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Original Article

Introduction

Anastomotic leakage (AL) is a major complication of 
bowel reconstructive surgery, occurring in 4.8% to 37.5% 
of cases.1-3 AL causes consecutive peritonitis, adhesions, 
and fistula formation with significant morbidity and mortal-
ity. Adhesion formation is a serious issue of bowel surgery 
and has been found to be highly prevalent in patients with a 
history of multiple abdominal operations or peritonitis. 
These patients are at a high risk of development serious 
intraoperative complications during a subsequent operation 
if adhesiolysis is performed. These complications include 
bowel perforation, ureteral or bladder injury, and vascular 
injury.4,5 Much research efforts have been devoted to find-
ing materials and improved surgical techniques to protect 
high-risk gastrointestinal anastomosis during the critical 
days of healing. Allogeneic (peritoneum), xenolog (colla-
gen), and synthetic materials (polymers) and sealants 

(fibrin) have been previously tested to protect the anasto-
mosis and prevent AL and adherence formation.6-10 Most of 
the trials were animal trials and have not yet been able to 
identify the optimal barrier to prevent adhesions in a sus-
tainable way.11 In most trials, detailed information on mate-
rials and methods according to IDEAL criteria is missing.12 
Synthetic materials, such as polymers, are available but 
give rise to additional complications, and serious concerns 
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Abstract
Introduction. New biological materials are needed for specific applications in reconstructive bowel surgery and for the 
prevention of adhesion formation. Amniotic membranes (AMs) are assumed to have a number of unique characteristics 
that enhance the ingrowth of the surrounding tissue. The aim of the present study was to provide proof of these 
qualities in a xenograft model. Materials and methods. A multilayer human AM (HAM) was applied to repair defined 
colon wall defects in Sprague-Dawley rats (n = 18). The control group was repaired with a suture (n = 6). The 
animals were killed humanely at 7, 21, and 42 days after implantation. Adhesions and perioperative complications 
were examined. Histological and immunohistological analyses were performed to assess a number of parameters, 
including degradation of the HAM, inflammation, graft rejection, and smooth muscle ingrowth. Results. Two rats in the 
treated group died. No other severe complications were observed. Adhesion formation was more prominently visible 
in the HAM group (P < .05). The initially increased inflammation in the HAM group reduced over time but remained 
significantly increased (P < .05). The HAM degraded over time and a subtle transient glomerulitis could be observed. 
Conclusion. HAMs were found to increase adhesion formation and were not suitable for bowel augmentation in the 
presented xenograft model.
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have recently been expressed about the use of alloplastic 
materials.8,13

We hypothesized that application of hypoallergenic 
human amniotic membranes (HAMs) containing multiple 
growth factors could improve the regeneration of the 
colon wall and prevent adhesions caused by their anti-
inflammatory characteristics. Outcomes of reconstruc-
tion of an experimental colon wall defect using a HAM 
graft were compared with outcomes in a group that was 
repaired with suture only. Mechanical characteristics, 
such as dehiscence and adhesion formation, were exam-
ined, and a number of parameters, including AM degra-
dation, inflammation, possible rejection, and tissue 
ingrowth, were histologically analyzed. Following the 
IDEAL-D system of surgical innovations, we established 
a preclinical xenograft model in an attempt to provide 
evidence that HAMs are instrumental in repairing rat 
bowel defects. These experiments can be categorized as a 
stage 0 preclinical study.12,14

Materials and Methods

Human Amniotic Membrane

HAMs were obtained immediately after elective cesarean 
sections with normal gestation. The donors were screened 
for infections, including HIV, hepatitis, and syphilis, after 
informed consent. The placenta was cleaned of blood 
clots with sterile phosphate-buffered saline (PBS), and 
the amnion was separated from the chorion by blunt dis-
section under laminar flow conditions. The separated 
membranes were cut into blocks of at least 5 × 5 cm2 with 
the epithelial side up. After several rinsing steps, the 
HAMs were frozen at −20°C for 24 hours until further 
use. For further processing, the HAMs were defrosted in 
water, sterilized in peracetic acid and alcohol mixture, 
and then incubated for 2 hours on the shaker. After rins-
ing, the amnion was prepared in 4 layers applied on a 
sterile silicon scaffold in order to hold shape and dried 
under laminar flow.

