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ARTICLE INFO ABSTRACT

Article History: Introduction and Objectives: There are different situations in which an extrahepatic bile duct replacement or sub-
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stitute is needed, such as initial and localized stages of bile duct cancer, agenesis, stenosis, or bile duct disruption.
Materials and Methods: A prosthesis obtained by electrospinning composed of Poly (D,L-lactide-co-glycolide)
(PGLA) - Polycaprolactone (PCL) - Gelatin (Gel) was developed, mechanical and biological tests were carried
out to evaluate resistance to tension, biocompatibility, biodegradability, cytotoxicity, morphological analysis
and cell culture. The obtained prosthesis was placed in the extrahepatic bile duct of 15 pigs with a 2-year fol-
low-up. Liver function tests and cholangioscopy were evaluated during follow-up.
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Results: Mechanical and biological evaluations indicate that this scaffold is biocompatible and biodegradable.
The prosthesis implanted in the experimental model allowed cell adhesion, migration, and proliferation,
maintaining bile duct permeability without altering liver function tests. Immunohistochemical analysis indi-
cates the presence of biliary epithelium.
Conclusions: A tubular scaffold composed of electrospun PGLA-PCL-Gel nanofibers was used for the first time
to replace the extrahepatic bile duct in pigs. Mechanical and biological evaluations indicate that this scaffold
is biocompatible and biodegradable, making it an excellent candidate for use in bile ducts and potentially in
other tissue engineering applications.
© 2024 Fundacién Clinica Médica Sur, A.C. Published by Elsevier Espafia, S.L.U. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

variations, and bleeding. Bile duct injuries during laparoscopic sur-
gery are estimated to occur in 0.08—0.3 % of cases [1,2], and despite

In laparoscopic cholecystectomy, various structures can be inad- the expertise of surgeons, unforeseen complications may arise [3].

vertently injured due to factors such as incorrect anatomical identifi-

In the United States alone, approximately 750,000 cholecystecto-

cation, incipient inflammatory processes, fibrosis, anatomical mies are performed annually, with around 2500 patients experienc-

ing bile duct injuries. The tension-free Roux-en-Y hepatojejunostomy
has emerged as a prominent treatment for such injuries, often con-

Abbreviations: PGLA, Poly D, L-lactide-co-glycolide; PCL, Polycaprolactone; Gel, gela- sidered the gold standard [3-6]. Nevertheless, there’s ongoing explo-
tin; TFE, 2,2,2-trifluoroethanol; HFIP, 1,1,1,3,3,3-Hexafluoro-2-propanol; FTIR, Fourier ration of alternative therapeutic approaches. Experimental

transform infrared spectroscopy

* Corresponding authors.

treatments, including the utilization of scaffolds to provide structural
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scaffolds aim to promote the development of subsequent tissue, aid-
ing in the repair of damaged bile ducts [7].

Tissue engineering plays a pivotal role in this realm, involving the
combination of scaffolds, cells, and biologically active molecules to
create functional tissues. Various materials, both natural and syn-
thetic polymers, are employed in scaffold fabrication to mimic the
extracellular matrix, facilitating cell adhesion and migration, and ulti-
mately promoting tissue regeneration [8-12]. Electrospinning, a tech-
nique capable of producing nanofibers from different materials and
incorporating growth factors or bioactive molecules, has emerged as
a promising approach in tissue engineering [7,13]. Nanofibers offer
unique characteristics such as a high surface area-to-volume ratio,
porosity, and mechanical properties, rendering them attractive for
biomedical applications [14].

This study reports the pioneering development and application of
an electrospun tubular scaffold comprising Poly (D,L-lactide-co-gly-
colide) (PGLA), Polycaprolactone (PCL), and Gelatin (Gel) for extrahe-
patic bile duct replacement. Such innovative approaches hold the
potential to significantly advance the field of bile duct injury treat-
ment and repair.

