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A novel hydrogel sheet prevents postoperative pancreatic fistula
in a rat model
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1 | INTRODUCTION

Although the mortality rate after pancreatectomy has de-
creased to <5%, the rate of postoperative complications
remains high. Postoperative pancreatic fistula (POPF) is a
major complication that occurs after pancreatic resection.
Several reports have shown that pancreatic fistula occurs in
2%-45% of patients after pancreaticoduodenectomy and 20%-
50% of patients after pancreatic tail resection.’” POPF can
lead to the dissolution of surrounding organs and blood ves-
sels, hemorrhage, and sepsis, all of which eventually result in
a prolonged hospital stay, potentially serious and life-threat-
ening events, or death.'™"" Therefore, preventing POPF is
the most important clinical issue in pancreatic operations.12
Recently, several studies using mesenchymal stem cell sheets
to prevent POPF have been reported.m’15 However, there is
a risk of promoting the proliferation of residual tumor cells
after pancreatectomy due to (malignant) tumors. There is a
report regarding the use of hydrogel sealant to prevent pan-
creatic fistula, but the sealant is difficult to use.'® There have
been no reports on the prevention of POPF with PVA hydro-
gel sheets. Therefore, the aim of this study was to evaluate the
efficacy of our newly developed PVA hydrogel sheet for the
prevention of POPF.

2 | METHODS

2.1 | Preparation of novel hydrogel sheets

Polyvinyl alcohol is a synthetic polymer that has high bio-
compatibility, excellent acid resistance, basic resistance, and
chemical resistance. PVA can be hydrogelated and clinically
used as a wound dressing in the dermatological field.!”?!
Exceval® (RS-2117; Kuraray Corporation), a polyvinyl al-
cohol, was used to prepare hydrogel sheets in this study.
Then, 10% Exceval® was dissolved in ultrapure water. The

sheets were dispensed into stainless steel petri dishes, frozen
at —20°C for 18 hours and thawed at 35°C for 6 hours. The
freeze-thaw process was performed twice to prepare appro-
priate hydrogel sheets (Figure 1).

2.2 | Other materials

VIEWGEL® (TAIHO PHARMA Corporation), is a hydro-
gel sheet that is marketed as a wound dressing and protector
(Figure 1). It is composed of two layers of an absorbent hy-
drogel and a polyethylene film support. Neoveil® (GUNZE
Corporation) is a nonwoven polyglycolic acid (PGA) felt that
is clinically used as an absorbable reinforcing material ap-
plied to the pancreatic transection site (Figure 1).

2.3 | Animals

Six-week-old male Sprague Dawley (SD) rats, weighing 160-
190 g, were purchased from Charles-Rivers Laboratories,
and acclimated for 1 week before the start of the experi-
ments. So far, there has been no report that there is a sex
difference in the occurrence of pancreatic fistula, and as a
good-yielding experimental animal, males were used to ex-
clude the sexual cycle. The rats were housed in a tempera-
ture-, humidity-, and ventilation-controlled vivarium and
maintained on a 12-hour light-dark cycle under specific
pathogen-free conditions. Animal experiments were per-
formed in a humane manner after receiving approval from
the Institutional University Experiment Committee of the
University of Tsukuba, and the protocols were in accordance
with the university's Regulations for Animal Experiments
and Fundamental Guidelines for Proper Conduct of Animal
Experiment and Related Activities in Academic Research
Institutions, under the jurisdiction of the Japanese Ministry
of Education, Culture, Sports, Science, and Technology.

FIGURE 1

Substances used in this study. VIEWGEL® (A), Neoveil® (B), and the novel hydrogel sheet (C). Scale bar = 10 mm
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2.4 | Experimental groups

The pancreas and pancreatic duct (splenic duct) were tran-
sected by preserving the splenic artery and vein. The rats
were divided into four groups as follows: (a) control group
(pancreas resected without treatment group; n = 16); (b)
VIEWGEL® group (n = 8); (c) Neoveil® group (n = 16); and
(d) hydrogel group (n = 16).

