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Preface 

Anastomotic leakage is a feared complication of colorectal surgical procedures, often resulting 

in a permanent decrease of life quality or even death. The ultimate purpose of this research is 

to develop an optimal nanofibrous patch for the prevention of colorectal anastomotic leakage.  

The idea was born in 2015 when we started a discussion about the possible use  

of nanofibrous biodegradable materials in modern medicine with visiting researchers from  

the Faculty of Textile Engineering, Technical University of Liberec. Together, we came up with 

a concept of a nanofibrous patch for colorectal anastomoses. Knowing that there were many 

attempts to develop some kind of patch as a barrier protection against anastomotic leakage 

in the past (usually unsuccessful), we approached the problem differently. Our idea was  

to develop and produce a material structurally similar to the extracellular matrix, 

biodegradable, and possibly porous, to serve as a semi-permeable patch. Over the years,  

we got closer to our desired result, however, there is plenty of work ahead before clinical trials 

can be planned. 
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Abstract 

Background: The main focus of the dissertation is the use of nanofibrous biodegradable 
materials for healing support of intestinal anastomoses in colorectal surgery. Altered healing 
process of an intestinal anastomosis leads to several types of local complications.  
Anastomotic leakage is one of the most feared ones. Severe anastomotic leakage causes 
peritonitis, sepsis and is a life threatening condition. Reoperation is necessary in many cases, 
bringing the need for intensive care, and hospital stay prolongation. Extensive peritoneal 
adhesions are another source of postoperative complications. These adhesions are a frequent 
cause of bowel obstruction and abdominal discomfort, and are the most common reason  
for readmission after colorectal procedures. Nanofibrous biodegradable materials showed 
positive effects on healing process in various locations. Our aim was to develop and perfect  
a biodegradable patch for both prevention of anastomotic leakage and formation of extensive 
peritoneal adhesions. Methods: We conducted 3 subsequential experiments on porcine 
models. In Experiment A, we managed to develop polycaprolactone and polylactic  
acid-polycaprolactone copolymer nanofibrous patches and applied them on anastomoses  
on the small porcine intestine. The animals were observed for 3 weeks. Clinical, biochemical 
and macroscopic signs of anastomotic leakage or intestinal obstruction were monitored,  
the quality of the scar tissue was assessed histologically, and a newly developed scoring system 
was employed to evaluate the presence of adhesions. In Experiment B, newly developed 
double-layered polyvinyl-alcohol/polycaprolactone patches were tested on a model  
of defective anastomosis on the small porcine intestine under similar conditions. Newly 
invented Intestine Wall Integrity Score was used to determine the quality of intestinal wall  
at the site of anastomosis. In Experiment C, a perfected ultrafine polycaprolactone highly 
porous patch was used in a model of defective anastomosis on the porcine colon under similar 
conditions. Experimental groups had nanofibrous patches applied over the anastomosis while 
Control groups had the anastomoses uncovered in each experiment. Results: Experiment A 
showed no adverse effects of the two materials. However, no positive effects on the healing 
process or risk of anastomotic leakage development were observed. The application of both 
versions of double-layered materials in Experiment B resulted in inferior healing.  
The application of the perfected polycaprolactone patch in Experiment C showed no adverse 
effects on both clinical status and histological results of the experimental animals.  
Higher amounts of collagen were found at the site of anastomosis in the Experimental group. 
Conclusion: Five versions of nanofibrous biodegradable patches were developed and tested 
on three different models of porcine intestinal anastomoses. The ultrafine polycaprolactone 
patch from Experiment C does not cause extensive formation of peritoneal adhesions  
and increases collagen levels at the site of anastomosis, which suggests higher mechanical 
strength. However, no direct evidence regarding the impact of these materials on the risk  
of anastomotic leakage was obtained. A perfected version of the polycaprolactone patch with 
additional antimicrobial activity was already developed and is currently being tested in vitro. 
A series of preclinical studies will be necessary before introduction into human medicine.  
Key words: Anastomotic leakage, Colorectal surgery, Nanofibrous materials, 
Polycaprolactone, Animal experiment 
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1 Theoretical introduction 

1.1 Opening notes for anatomical introduction 

The anatomical descriptions with a few notes on physiology serve only for basic explanation 

of the problematics discussed later in the text. There is no doubt that the anatomy, physiology 

and histology of the gastrointestinal tract are much more thoroughly depicted in dedicated 

textbooks and atlases (1–3).  

