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Effect of Alaska pollock-gelatin sheet on repair strength and regeneration of nerve

ABSTRACT
This study aimed to investigate the repair strength and the biocompatibility of Alaska pollock-derived
gelatin (ApGltn) sheet for nerve repair. Cadaveric digital nerves were repaired with double suture,
single suture + ApGltn sheet, single suture + fibrin glue, single suture, ApGltn sheet, and fibrin, and
maximum failure loads were measured (20 nerves each). Rat sciatic nerves were repaired with double
suture, single suture + ApGltn sheet, single suture, ApGltn sheet, fibrin glue, and resection (10 nerves
each). Macroscopic appearance, muscle weight, and histopathological findings were examined 8
weeks postoperatively. The failure load of ApGltn sheet (0.39 N) was significantly higher than that
of a fibrin (0.05 N),and that of single suture + ApGltn sheet (1.32 N) was significantly higher than
that of a single suture alone (0.97 N). Functional and histological examinations showed similar
recovery among sutures, ApGltn, and fibrin groups. ApGltn sheet is useful for clinical application as

an alternative to fibrin.
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INTRODUCTION

Acute nerve injury commonly occurs due to upper limb trauma, and primary suture of the nerve
is a standard technique for its repair. Some materials, such as fibrin glue (Felix et al., 2013; Rafijah
et al., 2013), polyethylene glycol (Bamba et al., 2018; Riley et al., 2015), and laser welding (Barton
et al., 2013; Turner et al., 2018), enhance the bonding strength at the repair site (Barton et al., 2014).
Among these, fibrin sealant is the most frequently used material at nerve coaptation sites due to its
biocompatibility; however, the usefulness of fibrin addition remains controversial due to the lack of
bonding strength (Childe et al., 2018; Isaacs et al., 2008; Nishimura et al., 2008; Sameem et al., 2011;
Temple et al., 2004; Tse and Ko, 2012).

|RecentM, a novel biocompatible liquid-type sealant composed of Alaska pollock-derived

gelatin (ApGltn), partially modified with various alkyl groups and a polyethylene glycol-based

crosslinker, was introduced and demonstrated good burst strength when tested on porcine aorta and

rat lungs (Mizuno et al., 2017; Taguchi et al., 2016). The liquid-type ApGltn sealant also showed

higher bonding strength and an equal effect on nerve regeneration when compared with the fibrin

sealant using the digital nerve in cadaveric models and sciatic nerves in rat models. (Masuda et al.,

2021). Furthermore, Taguchi et al. fabricated tissue-adhesive fibre sheets (ApGltn sheet) based on

decyl group-modified ApGltn (C10-ApGltn) by the electrospinning method (Ichimaru et al., 2021).

The burst strength, defined as the pressure at which the ApGltn sheets sealing the porcine pleura

ruptured as water pressure gradually increased, was 108 times higher than that of commercial

polyglycolic acid sheets (Ichimaru et al., 2021). Sheet-type adhesive ApGltn sealant may be clinically
2
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easier to use for nerve repair than the liquid type because it can be stored at room temperature without

requiring any special apparatuses (Ichimaru and Taguchi, 2021). The ApGltn sheet is a promising

material for enhancing the bonding strength at the nerve repair site. However, whether it can increase

the bonding strength when tension is applied to the ruptured site and there is axonal regeneration

remains unclear. Therefore, this study aimed to investigate the bonding strength and biocompatibility

of this sheet type of sealant in transected digital nerves in a cadaveric model and sciatic nerves in a

rat model (Figure S1).

METHODS

In the cadaveric study, all procedures were carried out in accordance with the relevant

guidelines and regulations of the Clinical Anatomy Laboratory of our institution. All experimental

protocols were approved by the ethics committee (approval no. 20150385). Informed consent was

obtained from all participants and/or their legal guardians prior to death. For the animal study, all

experimental protocols were approved by Institutional Animal Care and Use Committee of our

institution (approval no. A2022-016).

Characteristics and preparation of the sealants

Manufacture of ApGltn sheets (Ichimaru et al., 2021)
3
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C10-ApGltn was synthesized by reductive amination of amino groups in ApGltn with decanal,

as previously reported (Mizuno et al., 2017; Taguchi et al., 2016). ApGltn sheets composed of C10-

ApGltn were fabricated by electrospinning. Briefly, 0.9 g of C10-ApGltn was dissolved in 3 mL of a

60% aqueous ethanol solution at 55°C. The solution was loaded into a syringe with an 18 G needle

and placed in an electrospinning machine (NANON-03, MECC Co., Ltd., Japan). The solution was

then extruded at a rate of 1 mL/h and an electrospinning voltage of 22 kV. The ApGltn sheets were

collected on silicone-coated aluminum membranes positioned 15 cm from the needle tip. To improve

stability under wet conditions, the obtained sheets were thermally cross-linked at 150°C for 5 h under

reduced pressure. Sheet thickness was 500um, and they were bioresorbable within 4 weeks (Figure

S2). The microstructure of the fabricated ApGltn sheets was observed using scanning electron

microscopy (SEM; JSM-5600, JEOL Ltd., Japan) after sputtering with platinum for 5 min (Figure

S2). Thereafter, the ApGltn sheets were stored at room temperature until further use.

Fibrin glue

Fibrin glue (Beliplast P Combi-set, CSL Behring, PA, USA) used in this study was stored in a

refrigerator (4 °C) before use. Fibrinogen powder (40 mg) and coagulation factor XIII (30 IU) were

dissolved in Aprotinin solution (500 KIE/0.5 ml). Powder of thrombin concentrate (150 IU) was

dissolved in calcium chloride solution (2.94 g/0.5 ml). The fibrinogen and the thrombin solutions

were cured by mixing equal volumes of each solution.
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Traction force testing using a cadaveric model

The primary outcome was the load to failure when traction force was applied to the repaired

digital nerves from freshly frozen cadavers. One hundred and twenty digital nerves from six freshly

frozen cadavers (mean age: 89 (SD 6) years; three women and three men) were used.

Surgical procedures for digital nerve repair

Digital nerves in a cadaveric model were selected, because our preliminary experiment showed

that the sciatic nerve size in mice or rats was too small for clamping to the traction machine (Masuda

et al., 2021). All surgical procedures were performed by a single-hand surgeon, according to a

previously reported method (Masuda et al., 2021). Radial and ulnar digital nerves (6 cm length) were

harvested from all five digits.

