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Robust aortic media adhesion using hydrophobically-modified Alaska pollock gelatin-based adhesive for aortic dissections
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Abstract
Type-A aortic dissection is an acute injury involving the delamination of the aorta at the parts of the aortic media. Aldehyde crosslinker-containing glues have been used to adhere the media of the dissected aorta before joining an artificial graft. These glues effectively adhere to the aortic media; however, they show low biocompatibility due to the release of aldehyde compounds. In this study, we report innovative adhesives based on hydrophobically-modified Alaska pollock gelatin (hm-ApGltn) with different alkyl or cholesteryl groups that adhere to the media of the dissected aorta by combining hm-ApGltns with a biocompatible crosslinker, pentaerythritol poly(ethylene glycol) ether tetrasuccinimidyl glutarate (4S-PEG). The modification of alkyl or cholesteryl (Chol) groups contributed to enhanced adhesion strength between porcine aortic media. The adhesion strength increased with increasing modification ratios of alkyl groups from propanoyl to dodecanoyl groups and then decreased at a modification ratio of ~20 mol%. Porcine aortic media adhered using 7.5Chol-ApGltn adhesive showed stretchability even when expanded and shrunk vertically by 25% at least five times. Hm-ApGltn adhesives subcutaneously injected into the backs of mice showed no severe inflammation and were degraded during the implantation period. These results indicated that hm-ApGltn adhesives have potential applications in type-A aortic dissection.
Introduction
Acute aortic dissection is a serious vascular disease that causes delamination of the intima from most of the media layer extending from the outer adventitious layer along the aorta. Acute aortic dissections are classified into two types according to the Stanford classification system introduced in 19701: Type-A aortic dissection involves intimal tears and propagation of the dissection between the medial and intimal layers of the ascending aorta2, while type-B is a dissection of the thoracic aorta below the left subclavian artery. Endovascular stent graft implantation has been employed in the treatment of type-B aortic dissection3. For type-A aortic dissections, artificial graft placement is performed after removal of the dissected aorta. Before joining the artificial graft with the original aorta by suture, glues are used to bond the false lumen of the dissected aorta4. These glues effectively bond to the false lumen in a moist environment; however, they contain aldehyde compounds, such as formaldehyde or glutaraldehyde, to crosslink gelatin or bovine serum albumin molecules. Due to their release of unreacted aldehyde compounds during biodegradation, cured glues show low biocompatibility5-7. Consequently, other types of adhesives such as cyanoacrylate8, fibrin9 and poly(ethylene glycol)10 have been used in surgical operations. Several other approaches have been developed to adhere soft tissues using adhesive hydrogels based on bio-inspired polymers11-15, genetically-engineered polypeptides16, polysaccharides17-20, and (meth)acrylate polymers21,22; however, their applications in cardiovascular surgery, especially for type-A aortic dissection, are limited by their poor mechanical properties, adhesion strength, and biocompatibility. 
We previously developed innovative tissue adhesive materials based on hydrophobically-modified Alaska pollock gelatins (hm-ApGltn)23-25. ApGltn has a low sol-gel transition temperature (<13.8 °C) due to its low imino acid content (<150 units per 1000 residues)26, which negates the necessity for preheating. By combining hm-ApGltn with the water-soluble crosslinker pentaerythritol poly(ethylene glycol) ether tetrasuccinimidyl glutarate (4S-PEG), we successfully sealed tissue defects formed on the surface of lungs27,28, large intestine29,30, and blood vessels31. We confirmed that the increased adhesion/sealing strength on the surface of these soft tissues was due to the increased binding constant of hm-ApGltn with extracellular matrix proteins, such as fibronectin, and the anchoring of hm-ApGltn molecules to the phospholipid cell membrane27. For sealing outside of the aorta using hm-ApGltn-based adhesives, the adherent needs to bind with the aortic adventitia, the main components of which are collagen and fibroblasts32. However, the adhesion properties of the aortic media, mainly consisting of elastin and smooth muscle cells32 require further investigation in the design of tissue adhesives using hm-ApGltn for type-A aortic dissection.
