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Abstract

Serosal membranes cover body cavities and guarantee frictionless gliding of inner organs. Serosal damage
carries the risk of adhesion formation, which represents a relevant postoperative complication. Due to
pathophysiological similarities between serous and dermal wound healing, the efficacy of SupraSeal® in
intraabdominal adhesion prevention was investigated at early time points. After standardized serosal damage,
Wistar rats were examined macroscopically, histologically and immunohistochemically on days two, four and eight
postoperatively. On day eight, all specimens of the control group presented distinctive adhesions consisting of
fibrous tissue bands. In contrast, most specimens covered by SupraSeal® were adhesion-free. Merely mild adhesion
formation due to suture material used for fixation was detected. Histologically, SupraSeal® revealed rapid clearance
of fibrin and a marked lack of fibrosis. For the first time, the histomorphological effects of SupraSeal® on adhesion
formation over time are described and the relevance of the early stage of wound healing elucidated.

Keywords: Adhesion prevention; Intraperitoneal adhesions;
Postoperative adhesion formation; Barrier material; Barrier membrane

Introduction
Intraperitoneal adhesions are bands of connective tissue which

originate from the peritoneum after serosal damage due to trauma,
surgical intervention and inflammation [1]. A multistep process lead
to the development of this organised tissue with collagen fibre
deposition, vascular and nerve fibre in growth. These tissue bands
cause adherence between intraperitoneal organs or between the viscera
and the abdominal wall [2,3]. Clinically, postoperative adhesion
formation represents a relevant problem since they present a common
complication in gynaecological and abdominal surgery [3-5]. Second-
look analysis revealed that up to 90% of patients develop adhesions
after gynaecological surgery [6,7]. Peritoneal adhesions cause clinically
relevant symptoms such as chronic pain, bowel obstruction or
infertility [8,9]. Furthermore, already existing adhesions lead to
prolonged operation times as well as increased rates of surgical
complications, including bleeding and organ damage. Consequently,
adhesiolysis has become a frequent surgical treatment [10,11]. In
addition, adhesion formation plays an important economic role, since
their annual treatment amounts to $1.3 billion in the USA alone [7,9].
Despite the developments during the last few years in reducing trauma
by minimally invasive surgical procedures, postoperative adhesions are
still responsible for increased postoperative morbidity and thus they
still represent a significant problem in interventional medicine
[10-13].

Although the formal pathogenesis of adhesion formation has not
yet been completely clarified, preliminary findings give insight into the
pathophysiological processes. Peritoneal wounds have shown to be
completely covered with mesothelial cells within five to ten days
independent of the size of the damaged surface [14-17]. Regarding
adhesion formation, it was demonstrated that rapid
remesothelialization is essential for reducing adhesion formation [18].
Experimental studies revealed that adhesiogenesis results from a
cascade of mechanisms in which the mesothelium of the peritoneal
serosa, the endothelium, inflammatory cells, fibroblasts and multiple
cytokines as well as growth factors and signalling molecules are in an
complex interplay [2,3,12]. A prerequisite for peritoneal adhesion
formation is mesothelial cell damage with subsequent inflammation
[2,10]. This inflammatory reaction is controlled by various mediators
and causes an elevated vascular permeability, fibrin exudation and the
migration of inflammatory cells [3,19,20]. Under physiological
conditions, the fibrinolytic activity of the peritoneum would lead to
dissolution of the fibrin matrix [2]. However, ischaemia, a reduction in
fibrinolytic activity by loss of mesothelial cells and the effect of
cytokines, disturb the fibrinolytic balance in favour of fibrin formation
[21-23]. Fibrin bands, which connect traumatised and surrounding
tissue areas, are hence not dissolved and fibroblasts emerge to remodel
these fibrin bridges to permanent, well-organized connective tissue-
containing blood vessels and nerve fibres [3,24,25].

