
Materials Today Bio 23 (2023) 100806

Available online 20 September 2023
2590-0064/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Double-layer adhesives for preventing anastomotic leakage and reducing 
post-surgical adhesion 

Sung Il Kang a, Hyun Ho Shin b, Da Han Hyun c, Ghilsuk Yoon d, Jun Seok Park e,**, 
Ji Hyun Ryu b,f,g,* 

a Department of Surgery, College of Medicine, Yeungnam University, Daegu, 42415, South Korea 
b Department of Chemical Engineering, Wonkwang University, Iksan, Jeonbuk, 54538, South Korea 
c Department of Biomedical Science, School of Medicine, Kyungpook National University, Daegu, 41404, South Korea 
d Department of Pathology, School of Medicine, Kyungpook National University, Daegu, 41566, South Korea 
e Department of Surgery, School of Medicine, Kyungpook National University Hospital, Daegu, 41404, Republic of Korea 
f Department of Carbon Convergence Engineering, Wonkwang University, Iksan, Jeonbuk, 54538, South Korea 
g Smart Convergence Materials Analysis Center, Wonkwang University, Iksan, Jeonbuk, 54538, South Korea   

A R T I C L E  I N F O   

Keywords: 
Intestinal anastomosis 
Colorectal cancer 
Gallic acid-conjugated chitosan 
Crosslinked hyaluronic acid 
Double layer 

A B S T R A C T   

Preventing anastomotic leakage (AL) and postoperative adhesions after gastrointestinal surgery is crucial for 
ensuring a favorable surgical prognosis. However, AL prevention using tissue adhesives can unintentionally lead 
to undesirable adhesion formation, while anti-adhesive agents may interfere with wound healing and contribute 
to AL. In this study, we have developed a double-layer patch, consisting of an adhesive layer on one side, utilizing 
gallic acid-conjugated chitosan (CHI-G), and an anti-adhesive layer on the opposite side, employing crosslinked 
hyaluronic acid (cHA). These CHI-G/cHA double-layer adhesives significantly prevented AL by forming physical 
barriers of CHI-G and reduced post-surgical adhesion at the anastomosis sites by the anti-adhesive layers of cHA. 
The bursting pressure (161.1 ± 21.6 mmHg) of double-layer adhesives-applied rat intestine at postoperative day 
21 was far higher than those of the control (129.4 ± 5.7 mmHg) and the commercial anti-adhesives-applied 
group (120.8 ± 5.2 mmHg). In addition, adhesion score of double-layer adhesives-applied rat intestine was 
3.6 ± 0.3 at postoperative day 21, which was similar to that of the commercial anti-adhesives-applied group (3.6 
± 0.3) and lower than that of the control group (4.9 ± 0.5). These findings indicate that the double-layer patch 
(CHI-G/cHA) has the potential to effectively prevent both postoperative adhesions and anastomotic leakage, 
offering a promising solution for gastrointestinal surgery.   

1. Introduction 

Anastomotic leakage (AL) is a serious complication of gastrointes-
tinal surgery. The well-known potential risk factors of AL are patients’ 
medical conditions, surgical techniques, radiation exposure, and anas-
tomotic organs [1–4]. For instance, the overall incidence of AL after 
ileocolic anastomosis is 0.4–6.5% [1–4], whereas the incidence of AL 
after rectal resection was up to 30% [5]. Prevention of AL during sur-
gical procedures is important because it is associated with high 
morbidity and mortality [1–4,6]. When AL occurs, reoperation and/or 
intervention is required to ensure patient safety, which inevitably in-
creases medical expenses [7,8]. Thus, developing adhesive materials 

that can act as adjuncts for anastomosis via effectively sealing the 
anastomotic sites is highly desirable to prevent AL. 

Several tissue adhesives are currently being developed in response to 
these clinical requirements, and a few of them are already in the market 
and currently utilized in clinical settings. Although the sealing effect of 
tissue adhesives such as cyanoacrylate, acrylate, gelatin, collagen, and 
fibrin glues for preventing AL in clinical practice is ambiguous, several 
experimental and animal studies have reported promising results 
[9–11]. For instance, cyanoacrylate-based tissue adhesives (i.e., 
ethyl-cyanoacrylate, N-butyl-cyanoacrylate, iso-butyl-cyanoacrylate, 
and 2-octyl-cyanoacrylate) reduce AL by sealing anastomosis sites via 
rapid polymerization [12,13]. Cyanoacrylates exhibit excellent 
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mechanical and adhesive properties in vitro [14]. However, the effects of 
cyanoacrylate after suturing of colonic anastomotic sites may be nega-
tive during anastomotic healing, as previously reported [15,16]. In 
addition, safety issues related to direct tissue damage during curing 
reactions and toxic degradation products that are not suitable for med-
ical applications remain [15,16]. Fibrin glue-based tissue adhesives 
significantly increase anastomotic bursting pressures by sealing AL sites 
in rat models [17]. Fibrin glue promotes fibrous healing with low 
inflammation, resulting in the prevention of AL during colonic anasto-
mosis [18]. Similar to fibrin glues, gelatin [19–21], collagen [22–24], 
chitosan [25,26], lectin [27], and synthetic adhesives [28] with slight 
modifications, combinations, and forms/shapes, are used as sealing 
materials to prevent AL. The effectiveness of several tissue adhesive 
materials in anastomosis has been reported; however, further studies are 
required to provide convincing evidence for their clinical use in surgical 
procedures. 