1.2 Anatomy and physiology of the small intestine 

The small intestine (small bowel) is the longest part of the gastrointestinal tract. It follows  

after the stomach as a relatively thinner tube. It is responsible for fission and extraction  

of nutrients from a liquid chyme. Proper intestinal function is essential for normal digestion. 

The small intestine consists of three main parts: the duodenum, the jejunum, and the ileum 

(1,4). All these parts share common anatomical signs. They are all hollow tubular organs with 

typical wall layers in different local variations serving different purposes.  

The inner layer of the small intestine is the tunica mucosa, which is lined by cylindrical 

epithelium (enterocytes) with various amount of goblet cells (producing protective mucus) 

located on a layer of mucosal connective tissue (lamina propria mucosae) and on a fine 

muscular layer (lamina muscularis mucosae).  The mucosa forms circular folds called plicae 

circulares. These can be seen mainly in the duodenum and the jejunum and they gradually 

disappear in the aboral direction. The inner surface of the small intestine is increased  

by the presence of intestinal villi, which are 0.3–1 mm tall finger-like structures lined  

by the epithelium. Thanks to these structural modifications, the real functional surface  

of the small intestine reaches up to about seven square meters. One or two little arterioles 

enter each of the villi and finally branch into a capillary network (rete). The venous blood is 

then drained via villar vein, which is usually situated centrally in the villus. Along the blood 

vein, a lymphatic vessel (or vessels) can be found. While the venous blood is rich in saccharides  
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and proteins absorbed from the luminal contents, the lymphatic drainage collects mostly fatty 

substances and their degradation products. A more intensive contact of the villi  

with the luminal contents of the small intestine is mediated by solitary smooth muscle cells  

in the connective tissue of the villi. Their activity produces small movements resulting in more 

effective absorption. Intestinal glands (glandulae intestinales) are fine tubular glands  

in between the villi. They were assumed to produce metabolic enzymes, but this theory 

actually proved wrong. They are lined by various cell types, like non-differentiated stem cells. 

Those are responsible for renewal of the epithelial population as the mature enterocytes do 

not possess a mitotic ability under normal conditions. There is also a variety of endocrine cells 

with either endocrine or paracrine activity. The lamina propria mucosae contains lymphatic 

tissue, which grows richer in the aboral direction. Both solitary lymphatic nodes  

and aggregated lymphatic nodes can be found there. The lamina muscularis outlines  

the mucosal layer and creates a thin border between the mucosa and the submucosa.  

Tunica submucosa is a layer of collagenous connective tissue outwards from the tunica 

mucosa. It is relatively less dense than the mucosal connective tissue and it contains  

the submucosal nervous plexus (plexus Meissneri)(2). The muscular layer, tunica muscularis, 

contains smooth muscle tissue in the abdominal parts of the gastrointestinal tract. It usually 

has two basic layers: the inner circular one (stratum circular), which forms sphincters in some 

anatomic locations, and the outer longitudinal layer (stratum longitudinale). The muscular 

layer is highly variable in terms of thickness and other local adjustments. The activity of the 

small intestine results in peristaltic moves, segmentation moves and swaying moves 

(elongations and contractions). The innervation of the muscular layer is provided by the 

myenteric nervous plexus (plexus Auerbachi)(2). 

In the abdominal segments, the outer layer of the gastrointestinal tract is formed  

by either the serosa (tunica serosa, visceral peritoneum), which is a single layer  

of mesothelium located on subserosal connective tissues, or the adventicia (tunica adventicia), 

a layer of connective tissue lining the gastrointestinal tract in its extraperitoneal locations 

(2,5). 
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The duodenum is the shortest part of the three segments and it differs from the rest 

in its origin as it derives from both the embryonic foregut and the midgut. It is a short C-shaped 

tube located on the rear abdominal wall, most of which is located retroperitoneally, 

surrounding the head of the pancreas. It lacks a regular mesentery and it is therefore the least 

mobile part of the small intestine. The meaning of the name duodenum is twelve inches, 

referring to its length. It is not only the shortest, but also the widest segment (in physiological 

situations). Its oral segment (D1) starts in the midline at the level of the first lumbar vertebra 

and is covered with the visceral peritoneum, the descending part (D2) runs retroperitoneally 

right to the second lumbar vertebra in caudal direction and then back to the midline  

as the horizontal segment (D3) and finally the duodenum goes cranially as the last ascending 

segment (D4). This C-shaped structure perfectly surrounds not only the head of the pancreas, 

but also many other important structures.  The duodenum itself is connected to the biliary 

system and the pancreatic duct. It has a very close relation to the coeliac trunk and its 

branches, superior mesenteric artery and vein – structures, which are all of vital importance. 

