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Abstract

Tissue adhesives are widely used to prevent air leakage from the lungs and bleeding from

vascular anastomoses. However, currently used tissue adhesives still face challenges with

either tissue adhesion or biocompatibility. We previously reported tissue adhesives

composed of straight alkyl group-modified Alaska pollock gelatin (ApGltn) and

pentaerythritol poly (ethylene glycol) ether tetrasuccinimidyl glutarate (4S-PEG). The

developed adhesives have sufficient tissue adhesive strength and biocompatibility for

biomedical applications; however, the effect of the branched structures of the alkyl groups

on these functions has not yet been clarified. In this study, we evaluated the tissue

adhesiveness and biocompatibility of three tissue adhesives based on straight/branched

alkyl group-modified ApGltns and 4S-PEG. The results showed that branched alkyl-

group-modified ApGltns-based adhesives had higher tissue adhesion strength than

straight alkyl-ApGltn. Furthermore, the burst strength of the branched alkyl group-

modified ApGltn-based adhesives 2-fold higher compared to commercial Fibrin. In

addition, they were completely biodegraded in rat subcutaneous tissue within 56 days

without causing severe inflammation.

Keywords: in situ hydrogel; tissue adhesion; Alaska pollock-derived gelatin;

hydrophobic interaction.
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1. Introduction

Tissue adhesives are widely used in clinical practice to prevent air leakage from the lungs

or oozing from vascular anatomic sites. Various tissue adhesives, such as cyanoacrylate,

albumin with aldehyde, and fibrin glue, have been developed to close or seal wounds after

surgical operations [1]. Cyanoacrylate adhesives exhibit superior adhesive strength and

the ability to bond to wet tissues via water-mediated polymerization [2]. Although it has

been mainly used for skin adhesion, the release of formaldehyde through the degradation

process of cyanoacrylate adhesives is toxic to the body [3]. Other adhesive made from

bovine serum albumin and glutaraldehyde as crosslinkers have high adhesive strength

owing to Schiff base formation between the primary amine of albumin and glutaraldehyde

[4]; however, the release of unreacted glutaraldehyde from cured adhesives also shows

toxicity [5]. Therefore, fibrin glue is commonly used post-operatively. It is mainly

composed of human blood-derived fibrinogen and thrombin [1, 2] and shows superior

biocompatibility; however, its adhesiveness is weak compared to that of cyanoacrylate

and albumin-glutaraldehyde adhesives because of its weak interaction with biological

tissues. Therefore, commercial tissue adhesives face challenges in terms of strong tissue

adhesion and superior biocompatibility. Some functional groups such as N-Hydroxy

succinimide (NHS) ester, aldehyde, and catechol have been introduced to the hydrogel
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for high adhesion to tissue, removing the hydration layer on the tissue surface and

building connectivity between the adhesive and tissue through covalent bonds to address

these issues [6, 7]. It has also been reported that double network hydrogels, tetra-PEG

gels, slide-ring gels and nanocomposite hydrogels have a crosslinking style for greater

bulk strength [8-11]. We have previously developed hydrophobic-modified Alaska

pollock-derived gelatin (ApGltn)-based tissue adhesives [12, 13]. ApGltn has a low sol-

gel transition temperature for dissolution at room temperature, enabling dissolution in the

freeze-dried state without heating. Using ApGltn as a base polymer, we designed tissue

adhesives made from straight alkyl group-modified ApGltns and pentaerythritol poly

(ethylene glycol) ether tetrasuccinimidyl glutarate (4S-PEG) and demonstrated their

excellent tissue adhesiveness and biocompatibility. However, the effects of branched

alkyl groups structures on the adhesive strength and biocompatibility of tissue adhesives

have not yet been elucidated. It is known that the shorter the main-chain length of an alkyl

group, the lower the enthalpy and entropy of melting when the number of carbons is the

same [ 14, 15]. In this study, we synthesized three straight/branched alkyl group-modified

ApGltns and evaluated their tissue adhesiveness and biocompatibility of tissue adhesives

based on the alkyl group-modified ApGltns and 4S-PEG (Figure 1). It is anticipated that

tissue adhesives based on branched alkyl group-modified ApGltns will exhibit superior
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handling and higher tissue adhesiveness owing to their improved mobility or

interpenetration resulting from their lower hydrophobicity and viscosity [16].