In this study, we synthesized hm-ApGltns with various alkyl chains or cholesteryl groups to design tissue adhesives for type-A aortic dissection. Combining hm-ApGltns with 4S-PEG, we evaluated the effects of varying physico-chemical parameters on adhesion strength along with tissue reactions related to subcutaneous injections with the resulting adhesives.

Materials and Methods
2.1 Materials
ApGltn (Mw = 150,000) was kindly donated by Nitta Gelatin (Osaka, Japan). Propionyl, hexanoyl, lauroyl, and stearoyl chlorides were purchased from Sigma-Aldrich (St. Louis, MO, USA). Triethylamine (TEA), sodium dodecyl sulfate (SDS), dehydrated dimethylsulfoxide (DMSO), ethanol, ethyl acetate, 2,4,6-trinitrobenzenesulfonic acid (TNBS), hydrochloric acid, and 10% formalin neutral buffer solution were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). 4S-PEG (SUNBRIGHT PTE-100GS, MW = 10,000) was purchased from NOF (Tokyo, Japan). Porcine aorta tissue was purchased from Funakoshi (Tokyo, Japan). Saline was purchased from Otsuka Pharmaceutical Co., Ltd. (Tokyo, Japan). All chemicals were used without further purification.

2.2 Synthesis and characterization of hm-ApGltn
Hydrophobically-modified Alaska pollock gelatins (hm-ApGltns) were prepared by the reaction of fatty acid chloride or cholesteryl chloroformate with the primary amine of ApGltn. Briefly, a mixture of ApGltn (30 g) in DMSO (495 mL) and TEA (5 mL) was stirred at 37 °C for 2 h. Cholesteryl group modified-ApGltn (Chol-ApGltn) was prepared by adding cholesteryl chloroformate powder at 80 °C. Propionyl, hexanoyl, lauroyl, and stearoyl group modified-ApGltns were prepared by the addition of various fatty acid chloride DMSO solutions at 37 °C. The mixture was stirred in an N2 atmosphere overnight. The resulting hm-ApGltn was precipitated by adding three volumes of cold ethanol to remove unreacted fatty acid chlorides or cholesteryl chloroformate. The resulting solid was dried at 25 °C to obtain a white cake. The degree of substitution was evaluated by determining the number of free amino groups before and after modification using the TNBS method. Briefly, 0.1 mL of 0.05% hm-ApGltn, 0.1 mL of 4% NaHCO3, and 0.1 mL of 0.1% TNBS were placed in a 48-well plate and incubated at 37 °C for 2 h. After the addition of 0.1 mL 1 N HCl, individual mixtures were measured spectrophotometrically using a microplate reader (GENios A-5082; Tecan Japan, Kanagawa, Japan). Modification of the hydrophobic groups into the amino groups of ApGltn was also confirmed by Fourier-transform infrared spectroscopy (FT-IR, FTIR-8400S, Shimadzu, Kyoto, Japan).

2.3 Measurement of adhesion strength 
We determined the adhesion strength of the hm-ApGltn adhesives using aortic media prepared from porcine aorta as adherends. Briefly, porcine aortic media were cut into two disks of 5 mm and 5 cm in diameter, respectively. The first medium (5 mm in diameter) was adhered to a probe with cyanoacrylate glue, and the other medium (5 cm in diameter) was fixed using an acrylic plate (Fig. 2). 100 μL of hm-ApGltn adhesives with various hydrophobic groups were placed directly onto the porcine aortic media. The volume ratio between hm-ApGltn solution and 4S-PEG solution was fixed at 1/1 (v/v). To optimize the tissue adhesion conditions, Org-ApGltn and 4S-PEG concentrations were varied from 20 to 60 w/v% and 5 to 13 mM, respectively. Molar ratio of In addition, the pH and compressive stress were varied from 6 to 8 and 0.5 to 10 g/mm2. To compare hm-ApGltn adhesives with different modification ratios of hydrophobic groups, the hm-ApGltn and 4S-PEG concentrations were fixed at 40 w/v% and 11 mM, respectively. The adhesion strength was measured using a texture analyzer (TA-XT2i, Stable Micro Systems, Godalming, UK; n = 3) with the following standard conditions: 300 s contact time, 0.5 g/mm2 (49kPa) applied force, and 1 mm/s tracking speed. After the adhesion strength measurement, each sample was fixed with a 10% formalin neutral buffer solution, followed by hematoxylin and eosin (HE) staining. The cross-sections of the stained samples were observed using an optical microscope (BX51, Olympus, Tokyo, Japan). An aldehyde-based glue (GRF glue®, Senko Medical Instrument, Tokyo, Japan) was used as a commercial adhesive.

