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Abstract
[bookmark: _Hlk160473459]Elevation of early-stage gastrointestinal cancer using submucosal injection materials (SIMs) and postoperative wound care with adhesive materials are crucial for preventing complications arising from endoscopic submucosal dissection (ESD). Several types of SIMs have been developed; however, they often provide insufficient tissue elevation and fail to adequately adhere to the defect following the removal of early-stage gastrointestinal cancer. In this study, we present the development of injectable Cat-PBA-ApGltn hydrogels, which are based on catechol group-modified Alaska pollock gelatin (Cat-ApGltn) and phenylboronic acid-modified Alaska pollock gelatin (PBA-ApGltn), serving as multifunctional SIMs. A Cat-ApGltn/PBA-ApGltn mixed solution formed a hydrogel within 3 seconds. The resulting Cat-PBA-ApGltn hydrogels were easily injected manually through a 23G needle due to their shear-thinning properties. Additionally, 10 w/v% Cat-PBA-ApGltn hydrogels demonstrated a 2.3-fold increase in mucosal elevation (7.2 ± 0.4 mm) compared with a commercially available SIM (3.1 ± 0.7 mm). The 10 w/v% Cat-PBA-ApGltn hydrogel, when adhered to porcine gastric submucosa, exhibited a burst strength 7 times greater than the average human intragastric pressure. Furthermore, the Cat-PBA-ApGltn hydrogels demonstrated biodegradability without inducing severe inflammation upon implantation in rat subcutaneous tissue. These Cat-PBA-ApGltn hydrogels hold promise as multifunctional SIMs, boasting injectability, excellent elevation, adhesion capabilities, and biodegradability.

Keywords: catechol-boronic acid interaction, endoscopic submucosal dissection, submucosal injection material, injectable hydrogel, tissue adhesive


Introduction
　Gastrointestinal cancer is one of the most common diseases, accounting for approximately 22% of all cancer deaths globally. This includes cancers of the esophagus (5.5%), stomach (7.7%), colon (5.8%), and rectum (3.4%) [1]. In recent years, the mortality rates from gastrointestinal cancers has significantly increased [2]; therefore, prioritizing the treatment of early-stage gastrointestinal cancers is imperative. Endoscopic submucosal dissection (ESD) is widely used for the removal of early-stage gastrointestinal cancers, with applicability across various digestive tissues, including the esophagus [3], stomach [4], and colon [5]. One of the primary advantages of ESD is its less invasive nature, allowing for the removal of early-stage cancers with minimal tissue disruption. This approach not only promotes faster healing but also reduces the risk of lymph node metastasis [6]. However, ESD can lead to significant complications such as bleeding and perforation, due to the difficulty of the procedure [7, 8]. This is further compounded by the typically low elevation of early-stage cancers in the intestine and duodenum [9]. In clinical practice, the risk of these complications is mitigated by the use of submucosal injection materials (SIMs), which separates the mucosa from the muscularis propria. By utilizing SIMs, it becomes possible to elevate only the mucosa containing the cancer, facilitating the minimally invasive removal of early-stage cancer [10].
Saline is widely used as a SIM because of its low cost, ease of use, and widespread availability [11]. However, it possesses limitations such as low mucosal elevation and a short duration of effectiveness, as it tends to be rapidly absorbed into the surrounding tissues. As a result, the saline must be injected repeatedly, which prolongs the operation time and increases the risk of bleeding and perforation [12]. Therefore, high-viscosity polysaccharide solutions, such as sodium hyaluronate [13-15] and sodium alginate [16, 17] have been used to maintain a heightened tissue elevation over extended periods. However, these alternatives still fall short on several essential properties, including tissue elevation, retention time [18], and tissue adhesion on mucosal defects following the removal of early-stage cancer [19].
Mucosal defects following ESD treatment are known to cause severe inflammation because of exposure to various stimuli such as gastrointestinal fluids, food, and peristalsis [20]. This inflammation of post-ESD treatment can lead to further complications such as delayed perforation [21, 22], delayed bleeding [23, 24], and scarring stenosis [25, 26]. To avoid these complications, the preventative closure of mucosal defects post-ESD treatment has been implemented using endoscopic clips or polyglycolic acid (PLGA) sheets with fibrin glue. Endoscopic clips offer the advantages of ease of use and short operation times; however, they cannot be applied to defects larger than the clip itself [27]. Furthermore, there is a risk of delayed perforation [22] and delayed bleeding [28] following ESD treatment. PLGA sheets with fibrin glue offer versatility in treating a wide range of defects; however, they present challenges such as increased operation times due to complicated application techniques [27], low adhesion strength, and chronic inflammation during degradation [21]. Therefore, there is an unmet need for an innovative SIM that combines the ability to elevate mucosal tissue with strong adhesion to the mucosal defect following the removal of early-stage cancer.
[bookmark: _Hlk160475163][bookmark: _Hlk178425587][bookmark: _Hlk177734001]　Injectable hydrogels emerge as effective materials for elevating the mucosa during ESD treatment and subsequently covering the mucosal defect area. Two-component injectable hydrogels provide high mucosal elevation and tissue adhesiveness; however, the administration of two solutions via endoscopy complicates the surgical procedure and increases the risk of perforation and bleeding [18, 29]. Therefore, single-component injectable hydrogels have garnered attention for their ease of use and high mucosal elevation effect. For example, photo-crosslinked hydrogels enable substantial mucosal elevation through gelation triggered by UV irradiation following injection. However, UV irradiation carries the risk of tissue inflammation and potential carcinogenesis [30, 31]. Therefore, thermally crosslinked hydrogel-based SIMs have emerged as an alternative to photo-crosslinking methods [32]. However, concerns regarding the potential for clogging inside endoscopic devices have been raised [33, 34]. Therefore, optimal SIMs should be single-component, exhibit shear-thinning properties [35, 36], possess high mucosal elevation capabilities, and demonstrate tissue adhesiveness.　In this study, we present an injectable hydrogel composed of catechol group-modified Alaska pollock gelatin (Cat-ApGltn) and phenylboronic acid-modified ApGltn (PBA-ApGltn) (Fig. 1a). This hydrogel is engineered by mixing two solutions of Cat-ApGltn and PBA ApGltn to exhibit both shear-thinning and tissue adhesive properties, achieved through boronic acid-catechol interactions [37] (Fig. 1b). Furthermore, the use of fish-derived Alaska pollock gelatin enables each pre-gel solutions to be more fluidic than other mammal gelatin solutions based on the difference of proline and hydroxyproline composition [38] for the better mixing process of the solutions and homogenous hydrogel formation. The physico-chemical properties of the Cat-PBA-ApGGltn hydrogel were controlled by varying the concentrations of Cat-ApGltn and PBA-ApGltn and their mechanical strength, shear-thinning behavior, ability to elevate the mucosa, and tissue adhesion properties were assessed. Furthermore, biocompatibility and biodegradability were analyzed through subcutaneous implantation of the Cat-PBA-ApGltn hydrogel.

