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Abstract
[bookmark: _Hlk196988294]Tissue adhesives suffer from a trade-off relationship between tissue adhesion strength for long-term wound closure and degradation rate for tissue regeneration, which results in the suppression of postoperative wound healing. Here, we report the development of micropore-forming tissue adhesives with an enhanced cell infiltration capacity for tissue regeneration. By leveraging the phase-separation behavior of gelatin modified with hydrogen-bonding moieties, bicontinuous and micropore-forming photocrosslinked hydrogels were developed. The photocrosslinked hydrogels are injectable and enzymatically degradable, showing high tissue adhesive strength against tissues of the collagen membrane, heart, stomach, and large intestine. Moreover, the microporous structure of the hydrogels could enhance fibroblast infiltration through the micropores. These hydrogels could also induce hair follicle regeneration and wound healing in skin incision wound models. This novel tissue adhesive has enormous potential for promoting wound healing and preventing postoperative complications.
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1. Introduction
Postoperative complications, including bleeding from vascular anastomoses,[1] air leakage after lung surgery,[2] perforation or stenosis of the digestive tract,[3] and adhesion,[4] remain major clinical issues. Postoperative complications often prolong hospital stay and require reoperation, impairing quality of life.[5] Instead of conventional standard treatments, such as sutures and staplers, tissue adhesives have been utilized to prevent postoperative complications, especially for achieving minimally invasive surgery.[6] Tissue adhesives enable the covering and closing of rough tissue surfaces through the simple spraying of pre-gel solutions and rapid gelation under a laparoscope, which shortens the operative time and reduces tissue damage and the risk of infection.[7] To further promote postoperative wound healing, tissue adhesives must be biodegradable and integrated into host tissues. Several synthetic adhesives, such as cyanoacrylate-based adhesives,[8] are not degradable and even generate toxic byproducts, and cells merely infiltrate the adhesive, although their tissue adhesive strength is high.
To overcome these problems, biodegradable and biopolymer-based tissue adhesives, including polyester,[9] polysaccharides,[10, 11] gelatin,[12-16] and tropoelastin,[17] have been widely studied for biomedical applications.[18] The challenge in designing biodegradable tissue adhesives is the trade-off relationship between tissue adhesive strength and degradability. Tissue adhesion is required to immediately close a wound without interfering with the wound healing process. However, highly crosslinked tissue adhesives possess a strong bulk mechanical strength and tend to degrade slowly, inhibiting cell infiltration and integration with host tissues. The rapid degradation behavior of tissue adhesives leads to fast cell infiltration; however, the adhesive strength to tissues decreases, which leads to failure in long-term wound closure. Although fibrin glue is the most clinically used tissue adhesive, it possesses a relatively low tissue adhesive property and uncontrolled biodegradation rate. Therefore, developing tissue adhesives that can promote tissue regeneration while maintaining a high adhesive strength is needed.
Here, we report the design of micropore-forming tissue adhesives to overcome the trade-off relationship for promoting wound healing (Figure 1). Photocurable tissue adhesives (photoglues) with tunable micropores were engineered using the liquid–liquid phase separation (LLPS) phenomenon of photocrosslinkable methacryloyl group (MA)-modified gelatin (GelMA) and ureidopyrimidinone unit (UPy)-modified gelatin (GelUPy). Previously, we reported a bioinspired approach for creating LLPS hydrogels with micropores for cell delivery applications.[19, 20] Here, micropore-forming photoglues were obtained through photocrosslinking gelatin in one phase (GelMA matrix) and the elution of gelatin in another phase (GelUPy porogen). We developed two types of micropore-forming photoglues with microcapillary network structures (μCN) and microfiber network structures (μFN). Micropore-forming photoglues exhibit strong tissue adhesive properties against diverse tissue surfaces. Moreover, the microporous structures promote cell infiltration while maintaining mechanical strength of the hydrogels. This process is based on micropore-guided cell infiltration and not on matrix degradation-dependent infiltration, thus contributing to the rapid integration of tissue adhesives into host tissues and the promotion of wound healing.
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Figure 1. Schematic illustration of micropore-forming photocurable tissue adhesive hydrogels composed of gelatin modified with methacryloyl (GelMA) and ureidopyrimidinone (GelUPy) groups. Micropore-forming photoglues demonstrated pinpoint gelation and adhesive properties upon UV irradiation and wound closure. LLPS structures can function as porogens during wound healing and promote the infiltration of fibroblasts and wound healing.