Experimental Animals

The animal experiment was conducted at the Institute for 
Experimental Surgery of the University of Szeged, Hungary, 
in accordance with the National Institutes of Health (NIH) 
guidelines (Guide for the Care and Use of Laboratory 
Animals). The experimental protocol was approved by the 
Animal Welfare Committee at the University of Szeged 
(license number V./146/2013). The experiments were per-
formed according to the EU Directive 2010/63/EU on the 
protection of animals used for experimental and other scien-
tific purposes and carried out in strict adherence to the NIH 
guidelines for the use of experimental animals. The study 

was approved by the National Scientific Ethical Committee 
on Animal Experimentation (National Competent Authority).

A total of 27 male Sprague Dawley rats, weighing 
between 320 and 380 g and 3 months old, were housed 
and cared for at Szeged University’s farm for experimen-
tal animal studies. All animals had free access to food and 
water and were cared for by an educated keeper and rou-
tinely inspected by a veterinarian.

Operation Procedure

The procedures were performed by 2 surgeons (DB and 
HG) using sterile surgical techniques. The 27 adult male 
Sprague-Dawley rats were anesthetized by intraperitoneal 
injection of 40 mg/kg of ketamine 10%. The abdomen was 
shaved and prepared with an ethanol-propanol solution. 
Rats were operated in the supine position. A microscope 
and microsurgical instruments were used. A midline lapa-
rotomy was performed under antiseptic conditions. The 
colon was identified and a defined 0.5 cm of the cecum 
wall was resected. In the treated amnion group (A, n = 18), 
a multilayer amnion patch was trimmed overlapping the 
defect size (10 × 10 mm2) and fixed to the colonic wall 
with 3 or 4 interrupted 6-0 Monocryl sutures (Ethicon, 
Norderstedt, Germany). Additionally, human fibrin glue 
(Evicel, OMRIX Biopharmaceuticals LTD, Israel) was 
used to seal the lesion. In the first control group (C1, n = 
6), the defect was closed with a single Monocryl 6-0 run-
ning suture and fibrin glue. In the second control group 
(C2, n = 3), the amnion graft was sutured to the colonic 
wall without prior lesion. Fluid loss was compensated by 
administering 3 mL of 0.9% saline intraperitoneally at the 
end of surgery. The abdominal muscle layer and skin were 
closed separately with absorbable Vicryl 5-0 running 
sutures and Monocryl 4-0 interrupted sutures (Ethicon). 
Animals were fed with standard rat chow and water start-
ing at the sixth hour postlaparotomy.

The animals were killed humanely at 1 (A, n = 5; C1,  
n = 2; C2, n = 1), 3 (A, n = 6; C1, n = 2; C2, n = 1), and 6 
(A, n = 5; C1, n = 2; C2, n = 1) weeks after surgery. 
Subsequently, tissue samples (colon, kidneys, spleen) were 
harvested and stored in 10% formalin solution for 2 hours 
and then stored in PBS at 4°C.

Clinical Assessment

During postmortem examination, the grafts were exam-
ined macroscopically by 2 surgeons (DB and HG). 
Existence of peritonitis, and abscess and adhesion forma-
tion were recorded. The colon wall was assessed regard-
ing adhesions and inflammation. The adhesion-covered 
area was graded semiquantitatively between 0 and 3 
according to the score developed by van der Hamm et al.15 
(Table 1). Results were documented by photographs. After 
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macroscopic assessment, the grafted or sutured regions 
were excised with at least a 2-cm rim of surrounding tis-
sue. The complications were examined according to 
Clavien-Dindo classification.16

