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A B S T R A C T   

Postoperative pancreatic fistula at the early stage can lead to auto-digestion, which may delay the recovery of the 
pancreaticojejunal (PJ) anastomosis. The efficacy and safety of an acetazolamide-eluting biodegradable tubular 
stent (AZ-BTS) for the prevention of self-digestion and intra-abdominal inflammatory diseases caused by 
pancreatic juice leakage after PJ anastomosis in a porcine model were investigated. The AZ-BTS was successfully 
fabricated using a multiple dip-coating process. Then, the drug amount and release profile were analyzed. The 
therapeutic effects of AZ were examined in vitro using two kinds of pancreatic cancer cell lines, AsPC-1 and 
PANC-1. The efficacy of AZ-BTS was assessed in a porcine PJ leakage model, with animals were each assigned to 
a leakage group, a BTS group and an AZ-BTS group. The overall mortality rates in these three groups were 44.4%, 
16.6%, and 0%, respectively. Mean α-amylase concentrations were significantly higher in the leakage and BTS 
groups than in the AZ-BTS group on day 2–5 (p < 0.05 each all). The luminal diameters and areas of the 
pancreatic duct were significantly larger in the leakage group than in the BTS and AZ-BTS groups (p < 0.05 each 
all). These findings indicate that AZ-BTS can significantly suppress intra-abdominal inflammatory diseases 
caused by pancreatic juice leakage and also prevent late stricture formation at the PJ anastomotic site in a 
porcine model.   

1. Introduction 

Pancreaticoduodenectomy (PD) is performed for the treatment of 
periampullary and pancreatic head neoplasms [1–4]. Owing to the im
provements in surgical techniques, postoperative care, and the perfor
mance of this operation, the indication of PD has expanded to include 
benign or low-grade malignancies in addition to malignant neoplasms 

[1,2]. Therefore, the long-term survival after PD has improved, and the 
quality of life after surgery is being given increased importance [3]. PD 
with a pancreaticojejunal (PJ) anastomosis is currently the most com
mon therapeutic strategy for malignant disease of periampullary and 
pancreatic head neoplasms [1–4]. However, leakage and subsequent 
fistula and strictures formation at the PJ anastomosis still occur after 
pancreatic reconstructive surgery despite improvements in operation 
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methods [5–7], pharmacological approaches [8], and the use of newly 
developed biodegradable polymers [9–11]. Internal and external 
drainage using a trans-anastomotic stent for pancreatic-enteric anasto
moses can decrease the incidence of anastomotic leakage and stricture 
formation after PD with PJ [12,13]. However, the choice of internal or 
external drainage and/or type of stent remains controversial and should 
depend on local expertise. 

Postoperative pancreatic fistula (POPF) at the early stage can lead to 
auto-digestion, which may delay the recovery of the PJ anastomosis 
[14]. The pancreatic juice has an alkaline pH of approximately 8 
because of bicarbonate (HCO3-) secreted from the pancreatic cells [15]. 
The highly acidic gastric juice that is transported from the stomach to 
the duodenum helps digestive enzymes from the pancreas to be active at 
a neutral pH [16]. After the surgical procedure, the gastric juice cannot 
neutralize the pancreatic juice because the stomach is reconstructed 
below the pancreas. Thereby, trypsin, an enzyme which digests protein 
(pH range, 7.9–9.7) [15] is activated, and it can cause auto-digestion of 
surrounding tissues, including the PJ anastomosis, as well as inducing 
intra-abdominal inflammation that can lead to abscesses and/or adhe
sion, and postoperative pancreatitis, resulting in dehiscence of the PJ 
anastomosis [11,17]. 

Considering the activation of the protease, a carbonic anhydrase 
(CA) inhibitor, called acetazolamide (AZ), was used in this study. Cells 
produce several CA enzymes to control intracellular pH [18]. AZ can 
prevent autolysis of the anastomosis because of acidification that re
duces the activity of the pancreatic juice [19,20]. To confirm the efficacy 
of the AZ, a PJ anastomotic leakage porcine model was established by 
reducing the number of sutures at the PJ anastomosis. Herein, we hy
pothesized that an AZ-eluting biodegradable tubular stent (AZ-BTS) 
might decrease the self-digestion and development of inflammatory 
diseases adjacent to the PJ anastomosis caused by pancreatic juice 
leakage via acidification and reduced activity of the pancreatic juice. 
Therefore, the purpose of this study was to investigate the efficacy and 
safety of AZ-BTS for the prevention of self-digestion and intra- 
abdominal inflammatory diseases caused by pancreatic juice leakage 
after PJ anastomosis in a porcine model. 