2. Materials and Methods
[bookmark: _Hlk191459611]Synthesis of GelMA, GelUPy, and GelUPyMA: GelMA was synthesized, as previously described.[21] Porcine skin-derived gelatin (10 g, 10 wt%, amino group: 290 μmol/g; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.25 M carbonate-bicarbonate buffer (100 mL, pH 9) at 50°C. Methacrylic anhydride (MAA, 3.25 mmol, 492.3 L) was added to the gelatin solution under magnetic stirring. The reaction proceeded for 1 h at 50°C, whereafter the pH was readjusted to 7.4 to terminate the reaction. The products were dialyzed in pure water for three days and freeze-dried to obtain GelMA. The degree of substitution of MA with gelatin was determined using 2,4,6-trinitrobenzenesulfonic acid sodium salt dihydrate (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan).
GelUPy was synthesized according to a previously reported method. Briefly, the UPy unit was synthesized via the reaction of 2-amino-4-hydroxy-6-methylpyrimidine (33.0 mmol, 4.1 g; Sigma-Aldrich) with 1,6-diisocyanatohexane (148.6 mmol, 25.0 g; Tokyo Chemical Industry Co., Ltd.) at 100°C for 16 h under stirring. Thereafter, the product was obtained by precipitating and washing with hexane and collecting with filtration. UPy units (38.6 mg, 0.132 mmol, 50 mol% equivalent to the amino groups in gelatin) were dispersed in dimethylsulfoxide (DMSO) (5 mL) and added to gelatin solution (1 g) in DMSO (20 mL) at 50°C under stirring. The reaction proceeded for 24 h at 25°C under stirring. The product was obtained through precipitation in cold ethanol and ethyl acetate (v/v = 1/1) under stirring. The precipitates were collected using a glass filter and washed with cold chloroform and ethanol. The products were then dried at room temperature under reduced pressure. GelUPyMA was synthesized via the reaction of GelUPy57 (feeding ratio of UPy: 56 mol% equivalent to the amino groups in gelatin) with MAA in the same manner as that for GelMA. The synthesized GelMA, GelUPy, and GelUPyMA were characterized using 1H-nuclear magnetic resonance (1H-NMR, DMSO-d6, ECZ 400S, 400 MHz; JEOL, Tokyo, Japan) and Fourier-transform infrared (FT-IR, ALPHA Ⅱ; Bruker Corp., Billerica, MA, USA). The amount of UPy in the obtained sample was quantified using UV spectroscopy.

Synthesis of Fluorescently Labeled Gelatin Derivatives: For the modification of Gel, GelUPy, and GelMA with FITC (Sigma-Aldrich), the gelatin derivatives were dissolved in DMSO, and FITC (1 mol% equivalent to the amino groups in sG) added to the solution. After precipitation, washing, and drying in the same manner as that for the synthesis of GelUPy, the products were further dialyzed using a dialysis membrane (molecular weight cutoff: 10 kDa) for three days. After freeze-drying for three days, Gel (FITC), GelUPy (FITC), and GelUPyMA (FITC) were obtained.
For the modification of Gel, GelUPy, and GelUPyMA with N-hydroxysuccinimide (NHS)-tethered Cy5.5 (Lumiprobe, Hunt Valley, MD, USA), gelatin derivatives (3 g) were dissolved in DMSO (60 mL) at 50°C for 2 h and cooled to room temperature. NHS-tethered Cy5.5 (6.3 mg, 8.8 µmol) was added and stirred for 24 h at room temperature. After precipitation and washing in the same manner as that for GelUPy synthesis, the products were dialyzed using a dialysis membrane (molecular weight cutoff: 10 kDa) for three days. After freeze-drying for three days, Gel (Cy5.5), GelUPy (Cy5.5), and GelUPyMA (Cy5.5) were obtained.