Any surgical intervention in the region can be therefore technically very demanding.  

Important structures on the luminal side of the duodenum are: The major duodenal papilla 

(papilla duodeni major seu Vateri), which is an orifice of the pancreatic duct and the bile duct, 

and the minor duodenal papilla (papilla duodeni minor se Santorini), which is a non-consistent 

orifice of the accessory pancreatic duct. Both of these are situated on the longitudinal 

duodenal fold, which is a mucosal fold in the D2. 

The duodenal mucosa is covered with villi that are relatively flat compared to the rest 

of the small intestine but are developed in higher density. Another specific mucosal structures 

for the duodenum are the duodenal glands (glandulae duodenales), which are relatively large 

compared to the rest of the small intestine and branched; these reach from the mucosa  

to the submucosal tissue and fill the submucosal layer almost completely. They produce 

alkaline mucus important for the proper function of pancreatic enzymes. Arterial blood comes 

to the duodenum mainly via the superior and the inferior pancreaticoduodenal arteries. 

Venous blood is drained into the portal vein via superior and inferior pancreaticoduodenal 

veins and through the superior mesenteric artery. The lymphatic drainage of the duodenum 
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starts on the periphery as fine lymphatic veins in the sinuses of the duodenal villi forming nets 

that spread through the mucosal and submucosal connective tissue. Collecting lymphatic veins 

drain these into the regional lymphatic nodes, which are: nodi coeliaci, nodi pylorici and nodi 

hepatici (draining the oral parts of the duodenum), and nodi mesenterici superiores (draining 

the aboral segments). The innervation of the duodenum is both sympathetic  

and parasympathetic and it forms an autonomous nerve plexus in the intestinal wall.  

The parasympathetic nerves come from the nervus vagus to both the coeliac ganglion  

and to the intestinal wall itself, and create the plexus submucosus and plexus myentericus. 

The sympathetic nerves run along the arteries from ganglion coeliac and ganglion 

mesentericum superius as plexus coeliacus and plexus mesentericus superior. These are 

responsible both for the motility and secretory activity of the duodenum. 

The jejunum and the ileum follow after the duodenum at the duodeno-jejunal junction 

as a 3–5 m long tube. Each of them has its characteristic properties that differ, but these 

properties change gradually in the aboral direction without any specific border.  

Therefore, these two parts of the gastrointestinal tract are also called the jejunoileum  

as a single structure. Compared to the duodenum, the jejunoileum is much more mobile. It is 

attached to the rear abdominal wall via mesentery which is a 5–15 cm wide (varying according  

to the location) peritoneal duplicature containing fatty tissue with blood vessels and lymphatic 

tissue supplying the intestine. The mesentery enables easy intestinal movements. The jejunum 

is considerably wider (3 cm outer diameter) than the ileum (2.5 cm outer diameter).  

The density and size of the plicae circulares decreases aborally throughout the small intestine. 

The amount of the lymphatic tissue in the intestinal wall grows higher in the same direction.  

The vessels in the mesentery form many mutual connections (so-called arcades)  

and finally enter the intestinal wall as aa. rectae.  The arterial arcades can be found in one  

or two rows in the jejunum, but they form two or three rows in the ileum. The blood supply  

is generally richer in the jejunum making its mucosa appear pinker. The blood supply  

of the jejunoileum comes through the superior mesenteric artery as arteriae jejunales  

and ileales (12 to 16 branches usually). The artery dedicated to the ileocecal junction  

is the ileocolic artery. The venous blood is collected by veins of the same anatomical names 
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drained respectively to the location into the superior mesenteric vein and into the portal vein 

afterwards. The lymphatic drainage of the jejunoileum forms mucosal and submucosal nets. 

The lymph is collected through lymphatic veins in the mesentery to the superior mesenteric 

nodes in several rows (nodi mesenterici superiores intestinales, intermediaries, and centrales), 

and to the celiac nodes.  