Each nerve segment was cut transversely at its midpoint. The nerves were repaired using six

techniques (20 nerves per group): (a) double suture, (b) single suture + ApGltn sheet, (c) single suture

+ fibrin sealant, (d) single suture, (¢) ApGltn sheet, and (f) fibrin sealant. To compare the failure load

using similar size nerves, the same cadavers were used for procedures (a) and (c), for (b) and (d), and

for (e) and (f). Digital nerves from the right hand were used for procedures (a), (b), and (e) and those

from the left hand for (c), (d), and (f). In procedures (a), (b), (c), and (d), the transected nerve was

repaired with a single- or double-epineural suture using an 8-0 monofilament nylon suture (Crownjun

KONO, Tokyo, Japan). In procedures (b) and (¢), an ApGltn sheet of approximately 10 x 15 mm was
5
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placed around the nerve repair site (Figure 1). In procedures (c) and (f), approximately 1 ml of fibrin

sealant was applied around the repair. The glue sleeve length was five times the width of the nerve

itself.

Biomechanical evaluation

Biomechanical strength was tested 5 to 10 min postoperatively, according to a previously

described method (Masuda et al., 2021). Approximately 1 cm segments of the proximal and distal

nerve ends were clamped to a material testing machine (Table-top Material Tensile Tester; EZ Graph,

Shimadzu Corporation, Kyoto, Japan) with a load range of 100 N. Nerves were pulled uniaxially at a

rate of 5 mm/min until terminal rupture occurred. The peak recorded load was considered as the

maximum failure load.

Functional evaluation using a rat model

The secondary outcome was the functional recovery of the repaired sciatic nerve using a rat

model. To prepare a sciatic-nerve injury model, 53 eight-week-old male Wistar rats (Sankyo Labo,

Tokyo, Japan) with a mean body weight of 198 (182-224) g at the time of surgery were used.

Surgical procedures for nerve repair
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All rats were deeply anaesthetized with intraperitoneal ketamine (90 mg/kg; Sankyo, Tokyo,

Japan) and xylazine (10 mg/kg; Bayer, Leverkusen, Germany). The left leg was used as the

experimental limb, and the right leg was used for sham operation, or as a control. A dorsal

longitudinal skin incision was made, and the sciatic nerve was exposed by splitting the gluteal muscle.

The nerves were treated with seven surgical interventions: (a) double suture, (b) single suture +

ApGltn sheet, (c) single suture, (d) ApGltn sheet, (e) fibrin sealant, (f) resection of the nerve with a

5-mm segmental defect, and (g) sham (placebo) operation (10 nerves each for [a] to [f] and three

nerves for [g]). Procedures employing suture + fibrin sealant was not performed in the rat model,

since the results of biomechanical traction testing showed that there was no significant difference

between the procedures employing suture and those employing suture + fibrin sealant. In procedures

(a)—(f), the sciatic nerve segment was cut transversely at the midpoint of the nerve. In procedures (a)—

(c), the transected nerve was repaired with a single- or double-epineural suture using a 9-0

monofilament nylon suture (Crownjun KONO, Tokyo, Japan). In procedures (b) and (d), ApGltn

sheet of approximately 10 x 5 mm was placed around the nerve division site. In procedures (e),

approximately 0.1 ml of fibrin adhesive was placed around the nerve rupture site. When the ApGltn

sheet and fibrin sealant were applied to the nerve, a plastic sheet was laid beneath the nerve to avoid

adherence of the sealant to the nerve bed. During the sham operations, sciatic nerves were explored

without damaging them. After surgery, the treated limbs were not immobilized, and the rats were

allowed unrestricted motion.
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To evaluate nerve regeneration, walking track analysis was performed every two weeks until 8

weeks after the procedure, when macroscopic examination, muscle weight measurement, and

histological examination were conducted.

Macroscopic examination

The sciatic nerve was exposed using a procedure similar to that described previously. The

macroscopic appearance of the sciatic nerve, including nerve continuity and ApGltn sheet absorption,

was confirmed. Nerve continuity was defined as complete continuity (continuity with normal nerve

thickness), incomplete continuity (continuity with nerve narrowing), or complete rupture (visible

separation at the coaptation site) (Masuda et al., 2021).

Muscle weight measurement

Both tibialis anterior muscles were harvested and weighed. Muscle recovery was calculated by

comparing the weights of the experimental and control limbs.

Walking track analysis

Walking track analysis was performed to evaluate motor function. Rats were placed on a

treadmill, and their footprints were scanned using the DigiGait System (Rat Specifics, MA, USA).



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

The sciatic functional index (SFI) was calculated according to a previously reported formula (Bain et

al., 1989). The zero value of the SFI denotes normal nerve function, and a value of —100 represents

total loss of nerve function.

Histological examination

Three out of ten sciatic nerves from each group were examined histologically. To assess the

histological changes in the axons and myelin sheaths, specimens from the sciatic nerves 3 mm distal

to the repair site in each group were obtained for electron and light microscopy (Kimura et al., 2018;

Shibata et al., 2015). Semi-thin sections of 1 um thickness were stained with 0.1% toluidine blue for

7 min and imaged using a BZ-X700 optical microscope (Keyence, Osaka, Japan). Ultrathin axial

sections (70 nm thickness) of the sciatic nerve were prepared using an ultramicrotome (Leica UC7,

Leica Microsystems GmbH, Wetzlar, Germany) on silicon wafers and stained with uranyl acetate and

lead citrate for 10 min. The sections were observed under a SU6600 SEM (Hitachi High-Tech, Tokyo,

Japan) by detecting backscattered electrons with an acceleration voltage of 5 kV. For quantitative

analysis, axonal density was used to evaluate the regenerated nerve fibres. Axonal density was

defined as axonal area/total area, and myelin sheath density was defined as myelin sheath area/total

area in a fascicle in each nerve sample (Takagi et al., 2009). For G-ratio quantification, 300 fibres

(100 from each nerve) randomly selected from electron microscopy images were used.