Since peritoneal damage with mesothelial-free areas is crucial for
the formation of peritoneal adhesions, various material-based
approaches are already clinically available to cover and shield denuded
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serous surfaces. Besides the anti-adhesive effect, an optimal adhesion
barrier should be absorbable and easy to handle also in minimal-
invasive surgery and should give good biocompatibility. Despite a
variety of liquid, gelatinous and solid barriers in clinical use, the ideal
barrier has not yet been found [3,26]. In this context, SupraSeal® is a
biocompatible and degradable membrane which was developed by the
Institute of Textile and Process Engineering in Denkendorf (Germany)
and is already a promising device in clinical use as a dermal wound
dressing under the trade name Suprathel® [27]. It is composed of D,L-
polylactide, trimethylene carbonate and caprolactone. These
ingredients are already commonly used in surgery in resorbable suture
materials as well as osteosynthesis products and the material is entirely
degraded into its non-toxic components [8,14]. The membrane has a
pore size of 2-5 μm and a thickness of 70-150 μm [27]. Due to the
small pore size it is not possible for cells to penetrate the membrane,
but a transfer of metabolites between the wound and the surrounding
environment is possible [27,28]. This membrane shows high plastic
deformability at body temperature and can therefore easily adjust to
the wound surface. Simultaneously, the glass transition temperature of
32 °C enables cutting of the membrane at room temperature. In vitro
studies have shown that the elongation at break is 250% whereas the
hydrolytical degradation takes five to six weeks [27]. This property
makes it possible to use the membrane as a superficial adhesion
barrier. This material is already on the market as Suprathel® and
clinically approved in the treatment of dermal wounds, e.g. burn
wounds, skin donor sites or split-thickness skin grafts, and has been
reported to give good results [29,30]. Regarding the positive clinical
experience in the treatment of dermal wounds and in view of the
similarities between pathophysiological processes in dermal and
serous wound healing, this material has already been tested as an
adhesion barrier in animal experiments and a human pilot study with
macroscopically promising results [8,14,28]. One explanation for the
anti-adhesive effect could be swift remesothelialization after treatment
with SupraSeal®. This was demonstrated in an ultrastructural study
comparing various barrier materials to analyze the amount of the
remesothelialized surface after peritoneal trauma [18,31].
Furthermore, wound healing-supporting characteristics of this
material were considered as a potential reason [27]. However, this
membrane is neither commercially available nor yet approved as an
adhesion barrier device. Thus, there is a lack of information regarding
the histomorphological reaction of this barrier material when used in
the peritoneal cavity. Furthermore, after a review of the literature,
there is scant information regarding the response of the serosal tissue
over time in combination with such a barrier material. This is of
special interest, since the early response of barrier materials seems to
be crucial for their clinical effects [3,20].

The aim of the present study was to investigate via histological and
immunohistological methods the response of the early
histomorphological tissue reaction of SupraSeal® over time within the
treatment of peritoneal lesions. Special interest was given to the
elemental processes in adhesion formation such as fibrin exudation,
the infiltration of granulocytes, lymphocytes and macrophages and a
potential foreign body reaction.

Material and Methods

Study design, surgical procedure and macroscopic evaluation
The present investigator initiated prospective, randomised animal

study was approved by the ethics commission of the Eberhard-Karls-

University of Tuebingen, Germany. The barrier material was provided
by the Institute of Textile Technology and Process Engineering
Denkendorf, Germany. The surgical interventions were performed by
the animal protection representative of the Eberhard-Karls-University
of Tuebingen under aseptic conditions. Anaesthesia was achieved by
isoflurane, ketamine and intraperitoneally injected xylacine. A
schematic depiction of the experimental procedure is given in Figure
1.