2.5 | Surgical procedure

The rats were anesthetized with machine-regulated isoflu-
rane. The rats were placed in a supine position. After upper
midline laparotomy, the ligaments around the left lobe of the
pancreas and spleen were dissected to transect the pancreas
and pancreatic duct. The rat pancreatic duct consists of four
ducts, including the gastric, duodenal, common, and splenic
ducts.'® The splenic artery and vein were preserved, and the
splenic duct and surrounding pancreatic parenchyma were
transected to induce a pancreatic fistula. After transection of
the pancreas, VIEWGEL®, Neoveil®, or the hydrogel sheet
was attached to the transection site of the pancreas. The rats
were sacrificed 48 hours after the operation. During relapa-
rotomy, the abdominal cavity was rinsed with 5 mL of saline,
and ascites was collected for the measurement of amylase
and lipase concentrations. Thereafter, pancreatic tissues were
collected from each rat.

2.6 | Analysis of ascitic and serum samples
Amylase and lipase concentrations in ascites were measured
using a FUJI DRI-CHEM 7000V multiple biochemical ana-
lyzer (FUJIFILM Corporation).

2.7 | Histology and immunohistochemistry

Forty-eight hours after the operation, pancreatic tissues were
obtained from each group, fixed with 10% formaldehyde, and
embedded in paraffin. Thin sections (3 pm) were prepared
and stained with hematoxylin-eosin (HE). Inflammatory cells
in the pancreatic transection site were counted in randomly
selected high-power fields (x400). Immunohistochemical
staining for IL-6 (1:8000, ab9324; Abcam) was performed.

2.8 | Swelling test

After washing, dried materials were immersed in ultrapure
water (10 mL) for 24 hours at room temperature. After wip-
ing excess water from the surface of the materials, the weight

of the swollen materials was measured with respect to time
(swelling behavior). The degree of swelling at 24 hours was
calculated using the following equation:

Degree of swelling = (W, — W) /W,

W,, the weight of the swollen gel (mg) and W,, the initial
weight of the dried gel (mg).

2.9 | Membrane permeation test

The membrane permeation test was conducted accord-
ing to the parallel artificial membrane permeation assay
(PAMPA).? The Side-Bi-Side Cell (PermeGear, Inc.), a
blown glass diffusion cell that locates the membrane verti-
cally between the donor chamber and the receptor chamber,
both of which are stirred and closed off from the air, was
used.

2.10 | Statistical analysis

All data are expressed as the means + standard deviation.
Statistical analyses were conducted using GraphPad PRISM
Version 7.04 (GraphPad Software). The Mann-Whitney U
test was used for comparisons between the two groups. One-
way ANOVA was used to compare three or more groups.
P-values <.05 were considered significant.

3 | RESULTS
3.1 | Development of the POPF model in
rats

Previous reports have shown that the rat pancreatic duct is
composed of four smaller ducts: the gastric duct, duodenal
duct, common duct, and splenic duct. The splenic artery and
vein were preserved, and the splenic duct and surrounding
pancreatic parenchyma were transected to induce a pan-
creatic fistula as previously reported (Figure 2A-a). After
excision of the pancreas and splenic duct, VIEWGEL®,
Neoveil®, and hydrogel sheets were applied and fixed in
place with sutures (Figure 2A-b). Each substance was ap-
plied so as to surround the dissection site and was fixed
with 3-4 single nodular suture stitches. The levels of as-
citic amylase and lipase at the time of the operation and
48 hours after the operation were measured (Figure 2B).
The pancreatic enzyme level in the ascites 48 hours after
the operation was markedly elevated, indicating that a pan-
creatic fistula had developed. In addition, to rule out the
effect of laparotomy on the evaluation of POPF rat model
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FIGURE 2 Preparation of the rat
pancreatic fistula model and application of
the hydrogel sheet. A, After the pancreas
and spleen were extracted, the splenic artery
and vein were detached and preserved on
the dorsal side, and only the pancreatic
parenchyma was detached and secured
(A-a). After excision of the pancreas, a
hydrogel sheet (arrowhead) was applied
and fixed in place with sutures (A-b). B,
Concentrations of pancreatic enzymes in
ascitic fluid before pancreatic resection and
48 h after the operation. C, Concentrations
of pancreatic enzymes in the ascitic fluid of
the sham group and control group 48 h after

the operation. The values are expressed as
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development, a sham operation (the only laparotomy with-
out any transection of the pancreas) was also performed
(Figure 2C). In the sham group, no increase in pancreatic
enzymes was observed 48 hours after surgery, indicating
that laparotomy does not affect the development of pan-
creatic fistula.