2. Materials and Methods

2.1. Materials

ApGltn was purchased from Nitta Gelatin, Inc. (Osaka, Japan). Dulbecco’s Phosphate-

Buffered Saline (D-PBS), dimethyl sulfoxide (DMSO), triethylamine (TEA), 2.4,6-

trinitrobenzensulfonic acid (TNBS), 6 N-hydrochloric acid (HCI), boric acid, potassium

chloride, sodium hydroxide, phosphoric acid, sodium dihydrogen phosphate, bovine

serum albumin (BSA), paraformaldehyde, 4',6-diamidino-2-phenylindole (DAPI) and

10% formalin neutral buffer solution were purchased from Wako Pure Chemical

Industries, Ltd (Osaka, Japan). n-Octanal and 2-ethylhexanal were purchased from Tokyo

Chemical Industry Co., Ltd. (Tokyo, Japan). 2-propyl valeraldehyde was kindly donated

by Santa Cruz Biotechnology Inc. (Dallas, TX, USA). 2-Picoline borane was purchased

from Junsei Chemical Co. Ltd. (Tokyo, Japan). DMSO-ds, Roswell Park Memorial

Institute (RPMI) medium, and fetal bovine serum (FBS)-FITC/Phalloidin were purchased

from Sigma-Aldrich Co., LLC (St. Louis, MO, USA). Penicillin/streptomycin was

purchased from Thermo Fisher Scientific (Tokyo, Japan). Triton-X was purchased from
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Cayman Chemical (Ann Arbor, MI, USA). TrypLE Express was purchased from Life

Technologies (Grand Island, NY, USA). Collagenase and Water-soluble tetrazolium

(WST) -8 were purchased from NACALAI TESQUE, INC. (Kyoto, Japan). The mouse

fibroblast-like cell line (L929) was purchased from RIKEN (Saitama, Japan). 99.5%

Ethanol was purchased from Kishida Chemical Co., LTD (Osaka, Japan). 4S-PEG was

purchased from NOF Co., Ltd. (Tokyo, Japan). Beriplast-P (Fibrin) was purchased from

CSL Behring (Tokyo, Japan). Collagen casing was purchased from Nippi, Incorporated

(Tokyo, Japan). Saline was purchased from Otsuka Pharmaceutical Co. Ltd. (Tokyo,

Japan). Rats (Wistar, male, 6 weeks old) were purchased from Jackson Laboratory Japan

(Kanagawa, Japan).

2.2. Synthesis of C8-ApGltns

Three straight/branched alkyl group-modified ApGltns (C8-ApGltns) were synthesized

using a previously reported [17, 18]. We employed n-octyl group (straight), 2-ethylhexyl

group (branched), and 2-propylpentyl group (branched), which have eight carbons, as the

straight/branched alkyl groups. Straight/branched alkyl groups-modified ApGltns were

synthesized by reductive amination of the amino groups of the original ApGltn (Org-

ApGltn) with alkyl aldehydes (Figure 1). Briefly, Org-ApGltn was dissolved in
6
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water/EtOH (50/50 (v/v)) mixed solvent to obtain a 15 w/v% solution at 50 °C. Alkyl

aldehyde was then added to the solution and stirred for 1 h. After that, 2-picoline borane

was added to the reaction solution and the mixture was stirred for 18 h at 50 °C. The

resulting C8-ApGltns were re-precipitated in cold EtOH and washed three times with cold

EtOH to remove unreacted alkyl aldehyde and 2-Picoline borane. The precipitates were

then filtered and dried under reduced pressure for 2 days at room temperature.
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Figure 1. Application of C8-ApGltn adhesives to soft tissue. a) Synthesis of C8-ApGltns
through Schiff base formation and reductive amination using straight/branched alkyl
aldehydes. b) In situ crosslinking of C8-ApGltn with 4S-PEG. ¢) Adhesion mechanism
of C8-ApGltn adhesives after application onto soft tissue.




©CO~NOOOTA~AWNPE

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

2.3. Characterization of C8-ApGltns

The degree of modification of the resulting C8-ApGltns were determined based on the
residual amino group content using TNBS, method, as reported previously [19, 20]. We
prepared 0.1 w/v% each Org and C8-ApGltns solution using the water/DMSO (50/50
(v/v)) mixed solvent. 100 puL of each solution was dispensed to well plate (n=9) and added
the 100 pL of TEA (0.1 v/v%) and TNBS (0.1w/v%) solution. After reaction at 37 °C for
2 h, DS was determined from the ratio of absorbance at 340 nm. Modification of the
straight/branched alkyl groups was also confirmed using Fourier transform infrared
spectroscopy (FT-IR) (ALPHA II; Bruker Japan K. K., Kanagawa, Japan) and proton
nuclear magnetic resonance (\H NMR) (ECZ400S; JEOL, Tokyo, Japan) in DMSO-ds

containing 0.03 v/v% of tetramethylsilane (TMS) as a standard substance.