2.4 Mechanical strength of hm-ApGltn adhesive hydrogels
The mechanical strength of the cured hm-ApGltn adhesive (gel) was measured using texture analyzer (TA-XT2i, Stable Micro Systems, Godalming, UK) (n = 5). Rheological properties of the hm-ApGltn/4S-PEG gel were measured after mixing using a rheometer (Physica MCR301, Anton Paar GmBH, Graz, Austria) equipped with a parallel-plate geometry (diameter: 25 mm) and a solvent trap. The hm-ApGltn and 4S-PEG concentration was fixed at 40 w/v% and 11 mM, respectively. Testing was performed under unconstrained compression at room temperature. The strain was then set within the upper end of the linear range for each gel.

2.5 Subcutaneous implantation of hm-ApGltn adhesives
All animal experiments were performed with approval from the Animal Care and Use Committee of the National Institute for Materials Science. The tissue reactions and biodegradation behavior of the hm-ApGltn adhesives were evaluated by subcutaneous injection into the backs of 8-week-old ICR mice (Charles River Laboratories, Yokohama, Japan). Initially, hm-ApGltn (40 wt%, 0.1 M PBS (pH 8)) and 4S-PEG solutions (11 mM, 0.1 M PBS (pH 8)) were mixed at 1/1(v/v) to prepare the adhesive, of which 50 µL was injected using 18 G needle. After various periods, the tissue at the injection site was collected and fixed in 10% formalin neutral buffer solution. We then stained the samples with HE and conducted a histological evaluation by optical microscopy (BX51, Olympus).

2.6 Statistical analysis
[bookmark: _Hlk146283474][bookmark: _Hlk146283448] All data are shown as mean ± standard deviation calculated from 3 independent experiments. Statistical analysis was performed using GraphPad Prism v.8.0 (GraphPad Software, La Jolla, CA, USA). Statistical significance tested by Tukey’s multiple comparison test (n = 3): *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001.
Results and Discussion
3.1 Synthesis and characterization of hm-ApGltns and hm-ApGltn/4S-PEG adhesive hydrogels
Hm-ApGltns with different alkyl (C3, C6, C12, and C18) or Chol groups and different modification ratios were successfully synthesized by nucleophilic substitution of the amino group in ApGltn with fatty acid chlorides (hydrocarbon chain: C3-C18) or cholesteryl chloroformate (Fig.1a). From the FT-IR measurements, typical peaks of methyl stretching (2,879 cm-1), methylene stretching (2,935 cm-1), and secondary amine stretching (3,276 cm-1) were observed for the alkyl group-modified ApGltns. The modification ratios of C3-, C6-, C12-, C18-, and Chol-ApGltns were determined using the TNBS method. The modification ratios of the hydrophobic groups could be controlled by changing the initial concentration of the hydrophobic fatty acid chloride or cholesteryl chloroformate (Table S1). Using 4S-PEG as a crosslinker (Fig.1b), we also compared the storage modulus (G’) of the hm-ApGltn/4S-PEG cured adhesives (gels) with different alkyl or Chol groups and different modification ratios (Fig. S1). Compared with the Org-ApGltn/4S-PEG adhesive hydrogel, G’ decreased with an increase in the modification ratio when hm-ApGltns with short alkyl chain lengths (C3 or C6) were used. However, an increased G’ was observed in the hm-ApGltn/4S-PEG adhesive hydrogels with long alkyl chains (C12 or C18), which was due to the formation of physical crosslinks by the alkyl groups, especially the long alkyl chains, in addition to chemical crosslinking by 4S-PEG. In contrast, the G’ of the Chol-ApGltn/4S-PEG adhesive hydrogels increased up to a modification ratio of 7.5 mol%, and then decreased. The reason for this phenomenon is unclear; however, one possibility is that the heterogeneity of the Chol-ApGltn/4S-PEG adhesive hydrogel (12Chol) structure was greater than that of the Org-ApGltn/4S-PEG adhesive hydrogel owing to the high cohesive property of the Chol groups. In situ crosslinking of hm-ApGltns using 4S-PEG will show the adhesion property (Fig.1c), so we next measured adhesion strength using Org- or hm-ApGltns with different conditions.