2. Materials and methods 

2.1. Materials 

AZ was purchased from Sigma-Aldrich (St. Louis, MO, USA). Poly 
(lactide-co-glycolic acid, LA: GA, 75:25, MW 25,000–35,000 Da) (PLGA) 
was purchased from Polyscitech (West Lafayette, IN, USA). Dime
thylsulfoxide (DMSO), acetone, and acetonitrile (ACN) were purchased 
from Duksan (Ansan, Korea). The porcine pancreatic alpha-amylase 
enzyme-linked immunosorbent assay (ELISA) kit was purchased from 
the Bioassay Technology Laboratory (Shanghai, China). The pHrodo Red 
AM Intracellular pH indicator was obtained from Thermo-Fisher Scien
tific (Waltham, MA, USA). 

2.2. Preparation of AZ-BTS 

The BTSs used in this study were manufactured by using poly 
(dioxanone-co-trimethylene carbamate-co-glycolide) terpolymers con
sisting of poly p-dioxanone (PDO), trimethylene carbonate (TMC), and 
glycolide. The BTSs (diameter, 2 mm; length, 30 mm) were prepared as 
in our previous report [9]. Two radiopaque markers at each end of the 
stent were used to identify the stent location under fluoroscopy. A 5 Fr 
dilator was used as a stent introducer (Cook, Bloomington, IN, USA). The 
BTSs were coated by using a multiple dipping technique. The drug- 
containing layer solution consisted of PLGA (LA:GA, 75:25, MW 
25,000–35,000 Da) and AZ in acetone and DMSO 9:1 (v/v). The ratio of 
the polymer to the drug was 12:5. The BTS was fixed on a mandrel, 
which was rotated during the coating process, and the BTS was dip- 
coated five times with a 1 cm/s speed at room temperature. After each 

coating, the BTS was dried under vacuum for 2 h. The residual solvent 
was eliminated in vacuum overnight after the final drug-containing 
layer coating process. The covering layer solution consisted of PLGA 
(LA:GA, 75:25, MW 25,000–35,000 Da) in acetone at an 8% (w/v) 
concentration. The covering layer was coated two times using the same 
technique. Finally, the AZ-coated BTS was dried overnight under vac
uum (Fig. S1A, Supplementary Material). 

2.3. Morphological analysis of AZ-BTS 

The morphological structure of the AZ-BTS was analyzed by using a 
scanning electron microscope (SEM, SNE-3200 M, SEC, Suwon, Korea). 
The AZ-BTS was cut horizontally and vertically. The samples were fixed 
on an aluminum pin stub mount using carbon tape, and then the surface 
and thickness of the samples were analyzed to ensure proper distribution 
of the coating solution over the stent surface. 

2.4. In vitro degradation assay of AZ-BTS 

To evaluate the degradation test of both the non-coated BTS and AZ- 
BTS, the samples were placed in a 15 ml glass tube with 10 ml of 
phosphate buffer saline (pH 7.4, 1×). The stent was placed in a shaker 
set at 37 ◦C, 50 rpm. The surface morphologies of the samples were 
assessed using SEM at 1, 2, 3, 4, 6, and 8 weeks. 

2.5. Drug amount and release of AZ-BTS 

AZ-BTS was inserted into a 10 ml volumetric flask, and then we 
added 5 ml of ACN to dissolve the PLGA polymer. The AZ-BTS was 
sonicated at 37 ◦C for 30 min. And then, 5 ml of DMSO was added into 
the volumetric flask and sonicated for an additional 30 min. The solution 
was filtered with a 0.45 μm syringe filter and diluted 10 times with 
DMSO to quantify the drug content per stent by high-performance liquid 
chromatography (HPLC). To analyze the drug release profile of the AZ- 
BTS, the elution medium was prepared by using phosphate buffer saline 
(pH 7.4, 1×). The mobile phase was a mixture of 10:90 ACN per 20 
mmol/L sodium acetate (pH, 4.1; v/v). To determine the AZ concen
tration, the AZ-BTSs were placed in 15 ml falcon tubes containing 10 ml 
of elution medium. The tubes were placed in a shaking bath (37 ◦C). The 
released drug solution in each tube was withdrawn, and the drug content 
was measured using HPLC up to 4 weeks. The solution was replaced with 
fresh buffer after each sampling. An HPLC apparatus equipped with an 
ultraviolet (266 nm) detector (Waters, Milford, Mass) was used for the 
AZ quantitation. 