Tissue adhesives have the potential to reinforce anastomotic sites 
and prevent AL. Conversely, this capability can also result in excessive 
adhesion, potentially contributing to intestinal obstruction [22]. Indeed, 
the adhesion formation index of the group treated with tissue adhesives 
was higher than that of the normal group in our previous study [29]. 
Postoperative intestinal adhesions are primarily caused by surgical 
trauma. In addition, postoperative adhesions are the most common 
complications of abdominal or pelvic surgery, and completely prevent-
ing adhesions in patients who undergo gastrointestinal or pelvic surgery 
is almost impossible [30]. The incidence of symptomatic postoperative 
adhesions occurring within one month after surgery has been reported 
to vary, with rates ranging from less than 1%–26% [31]. Intestinal ad-
hesions are also clinically significant because they can lead to acute or 
chronic abdominal pain, intestinal obstruction, and symptoms that 
require hospitalization or reoperation. Therefore, in the case that tissue 
adhesives may induce intestinal adhesions, they should be approached 
with caution, and such side effects must be minimized. 

Phenolic compound-conjugated polymers have been extensively 
synthesized for various biomedical applications [32,33]. The conjuga-
tion of catechol or gallol groups to polymeric backbones enhances 
water-resistant tissue adhesive properties, retaining the intrinsic 

properties of the polymers. In addition, double-layered patches and 
hydrogels have recently been developed for tissue repair to prevent 
tissue adhesion [34–38]. For instance, double-layer adhesives of 
mussel-inspired hydrogels with an anti-adhesive layer stably adhere to 
cardiac tissues that are effective in repairing myocardial infarction and 
preventing tissue adhesions [34]. Also, double-layer hydrogels 
composed of the adhesive layers with transglutaminase-crosslinked 
gelatin and alginate hydrogels and the anti-adhesive layers of alginate 
and carboxymethyl cellulose composites shows the promotion of wound 
healings and prevention of a partial hepatectomy-induced adhesions 
[35]. Thus, the rational design of biomaterials with opposing charac-
teristics provides efficient strategies for versatile biomedical applica-
tions in many surgeries. 

Our hypothesis postulates that a bilayer material comprising an ad-
hesive layer on one side and an anti-adhesive layer on the opposite side 
can prevent AL while alleviating concerns of post-surgical adhesion in 
relation to tissue adhesive usage. We expect that the adhesive layer of 
patches can prevent leakage by sealing undesirable perforation sites and 
the anti-adhesive layers can reduce post-surgical adhesion, as shown in 
Fig. 1. In this study, we developed a double-layer adhesive consisting of 
gallic acid-conjugated chitosan (CHI-G) as the adhesive material and 
crosslinked hyaluronic acid (cHA) as the anti-adhesive material for in-
testinal anastomosis. The CHI-G/cHA double-layer adhesive exhibited 
an excellent sealing performance and reduced the occurrence of unin-
tentional adhesion when tissue adhesive materials were used in the large 
intestine (cecum) as an AL animal model. AL is more prevalent in colon 
and rectal surgeries than in surgeries involving the small intestine or 
stomach in clinical practice. In addition, the surgeries were performed 
with sutures using a loose suture technique that created an AL model 
that closely resembled an actual clinical scenario. Thus, this study 
demonstrates the possibility of using CHI-G/cHA double-layer adhesives 
to prevent AL and reduce post-surgical adhesions. 

Fig. 1. Schematic illustration of the role of double-layer adhesives for intestinal anastomosis. In general, anastomotic leakage occurred in up to 30% cases after 
resection of colorectal cancers. The double-layer adhesive prevents anastomotic leakage with the reduction of post-surgical adhesions. 
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2. Materials and methods 

2.1. Materials 

Chitosan (medium molecular weight, 200–800 cp, 75–85% deace-
tylated) and gallic acid were purchased from Sigma-Aldrich (USA). 1- 
Ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) 
was purchased from TCI-SU (Japan). HA (M.W. 1 MDa) was purchased 
from LifeCore (USA). Acetone (Daejung Chemical, Republic of Korea) 
was used as received without further purification. All other chemicals 
were of analytical grade. 

2.2. Synthesis of CHI-G 

CHI-G was synthesized using standard carbodiimide chemistry. 
Briefly, chitosan (1 g) was dissolved in pH 5.0 HCl solution (100 mL). 
Gallic acid (1.1 g) and EDC (1.2 g) in a co-solvent (50 mL) of DDW and 
ethanol (1:1 v/v) were added to the chitosan solution, and the pH was 
adjusted to 5.0. The reaction time was 12 h and the pH of the reaction 
solution was maintained during the reaction. The product was dialyzed 
using a membrane (MWCO = 3.5 kDa, SpectraPor) against a pH 2.0 NaCl 
solution (10 mM) for 2 days and DDW for 4 h. The final product was then 
lyophilized. CHI-G synthesis was confirmed by 1H NMR (Bruker Avance, 
500 MHz) and UV–Vis spectroscopy (UV-1900i, Shimadzu). The degree 
of gallol substitution by CHI-G was estimated by comparing its absor-
bance at 265 nm caused by the gallol groups with the standard curves of 
gallic acid concentrations. The degree of gallol substitution was calcu-
lated as 6.0 ± 0.9%. 