Figure 1: Schematic depiction of the work-flow of the experimental
procedure

In detail, 20 female Wistar rats (Charles River, Sulzfeld, Germany)
with a weight range from 180 g to 300 g were used for this study. After
opening the peritoneal cavity by a midline incision of 5 cm, a defect of
the serous membrane was created on both sides of the abdominal
cavity. As adhesion induction model electrocoagulation and ischaemic
sutures were used in Wistar rats, methods which have previously been
shown to be reliable [9,32-34]. For this purpose, at the level of the

Citation: Planck CNE, Schmitt VH, Krämer B, Mamilos A, Rajab TK, et al. (2014) Histological and Immunohistological Evaluation of the Tissue
Response of a New Barrier Material Based on D,L-Polylactide, Trimethylene Carbonate and Caprolactone to Prevent Peritoneal
Adhesion Formation. J Tissue Sci Eng 5: 138. doi:10.4172/2157-7552.1000138

Page 2 of 9

J Tissue Sci Eng
ISSN:2157-7552 JTSE, an open access journal

Volume 5 • Issue 2 • 1000138



second mammary gland at a distance of 1.5 cm from the median
incision line, an area of 1.5x1.5 cm of the peritoneum was defined by
four incisions. Afterwards, the peritoneum of this area was removed
using forceps. Two incisions then followed, one caudal and one cranial
on the outer rim of the defect, to induce bleeding. Additionally, via
single sutures ischaemia was created using material that is common in
clinical daily routine (Vicryl®-suture USP 3/0, Ethicon, Somerville,
USA). The freestanding ends of the suture material were cut off at a
distance of 0.5 cm from the knot. After peritoneal damage, SupraSeal®
was implemented on one side of the abdominal wall to cover the
lesions. The barrier was therefore cut to a size of 2.5 cmx2.5 cm, placed
over the wounded peritoneal area and secured on each edge via a
single suture. The opposite side of the ventral wall remained
uncovered as control. To imitate the fixation sutures applied on the
treated abdominal wall, four single sutures without a barrier were
placed in four corners of the defect in the control side. Hence, except
for the material implementation itself, both sides of the ventral wall in
each animal were treated and wounded equally and contained the
same amount of suture material. Finally, the abdominal cavity was
closed continuously layer for layer. Over two days the rats were treated
with the analgesic buprenorphine (0.05 - 0.07 mg/kg body weight) and
controlled four times a day for healing disturbances. The various steps
of the surgical procedure are illustrated in Figure 2 by an
intraoperative photo-documentation.

Animals were sacrificed after two (n=7), four (n=6) and eight (n=7)
days using CO2, followed by second look laparotomy and macroscopic
assessment of the extent of adhesion formation. Subsequently, the
damaged areas were explanted and fixed in buffered formalin (4%).

Macroscopically, adhesion formation was evaluated according to
the extent of adhesion formation. For this, four categories with a
corresponding point value were used: If no adhesions were present, the
sample was scored as 0. Mild adhesion formation, which implied the
attendance of one thin, transparent peritoneal adhesion, was scored as
1. Several thin, transparent adhesions or one opaque, non-transparent
adhesion were evaluated as moderate postoperative adhesion
formation and scored as 2 points. Peritoneal adhesion formation was
considered severe when several opaque, non-transparent adhesions or
at least one opaque adhesion, which affected abdominal organs other
than the intestine, were seen. This scenario was assessed with a point
value of 3. Once each sample of a group (namely both the control and
the barrier group on day two, four and eight) was assessed, the average
value of this group was determined. According to the average value,
the extent of postoperative adhesion formation in each group could be
identified. An average score of 0-0.49 points correlated with no

adhesion formation, an average of 0.49-1.49 corresponded to mild
adhesion formation, a point value of 1.5-2.49 matched with a
moderate extent of adhesions and an average score of 2.5 and higher
described severe adhesion formation (Table 1).

Figure 2: Macroscopic photographs from the different steps of the
surgical procedure: After opening the abdominal cavity via midline
incision the defect areas of the abdominal wall were defined and
marked using a scalpel on both sidewalls of the peritoneum (a). The
parietal peritoneum of the circumscribed areas was then removed
with a forceps (b) and ischaemic buttons were created using two
single sutures (c + d). Since the suture material induces adhesion
formation, four additional single sutures were used to imitate the
fixation of a barrier material on the control abdominal sidewalls (e).
At the barrier-treated ventral walls, the damaged areas were
covered by SupraSeal® which was fixed by four single sutures (f).