2. Materials and Methods
2.1. Biodegradable prosthesis

Using the electrospinning technique, the following biopolymers
were used: PCL Mw= 80,000 (Sigma Aldrich), PGLA Mws=
66,000—107,000 (Sigma Aldrich), GEL TYPE B bovine skin (Sigma
Aldrich). The solvents used for PCL and PGLA were 2,2,2-trifluoroethanol
(TFE), and the solvent for GEL was 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP). For the preparation of the viscoelastic polymer solution, PGLA-
PCL 70:30 with the solvent TFE (19% w/v) was used and mixed for 24 h,
for PGLA-PCL/Gel ratio was 80:20, with the HFIP solvent (10% w/v), and
they were mixed for 12 h with a magnetic stirrer. The polymer solution
was added to a 5 ml plastic syringe with a 21 G non-cutting needle with
dynamic collector.

2.2. Fourier transform infrared spectroscopy (FTIR) and Young’s
modulus

To determine the presence of the PGLA-PCL-Gel functional groups
present in the scaffold obtained by electrospinning, FTIR spectros-
copy was used with a Thermo Nicolet NEXUS 670 FTIR spectropho-
tometer from the Materials Research Institute of the UNAM. The
spectrum obtained ranged between 500 and 4000cm™.

Indentation and relaxation measurements were performed on
cylindrical electrospun PGLA-PCL-Gel samples mounted on a slide
with double-sided tape and moistened with saline solution for mea-
surement. Indentation and relaxation measurements were carried
out on each sample. The data were analyzed using the Hertz model
for indentation and the generalized Maxwell model for relaxation.
The indentation data were fitted to the Hertz model with a maximum
indentation distance of 7.5 um to calculate Young’s modulus with the
Femto Tools FT-MTA03 equipment with an FT-S200 tip with a 50 um
diameter glass sphere at the tip.

2.3. Scanning electron microscopy

The morphological characteristics of the scaffold generated by
electrospinning were obtained with the Schottky-type field emission
scanning electron microscopy technique and with JEOL model JSM-
7600F scanning electron microscopy. Fiber diameter and pore size
were determined with Image ] software.
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24. Contact angle

To evaluate the hydrophilic properties of the scaffold, the contact
angle measurement was carried out with a Ramé-Hart Instrument
Co. model 100—07 goniometer. 5.1 of distilled water was placed, and
the contact angles were measured with the Image] program at 1.60
and 300 s.

2.5. Invitro degradation and cell culture

The degradability tests were conducted in PBS solution with pH
7.4 and human bile with pH 7.0 at 37 °C; weight measurements were
taken at 2, 3, and 4 months. They were dried and weighed accurately,
and the initial weight was compared with the final weight. The deg-
radation rate was calculated with the following formula: [15,16]

. o MO — Mt
weight loss (%) = Mo X 100
MO and Mt are the sample weights before and after incubation in
PBS/bile solution.

Before cell culture, the scaffolds were immersed for 24 h in 70 %
alcohol for sterilization. Fibroblasts were seeded on the cell surface of
the PGLA-PCL-Gel scaffold with a cell density of 10 x 10% per cm?.
Dulbecco’s Modified Eagle’s/fHam’s Nutrient Mixture F12 BIOWEST
culture medium, BIOWEST fetal bovine serum was used, the culture
medium was replaced every three days, and the samples were kept
in a tissue culture incubator at 37 °C with 5 % CO2. Cell viability was
determined by the fluorescence of calcein and cell death with the
ethidium homodimer that indicated cell permeability (THERMO
FISHER SCIENTIFIC live/dead Kit).

2.6. In vivo biocompatibility

3 New Zealand breed rabbits weighing 2.5-3.5 kg were used to
evaluate biocompatibility. They were housed and managed according
to the Mexican Official Standard-062-Z00 [17]. Samples of the PGLA-
PCL-Gel scaffold were implanted in the subcutaneous cellular tissue
of the back of the rabbits, with follow-up at 60 days.

2.7. Anesthesia and surgical procedure

15 Female Landrace pigs weighing 25 kg were used. Follow-up
was carried out with blood samples at months 1,3,6,12, and 18
months. The ARRIVE 2.0 guidelines were incorporated into the man-
agement and care of the animals [18].