2.3. Preparation of CHI-G/cHA double-layer adhesives 

CHI-G/cHA double-layer adhesives were fabricated using a simple 
freeze-drying method. Briefly, HA (1.5 wt%) was dissolved in DDW, 
poured into freeze-dried molds, and lyophilized. To crosslink HA, EDC in 
acetone (2 mg/mL) and DDW washing solutions were prepared. After 
lyophilization, the HA patches were soaked in EDC solution (50 mL) for 
24 h and washed thrice with DDW solution. The crosslinked HA patches 
(cHA) were placed on freeze-dried molds and frozen at − 20 ◦C. The CHI- 
G solution (1.5 wt%) was poured onto the frozen cHA patches and both 
were lyophilized. The morphological differences of CHI-G and cHA 
layers with interfaces between two layers were monitored using scan-
ning electron microscopy (SEM, S-4800, Hitachi Ltd., Tokyo, Japan) at 
an acceleration voltage of 15 kV at the Core Facility for Supporting 
Analysis & Imaging of Biomedical Materials at Wonkwang University, 
which is supported by the National Research Facilities and Equipment 
Center. 

2.4. Study on swelling ratio and stability of CHI-G/cHA double-layer 
adhesives 

To measure the swelling ratios, cHA, CHI-G, and CHI-G/cHA double- 
layer patches were prepared. The patches (ca. 20 mg) were placed in a 
PBS solution (pH 7.4, 1 mL) and maintained for 21 days at 37 ◦C. At 
predetermined time intervals (0.04, 0.13, 0.25, 0.5, 1, 2, 3, 5, 7, 14, and 
21 days), the swelling ratios were measured after removing the PBS 
solution with surface moisture using the following equations: 

Swelling ratio (%) =
wwet − wdry

wdry
× 100

(

%
)

In addition, in vitro stabilities of cHA, CHI-G, and CHI-G/cHA double- 
layer patches were monitored in PBS (pH 7.4) solution. In brief, patches 
(ca. 20 mg) were placed in the PBS solution (pH 7.4, 1 mL) and incu-
bated for 21 days at 37 ◦C. At predetermined time intervals (1, 2, 3, 5, 7, 
14, and 21 days), the supernatants were removed, washed with DDW, 
and lyophilized. After fully drying, the remaining weight (Wt) of each 

patch was measured. In vitro stabilities of cHA, CHI-G, and CHI-G/cHA 
double-layer patches were calculated using the following equation: 

Remaining weight (%) =
wt

winitial
× 100

(

%
)

The measurements of in vitro stabilities were performed in triplicates. 
To monitor in vivo stabilities, CHI-G/cHA double-layer patches (25 

± 0.5 mg) were implanted on the anastomosis sites of rats. At pre-
determined time intervals (3, 7, 21 days), the hydrogel patches were 
collected from the anastomosis sites, and the remaining weights were 
measured in wet conditions. Also, the remaining weights of patches after 
lyophilization were measured. The measurements were performed in 
quadruplicates. 

2.5. Tissue adhesive properties of CHI-G/cHA double-layer adhesives 

To measure the tissue adhesive properties of the CHI-G/cHA double- 
layer adhesives, a modified lap-shear test was performed using a uni-
versal testing machine (UTM, Instron 5583, Instron) with a 50 N load 
cell. For tissue-adhesion tests, cHA, CHI-G, and CHI-G/cHA double-layer 
patches were prepared. Briefly, the patches and porcine intestines were 
cut into 1 × 1 cm2 square shapes. Polyethylene terephthalate (PET) films 
were cut into 1 × 5 cm2 rectangular shapes. Porcine tissues and patches 
were attached to the edges of the PET films. For the CHI-G/cHA double- 
layer adhesives, both cHA and CHI-G layers were attached to PET films. 
The porcine tissue and patches were overlapped and fixed on either side 
of the UTM holders. Tensile strength was measured by pulling the UTM 
probe at a loading rate of 1 mm/min. All measurements were performed 
in triplicates. 

2.6. In vitro bursting pressure measurements 

The bursting pressure of the CHI-G/cHA double-layer adhesive was 
measured using bursting-pressure monitoring devices equipped with a 
plastic container, indicator, pressure transmitter, and recorder. Briefly, 
the porcine intestine was placed in containers and perforated using 3 
mm biopsy punches and 18-gauge needles, respectively. The CHI-G/cHA 
double-layer adhesive was cut into a round shape with a diameter of 15 
mm. The CHI-G/cHA double-layer adhesives were attached to the 
perforation site of the intestine, and air was blown into the container. 
The pressure was monitored when a sudden decrease due to leakage 
from the intestine was observed. All measurements were performed in 
triplicates. 