2.4. Gelation time of C8-ApGltns adhesives

C8-ApGltns adhesives were prepared by mixing 4S-PEG (40 mol% of the amino groups
of Org-ApGltn in 0.01 M phosphate buffer, pH 4) with Org-ApGltn or straight/branched
alkyl groups-modified ApGltns solutions at 1:1 using a double syringe (Bethel Co., Ltd.,
Ibaraki, Japan) to prepared adhesive hydrogels in situ [21]. The solvent of all ApGltns

solutions was borate buffer (0.075 M, pH 9.5). The gelation time of Org and C8-ApGltns
9
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adhesives were measured according to a previously reported [22, 23]. Briefly, 500 uL of
Org or C8-ApGltns solutions were poured into a 9 mL screw tube and stirred with an 18
mm stirrer at 290 rpm and 37 °C. The gelation time was defined as the time until the
rotation of the stirring bar was hindered by the gelatin after addition of 500 pL of 4S-PEG

solution (n = 3-4).

2.5. Swelling ratio

The swelling ratio of the C8-ApGltn adhesives was measured by immersing Org or C8-
ApGltns adhesive hydrogels in D-PBS, as previously reported [13, 24]. Briefly, Org-
ApGltn or C8-ApGltn/4S-PEG mixed solutions were poured into a silicone mold to
prepare disks 10 mm in diameter and 1 mm thick. The disks were immersed into 50 mL
D-PBS at 37 °C in centrifuge tubes and weighed after immersion for various periods (W)
[13]. The D-PBS in the centrifuge tube was replaced each time. The swollen adhesives
were then immersed in 50 mL of ultrapure water three times every 30 min to remove salt
and freeze-dried for 24 h. Finally, the freeze-dried adhesives were weighed (Wy) to

determine the swelling ratio using the following equation:

Ws — Wy

Swelli tio =
welling ratio W,

10
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2.6. Rheological measurement

Rheological measurements of the Org/stC8/asyC8/syC8-ApGltn hydrogels were

performed using a rheometer (MCR301; Anton Paar, Graz, Austria) with a PP10 parallel

plate (10 mm) [17]. Adhesive (30 uL) was applied to the stage of the rheometer at 37 °C

and sandwiched between plates separated by a 1 mm gap. After removing the excess

adhesive from the PP10 plate, the adhesive was left for 10 min to allow sufficient gelation.

First, shear strain was measured to determine the linear viscoelastic (LVE) region of the

cured adhesive hydrogels. The storage modulus (G’) and loss modulus (G”) were

measured at an angular frequency of 10 rad/s with changing shear strains ranging from

0.01% to 100%. Then, an angular frequency from 1 to 100 rad/s was measured at strain

amplitude within the LVE region at 37 °C. The viscosities of Org and C8-ApGltns

solutions at room temperature were measured using a viscometer (VM-10A; SEKONIC,

Tokyo, Japan).

2.7. Tensile strength measurement

The tensile strengths of Org and C8-ApGltns adhesive hydrogels were measured

according to ASTM D412 [17]. Dumbbell-shaped adhesive hydrogels with a thickness of

1 mm were prepared for tensile strength measurements (Figure S3a). The tensile strength
11
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was measured using a texture analyzer (TA.XTplusC Texture Analyzer; Stable Micro

Systems, Surrey, UK) under fixed conditions (temperature: 25 °C, humidity: 60-70%,

strain rate: 10 mm/min).

2.8. Burst strength measurements

The burst strengths of Org and C8-ApGltns adhesives were measured according to ASTM

2392-04 (Figure S4). Commercial Fibrin was also used as a control adhesive. The

collagen casing was prepared by cutting it into a disk 35 mm in diameter with a hole of 3

mm in diameter at the center. Then, a silicone mold with a diameter of 35 mm and a

thickness of 1 mm, with a hole 15 mm in diameter at the center, was placed on the surface

of the collagen casing. Org and C8-ApGltn adhesives were used to seal the holes. After

10 min, a collagen casing with an adhesive was placed on the stage of the test system at

37 °C to measure the burst strength. Saline was poured through the bottom of the collagen

casing at a flow rate of 2 mL/min. The burst strength for each condition was defined as

the maximum burst strength at which the adhesive fractured or peeled off (Figure 4b)

[25].