[image: グラフィカル ユーザー インターフェイス が含まれている画像

自動的に生成された説明]
Fig. 1. Schematic illustration of the injectable Cat-PBA-ApGltn hydrogel utilized as a SIM during the ESD procedure. The hydrogel is injected via endoscopy to elevate the mucosal layer. Following removal of the cancerous tissue, the remaining Cat-PBA-ApGltn hydrogel adheres to the submucosal layer, acting as a sealant to shield the submucosal tissues from exposure to digestive fluids. 

[bookmark: _Hlk151103127]Materials and methods
Materials
[bookmark: _Hlk156815280][bookmark: _Hlk97719095]Alaska pollock-derived gelatin (Org-ApGltn, MW = 85 kDa) was purchased from Nitta Gelatin Inc. (Osaka, Japan). Acid blue 9, acid red 52, 3,4-dihydroxybenzaldehyde, and 4-formylphenylboronic acid were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 2-Picoline borane (2-picBH3) was purchased from Junsei Chemical Co., Ltd. (Tokyo, Japan). Ethyl acetate (EtOAc) was purchased from Kishida Chemical Co., Ltd. (Osaka, Japan). Dimethyl sulfoxide (DMSO) was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Triethylamine (TEA), 2,4,6-trinitrobenzenesulfonic acid sodium salt (TNBS), 6 M hydrochloric acid (6N HCl), sodium hydroxide (NaOH), sodium dihydrogen phosphate (NaH2PO4), phosphoric acid (H3PO4), sodium bicarbonate (NaHCO3), sodium carbonate (Na2CO3), Dulbecco’s phosphate buffered saline (D-PBS(-)), 10% formalin neutral buffer solution, 4% paraformaldehyde phosphate buffer solution (PFA), bovine serum albumin (BSA), and calcium chloride (CaCl2) were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Deuterium oxide (D2O) containing 0.05 wt% of the sodium salt of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid, Roswell Park Memorial Institute (RPMI)-1640 medium, and fetal bovine serum (FBS) were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Normal saline was purchased from Otsuka Pharmaceutical Factory, Inc. (Tokushima, Japan) and 4′,6-diamidino-2-phenylindole (DAPI) solution (Cellstain®) was purchased from Dojindo Laboratories (Kumamoto, Japan). A 20 v/v% Triton™ X-100 stock solution (Triton X) was purchased from Cayman Chemical Company (Ann Arbor, MI, USA). Penicillin-streptomycin (pen-strep) and rhodamine-phalloidin were purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). Ethanol (EtOH), cell count reagent SF (WST-8), and Clostridium histolyticum collagenase (120 U/mg) were purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Tris hydrochloride buffer (Tris-HCl; 1 M, pH 8.0) was purchased from Nippon Gene Co., Ltd. (Tokyo, Japan). MucoUp® was purchased from Seikagaku Corporation (Tokyo, Japan). Beriplast® (fibrin glue) was purchased from CSL Behring Corporate (King of Prussia, PA, USA). Porcine large intestine tissue and porcine stomach tissue were purchased from Tokyo Shibaura Zouki Co., Ltd. (Tokyo, Japan). Isoflurane was purchased from Zoetis Inc. (Parsippany, NJ, USA). The 10% povidone-iodine solution was purchased from Mundipharma GmbH (Frankfurt am Main, HE, Germany). Rats (Wistar, male, 6 weeks old) for in vivo experiments were purchased from The Jackson Laboratory Japan, Inc. (Kanagawa, Japan).