The sedation was induced using Sural from Lab. Chinoin®, dosed
at 2 mg/kg administered intramuscularly (IM).

Cannulation of the marginal ear vein was conducted using a 20Fr
catheter for intravenous (IV) administration of pentobarbital from
Lab. Pets Pharma, dosed at 40 mg/kg. An endotracheal tube was
inserted to secure the airway, assisted by a Harvard automatic venti-
lator. Continuous monitoring included heart rate, blood pressure,
oxygen saturation (SpO,), and capnography.

Before extubation, 100 % FiO, was administered, and oropharyn-
geal secretions were aspirated under direct vision. Neuromuscular
relaxants were antagonized, positive pressure was applied, the pneu-
matic tamponade was deflated, and extubation was performed. Ani-
mals were then transferred to the postoperative recovery unit for
continued monitoring.

One hour before surgery, prophylactic administration of enroflox-
acin from Pisa (1 g IM) was carried out. During immobilization in the
supine position, a mid-supraumbilical incision was made. The gall-
bladder and extrahepatic bile duct were identified, followed by a
cross-section of the common bile duct. An end-to-end common bile
duct-prosthesis-bile duct anastomosis was performed using PDS 5-0
Ethicon sutures in simple interrupted stitches. Postoperatively,
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analgesic Meloxicam (Biochem 500 mg/12 hrs/3 days IM) and antibi-
otic enrofloxacin (1 g/24 hrs/7 days) were administered.

2.8. Liver function tests

Blood samples were taken 24 h before the surgical procedure and
1, 3, 6, 12, and 18 months after the procedure to quantify liver func-
tion tests such as aspartate aminotransferase, alkaline phosphatase,
and total bilirubin. Each sample was obtained in an Eppendorf tube
and was processed with the Universal Kit, Bayer Leverkusen.

2.9. Histopathological study and immunohistochemistry

Bile duct biopsies were obtained in accordance with the guide-
lines set forth by the National Institutes of Health, the Institutional
Review Board of the Roswell Park Cancer Institute, and the University
of North Carolina School of Medicine at Chapel Hill. These biopsies
encompassed the region where the prosthesis was implanted and
were preserved in buffered formalin. Following fixation, the tissue
sections were embedded in paraffin and subjected to a heat treat-
ment at 70 °C for 20 min. Deparaffinization was achieved using
xylene, followed by rehydration through graded alcohols in a phos-
phate buffer solution.

Evaluation of common bile duct regeneration involved the assess-
ment of biliary epithelium, intramural glands, and the presence of
inflammatory and fibrous tissue at the prosthesis insertion site.
Hematoxylin-Eosin staining was employed for this purpose.

Endogenous peroxidase activity was quenched by incubating the
slides in 3 % H,0, for 6 min at room temperature. Antigen retrieval
was performed by immersing the slides in 0.01 sodium citrate (pH
6.0) for 20 min in a microwave oven at high temperature, followed
by a 15-minute cooling period in the citrate solution. Subsequently,
the slides were incubated with primary antibodies, including BioSB
MUCS5AC (1:100) from Biocare and CK 19 (1:100) from BioSB, for 1
hour at room temperature. After incubation, the slides were washed
thrice with Tris-buffered Saline.

Detection of the primary antibodies was accomplished using the
BioSB kit with BIOTIN/STREPTAVIDIN, followed by incubation with
3,3’ Diaminobenzidine for 8 min at room temperature. Counterstain-
ing was performed with hematoxylin and Hycel. Images were cap-
tured and stored using APERIO and ImageScope software.

2.10. SpyGlass™

For the SpyGlass study, the animals were anesthetized with the
previously described anesthetic protocol; an endoscopic guide was
used to canalize Vater's ampulla. The SpySscope™ DS was used, with
direct visualization equipment, Boston Scientific Corp. We advanced
towards the bile duct of the pigs, observing the common bile duct
and extrahepatic bile duct.