Hydrogel Preparation: Gel, GelMA, GelUPy, and GelUPyMA were dissolved in phosphate-buffered saline (PBS, 15 wt%) at 50°C under stirring. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 0.1%) was added to the gelatin solution. The pre-gel solutions were prepared through vigorously mixing these gelatin solutions at equal volumes using a pipetter (GelMA+Gel, GelMA+GelUPy, GelUPyMA+GelUPy, and GelUPyMA+Gel). The mixed pre-gel solutions were maintained at 37°C until further use. The pre-gel solutions were individually poured into a silicone mold with a 1-mm thickness and sandwiched with another silicon sheet. The solutions were then incubated at 4°C for 1 h to form the hydrogels (not chemically crosslinked). After removing the silicon sheet from the hydrogel surface, the hydrogel was UV-irradiated (100 mJ/cm2) using an irradiation device (CL-1000 UV crosslinker, analytikjena, Germany) to prepare the photocrosslinked hydrogel.
[bookmark: _Hlk158385018]
CLSM Observation: To visualize the hydrogel structures, fluorescently labeled GelMA (FITC; green), Gel (Cy5.5; violet), GelUPy (Cy5.5), GelUPyMA (Cy5.5), GelUPy (FITC), and Gel (FITC) were used. Fluorescently labeled gelatin was dissolved in PBS and mixed with other gelatin derivatives and LAP to prepare the pre-gel solution. The pre-gel solution was then UV-irradiated and observed via CLSM (CLSM 900 with Airyscan2; Zeiss, Oberkochen, Germany).

Rheological Measurements: Rheological measurements of the pre-gel solutions were performed using a rheometer (MCR301; Anton Paar GmbH, Graz, Austria). The pre-gel solutions were placed on the stage of the rheometer (pre-warmed to 37°C). A jig with a diameter of 10 mm was set with a gap of 1 mm. Viscosity as a function of shear rate (0.01–1000 1/s) was measured at 37°C.

Injectability Test: The pre-gel solutions were loaded into a 1 mL lock-type syringe. The syringes and 27-gauge needles were used for measurements in a compression-testing machine (EZ-LX; Shimadzu, Kyoto, Japan). Each syringe was subjected to an increasing stress up to 50 N at an approaching speed of 100 mm/min. The ejected gel was weighed, and injectability calculated as follows:

Injectability (%) = We/Wo × 100 		(1)

where Wo is the original weight of the adhesive before ejection, and We the weight of the ejected gel.

Swelling Ratio: The pre-gel solutions were UV-irradiated to form a hydrogel sheet and cut into discs with an 8 mm punch. The discs were placed into tubes with 1 mL PBS and incubated for 24 h at 37°C. After incubation, the gels were collected and weighed (Ws). The swollen gels were desalted via incubation in water for 24 h, freeze-dried, and weighed (Wd). The swelling ratio was calculated as follows:

Swelling ratio = (Ws − Wd)/Wd 								(2)

where Ws and Wd represent the weight of swelled and dried gels, respectively.

Enzymatic Degradation Test: The pre-gel solutions were treated with UV irradiation to form a hydrogel sheet and cut into discs using an 8 mm punch. The discs were placed in 1 mL PBS with or without 1 mg/mL collagenase (120 U/mL; Nacalai Tesque, Inc., Kyoto, Japan) and incubated at 37°C for 1, 4, and 8 h. After incubation, the supernatants were discarded, and the resulting gel freeze-dried and weighed.