Macroscopic evaluation of the extent of postoperative adhesion formation

point value 0 1 2 3

average score 0-0.49 0.5-1.49 1.5-2.49 from 2.5

definition none Mild moderate Severe

criteria no adhesions one thin, transparent adhesion several thin, transparent
adhesions or one opaque, non-
transparent adhesion

several opaque, non-
transparent adhesions or at
least one opaque adhesion to
abdominal organs other than
the intestine

Table 1: The evaluation score used to assess the macroscopical extension of postoperative adhesion formation including the interpretation of the
average score.
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Histological as well as immunohistological staining and
evaluation

For histological evaluation and immunohistochemical detection of
macrophages, the specimens were dehydrated in standardised,
automated processes and embedded in paraffin. From the paraffin
blocks slices of 4 µm thickness were cut and then stained with
haematoxylin-eosin. The development of fibrosis was demonstrated by
elastica van Gieson staining. To distinguish granulocytes from
lymphocytes within the inflammatory infiltrates chloracetate–esterase
staining was performed. Macrophages were immunostained with
monoclonal antibodies against CD68 (1:600 Dako, Hamburg,
Germany) using the automated standardized peroxidase-
antiperoxidase method in a Dako Autostainer Plus (Dako, Hamburg,
Germany). All staining reactions were performed under standardized
conditions.

The specimens were evaluated semi-quantitatively by two
independent investigators with a view to the inflammatory reaction
given by the the amount of inflammatory cells, namely granulocytes
and lymphocytes or plasma cells. In addition, the amount of CD68-
positive macrophages and the foreign body reaction given by the
density of multinucleated foreign body giant cells were assessed.
Furthermore, the accumulation of fibrin was estimated and fibrosis
was evaluated by the extent of fibrotic bands using the categories no
fibrosis, narrow band, moderate band, broad band and extensive band.

The score used to evaluate the tissue response is shown in Table 2.
In order to compare the results of both groups, the average value was
calculated for each variable at each time point and interpreted
according to the score.

Histological evaluation of the tissue response

point value 0 1 2 3 4

average score 0 – 0.49 0.5 – 1.49 1.5 – 2.49 2.5 – 3.49 from 3.5

inflammation none mild moderate severe

fibrosis none narrow
band

moderate
band wide band extensive

band

macrophages none mild moderate severe

foreign body

giant cells
none mild moderate severe

fibrin none little fibrin moderate
amount

large
amount

Table 2: The evaluation score used to estimate the tissue response of
each sample including the interpretation of the average score.

Statistical analysis
The data acquisition and statistical evaluation including the

comparison of the groups occurred via Excel® 2010 (Microsoft,
Redmond, WA, USA) and SPSS® 20 (IBM, Armonk, NY, USA) using
two-way analysis of variance with repeated measurements at a
statistical significance level of p<0.05.

Results

Macroscopic evaluation
At all analysed time-points in all animals, the damaged areas were

easily distinguishable from undamaged peritoneum, which
macroscopically revealed a filmy thin layer with a shining opaque
surface. SupraSeal® was visible at all time points at the treated sites and
showed a firm, non-deformable consistency when the samples were
explanted. The material was still located at the implanted areas, but in
some cases it was sheared off one of the fixation sutures. Nevertheless,
the barrier was still firmly fixed by the remaining stitches. No
correlation between the level of fixation and the formation of
peritoneal adhesions was detected. All adhesions were evaluated
according to the scoring system illustrated in Table 1.

After two days, adhesion formation had already occurred but,
compared to the samples on the following days, these adhesions were
overall loose, predominantly transparent and less solid. In the control
group, adhesions between the serosal wound and the mesenterial fat
tissue as well as the small and the large bowel had been formed in the
entire area of the lesions. Only one specimen of the control was
completely free of adhesions. The only adhesion formation that was
detectable on day two originated from the suture material which was
used to fix the barrier to the wound surface. On average, the extent of
adhesion formation in the control was moderate and therefore
significantly higher compared to the barrier sides where no adhesions
could be found.