2.11. Statistical analysis

For the statistical analysis of the liver function tests, the IBM SPSS
Statistics version 29.0.2.0 program was used. Means and standard
deviations were calculated, ANOVA tests were performed, and a p-
value of less than 0.05 was considered statistically significant.

2.12. Ethical considerations

The protocol was approved by the Ethics and Research Commit-
tees of the National Autonomous University of Mexico and the Gen-
eral Hospital of Mexico “Dr. “Eduardo Liceaga.” The animals were
cared for in independent cages, managed, and anesthetized according
to the Official Mexican Standard 062-Z00-1999 [17].
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3. Results
3.1. Biodegradable prostheses

The electrospinning variables were adjusted with an output flow
of 1.2 ml/hr at 10 cm between the needle tip and the dynamic collec-
tor. The needle-positive pole was connected to 14 kV, and the nega-
tive pole to the dynamic collector was maintained at a constant
speed of 3800 rpm. Optical microscopy evaluated the absence of
bulbs and continuous fibers for the initial analysis of the fiber mor-
phology. (Fig. 1) The dynamic collector had a diameter of 0.3 cm and
a length of 12 cm. A scaffold with a length of 9 cm and an internal
diameter of 0.3 cm was obtained. The ends were removed and cut
into sections of 2—3 cm to carry out mechanical and biological tests.

3.2. FTIR

FTIR spectroscopy was performed to study the chemical structure
of synthetic polymers. The spectral result obtained from the PGLA-
PCL-Gel polymers is shown separately and combined in Fig. 2.

The characteristic spectra of pure PCL were found in the bands
1723cm’!, corresponding to the C = O carbonyl bond in stretching
mode. The band 2867cm™! corresponds to a symmetric stretching of
methylene (CH,), and at 2941 cm!, the asymmetric stretching band
of CH, is found, which coincides with Sanchez et al. [19] In the PGLA-
PCL-Gel scaffold the PCL spectrum remained at 1723cm™! with slight
variation at 2852cm™! and 2944cm™. Amide I, II, and III are character-
istic of the molecular structure of gelatin; the slight difference in the
spectra in the intensity and frequency of the samples may be due to
the conformational differences of the polypeptide chain [20].

Peaks for Amida I were obtained in the regions 1628cm™ when
the polymer was pure and at 1637cm™" with the final structure of the
PGLA-PCL-Gel scaffold, coinciding with previous reports where it is
demonstrated that the spectrum of Amida I of gelatin is absorbed
between 1700 and 1600cm™ [21]. Amide I represent a combination
of C = O stretching vibrations that are hydrogen bonding with COO,
CN stretching, CCN deformation and NH bending. For the spectrum of
Amida II, peaks were obtained at 1530cm™! when the polymer was
pure and 1540cm™! in the final structure of the scaffold; the spectrum
of Amida II is absorbed between 1500 and 1560cm™! [22] and corre-
sponds to the vibrational changes of -CN stretching and -NH bending
of the peptide group. For the spectrum of amide III, peaks were
obtained at 1234cm™ with the pure polymer and 1239cm™ in the
final structure of the scaffold; the spectrum of Amida III is absorbed
between 1269 and 1080cm™ [20]. In general, the spectrum of Amide
Il indicates a disorder in the molecular structure of gelatin, associ-
ated with the loss of the triple helical state [23]. PLGA has characteris-
tic bands at 1100—1250cm™! and 1750—1760cm™}, representing the
ester and carbonyl groups respectively [16]. The spectrum obtained
with pure PLGA was 1179-1743cm’’, in the final scaffold structure,
the spectrum obtained was 1179, 1750 cm.