12
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2.9. Invitro enzymatic degradation test

Disk-shaped adhesive hydrogels (6 mm in diameter, 1 mm in thickness) were immersed
in 5 mL of 1.25 U/mL of collagenase in D-PBS To assess the in vitro biodegradability of
Org or C8-ApGltns adhesive hydrogels, [12, 26]. After immersion for various periods, the
adhesive hydrogels were placed in ultrapure water to remove salts and then freeze-dried
(n = 3). The mass of the adhesive hydrogel was measured at each time point. Wy and W;
indicate the mass of the freeze-dried adhesive hydrogels before and after immersion in
the collagenase solution, respectively. Biodegradability was calculated using the
following equation:

1%
Weghit remaining (%) = Wt x 100
0

2.10. Cytocompatibility

The cytocompatibility of Org and C8-ApGtlns adhesives was evaluated according to ISO
10993-5 and 10993-12 [17]. Adhesive hydrogels with a mass extraction rate of 0.1 g/mL
and surface extraction rate of 3 mm?*/mL were cut to prepare the extraction medium for
each adhesive. Obtained samples were then immersed into RPMI medium for 24 h at
37 °C. For the evaluation of cytocompatibility, 1.0 x 10* fibroblasts (L929) were seeded
into 20 wells in a 96-well plate and preincubated for 24 h at 37 °C. All media were

removed and replaced with the extracted medium (n = 5). The RPMI medium without
13
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samples was used as a control. The number of viable cells in each well was measured

after incubation for 24 h using the WST-8. Before observing the cell morphology, the cells

were fixed with 4% PFA for 15 min at 4 °C and washed twice with D-PBS. BSA (1% in

D-PBS) was used for blocking to prevent non-specific binding of antibodies, and Triton-

X (0.2% in D-PBS) was used for transparent processing. Actin filament was stained with

0.1% FITC/phalloidin at D-PBS and nuclear with 0.1% DAPI at D-PBS. The cell

morphology was observed using a fluorescence microscope (BZ-X710; KEYENCE,

Osaka, Japan).

2.11. Subcutaneous implantation

All animal experiments were approved by the Animal Experiment Committee of the

National Institute for Materials Science (approval no. 79-2024-3). Disk-shaped adhesive

hydrogels (thickness: 0.5 mm, diameter: 6 mm) were prepared and sterilized using UV

irradiation for 15 min. The rats were then anesthetized by isoflurane inhalation, and a 1

cm incision was made at the back of each rat after shaving. The tissues around the

adhesives were then excised, fixed with a neutral buffered 10% formalin solution, and

stained with hematoxylin and eosin (HE) for histological observation.

14



©CO~NOOOTA~AWNPE

228

229

230

231

232

2.12. Statistical analysis

Statistical analyses were performed using one-way or two-way ANOVA followed by

Tukey’s multiple comparison test. Statistical significance was set at p < 0.05.

15
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3. Results and Discussion

3.1. Synthesis and characterization

C8-ApGltns (stC8/asyC8/syC8-ApGltns) with different alkyl structures and degrees of
substitution (DS) were synthesized by reductive amination of alkyl aldehydes to the
amino groups of Org-ApGltn. As shown in Table 1, stC8/asyC8/syC8-ApGltns were
obtained at high yields (>80%)); stC8/asyC8-ApGltns had low (approximately 10 mol%)
(L), medium (approximately 30 mol%) (M), and high (approximately 45 mol%) (H) DS;
and syC8-ApGltn had only low DS. There were 1.3 alkyl groups per Org-ApGltn
molecule in stC8 (L). The FT-IR spectra revealed that the specific peaks corresponding
to the N-H stretching vibration of the secondary amine (3,290 cm™) increased with an
increase in DSs (Figure 2a, b). In addition, the specific peaks assigned to the C-H
symmetric stretching vibration in CH3 (2,880 cm™), C-H asymmetric stretching vibration
in CH; (2,940 cm™), and CH3 (2,960 cm™) indicated that alkyl groups were successfully
introduced to Org-ApGltn. The 'H NMR spectra revealed that the intensity of the stronger
specific peaks of CH3; and CH» at 0.85 and 1.24 ppm, respectively, increased with
increasing DSs (Figure 2¢). In addition, the peaks of stC8/syC8-ApGltn in the 'H NMR
spectra were sharper than those of asyC8-ApGltn because of the diverse proton

environment of asyC8-ApGltn.