On day four, the adhesions were stronger and more solid compared
to day two. In the control, adhesion formation remained at a moderate
level and adhesions were more distinctive. On the barrier side, also at
day four only for two specimens could mild adhesions be found
originating from the barrier material. Hence, regarding the
macroscopic scoring, there was a significant difference between the
treated and untreated ventral wall sides also on day four. Four
specimens of the barrier side as well as one sample of the control were
completely free of adhesions. Furthermore, in two specimens of the
control and one specimen of the barrier group, superficial fibrosis in
the area of the lesion was present, macroscopically seen as greyish-
white deposits on the surface.

Eight days postoperatively, the samples of the control revealed
severe adhesion formation which was characterized by strongly
formed broad adhesive bands. On the treated sides, i.e. with the
barrier, moderate adhesions were present originating from the suture
material but only slight adhesion formation was found on the barrier
itself in some samples. Furthermore, superficial fibrous tissue at the
surface without the formation of adhesive bands to the abdominal wall
was seen in three specimens of the control as well as in two barrier
samples.

The results of the macroscopic evaluation are summarized in Table
3. Illustrations of an adhesion free ventral wall treated with SupraSeal®
(a) compared to extensive adhesion formation at a control side (b)
after eight days are given in Figure 3.
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Figure 3: The abdominal cavity after eight days with an adhesion-free sidewall treated with the barrier (a) and extensive adhesion formation
between the abdominal wall and the bowel (*) in the entire area of the lesion (arrow) at an untreated ventral wall (b).

second look 2 days 4 days 8 days

group
control mild (1.86) moderate (1.83) severe (2.71)

SupraSeal® none (0.14) none (0.33) moderate (2.00)

Table 3: Summary of the macroscopic adhesion scoring after two, four
and eight days postoperatively. The average value is given in brackets

Histological evaluation
Detection of Fibrin over time: After two days, in both groups small

amounts of fibrin were detectable with a higher level in the treated
sides compared to the control samples. In the control group, adhesions
between the parietal peritoneum and the mesenteric fat tissue were
evident in the areas of fibrin deposition (Figure 4a). At day four and
day eight, these adhesions became more firm and organised by fibrous
and fat tissue (Figure 4b and 4c). Although the average level of fibrin
in the barrier samples was two times higher than in the control sides
after two days, the specimens treated with the barrier showed a rapid
clearance of fibrin with a total absence at day four (Figure 4e). By
comparison, minimal amounts of fibrin were present in the control
samples four days postoperatively (Figure 4b). It is noteworthy that
fibrin in the barrier group was accentuated below the barrier material
(Figure 4d). On day eight, neither in the control nor in the barrier
samples could any fibrin deposits be found. Whereas large areas of the
surface covered by the barrier material were adhesion-free (Figure 4e)
at day eight, adhesion formation in these specimens was accentuated at
the fixation sites.

Evaluation of the inflammatory response over time: Inflammation,
evidenced by granulocytes and lymphocytes or plasma cells was
moderate in the control samples at all analysed time points (Figure 5b,
5e and 5h).

Figure 4: Haematoxylin and eosin staining of the control (a-c) and
SupraSeal® group (d-f): after two days, adhesion formation and
fibrin deposits (*) were visible in the control group (arrows) (a,
x100), whereas in the SupraSeal® group the entire surface and fibrin
deposits (*) were covered by the barrier material (broad arrows)
without adhesion formation (d, x100). Four days postoperatively
there was a moderate formation of adhesions in the control
specimens with small fibrin deposits (arrow head) (b, x200). In the
SupraSeal® samples, the barrier material (B) was covered by almost
flat cells with less adhesion formation compared to the control (e,
x200). Eight days after surgery, in all specimens of the control as
well as in parts of the barrier group adhesions composed of fat and
connective tissue were detectable (c, x200; f, x200)