3.3. Young's modulus

As shown in Fig. 2E, the material relaxes quickly since, after 50 s, it
has practically reached its maximum relaxation. This is seen in the
relaxation time spectrum where there are two contributions at very
long times, small ones and one more at 11 s. (Fig. 2F) The average
Young's modulus was 852.1 kPa, with a standard deviation of
114.50 kPa. The behavior of the dynamic modules shows the losses
(red color) and storage (green color). (Fig. 2G)

3.4. Scanning electron microscopy

Fig. 3 shows images obtained by SEM of the electrospun scaffold
composed of PGLA-PCL-Gel; the presence of bulbs or discontinuous
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Fig. 1. Scaffold obtained by electrospinning. A), fibers collected in dynamic collector. B), 2—3 c¢m sections for mechanical-biological evaluations. C) End-to-end anastomosis: com-
mon bile duct-prosthesis-common bile duct.
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Fig. 2. FTIR spectroscopy and mechanical tests. Spectrum of the polymers PCL, Figure A. Figure B, PLGA. Figure C, Gelatin. In Figure D, the spectrum of the electrospun scaffold,
characteristic functional groups of the 3 polymers is observed. Figure E, Relaxation test. Figure F, Spectrum of relaxation times. Figure G, dynamic modules behavior; red color losses,

green color storage.
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Fig. 3. SEM of the scaffold and contact angle. Figures A and B. Morphological analysis by SEM. Figures C, D, and E. Measurement of the contact angle at seconds 1, 60 and 300

respectively.

fibers is not observed. The average diameter of the electrospun fibers
was 51 um with a standard deviation of 0.19 um, and the average
pore (interfibrillar distance) was 2.72 um with a standard deviation
of 1.9 um.

3.5. Contact angle

To determine the contact angle, a drop of distilled water was
deposited on the scaffold composed of PGLA-PCL-Gel and images
were taken for 6 min, of which 3 times were chosen: 1-, 60- and 300-
seconds. (Fig. 3) The determination of the theoretical contact angle of
the PGLA-PCL-Adamium Gel was 77.7° at second 1, 61.1° at second
60 and 42° at 300 s, after 300 s the drop spread on the polymeric scaf-
fold (hydrophilic surface).

3.6. In vitro degradation

The weight loss percentage in the scaffolds immersed in bile at
two months was 16.2 %, at three months 57.1 %, and 74.4 % at four
months. The weight loss percentage in the scaffolds immersed in
physiological solution at two months was 60.6 %; at three months, it
was 68 %, and at four months, it was 81 %.

3.7. Cell culture

The evaluation of the PGLA-PCL-Gel scaffold cytotoxicity was car-
ried out with the calcein/etideum homodimer kit. Cell counting was
done at 600um? of different samples with the Image] program, and
the average percentage of cell viability was determined at 2, 8 and
10 days. Fig. 4 shows fibroblast growth on the scaffold after ten days.
The average percentage of cell viability at 2.8 and 10 days was 98.5 %,
95.4 %, and 93.5 %, respectively, with a mortality rate at 2.8 and
10 days of 1.5 %, 4.6 %, and 6.5 %. The combined images of cell viability
and death are observed.

3.8. Invivo biocompatibility

Sections of the scaffold were implanted into the subcutaneous cel-
lular tissue on the rabbits’ backs, and control of gauze sections. Sam-
ples were obtained at 7, 23, and 44 days. (Fig. 5) A panoramic view of
soft tissues is observed with chronic granulomatous inflammation as

a foreign body type (gauze textile fibers), with fibrosis. Multinucle-
ated giant cells are seen phagocytosing foreign material. On day 7,
epithelialization of the scaffold was identified with minor inflamma-
tion; on day 23, complete lining epithelium was observed without
inflammation or interstitial fibrosis; on day 44, no inflammation or
dermal reaction to the scaffold was identified and epithelialization
continued.

3.8.1. Surgical procedure

With general anesthesia, animals were immobilized with limb
restraints in the supine position. A mid-supraumbilical incision was
made, dissection was performed in planes, verifying hemostasis until
reaching the gallbladder, which we used as a reference to identify the
common bile duct. The gallbladder and the extrahepatic bile duct
were identified, a cross-section was made in the common bile duct,
and an end-to-end common bile duct-prosthesis-bile duct anastomo-
sis was performed with PDS 5—-0 Ethicon suture, using simple sepa-
rated stitches. (Fig. 1C) Absence of bile fluid leak was verified, and a
Penrose-type drain was placed and removed after 24 hrs. Analgesic
Meloxicam Biochem 500 mg/12 hrs/3 days IM and antibiotic enro-
floxacin 1 g/24 hrs|7 days were administered.