2.7. Preparation of animal experiments 

All animal experiments were performed at the Animal Research 
Laboratory of Kyungpook National University and approved by the 
Animal Review Committee of Kyungpook National University (2022- 
0036). All procedures were performed in accordance with the National 
Institute of Health’s Guide for the Care and Use of Laboratory Animals. 
Forty normal male Sprague-Dawley rats (32 male rats, aged 6–8 weeks, 
body weight 200–250 g, Chungchengbuk-do, Korea) were used for in-
testinal anastomosis. All rats were housed, one per cage, in a 
temperature-controlled room (23 ◦C), fed a standard laboratory diet and 
tap water, and kept on a 12-h light/12-h dark cycle. 

2.8. Animal models for the effectiveness evaluation of CHI-G/cHA 
double-layer patch 

An AL model was developed using a method similar to that described 
in our previous study [17]. All operations were performed after sterili-
zation and disinfection by a team of experienced clinical surgeons. 
General anesthesia was induced by isoflurane inhalation after a 24-h fast 
and the abdominal skin was shaved. Under sterile conditions using a 
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Fig. 2. a) Synthesis and chemical structures of CHI-G. b) 1H NMR and c) UV–Vis spectra of CHI-G. d) Fabrications of CHI-G/cHA double-layer adhesives. HA 
hydrogels prepared using EDC (first) were frozen and CHI-G was poured onto the frozen HA hydrogels (second), and these were freeze-dried (third). e) Photographic 
images of CHI-G/cHA double-layer adhesives. f-h) SEM images of f) a cross-section (top: CHI-G and bottom: cHA) of CHI-G/cHA double-layer patches, g) inner 
surfaces of cHA, and h) inner surfaces of CHI-G. i) Equilibrium swelling ratios after 24-h incubation. j) Elastic (Gʹ) and viscous (G″) modulus changes in CHI-G alone as 
a function of time. k) Volume changes before and after PBS treatments measured by a water contact angle analyzer. l) In vitro and m) in vivo remaining weights of 
cHA, CHI-G, and CHI-G/cHA double-layer patches after predetermined time intervals. n) Photographic images of CHI-G/cHA double-layer patches-attached on 
anastomosis sites after 3, 7, and 21 days. 
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povidone-iodine scrub, a mid-abdominal incision was made to expose 
the peritoneal cavity and a linear enterotomy (1 cm long) was performed 
at the cecum. Subsequently, a loose anastomosis was performed using 
two 4-0 vicryl sutures. 

Forty rats were randomly assigned to five groups (n = 8 per group) 
according to the material applied to the anastomosis site: 1) control 
(two-stitch only), 2) Mediclore™ (commercial anti-adhesive, CGBIO 
Ltd., Korea), 3) Neoveil™ (Commercial tissue-adhesive, Gunze Ltd., 
Japan), 4) CHI-G, and 5) CHI-G/cHA. Mediclore™ is a mixture of 
poloxamer, gelatin, and chitosan that is the commercially available anti- 
adhesive product. Neoveil™ is an absorbable reinforcement material 
prepared using polyglycolic acid (PGA). After all procedures were per-
formed, the incisional abdominal cavity was closed with double layer 
using 3-0 vicryl continuous sutures for the fascia and 2-0 silk intermit-
tent sutures for the skin. After the experimental rats awoke normally 
from anesthesia, they were fed a normal diet and observed individually 
in separate cages. 

2.9. Assessment of adhesion scores 

Half of the rats in each group were euthanized by inhalation after 
postoperative day 7 and the other half after postoperative day 21 using 
carbon dioxide inhalation. To determine the degree of adhesion, the 
abdomen was cut in a U-shape, and the degree of adhesion was scored 
according to the qualitative adhesion scoring system as follows. The 
adhesion score was evaluated based on three criteria: extent, type, and 
tenacity (total 10 points). Adhesion scores were evaluated according to 
the extent, type, and tenacity based on the macroscopic appearance of 
adhesions. Extent was 0 (no adhesion), 1 (1–25% of the peritoneal cavity 
involved), 2 (25–50% of the peritoneal cavity involved), 3 (51–75% of 
the peritoneal cavity involved), and 4 (76–100% of the peritoneal cavity 
involved); type was 0 (no adhesion), 1 (filmy), 2 (dense), and 3 
(vascular); and tenacity was 0 (no adhesion), 1 (easily fall apart), 2 
(requiring traction), 3 (requiring sharp dissection). Two independent 
clinical surgeons evaluated the adhesion scores in a blinded manner. 

2.10. In vivo measurement of the anastomotic bursting pressure 

After evaluating the adhesion score, en bloc excision of the ileocecal 
area, including the anastomosis, was performed. Subsequently, one side 
of the lumen of the specimen was ligated, and a pressure transducer 
catheter was inserted through the other side of the lumen and secured 
with ligation. Intraluminal pressure was measured by injecting air 
through the catheter using an infusion pump to gradually increase the 
luminal pressure of the specimen. The level at which a sudden pressure 
decline was observed was measured as the bursting pressure. 