Statistical analysis
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The Shapiro-Wilk test was used to assess the normality of data. Data are presented as mean

with standard error. To evaluate intergroup differences, one-way analysis of variance (ANOVA) with

Tukey or Games-Howell post hoc comparisons were used for maximum failure load, muscle weight,

and axonal density analysis. The Kruskal-Wallis and Dann—Bonferroni tests for post hoc comparisons

were used for axon diameter analyses. Two-way repeated ANOVA was used for the comparison

between SFI values. Statistical analysis was performed by a hand surgeon who was blinded to clinical

information. Post-hoc power analysis was conducted to confirm whether this sample size would be

adequate to detect a significant difference, with an alpha of 0.05. Effect sizes are expressed as mean

values with standard deviations. The power analysis demonstrated statistical powers of 100%, 97%,

98%, and 100% for the cadaveric model, muscle weight, SFI, and G-ratio, respectively. Statistical

significance was set at p < 0.05.

RESULTS

Failure load using the cadaveric model

The maximum failure load for each procedure is shown in figure 2. The maximum failure load

of ApGltn sheet was significantly higher than that of a fibrin sealant (0.39 N vs. 0.05 N, p < 0.001).

The maximum failure load of single suture + ApGltn sheet was significantly higher than that of a

single suture (1.32 N vs. 0.97 N, p = 0.02). There were no significant differences between single

suture + fibrin sealant and single suture (0.99 N vs. 0.97 N, p = 0.99). The double suture technique
10
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(1.65 N) had a higher maximum failure load than the single suture + ApGltn sheet technique, but this

was not significant (p = 0.07). The maximum failure load of the ApGltn sheet (0.39 N) and fibrin

sealant (0.05 N) was significantly lower than those of the other four procedures (p < 0.001).

Functional evaluation using the rat model

Macroscopic examination

All resected sciatic nerves in the double suture, single suture + ApGltn sheet, single suture, and

ApGltn sheet groups showed complete nerve continuity without defects. The ApGltn sheets were

resorbed and had disappeared by 8 weeks after the initial procedure. Fibrin groups showed complete

continuity of the nerves in 9 rats and incomplete continuity in 1 rat. In the resection group, complete

rupture was observed in five of ten rats, complete continuity in two, and incomplete continuity in

three rats (Figure S3).

Muscle weight

Muscle weight recovery did not significantly differ among the double suture, single suture +

ApGltn sheet, single suture, ApGltn sheet, and fibrin techniques (p > 0.05) (Figure 3). However, a

significant difference was observed between the resection group and the double suture, single suture

+ ApGltn sheet, single suture, and ApGltn sheet groups (p < 0.05).

11
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Walking track analysis

SFI improved over time; the double suture and single suture + ApGltn sheet groups showed

significantly higher SFI values than the ApGltn sheet, single suture, fibrin, and resection groups (p <

0.05) (Figure 4). The ApGltn sheet groups showed significantly higher SFI values than the resection

group (p <0.05).

Histological examination

Optical and electron microscopy images of the toluidine blue-stained nerves fibre are shown in

figure 5. In axial sections, a larger number of myelinated axons were observed in the double suture,

single suture + ApGltn sheet, single suture, ApGltn sheet, and fibrin groups than in the resection

group. Quantitative analysis of the axonal density indicated that the double suture and single suture

+ ApGltn sheet groups had significantly higher values than the fibrin group (Figure 6). No significant

differences were observed in axonal density among the double suture, single suture + ApGltn sheet,

ApGltn sheet, and single suture groups.

The G-ratios are shown in figure S4. Although the double suture group showed thicker myelin

regeneration than the single suture + ApGltn sheet group (Figure S4a), the axonal diameters did not

significantly differ between the two groups (Figure S5). Similar axonal regrowth patterns were

observed in the single suture + ApGltn sheet and single suture groups (Figure S4b) and the single

suture and ApGltn sheet groups (Figure S4c); the axonal diameters among the three groups did not

significantly differ (Figure S5). The ApGltn sheet group showed thicker myelin regeneration than the
12
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fibrin group (Figure S4d). The axonal diameters indicated that the double suture, single suture +

ApGltn sheet, single suture, and ApGltn sheet groups had significantly higher values than the fibrin

group.

DISCUSSION

In this study, the bonding strength and functional recovery of transected nerves using ApGltn

sheets were compared with traditional sutures and fibrin sealant in cadaveric and rat models. The

maximum failure load of the ApGltn sheet was approximately eight times higher than that of the

fibrin sealant. Although the bonding strength of the ApGltn sheet was inferior to that of the traditional

suture, the addition of the ApGltn sheet to the single suture significantly reinforced the repair strength.

Addition of fibrin sealant to the single suture did not significantly reinforce the strength. The ApGltn

sheet did not compromise sciatic nerve regeneration compared with the traditional suture.

Liquid ApGltn sealant has a stronger breaking strength than fibrin sealant (Masuda et al., 2021;

Mizuno et al., 2017; Taguchi et al., 2016; Yamaoka et al., 2019). Taguchi et al. (2016) demonstrated

that the burst strength of the ApGltn sealant was 11.6 times higher than that of a fibrin sealant in a

burst porcine aorta model (341 vs. 29 mm Hg). Additionally, Masuda et al. (2021) showed that the

maximum failure load of liquid-type ApGltn sealant was approximately three times higher than that

of the fibrin sealant using a cadaveric digital nerve model (0.22 versus 0.06 N). Although a direct

comparison between that study and ours is difficult due to the different digital nerve sizes from
13
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different specimens employed, the breaking strength of the ApGltn sheet (0.39 N) is higher than that

of the liquid-type ApGltn sealant. However, the failure load of the ApGltn sheet was inferior to that

of the traditional suture, as also shown in a previous report on liquid ApGltn sealant (Masuda et al.,

2021).