[bookmark: _Hlk152421378]Tensile Test: Tensile strengths of the gels were measured using a tensile tester (EZ-S 500N; Shimadzu). The pre-gel solutions were poured into a dumbbell-shaped silicone mold (total length: 35 mm; width: 2 mm; thickness: 1 mm; ISO 37-2) and sandwiched with another silicon sheet. The solution was then incubated at 4°C for 1 h to form the hydrogels. After removing the silicon sheet from the hydrogel surface, the hydrogel was UV-irradiated, released from the mold, and fixed with a 1 N clamp. The initial distance between clamps was 18 mm. Tensile tests were performed at a speed of 100 mm/min, according to a previous report.[22]

Tissue Adhesion Test: Burst strengths of the hydrogels were measured according to the the American Society of Testing and Materials (ASTM) procedure (ASTM-F2392-04R, Standard Test Method for Burst Strength of Surgical Sealants). The 30 mm collagen casings (Nippi, Yokohama, Japan) were cut into discs and prepared with 3-mm pinholes. A silicone ring mold (outer and inner diameters: 20 and 15 mm, respectively; thickness: 1 mm) was used to fix the gel thickness. The pre-gel solutions (300 µL) were added to the center of the silicon mold on collagen casings and exposed to UV irradiation. The samples were placed in a chamber, and the burst strength (maximum pressure) measured by running a saline solution using a syringe pump at a flow rate of 2 mL/min at 37°C.

Cell Viability Assay: The mouse fibroblast cell line, L929 (RIKEN, Saitama, Japan), was cultured in Dulbecco’s modified Eagle’s medium (DMEM; Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich) and 1% penicillin-streptomycin (P/S; Thermo Fisher Scientific, Waltham, MA, USA). Each pre-gel solution was sterilized via filtration with a 0.22 μm filter. The pre-gel solution was poured into a silicone mold and subjected to UV irradiation. The hydrogels were cut with an 8 mm punch, immersed in DMEM, and incubated for 24 h at 37°C. The supernatants were then collected and frozen before use. L929 cells were seeded at 1 × 104 cells/well in a 96-well plate and cultured for 24 h at 37°C in a 5% CO2 incubator. The cells were then exposed to each supernatant and cultured for 24 h. Cell morphology was observed using an optical microscope (EVOS XL Cell Imaging System; Thermo Fisher Scientific). The cells were counted using a cell counting kit (WST-8 assay; DOJINDO, Kumamoto, Japan). Briefly, 10 µL WST-8 reagent was added to 100 µL culture medium and incubated for 2 h. The absorbance of the medium was monitored at 450 nm using a microplate reader. Cell numbers were calculated using a standard curve. The absorbance of cells cultured without gelatin was set at 100%.

Infiltration Assays: Normal human dermal fibroblasts (NHDFs, Lonza, Switzerland) were cultured in DMEM supplemented with 10% FBS and 1% P/S. The pre-gel solutions were added to a cell culture insert (pore size: 8 μm) and UV-irradiated to form the hydrogels. The hydrogels were then incubated in PBS for 24 h at 37°C. NHDFs were seeded at 1 × 104 cells/well in the cell culture inserts (medium volume in the insert: 100 μL, plate: 1 mL) and cultured for three days at 37°C in a 5% CO2 incubator. The cells were fixed with 4% paraformaldehyde for 30 min. After washing with PBS, the cells were permeabilized with 0.2% Triton-X for 30 min. The cells were then blocked with 1% bovine serum albumin/PBS for 1 h. For actin staining, the cells were stained with rhodamine-labeled phalloidin (1:200; Thermo Fisher Scientific) overnight at 4°C. After washing with PBS, the cells were stained with 4′,6-diamidino-2-phenylindole (Thermo Fisher Scientific) for 1 h at 25°C. Cellular morphology was observed using CLSM, and infiltration depth of the cells quantified from the CLSM images using ImageJ software.