Synthesis of Cat-ApGltn
Prior to Cat-ApGltn synthesis, the number of primary amino groups (324 μmol/g) in Org-ApGltn was determined using the TNBS method [39-42]. Cat-ApGltn was synthesized via reductive amination of the primary amino group in Org-ApGltn with 3,4-dihydroxybenzaldehyde following a previously established method [43]. Org-ApGltn (60 g) was dissolved in Milli-Q water (600 mL) at 55 °C. Then 3,4-dihydroxybenzaldehyde (97.2 mmol; 5 times the amount of all primary amino groups in Org-ApGltn) was dissolved in EtOH (200 mL) and added to the Org-ApGltn solution. After stirring for 1 hour at 55 °C, 2-PicBH3 (145.8 mmol; 7.5 times the amount of all primary amino groups in Org-ApGltn) was dissolved in H2O/EtOH (50 v/v%, 200 mL) then added to the Org-ApGltn solution. After stirring for 17 hours at 55 °C, the reaction solution was precipitated dropwise into ice-cold EtOH and stirred for 1 hour. The resulting precipitate was washed three times with ice-cold EtOH and dried under reduced pressure at 25 °C to obtain Cat-ApGltn powder.

[bookmark: _Hlk132102887]Synthesis of PBA-ApGltn
[bookmark: _Hlk132203945][bookmark: _Hlk132706862]PBA-ApGltn was synthesized following a similar method to that of Cat-ApGltn, with minor modifications. Org-ApGltn (60 g, number of primary amino groups: 324 μmol/g) was dissolved in Milli-Q water (360 mL) at 55 °C. Subsequently, 4-formylphenylboronic acid (38.9 mmol; twice the amount of all primary amino groups in Org-ApGltn) was dissolved in EtOH (120 mL) then added to the Org-ApGltn solution. After stirring for 1 hour at 55 °C, 2-PicBH3 (58.3 mmol; 3 times the amount of all primary amino groups in Org-ApGltn) was dissolved in H2O/EtOH (50 v/v%, 120 mL) then added to the Org-ApGltn solution. After stirring for 17 hours at 55 °C, the reaction solution was precipitated dropwise into ice-cold EtOH/EtOAc (50 v/v%) then stirred for 1 hour. The resulting precipitate was washed three times with ice-cold EtOH and dried under reduced pressure at 25 °C to obtain PBA-ApGltn powder.

Characterization of Cat-ApGltn and PBA-ApGltn
[bookmark: _Hlk132662527][bookmark: _Hlk97834278]The degree of substitution (DS) was determined by the TNBS method. Org-, Cat-, and PBA-ApGltn solutions (0.1 v/w%) were prepared by dissolving Org-, Cat-, or PBA-ApGltn in DMSO/H2O (50 v/v%). Subsequently, 100 μL of Org-, Cat-, or PBA-ApGltn solution and 100 μL of TEA solution (0.1 v/v%, dissolved in DMSO/H2O) were added to 48-well plates and stirred for 1 minute. Then, 100 μL of TNBS solution (0.1 v/v%, dissolved in DMSO/H2O) was added to each well and stirred for 1 minute. Following incubation in the dark at 37 °C for 2 hours, 50 µL of 6N HCl was added to each well and stirred for 1 minute. The 48-well plate was then incubated in darkness at 25 °C for 10 minutes. The absorbance of the solution in each well was measured at 340 nm using a plate reader (Spark® 10M-NMST; Tecan Group Ltd., Männedorf, ZH, Switzerland), and the DS values were calculated.
The modification of catechol groups or phenylboronic acid into Org-ApGltn was confirmed by Fourier transform infrared (FT-IR) spectroscopy (ALPHA II; Bruker Corporation, Billerica, MA, USA) and proton nuclear magnetic resonance (1H-NMR) spectroscopy (JNM-ECS 400; JEOL Ltd., Tokyo, Japan).

Preparation of the Cat-PBA-ApGltn hydrogels
Cat-ApGltn solutions were prepared by dissolving Cat-ApGltn in a 0.01 M H3PO4/NaH2PO4 buffer at pH 4. The PBA-ApGltn solution was prepared by dissolving PBA-ApGltn in a 0.1 M Na2CO3/NaHCO3 buffer at pH 10. Hydrogels were visualized by dissolving 50 μg/mL acid blue 9 in a Na2CO3/NaHCO3 buffer. Cat-PBA-ApGltn hydrogels were prepared by mixing equal concentrations and volumes of Cat-ApGltn and PBA-ApGltn solutions.

[bookmark: _Hlk150957305]Gelation time of the Cat-PBA-ApGltn hydrogels
The gelation times of the Cat-PBA-ApGltn hydrogels were determined following previously reported methods [9, 10]. Cat-ApGltn solutions (5, 10, 15 w/v%, 500 µL) and PBA-ApGltn solutions (5, 10, 15 w/v%, 500 µL) were mixed and stirred (400 rpm, 37 °C) using a 15 mm long stir bar with a 20 mm diameter screw tube bottle. The gelation time was defined as the duration from the mixing of the two solutions until complete gel formation.