To minimize the effect of size differences, a previous cadaveric model similar to our study

compared bilateral digital nerves from the same specimen (Masuda et al., 2021). Addition of liquid

ApGltn sealant to the single suture did not significantly increase the maximum failure load (mean 0.1

N) compared to the single suture (Masuda et al., 2021); therefore, they concluded that liquid ApGltn

sealant with the reported bonding strength cannot be used clinically, and further improvement of the

strength in the ApGltn sealant is required. Our study showed that the addition of an ApGltn sheet to

a single suture does significantly reinforce the bonding strength (mean 0.35 N). Fibrin glue is

sometimes added to the nerve suture site (Isaacs, 2010); however, our results are consistent with the

previous findings that the addition of fibrin glues does not significantly increase the maximum failure

load (Isaacs et al., 2008). The ApGltn sealant, compared to the fibrin sealant, has been shown to have

prolonged adhesive capacity and reduced viral infection risk and cost (Nishimura et al., 2008; Taguchi

et al., 2016). Since ApGiltn is derived from the waste product of Alaska pollack skin, the cost of

materials could be quite low. Therefore, ApGltn sheets could be clinically useful in the future as an

alternative to fibrin sealants.

In the present study, sciatic nerves repaired with sheet-type ApGltn sealant showed nerve

recovery similar to that in the suture group. This result is consistent with that of a previous study

14
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using liquid ApGltn sealant, showing similar nerve recovery compared to suture and fibrin sealant

repair in a rat sciatic nerve model (Masuda et al., 2021). Furthermore, sheet-type ApGltn sealants

completely degrade within 21 days without severe inflammation when subcutaneously implanted in

the backs of rats (Ichimaru et al,, 2021). In an in vitro study, ApGltn sheet had excellent

cytocompatibility and efficiently supported the growth of L929 cells (Ichimaru and Taguchi, 2021).

Moreover, since it is composed of gelatin, ApGltn sheets do not prevent tissue regeneration.

In addition to the bonding strength, the ApGltn sheet has other advantages over liquid ApGltn

sealant. Liquid-type adhesives need to mix two components homogeneously; therefore, they require

special apparatuses to rapidly mix the components during surgery (Mizuno et al., 2017). Sheet-type

adhesives have been developed for their easy sealing property without any special apparatus.

Additionally, the liquid type requires refrigeration before use, whereas the sheet type can be stored at

room temperature. Furthermore, liquid-type adhesives are difficult to apply evenly around the entire

circumference of the suture site in clinical practice, whereas the sheet-type are more evenly applied.

Altogether, the ApGltn sheet is clinically easier to use for nerve repair than the liquid type.

Our study had some limitations. The maximum failure load of a repaired nerve could differ

according to the digital nerve size. To minimize the effect of size differences, the same cadavers were

used for the single suture + ApGltn sheet (b) and single suture procedures (d); the double suture (a)

and single suture + fibrin sealant (c) procedures; and ApGltn sheet (e) and fibrin sealant (f) procedures.

However, the different cadavers used for the procedures might have affected the results. Nerve

regeneration was studied in an animal model only. Therefore, clinical trials are needed to validate the

15
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application of this sealant in humans.

In conclusion, the maximum failure load of the ApGltn sheet was higher than that of the fibrin

sealant. Addition of the ApGltn sheet to a single suture significantly reinforces the repair strength of

the nerve. Its effect on transected nerve regeneration is similar to that of the traditional suture.

Although ApGltn sheet cannot serve as a substitute for sutures, we believe that addition of ApGltn

sheets to the nerve suture site will be useful for clinical application in the future as an alternative to

fibrin sealant.
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FIGURE LEGENDS

Figure 1. Resected digital nerves repaired with single suture + ApGltn sheet. An approximately 10 x

15 mm sheet was applied around the nerve rupture site.

Figure 2. The maximum failure load for each procedure. The failure load of the single suture +

ApGltn sheet was significantly higher than that of the single suture and that of ApGltn sheet was

significantly higher than that of a fibrin sealant. Each box represents the interquartile range of values,
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with the bold line showing the median value. The vertical lines show maximum and minimum values.

*p <0.05, **p < 0.001

Figure 3. Muscle weight recovery of the tibialis anterior in the experimental limbs compared with

that in the control limbs. No significant differences are observed among the procedures employing

double sutures, single sutures + ApGltn sheets, single sutures, ApGltn sheets, and fibrin techniques.

Each box represents the interquartile range of values, with the bold line showing the median value.

The vertical lines show maximum and minimum values. *p < 0.05, **p < 0.001

Figure 4. Sciatic functional index in each procedure until the completion of 8 postoperative weeks

at 4, 6, and 8 weeks, the double suture and single suture + ApGltn sheet groups show significantly

higher values than the ApGltn sheet, single suture, fibrin, and resection groups. Data are presented as

mean with standard deviation.

Figure 5. Axial sections of the sciatic nerve: light microscopy with toluidine blue (above) and

electron microscopy with uranyl acetate (below) staining. A larger number of myelinated axons are

observed in the double suture, single suture + ApGltn sheet, single suture, ApGltn sheet, fibrin groups

than in the negative control resection group.
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Figure 6. Quantitative analysis of axonal density of the regenerated nerve fibrefibres. The double

suture and single suture + ApGltn sheet groups had significantly higher values than the fibrin sealant.

No significant differences were observed among the double suture, single suture + ApGltn sheet,

ApGltn sheet, and single suture. Each box represents the interquartile range of values, with the bold

line showing the median value. The vertical lines show maximum and minimum values. *p < 0.05,

*%p < 0.001

Figure S1. Biomechanical traction testing using transected digital nerves in a cadaveric model and

functional testing using transected sciatic nerves in a rat model.

Figure S2. Photograph of prepared ApGltn sheet (left) and scanning electron microscopy images of

ApGltn sheet (right).

Figure S3. Macroscopic examination of the resected sciatic nerves. All resected sciatic nerves in the

double suture, single suture + ApGltn sheet, single suture, ApGltn sheet, and fibrin groups show nerve

continuity, while segmental defects are observed in five out of ten rats in the resection group.