[bookmark: _Hlk152581327]Subcutaneous Implantation: All animal experiments were approved by the Animal Care and Use Committee of the National Institute for Materials Science (Ibaraki, Japan). Each pre-gel solution was sterilized via filtration with a 0.22 μm filter and kept at 37°C until use. The pre-gel solution was poured into a silicone mold (1 mm thickness) and sandwiched with another silicon sheet. After incubation at 4°C for 1 h to induce instant gelation, the hydrogel was UV-irradiated (100 mJ/cm2) using an irradiation device (CL-1000 UV crosslinker) and cut into discs using an 8 mm punch. Female Wistar rats (7 weeks old, n = 3–4) were anesthetized via inhalation of 2.5% isoflurane. Hair on the back skin of rats was shaved with a razor, and the area disinfected with 70% ethanol. Hydrogels were then subcutaneously implanted into the rats by cutting 2 cm of skin, and the incision sites sutured. At 1, 2, 4, and 8 weeks after treatment, the rats were euthanized through blood removal, and the tissues collected. The samples were fixed in a 10% formalin neutral buffer solution and stained with HE for histological observation. Images of the hematoxylin and eosin (HE)-stained gel sections were scanned using a digital slide scanner (NanoZoomer S210; Hamamatsu Photonics, Hamamatsu, Japan).

Skin Incision Wound Models: Each pre-gel solution was sterilized via filtration with a 0.22 μm filter and kept at 37°C until use. Female Wistar rats (7 weeks old, n = 3–4) were anesthetized via inhalation of 2.5% isoflurane. Hair on the back skin of rats was shaved with a razor, and the area disinfected with 70% ethanol. Skin incisions were made on the backs by cutting away 1 cm of skin using a scalpel. After hemostasis, the pre-gel solutions were applied to the wounds and UV-irradiated using a spot-type LED device (HLV2-24VL3-405, peak emission wavelength: 405 nm; CCS Inc., Kyoto, Japan). Carprofen (RIMADYL; Zoetis, Parsippany-Troy Hills, NJ, USA) and amikacin solution (Meiji Seika Pharma, Tokyo, Japan) were intraperitoneally administered to reduce pain and prevent infection. Two weeks after treatment, the rats were euthanized through blood removal, and tissues then collected. The samples were fixed in a 10% formalin neutral buffer solution and stained with HE for histological observation. Images of the HE- and Masson’s trichrome (MT)-stained gel sections were scanned using a digital slide scanner.

Statistical Analysis: The results are expressed as mean ± s.d. One-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison post hoc test, was used to test for differences among the groups. Experiments were repeated multiple times as independent experiments. Data shown in each figure are complete datasets obtained from independent representative experiments. None of the samples were excluded from the analysis. Statistical significance is indicated by *P <0.05, **P <0.01, ***P <0.001, and ****P <0.0001. Statistical analyses were performed using GraphPad Prism v.8.0 (GraphPad Software, La Jolla, CA, USA).