3.2 | Relaparotomy findings 48 hours
after the operation

The rats were sacrificed 48 hours after the operation.
Macroscopically, the fat tissues around the pancreas were
saponified in the control, VIEWGEL®, and Neoveil® groups
but not in the hydrogel group (Figure 3A). The rate of saponi-
fication in the control, VIEWGEL®, Neoveil®, and hydrogel
groups was 68.8% (11/16), 75.0% (6/8), 50.0% (8/16), and
0% (0/16), respectively.

Sham Control

3.3 |
pancreatic fistula

Preventive effect of each sheet on

The levels of ascitic amylase in the control, VIEWGEL®,
Neoveil®, and hydrogel groups were 49924 + 5355.7,
1068.4 + 269.1, 730.2 + 425.2, and 303.1 + 240.1 IU/L,
respectively (Figure 3B). The levels of ascitic lipase
were 2279.8 + 3395.2, 169.5 + 100.6, 90.4 + 71.0, and
86.8 + 59.8 IU/L, respectively. In the hydrogel group, both
the levels of amylase and lipase in ascites were significantly
lower (P < .05).

3.4 | Immunohistochemistry and
haemotoxylin and eosin (HE) staining

HE-stained sections of the pancreatic transection sites are
shown in Figure 4A. Moderate to severe inflammatory cell
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FIGURE 3 The effects of
VIEWGEL®, Neoveil®, and the hydrogel
sheet in a rat pancreatic fistula model. A,
Macroscopic findings 48 h after surgery.
Saponification is observed in the fatty tissue
around the pancreas (except in the region
of the hydrogel sheet). B, Concentrations
of pancreatic enzymes in ascitic fluid 48 h
after surgery. The values are expressed as
the means + SDs and were compared using
one-way ANOVA. *P < .05, **P < .01
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infiltration was observed in the pancreatic transection site of the
control group. Mild acute inflammation was present in the tran-
section site of the VIEWGEL®, Neoveil®, and hydrogel groups.
The number of inflammatory cells in 20 fields of the high-
power field was counted. The number of inflammatory cells in
the control, VIEWGEL®, Neoveil®, and hydrogel groups was
218.4 + 60.2/HPF, 101.6 + 21.5/HPF, 69.4 + 14.8/HPF, and
39.2 + 8.4/HPF, respectively (Figure 4B). Acinar cells express-
ing IL-6 were especially observed in the pancreatic tissues of
the control group (Figure 4C,D).

3.5 | Degree of swelling

Figure 5A shows the degree of swelling of the Neoveil® and
hydrogel sheets. The degree of swelling became constant

VIEWGEL® Neoveil®

Hydrogel

4 hours after the start of the test and with the passage of time.
VIEWGEL® and Neoveil® swelled up to approximately
seven times their size, while the hydrogel sheet swelled up to
approximately two times its size.

3.6 | Behavior of amylase

Membrane permeation tests were performed to determine how
amylase behaves with VIEWGEL®, Neoveil®, and hydrogels
(Figure 5B). In the VIEWGEL® group, there was no increase
in the amylase level in the receptor chamber due to the pres-
ence of a polyethylene film in the outer layer. Neoveil® is
a nonwoven polyglycolic acid felt that has a low ability to
block liquids. In the Neoveil® group, amylase values reached
equilibrium in the donor chamber and the receptor chamber
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FIGURE 4 Pathological evaluation and inflammatory cell infiltration of pancreatic tissue 48 h after surgery. Scale bar = 100 um. A, Histology
of the pancreatic transection site assessed by hematoxylin and eosin staining. B, Number of inflammatory cells in 20 high-power fields. The results
are expressed as the means + SDs and were compared using one-way ANOVA. *P < .05, **P < .01. C, IL-6 immunostaining. D, Percentage of

area stained positive for IL-6

in approximately 40 minutes. In the hydrogel group, the am-
ylase level in the receptor chamber was slowly increased, and
at 48 hours, the level increased to 3.5% of the donor chamber
amylase level.