Parasympathetic innervation of the jejunoileum comes from the vagus nerve.  

The sympathetic nerve fibers enter the celiac ganglion and superior mesenteric ganglion  

as splanchnic nerves (nervi splanchnici). These form nerve nets accompanying the arterial 

blood supply. The myenteric nerve plexus (plexus Auerbachi) regulates the motility  

of the intestine while the submucosal plexus Meissneri regulates mostly the activity of mucosal 

glands. Sensitive innervation is present as well, even though only a little information is sensed 

consciously (1,3,4).  
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1.3 Anatomy and physiology of the large intestine 

The large intestine is a 1.3–1.7 m long tubular organ. It differs from the small intestine on many 

levels. It is a terminal part of the gastrointestinal tract and it plays an important role in many 

processes. It receives liquid chyme from the small intestine and contributes to the production 

of stool by absorbing water and minerals. Therefore, it is partially responsible for electrolyte 

and water regulation. The function of controllable stool disposal is important for good quality 

of life (1,4,6). The large intestine comprises the colon (the cecum and cecal appendix,  

the ascending colon, the hepatic flexure, the transverse colon, the lienal flexure,  

the descending colon, the sigmoid colon) and the rectum (1). Knowledge of the anatomy  

of the colonic blood supply and its variations and limitations is a key basis to understanding 

colorectal resections and colorectal surgical procedures in general (7). Sufficient blood supply 

is critical for vitality of the intestine and for healing of an intestinal anastomosis (8). The colonic 

arteries are followed by both veins and lymphatic drainage, these must be respected carefully 

especially when performing oncological resections (9). 

The wall of the colon consists of four main layers characteristic for the gastrointestinal 

tract as well as for the wall of the small intestine. The mucosa is relatively pale and it lacks villi, 

in contrast to the small intestine. The dominant cell type is colonocytes. The mucosa contains 

many intestinal glands and Lieberkühn crypts. The cell types of the mucosa are similar  

to the small intestine. The colonic enterocytes (colonocytes) have smaller microvilli,  

which contain microscopic granules with A type immunoglobulins specific against the luminal 

microflora. Lamina propria mucosae contains lymphatic tissue in a form of solitary lymphatic 

nodules. The cecal appendix (the appendix vermiformis) is exceptionally rich with lymphatic 

tissue. Lamina muscularis is thicker compared to the small intestine. It comprises both circular 

and longitudinal smooth muscle fibers. The submucosa consists of connective tissue  

and is known for its high content of collagen. It is the most mechanically strong layer. 

Therefore, it is considered very important in construction of intestinal anastomoses  

in colorectal surgery (10). The muscle layer is represented by the circular fibers  

and longitudinal fibers of smooth muscle which are distributed only in three longitudinal 
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stripes called taeniae (10). They are responsible for bowel movements and for the mechanical 

strength of the intestine as well. The taeniae disappear in the sigmoideo-rectal junction  

and the longitudinal muscle fibers are distributed through the whole circumference (1,4).  

The visceral peritoneum is a smooth tissue lining the intestinal surface. It consists of a layer  

of simple squamous mesothelial cells covering the base membrane and of underlying 

extracellular matrix (2,4). The peritoneum does not cover the whole intestinal surface. Parts 

of the colon are attached to the abdominal wall directly and the rectum runs from the 

abdominal cavity and loses its peritoneal cover (1,4). 

The blood is delivered to the colon through both the superior and the inferior 

mesenteric arteries and is specified according to the anatomical location further in the text. 

The ileocolic artery delivers blood mainly to the cecum, the right colic artery supplies  

the ascending colon up to the hepatic flexure. The middle colic artery delivers blood  

to the transverse colon. All these three vessels originate from the superior mesenteric artery 

and are connected via Haller’s anastomosis to the vessels originating from the inferior 

mesenteric artery. The left colic artery delivers blood to the descending colon, and usually 

several sigmoid arteries supply the sigmoid colon. The last artery for the gastrointestinal tract 

coming from the inferior mesenteric artery is the superior rectal artery. The middle rectal 

artery and the lower rectal artery originate from iliac vessels (1,4). Venous drainage follows 

the arterial blood supply and the blood is drained to the portal system except for the lower 

rectum, which is connected to the caval system (1,4). 