Rheological properties of the Cat-PBA-ApGltn hydrogels
Rheological properties were assessed using a rheometer (MCR301, Anton Paar GmbH, Graz, Austria). Cat-PBA-ApGltn hydrogels of varying concentrations were placed on the rheometer stage at 37 °C, with a 10 mm diameter jig set at 1 mm. After excess hydrogel removal, a strain sweep measurement (shear strain (γ) = 0.1–1000%) was performed at a constant angular frequency of 10 rad/s at 37 °C. A frequency sweep measurement (angular frequency (ω) = 0.1–100 rad/s) was performed at a constant shear strain of 1% at 37 °C. To evaluate the shear thinning properties of the hydrogel, a shear viscosity measurement was performed under frequency sweep mode at 37 °C. To assess the hydrogel’s self-healing properties, an alternate-step strain sweep measurement was performed at a constant angular frequency of 10 rad/s at 37 °C according to previously reported methods. [44] The oscillatory strain alternated between γ = 5% and 500%, with a duration of 200 seconds for each strain value.
[bookmark: _Hlk160376936]To visually confirm the hydrogel’s self-healing properties, hydrogels (1 mm thick, 14 mm diameter) stained with acid blue 9 or acid red 52 were prepared. The stained hydrogels were halved and the cut surfaces from two differently stained hydrogels were reconnected. Following a 10-minute incubation at 25 °C, tensile stress was applied to the bisected hydrogel by pulling with forceps.

[bookmark: _Hlk150932796]Tensile properties of the Cat-PBA-ApGltn hydrogels
The tensile strength of the hydrogels was assessed following an established method [5]. Dumbbell-shaped Cat-PBA-ApGltn hydrogels were prepared by pressing the hydrogel into a dumbbell-shaped silicone mold and sandwiching it between two glass plates. Subsequently, the dumbbell-shaped hydrogels were placed on a texture analyzer (TA.XT plus, Stable Micro systems, UK) to measure the tensile strain and stress from the onset of stretching to rupture.

Underwater stability of the Cat-PBA-ApGltn hydrogels
[bookmark: _Hlk170585489][bookmark: _Hlk132712032]The stability of the Cat-PBA-ApGltn hydrogels was assessed following a previously reported method [45]. A Cat-ApGltn solution (10 w/v%, 100 mL) and PBA-ApGltn solution (10 w/v%, 100 mL) were mixed in a 2 mL tube to form a hydrogel. Subsequently, 1.5 mL of 0.2 M Tris-HCl buffer (pH 7.4, containing 2.5 mM CaCl2), with or without 100 μg/mL collagenase, was added to each 2 mL tube and incubated at 37 °C. Following incubation for 0, 1, 3, 6, 12, 24, 48, 72, and 168 hours, the supernatants were removed, and Cat-PBA-ApGltn hydrogels were immersed in Milli-Q water (1.5 mL) followed by an incubation at 37 °C for 1 hour for desalination. The supernatants were then removed and the hydrogels were washed twice with Milli-Q water (1.5 mL). The desalted hydrogels were lyophilized and weighed (Wt). Weight remaining was calculated using the following formula:
[bookmark: _Hlk170585674]
where W0 and Wt are the weight of the lyophilized hydrogel after0 and t hours incubation, respectively.

[bookmark: _Hlk150966137]Injectability of the Cat-PBA-ApGltn hydrogels
The injectability of the Cat-PBA-ApGltn hydrogels was evaluated using a compact table-top universal tester (EZ-LX, Shimadzu Corporation, Kyoto, Japan) according to a previously reported method [45]. A Cat-ApGltn solution (500 mL) and PBA-ApGltn solution (500 mL) were mixed in a 2 mL tube to form a hydrogel. The hydrogel was loaded into a pre-weighed 1 mL syringe, and its weight was recorded to determine the initial weight of the hydrogel (W0). Subsequently, the syringe, fitted with an 18G–23G needle, was placed into a universal tester. The hydrogel was expelled from the syringe at a rate of 100 mm/min until the stress reached 50 N. The weight of the ejected hydrogel (We) was measured by weighing the syringe after ejection. Injectability was calculated using the following formula:


Mucosal elevation effect of the Cat-PBA-ApGltn hydrogels
The mucosal elevation effect of the Cat-PBA-ApGltn hydrogel was assessed following a method described in a previous study [46]. Test samples were prepared by cutting incised and washed porcine stomachs to a diameter of 35 mm. Cat-PBA-ApGltn hydrogel (10 w/v%, 500 µL) was loaded into a 1 mL syringe and injected into the submucosa from the mucosal side of the test sample using a 23G needle. The injected test samples were incubated at 37 °C and 100% humidity for 30 minutes and then frozen overnight at −30 °C. The frozen test samples were vertically cut at the elevated area using a scalpel, and the cross-section was photographed. The elevation height was determined by analyzing the cross-sectional images using ImageJ. Saline and MucoUp®, which is a hyaluronic acid-based submucosal injection material, were also evaluated using the same method.

Burst strength of the Cat-PBA-ApGltn hydrogels
The burst strength of the Cat-PBA-ApGltn hydrogels was assessed following ASTM 2392-04 guidelines, with minor modifications. Initially, saline-washed porcine stomach was sectioned into 30 mm diameter pieces and a 3 mm diameter hole was made in the center. These holes were covered with Cat-PBA-ApGltn hydrogel, forming a 1 mm thick layer with a diameter of 15 mm, and left for 10 minutes. The sealed porcine stomach samples were secured onto the stage of the test system set at 37 °C. The test sample was pressurized until the hydrogel ruptured, achieved by applying saline at a flow rate of 7.5 ml/min toward the underside of the test sample. The burst strength was determined as the highest pressure at which the hydrogel ruptured.