3. Results and Discussion
3.1. Formation of LLPS Structures and Micropores in Hydrogels
We previously reported on thiol-ene reaction-based LLPS hydrogels using the self-association of UPy units.[19, 20] Instead of using click chemistry for gelation, GelMA was used as a component of the tissue adhesive. GelMA allows pinpoint adhesion only at the targeted site upon UV irradiation and can be used as a single-syringe adhesive,[23] which improves operability compared with that of conventional double-syringe adhesives. To fabricate photoglues, GelMA71, GelUPy48, and GelUPy57MA43 were synthesized (Table S1). The 1H-NMR results showed the successful introduction of UPy and MA into gelatin (Figure S1). In the FT-IR measurements, no signals were observed at 2280 cm−1 that could be ascribed to the isocyanate groups in GelUPy nor at 1774 and 1722 cm−1 that could be ascribed to the stretching vibration of the carbonyl groups of MAA in GelMA and GelUPyMA (Figure S2). This result indicated that unreacted free UPy derivatives and MAA did not remain in the synthesized gelatin derivatives.
[bookmark: _Hlk135315605][bookmark: _Hlk137474511]Four types of hydrogels were prepared as photocurable tissue adhesives: nonporous-1 (GelMA+Gel), μCN (GelMA+GelUPy), nonporous-2 (GelUPyMA+GelUPy), and μFN (GelUPyMA+Gel). Nonporous-1 and -2 were composed of photocrosslinked GelMA or GelUPyMA as control groups of μCN and μFN, respectively. Confocal laser scanning microscopy (CLSM) observation showed that mixing GelMA and GelUPy or GelUPyMA and Gel formed LLPS microfibrous structures in hydrogels (μCN and μFN), respectively (Figure 2). The μCN and μFN hydrogels had a higher turbidity, indicating successful LLPS formation (Figure S3). After immersion in PBS for 24 h, GelUPy and Gel were eluted from the hydrogels, and microporous structures created. In μCN, microfibers of GelUPy were removed and capillary networks structures formed in the hydrogels, whereas the Gel matrix was eluted to form microfiber network-based hydrogels in μFN. This micropore formation process can occur after wound closure in vivo and may support cell infiltration. Several methods, including the use of particle porogens,[24-26] microgels,[27, 28] and air bubbles,[29] have been reported to provide porous structures in injectable hydrogels. However, creating interconnected pores and sufficient void spaces for cell infiltration remains challenging. The LLPS-based technique show in this study would be useful for creating interconnected microporous structures in tissue-adhesive hydrogels.
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[bookmark: _Hlk127471135][bookmark: _Hlk158647569][bookmark: _Hlk137128247]Figure 2. CLSM and 3D-reconstructed images of photoglues before and after immersion in PBS. Nonporous-1, μCN, nonporous-2, and μFN hydrogels were prepared via UV irradiation (100 mJ/cm2) in the presence of 0.1% LAP. For visualization, fluorescently labeled GelMA (FITC; green), Gel (Cy5.5; violet), GelUPy (Cy5.5), GelUPyMA (Cy5.5), GelUPy (FITC), and Gel (FITC) were used. Scale bars = 50 µm.


3.2. Mechanical Properties of Photocrosslinked Hydrogels
To design tissue adhesives for clinical translation, their biocompatibility, tissue adhesive strength, and operability need to be addressed. Photoglue can be administered via single-syringe injection under UV irradiation. Compared to the double-syringe type, single-syringe tissue adhesives can easily be used by surgeons without incomplete mixing of the two components. To assess the ability of the photoglue to act as a single-syringe adhesive, its viscosity and injectability were evaluated. Rheological measurements revealed that the viscosity of all pre-gel solutions decreased depending on the shear rate, indicating a shear-thinning-like property (Figure 3a). Nonporous-1, μCN, and μFN possessed a low viscosity, with shear rates measuring over 1 1/s, whereas nonporous-2 showed a relatively high viscosity due to its high concentration of GelUPy. The injectability of these pre-gel solutions using 27-gauge needles was >90%, and the force required for injection <40 N, which is the injectable range of the operator (Figure 3b).[30] Gelation occurred within a few seconds after UV irradiation. The swelling ratio of each hydrogel was relatively low, with no considerable differences observed between samples (Figure 3c). Rheological measurements of the hydrogels showed that the suitable composition and fabrication conditions for photocrosslinking were 0.1% LAP and 100 mJ/cm2 (Figure S4). These GelMA-based hydrogels were enzymatically degraded during incubation with collagenase, indicating that they may be absorbable by the body (Figure 3d).
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Figure 3. (a) Viscosity of the pre-gel solutions as a function of shear rate. (b) Injectability of the pre-gel solutions using 27-gauge needles. (c) Swelling ratio of the hydrogels. (d) Degradation behavior of the hydrogels during incubation with collagenase. Data are presented as the mean ± s.d. Error bars represent the s.d. (n = 3).