2.6. Pharmacokinetic study of AZ-BTS 

AZ eluting film was fabricated by a casting method and surgically 
embedded in the peritoneal region of five. The AZ dose was adjusted to 
100 mg/kg to ensure its detection by ultra performance liquid chro
matography (UPLC, Waters Acquity UPLC System, Milford, MA). Blood 
was collected from the retro-orbital venous sinuses of these mice. Plasma 
(50 μl) was obtained by mild centrifugation and deproteinized by adding 
400 μl of cold methanol, with sulfadiazine selected as the internal 
standard. The samples were centrifuged, and the supernatants were 
vacuum-dried and reconstituted with mobile phase solution for UPLC 
analysis. 

2.7. In vitro cytotoxicity and therapeutic effects of AZ-BTS 

AsPC-1 (A human pancreatic adenocarcinoma cell line) were main
tained as a monolayer cultured in RPMI-1640 medium supplemented 
with 1% penicillin-streptomycin (Gibco, Thermo Fisher Scientific, USA) 
and 10% fetal bovine serum (Gibco). PANC-1 (a human pancreatic 
ductal epithelioid carcinoma cell line) was cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) containing 1% penicillin- 
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streptomycin (Gibco) and 10% fetal bovine serum (Gibco). AsPC-1 and 
PANC-1 cells were placed into 96-well plates at 1 × 105 cells per well. AZ 
was dissolved in the DMSO solution and diluted with RPMI-1640 and 
DMEM medium to the indicated concentration. After 24 h incubation in 
the 96-well plate, 5 nM to 100 μM of AZ was applied to the cells for one 
day. The cell viability was quantified using WST-1. The cell proliferation 
assay was conducted according to the manufacturer’s instructions. Each 
of the cell lines was incubated in a 96-well plate with 0.5 × 105 cells per 
well for 24 h. Using an intracellular pH Calibration buffer kit, AsPC-1 
and PANC-1 cell intracellular pH (pHi) was calibrated, and then 50 
nM, 100 nM, or 500 nM of AZ were added to the cells. After 24 h, the 
intracellular pHs of the AZ treated cells were quantified by pHrodo, 
measuring the fluorescence intensity with an AZ fluorescence intensity 
standard curve. AsPC-1 human pancreatic cancer cells were subjected to 
western blot analysis using polyclonal antibody against human CA IX 
(Invitrogen, Carlsbad, CA), with MG63 human bone osteosarcoma cells 
used as a negative control. 

2.8. Animal study 

This study was approved by the Institutional Animal Care and Use 
Committee of Asan Institute for Life Sciences (2017–14-190), and it 
conformed to the US National Institutes of Health guidelines for labo
ratory animals. Eighteen pigs, each weighing 34.4–38.1 kg (median 
weight = 36.3 kg), were subjected to PJ anastomosis with two-point 
sutures to artificially create an anastomotic leakage. The pigs were 
randomized into three groups of six pigs each, a leakage group, a BTS 
group, and an AZ-BTS group, with the latter two groups undergoing BTS 
and AZ-BTS placement, respectively. All pigs were supplied with food 
and water ad libitum and maintained at 22 ± 2 ◦C. The body weights of 
the pigs were measured before surgery and then weekly until sacrifice. 
The animals were euthanized using an overdose of xylazine hydro
chloride (Rompun; Bayer, Seoul, Korea) at 4 weeks after surgery. 

2.8.1. PJ anastomosis leakage model and stent placement 
The techniques of the surgical procedure and stent placement have 

been described in detail previously [9]. PJ anastomosis via the duct-to- 
mucosa method was performed at four points with sutures in our pre
vious study [9]. In this study, to create pancreatic juice leakage at the PJ 
anastomosis, the number of sutures was decreased from four to two 
points, and sutures between the pancreatic capsule and jejunal serosa 
were not placed. In the BTS and AZ-BTS groups, the stents were sutured 
to the jejunal mucosa to prevent their migration into the cut pancreatic 
duct or distal small bowel (Fig. S1B and C, Supplementary Material). A 
10-Fr Levin tube with multiple side holes was placed around the PJ 
anastomosis and fixed at the abdominal wall and skin for drainage of 
abdominal fluids after the surgical procedure. The drainage was main
tained as a natural drainage, not a negative pressure drainage. 

2.8.2. Pancreatic alpha-amylase assay 
To confirm the presence of pancreatic juice in the abdominal fluid, 

the α-amylase concentration was measured. After the procedure, the 
abdominal fluid was extracted daily from the Levin tube until no fluid 
was released. The volume of the accumulated abdominal fluids and the 
periods of drainage were evaluated and compared between the groups. 
To confirm the presence of pancreatic juice in the abdominal fluids in 
these groups, the α-amylase concentration was measured with a porcine 
pancreatic α-amylase ELISA kit (Bioassay technology laboratory, 
Shanghai, China). The assay procedure was performed according to the 
manufacturer’s instructions. 