Underwater adhesion stability of the Cat-PBA-ApGltn hydrogels following gastric mucosa resection
　A 15 mm diameter mark was made on the porcine gastric mucosa. Subsequently, Cat-PBA-ApGltn (10 w/v%, 500 µL) was injected into the submucosa at the center of the marked area using a 23G needle. The mucosa was removed along the marked area and the remaining gastric tissue was immersed in D-PBS for 1–10 days. The immersed tissue was then stained with hematoxylin-eosin (HE) and observed.

In vitro cytocompatibility of the Cat-PBA-ApGltn hydrogels
The cytocompatibility of the Cat-PBA-ApGltn hydrogels was evaluated following a previously reported method [44] with minor modifications. Human colon carcinoma (Caco-2) cells were cultured in RPMI-1640 medium containing 10% FBS and 1% pen-strep. A Cat-ApGltn solution (500 µL) and PBA-ApGltn solution (500 µL) were mixed to form a hydrogel and then sterilized by UV irradiation for 30 minutes. The sterilized hydrogel was incubated with cell culture medium at 37 °C for 24 hours. Subsequently, the culture medium was collected (referred to as the extraction medium) for use in the following experiment. Caco-2 cells were seeded in 96-well plates at a density of 1 × 104 cells/well and cultured at 37 °C in a 5% CO2 incubator for 3 days. Cells were incubated with the Cat-PBA-ApGltn extraction medium for 24 hours. Cell viability was determined using a cell counting kit (WST-8 assay) and a microplate reader (Spark10M, TECAN, Switzerland). Cell morphology was evaluated by observing Caco-2 cells stained with phalloidin and DAPI using a fluorescence microscope (BZ-X710, KEYENCE, Japan).

Subcutaneous implantation of the Cat-PBA-ApGltn hydrogels
All animal experiments were conducted with approval from the Animal Experimental Committee of the National Institute for Materials Science (NIMS). The biodegradability and biocompatibility of the Cat-PBA-ApGltn hydrogels were evaluated following previously reported methods [43]. Disk-shaped hydrogels were obtained by punching 1 mm thick hydrogel sheets with a 7 mm punch, followed by sterilization via UV irradiation for 30 minutes. The rats were anesthetized by inhalation with isoflurane, and a 1 cm incision was made in the shaved skin on their backs. After subcutaneous placement of the hydrogel through the incision, the incision was closed using an autoclip and disinfected with 10 % povidone-iodine solution. The rats were euthanized under anesthesia at 3-, 7-, 14-, and 28-days post-implantation, and the tissues surrounding the implantation site were removed. These tissues were fixed in 10% formalin solution then embedded in paraffin. The embedded tissues were stained with HE to observe any inflammatory response.

Statistical analysis
　The results are presented as mean ± standard deviation (SD). Statistical analysis was performed using GraphPad Prism v.10. A one-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test were used to determine statistically significant differences between independent groups. Statistical significance was indicated by *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

Results and discussion
Synthesis and characterization of Cat-ApGltn and PBA-ApGltn
　Cat-ApGltn and PBA-ApGltn were obtained through the modification of Org-ApGltn, as depicted by the reaction formula in Fig. 2a. The yields for Cat-ApGltn and PBA-ApGltn were 97% and 99%, respectively. The DS values for Cat-ApGltn and PBA-ApGltn were calculated to be 51 mol% and 58 mol%, respectively. The introduction of catechol groups and phenylboronic acid into ApGltn by reductive amination was confirmed using 1H-NMR and FT-IR. In the 1H-NMR spectrum of Cat-ApGltn, peaks originating from the 2-, 5-, and 6-positions of the aromatic ring of the catechol group were identified around 6.8–7.0 ppm (Fig. 2b). In the 1H-NMR spectrum of PBA-ApGltn, peaks corresponding to the 1- and 2-positions of the aromatic ring of phenylboronic acid were observed around 7.4–7.9 ppm. These results indicate that the catechol group or phenylboronic acid was successfully incorporated into Org-ApGltn. FT-IR measurements revealed an increase in the peak derived from the N-H stretching vibration of secondary amines at 3290 cm−1 for both Cat-ApGltn and PBA-ApGltn (Fig. 2c), indicating that the catechol group or phenylboronic acid was successfully introduced into the ApGltn molecules.
[image: ダイアグラム が含まれている画像
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Fig. 2. Synthesis and characterization of Cat-ApGltn and PBA-ApGltn. (a) Synthesis of Cat-ApGltn and PBA-ApGltn via reductive amination. Characterization of Cat-ApGltn and PBA-ApGltn by (b) 1H-NMR and (c) FT-IR.

Gelation of the Cat-PBA-ApGltn hydrogels
[bookmark: _Hlk178425275]It is well established that boronic acid can reversibly interact with diols or polyols, resulting in the formation of reversible covalent crosslinks [47-52]. Therefore, the gelation time of the Cat-PBA-ApGltn hydrogels was evaluated by combining equal volumes of Cat-ApGltn and PBA-ApGltn solutions. The resulting mixture formed a hydrogel within 3 seconds (Fig. S1a). Furthermore, we confirmed that Cat-ApGltn and PBA-ApGltn could be combined and vertically sprayed onto large intestinal tissue without dripping by using a spray device (Fig. S1b,c). 