 [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
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Figure 1. Synthesis and chemical structure of the hydrophobically modified Alaska pollock gelatin (hm-ApGltn) tissue adhesive components. a) Modification of ApGltn with different fatty acid chlorides or cholesteryl chloroformate. b) Chemical structure of pentaerythritol poly(ethylene glycol) ether tetrasuccinimidyl glutarate (4S-PEG). c) Adhesion of aortic media using hm-ApGltn/4S-PEG adhesive hydrogel.

3.2 Measurement of adhesion strength
The adhesion strength of the hm-ApGltn adhesive was measured using a fresh porcine aortic medium (Fig. 2). To optimize the adhesion conditions, we evaluated the effects of physicochemical factors on adhesion strength in Org-ApGltn. The adhesion strength increased with increasing 4S-PEG concentrations up to 11 mM, after which it decreased (Fig. 3a). At a 4S-PEG concentration of 13 mM, the molar ratio of the amino groups of Org-ApGltn (20wt%): active ester groups of 4S-PEG was 1/1 (mol/mol). However, the resulting Org-ApGltn/4S-PEG gel was opaque. This phenomenon is due to the fact that 4S-PEGinduced the dehydration of Org-ApGltn. Based on these results, we selected 11 mM 4S-PEG for subsequent experiments. We evaluated the effect of pH on adhesion strength using 0.1 M PBS with different pHs. Adhesion strength clearly increased with an increase in the pH of the 0.1 M PBS (Fig. 3b). Amide formation between amino groups and active ester groups is promoted in an alkaline environment due to the deprotonation of amino groups at high pH. Therefore, the increased adhesion strength was due to the high crosslinking density of the Org-ApGltn/4S-PEG gel at pH 8. We found that adhesion strength varied greatly between 20 and 60% Org-ApGltn concentration (Fig. 3c), indicating that the appropriate concentration of Org-ApGltn was lower than 60%. We further evaluated the effect of compressive stress on adhesion strength, and found that adhesion strength increased to 5 g/mm2 (49kPa) and then became constant (Fig. 3d). Based on this result, we employed a compressive stress of 5 g/mm2 to further evaluate the adhesion strength of the hm-ApGltn adhesives.
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Figure 2. Procedure for adhesion strength measurements in aortic media.
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Figure 3. Effect of physico-chemical factors on adhesion strength of Org-ApGltn adhesives. a) Effect of 4S-PEG concentration, b) pH, c) Org-ApGltn concentration, and d) compressive stress on adhesion strength. Data are presented as the mean ± SD of three samples. *p<0.05, **p<0.01, ****p<0.0001; NS, not significant.