Figure S4. The G-ratio and axon diameter results. The approximate linear regression equation for

each group is shown in the graph.
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(a) Double suture and single suture + ApGltn sheet
(b) Single suture + ApGltn sheet and single suture
(c) Single suture and ApGltn sheet

(d) ApGltn sheet and fibrin sealant

Figure S5. Axonal diameter of the regenerated nerve fibres. The axonal diameters indicated that the
double suture, single suture + ApGltn sheet, single suture, and ApGltn sheet groups had significantly
higher values than the fibrin group. Each box represents the interquartile range of values, with the
bold line showing the median value. The vertical lines show maximum and minimum values. *p <

0.05, **p < 0.001
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Effect of Alaska pollock-gelatin sheet on repair strength and regeneration of nerve

ABSTRACT
This study aimed to investigate the repair strength and the biocompatibility of Alaska pollock-derived
gelatin (ApGltn) sheet for nerve repair. Cadaveric digital nerves were repaired with double suture,
single suture + ApGltn sheet, single suture + fibrin glue, single suture, ApGltn sheet, and fibrin, and
maximum failure loads were measured (20 nerves each). Rat sciatic nerves were repaired with double
suture, single suture + ApGltn sheet, single suture, ApGltn sheet, fibrin glue, and resection (10 nerves
each). Macroscopic appearance, muscle weight, and histopathological findings were examined 8
weeks postoperatively. The failure load of ApGltn sheet (0.39 N) was significantly higher than that
of a fibrin (0.05 N),and that of single suture + ApGltn sheet (1.32 N) was significantly higher than
that of a single suture alone (0.97 N). Functional and histological examinations showed similar
recovery among sutures, ApGltn, and fibrin groups. ApGltn sheet is useful for clinical application as

an alternative to fibrin.
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INTRODUCTION

Acute nerve injury commonly occurs due to upper limb trauma, and primary suture of the nerve

is a standard technique for its repair. Some materials, such as fibrin glue (Felix et al., 2013; Rafijah

et al., 2013), polyethylene glycol (Bamba et al., 2018; Riley et al., 2015), and laser welding (Barton

et al., 2013; Turner et al., 2018), enhance the bonding strength at the repair site (Barton et al., 2014).

Among these, fibrin sealant is the most frequently used material at nerve coaptation sites due to its

biocompatibility; however, the usefulness of fibrin addition remains controversial due to the lack of

bonding strength (Childe et al., 2018; Isaacs et al., 2008; Nishimura et al., 2008; Sameem et al., 2011;

Temple et al., 2004; Tse and Ko, 2012).

Recently, a novel biocompatible liquid-type sealant composed of Alaska pollock-derived

gelatin (ApGltn), partially modified with various alkyl groups and a polyethylene glycol-based

crosslinker, was introduced and demonstrated good burst strength when tested on porcine aorta and

rat lungs (Mizuno et al., 2017; Taguchi et al., 2016). The liquid-type ApGltn sealant also showed

higher bonding strength and an equal effect on nerve regeneration when compared with the fibrin

sealant using the digital nerve in cadaveric models and sciatic nerves in rat models. (Masuda et al.,

2021). Furthermore, Taguchi et al. fabricated tissue-adhesive fibre sheets (ApGltn sheet) based on

decyl group-modified ApGltn (C10-ApGltn) by the electrospinning method (Ichimaru et al., 2021).

The burst strength, defined as the pressure at which the ApGltn sheets sealing the porcine pleura

ruptured as water pressure gradually increased, was 108 times higher than that of commercial

polyglycolic acid sheets (Ichimaru et al., 2021). Sheet-type adhesive ApGltn sealant may be clinically
2
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easier to use for nerve repair than the liquid type because it can be stored at room temperature without

requiring any special apparatuses (Ichimaru and Taguchi, 2021). The ApGltn sheet is a promising

material for enhancing the bonding strength at the nerve repair site. However, whether it can increase

the bonding strength when tension is applied to the ruptured site and there is axonal regeneration

remains unclear. Therefore, this study aimed to investigate the bonding strength and biocompatibility

of this sheet type of sealant in transected digital nerves in a cadaveric model and sciatic nerves in a

rat model (Figure S1).

METHODS

In the cadaveric study, all procedures were carried out in accordance with the relevant

guidelines and regulations of the Clinical Anatomy Laboratory of our institution. All experimental

protocols were approved by the ethics committee (approval no. 20150385). Informed consent was

obtained from all participants and/or their legal guardians prior to death. For the animal study, all

experimental protocols were approved by Institutional Animal Care and Use Committee of our

institution (approval no. A2022-016).

Characteristics and preparation of the sealants

Manufacture of ApGlin sheets (Ichimaru et al., 2021)
3
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C10-ApGltn was synthesized by reductive amination of amino groups in ApGltn with decanal,

as previously reported (Mizuno et al., 2017; Taguchi et al., 2016). ApGltn sheets composed of C10-

ApGltn were fabricated by electrospinning. Briefly, 0.9 g of C10-ApGltn was dissolved in 3 mL of a

60% aqueous ethanol solution at 55°C. The solution was loaded into a syringe with an 18 G needle

and placed in an electrospinning machine (NANON-03, MECC Co., Ltd., Japan). The solution was

then extruded at a rate of 1 mL/h and an electrospinning voltage of 22 kV. The ApGltn sheets were

collected on silicone-coated aluminum membranes positioned 15 cm from the needle tip. To improve

stability under wet conditions, the obtained sheets were thermally cross-linked at 150°C for 5 h under

reduced pressure. Sheet thickness was 500um, and they were bioresorbable within 4 weeks (Figure

S2). The microstructure of the fabricated ApGltn sheets was observed using scanning electron

microscopy (SEM; JSM-5600, JEOL Ltd., Japan) after sputtering with platinum for 5 min (Figure

S2). Thereafter, the ApGltn sheets were stored at room temperature until further use.

Fibrin glue

Fibrin glue (Beliplast P Combi-set, CSL Behring, PA, USA) used in this study was stored in a

refrigerator (4 °C) before use. Fibrinogen powder (40 mg) and coagulation factor XIII (30 IU) were

dissolved in Aprotinin solution (500 KIE/0.5 ml). Powder of thrombin concentrate (150 IU) was

dissolved in calcium chloride solution (2.94 g/0.5 ml). The fibrinogen and the thrombin solutions

were cured by mixing equal volumes of each solution.
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Traction force testing using a cadaveric model

The primary outcome was the load to failure when traction force was applied to the repaired

digital nerves from freshly frozen cadavers. One hundred and twenty digital nerves from six freshly

frozen cadavers (mean age: 89 (SD 6) years; three women and three men) were used.

Surgical procedures for digital nerve repair

Digital nerves in a cadaveric model were selected, because our preliminary experiment showed

that the sciatic nerve size in mice or rats was too small for clamping to the traction machine (Masuda

et al., 2021). All surgical procedures were performed by a single-hand surgeon, according to a

previously reported method (Masuda et al., 2021). Radial and ulnar digital nerves (6 cm length) were

harvested from all five digits.