16
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252 symmetric (syC8) alkyl groups

Amino groups Theoretical

©CO~NOOOTA~AWNPE

Abbreviation ApGlin in ApGltn DS DS Yield
(8) (umollg)  (mol%)  (MOl%) (%)

stC8 (L) 5 351 10.3 9.1 87.3

stC8 (L) 30 357 10 8.1 93.2

stC8 (M) 5 351 50 28.6 84.9

stC8 (H) 5 351 154 45.3 86.0

asyC8 (L) 5 351 10 9.4 88.0

asyC8 (L) 30 357 10 8.2 93.4

asyC8 (M) 5 351 40 30.5 85.8

asyC8 (H) 5 351 90 44.5 86.3

syC8 (L) 5 357 10 8.6 82.7
253
254

17
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Figure 2. Characterization of C8-ApGiltns. a) FT-IR spectra of stC8-ApGltns. b) FT-IR
spectra of branched asyC8/syC8-ApGltns. ¢c) 'H NMR spectra of Org/stC8/asyC8/syC8-
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3.2. Gelation time

Gelation of the Org or C8-ApGltns adhesives proceeds by the nucleophilic attack of the

amino groups of Org or C8-ApGltns on the carbonyl carbon of the active ester groups in

4S-PEG. Figure 3a shows the gelation time of Org and C8-ApGltns adhesives with

different DSs. The gelation time increased with an increase in DS. The viscosities of Org

and C8-ApGltn solutions were measured using a viscometer to clarify these phenomena.

As shown in Figure 3b and Figure S1, the viscosity of the stC8 (H) solution was 6-fold

higher than that of the asyC8 (H) solution, indicating that the aggregation property of the

stC8 group was higher than that of asyC8. However, the viscosity of the 4S-PEG solution

was 6.45 mPa-s. These results indicated a correlation between gelation time and viscosity

of C8-ApGltns solutions (Figure 3c), suggesting that reaction kinetics between ApGltn

and 4S-PEG was slower by inducing the less opportunity to react when the viscosity of

ApGltn solution became high.

3.3. Swelling ratio

The swelling ratios of the adhesive hydrogels were evaluated using

Org/stC8(L)/asyC8(L)/syC8(L)-ApGltns cured within 5 s. Swelling ratios of Org- and

C8-ApGltns adhesive hydrogels increased up to 5 h and reached equilibrium within 24 h.
19
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The swelling ratios of C8-ApGltns adhesive hydrogels were lower than that of the Org-

ApGltn adhesive hydrogel (Figure 3d, Figure S2). This is because the C8-ApGltns

adhesive hydrogels exhibited additional physical crosslinking derived from the

straight/branched C8 groups. Among the C8-ApGltns adhesive hydrogels, the swelling

ratio of the stC8-ApGltn adhesive hydrogel was lower than that of the asyC8/syC8-

ApGltns adhesive hydrogel, indicating that the length of the main chain of the C8 group

played a key role in decreasing the swelling ratios. The swelling ratio is determined by

the osmotic pressure owing to differences in the polymer concentration and elastic

pressure of the hydrogel network [27]. Although the polymer concentrations of the Org-

and C8-ApGltns adhesive hydrogels were similar, the elastic pressure increased for the

formation of physical crosslinking when the hydrophobic groups were introduced,

resulting in a lower swelling ratio. In addition, the strength of hydrophobic interactions

varies depending on the molecular structure, and the aggregation properties are different

[28]. The swelling properties of the C8-ApGltns adhesive hydrogels were determined by

the degree of physical crosslinking.

20
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Figure 3. Physico-chemical properties of C8-ApGltns adhesives (**p < 0.01 using one-
way ANOVA). a) Gelation time of Org/stC8/asyC8/syC8-ApGtlns adhesives. b)
Viscosities of C8-ApGltns solutions with different DS. The red line indicates the viscosity
of the 4S-PEG solution. ¢) Relation of viscosity of C8-ApGltn solution and their gelation
time. d) Swelling behavior of Org- and C8-ApGltns adhesive hydrogels.
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3.4. Rheological and mechanical properties of C8-ApGltns adhesive hydrogels

The rheological properties were evaluated to clarify the effect of the branched structures

of the C8 groups on the modulus of the C8-ApGltns adhesive hydrogels (Figure 4a-c).