Fig. 4 shows the adhesion strength of hm-ApGltn adhesives after application to fresh porcine aortic media. The hydrophobic groups employed were different alkyl groups (C3, C6, C12, and C18) or a Chol group at different modification ratios. Adhesion strength was enhanced by modifying all the hydrophobic groups in Org-ApGltn (Fig. 4a). The 9.6C18-ApGltn adhesive showed the highest adhesion strength among the adhesives and had a 16-fold higher adhesion strength than the commercial aldehyde-based glue. Adhesion strength increased with an increasing modification ratio when the alkyl chains were C3, C6, or C12. Interestingly, the adhesion strength increased up to a modification ratio of approximately 10 mol% and then decreased when C18- or Chol-ApGltn adhesives were used. The decreased adhesion strength of C18- or Chol-ApGltn adhesives with high modification ratios (19C18 and 12Chol) was due to the increased aggregation or assembly of C18 or Chol groups in cured adhesives (gels), and that C18 or Chol groups in ApGltn could not effectively interpenetrate the surface of porcine aortic media. Fig. 4b shows the effect of alkyl chain length on the adhesion strength of alkyl group-modified ApGltn adhesives with modification ratios of ~20 mol%. Adhesion strength clearly increased with increasing alkyl chain length up to C12 and then decreased. Although further experiments are needed, we believe that this indicates that the aggregation/assembly of the C18 group potentially decreases adhesion strength. 
 [image: 黒い背景と白い文字
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[bookmark: _Hlk108602672]Figure 4. Adhesion strength of hm-ApGltn adhesives applied on fresh porcine aortic media. a) Adhesion strength of hm-ApGltn adhesives with various modification ratios. b) Effect of alkyl chain length on adhesion strength. Modification ratios of alkyl chain length were ~20 mol%. (C3: 14 mol%, C6: 18mol%, C12: 19 mol%, C18: 19 mol%). Data are presented as the mean ± SD of three samples. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; NS, not significant.
We investigated the mechanisms of adhesion by hm-ApGltn adhesives by histological observations of the porcine aortic media. A residual adhesive layer was observed on porcine aortic media with most adhesives, except 12Chol and commercial aldehyde-based glue. Compared with the Org-ApGltn adhesive, a thick adhesive layer occurred on aortic media applied with long-alkyl-chain hm-ApGltn adhesives, such as C12 and C18. This indicates that the modification of the hydrophobic groups effectively enhanced the interfacial strength between the cured adhesives and the aortic media. In other words, cohesive fracturing occurred when applying hm-ApGltn. In particular, the thickness of the residual 9.6C18-ApGltn adhesive was significantly greater than that of the other adhesives, which correlated well with adhesion strength. In contrast, no residual 12Chol-ApGltn adhesive layer was observed, indicating that this adhesive peeled away from the surface of the aortic media, despite the high modification ratio of Chol in the ApGltn molecule. The decreased adhesion strength of the 12Chol-ApGltn adhesive was related to the inter/intramolecular aggregation or assembly of 12Chol-ApGltn molecules, which weakened their interpenetration into the surface of the aortic media (Figs. 4a, 5 and S2). 
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[bookmark: _Hlk146294947]Figure 5. Histology of porcine aortic media after adhesion strength measurement using hm-ApGltn adhesives. Org-ApGltn and GRG glue® were used as control adhesives. A, adhesive; T, tissue.

To support this hypothesis, we evaluated the mechanical properties of the cured Chol-ApGltn adhesive gels using tensile tests (Fig. 6a). Tensile strength decreased at low Chol contents of 4.9 and 7.5 mol%, whereas it increased with Org-ApGltn adhesive hydrogels at a Chol content of 12 mol% (Fig. 6b), indicating that, despite having a lower adhesion strength, the bulk strength of the 12Chol-ApGltn adhesive hydrogel was higher than that of the 7.5Chol-ApGltn adhesive hydrogel. The adhesion strength of the Chol-ApGltn adhesive was mainly governed by the interfacial strength between the cured Chol-ApGltn and the porcine aortic media (Figs. 4a, 5, and 6b). We next evaluated the stretchability of two porcine aortic media adhered with the 7.5Chol-ApGltn adhesive (Fig. 6c). Stretchability was defined as whether or not the adhered aortic media tissues were not detached by stretching and shrinking them by 25%. The adhered porcine aortic media showed excellent stretchability when expanded by 25% and returned to their original state after shrinking 25%, without peeling. We repeated this test at least five times and found that the 7.5Chol-ApGltn adhesive showed good followability to shape changes. For type-A aortic dissection, the false lumen of the dissected aorta, i.e., the aortic media, was adhered with glue to join the artificial graft with the original aorta using sutures. Based on the results in Figs. 4, 5, and 6, hm-ApGltn adhesives, especially the 9.6C18- and 7.5Chol-ApGltn adhesives, have potential applications in type-A aortic dissection.