4 | DISCUSSION

Although there have been significant improvements in pan-
creatic surgery in recent years, pancreatic fistula still occurs
at a high rate.' It is ideal for pancreatic surgeons to achieve
a zero incidence of pancreatic fistula, but improvements in

surgical techniques and perioperative management have al-
most reached their limits. POPF is a life-threatening compli-
cation that significantly extends hospital stays and increases
medical costs. Currently, many operative methods, new
devices, and medications have been used in an attempt to
prevent POPF.**?% However, there is still no definitive way
to prevent this adverse event. Typical substances for POPF
prevention are fibrin glue and polyglycolic acid felts.?”?
Fibrin glue sealant is used in the pancreatic anastomosis
and on the dissection surfaces, and this step may reduce the
occurrence of pancreatic fistulas. However, a recent large-
scale meta-analysis that evaluated the effect of fibrin glue
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FIGURE 5 Evaluation of the physical properties of the substances used in this study. A, Swelling test of VIEWGEL®, Neoveil®, and the

hydrogel sheet. The degree of swelling of each material over time was calculated according to an established formula. B, Membrane permeation
test of VIEWGEL®, Neoveil®, and the hydrogel sheet. The red line shows the amylase concentration in the donor chamber, and the blue line shows
the amylase concentration in the acceptor chamber. In the VIEWGEL® group, there was no increase in the amylase level in the receptor chamber.
In the Neoveil® group, amylase level reached equilibrium between the donor chamber and the receptor chamber. In the hydrogel group, the amylase

level in the receptor chamber slowly increased

on pancreatic surgery reported no significant effect.”’! A
nonwoven polyglycolic acid (PGA) felt (Neoveil®) has been
reported to reduce the incidence of pancreatic fistula but has
not yet yielded significant irnprovement.32 These results indi-
cate that the current material in use is not sufficient to prevent
pancreatic fistulas and that new ideas are needed. To prevent
POPF, attempts have been made to completely seal the anas-
tomosis and the dissection surface of the pancreas.24'3 ? These
results are inadequate, and there is a need for substances that
have the ability to absorb and retain leaking pancreatic juice.
There are some reports of the use of mesenchymal stem cell
sheets'*!3; however, when employed in cancer surgery, they
may be a risk factor for recurrence of the anastomosis and
stumps, and clinical application is difficult. We focused on
PVA, which is already used in the dermatology field and is
established to be safe.'”?' A freeze-thaw method that can
be employed to adjust the physical properties was selected,
using a physical crosslinking method that does not involve
harmful crosslinking chemicals.****® Thus, a novel hydrogel

sheet with high flexibility, high tensile strength, low elas-
ticity, and low swellability was developed. The aim of this
study was to evaluate the efficacy of novel therapy for the
prevention of POPF using newly developed hydrogel sheets.
As a result, this novel hydrogel sheet was effective for pre-
venting pancreatic fistulas.

To examine the preventive effect of the hydrogel sheet
against pancreatic fistula, it is indispensable to create a
model animal that produces a pancreatic fistula. Tanaka
etal” reported that among procedures on the four sections
of the rat pancreatic duct, dissection of the splenic duct
induced the optimal pancreatic fistula in a model animal. In
this study, we preserved the splenic artery and vein of the
rat and created a pancreatic fistula from the splenic duct by
excising the pancreatic parenchyma. A significant increase
was observed in pancreatic enzyme levels in ascites before
and 48 hours after surgery. Compared with the correspond-
ing levels in the sham group at 48 hours postoperatively,
pancreatic enzymes in the ascites were significantly higher,
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which was appropriate as a pancreatic fistula model. In this
study, there was a significant difference in pancreatic en-
zyme levels in the ascites between the control group and
the VIEWGEL®, Neoveil®, and hydrogel groups. These
results indicate that hydrogel sheets have the potential to
prevent pancreatic fistula most effectively. Although the
present model did not fully reflect clinical situations such
as intra-abdominal inflammation, sepsis, and abscesses,
we found that inflammatory cell infiltration was lower in
the hydrogel sheet group than in either of the other groups.
Therefore, it can be stated that this hydrogel sheet is suit-
able for the prevention of pancreatic fistula.

When exposed to pancreatic enzymes, adipocyte cell
membranes are damaged, adipocytes release soap-like
triglycerides, and adipose tissue becomes white.’” The
result is saponification, which is an index for the clinical
confirmation of pancreatic fistula.®® In this study, sapon-
ification was observed in the control, VIEWGEL®, and
Neoveil® groups 48 hours postoperatively, but not in the
hydrogel group. Consequently, these results suggested that
the hydrogel sheet can prevent pancreatic fistula forma-
tion. Inflammation is also an important factor that reflects
a pancreatic fistula.”* The number of inflammatory cells
in the resected area of the excised pancreatic tissue was
lowest in the hydrogel group, suggesting that local inflam-
matory responses were also suppressed. The fact that sa-
ponification did not occur and the fact that inflammation
was suppressed demonstrated the effectiveness of the hy-
drogel sheet.

