapsulation rate, pH-responsive drug release behavior, and injectable/self-healing properties. After being injected into the acidic tumor microenvironment, the protonation degree of lysine directly lead to enhanced electrostatic repulsion and subsequent hydrogel dissociation. Released DOX can accumulate in tumor tissue and achieve anti-tumor efficacy. More importantly, the hydrogel can act as a drug reservoir for sustained drug release, improving drug-targeting ability and prolonging the duration of drug administration to compensate for the short half-life of DOX while reducing systematic toxicity. This method of drug delivery can be used not only for oncology treatment but also expanded to other diseases suitable for in situ drug delivery, such as rheumatoid arthritis. However, this pH-sensitive hydrogel drug delivery system still has certain limitations, such as the high cost of peptide synthesis, which restricts its clinical application. In addition, the nature of different anti-tumor drugs varies, making it difficult to extend this delivery method to all drugs. Nevertheless, it still remains a promising treatment option.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
All animal experiments were carried out in accordance with the guidelines approved by the Laboratory Animal Ethics Committee of Affiliated Yueqing Hospital of Wenzhou Medical University (Ethics approval number: YQYY202400127).
AUTHOR CONTRIBUTIONS
GY: writing–original draft. SL: conceptualization, data curation, investigation, methodology, and writing–review and editing. HZ: writing–review and editing. HG: conceptualization, formal analysis, investigation, methodology, validation, and writing–review and editing. BL: conceptualization, data curation, formal analysis, methodology, and writing–review and editing. NW: data curation, formal analysis, methodology, software, and writing–review and editing. YJ: conceptualization, software, visualization, and writing–review and editing. MW: data curation, formal analysis, methodology, validation, and writing–review and editing. XC: funding acquisition, investigation, project administration, supervision, validation, and writing–review and editing. XY: formal analysis, project administration, resources, validation, visualization, and writing–review and editing.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1453422/full#supplementary-material
REFERENCES
 Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A. (2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 68 (6), 394–424. doi:10.3322/caac.21492
 Cai, L., Liu, S., Guo, J., and Jia, Y. G. (2020). Polypeptide-based self-healing hydrogels: design and biomedical applications. Acta Biomater. 113, 84–100. doi:10.1016/j.actbio.2020.07.001
 Cha, C., Jeong, J. H., Shim, J., and Kong, H. (2011). Tuning the dependency between stiffness and permeability of a cell encapsulating hydrogel with hydrophilic pendant chains. Acta Biomater. 7 (10), 3719–3728. doi:10.1016/j.actbio.2011.06.017
 Dou, X. Q., and Feng, C. L. (2017). Amino acids and peptide-based supramolecular hydrogels for three-dimensional cell culture. Adv. Mater 29 (16). doi:10.1002/adma.201604062
 Du, X., Zhou, J., Shi, J., and Xu, B. (2015). Supramolecular hydrogelators and hydrogels: from soft matter to molecular biomaterials. Chem. Rev. 115 (24), 13165–13307. doi:10.1021/acs.chemrev.5b00299
 Duan, Y., Dhar, A., Patel, C., Khimani, M., Neogi, S., Sharma, P., et al. (2020). A brief review on solid lipid nanoparticles: part and parcel of contemporary drug delivery systems. RSC Adv. 10 (45), 26777–26791. doi:10.1039/d0ra03491f
 Feng, Y., Zhang, Z., Tang, W., and Dai, Y. (2023). Gel/hydrogel-based in situ biomaterial platforms for cancer postoperative treatment and recovery. Explor. (Beijing) 3 (5), 20220173. doi:10.1002/EXP.20220173
 Hao, Y., Li, H., Guo, J., Wang, D., Zhang, J., Liu, J., et al. (2023). Bio-inspired antioxidant heparin-mimetic peptide hydrogel for radiation-induced skin injury repair. Adv. Healthc. Mater 12 (20), e2203387. doi:10.1002/adhm.202203387
 Katyal, P., Mahmoudinobar, F., and Montclare, J. K. (2020). Recent trends in peptide and protein-based hydrogels. Curr. Opin. Struct. Biol. 63, 97–105. doi:10.1016/j.sbi.2020.04.007
 Kim, T. H., An, D. B., Oh, S. H., Kang, M. K., Song, H. H., and Lee, J. H. (2015). Creating stiffness gradient polyvinyl alcohol hydrogel using a simple gradual freezing-thawing method to investigate stem cell differentiation behaviors. Biomaterials 40, 51–60. doi:10.1016/j.biomaterials.2014.11.017
 Kumari, P., Ghosh, B., and Biswas, S. (2015). Nanocarriers for cancer-targeted drug delivery. J. Drug Target. 24 (3), 179–191. doi:10.3109/1061186X.2015.1051049
 Li, H., Wen, H., Zhang, H., Li, J., Cao, X., Zhang, J., et al. (2024). Polymeric micelle-hydrogel composites design for biomedical applications. Chin. Chem. Lett. , 110072. doi:10.1016/j.cclet.2024.110072
 Li, J., Wang, Z., Han, H., Xu, Z., Li, S., Zhu, Y., et al. (2022). Short and simple peptide-based pH-sensitive hydrogel for antitumor drug delivery. Chin. Chem. Lett. 33 (4), 1936–1940. doi:10.1016/j.cclet.2021.10.058
 Lv, J., Qiu, Y., Pan, L., Zhang, X., Li, M., and Yin, X. (2024). Photothermal/photodynamic antibacterial hydrogel embedded with copper carbon dots and Au nanoparticles. Nano TransMed 3, 100034. doi:10.1016/j.ntm.2024.100034
 Rivankar, S. (2014). An overview of doxorubicin formulations in cancer therapy. J. Cancer Res. Ther. 10 (4), 853–858. doi:10.4103/0973-1482.139267
 Rostamabadi, H., Falsafi, S. R., and Jafari, S. M. (2019). Nanoencapsulation of carotenoids within lipid-based nanocarriers. J. Control. Release 298, 38–67. doi:10.1016/j.jconrel.2019.02.005
 Sathaye, S., Mbi, A., Sonmez, C., Chen, Y., Blair, D. L., Schneider, J. P., et al. (2015). Rheology of peptide- and protein-based physical hydrogels: are everyday measurements just scratching the surface?Wiley Interdiscip. Rev. Nanomed Nanobiotechnol 7 (1), 34–68. doi:10.1002/wnan.1299
 Song, T., Zhang, H., Liu, G., Qiu, Y., and Wang, H. (2023). Pancreatic cancer cell line in responsive hydrogel microcapsules for drug evaluation. View 5 (1). doi:10.1002/viw.20230048
 Urakami, H., and Guan, Z. (2008). Living ring-opening polymerization of a carbohydrate-derived lactone for the synthesis of protein-resistant biomaterials. Biomacromolecules 9 (2), 592–597. doi:10.1021/bm701180r
 Xue, B., Bashir, Z., Guo, Y., Yu, W., Sun, W., Li, Y., et al. (2023). Strong, tough, rapid-recovery, and fatigue-resistant hydrogels made of picot peptide fibres. Nat. Commun. 14 (1), 2583. doi:10.1038/s41467-023-38280-4
 Yang, K., Feng, L., and Liu, Z. (2016). Stimuli responsive drug delivery systems based on nano-graphene for cancer therapy. Adv. Drug Deliv. Rev. 105, 228–241. doi:10.1016/j.addr.2016.05.015
 Ye, Y., Wan, Z., Gunawardane, P. D. S. H., Hua, Q., Wang, S., Zhu, J., et al. (2024). Ultra-stretchable and environmentally resilient hydrogels via sugaring-out strategy for soft robotics sensing. Adv. Funct. Mater. 34. doi:10.1002/adfm.202315184
 Zhang, M., An, H., Gu, Z., Huang, Z., Zhang, F., Jiang, B. G., et al. (2023). Mimosa-inspired stimuli-responsive curling bioadhesive tape promotes peripheral nerve regeneration. Adv. Mater 35 (32), e2212015. doi:10.1002/adma.202212015
 Zhu, L., Liu, J., Qiu, M., Chen, J., Liang, Q., Peng, G., et al. (2022). Bacteria-mediated metformin-loaded peptide hydrogel reprograms the tumor immune microenvironment in glioblastoma. Biomaterials 288, 121711. doi:10.1016/j.biomaterials.2022.121711
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Ye, Luo, Zafar, Ge, Liu, Wang, Jin, Wang, Chen and Ye. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1453422-g005.gif
&
a
F}
e
I