2.11. Hematologic assessment 

For each group, 1.5 mL of preoperative and postoperative blood was 
placed in an SST tube (BD Vacutainer SST II Advance plus Blood 
Collection tubes) and 0.5 mL in an EDTA tube (BD Microtainer tube 
K2EDTA tubes). the SST tube was shaken around 5 times after collecting 
blood, kept at room temperature for 15 min, centrifuged at 3000 rpm for 
10 min at 4 ◦C, and stored in a refrigerator (for long-term storage). The 
blood in the EDTA tube was shaken up and down approximately five 
times and refrigerated until required (storage X for more than one day). 

2.12. Histological analysis 

Histological analysis was conducted on paraffin-embedded 5-μm 
sections with peroxidase-conjugated affinity-isolated immunoglobulins. 
All intestinal segments that contained anastomosis were fixed in 10% 
neutral buffered formalin for 24 h and stained with H&E. The anasto-
mosis was graded histologically in a blinded manner. Inflammatory cell 
infiltration, fibrosis of the anastomosis site, and fibrous adhesion 

between the anastomotic site and adjacent tissues (such as the abdom-
inal wall and pericecal soft tissue) were graded from 0 to 4 as follows: 0 
= no evidence, 1 = occasional evidence, 2 = light scattering, 3 =
abundant evidence, and 4 = confluent cells or fibers. The fibrosis wall 
thickness (outer granulation rim of the leakage site) was determined as 
the median of four measurements per cecum cross-section. Three sepa-
rate measurements were obtained for the fibrotic wall thickness in the 
granulation tissue at the leakage site, and the average values were 
calculated for the cecal wall. 

3. Results and discussion 

3.1. Synthesis and characterizations of CHI-G/cHA double-layer 
adhesives 

To fabricate CHI-G/cHA double-layer adhesives, we first synthesized 
CHI-G. As shown in Fig. 2a, gallol moieties were introduced onto chi-
tosan backbones by forming amide bonds between the amine groups of 
chitosan and the carboxylic acid groups of gallic acid. We performed 1H 
NMR (D2O) and UV–Vis spectroscopic studies on CHI-G to confirm the 
conjugation of gallic acid to chitosan. The aromatic ring protons of the 
gallol group in CHI-G were found between 7.0 and 7.5 ppm in the 1H 
NMR spectra (Fig. 2b). In addition, an absorbance peak at 265 nm 
caused by gallic acid conjugation was observed in the UV–Vis spectra 
(Fig. 2c). The calculated degree of gallol substitution in the chitosan 
backbone was 6.0 ± 0.9% by comparing the absorbance at 265 nm of 
CHI-G and standard curves of gallic acid concentrations. CHI-G/cHA 
double-layer adhesives were prepared using a simple freeze-drying 
method. To prepare the cHA hydrogel patch layer, cHA hydrogels 
were first frozen in freeze-dried molds (Fig. 2d, first). The CHI-G solution 
(2 wt%) was poured onto the frozen cHA hydrogels (Fig. 2d, second), 
and both were lyophilized (Fig. 2d, third). Fig. 2e shows photographs of 
CHI-G/cHA double-layer adhesives. The slightly brown CHI-G layer, 
which may have been due to the color of gallic acid, was tangled with 
cHA layers in a disorderly manner. Cross-sectional scanning electron 
microscopic (SEM) images were obtained to confirm the morphology of 
CHI-G/cHA double-layer adhesives (Fig. 2f). Similar to the photographs, 
the two layers of CHI-G (top) and cHA (bottom) were integrated. We 
further obtained SEM images of cHA (Fig. 2g) and CHI-G (Fig. 2h). 
Relatively uniform and porous structures were observed in the cHA 
layer, whereas diverse uncontrollable structures were observed in the 
CHI-G layer. The interfaces between the CHI-G and cHA were further 
monitored with different magnifications. The morphologies were highly 
different between CHI-G and HA, but these were tightly combined in the 
interfaces probably due to electrostatic interactions with mechanical 
interlocking (Fig. S1). In addition, CHI-G and cHA layers were not 
separated by forceps even after treatments of water (Fig. S2). 