2.8.3. Pancreatic ductography 
A pancreatic ductography was performed, and the luminal diameter 

was measured with a calibrated catheter at the anastomotic site, head, 
upper and lower body, and the tail regions of the pancreas as in our 
previous report [9]. Analyses of the pancreatic ductographic findings 

were performed on the basis of the consensus of three observers who 
were blinded to the study. 

2.8.4. Computed tomography (CT) 
Enhanced abdominal CT (Sensation 16; Siemens, Muenchen, Ger

many) was performed before the surgical procedure and immediately 
before sacrifice to evaluate the placement of the stent and changes in the 
pancreatic duct. 

2.8.5. Gross examination 
Surgical exploration of the pancreas and jejunal loops, including the 

PJ anastomosis, was followed by gross examination to determine the 
status of the intraperitoneal organs, PJ anastomosis, and the presence of 
pancreatitis, abdominal abscess formation, and/or inflammatory tissue 
changes. 

2.8.6. Histological analysis 
The tissue samples were fixed in 10% neutral buffered formalin for 

24 h and then embedded in paraffin and sectioned. The slides were 
stained with hematoxylin and eosin and Masson’s trichrome. The 
detailed histological analysis follows our previous report.[9] The luminal 
areas of the pancreatic duct at the anastomotic site, head, body, and tail 
portions were measured to compare the pancreatic duct size between the 
groups. The analyses of histological findings were based on the 
consensus of three observers blinded to the groups. 

2.8.7. Definitions and data analysis 
Technical success was defined as successful creation of PJ anasto

mosis leakage with or without stent placement. PJ anastomosis leakage 
was defined as the detection of amylase content in the drained intra- 
abdominal fluid because of the dehiscence of the PJ anastomosis. A PJ 
anastomotic stricture was defined as the presence of a fixed narrowing at 
the anastomotic site, along with distal ductal and side-branch 
enhancement on pancreatic ductography. The degree of inflammatory 
response caused by PJ anastomotic leakage was subjectively deter
mined, i.e., graded as 1, mild when there was occasional inflammatory 
infiltration visible; 2, mild-to-moderate when there was intense in
flammatory infiltration visible; 3, moderate when there was intense 
inflammatory infiltration visible with abdominal abscess formation with 
adhesions; and 4, severe when there was intense inflammatory infil
tration visible with abdominal abscess formation and ascites with 
adhesion. 

2.8.8. Statistical analysis 
Data are expressed as the mean ± standard deviation (SD). Differ

ences between groups were analyzed using the Kruskal-Wallis or the 
Mann–Whitney U test as appropriate using SPSS software (version 24.0; 
SPSS, Inc., Chicago, IL). A p value of <0.05 was considered statistically 
significant. 

3. Results 

3.1. Morphological characteristics of AZ-BTS 

AZ-BTS was successfully fabricated using the multiple dip-coating 
process (Fig. 1A). The surface morphology of the BTS revealed it was 
smooth and flawless. The thickness of the BTS was approximately 70 μm 
on vertical section images. The surface of the AZ-BTS showed a smooth 
surface without AZ crystallization. The coating layers, both the drug- 
containing and covering layers, was approximately 7 μm (Fig. 1B). 

3.2. Biodegradable behavior of AZ-BTS 

SEM images of the BTS and AZ-BTS surface showed that there were 
no major changes and no significant differences between the BTS and 
AZ-BTS at 1 to 2 weeks. However, at 3 to 4 weeks, swelling and a bubble- 
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liked irregular layer on the AZ-BTS surface and minor cracks in the BTS 
surface became apparent. At 5 to 6 weeks, large cracks in the coating 
layers of the AZ-BTS surface were observed (Fig. 1C). 

3.3. Drug content uniformity and release behavior of AZ-BTS 

The drug content and its uniformity in the AZ-BTS was verified by 
HPLC. The mean (± standard deviation, SD) AZ amount of the stent was 
593.09 ± 8.86 μg. The drug content uniformity in one batch of AZ-BTS 
was maintained in the range of − 3.24% to 2.59%. Fig. 1D indicates that 
the same drug content among different batches of AZ-BTSs was consis
tently produced by the dip-coating method. 

Fig. 1E, F, and G show the in vitro drug release profiles of the AZ-BTS. 
For 24 h, the initial drug release was 15.24% of the AZ from the stent, 
which indicated that there was an initial drug burst of AZ-BTS. 
Approximately 80% of the drug was released for a week and it showed 
first-order release kinetics. 