In contrast, the treated ventral sides were associated with a mild
inflammatory reaction on days two (Figure 6b) and four (Figure 6e).
Eight days after surgery, both groups revealed the same level of
inflammatory reaction, which was moderate at this time point (Figure
5h and 6h). In both the barrier and the control specimens, a
dominance of granulocytes compared to lymphocytes was evident at
days two and four. Eight days postoperatively, granulocytes remained
dominant in the control, whereas in the barrier samples lymphocytes
became prevalent. Overall, in both groups over time a decrease of
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granulocytes combined with an increase of lymphocytes was observed
(Figure 5b, 5e, 5h, 6b, 6e and 6h).

Figure 5: Histological and immunohistochemical staining of
control specimens after two (a-c), four (d-f) and eight days (g-i):
The EvG stain revealed minimal fibrosis after two days (a, x100).
Inflammation was moderate in the ASD stain, which revealed pink
coloured granulocytes (b, x400). In addition, a moderate infiltration
of brown-stained CD68-positive macrophages was detected (c,
x400). Four days postoperatively, fibrosis was still minimal in the
control (d, x100 EvG). The inflammatory response remained
moderate (e, ASD, x400) and a mild macrophage infiltration could
be seen (f, anti-CD68 stain, x400). Eight days postoperatively, a
narrow fibrosis band was visible in the EvG stain (g, x200) and the
ASD stain revealed a moderate inflammatory reaction (h, x400). A
mild infiltration of macrophages was seen via
immunohistochemistry (i, anti-CD68 stain, x400).

Immunohistological detection of macrophage infiltration: The
infiltration with CD68-positive macrophages was moderate in both
groups at day two (Figure 5c and 6c). Four days after treatment, the
control specimens presented a mild infiltration of macrophages
(Figure 5f), whereas in the barrier samples a moderate reaction was
present (Figure 6f). Eight days postoperatively, the infiltration with
CD68-positive macrophages was mild in both groups (Figure 5i and
6i).

Evaluation of the foreign body reaction: No foreign body reaction
occurred in the control specimens at any time point. In the barrier
samples, no foreign body reaction was present at day two and day

eight. Four days postoperatively a mild foreign body reaction was
observed in the form of multinucleated giant cells.

Figure 6: Histological and immunohistochemical staining of
SupraSeal®-treated samples after two (a-c), four (d-f) and eight days
(g-i): Minimal fibrosis was seen after two days (a, EvG, x100) and
the inflammatory response was mild (b, ASD, x400). Macrophage
infiltration was moderate two days postoperatively (c, anti-CD68
stain, x400). After four days, minimal fibrosis was detected in the
elastica van Gieson (EvG) stain (d, x100). Inflammation was mild
(e, ASD, 400x) and a moderate number of macrophages was
present (f, anti-CD68 stain, x400). Eight days after surgery, the
fibrosis band was still narrow in the EvG stain (g, x200). A
moderate inflammatory reaction could be seen (h, ASD, x400) as
well as a mild macrophage infiltration (i, anti-CD68 stain, x400).

Evaluation of fibrosis over time: At all time points, the control and
the barrier groups demonstrated a narrow fibrotic tissue band with
marked differences in the location. Whereas fibrotic bands in control
specimens were located between the damaged areas and the
neighbouring tissue (Figure 5a, 5d, and 5g), fibrotic bands in the
barrier-treated samples were mainly located at the surface of the
barrier material (Figure 6a, 6d and 6g). Furthermore, in both analysed
groups some flat mesothelial cells could be demonstrated on the
surface at all time-points even on day two, indicating the
commencement of remesothelialization of the barrier-coated surface.