3.3. Tissue Adhesive Property of Photoglues
The burst strength of the engineered photoglues was evaluated using collagen casings, according to the ASTM procedure (ASTM-F2392-04R) (Figure 4a). Nonporous-1 and μCN showed a burst strength >10 kPa, whereas nonporous-2 and μFN did not adhere strongly (Figure 4b). Burst strength depends on the bulk strength of hydrogels and interfacial adhesion to the tissues. Nonporous-1 and μCN possessed similar burst strengths, indicating that the LLPS structures did not impair their tissue adhesive properties. Although nonporous-2 possessed the same level of tensile strength as that of nonporous-1, its adhesion strength was poor due to the high viscosity of its pre-gel solution, which did not glue into the small gaps on tissue surfaces. The μCN photoglue adhered strongly onto various tissue surfaces. A defect prepared on heart tissue surfaces could be sealed using μCN, and μCN remained adhesive after water flushing (Figure 4c). PBS leakage in the stomach and large intestine was impeded after applying μCN, and no leakage could be observed even after applying pressure (Figure 4d,e). Although these tissue adhesive experiments were performed before pore formation in photoglues, pore formation occurred after 2 weeks of implantation into the tissues (shown in Figure 6). Thus, at early stage after application of photoglues, micropores were not formed yet and no leakage of fluids through pores may not occur. 
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Figure 4. (a) Schematic illustration of the burst strength measurements. (b) Burst strength of the hydrogels against collagen casings (n = 5; error bars represent the s.d.). Tissue adhesion of μCN hydrogels to the porcine heart (c), stomach (d), and large intestine (e). Data are presented as the mean ± s.d. ****P <0.0001, as analyzed via one-way ANOVA with Tukey’s multiple comparison post hoc test. n.s. = not significant.


3.4. Cell Infiltration into Photoglues
To overcome a trade-off relationship between tissue adhesion strength for long-term wound closure and degradation rate for tissue regeneration, we designed microporous tissue adhesives that possess sufficient tissue adhesive strength and cell-infiltrative properties through microporous structures, which may promote wound healing without compromising the mechanical strength of adhesives. To address the ability of LLPS hydrogels to infiltrate cells, NHDFs were used as dermal tissue-derived cells. Prior to the cell infiltration experiments, the cytocompatibility of hydrogels were evaluated using an extraction method. Results showed that each hydrogel had a high cytocompatibility (Figure S5). Next, NHDFs were seeded onto the hydrogels to evaluate their infiltrating depth into the hydrogels after three days of culture. Although nonporous-1 hydrogels showed few infiltrating cells, NHDFs highly infiltrated into μCN (Figure 5a). The infiltration depth of μCN showed 3.5- and 2.6-fold increases compared with that of nonporous-1 and μFN, respectively, whereas μFN also enhanced infiltration compared with that of nonporous-2 (Figure 5b). In contrast, fibrin glue showed reduced cell infiltration into the glue (Figure S6). Fibrin glue is composed of high concentrations of fibrinogen and thrombin, and fibrin fibers accumulate at a high density in the glue, which suppresses cell infiltration. These results suggest that the introduction of microporous structures into tissue adhesives using LLPS enhances cell infiltration and promotes wound healing.
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Figure 5. (a) 3D-reconstructed CLSM images of NHDFs seeded onto hydrogels. Fluorescently labeled gelatin derivatives were used to visualize the hydrogels. Actin was stained with phalloidin (red). Cross-sectional images (top) displayed the section at a 200-μm depth from the hydrogel surfaces. White arrows show the infiltrated cells at a 100-μm depth. (b) The depth of infiltrated cells from hydrogel surfaces were quantified from the CLSM images. Data are presented as the mean ± s.d. *P <0.05 and ****P <0.0001, as analyzed via one-way ANOVA with Tukey’s multiple comparison post hoc test. Scale bar = 50 µm.