Table S1 and Fig. S2 (Supplementary Material) show UPLC analysis 
of AZ in plasma samples, and Fig. S3 (Supplementary Mamterial) shows 
time-dependent plasma concentrations of AZ. The observed Tmax was 6 h 
after stent embedding. 

3.4. In vitro therapeutic efficacy of acetazolamide 

The therapeutic effects of the AZ were examined in vitro using two 
kinds of pancreatic cancer cell lines, AsPC-1 and PANC-1. A pHrodo 
intracellular pH fluorescence dye was used to indirectly demonstrate 
that AZ inhibits bicarbonate ion production (Fig. 2A). The pHi calibra
tion curves were prepared for each cell line using the calibration buffer 
(Fig. 2B). In Fig. 2C, when both cell lines were treated with 50 nM of AZ, 
the pHi went down from 7.4 to 7.0. In the PANC-1 cell line, the pHi 
gradually decreased to 7.4, 6.8, 5.5, and 5.0 while the AsPC-1 cell was 
found to drop to 4.5 when treated with 500 nM of AZ. Small doses of AZ 
can dramatically inhibit bicarbonate ion release from pancreas cells. 
Fig. 2D and E show the in vitro viability of the cells after 24 h of 
treatment with AZ. The PANC-1 cell line maintained about 80% cell 
viability even after 100 μM of AZ treatment, while 50% of the AsPC-1 
cells were killed by only 1 μM AZ treatment. The expression of CA IX 
on target pancreatic cells was confirmed by western blotting (Fig. S4, 
Supplementary Material). 

3.5. Surgery outcomes from the animal study 

The surgical procedures with or without AZ-BTS placement were 
technically successful in all pigs (Fig. 3A). In the leakage group, three 
(50%) of the six pigs died at 5, 4, and 2 days, respectively, after the 

Fig. 1. Characteristics of AZ-BTS. A) AZ-BTS was prepared by using a multiple dipping technique. B) SEM image of the translational sectioned AZ-BTS shows the 
covering layers. C) Representative SEM images show the morphological characterization of the BTS and AZ-BTS samples during its degradation. D) The graph shows 
the drug content and uniformity. Curves show the in vitro release profiles of the drug from AZ-BTS at E) 24 h, F) 2 weeks, and G) 1 month. 
Abbreviations: BTS, biodegradable tubular stent; AZ-BTS; acetazolamide-eluting BTS; SEM, scanning electron microscopy. 
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surgery because of a severe POPF, which was confirmed by the discon
nected sutures at PJ the anastomosis at the autopsy findings (Fig. S5, 
Supporting Information). In the second trial, an additional three pigs 
underwent PJ anastomosis for the leakage group. One (33%) of the three 
pigs died 7 days after the surgical procedure. One pig in the BTS group 
died 4 days after the surgery due to complete disconnection of the PJ 
anastomosis. The overall mortality rates were 44.4% in the leakage 
group, 16.6% in the BTS group, and 0% in the AZ-BTS group. The two 
pigs with surgery-related deaths were excluded from this study, and the 
remaining 16 pigs surviving until the end of the study. 

All enrolled pigs experienced statistically insignificant weight loss at 
0 (p = 0.910, Kruskal-Wallis test) and 1 (p = 0.568) week after the 
surgical procedure. Body weights in all three groups increased signifi
cantly at 2, 3, and 4 weeks after the surgery (p < 0.001 each). Mean 
weight at 2 weeks was significantly lower in the leakage than in the BTS 
and AZ-BTS groups, with these significant differences maintained at 3 
and 4 weeks (Table S2, Supporting Information). Mean weight, how
ever, did not differ significantly at these time points in the BTS and AZ- 
BTS groups. (Fig. S6, Supporting Information). 

3.5.1. Efficacy of AZ-BTS for the prevention of pancreatic juice leakage 
The mean volume of abdominal fluid was significantly greater in the 

leakage than in the BTS and AZ-BTS groups on days 1–5 (p < 0.05). The 
mean (± SD) total volume of accumulated abdominal fluid was also 
significantly higher in the leakage group (49.0 ± 30.6 ml) than in the 
BTS (11.0 ± 2.8 ml, p = 0.025) and AZ-BTS (7.4 ± 3.2 ml, p = 0.017) 
groups (Fig. 3B). The mean (± SD) period of drainage was also longer in 
the leakage group (5.4 ± 1.1 days) than in the BTS (4.4 ± 0.5 days, p =
0.115) and AZ-BTS (3.0 ± 0.7 days, p = 0.006) groups. The volume of 
abdominal fluid and the period of drainage did not differ, however, in 
the BTS and AZ-BTS groups. There was no drainage of abdominal fluid 
by 7 days after the surgical procedure in all pigs. 