The histological findings are summarized in Table 4 and a depiction
of the results in the course of time is given in Figures 4-6.

second look Group Inflammation Macrophages fibrosis foreign body
reaction

Fibrin

2 days Control moderate (1.67) moderate (1.67) narrow band (0.83) none (0.00) little (0.67)

SupraSeal® mild (1.33) moderate (1.83) narrow band (0.67) none (0.00) little (1.33)

4 days Control Moderate (1.50) mild (0.75) narrow band (1.00) none (0.00) little (0.50)

SupraSeal® mild (1.25) moderate (1.75) narrow band (1.00) mild (0.75) none (0.00)

8 days control moderate (2.14) mild (0.67) narrow band (1.29) none (0.29) none (0.00)
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SupraSeal® moderate (1.86) mild (1.17) narrow band (1.43) none (0.43) none (0.00)

Table 4: Summary of the tissue response after two, four and eight days postoperatively. The average value is given in brackets.

Statistical analysis
The macroscopic evaluation was significant at all analysed time

points (p<0.0001). Hence, there was a significant difference in the
outcome of adhesion formation between the barrier and the control
samples. In the histologic examination, no statistical significant
differences for the analysed parameters could be found (p>0.05) except
for the migration of macrophages. For this parameter significant
differences in the barrier and control group were evident at all
analysed time points (p<0.008). Consequently, regarding the
histological evaluation and the macroscopic tissue reaction, the barrier
and the control specimens did not differ statistically from each other,
except for the infiltration with macrophages.

Discussion
In the present study, the histomorphological time course of the

early tissue reaction to an absorbable barrier membrane based on a
copolymer of D,L-polylactide, trimethylene carbonate and
caprolactone, was examined in comparison to an untreated control in
an animal model of peritoneal adhesion formation. Furthermore, our
results revealed a good anti adhesive property of the synthetic
membrane.

The macroscopical findings of this study, with adhesion formation
to a significantly lesser extent due to the implantation of Supra Seal®
compared to the untreated control group, are in line with former
animal studies from our group [8,9]. However, to our knowledge this
is the first animal study to analyze on a histomorphological level the
early time course of treatment with a new anti adhesive device. Since
peritoneal adhesion formation represents a cascade-like dynamic
process with which a potential barrier material interferes, there are two
underlying reasons for an analysis at early time points: firstly, the early
effects of the material in the wounded area are of interest with respect
to the interaction with the adhesion formation cascade [3]. This aspect
could give an innovative input for further optimization of barrier
materials [3]. Secondly, knowledge of the early time course could give
insights into the reaction of the surrounding tissue and contribute to
our understanding of tissue compatibility. From this point of view, the
results of our study revealed interesting findings for adhesion
prevention on the basis of a better understanding of adhesion
formation. In addition, interesting findings regarding the peritoneal
tissue reaction of this specific barrier material are evident, especially
the finding that the inflammatory reaction in the treated group is not
significantly higher than in the control group.

From a general viewpoint, the inflammatory response is an essential
reaction after tissue damage and is crucial for the induction of wound
healing [35]. In this context, a recent review by Hellebrekers and
Kooistra [36] favoured the anti-inflammatory strategy in adhesion
prevention. However, in the present study the inflammatory reaction
of both analysed groups showed only minimal differences. Thus, in
both the control and barrier samples, marked inflammation occurred
at a comparable level not only immediately after tissue damage but
also over the course of eight days. Regarding the granulocytic and
lymphocytic migration separately, an interesting tendency towards a
slight decrease of granulocytes combined with a mild increase of