This rheological measurement was performed to evaluate the viscoelasticity of

completely formed hydrogels. We measured the shear strain from 0.01 to 100% to

determine the LVE region (Figure 4a). From the results of the shear strain measurements,

the strain ranged from 0.01-10%, indicating that these adhesive hydrogels were LVE in

that range. Therefore, we measured the angular frequency of the Org- and C8-ApGltns

adhesive hydrogels at a strain of 1%. From the angular frequency measurement, the G’ of

the Org- and C8-ApGltns adhesive hydrogels showed a plateau in the frequency ranging

from 1 to 100 rad/s, indicating that these adhesive hydrogels had no dependence on

frequency (Figure 4b). G’ of all C8-ApGltns adhesive hydrogels was larger than that of

Org-ApGltn adhesive hydrogel (Figure 4c¢), meaning that straight/branched C8 groups in

C8-ApGltns adhesive hydrogels contributed to the formation of physical crosslinking.

Among three C8-ApGltns adhesive hydrogels, syC8(L) had the highest G’, meaning that

syC8 adhesive hydrogel was hard and strong against external force by storing the energy

in the gel network. In addition, the G” value of stC8(L) was higher than that of syC8(L)

and asyC8(L) (Figure 4b). This means that stC8 was weaker against external forces
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because of its weak hydrogel network, which was prone to not storing energy.

The bulk strength of the Org/stC8(L)/asyC8(L)/syC8(L)-ApGltns adhesive hydrogel was

evaluated using tensile strength measurements. As shown in Figure 4d, the stress-strain

curves of each adhesive hydrogel revealed that these adhesive hydrogels were elastic

materials. No significant differences in the maximum strain were observed among the

Org/stC8(L)/asyC8(L)/syC8-ApGltns adhesive hydrogels (Figure S3c). In contrast, the

maximum stress of syC8(L) was significantly higher than Org/ stC8(L)/asyC8(L)-

ApGltns  adhesive  hydrogels. In addition, Young’s modulus of the

stC8(L)/asyC8(L)/syC8(L)-ApGltns adhesive hydrogels was 2-fold higher than that of

the Org-ApGltn adhesive hydrogel (Figure 4e), indicating that the hydrogel network

elasticity became stronger owing to the increase in physical crosslinking. As with the

rheological measurement, syC8(L) showed the highest young’s modulus. In comparison

to straight chains, the gel network is more uniform due to that the shorter the main chain

of the branch, the weaker the hydrophobic interaction, which is indicated to result in high

storage modulus and Young's modulus.
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Figure 4. Rheological properties and tensile strength of C8-ApGltns adhesives. a) Shear
strain dependency of G’ and G”. b) Angular frequency dependence of G’ and G”. c)
Storage modulus of Org/stC8/asyC8/syC8-ApGtlns hydrogels at 10 rad/s, 1%. d) Stress-
strain curve. €) Young’s modulus. (*p < 0.05, **p <0.01, ***p < 0.001, ****p <(0.0001

using one-way ANOVA)

24



©CO~NOOOTA~AWNPE

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

3.5.  Burst strength measurement

The burst strengths of the Org/stC8/asyC8-ApGltns adhesives and commercial Fibrin

were measured using a collagen casing as the adherend. stC8/asyC8-ApGltns adhesives

showed a lower burst strength when their DS increased (Figure 5a). This indicated that

stC8/asyC8-ApGltns with low DS were mixed more uniformly with 4S-PEG because of

their low viscosity. In contrast, the asyC8/syC8-ApGltn adhesives exhibited higher burst

strength than the stC8-ApGltn adhesives at any DS and their burst strength were twice as

high as those of Fibrin. We also analyzed the quantitative data of the destruction mode,

such as the peeling or fracture of adhesives, after the application of adhesives to collagen

casings to discuss these behaviors (Figure 5b). Figure Sc shows the destruction mode of

each adhesive after burst strength measurements. The frequency of peeling increased at

higher DS of the stC8-ApGltn adhesive, indicating that the interfacial adhesion strength