Histology and Immunohistochemistry

The histological examination was performed by Laboratory 
of Cell Biology and Histology, University of Antwerp, 
Belgium. All specimens were fixed and embedded in paraf-
fin wax. Deparaffinized sections (5 µm) were used for 
staining with hematoxylin and eosin (H&E) to visualize tis-
sue architecture and cell infiltration. Particular attention 
was paid to the slides of the transition zone between the 
amnion graft and normal colon wall. A semiquantative 
score from 0 to 3 for inflammation and from 0 to 2 for vas-
cularization were used. Inflammation of the implant region 
was scored by counting lymphocytes in 10 fields of 0.25 
mm2 in 3 observer-randomized H&E slides (semiquanta-
tive score: 0 = <5% cells/field; 1 = 5%-25%; 2 = 25%-50%; 
3 = >50%; 200× magnification). A similar score was applied 
for vascularization (0 = 0 vessels/mm2; 1 = 1-3 vessels/
mm2; 2 = >3 vessels/mm2; 200× magnification). AM thick-
ness was measured in micrometers to assess degradation 
and inflammation. Immunohistochemical staining was per-
formed using anti–smooth muscle actin (α-actin; A2547; 
Sigma-Aldrich, Bornem, Belgium) to confirm the presence 
of smooth muscle fibres. After deparaffinization and a heat-
induced antigen retrieval, the slides were incubated with the 
primary antibody of the corresponding antigen. The anti-
body was visualized using a streptavidin-biotin-peroxidase 
method, followed by diaminobenzidine chromogen solu-
tion. Digital images of H&E and α-actin were used for the 
evaluation of smooth muscle content within the recon-
structed colon wall.

Statistical Analysis

Qualitative variables were presented as frequencies and 
percentages. Quantitative variables were expressed as 
means ± SDs. Data from different groups were compared 
using the Mann-Whitney U test and 2-way ANOVA, 

respectively. Statistical significance was assumed at P < 
.05. Statistical analysis was performed using the 
GraphPadPrism 6.0 statistical software package.

Results

Clinical Course and Functional Results

Two animals (11%) died in the treated group (A)—1 ani-
mal as a result of postoperative sepsis and 1 during the 
anesthesia—and were hence excluded from analysis. No 
animal from the control groups C1 and C2 died. No other 
severe complications higher than grade II (Clavien-Dindo 
classification) were observed.

Macroscopic Examination

At 7 Days. No signs of severe inflammation were found 
in the abdominal cavity during resurgery. Strong adhe-
sions of the HAM graft to the small bowel and abdominal 
wall that withstood tractions were detected in most treated 
cases. In 2 of 5 cases, there was a blister and edema for-
mation (Figure 1). The average adhesion formation dif-
fered significantly among groups. Specifically, a higher 
adhesion score with a larger coverage area was found  
in the amnion group A (1.8 ± 0.45) versus the C1 group 
(0.5 ± 0.7; P < .05; Figure 2). However, similar adhesion 
scores were detected for C1 and C2. The AM appeared as 
a thick edematous graft infiltrated by inflammation signs. 
The inflammation was less present in the control groups 
(C1 and C2).

At 21 Days. The HAM was still well defined, albeit with 
reduced inflammation. The edema and adhesions were 
less conspicuous, and the amnion graft appeared as a 
thinner reddish layer on the colon wall. The adhesion 
score was higher in the amnion group A (1.8 ± 0.84) when 
compared with the C1 group (1 ± 0; P = .178) but did not 
reach the significance level (Figure 2).

At 42 Days. The HAM was hardly recognizable and in 
some cases not detectable. The control group C2 was 
characterized by the absence of the HAM, which had 
been completely degraded. The signs of inflammation 
reduced; however, they were still stronger in the amnion 
group A. The adhesions increased in the amnion group 
when compared with the C1 and C2 groups (P = .052; 
Figures 1 and 2).