Each nerve segment was cut transversely at its midpoint. The nerves were repaired using six

techniques (20 nerves per group): (a) double suture, (b) single suture + ApGltn sheet, (c¢) single suture

+ fibrin sealant, (d) single suture, (¢) ApGltn sheet, and (f) fibrin sealant. To compare the failure load

using similar size nerves, the same cadavers were used for procedures (a) and (c), for (b) and (d), and

for (e) and (f). Digital nerves from the right hand were used for procedures (a), (b), and (e) and those

from the left hand for (c), (d), and (f). In procedures (a), (b), (c), and (d), the transected nerve was

repaired with a single- or double-epineural suture using an 8-0 monofilament nylon suture (Crownjun

KONO, Tokyo, Japan). In procedures (b) and (e), an ApGltn sheet of approximately 10 x 15 mm was
5
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placed around the nerve repair site (Figure 1). In procedures (c) and (f), approximately 1 ml of fibrin

sealant was applied around the repair. The glue sleeve length was five times the width of the nerve

itself.

Biomechanical evaluation

Biomechanical strength was tested 5 to 10 min postoperatively, according to a previously

described method (Masuda et al., 2021). Approximately 1 cm segments of the proximal and distal

nerve ends were clamped to a material testing machine (Table-top Material Tensile Tester; EZ Graph,

Shimadzu Corporation, Kyoto, Japan) with a load range of 100 N. Nerves were pulled uniaxially at a

rate of 5 mm/min until terminal rupture occurred. The peak recorded load was considered as the

maximum failure load.

Functional evaluation using a rat model

The secondary outcome was the functional recovery of the repaired sciatic nerve using a rat

model. To prepare a sciatic-nerve injury model, 53 eight-week-old male Wistar rats (Sankyo Labo,

Tokyo, Japan) with a mean body weight of 198 (182-224) g at the time of surgery were used.

Surgical procedures for nerve repair



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

All rats were deeply anaesthetized with intraperitoneal ketamine (90 mg/kg; Sankyo, Tokyo,

Japan) and xylazine (10 mg/kg; Bayer, Leverkusen, Germany). The left leg was used as the

experimental limb, and the right leg was used for sham operation, or as a control. A dorsal

longitudinal skin incision was made, and the sciatic nerve was exposed by splitting the gluteal muscle.

The nerves were treated with seven surgical interventions: (a) double suture, (b) single suture +

ApGltn sheet, (c) single suture, (d) ApGltn sheet, (e) fibrin sealant, (f) resection of the nerve with a

5-mm segmental defect, and (g) sham (placebo) operation (10 nerves each for [a] to [f] and three

nerves for [g]). Procedures employing suture + fibrin sealant was not performed in the rat model,

since the results of biomechanical traction testing showed that there was no significant difference

between the procedures employing suture and those employing suture + fibrin sealant. In procedures

(a)—(f), the sciatic nerve segment was cut transversely at the midpoint of the nerve. In procedures (a)—

(c), the transected nerve was repaired with a single- or double-epineural suture using a 9-0

monofilament nylon suture (Crownjun KONO, Tokyo, Japan). In procedures (b) and (d), ApGltn

sheet of approximately 10 x 5 mm was placed around the nerve division site. In procedures (e),

approximately 0.1 ml of fibrin adhesive was placed around the nerve rupture site. When the ApGltn

sheet and fibrin sealant were applied to the nerve, a plastic sheet was laid beneath the nerve to avoid

adherence of the sealant to the nerve bed. During the sham operations, sciatic nerves were explored

without damaging them. After surgery, the treated limbs were not immobilized, and the rats were

allowed unrestricted motion.
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To evaluate nerve regeneration, walking track analysis was performed every two weeks until 8

weeks after the procedure, when macroscopic examination, muscle weight measurement, and

histological examination were conducted.

Macroscopic examination

The sciatic nerve was exposed using a procedure similar to that described previously. The

macroscopic appearance of the sciatic nerve, including nerve continuity and ApGltn sheet absorption,

was confirmed. Nerve continuity was defined as complete continuity (continuity with normal nerve

thickness), incomplete continuity (continuity with nerve narrowing), or complete rupture (visible

separation at the coaptation site) (Masuda et al., 2021).

Muscle weight measurement

Both tibialis anterior muscles were harvested and weighed. Muscle recovery was calculated by

comparing the weights of the experimental and control limbs.

Walking track analysis

Walking track analysis was performed to evaluate motor function. Rats were placed on a

treadmill, and their footprints were scanned using the DigiGait System (Rat Specifics, MA, USA).
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The sciatic functional index (SFI) was calculated according to a previously reported formula (Bain et

al., 1989). The zero value of the SFI denotes normal nerve function, and a value of —100 represents

total loss of nerve function.

Histological examination

Three out of ten sciatic nerves from each group were examined histologically. To assess the

histological changes in the axons and myelin sheaths, specimens from the sciatic nerves 3 mm distal

to the repair site in each group were obtained for electron and light microscopy (Kimura et al., 2018;

Shibata et al., 2015). Semi-thin sections of 1 um thickness were stained with 0.1% toluidine blue for

7 min and imaged using a BZ-X700 optical microscope (Keyence, Osaka, Japan). Ultrathin axial

sections (70 nm thickness) of the sciatic nerve were prepared using an ultramicrotome (Leica UC7,

Leica Microsystems GmbH, Wetzlar, Germany) on silicon wafers and stained with uranyl acetate and

lead citrate for 10 min. The sections were observed under a SU6600 SEM (Hitachi High-Tech, Tokyo,

Japan) by detecting backscattered electrons with an acceleration voltage of 5 kV. For quantitative

analysis, axonal density was used to evaluate the regenerated nerve fibres. Axonal density was

defined as axonal area/total area, and myelin sheath density was defined as myelin sheath area/total

area in a fascicle in each nerve sample (Takagi et al., 2009). For G-ratio quantification, 300 fibres

(100 from each nerve) randomly selected from electron microscopy images were used.