Physico-chemical properties of the Cat-PBA-ApGltn hydrogels
[bookmark: _Hlk160446005]The viscoelasticity of the Cat-PBA-ApGltn hydrogels with varying concentrations was assessed using a rheometer. The linear viscoelastic regions of all Cat-PBA-ApGltn hydrogels were determined to fall between 0.1% and 30% strain, as revealed by strain sweep measurements (Fig. 3a). In the high shear strain range exceeding approximately 215% for 5 w/v%, 150% for 10 w/v% and 100% for 15 w/v%, Cat-PBA-ApGltn hydrogels exhibited a lower storage modulus (G’) than loss modulus (G”) indicating their sol state. Frequency sweep measurements conducted within the linear viscoelastic region (1% strain) demonstrated that all Cat-PBA-ApGltn hydrogels transitioned from a liquid to a solid state as the frequency increased (Figure 3b). Thus, it can be inferred that Cat-PBA-ApGltn hydrogels possess a dynamic network structure attributed to the reversible crosslinking of catechol and phenylboronic acid.
The tensile properties of the Cat-PBA-ApGltn hydrogel (10 w/v%) were assessed using a texture analyzer. The tensile strength, measured at a tensile speed of 100 mm/min, initially increased to approximately 3 kPa before stabilizing (Fig. 3c). This result suggests an equilibrium between and the restructuring of the network structure due to the dissociation and formation of reversible crosslinking. Conversely, at a tensile speed of 500 mm/min, a linear increase in tensile stress followed by hydrogel rupture were observed, indicating that the restructuring of reversible crosslinks could no longer keep up with the elongation. In addition, the Cat-PBA-ApGltn hydrogel demonstrated over 1500% strain when elongated at a tensile rate of 100 ml/min (Fig. 3d), highlighting its excellent elongation properties. 
　The stability of the Cat-PBA-ApGltn hydrogel under physiological conditions was assessed by immersing hydrogels in D-PBS with or without collagenase for 7 days. The Cat-PBA-ApGltn hydrogels retained more than 75% of their initial weight following immersion in D-PBS for 7 days (Fig. 3e). Conversely, the Cat-PBA-ApGltn hydrogel exhibited a rapid weight decrease and fully degraded following 2 days immersion in D-PBS with collagenase. These results indicate that the Cat-PBA-ApGltn hydrogel has both excellent stability in a D-PBS environment and enzymatic degradability. 

[image: グラフィカル ユーザー インターフェイス, アプリケーション

自動的に生成された説明]
Fig. 3. Physico-chemical properties of the Cat-PBA-ApGltn hydrogels. Rheological analysis of the Cat-PBA-ApGltn hydrogel with varying concentrations in (a) strain sweep mode and (b) frequency sweep mode. (c) Effect of tensile speed on the tensile properties of the Cat-PBA-ApGltn hydrogel (blue: 100 mm/min, red: 500 mm/min). (d) Visualization of the hyper-extending properties of the 10 w/v% Cat-PBA-ApGltn hydrogel. (e) Remaining weight of the 10 w/v% Cat-PBA-ApGltn hydrogel under physiological conditions (n = 3). Data are presented as mean ± SD.

Shear-thinning properties of the Cat-PBA-ApGltn hydrogels
[bookmark: _Hlk158129763]　Shear-thinning properties are an important characteristic of single-component injectable hydrogels, along with high mucosal elevation and tissue adhesiveness. Therefore, the shear-thinning properties of the Cat-PBA-ApGltn hydrogels were assessed through rheological analysis and injectability tests. The viscosity of the Cat-PBA-ApGltn hydrogels decreased as the shear velocity increased, demonstrating their shear-thinning properties (Fig. 4a). Notably, lower concentrations of the Cat-PBA-ApGltn hydrogel exhibited a slower shear velocity at which the viscosity begins to decrease. This indicates that lower concentrations of the Cat-PBA-ApGltn hydrogel result in higher injectability. Similarly, the Cat-PBA-ApGltn hydrogel exhibits a rapid decrease in G’ and G” to transition to a sol state under high strain (500%) (Fig. 4b). However, the G' and G" of Cat-PBA-ApGltn hydrogels recovered to their original values, forming a gel (G' > G") within 20 seconds (Fig. 4b). This result suggests that Cat-PBA-ApGltn hydrogels possess self-healing properties (Fig. S2).
[bookmark: _Hlk157520801]Interestingly, the G' of the 10 w/v% Cat-PBA-ApGltn hydrogel at 500% strain decreased to a level comparable to that of the 5 w/v% hydrogel, suggesting that the 10 w/v% hydrogel has excellent injectability. The macroscopic self-healing capability of the 10 w/v% Cat-PBA-ApGltn hydrogel is presented in Fig. S2. A disc-shaped Cat-PBA-ApGltn hydrogel was cut in half and the two cut surfaces were reconnected then left at 25 °C. Within 10 minutes, the bisected hydrogel completely merged and healed without any external intervention. When the healed Cat-PBA-ApGltn hydrogel was stretched with tweezers, no detachment or breakage was observed, demonstrating its excellent self-healing properties.
　The injectability of the Cat-PBA-ApGltn hydrogels through a needle were assessed using a universal tester. Cat-PBA-ApGltn hydrogels at 5 and 10 w/v% could be almost completely injected, whereas the hydrogel at 15 w/v% could not be fully injected under 50 N (Fig. S3). The limited injectability of the 15 w/v% hydrogel can be attributed to its lower shear-thinning property (Fig. 4a) and higher elastic modulus (Fig. 3a). We also performed injectability tests for the 10 w/v% Cat-PBA-ApGltn hydrogel using needles of various gauges ranging from 18G to 23G (Fig. 4c). The 10 w/v% Cat-PBA-ApGltn hydrogel exhibited satisfactory injectability, at approximately 90% across all gauge sizes. The injection force increased with larger needle gauges; however, it remained less than 30 N when using a 23G needle. It is worth noting that the maximum acceptable force for injection by a normal human hand is reported to be 40 N [53]. Furthermore, 23G needles are commonly used for injecting SIMs during ESD procedures [54, 55]. Therefore, the 10 w/v% Cat-PBA-ApGltn hydrogel exhibits promising potential for use as a SIM. Fig. 4d illustrates the injection of the 10 w/v% Cat-PBA-ApGltn hydrogel into D-PBS using a 23G needle. It was evident that the Cat-PBA-ApGltn hydrogel could be injected by hand, forming a stable hydrogel instantly in D-PBS because of its high self-healing properties. The SIMs currently used in clinical practice exhibit high dispersibility in water, posing challenges in maintaining mucosal tissue elevation over an extended period [56]. In contrast, the Cat-PBA-ApGltn hydrogel may demonstrates a prolonged elevation effect, even in a wet environment (Fig. 3e and Fig. 4d).
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Fig. 4. Shear-thinning properties of the Cat-PBA-ApGltn hydrogels. (a) Viscosity curve for the Cat-PBA-ApGltn hydrogels. (b) Evaluation of self-healing properties via an alternate-step strain sweep measurement. Strain levels of 5% and 500% were applied every 200 seconds at 37 °C (10 rad/s). (c) Injectability and required injection force for the 10 w/v% Cat-PBA-ApGltn hydrogel using different gauge needles. Data are presented as mean ± SD. (d) Injection of the 10 w/v% Cat-PBA-ApGltn hydrogel into D-PBS by hand using a 23G needle. 