3.5.2. Alpha-amylase concentrations from the abdominal fluids 
Mean α-amylase concentration was significantly higher in the 

leakage and BTS groups than in the AZ-BTS group on days 2–5 (p < 0.05 
each) (Fig. 3C). Although the total volume of accumulated abdominal 
fluid differed significantly in the leakage and BTS groups, there was no 
difference in their mean α-amylase concentrations. 

3.5.3. Pancreatic ductographic findings 
The mean luminal diameters of the pancreatic duct at the head (5.28 

± 1.37 mm vs. 1.66 ± 0.32 mm vs. 1.74 ± 0.32 mm), upper (2.63 ± 0.83 
mm vs. 1.35 ± 0.45 mm vs. 1.39 ± 0.34 mm) and lower (2.52 ± 0.63 mm 
vs. 1.04 ± 0.31 mm vs. 0.97 ± 0.21 mm) body, and tail (1.50 ± 0.56 mm 
vs. 0.71 ± 0.30 mm vs. 0.67 ± 0.18 mm) regions of the pancreas were 
significantly larger in the leakage group than in the BTS and AZ-BTS 
groups (p < 0.05 each) (Fig. 3D). However, the mean luminal di
ameters of the pancreatic duct at the anastomotic site was significantly 
smaller in the leakage (0.45 ± 0.30 mm) than in the BTS (1.19 ± 0.51 
mm) and AZ-BTS (1.12 ± 0.43 mm) groups (p < 0.05 each) (Fig. 4A). 

3.5.4. Gross findings 
The excised specimens showed pancreatitis occurred in all (100%) 

pigs in the leakage group. However, none of the pigs in the BTS group, 
and only one (16.6%) in the AZ-BTS group, had pancreatitis (Fig. 4B). 
The PJ anastomosis was well repaired and intact without anastomotic 
fistula in all enrolled pigs. The grades of inflammatory response after the 
surgical procedure in the leakage group were determined as grade 4 in 
four pigs and grade 3 in the remaining one. Three pigs in the BTS group 
had grade 3 inflammation and two had grade 2 inflammation. In the AZ- 
BTS group, one pig had grade 3, four had grade 2, and one had grade 1 
inflammation (Fig. S7, Supplementary Material. 

3.5.5. Computed tomography (CT) findings 
CT images from the leakage group revealed a dilatation of the 

pancreatic duct resulting from anastomotic narrowing and ascites in the 
splenorenal fossa caused by the PJ anastomotic leakage (Fig. 4C). The 
degree of dilation of the pancreatic duct was relatively smaller in the 
BTS and AZ-BTS groups than in the leakage group. 

3.5.6. Histological findings 
Histologic findings in the leakage, BTS and AZ-BTS groups are shown 

in Fig. 5. The mean luminal areas at the head (5.88 ± 2.43 mm2 vs. 2.27 
± 0.59 mm2 vs. 2.13 ± 0.96 mm2) and upper (2.24 ± 0.53 mm2 vs. 0.97 
± 0.30 mm2 vs. 0.93 ± 0.36 mm2) and lower (2.16 ± 0.88 mm2 vs. 0.89 
± 0.45 mm2 vs. 0.92 ± 0.46 mm2) body regions of the pancreas were 
significantly larger in the leakage group than in the BTS and AZ-BTS 
groups (p < 0.05 each). Mean luminal areas in the tail region, 

Fig. 2. In vitro cytocompatibility. A) Fluorescence microscopy images of the results of pHi assays. B) pHi fluorescence calibration curve. C) pHi determination after 
acetazolamide (AZ) treatment showing the therapeutic effects of AZ. D, E) Cytotoxicity analysis of AZ after incubation with AsPC-1 and PANC-1 cells. Significance 
levels are indicated as *p < 0.1, **p < 0.05, *** p < 0.001. 
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Fig. 3. In vivo study and outcomes. A) Flow diagram and in vivo study design show the randomization process and procedural outcomes. B) The mean volumes of 
abdominal fluid on days 1–5 were significantly higher in the leakage group than in the BTS and AZ-BTS groups. The mean period of drainage was also significantly 
longer in the leakage group than in the BTS and AZ-BTS groups. C). Mean α-amylase concentrations, D) mean luminal diameter on pancreatic ductography and E) 
luminal area on histology. Data are mean ± 95% confidence interval. Significance levels are indicated as * p < 0.05, ** p < 0.001. CI: confidence interval. 
Abbreviations: CI, confidence interval; PJ, pancreaticojejunal; BTS, biodegradable tubular stent; AZ-BTS, acetazolamide-eluting BTS. 
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however did not differ significantly in these three groups (0.77 ± 0.32 
mm2 vs. 0.38 ± 0.30 mm2 vs. 0.43 ± 0.28 mm2) (Fig. 3E). The mean 
luminal area at the anastomotic site was significanlty smaller in the 
leakage group (0.12 ± 0.11 mm2) than in the BTS (0.91 ± 0.39 mm2) 
and AZ-BTS (0.83 ± 0.32 mm2) groups (p < 0.05 each). 