The cecum is the widest segment of the large intestine (usually 7–10 cm). It is situated 

in the right lower quadrant of the abdominal cavity. It spreads both caudally (where it ends 

blindly - therefore the name cecum, coming from latin “caecum” = blind) and cranially  

(where it continues as the ascending colon). It follows after the terminal ileum intestine  

at the ileocecal orifice. The ileocecal valve protects the small intestine against a possible reflux 

of bacteria-rich colonic content (1,4). The cecal appendix is a finger-like structure of variable 

dimensions protruding from cecum’s caudal end. The role of the appendix is considered to be 

rudimentary, but recent studies show that it might have immune potential (11,12). The cecum 

has a variable level of mobility as it is partially attached directly to the rear abdominal wall  
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and a variable mesocecum can be found caudally. The blood supply is ensured by the ileocecal 

artery and its branch appendicular artery. These share the names with the venous drainage. 

The lymphatic drainage follows the blood vessels. We can find prececal nodes, retrocecal, 

appendicular and paracolic nodes, which are all drained into ileocecal lymph nodes (1,4).  

The ascending colon spreads from the cecum cranially along the right side  

of the abdominal wall till the visceral surface of the liver, where it bends medially  

as the hepatic flexure. The ascending colon sits directly on the rear abdominal wall with very 

limited or no mesocolon.  It has a smaller diameter than the cecum. The luminal contents are 

usually still mechanically similar to those of the small intestine but they get thicker  

as they move aborally. The arterial blood comes to the ascending colon from the superior 

mesenteric artery via the right colic artery, the venous drainage to the portal vein is ensured 

by the right colic vein. The lymphatic drainage follows the blood vessels through right colic 

nodes (1,4).  

The transverse colon follows after the ascending colon after the hepatic flexure.  

It spreads from the right subhepatic area to the left upper abdominal quadrant just caudally 

to the spleen (splenic flexure) where it turns caudally again. It has a well-developed mesocolon 

(15–16 cm long in the midline) making it mobile. It is also attached to the large curvature  

of the stomach by the gastrocolic ligament, which is a part of the large omentum.  

The transverse colon is 50–60 cm long, which is double the diameter of the abdominal cavity. 

The atrial blood comes to the transverse colon mainly through the middle colic artery and its 

branches, the venous drainage is provided by the middle colic vein as the most aboral segment 

of the large intestine supplied from the superior mesenteric artery. The blood comes  

to the splenic flexure also via Haller's anastomosis from the left colic artery, which is a branch 

of the inferior mesenteric artery (Griffith’s point) (13). The colon is the most peripheral tissue 

at this point, so it is at the highest risk of malperfusion when the blood circulation is 

compromised (so-called watershed area). The parasympathetic innervation of the transverse 

colon, the ascending colon and cecum is provided by the vagus nerve till the distal third  

of the transverse colon, which is the most aboral part of the gastrointestinal tract innerved  

by the vagus nerve (Cannon’s point). The lymphatic drainage follows the blood vessels, we can 
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identify medial colic nodes, which collect the lymph from the oral two thirds of the transverse 

colon. The aboral end is drained through the left colic nodes (1,4).  

The descending colon follows the splenic flexure caudally and runs along the left side 

of the abdominal cavity to the pelvis where it continues as the sigmoid colon. The descending 

colon is firmly attached to the abdominal wall with no mesocolon. The luminal contents are 

rich in microbes and already form thicker pastes in this segment (1,3,4).   

The sigmoid colon is an S-shaped tube with relatively long mesocolon, the mesocolon 

sigmoideum. However, its total length and overall shape is inter-individually variable.  

The space under this part of mesocolon is called recessus intersigmoideus. It turns from  

the left abdominal wall to the midline and it runs in front of the sacral bone to the small pelvis 

where it continues as rectum.  It can be either shorter and only slightly curved or long, reaching 

with its curve across the pelvis to the right side of the abdominal cavity. On its way  

to the pelvis, the sigmoid colon crosses several important structures, which must be paid 

attention to during surgical interventions. These are mainly the left common iliac artery, left 

common iliac vein, and left ureter (1,4). The arterial blood comes to the sigmoid colon  

via several (usually 2–4) sigmoidal arteries, which branch from the inferior mesenteric artery. 