Elevation and sealing effects of the Cat-PBA-ApGltn hydrogels 
[bookmark: _Hlk170578415][bookmark: _Hlk160459171]The mucosal elevation potential of the Cat-PBA-ApGltn hydrogels was assessed using fresh porcine stomach tissue. The Cat-PBA-ApGltn hydrogel could be easily injected by hand through a 23G needle into the submucosa to successfully elevate the injection site, without any observed leakage (Fig. 5a). Conversely, leakage from the puncture site was observed upon injection of commercial products, namely saline and MucoUp®, which is hyaluronic acid-based SIM. Cross-sections of elevated stomach samples acquired 30 minutes post-injection revealed the spread of saline and MucoUp® from the injection site throughout the entire submucosa (Fig. 5b). In contrast, the Cat-PBA-ApGltn hydrogel remained localized at the injection site after incubation, effectively elevating the mucosal tissue. To quantify the mucosal elevation effect of the SIMs, the elevation height was calculated using Image J (Fig. 5c). The elevation height achieved by the Cat-PBA-ApGltn hydrogel was 7.2 ± 0.4 mm, significantly greater than that of saline (2.3 ± 0.4 mm) and MucoUp® (3.1 ± 0.7 mm). The effective mucosal elevation by the Cat-PBA-ApGltn hydrogel can be attributed to its immediate formation upon injection, facilitated by its self-healing properties. Furthermore, its ability to persist between the mucosa and submucosa tissues under wet conditions resulting from its sufficient elastic modulus further contributes to this effect. 
[bookmark: _Hlk170573650][bookmark: _Hlk160459598][bookmark: _Hlk177735773]We also assessed the burst strength of the Cat-PBA-ApGltn hydrogels applied to porcine submucosal tissue, following the ASTM procedure with minor modifications (Fig. 5d). The commercially available SIMs, saline and MucoUp®, lacked sufficient burst strength because of their liquid like properties. In contrast, an increase in burst strength was observed upon application of the Cat-PBA-ApGltn hydrogels. In particular, Cat-PBA-ApGltn hydrogels at concentrations of 10 and 15 w/v% demonstrated a burst strength 7-fold higher than the mean gastric inner pressure (2.1 mmHg) [57]. This higher burst strength of Cat-PBA-ApGltn hydrogel was attributed to intermolecular interaction between catechol and phenyl boronic acid groups to be stable hydrogel bulk formation, and catechol group-based tissue adhesion mechanism [58]. This finding highlights the potential utility of the Cat-PBA-ApGltn hydrogel as an effective closure material for perforations occurring during/after ESD procedures.
[bookmark: _Hlk170580627][bookmark: _Hlk170596484][bookmark: _Hlk170596407]Furthermore, we evaluated the underwater adhesion stability of the Cat-PBA-ApGltn hydrogel using porcine stomachs following injection of different SIMs and resection of mucosa. Saline and MucoUp® did not remain on the submucosal surface due to their high dispersibility after immersion in PBS for 1 day (Fig. 5e). However, Cat-PBA-ApGltn hydrogel adhered well to the submucosal surface via an anchoring effect for 10 days, although it showed degradation (Fig. 5f). Notably, Cat-PBA-ApGltn hydrogel remarkably reduced submucosal swelling compared with Saline and MucoUp® (Fig. 5e). This result suggests that Cat-PBA-ApGltn hydrogel is suitable for covering and protecting post-ESD wound sites from digestive fluids. Since the digestive tract such as large intestine and duodenum are thinner than the stomach and esophagus, a robust tissue elevation during ESD and postoperative tissue coverage using SIM are important to prevent intraoperative and postoperative perforation in such thinner intestinal tracts. Therefore, the ability to elevate tissue after injection and stability of this hydrogel would be highly appreciated for ESD in the large intestine and duodenum. This underwater stability test was conducted in PBS, thus further experiment using enzyme to imitate the real gastric environment is on-going for clinical application.
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Fig. 5. Mucosal elevation and sealing effect of the Cat-PBA-ApGltn hydrogels. (a) Illustration of the mucosal elevation test procedure using 10 w/v% Cat-PBA-ApGltn hydrogels. (b) Cross-sectional views of the porcine stomachs following injection of different SIMs for 30 minutes (scale bar = 5 mm). (c) Elevation height following injection of different SIMs (n = 5). (d) Burst strength of each SIM applied to the submucosa of porcine stomach tissue (n = 5). (e) HE-stained histological images of the porcine stomachs immersed in PBS for 1 day after injection of different SIMs and resection of mucosa. (f) HE-stained histological images of the porcine stomachs immersed in PBS for 1-10 day after injection of Cat-PBA-ApGltn hydrogel and resection of mucosa. M = Mucosa, S = Submucosa, H = Hydrogel, scale bar: 1 mm. Data are presented as mean ± SD. *p < 0.05, ****p < 0.0001, analyzed by Tukey's multiple comparisons test.