Next, the equilibrium swelling ratio of the CHI-G/cHA double-layer 
adhesive was measured (Fig. 2i). After 24-h incubation, the swelling 
ratios were 3031 ± 65.3% for cHA, 1447 ± 738.7% for CHI-G, and 2325 
± 243.6% for CHI-G/cHA double-layer adhesives. Unexpectedly, we 
found that CHI-G patches alone were crosslinked by self-oxidation 
during patch preparation. UV–Vis spectra of CHI-G after re- 
lyophilization of patch preparations showed an overall upshift in 
absorbance at wavelengths >300 nm (Fig. S3). As previously reported, 
gallic acid-conjugated polymers were crosslinked in PBS (pH 7.4) solu-
tion by self-oxidation [39,40]. The elastic modulus (Gʹ) and viscous 
modulus (G″) did not change significantly as functions of incubation 
time (Fig. 2j), indicating that crosslinking of CHI-G occurred during the 
freeze-drying step. To monitor the volume expansion of CHI-G/cHA 
double-layer adhesives after water treatments, PBS solution (pH 7.4) 
was dropped into the adhesives. As shown in Fig. 2k, low volume 
expansion was observed after PBS treatments due to the porous sponge 
structures of double layer adhesives at the dry state. In addition, we 
monitored the remaining weights of cHA, CHI-G, and CHI-G/cHA dou-
ble-layer adhesives in PBS (pH 7.4) solution. The remaining weights 
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were 92.3 ± 2.9% for cHA, 67.4 ± 3.1% for CHI-G, and 83.7 ± 2.1% for 
CHI-G/cHA double-layer adhesives after 21 days (Fig. 2l). This might be 
due to the dissociation of the uncrosslinked CHI-G fractions of the 
double-layer adhesives in the PBS (pH 7.4) solution. We further moni-
tored in vivo stabilities of double-layer adhesives at the anastomosis 
sites. CHI-G/cHA double-layer adhesives were attached to the anasto-
mosis sites and monitored as a function of time (Fig. 2m and n). After 3 
and 7 days, the adhesives were remained on the tissue. However, there 
was no adhesives after 21 days (Fig. 2n). The remaining weights of 
CHI-G/cHA double-layer adhesives in wet conditions were 330.2 ±

235.2 mg after 3 days, 218.3 ± 187.2 mg after 7 days, and 0 mg after 21 
days (Fig. 2m). In addition, the remaining weights of these adhesives 
after freeze-drying were 100.5 ± 32.0 mg after 3 days, 43.8 ± 44.3 mg 
after 7 days, and 0 mg after 21 days. In general, most leakages after 
intestinal anastomosis occur within the first week [41,42]. It was 
noteworthy that the adhesives can be act as sealing materials during the 
healing steps of anastomotic defects and absorbed at the longer time. 

Fig. 3. a) Schematic illustrations of the measurement of tissue adhesive properties. b) Detachment stresses of cHA, CHI-G, and CHI-G/cHA double-layer patches after 
attachment on the porcine intestine. c) A schematic illustration and d) photographic image of bursting pressure measurements using a 3 mm biopsy punch. Porcine 
intestine was placed on the bursting pressure measurement devices and a hole with 3 mm diameter was made at the center of the intestine. After that, the CHI-G/cHA 
double-layer patch was attached to the hole. e) Detected bursting pressures after preparation of the hole and applying the patches over the hole, respectively. f) An 
illustration and g) a photo of bursting pressure measurements using an 18-gauge needle. The measurements were performed by a method similar to that described 
above. h) Bursting pressures after suturing, applying the CHI-G/cHA double-layer patch, after suturing with the CHI-G/cHA double-layer patch. (i–m) Photographic 
images of the intestine with perforation (i), after suturing (j), applying the CHI-G/cHA double-layer patch (k), after suturing with the CHI-G/cHA double-layer patch 
(l), and normal tissue without the perforation (m). 
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3.2. Adhesion forces of CHI-G/cHA double-layer adhesives 

The adhesion forces of the CHI-G/cHA double-layer adhesive 
attached to the intestine were measured (Fig. 3a). As shown in Fig. 3b, 
the detachment stress of CHI-G patches alone was 34 ± 3.7 kPa, which 
was considerably higher than those of the control and cHA patches. CHI- 
G/cHA double-layer adhesives showed 1.1 ± 0.3 kPa of detachment 
stress, which was significantly lower than that with the CHI-G patches 
due to the cHA layers. In addition, we measured the bursting pressure of 
the porcine intestine after sealing the perforation sites with the CHI-G/ 
cHA double-layer adhesive. Bursting pressure is one of the most reliable 
indicators of the degree of anastomotic sealing; therefore, this pressure 
was measured in a manner similar to that in previous reports [43–46]. 
The bursting pressures were firstly measured in accordance with ASTM 
F2392-04 test methods. After preparations of a hole with 3 mm diam-
eter, the CHI-G/cHA double-layer adhesives (15 mm diameter) were 
applied over the hole (Fig. 3c and d). After applying the CHI-G/cHA 
double-layer adhesives to the hole, pressure was monitored with an 

air supply into the chamber covered with the porcine intestine. The 
measured bursting pressures of intestine with a 3 mm hole was 2.2 ±
0.1 mmHg, but the bursting pressures were remarkably increased to 93.1 
± 8.3 mmHg (Fig. 3e). To closely test the bursting pressures in clinical 
settings, we prepared a perforated porcine intestine using 18-gauge 
needles (Fig. 3f and g). As shown in Fig. 3h, the bursting pressure in 
the untreated control group was 218.8 ± 11.1 mmHg. After supplying 
air into the intestine, there was no inflation due to the perforation 
(Fig. 3i and Fig. S2a). After sealing the perforation site with suture, the 
bursting pressure increased to 56.4 ± 3.1 mmHg, which was far lower 
than that of the normal tissue without perforation. Reduction in the 
bursting pressure after suturing might be due to suture holes (Fig. 3j and 
Fig. S2b). In case of the CHI-G/cHA double-layer adhesive group, 
bursting pressure was 96.7 ± 9.6 mmHg, which was 1.75 times higher 
than that of suturing groups. In addition, significant intestinal inflation 
was observed (Fig. 3k and Fig. S2c). In addition, the bursting pressure 
further increased to 158.7 ± 8.8 mmHg when we applied the 
CHI-G/cHA double-layer adhesive after suturing (Fig. 3l). The bursting 