There is a second point critical for the blood supply located in the rectosigmoid junction called 

the Sudeck's point, where the terminal sigmoid artery anastomoses with the superior rectal 

artery. This junction is, however, often not present. Venous blood is drained to the portal vein 

through the inferior mesenteric vein via sigmoid veins. The lymphatic drainage goes through 

sigmoid lymph nodes. 

The rectum is the final segment of the gastrointestinal tract. It is 12–16 cm long.  

The anus is its external orifice. The boundary between the sigmoid colon and the rectum is not 

well defined. A clinically accepted definition of the border is the point of disappearance  

of taeniae in the distal sigmoid colon. The rectum is covered with peritoneum only  

on the superior intraperitoneal part, retroperitoneal cover of the rectum is formed by a layer 

of connective tissue called rectal fascia just at the point of Kohlrausch rectal valve (mentioned 

later in the text). The rectum has two main parts, the rectal ampulla and the anal canal.  

The aborally situated anal canal is narrower than the rectal ampulla, longitudinally oriented 
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mucosal folds can be found on its inner surface. Among other intraluminal structures, we 

identify three thick transverse mucosal folds (the middle one is called the Kohlrausch valve), 

which shape the rectum to its typical double curved shape. The arterial blood supply originates 

from the internal iliac artery via medial and inferior rectal artery, while the venous blood is 

rained via rectal venous plexus to the caval vein. There are, however, many junctions  

with the portal venous drainage. 

The musculature of the rectum is richly formed. The circular muscle layer forms  

a typical sphincter structure at the aboral end called internal anal sphincter, which secures  

the regulatory functions of stool disposal. The internal sphincter is a smooth-muscle-based 

sphincter and is therefore regulated autonomously. The conscious-mind-controlled stool 

disposal function is secured by the external sphincter, which is derived from the muscles  

of the pelvic floor. The innervation comes from the pudendal nerve and straight  

from the sacral nervous plexus. The pelvic floor or pelvic diaphragm is a complex muscular 

structure securing stable position of the rectum and other pelvic organs as well as preventing 

fecal continence (1,4).  

As written in the beginning, it is beyond the scope of this work to describe the anatomy  

and function of the pelvic floor. 
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1.4 Comparative anatomy human-versus-pig, necessary 

considerations in experimental conditions  

Despite some differences in the anatomy, pigs (Sus scrofa domestica) are often used  

as surgical models or as models of human diseases. The small intestine of the pig shares similar 

anatomy to that of the human body. It begins as the duodenum, which is located partially 

retroperitoneally and is surrounded by the annular pancreas (Figure 1), after which  

it continues as the jejunoileum.  

 

Figure 1: The annular pancreas, the pancreatic tissue (arrow) follows the duodenum and the 
oral part of the jejunum situated in its mesentery, Sus scrofa domestica 

 

The jejunoileum lays in the peritoneal cavity, connected via the mesentery and the 

mesenterial radix to the rear abdominal wall. The terminal ileum enters the cecum in the right 

lower abdominal quadrant. The mesentery contains many relatively large lymph nodes (Figure 

2). The superior mesenteric artery is the dominant blood supply for the small and the large 

intestine. There are no arterial arcades on the mesentery of the small intestine (Figure 3).  

The structure of the porcine small intestine as well as the length (in ratio to body weight) are 

comparable to the human small intestine. Epithelial cell population is also similar  
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to that of the human intestine. Unlike rodent intestinal villi, which have a leaf-like shape,  

the porcine ones have similar structure to the human ones (which are finger-shaped) (14). 

 

Figure 2: Oral segment of the jejunum, large lymphatic nodes in the mesentery,  
Sus scrofa domestica 

 

 
Figure 3: No arterial arcades in the mesentery of the jejunoileum, Sus scrofa domestica  
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The large intestine has similar morphology to the human one, yet its anatomy differs.  

The cecum has no appendix and has a larger diameter (relatively to the body weight).  

It continues as a spiral colon, which is a long, coiled segment of the large intestine  

with seashell-like appearance, where only the antimesenteric half of the colon is visible  

and the rest of the colonic tube and the mesocolon with its blood supply are hidden between 

the coils (Figure 4). However, the length of the colon is relatively similar to the human colon 

(relatively to the body weight) so the digestion times are similar as well. The microbiome  

of the porcine colon is significantly more similar to the human colon microbiome  

than the colonic microbiome of rodents. While pigs have a very similar spectrum of intestinal 

microbial species (15) to humans, rodents differ in about 85% of them (16). Pang et al. even 

performed transplantations of human gut microbiota to the colon of germ-free pigs  

with perfect tolerance and well-established human-like colonic flora (15). 