Statistical analysis
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The Shapiro-Wilk test was used to assess the normality of data. Data are presented as mean

with standard error. To evaluate intergroup differences, one-way analysis of variance (ANOVA) with

Tukey or Games-Howell post hoc comparisons were used for maximum failure load, muscle weight,

and axonal density analysis. The Kruskal-Wallis and Dann—Bonferroni tests for post hoc comparisons

were used for axon diameter analyses. Two-way repeated ANOVA was used for the comparison

between SFI values. Statistical analysis was performed by a hand surgeon who was blinded to clinical

information. Post-hoc power analysis was conducted to confirm whether this sample size would be

adequate to detect a significant difference, with an alpha of 0.05. Effect sizes are expressed as mean

values with standard deviations. The power analysis demonstrated statistical powers of 100%, 97%,

98%, and 100% for the cadaveric model, muscle weight, SFI, and G-ratio, respectively. Statistical

significance was set at p < 0.05.

RESULTS

Failure load using the cadaveric model

The maximum failure load for each procedure is shown in figure 2. The maximum failure load

of ApGltn sheet was significantly higher than that of a fibrin sealant (0.39 N vs. 0.05 N, p < 0.001).

The maximum failure load of single suture + ApGltn sheet was significantly higher than that of a

single suture (1.32 N vs. 0.97 N, p = 0.02). There were no significant differences between single

suture + fibrin sealant and single suture (0.99 N vs. 0.97 N, p = 0.99). The double suture technique
10
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(1.65 N) had a higher maximum failure load than the single suture + ApGltn sheet technique, but this

was not significant (p = 0.07). The maximum failure load of the ApGltn sheet (0.39 N) and fibrin

sealant (0.05 N) was significantly lower than those of the other four procedures (p < 0.001).

Functional evaluation using the rat model

Macroscopic examination

All resected sciatic nerves in the double suture, single suture + ApGltn sheet, single suture, and

ApGltn sheet groups showed complete nerve continuity without defects. The ApGltn sheets were

resorbed and had disappeared by 8 weeks after the initial procedure. Fibrin groups showed complete

continuity of the nerves in 9 rats and incomplete continuity in 1 rat. In the resection group, complete

rupture was observed in five of ten rats, complete continuity in two, and incomplete continuity in

three rats (Figure S3).

Muscle weight

Muscle weight recovery did not significantly differ among the double suture, single suture +

ApGltn sheet, single suture, ApGltn sheet, and fibrin techniques (p > 0.05) (Figure 3). However, a

significant difference was observed between the resection group and the double suture, single suture

+ ApGltn sheet, single suture, and ApGltn sheet groups (p < 0.05).

11
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Walking track analysis

SFI improved over time; the double suture and single suture + ApGltn sheet groups showed

significantly higher SFI values than the ApGltn sheet, single suture, fibrin, and resection groups (p <

0.05) (Figure 4). The ApGltn sheet groups showed significantly higher SFI values than the resection

group (p <0.05).

Histological examination

Optical and electron microscopy images of the toluidine blue-stained nerves fibre are shown in

figure 5. In axial sections, a larger number of myelinated axons were observed in the double suture,

single suture + ApGltn sheet, single suture, ApGltn sheet, and fibrin groups than in the resection

group. Quantitative analysis of the axonal density indicated that the double suture and single suture

+ ApGltn sheet groups had significantly higher values than the fibrin group (Figure 6). No significant

differences were observed in axonal density among the double suture, single suture + ApGltn sheet,

ApGiltn sheet, and single suture groups.

The G-ratios are shown in figure S4. Although the double suture group showed thicker myelin

regeneration than the single suture + ApGltn sheet group (Figure S4a), the axonal diameters did not

significantly differ between the two groups (Figure S5). Similar axonal regrowth patterns were

observed in the single suture + ApGltn sheet and single suture groups (Figure S4b) and the single

suture and ApGltn sheet groups (Figure S4c); the axonal diameters among the three groups did not

significantly differ (Figure S5). The ApGltn sheet group showed thicker myelin regeneration than the
12
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fibrin group (Figure S4d). The axonal diameters indicated that the double suture, single suture +

ApGltn sheet, single suture, and ApGltn sheet groups had significantly higher values than the fibrin

group.

DISCUSSION

In this study, the bonding strength and functional recovery of transected nerves using ApGltn

sheets were compared with traditional sutures and fibrin sealant in cadaveric and rat models. The

maximum failure load of the ApGltn sheet was approximately eight times higher than that of the

fibrin sealant. Although the bonding strength of the ApGltn sheet was inferior to that of the traditional

suture, the addition of the ApGltn sheet to the single suture significantly reinforced the repair strength.

Addition of fibrin sealant to the single suture did not significantly reinforce the strength. The ApGltn

sheet did not compromise sciatic nerve regeneration compared with the traditional suture.

Liquid ApGltn sealant has a stronger breaking strength than fibrin sealant (Masuda et al., 2021;

Mizuno et al., 2017; Taguchi et al., 2016; Yamaoka et al., 2019). Taguchi et al. (2016) demonstrated

that the burst strength of the ApGltn sealant was 11.6 times higher than that of a fibrin sealant in a

burst porcine aorta model (341 vs. 29 mm Hg). Additionally, Masuda et al. (2021) showed that the

maximum failure load of liquid-type ApGltn sealant was approximately three times higher than that

of the fibrin sealant using a cadaveric digital nerve model (0.22 versus 0.06 N). Although a direct

comparison between that study and ours is difficult due to the different digital nerve sizes from
13
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different specimens employed, the breaking strength of the ApGltn sheet (0.39 N) is higher than that

of the liquid-type ApGltn sealant. However, the failure load of the ApGltn sheet was inferior to that

of the traditional suture, as also shown in a previous report on liquid ApGltn sealant (Masuda et al.,

2021).