Fig. 4. a) Surgical procedures for AL. (b–f) Photographs of CHI-G/cHA double-layer patches on intestinal anastomosis. The animal model of AL was created by 
incising the cecum approximately 2 cm and suturing it with two stitches. b) Control group: two-stitch sutures only and other group; c) Mediclore™, d) Neoveil™, e) 
CHI-G, and f) CHI-G/cHA were applied to the anastomotic site, respectively. g) Bursting pressure, h) weight, i) WBC, j) AST, k) ALT, l) BUN, m) Crea changes in each 
group on postoperative days 7 and 21. 
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pressures and intestine inflation were comparable with those of normal 
tissues (Fig. 3m). It is noteworthy that the CHI-G/cHA double-layer 
adhesives are usefully exploited as intestinal anastomotic supporting 
materials, considering the intestinal anastomosis surgical procedures 
with sutures or staplers. 

3.3. Effects of CHI-G/cHA double-layer patches on intestinal anastomosis 

An animal model of AL was prepared using a method similar to that 
described in a previous study [17], as shown in Fig. 4a. In brief, a 
mid-abdominal incision of approximately 4 cm in length was made for 
peritoneal cavity exposure, and linear enterotomy (1 cm in length) was 
performed at the cecum. Subsequently, a loose anastomosis was per-
formed using two of the 4-0 vicryl sutures. The rats were then randomly 
assigned to five groups according to the material applied to the anas-
tomosis site as follows: 1) control (two-stitch only), 2) Mediclore™, 3) 
Neoveil™, 4) CHI-G, and 5) CHI-G/cHA (Fig. 4b–f). After performing all 
procedures, the incisional abdominal cavity was closed. After the 
experimental rats awoke normally from anesthesia, they were fed a 
normal diet and observed individually in separate cages. Half of each 
group was euthanized by inhalation after 7 days (n = 4 in each group), 
and the other half was euthanized after 21 days (n = 4 in each group) 
using carbon dioxide. 

We observed that the luminal bursting pressure prevented AL 
(Fig. 4g). On postoperative day 7, the bursting pressure was significantly 
higher in the three groups that received tissue adhesive to the anasto-
motic site materials than in the control and Mediclore™ groups. The 
mean bursting pressure of the CHI-G/cHA group was 1.37 times higher 
than that of the control group, which was statistically significant (96.4 
± 6.5 vs. 132.3 ± 8.3 mmHg, p < 0.05). There was no significant dif-
ference in the mean bursting pressure between the tissue adhesive 
groups. The mean bursting pressure of the Mediclore™ group was 
significantly lower than that of the other tissue adhesives-treated 
groups, but there was no difference compared with the control group. 
On postoperative day 21, the mean bursting pressure increased in all 
groups; however, the results were similar to those obtained on post-
operative day 7. The mean bursting pressure of the CHI-G/cHA group 
(161.1 ± 21.6 mmHg) was higher than those of the control (129.4 ± 5.7 
mmHg, p < 0.05) and Mediclore™ groups (120.8 ± 5.2 mmHg, p <
0.05). The body weights of each subject were measured before and after 
surgery in each group on the day of the operation and on postoperative 
days 7 and 21. Although there was a trend of weight gain over time after 
surgery compared with that before surgery in all groups, the weight gain 
in the group using tissue adhesives was more significant than that in the 
control and Mediclore™ groups (Fig. 4h). 

To investigate the inflammatory response of the material applied to 

Fig. 5. (a–e) Gross finding of the extent of adhesion on postoperative day 7 and 21. a) control, b) Mediclore™, c) Neoveil™, d) CHIi-G, and e) CHI-G/cHA. (f–j) 
Histological findings on H/E images of the anastomosis on postoperative day 7 and 21. f) control, g) Mediclore™, h) Neoveil™, i) CHII-G, and j) CHI-G/cHA. Number 
1 indicate the image acquired on postoperative day 7 and number 2 indicates the image acquired on postoperative day 21. 

S.I. Kang et al.                                                                                                                                                                                                                                  



Materials Today Bio 23 (2023) 100806

9

the animals, the white blood cell (WBC) count was examined before 
surgery and on the day of euthanasia (postoperative days 7 and 21). The 
WBC count was within the normal range in all groups preoperatively, 
and on postoperative day 7, it tended to increase compared to that 
before surgery, but there was no significant difference between the 
groups. On postoperative day 21, the WBC count tended to decrease 
compared with that on postoperative day 7 in all groups (Fig. 4i). 
Although blood test results differed depending on the subject or time of 
blood sample collection, both liver and kidney function tests were 
within the normal range. There was no specific pattern in the mea-
surement values according to the group or time of blood sample 
collection (Fig. 4j–m). Based on these results, CHI-G/cHA double-layer 
materials may not cause hepatotoxicity or renal toxicity when applied in 
vivo. 