3.9. Liver function tests

The mean values of liver function tests, including alkaline phos-
phatase, total bilirubin, and aspartate aminotransferase, showed no
statistically significant differences throughout the entire study.
(Table 1)

3.10. SpyGlass™

For the internal visualization of the bile duct, SpyGlassTM was
performed, and no trace of the prosthesis was observed after eight
months. The extrahepatic bile duct was found to be patent without
signs of obstruction or stenosis, with follow-up at 18 months. (Fig. 6)

3.11. Immunohistochemistry MUC5AC, cytokeratin 19
Follow-up was given for 18 months, and a biopsy of the extrahe-

patic bile duct was performed, where the presence of biliary epithe-
lium, intramural glands, and smooth muscle fibers was observed.
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500 pm

Fig. 4. Cell viability. Fibroblast growth after 10 days. Figures A, B, C, D, E, G, and I alive/dead test positive for calcein. Figures E, G, I, positive for ethidium homodimer. Figures F, H,
and ] MERGE.

Fig. 5. Biocompatibility in vivo. A. Panoramic view of a soft tissue section 44 days after gauze placement in subcutaneous cellular tissue, H&E technique. Chronic granulomatous
inflammation of the foreign body type (textile fibers) with fibrosis is observed. A’ (100x magnification), multinucleated giant cells are observed phagocytosing foreign material. B.
Skeletal muscle soft tissue panoramic view,7 days after placing the scaffold in subcutaneous cellular tissue, H&E technique. Scaffold epithelialization with hemorrhage is observed.
B’ (100x magnification), epithelium is observed on the scaffold, with little inflammation. C. Panoramic view after 23 days where lining epithelium is observed on the scaffold, no
inflammation or interstitial fibrosis is observed in the dermis. C' (100x magnification), a scaffold covered with epithelium is observed with minimal non-specific chronic inflamma-

tion and hemorrhage. D. Panoramic view after 44 days, no inflammation or dermal reaction to the scaffold is identified. D’ (100x magnification), epithelialization of the scaffold, no
inflammation is identified.
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Table 1
Liver function test means throughout the study.

Annals of Hepatology 29 (2024) 101530

Initial sample & SD  First month =SD  Third month £SD  Sixth month £SD Twelfth month & SD  Eighteenth month & SD  p-value

Alkaline Phosphatase 171.80 + 4.44 171.46 £ 4.24 170.83 +4.08
Total Bilirubin 0.092 + 0.023 0.090 + 0.026 0.098 + 0.018
Aspartate Aminotransferase = 19.46 & 1.45 19.68 +1.32 19.74 £ 1.70

170.33 £3.87 171.80 + 4.44 171.00 £7 0.945
0.084 + 0.025 0.090 + 0.029 0.090 + 0.020 0.873
19.24 + 1.49 18.96 + 1.67 18.20 £ 0.95 0.548

Abbreviations: SD, Standard deviation.

Fig. 6. SpyGlass. Figures A and B. Internal visualization of the bile duct with follow-up
at 18 months, the re-epithelialized scaffold wall is observed in the common bile duct
area. Figure C. Bifurcation of the left and right hepatic ducts.