To minimize the effect of size differences, a previous cadaveric model similar to our study

compared bilateral digital nerves from the same specimen (Masuda et al., 2021). Addition of liquid

ApGltn sealant to the single suture did not significantly increase the maximum failure load (mean 0.1

N) compared to the single suture (Masuda et al., 2021); therefore, they concluded that liquid ApGltn

sealant with the reported bonding strength cannot be used clinically, and further improvement of the

strength in the ApGltn sealant is required. Our study showed that the addition of an ApGltn sheet to

a single suture does significantly reinforce the bonding strength (mean 0.35 N). Fibrin glue is

sometimes added to the nerve suture site (Isaacs, 2010); however, our results are consistent with the

previous findings that the addition of fibrin glues does not significantly increase the maximum failure

load (Isaacs et al., 2008). The ApGltn sealant, compared to the fibrin sealant, has been shown to have

prolonged adhesive capacity and reduced viral infection risk and cost (Nishimura et al., 2008; Taguchi

et al., 2016). Since ApGltn is derived from the waste product of Alaska pollack skin, the cost of

materials could be quite low. Therefore, ApGltn sheets could be clinically useful in the future as an

alternative to fibrin sealants.

In the present study, sciatic nerves repaired with sheet-type ApGltn sealant showed nerve

recovery similar to that in the suture group. This result is consistent with that of a previous study
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using liquid ApGltn sealant, showing similar nerve recovery compared to suture and fibrin sealant

repair in a rat sciatic nerve model (Masuda et al., 2021). Furthermore, sheet-type ApGltn sealants

completely degrade within 21 days without severe inflammation when subcutaneously implanted in

the backs of rats (Ichimaru et al., 2021). In an in vitro study, ApGltn sheet had excellent

cytocompatibility and efficiently supported the growth of 1.929 cells (Ichimaru and Taguchi, 2021).

Moreover, since it is composed of gelatin, ApGltn sheets do not prevent tissue regeneration.

In addition to the bonding strength, the ApGltn sheet has other advantages over liquid ApGltn

sealant. Liquid-type adhesives need to mix two components homogeneously; therefore, they require

special apparatuses to rapidly mix the components during surgery (Mizuno et al., 2017). Sheet-type

adhesives have been developed for their easy sealing property without any special apparatus.

Additionally, the liquid type requires refrigeration before use, whereas the sheet type can be stored at

room temperature. Furthermore, liquid-type adhesives are difficult to apply evenly around the entire

circumference of the suture site in clinical practice, whereas the sheet-type are more evenly applied.

Altogether, the ApGltn sheet is clinically easier to use for nerve repair than the liquid type.

Our study had some limitations. The maximum failure load of a repaired nerve could differ

according to the digital nerve size. To minimize the effect of size differences, the same cadavers were

used for the single suture + ApGltn sheet (b) and single suture procedures (d); the double suture (a)

and single suture + fibrin sealant (c) procedures; and ApGltn sheet (¢) and fibrin sealant (f) procedures.

However, the different cadavers used for the procedures might have affected the results. Nerve

regeneration was studied in an animal model only. Therefore, clinical trials are needed to validate the
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application of this sealant in humans.

In conclusion, the maximum failure load of the ApGltn sheet was higher than that of the fibrin

sealant. Addition of the ApGltn sheet to a single suture significantly reinforces the repair strength of

the nerve. Its effect on transected nerve regeneration is similar to that of the traditional suture.

Although ApGltn sheet cannot serve as a substitute for sutures, we believe that addition of ApGltn

sheets to the nerve suture site will be useful for clinical application in the future as an alternative to

fibrin sealant.
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FIGURE LEGENDS

Figure 1. Resected digital nerves repaired with single suture + ApGltn sheet. An approximately 10 x

15 mm sheet was applied around the nerve rupture site.

Figure 2. The maximum failure load for each procedure. The failure load of the single suture +

ApGltn sheet was significantly higher than that of the single suture and that of ApGltn sheet was

significantly higher than that of a fibrin sealant. Each box represents the interquartile range of values,
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with the bold line showing the median value. The vertical lines show maximum and minimum values.

*p < 0.05, **p < 0.001

Figure 3. Muscle weight recovery of the tibialis anterior in the experimental limbs compared with

that in the control limbs. No significant differences are observed among the procedures employing

double sutures, single sutures + ApGltn sheets, single sutures, ApGltn sheets, and fibrin techniques.

Each box represents the interquartile range of values, with the bold line showing the median value.

The vertical lines show maximum and minimum values. *p < 0.05, **p < 0.001

Figure 4. Sciatic functional index in each procedure until the completion of 8 postoperative weeks

at 4, 6, and 8 weeks, the double suture and single suture + ApGltn sheet groups show significantly

higher values than the ApGltn sheet, single suture, fibrin, and resection groups. Data are presented as

mean with standard deviation.

Figure 5. Axial sections of the sciatic nerve: light microscopy with toluidine blue (above) and

electron microscopy with uranyl acetate (below) staining. A larger number of myelinated axons are

observed in the double suture, single suture + ApGltn sheet, single suture, ApGltn sheet, fibrin groups

than in the negative control resection group.
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Figure 6. Quantitative analysis of axonal density of the regenerated nerve fibrefibres. The double

suture and single suture + ApGltn sheet groups had significantly higher values than the fibrin sealant.

No significant differences were observed among the double suture, single suture + ApGltn sheet,

ApGltn sheet, and single suture. Each box represents the interquartile range of values, with the bold

line showing the median value. The vertical lines show maximum and minimum values. *p < 0.05,

*4p < 0.001

Figure S1. Biomechanical traction testing using transected digital nerves in a cadaveric model and

functional testing using transected sciatic nerves in a rat model.

Figure S2. Photograph of prepared ApGltn sheet (left) and scanning electron microscopy images of

ApGltn sheet (right).

Figure S3. Macroscopic examination of the resected sciatic nerves. All resected sciatic nerves in the

double suture, single suture + ApGltn sheet, single suture, ApGltn sheet, and fibrin groups show nerve

continuity, while segmental defects are observed in five out of ten rats in the resection group.

Figure S4. The G-ratio and axon diameter results. The approximate linear regression equation for

each group is shown in the graph.
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(a) Double suture and single suture + ApGltn sheet

(b) Single suture + ApGltn sheet and single suture

(c) Single suture and ApGltn sheet

(d) ApGltn sheet and fibrin sealant

Figure S5. Axonal diameter of the regenerated nerve fibres. The axonal diameters indicated that the

double suture, single suture + ApGltn sheet, single suture, and ApGltn sheet groups had significantly

higher values than the fibrin group. Each box represents the interquartile range of values, with the

bold line showing the median value. The vertical lines show maximum and minimum values. *p <

0.05, **p <0.001
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