3.4. Anti-adhesive properties and histopathologic examinations 

Adhesion scores were evaluated according to qualitative adhesion 
scoring, as previously reported [17]. To determine the degree of adhe-
sion, the abdomen was cut into a U-shape on the day of euthanization, 
and the degree of adhesion was scored according to the qualitative 
adhesion scoring system [14]. Two independent clinical surgeons eval-
uated the adhesion score in a blinded manner using photographs and 
videos. The photograph depicts the extent of adhesion between the 

groups on postoperative day 7 and 21(Fig. 5a–e). In general, both the 
Mediclore™ group and the Chi-G/cHA group exhibited a tendency to 
experience fewer adhesions both 7 and 21 days after surgery. In histo-
logical analysis, moderate acute inflammation, and moderate fibrosis 
with adhesion to the peritoneum were observed in control (Fig. 5f, 
arrow). Mediclore™ groups showed mild acute inflammation and mild 
fibrosis (arrow) with focal adhesion to adjacent organ (arrowhead) on 
postoperative day 7, but adhesion was dissolved on postoperative day 21 
(Fig. 5g). In case of the Neoveil™ groups, moderate chronic inflamma-
tion, and moderate fibrosis (arrow) were found (Fig. 5h). The CHI-G 
adhesive groups showed abscess formation on postoperative day 7 
(arrow), and moderate chronic inflammation and moderate fibrosis 
(arrowhead) with adhesion to the small intestine wall (arrowhead) on 
postoperative day 21 (Fig. 5i). Pericolic tissues of CHI-G/cHA groups 
showed moderate acute inflammation and fibrosis, but no adhesion to 
the adjacent organ (Fig. 5j). The process of intestinal wound healing is 
generally similar to that of other parts of the body, typically advancing 
through the stages of inflammation, proliferation, and maturation [47]. 
If the inflammatory phase persists for an extended period, it can hinder 
wound healing and increase the risk of anastomotic disruption. In the-
ory, the use of tissue adhesives during the inflammatory phase could 
potentially enhance the strength of the anastomosis by promoting 
fibroblast proliferation [48,49]. However, fibrosis caused by the exces-
sive proliferation of fibroblasts and chronic inflammation can cause 

Fig. 6. a) adhesion score from gross findings scored by surgeons. (b–d) Scores of histologic findings scored by a pathologist, b) inflammatory cell infiltration, c) 
fibrosis of the anastomotic site, and d) fibrous adhesion between the anastomotic site and adjacent tissue. e) Schematic representatives of CHI-G/cHA double layer 
patches for preventing anastomotic leakage and reducing post-surgical adhesion. 
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unintended adhesions [50,51]. Based on this, we believe that the 
observed increase in burst pressure in the group using tissue adhesive in 
our results is likely due to an increase in inflammation and fibrosis, 
which contribute to the strengthening of the anastomosis site. On the 
other hand, there was a tendency for adhesions to further increase also 
observed in the group that used tissue adhesives. 

The mean adhesion scores on postoperative day 7 were lower in the 
Mediclore™ and CHI-G/cHA groups than in the Neoveil™ and CHI-G 
groups. However, no differences were observed between the control, 
Mediclore™, and CHI-G/cHA groups. On postoperative day 21, the 
mean adhesion scores of the Mediclore™ and CHI-G/cHA groups were 
significantly lower than those of the control, Neoveil™, and CHI-G 
groups. However, no difference was observed between the Medi-
clore™ and CHI-G/cHA groups (Fig. 6a). Our results regarding the 
adhesion score are similar to those of previous reports, which showed 
that Mediclore™ and HA act as barriers between organs, preventing 
adhesion by inhibiting the proliferation of fibroblasts [52,53]. The in-
flammatory cell infiltration score was higher on postoperative day 7 
than on postoperative day 21 in all groups. In particular, the mean of the 
inflammatory cell infiltration scores in groups of the applied tissue ad-
hesive materials was higher than those of the control and Mediclore™ 
groups (Fig. 6b). In contrast, the degree of fibrosis in the anastomotic 
site tended to be higher on postoperative day 21 than on postoperative 
day 7, except in the CHI-G/cHA group (Fig. 6c and d). Based on these 
results, we expect that the double-layer patch, CHI-G/cHA, will show an 
anti-adhesive effect similar to that of Mediclore™. In addition, unin-
tended adhesions can be prevented even when using tissue adhesive 
materials. 

4. Conclusions 

In summary, adhesive/anti-adhesive double-layer patches using CHI- 
G as adhesive materials and crosslinked HA as anti-adhesive materials 
were developed. Adhesive layers of the double-layer patches showed 
excellent adhesion to intestinal tissue surfaces. Double-layer adhesives 
were effective in anastomosis by sealing the perforation sites. In addi-
tion, the patches reduced postsurgical adhesion owing to the crosslinked 
HA. Thus, we expect that adhesive/anti-adhesive double-layer patches 
have enormous potential as sealing materials for anastomotic sites with 
reduced post-surgical adhesion, particularly for intestinal anastomosis 
after colorectal surgery. 
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