weakened with an increase in DS. In contrast, the asyC8-ApGltn adhesive showed

fracture behavior at any DS. This was because asyC8 contributed to hydrophobic

interaction/interpenetration with collagen casing rather than self-aggregation because of

its higher flexibility compared to stC8, while syC8(L) also showed high burst strength

similar to asyC8(L). However, the mode of destruction of syC8(L) was different from that

of asyC8(L) (Figure 5¢). syC8(L) had a higher storage modulus than asyC8(L) (Figure
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4a,b), indicating that the bulk strength of syC8(L) was higher than that of asyC8(L). It

has been reported that the critical micelle concentration of surfactants with linear alkyl

groups is lower than that of surfactants with branched alkyl groups [28], indicating that

stC8 induces stronger aggregation than asyC8 or syC8. While, Fibrin showed the lowest

burst strength with high peeling ratio, meaning interfacial strength between Fibrin and

collagen casings was low. As shown in Figure 6, tissue adhesion of straight/branched

alkyl group-modified ApGltns adhesives may be governed by the balance among inner

aggregation  (bulk  strength), interfacial interaction (interfacial adhesive

strength/hydrophobicity) and Young’s modulus (elasticity). AsyC8(L)-ApGltn adhesive

with middle inner aggregation properties, middle interfacial interaction properties and

middle Young’s modulus, results in the high burst strength (Figure 5a). While, syC8(L)-

ApGltn adhesive may have low interfacial interaction properties, but has high bulk

strength and Young’s modulus, results in the high burst strength (Figure 5a).
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Figure 5. Burst strength of C8-ApGltns adhesives and Fibrin applied on collagen casing.
a) Burst strength of Org/stC8/asyC8/syC8-ApGtlns adhesives with different DS and
Fibrin. b) Destruction mode during burst strength measurement. ¢) Ratios of destruction
mode of Org/stC8/asyC8/syC8-ApGtlns adhesives and Fibrin. (*p < 0.05, **p < 0.01
using one-way ANOVA)
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3.6. Enzymatic degradation study

The enzymatic degradability of the adhesive hydrogels was evaluated by immersion in a

collagenase solution. All Org- and C8-ApGltns adhesive hydrogels were enzymatically

degraded within 24 h (Figure S5). The weight remaining decreased with increasing

immersion time. Among all the adhesive hydrogels examined, the Org-ApGltn adhesive

hydrogel degraded rapidly. However, the stC8(L)/asyC8(L)-ApGltns adhesive hydrogels

showed the slowest degradation rate among the C8-ApGltns adhesive hydrogels,

indicating that their swelling ratio was lower than that of Org/syC8(L)-ApGltns adhesives,

limiting the interpenetration of collagenase into the adhesive hydrogel matrix. All

adhesive hydrogels can be enzymatically degraded in a similar process in vivo because

the matrix metalloproteases (MMP)-2 and -9 selected from the cells during the wound

healing process [29] facilitate the decomposition of gelatin from specific amino acid

sequences such as Gly Pro-GIn-Gly Ile-Ala-Gly Gln [13]. The hydrolysis of the ester

bond in 4S-PEG is believed to play a significant role in the degradation process of

adhesive hydrogels. However, in this case, no decrease in mass was observed after 24

hours when swelling ratio was evaluated (Figure 3c¢), suggesting that the gelatin was

cleaved by enzymes.
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3.7.  Cytocompatibility

The cytocompatibility of each Org or C8-ApGltn adhesive was evaluated according to

ISO10993-5 and 10993-12 using an extraction medium. In this experiment, we used

adhesive hydrogels from C8-ApGltns with a low DS because of their high burst strength

(Figure 5a). Extraction media from all adhesive hydrogels showed over 80% cell viability

compared to that of the control group (Figure 7a), indicating that these adhesives had

good cytocompatibility. We also observed the cell morphology after staining with DAPI

and FITC-phalloidin (Figure 7b). There were no significant differences between the Org

and C8-ApGltns adhesive hydrogels and the control groups. These results suggested that

straight/branched C8-ApGltns did not affect cell viability or morphology. Therefore, C8-

ApGltns adhesives with a low DS do not hinder tissue regeneration when applied to

wounds.
a
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= 1
E
(3]
S
3 50-
O
0 1 1 1
S & O O @
& P ;PP
(@) fg\' 0@‘\ 9*