Microscopic Examination

At 7 Days. The xenotransplanted HAM graft covered the 
colon wall and maintained its architecture in the treated 
group. The lesions could be recognized as the regions that 

Table 1. Adhesion Grading Scale.15

0 No adhesions
1 Minimal adhesions, mainly between the omentum and 

the bowel graft
2 Moderate adhesions, that is, between the bowel graft 

and the omentum or a loop of the small bowel or 
the abdominal wall

3 Severe and extensive adhesions, that is, between the 
bowel graft and several loops of small bowel and 
the abdominal wall, including abscess formation
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lacked smooth muscle cells. Strong inflammation with 
abundant increased numbers of lymphocytes and blood 
vessels was observed in the amnion layers and between 
the amnion and the submucosa of colon, which resulted 

in an enlarged amnion. A lower but still strong inflamma-
tion was found in the control groups C1 and C2 as well 
(Figures 3 and 4).

At 21 Days. The amnion, including its different layers, 
was mostly still clearly recognizable. Its thickness 
reduced (Figure 5), and inflammation was significantly 
diminished (P < .05; Figures 3 and 4). No change in vas-
cularization was observed compared with time point 1 
(data not shown). Connective tissue bundles and scat-
tered smooth muscle cells appeared in the area of the 
lesion (Figure 3). In the control group C1, signs of inflam-
mation (presence of lymphocytes) had mostly disap-
peared, and there were also no clear signs of regeneration 
of smooth cells in the lesion region.

At 42 Days. It became more difficult to verify the pres-
ence of the amnion in the treated group; the different lay-
ers of the amnion could no longer be distinguished, and 
the amnion, which was significantly reduced in thickness, 
formed a thinner layer on the colon wall (Figures 3 and 
5). In the control group without lesion (C2), the amnion 
was completely degraded and could no longer be detected. 
Inflammation was markedly reduced in the amnion and in 
the zone between the amnion and the colon wall but was 
still significantly higher compared with the control group 
C1 (P < .05; Figures 3 and 4). Despite the presence of 
scattered smooth muscle cells and bundles, it was diffi-
cult to measure if there was a clear regeneration of smooth 
muscle compared with the control group C1 (Figure 3).

Rejection

No macroscopic signs of rejection were found in the kid-
ney and spleen specimens. However, 4 out of 6 animals in 
the treated group showed an affected kidney at time point 
2. The changes were subtle, with slightly enlarged tubuli 

Figure 1. Macroscopic evaluation of adhesion score in the amnion treated group A (Table 1). A. Strong adhesions to small 
bowel and abdominal wall with edema and inflammation of the lesion site were detected at time point T1 (7 days). B. Moderate 
adhesions without signs of inflammation were detected at time point T3 (42 days).

Figure 2. Adhesion formation in the 3 groups: Group A, 
grafting of lesion with amnion; group C1, closure of colon 
lesion with suture; group C2, amnion onlay without lesion. 
Time point 1: 7 days; time point 2: 21 days; and time point 
3: 42 days. Means ± standard errors are plotted. Overall 
comparisons with 2-way ANOVA test (P < .05) for time 
points 7, 21, and 42 days. A higher adhesion score was found 
in the amnion group A versus the C1 group (P < .05 for time 
point 1) and slight increase of adhesion in the amnion group 
over time.
Abbreviation: HAM, human amniotic membrane.
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and urinary space. The glomeruli appeared more dense. 
No presence of immune cells or other signs of transplant 
rejection were found. At time point 3, only the kidneys of 
2 out of 5 animals were still slightly affected, whereas no 

such changes were detected in the controls without 
amnion. Taken together, a transient, subtle transplant glo-
merulitis is suggested in the rat HAM grafts.

Discussion

The HAM has several characteristics that make it ideal 
for use as biological material in surgical interventions. 
Since their introduction in the 1990s as a promising 

Figure 3. Histological evaluation of AM degradation and inflammation in the treated group over time (A: 7 and B: 42 days after 
grafting). Arrows show the AM thickness. Significant AM degradation and reduction of inflammation over time can be seen. 
Decreased inflammatory cells and increased vascularization in the periamniotic transition zone were detected. Scale bar 200 µm.
Abbreviations: AM, amniotic membrane; Muc, colon mucosa.