Cytoplasmic positivity was found in epithelial cells for MUC5AC, and
membrane positivity with CK19 in luminal and intraluminal epithe-
lial cells. (Fig. 7)

4. Discussion

In this study, clinical and laboratory follow-up is given to porcine
models that underwent surgery to replace the common bile duct

g i

with a biodegradable prosthesis composed of the synthetic polymers
PGLA-PCL-Gel, which was created by electrospinning that fulfills a
scaffold function. Generally, cellular affinity towards synthetic poly-
mers is low due to their high hydrophobicity and the few or no cellu-
lar recognition sites, which is why strategies have been innovated to
improve hydrophilic properties, such as the incorporation of hydro-
philic polymers, bioactive molecules, growth factors or sites of cell
recognition [24,25] such as the arginine-glycine-aspartic acid
sequences that gelatin characteristically possesses, which facilitates
cell migration and adhesion, is also biodegradable, biocompatible
and does not present immunogenicity compared to collagen.

Polycaprolactone is a material commonly used in the creation of
scaffolds; [26] however, it has a contact angle of 132°, which results
in a hydrophobic surface [27,28] that, when treated with gas plasma
or gelatin, the hydrophilicity of the PCL scaffolds is improved [29]. In
our study, the decrease in the PCL contact angle is considerably noted
when combined with hydrophilic polymers, which generally
improves the properties of the scaffolds, such as resistance, high
porosity, and bioactivity, favoring cell adhesion and its degradation
within the organism [19,30,31]. The amide groups’ appearance in the
FTIR spectra of the electrospun PGLA-PCL-Gel scaffolds indicates that
the PCL-PGLA chains were chemically attached to the gelatin mole-
cules and led to the introduction of functional groups such as NH;
and COOH [24,25,28]. The scaffolds obtained through the electrospin-
ning process can mimic the extracellular matrix because it allows the
production of nanometric or micrometric fibers, in which a wide vari-
ety of polymers can be used [32], including those used in this study,
in addition to being approved by the FDA [33,34].

Different studies have reported the importance of artificial scaf-
folds in tissue engineering, which could be used to treat multiple dis-
eases [11,29,35-37], where the application of nanofibers has
increased due to their more significant interaction between scaffold
cells [38,39]. This study demonstrated the effectiveness of a PGLA-
PCL-Gel scaffold created by electrospinning to replace the

o
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Fig. 7. Inmunohistochemistry. Common bile duct biopsy that was replaced by the PGLA-PCL-Gel scaffold with 18-month follow-up. Figure A. Panoramic view of duct lined by a
biliary-type epithelium with intramural glands, the wall of the duct is composed of smooth muscle fibers, beneath the muscular wall a layer of adipose tissue rich in blood vessels
and nerves is identified, H&E technique. Figure B. (100x), epithelium of biliary morphology with round to oval nuclei of basal location with preserved polarity, below the epithelium
the muscle wall with intramural glands of biliary phenotype is observed. Figure C. (100x), immunoreaction for MUC5AC, cytoplasmic positivity is observed in the epithelial cells.
Figure D (100x), immunoreaction for CK19, membrane positivity is observed in the luminal and intramural epithelial cells.
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extrahepatic bile duct with satisfactory mechanical and biological
tests for its use and application in vivo. In the experimental model,
the sectioned area was covered by biliary epithelium, and according
to histopathological analysis, there were no giant cells, fibrosis, or
inflammation. Clinical follow-up and blood samples demonstrated
adequate bile flow without stenosis or obstruction, corroborated by
SpyGlass and the analysis of liver enzymes, which remained within a
normal range.

The process of elaboration and design of a biodegradable scaffold
requires careful planning, starting with the choice of polymers, the
characterization of the electrospinning process, the mechanical and
biological analysis, the possible cytotoxicity in cell culture or the sur-
gical technique could represent various complications. Additionally,
the main complications after placement of the scaffold in the extra-
hepatic bile duct are directly related to bile flow, since in the event of
obstruction of the biliary drainage system, cholangitis, bile leak, bilo-
peritoneum, sepsis, shock and death could occur.

5. Conclusions

In this study, a tubular scaffold composed of electrospun PGLA-
PCL-Gel nanofibers was used for the first time to replace of the extra-
hepatic bile duct in pigs. Mechanical and biological evaluations indi-
cate that this scaffold is biocompatible and biodegradable, making it
an excellent candidate for bile duct injuries and potentially other tis-
sue engineering applications.
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