4. Discussion 

Postoperative complications are common and typically related to the 

leakage of pancreatic exocrine secretions following anastomosis failure 
[21]. The development of POPF is the most serious postoperative 
complication. Amylase activity and the amount of the secretion have an 
effect on clinical or laboratory signs of intra-abdominal infection and 
may elicit abscess formation [11,21]. Pancreatic proteases and lipase 
leaking from the organ remnant attack the surrounding tissue, poten
tially leading to severe inflammation, tissue necrosis, and fistula for
mation [21]. Various trials of different operative anastomotic 
construction techniques, pharmacologic agents, and anastomotic 

Fig. 4. In vivo efficacy and safety of AZ-BTS. A) Pancreatic ductographies show the significant differences in luminal diameters of the pancreatic duct, including PJ 
anastomosis (arrowheads) among the groups. Representative pancreatic ductography of one pig in the leakage group showed complete obstruction of the PJ 
anastomosis. B) Photographs obtained from gross examination, showing severe pancreatitis and a relatively enlarged pancreas in the leakge group compared with the 
BTS and AZ-BTS groups. C) Representative CT images obtained 4 weeks after the surgical procedure showing dilated pancreatic ducts and ascites in the leakage 
group. 
Abbreviations: BTS, biodegradable tubular stent; AZ-BTS; acetazolamide-eluting BTS; PJ, pancreaticojejunostomy. 
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stenting have been investigated for reducing or preventing POPF [22]. 
Pancreatic duct stenting at the time of anastomosis creation has been 
proposed to decrease or prevent pancreatic leak and/or fistula forma
tion. Randomized trials have demonstrated that patients who underwent 
anastomotic stenting had a significantly lower incidence of pancreatic 
leak [8,13,23,24]. 

The benefits of stent-based drug delivery are to maximize the level of 
therapeutic agents in the local tissue, while using a lower drug dosage, 
and to minimize systemic toxicity [25,26]. It is well known that AZ can 
reduce the flow response of the pancreas to secretion and prevent 
autolysis caused by pancreatic juice leakage [19,20]. In the present 
study, we designed AZ-eluting biodegradable stents, which had a 
tubular structure, and investigated their efficacy in suppressing PJ 
anastomotic leakage and reducing pancreatic leak-related signs in an 
animal model. Our results suggest that AZ locally delivered by a stent 
successfully reduced intra-abdominal inflammatory symptoms second
ary to pancreatic juice leakage via PJ anastomosis in a porcine model, as 
evidenced by a significantly lower volume and amylase concentration of 
the abdominal fluid and a shorter period of drainage in the AZ-BTS 
group than in the leakage group. 

In a previous study, BTS placement successfully prevented PJ anas
tomotic strictures in a porcine model [9]. Consistent with our previous 
report, our results also revealed that luminal diameter and area were 

significantly lower in the BTS and AZ-BTS groups than in the leakage 
group. The findings of the stricture inhibitory effect in our study seem to 
be due to an effect of the BTS rather than the effect of the drug. Our 
results demonstrated that BTS and AZ-BTS successfully reduced the 
volume of accumulated abdominal fluid caused by leakage of pancreatic 
juice at the anastomotic site, indicating that the stent itself can reduce 
the rate of pancreatic leakage. Overall mortality rates in the leakage, 
BTS and AZ-BTS groups were 44.4%, 16.6%, and 0%, respectively, and 
the mean α-amylase concentrations on days 2–5 were significantly 
higher in the leakage and BTS groups than in the AZ-BTS group (p < 0.05 
each). This finding indicates that AZ could effectively neutralize 
pancreatic juice and reduce the manifestations of pancreatic leakage. 
The BTS was made from commercially available materials, and 
biodegradation began 3 weeks after placement. It was completely 
degraded from 8 to 12 weeks in a rat study [9]. There were no significant 
differences in the overall degradation periods between the BTS and AZ 
coated BTS; however, the surface of the AZ-BTS showed swelling and a 
bubble-liked irregular layer at 3 weeks. AZ-BTS has therapeutic poten
tial in the prevention of anastomotic stricture formation as well as the 
reduction of anastomotic leaks and its related symptoms. 