Figure 7. Cytocompatibility test. a) Viability of L929 cultured in extracted medium (ns =
not significant using one-way ANOVA). b) Immunofluorescence images.
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3.8. Subcutaneous implantation

The in vivo biodegradation behavior of Org and C8-ApGltns adhesives was evaluated

using subcutaneous implantation of disk-shaped adhesive hydrogels on the backs of rats

for up to 56 days (Figure 8). After implantation for 7 days, the Org-ApGltn adhesive

hydrogel swelled in the subcutaneous tissue compared to the other adhesive hydrogels,

similar to the in vitro results (Figure 3d). All adhesive hydrogels became smaller and

thinner after implantation for 14 days, indicating that the degradation process had

proceeded. Finally, all the adhesive hydrogels almost completely disappeared within 56

days. HE staining revealed that the surrounding tissue at the implant site infiltrated the

adhesive hydrogel as the duration of the implantation period increased. This suggested

that the adhesive hydrogels functioned as scaffolds to facilitate tissue regeneration.

Gelatin is a denatured collagen with a cell adhesion peptide sequence of Arg-Gly-Asp

[30]. Cells in the surrounding tissues recognized the cell adhesion sequence to infiltrate

the adhesive hydrogels. MMPs are expressed in endothelial cells, fibroblasts, neutrophils,

and macrophages during wound healing [31-33]. Therefore, specific amino acid

sequences in C8-ApGltns adhesive hydrogels are cleaved and enzymatically degraded by

MMPs, such as MMP-2 or -9 secreted from these cells [34]. In addition, 4S-PEG

decomposes through ester hydrolysis and ether oxidative decomposition [17, 35, 36]. We
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previously reported that the degradation speed of hydrophobically modified ApGltn

adhesive hydrogels in rat subcutaneous tissue was relatively slow compared to that of the

Org-ApGltn adhesive hydrogel owing to its additional physical crosslinking by

hydrophobic groups [13, 17, 37]. However, we did not observe such differences in this

study because of the short alkyl chain (C8) and low DS (~10 mol%). Additionally, we did

not observe any foreign body reaction, including the deposition of collagen-rich areas,

indicating that the C8-ApGltns adhesive hydrogels are biodegradable and have excellent

biocompatibility.
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Figure 8. a) Biodegradability of C8-ApGltn adhesive hydrogels after implantation in rat

subcutaneous tissue for various periods. b) Tissues stained by hematoxylin and eosin (HE)

extracted for each period. A and T in HE-staining images represent Adhesive and Tissue.
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4. Conclusion

The adhesion properties and biocompatibility of the tissue adhesives composed of

straight/branched C8-ApGltns and 4S-PEG were evaluated. Branched alkyl groups

(asyC8/syC8) contributed to a higher burst strength than straight alkyl groups (stC8). The

high burst strength of asyC8-ApGltn adhesive came from interfacial strength, achieved

by having adequate hydrophobicity to interact with tissues and mobility of the alkyl

groups from their self-aggregation property. In contrast, the syC8-ApGltn adhesive

hydrogel had the highest bulk strength, as revealed by rheological measurements.

Additionally, the stC8/asyC8/syC8-ApGltns adhesive exhibited excellent

cytocompatibility and completely degraded subcutaneously within 56 days without

severe inflammation. The structural comparison of alkyl groups in this study will provide

new insight into the role of hydrophobic modification on tissue adhesion.
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Figure S1. Appearance of Org/stC8/asyC8-ApGltn solution (15% (w/v)). DS of stC8 or
asyC8-ApGltn were 45.3(H) and 44.5(H) mol%, respectively.
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Figure S2. Appearance of Org/stC8/asyC8-ApGltn adhesive hydrogels before and after
immersed in D-PBS. DS of stC8/asyC8-ApGltns were 9.1(L) and 9.4(L) mol%,
respectively.
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Figure S3. Tensile strength of cured Org/stC8(L)/asyC8(L)syC8(L)-ApGltn adhesives.
a) Dumbbell-shape adhesive hydrogels for tensile strength measurement. b) Maximum

stress. ¢) Maximum strain. (*p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant

using one-way ANOVA)
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Figure S4. Measurement of burst strength using ASTM 2392-04.
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Figure S5. Enzymatic degradability of Org/stC8/asyC8/syC8-ApGltn adhesive hydrogels
in a collagenase solution. (*p < 0.05, **p <0.01, ***p < 0.001, ****p <0.0001, ns =no

significant using two-way ANOVA)
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