Figure 4. Reduction of inflammation over time, 
semiquantitative analyses of inflammatory cells: means ± 
standard errors are plotted. T1: 7 days; T2: 21 days; T3: 42 
days. Group A, grafting of lesion with amnion; group C1, 
closure of colon lesion with suture; group C2, amnion onlay 
without lesion. Semiquantitative score: 0 = <5% cells/field; 1 
= 5%-25%; 2 = 25%-50%; 3 = >50%; 200× magnification. A 
significant decrease of inflammation in the treated group T2 
versus T1 was detected (P < .05). However, the presence 
of inflammatoric cells was significantly higher in the treated 
versus control/lesion group at every time point (P < .05).
Abbreviation: HAM, human amniotic membrane.

Figure 5. Thickness of the multilayer amniotic membrane 
in micrometers: means ± standard errors are plotted. T1: 7 
days; T2: 21 days; T3: 42 days. Group A, amnion graft repair 
of colon lesion; group C2, amnion onlay without lesion. A 
significant reduction of human amniotic membrane (HAM) 
thickness was seen over time T3 versus T1 in both groups  
(P < .05).
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cryopreservation method with interesting long-term 
storage possibilities,17 HAMs have been broadly applied 
in a wide range of clinical studies as corneal replace-
ment, skin graft donor-side dressing in burn patients, 
and graft for oropharyngeal fistula.17-21 Currently, there 
is a growing interest in extending the application possi-
bilities of HAMs because of their wide availability, low 
costs, and biological properties.

The aim of our study was to assess the mechanical, 
inflammatory and allergenic properties of HAMs in a 
xenograft rat model in the hope that successful xenotrans-
plantation might pave the way for clinical applications 
according to the IDEAL stages of surgical innovation.12 
Here, we present a preclinical stage 0 animal study 
according to the IDEAL-D system.14 However, the pres-
ent study demonstrated that the use of AMs for repair of 
bowel lesions in a xenograft model is not beneficial com-
pared with standard therapy. Moreover, the incidence of 
adhesion formation (89% in the treated group vs 33% in 
the control group, P < .05) and inflammatory reactions 
was significantly higher in the amnion group. However, 
HAM proper seems to have no antigenic effect, as also 
corroborated by the results of a human allogen experi-
ment showing no acute transplant rejection of subcutane-
ously implanted HAMs.22 Although we did not find any 
clinical signs of rejection in our xenolog experiment, we 
did observe extended adhesions and an inflammatory 
reaction in the amnion. Similar increased number of 
inflammatory cells were reported by other groups.18,23,24 
Additionally, most animals of the amnion group pre-
sented a subtle acellular transplant glomerulitis. The 
changes can be classified as borderline mild acute rejec-
tion according to the Banff classification.25 However, 
because of the limited 6-week follow-up period, it was 
not possible to assess whether chronic glomerulitis with 
interstitial fibrosis and tubular atrophy would occur.

The formation of adhesions is a frequently observed 
process following surgical interventions in the peritoneal 
cavity.11,26 It is now well accepted that the inflammatory 
system plays an important role in the regulation of both 
the coagulation and fibrinolytic systems, which are cru-
cial for the genesis of adhesions.26 Several strategies for 
the prevention of adhesions have been proposed, includ-
ing inhibition of inflammation, prevention of fibrin for-
mation, promotion of fibrinolysis, and antiangiogenesis 
and tissue engineering.6,27-29 We assumed that the HAM`s 
anti-inflammatory properties would reduce the formation 
of adhesions. For this purpose, we decided to use the epi-
thelial side of the HAM facing the abdominal cavity.24 
However, our results showed that the adhesions could not 
be prevented and were even increased in the amnion 
group, probably as a result of increased inflammation by 
insufficient bowel sealing with amnion graft and rejec-
tion in the xenograft model.