OPS/images/fphar-15-1453422-g006.gif





OPS/images/fphar-15-1453422-g003.gif





OPS/images/fphar-15-1453422-g004.gif
>
8

Relative cell viability (%)

Control

D-

Control

DOX.IEK | 55

DOX-IEK pH 5.8

DOXIEK pH 7.4





OPS/images/inline_1.gif
(%) = (1 = Vgample/Vecontrol) * 100%





OPS/images/fphar-15-1453422-g007.gif





OPS/images/fphar-15-1453422-t001.jpg
| Free DOX
‘ DOX-IEK at pH 5.8 ‘ 0.612

‘ DOX-IEK at pH 7.4 ‘ 121






OPS/xhtml/nav.xhtml
Contents

		Cover

		pH-sensitive supramolecular self-assembled peptide hydrogel for the treatment of esophageal cancer		1 Introduction

		2 Materials and methods		2.1 Materials

		2.2 Ethical approval statement

		2.3 Synthesis of the IEK peptide

		2.4 Preparation and properties of the IEK peptide hydrogel

		2.5 Drug-loading capacity

		2.6 Drug release study of the self-assembled peptide hydrogel

		2.7 In vitro biocompatibility and cytotoxicity

		2.8 In vivo anti-tumor efficacy

		2.9 Biocompatibility

		2.10 Statistical analysis





		3 Result and discussion		3.1 Preparation of the IEK peptide and IEK hydrogel

		3.2 Characterization of the IEK hydrogel

		3.3 DOX encapsulation and drug release behavior

		3.4 Rheological property

		3.5 In vitro biocompatibility

		3.6 In vitro anti-tumor efficacy

		3.7 In vivo biodistribution

		3.8 In vivo anti-tumor efficacy

		3.9 In vivo biocompatibility





		4 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

pH-sensitive supramolecular
self-assembled peptide
hydrogel for the treatment of
esophageal cancer





OPS/images/fphar-15-1453422-g001.gif





OPS/images/fphar-15-1453422-g002.gif





OPS/images/math_qu2.gif
OU target-OD blank

Cell viability (%) = b DS
ity (%) = SE—2 e X

X 100%





OPS/images/math_qu1.gif
fotal amount o DOX )

remaining amount of DOX) o0

“total amount of DOX









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