lymphocytes over time could be seen, reflecting the widely accepted
time course of inflammatory infiltration within inflammation and
wound healing. In total, the level of granulocytes and lymphocytes
revealed marked similarities in both groups over the entire time period
studied. Taking these findings together, on the one hand SupraSeal®
seems not to increase the inflammatory response, indicating good
tissue compatibility of this material. On the other hand, the significant
reduction of adhesion formation by SupraSeal® without differences in
the extent of inflammation compared to the control samples indicates
that an anti-inflammatory strategy in adhesion prevention, as
recommended by some authors, should be viewed with caution
[36-39]. On this issue, the role of the inflammatory response in
adhesion formation as well as the proper time point for any anti-
inflammatory strategies in case of their implementation in adhesion
prevention should be investigated in further prospective experimental
studies. The finding of initial inflammation in spite of reduced
adhesion formation is in marked contrast to several hypotheses for
innovative adhesion prevention strategies but is in line with the theory
of the pathophysiology of wound healing, in which the initial
inflammatory reaction is crucial to trigger further tissue reparation
and regeneration [9,12,36]. Furthermore, the time scale of
inflammatory cell infiltration, with rapid granulocytic infiltration
followed by the migration of lymphocytes, corresponds to
experimental findings [19,20,35].

An important difference between barrier-treated and barrier-
untreated specimens was found in the gradient of fibrin. SupraSeal®-
treated samples initially revealed a higher extent of fibrin compared to
the control which was followed by a rapid decrease to zero within four
days. In contrast, in the control specimens eight days were required to
reach the zero base line for fibrin. Since fibrin plays a major role in
adhesion formation, this might be one reason for the tested barrier’s
good preventive effect [40]. One explanation for the early
disappearance of fibrin in the barrier sides could be a sealing function
of SupraSeal® by which the wound area including the initial fibrin clot
is enclosed. Isolated in a confined place, the fibrin exudated by the
wound then could rapidly be lysed due the fibrinolytic activity of the
granulation response at the wound surface. However, the fate of fibrin
on the polylactide-based polymer membrane still has to be clarified in
further investigations. An alternative reason could be the early
presence of cells with fibrinolytic capacity, mainly mesothelial cells or
their precursors. This hypothesis is supported by the results of prior
investigations, in which an early re-mesothelialization after the
dressing of peritoneal wounds with Supra Seal® was detected
[18,31,41]. However, the results of the present study lend support to
the hypothesis of the importance of rapid fibrin clearance, which is
also favoured as a relevant issue in adhesion prevention by several
authors [9,11,23,36].

In addition to innovative aspects with a view to adhesion
prevention, the present study revealed interesting information
regarding the peritoneal tissue reaction of the used barrier material. In
this context, it is stressed that there were no statistical differences
between the inflammatory reaction to treated and untreated samples.
Moreover, the cell count of granulocytes and lymphocytes revealed
comparable levels in the control and treated specimens, which
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indicates that the used barrier material did not induce a higher cellular
reaction than the control group. As could be expected, the foreign
body reaction at treated sites was higher than in the control samples.
Taken together with the mild influx of granulocytes and lymphocytes,
it becomes obvious that the material itself or possibly its degradation
products trigger no further inflammatory response, which indicates
good biocompatibility. Regarding the infiltration with CD68-positive
macrophages, no striking difference was present between the control
and the barrier group. Since different subgroups of macrophages exist
with diverse, partly opposing functions, these subgroups should be
assessed to give further insights in their role in wound healing and
adhesion formation. In future studies, the macrophage response to the
barrier material SupraSeal® and its degradation products could be
analyzed via in-vitro assays. Finally, the clinical and
histomorphological results of the present study support the results of
two former experimental studies which demonstrated good clinical
results after 14 days [8,9]. These studies also showed that after 14 days
no relevant fibrosis or scar formation occurred after treatment with
SupraSeal®, which could be confirmed by the present results. The
present study indicates that early processes after serosal damage
predict the formation of peritoneal adhesions, especially a rapid fibrin
clearance which seems to be essential in adhesion prevention, whereas
early inflammation would not appear to be a critical parameter for
adhesion formation.

In conclusion, the present study demonstrates the efficacy of
SupraSeal® regarding adhesion prevention. Moreover, with the help of
the time course analysis we identified rapid fibrin clearance as a
potential reason for this effect. Thus, our findings show that the
analysis of the time course of tissue reaction in antiadhesive strategies
gives insight into the mechanisms underlying positive and negative
effects of potential barrier materials.
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