Adequate bowel perfusion is a key determinant of suc-
cessful healing.30 The nutrition of amnion is ensured by 
diffusion. Additionally, HAMs contain growth factors 
that promote epithelial wound healing. Although we 
expected faster regeneration of the “neo-colon” wall in 
the amnion group because of growth factors, our results 
were not significant, and it was not possible to compare 
the regeneration in a standardized way because of the 
small size of the grafts and an overlap with the normal 
colon wall.

Only a few groups have applied HAMs in reconstruc-
tive bowel surgery to date. Schimidt et al24 used a patch of 
monolayer HAM to repair an 8-mm duodenal lesion in 42 
Wistar rats. The animals were followed up for 28 days, and 
adhesions were detected in all animals. Two animals pre-
sented with obstruction, and 1 animal died from peritonitis. 
The HAMs degraded after 14 days, and the regeneration of 
mucosa and smooth muscle increased after time. 
Epithelialization of the HAMs started 3 days after surgery 
and was completed between 3 and 4 weeks. The authors 
concluded that HAMs can be used as a temporary seal to 
reestablish the duodenal wall structure. The colon bacteria 
digest the amnion tissue and cause the degradation of the 
patch. Several studies could show the degradation of the 
extracellular matrix components by bacterial-derived 
metalloproteases in colon.31,32 If applied as a graft, a fast 
degradation of amnion is reported between 14 and 90 days, 
depending on the grafted tissue and number of layers.18,24 
In the case of monolayer amnion, the degradation is almost 
completed 2 weeks postimplantation. Transformation of 
multilayer HAMs and tissue reorganization and degrada-
tion were observed between 21 and 42 days in our experi-
ment. In our study, additionally, fibrin glue was used to 
seal the lesions in all groups. No adverse effects of fibrin 
glue on adhesion formation were reported previously.33

Using a peritonitis rat model, a Turkish group covered 
a cecum anastomosis with a 10-mm amnion wrap. The 
AL rate amounted to up to 25% in the standard anastomo-
sis group versus 0% in the amnion group after a 7-day 
follow-up period. Neoangiogenesis, fibroblast activity, 
and collagen deposition were significantly higher in the 
groups with AMs (P < .05).23,34 Unlike in our model, the 
authors reported a high dehiscence rate of 40% to 50% in 
the control group with standard anastomosis; this is prob-
ably the result of a different experimental model used.23 
In our study, no signs of dehiscence were detected in the 
C1 group with suture of a small bowel wall defect. 
However, the increased initial inflammation and adhe-
sions in the amnion group appear to be signs of insuffi-
cient bowel sealing with amnion graft. Additionally, 1 
case of postoperative peritonitis and sepsis was detected 
in the HAM group. Another study used light-activated 
HAM wrap to strengthen colonic anastomosis and reduce 
perianastomotic adhesions in Sprague–Dawley rats.35 A 
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1-cm wide strip of HAM (stromal side down) was 
wrapped around the anastomotic line and sealed to the 
serosal surface by illumination with 532 nm light. The 
illumination provided photochemical bonding and better 
sealing of HAM with less AL and less inflammatory reac-
tion, unlike in our experiments.

There were limitations of our study because of small 
grafts (10 × 10 mm2), short follow-up, and small sample 
size. Another limitation was the absent blinding of the 
investigators. However, the investigator bias is not appar-
ent because the study reports negative results. Another 
reason to choose the same surgeons for the implantation 
and explantation of HAM was their expertise to find the 
difficult region of interest during the postmortem exami-
nation. Because an innovative proof-of-principle study is 
presented, a small number of cases were used. HAM 
regeneration in large constructs and anastomosis protec-
tion with improved sealing techniques in a high-risk situ-
ation (eg, peritonitis model) need further evaluation.

In conclusion, we suggest that HAMs alone are not a 
suitable barrier to prevent adhesions and inflammation 
and, therefore, are not beneficial to a standard suture for 
the reconstruction of the bowel wall in the presented 
xenograft model.
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