3.5. Biodegradability and Wound Healing Property of Photoglues
To evaluate the biodegradability of the micropore-forming photoglues, they were subcutaneously implanted in rats. No irritation or swelling at the site of implantation was confirmed. Histological observations showed that severe inflammation around the hydrogels did not occur, and hydrogel thickness decreased in all samples (Figure 6a,b). This result indicates that the gelatin-based photocrosslinked hydrogels are biodegradable, which agrees with the in vitro enzymatic degradation results. Regarding inner structures of the hydrogels, LLPS structures were confirmed at 1 week after implantation, and micropores gradually formed at 4 weeks in μCN, whereas nonporous-1 possessed a densely crosslinked matrix without micropores. The pore formation rate of μCN was relatively slower compared with that measured during the in vitro study because some GelMA was distributed in GelUPy phases in the hydrogels and partially crosslinked in GelUPy phases. On the other hand, slow formation of pores would be favorable for maintaining tissue adhesion without leakage of fluids at early stage after application of photoglues.
To determine whether microporous tissue adhesives enhance wound healing, skin incision wound models of rats were used. Incision wounds were closed by applying the hydrogels, and tissue structures observed during wound healing to compare with wounds treated through suturing or a clinically used adhesive for skin (Dermabond) (Figure 6c). HE-stained images confirmed that host cells (e.g., immune cells and fibroblasts) infiltrated the wound area, and the wounds closed at 2 weeks in all samples (Figure 6d). MT staining revealed that newly formed collagens were observed in the wounds of all samples, and μCN showed a comparable regeneration of hair follicles and macrophage accumulation with those of control and suture samples (Figure 6e-g). Although Dermabond quickly closed wounds during the procedure, it caused inflammatory responses and did not induce hair follicle regeneration due to the presence of toxic components (e.g., 2-octyl cyanoacrylate monomer) or formaldehyde as a degradation product of polymerized 2-octyl cyanoacrylate. Taken together, microporous tissue adhesives may promote tissue regeneration as a cell-infiltrative scaffold while maintaining tissue adhesive strength during wound healing.
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[bookmark: OLE_LINK1]Figure 6. (a) HE-stained images of subcutaneously implanted hydrogels in rats. (b) Thickness of hydrogels quantified from the HE images. (c) Schematic illustration of the skin incision wound models generated in rats. HE- (d), MT- (e), and CD68 antibody-stained (f) images of wounded tissues at 2 weeks after the treatments. (g) Number of hair follicles in the wounded area. Data are presented as the mean ± s.d (error bars represent the s.d.; n = 3). **P <0.001, as analyzed via one-way ANOVA with Tukey’s multiple comparison post hoc test. n.s. = not significant. Scale bars = 200 µm (top) and 50 µm (bottom) for (a); 200 µm for (d); and 100 µm for (e,f).


4. Conclusion
In conclusion, we presented a microporous tissue adhesive with an enhanced cell infiltration capacity for tissue regeneration. Based on LLPS technology, the micropore-forming photoglues, μCN and μFN hydrogels, were engineered. The pre-gel solution of the photoglue possessed high injectability, and the photocrosslinked hydrogels were enzymatically degraded. The μCN hydrogels showed a high tissue adhesive strength against the collagen membrane, heart, stomach, and large intestinal tissues. Moreover, the microporous hydrogels served as highly cell-infiltrative scaffolds, and fibroblasts could infiltrate through their pores. These hydrogels formed micropores after implantation in rats and exhibited biodegradability. Finally, μCN hydrogels promoted hair follicle regeneration and wound healing in skin incision wound models. This novel tissue adhesive holds promise for overcoming the trade-off between tissue adhesion strength for long-term wound closure and degradation rate for tissue regeneration and contributes to promoting wound healing and preventing postoperative complications.
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