[image: グラフィカル ユーザー インターフェイス
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Figure 6. Mechanical properties of Chol-ApGltn adhesives. a) Tensile strength measurement of cured Chol-ApGltn adhesives gels. b) Effect of Chol modification ratios in Chol-ApGltn adhesive hydrogels on tensile strength. c) Stretchability of porcine aortic media adhered with 7.5Chol-ApGltn adhesive. Data are presented as the mean ± SD of five samples. ***p < 0.001; NS, not significant.

We finally evaluated tissue reactions and biodegradation behavior after injection of tissue adhesives into the backs of mice. We selected the 19C12- and 7.5Chol-ApGltn adhesives based on their higher adhesion strengths (compared to that of the Org-ApGltn adhesive, Fig. 4). The Org-ApGltn adhesive and commercial aldehyde-based glue were injected as controls. The Org-ApGltn adhesives gradually degraded over time, and most of the cured adhesives degraded within 4 weeks post-injection (Fig. 7a). Similarly, most of the 19C12-ApGltn adhesive degraded within 4 weeks post-injection, without any inflammatory reactions such as encapsulation or calcification. The 7.5Chol-ApGltn adhesive degraded with time, but remained intact even 4 weeks post-injection, which was likely due to the additional physical crosslinking of the Chol groups with covalent 4S-PEG. The commercial aldehyde-based glue also remained after 4 weeks post-injection; however, severe inflammation was observed compared to the 19C12- and 7.5Chol-adhesives at 2 weeks post-injection. Fig. 7b shows magnified images of the tissue-adhesive interface at 1 week post-injection. Some cells infiltrated the cured Org-, 19C12-, and 7.5Chol-ApGltn adhesives. Because ApGltn has specific amino acid sequences that are degraded by matrix metalloproteinases or promote cell adhesion/infiltration33,34, the Org-, 19C12-, and 7.5Chol-ApGltn adhesives were subsequently degraded. In contrast, no cell infiltration was observed in the cured commercial aldehyde-based glue. Based on these results, the 19C12- and 7.5Chol-ApGltn adhesives showed excellent biocompatibility and were enzymatically degradable without severe inflammation.
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Figure 7. Tissue reaction to subcutaneous injection of hm-ApGltn adhesives at 1, 2, and 4 weeks. A, adhesive. a) Histological changes over time. b) Magnified images of tissues 1 week post injection.


Conclusion
We evaluated the adhesion performance of hm-ApGltn synthesized with the biocompatible crosslinker 4S-PEG and different modification ratios of alkyl or Chol groups in porcine aortic media. 4S-PEG concentration and pH as well as the modification of the alkyl or Chol groups had a strong association with adhesion strength. Adhesion strength increased with increasing modification ratios of the alkyl groups from C3 to C12, however, decreased at ~20 mol%. Porcine aortic media adhered using 7.5Chol-ApGltn adhesive showed stretchability with 25% vertical stretching and shrinking. hm-ApGltn adhesives subcutaneously injected into the backs of mice showed no severe inflammation and were degraded during the implantation period. These results indicate that the hm-ApGltn adhesives, especially the 9.6C18- and 7.5Chol-ApGltn adhesives, have potential for application in type-A aortic dissections.
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