Biocompatibility and biodegradability
[bookmark: _Hlk170565732]　The cytocompatibility of the Cat-PBA-ApGltn hydrogels was evaluated using Caco-2 cells. The viability of Caco-2 cells exposed to the Cat-PBA-ApGltn hydrogel was approximately 70% lower compared with the control group (Fig. S4a). This reduction in viability was attributed to cell damage caused by reactive oxygen species generated from the oxidation of catechol groups in the Cat-PBA-ApGltn hydrogel [59, 60]. There was no significant difference observed in cell morphology between the control group and the Cat-PBA-ApGltn hydrogel with proper intercellular adhesion (Fig. S4b).
　The biodegradability of the Cat-PBA-ApGltn hydrogel was assessed by implanting disc-shaped hydrogels into rat subcutaneous tissue. The Cat-PBA-ApGltn hydrogel did not induce observable inflammation during the implantation period, whereas the tissue surrounding the implanted fibrin glue exhibited redness by day 14 (Fig. 6a). To observe degradation and inflammatory reactions, the tissue surrounding the implanted hydrogel was stained with HE (Fig. 6b). Most of the Cat-PBA-ApGltn hydrogels were degraded within 28 days, regardless of concentration. The population of inflammatory cells in the tissue surrounding the Cat-PBA-ApGltn hydrogel was comparable to that of the fibrin glue on days 3 and 7, with no hemorrhages or giant cells observed, indicating excellent biocompatibility. The contradictory outcomes observed between the in vitro and in vivo experiments for the Cat-PBA-ApGltn hydrogel are likely attributable to the presence of scavengers of reactive oxygen species in the in vivo environment. Glutathione, catalase, superoxide dismutase, and glutathione peroxidase are known to regulate the concentration of reactive oxygen species in vivo by converting and degrading them to H2O. [61] These scavengers of reactive oxygen species likely mitigated the toxicity caused by the oxidation of the catechol groups. Fibrin glue is known to promote the migration of neutrophils and other cells immediately before degradation, causing severe inflammation [62, 63]. Consistent with previous reports, we confirmed that fibrin glue induced a notable accumulation of inflammatory cells, particularly on day 14, just prior to degradation. Such severe inflammation can induce undesirable outcomes during the wound healing process, including fibrosis and delayed bleeding [20]. In contrast, Cat-PBA-ApGltn hydrogels induced minimal accumulation of inflammatory cells prior to degradation. This phenomenon may be attributed to the lower recognition of ApGltn as an exogenous material by the host tissue [63]. Based on these findings, Cat-PBA-ApGltn hydrogels demonstrate favorable biocompatibility, as evidenced by their minimal induction of inflammation.
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Fig. 6. Biodegradation behavior of the Cat-PBA-ApGltn hydrogels in rat subcutaneous tissue. (a) Macroscopic images of the Cat-PBA-ApGltn hydrogel and fibrin glue implants over various periods. (b) Histological images obtained from HE staining depicting the Cat-PBA-ApGltn hydrogel and fibrin glue following implantation over various periods. H = Hydrogel, T = Tissue, scale bar: 100 µm.

Conclusions
Injectable Cat-PBA-ApGltn hydrogels were developed as multifunctional SIMs for use during ESD procedures. The Cat-ApGltn and PBA-ApGltn solutions formed a hydrogel within 3 seconds of mixing. The Cat-PBA-ApGltn hydrogels with concentrations below 10 w/v% could be fully injected with less than 30 N force when using a 23G needle. The Cat-PBA-ApGltn hydrogel, when injected into the submucosa, exhibited a 2.3-fold increase in mucosal elevation compared with commercially available SIMs, while also demonstrating adhesion to the submucosa. Furthermore, a 10 w/v% Cat-PBA-ApGltn hydrogel adhered to the porcine gastric submucosa demonstrated 7-fold higher burst strength than the average human intragastric pressure. Finally, the Cat-PBA-ApGltn hydrogel exhibited biodegradability in rat subcutaneous tissue without inducing excessive inflammation. 
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