The AZ-BTS was successfully fabricated by a multiple dip-coating 
technique, and PLGA, which is a biodegradable polymer approved by 
the FDA [27], was used for sustained AZ release. Utilizing multiple 

Fig. 5. Representative microscopic images of hematoxylin and eosin (H&E) and Masson’s trichrome (MT) stained histological sections at the anastomosis site, and 
the head, upper and lower body, and tail portion of the pancreas obtained after 4 weeks in the leakage, BTS, and AZ-BTS groups.. (Anastomosis magnification ×2; 
magnification of the remaining sections ×5). 
Abbreviations: BTS, biodegradable tubular stent; AZ-BTS, acetazolamide-eluting BTS. 
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coatings can induce an increased burst release effect, but the overall 
drug release evened out at around 70–80% by day 11 [28]. In our study, 
approximately 80% of the drugs were released for a week. The problem 
with solvent-based coating techniques is that they result in bridging, 
pooling, and lack of uniformity [29–31], which causes difficulties in 
commercialization. Dip coating is usually used when performing intro
ductory studies on a novel stent, but more advanced techniques may be 
required for commercial production of the stent. 

In our study, a PJ anastomotic leakage porcine model was success
fully established by reducing the number of sutures at the PJ anasto
mosis via the duct-to-mucosa method and sutures between the 
pancreatic capsule and jejunal serosa were not placed. However, the 
main drawback of this animal model was its high overall mortality rate 
(44%) in the first (50%) and the second (33%) trials because of severe 
POPF caused by the disconnected suture at the anastomosis. In the AZ- 
BTS group, all pig survived until the end of this study and body 
weights of the pigs at 3 and 4 weeks after the surgical procedure were 
significantly higher in the BTS and AZ-BTS groups than in the leakage 
group. The PJ leak was effectively prevented, and neutralizing the 
leaked pancreatic fluid seemed to help the pig recover. Furthermore, 
severe pancreatitis and intra-abdominal inflammation with a high 
amylase concentration and increased drainage volume were demon
strated in the leakage group. Although the mortality rate was rather 
high, the animal model induced a reproducible incidence of anastomotic 
leakage and leak-related symptoms and proved to be an efficient 
approach to stimulate PJ anastomotic leakage as a potential model for 
reproducing the mechanisms of the POPF. 

In clinical practice, the first 1–2 weeks, especially the first week, of 
wound healing, consisting of stenting with or without drug release after 
PJ anastomosis, has critical significance in preventing pancreatic 
leakage or reduceing the detrimental effect of pancreatic juice after 
anastomosis. Moreover, a period of 6–9 weeks of stenting after PJ 
anastomosis was found sufficient to prevent stricture formation at the 
anastomotic site. The present study did not include in vivo drug release 
tests after PJ anastomosis because of the difficulties involved in assess
ing drug release in a porcine model. We found, however, that the con
centrations of amylase after surgery were significantly higher in the 
leakage and BTS groups than in the AZ-BTS group during the early 
postoperative period, resulting in a plateau at a normal range of amylase 
7 days after surgery. Thus, 1 week of drug release can be significant for 
preventing and reducing the detrimental effects of pancreatic leakage in 
clinical settings. 

Our study has some limitations. First, the sample size was too small 
to conduct a robust statistical analysis, although many variables of in
terest reached statistical significance. However, the differences between 
the groups were indisputable. Second, we did not evaluate the me
chanical properties of the AZ-BTS, such as radial force and tensile 
strength. Third, we used a single dose of the drug and could not conduct 
in vivo pharmacokinetic and dose range studies on the AZ-BTS. 

5. Conclusion 

Although additional studies are required to identify optimal drug 
doses, the results of this study support the basic concept of using the BTS 
with or without AZ to reduce or prevent PJ anastomotic leakage with the 
advantage of biocompatibility and the elimination of stent removal 
necessity. Our results demonstrated that direct and local treatment with 
AZ via BTS was effective and safe in suppressing intra-abdominal in
flammatory symptoms secondary to PJ anastomotic leakage in a porcine 
model, and it possesses strong potential to inhibit the self-digestion and 
intra-abdominal inflammatory diseases caused by pancreatic juice 
leakage and prevent late stricture formation at the PJ anastomotic site. 
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