The characteristics of the hydrogel sheet that we de-
veloped are high flexibility, high tensile strength, low
elasticity, and low swellability. The low swellability was
particularly effective in preventing pancreatic fistula for-
mation. Both VIEWGEL® and Neoveil® used as compara-
tive substances showed excessive swelling, while that of the
hydrogel sheet was optimal. Low swelling is desirable in
the medical material used to prevent pancreatic fistula. The
reason is that if the substance is excessively swollen, the
volume will swell and there is a risk of pressure or injury
to surrounding tissues. Hydrogels generally show a high
degree of swelling when hydrated. The hydrogel sheet we
have developed in this study is a special hydrogel that has a
strong crosslinked structure and does not swell excessively,
so the effect on surrounding tissues should be minimal. The
other is the maintenance of form. By applying hydrogel
sheet to the pancreatic dissection site, we expect the effect
of physically containing the pancreatic fistula. When the
rats in each group were reopened 48 hours after the oper-
ation, VIEWGEL® and Neoveil® were unable to maintain
their morphology due to excessive swelling, and some indi-
viduals had poor adhesion to the pancreatic dissection site.
On the other hand, excessive swelling did not occur in the
hydrogel group, and adhesion to the pancreatic dissection

site was maintained as it was at the time of the first surgery.
According to these results, VIEWGEL® and Neoveil® are
considered to be inferior to hydrogel sheet in preventing
pancreatic fistulas. Therefore, due to the low swelling, the
hydrogel sheet was able to maintain firm adhesion to the
pancreatic dissection site, and it is thought that it exerted
a high pancreatic fistula prevention effect without causing
pressure or injury to the surrounding tissues.

The membrane permeation test suggested that the hy-
drogel sheet tends to retain pancreatic juice for a long time
and does not leak it into the surroundings. VIEWGEL® is
impervious to liquids due to the presence of the outermost
polyethylene film. Theoretically, if it is sealed, pancreatic
juice should not leak into the surroundings, but the exper-
imental results showed pancreatic fistulas. This is because
VIEWGEL® has high elasticity and high swelling proper-
ties, which are the opposite properties of the hydrogel sheet.
These features are disadvantageous for maintaining adhesion
to organs and maintaining their shape in the abdominal cav-
ity. Neoveil® is considered to have almost no ability to hold or
block liquid because it reaches equilibrium in approximately
40 minutes in the membrane permeation test. Pancreatic al-
pha-amylase has a half-life of 120 minutes.*” In the mem-
brane permeation test, it is estimated that the hydrogel sheet
itself retains pancreatic juice for approximately 24 hours and
does not leak it into the surroundings. Meanwhile, the en-
zyme activity of amylase also decreases, and leaked amylase
may not affect the surrounding tissue. To date, it has been
considered that the best way to prevent pancreatic fistula is to
completely seal the anastomosis and the dissection surface of
the pancreas.”*** However, complete sealing is impossible in
practice, and pancreatic fistulas have occurred even when a
situation close to that described above is created. The hydro-
gel sheet as examined in this study is expected to minimize
the influence on surrounding tissues by retaining the leaked
pancreatic juice. This is a new concept of pancreatic fistula
prevention and may be the most effective means.

4.1 | Limitation

Although pancreatic fistula could be evaluated by pancreatic
enzymes in ascites, we have not been able to evaluate com-
plications such as abscess formation and pseudoaneurysm
formation caused by pancreatic fistula. If image examina-
tion such as computed tomography (CT) can be performed
instead of laparotomy, it may be possible to make an objec-
tive evaluation by fluid retention in the abdominal cavity and
increase in blood vessel diameter.

In addition, since the morphology of the pancreas differs
between rats and humans, we believe that experiments with
large animals such as pigs, which are similar to the morphol-
ogy of human organs, will be necessary in the future.
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5 | CONCLUSION

A novel hydrogel sheet composed of Exceval® has signifi-
cant potential for preventing pancreatic fistulas. The effect of
this hydrogel sheet has good compatibility with the drainage
tube already used in clinical practice, and a synergistic effect
is expected. We plan to test our experimental design in a por-
cine model to further determine its clinical potential.
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