 

 
Figure 4: The spiral colon, Sus scrofa domestica 
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The final segment of the colon continues as a descending colon with a short mesocolon 

running caudally in the midline into the pelvis as the rectum.  

Because of the differences written above, it is therefore possible to create 

experimental models of anastomotic healing relevant to humane medicine only in the location 

of the free small intestine and on the descending colon and the rectum. However, the rectum 

lacks the typical three valves and the pelvic floor has a different anatomy.  

Nevertheless, despite these differences, pigs serve as a good model for training  

of surgical procedures, endoscopic techniques and development of new approaches  

in general. The rapid development of general surgery in the 20th century was enabled (besides 

other factors) also by the existence of animal models. Many procedures that are currently 

routine in human medicine were developed using porcine experimental models. Even though 

the position of experimental surgery is less obvious nowadays than it was in the previous 

century, it is still an important preclinical step for introduction of new approaches  

and techniques.  
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1.5 Introduction to colorectal surgery 

Colorectal surgery is one of the key specializations in visceral surgery dealing with disorders  

of the colon, rectum and anus. The variety of conditions treated by surgical approach is rather 

wide in this anatomical region. Many diseases of the colon and rectum can be treated 

conservatively. However, surgery is the first-choice treatment option for many conditions 

(tumors, injuries, ischemia, obstruction etc.) (17). 

Surgical procedures on the gastrointestinal tract and especially on the large intestine 

were very limited for up until the 20th century. Even though the basic surgical techniques were 

developed at the beginning of the 19th century, only further development of perioperative 

care and invention of antibiotics etc. could transform colorectal surgical procedures into such 

routine state as it is nowadays (18). Similarly to other specializations, the standards of care 

and treatment guidelines in colorectal surgery are being continuously perfected  

by professional international organizations and societies such as the American Society  

for Surgery of Colon and Rectum, European Society of Coloproctology and others,  

and the recommendations given by these societies are evidence-based.  

As the topic of the thesis are complications of colorectal anastomoses, the following 

text will mainly focus on anastomoses in colorectal surgery.  Such anastomosis (a connection 

of two hollow viscera) is constructed either between the small intestine and colon, or between 

two parts of colon, between colon and rectum or the small intestine and rectum. The spectrum 

of techniques and approaches is broad. 

1.5.1 Technique of colorectal anastomosis  

Many different approaches to constructing an anastomosis on the large intestine have been 

invented in the past. Various materials and techniques were experimented with in an attempt 

to decrease the rate of postoperative complications. Many modalities survived till today as we 

lack enough evidence-based information. Even though a systematic review has been 

conducted by J. C. Slieker et al. (19) in order to establish a superior technique, only low-level 

evidence answers were found for most of the aspects in question. Hand-sutured and stapled 
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anastomoses are the two main approaches we can distinguish. Suture-less techniques, using 

for example magnetic rings or tissue glues, were developed lately, but they are not used  

in standard clinical practice. Some of these alternative methods appear safe, though. 

1.5.1.1 Hand-sutured anastomosis  

A hand-sutured construction is the oldest widely accepted approach. It belongs to the basic 

skills of both colorectal and visceral surgeons. We can find many modifications  

of the procedure. There are several rules that are believed to be important  

for a well-constructed anastomosis, like absence of axial rotation of the two ends  

of the intestine, preserved blood supply, no tension between the two parts of the intestine, 

no visible defects in the suture line. Evidence-based data exists for only a few of the many 

recommendations that are routinely taught. Such construction can vary in many properties. 

 
a) Suture materials: Multiple suture materials were used for sutured anastomosis throughout 

the 20th century. Only a few of them remain in clinical practice nowadays. Absorbable suture 

materials performed superior to non-absorbable ones in several studies (19,20).  

Yet the anastomotic strength can be compromised when the material is resorbing too rapidly 

(20). Today, most anastomoses on the gastrointestinal tract are sutured with a suture material 

made of either polydioxanone or a copolymer of glycolide and epsilon-caprolactone (21,22). 

Monofilament suture lines perform better in comparison with polyfilament ones in terms  

of infectious complications (19,23). We can probably expect new materials to appear  

on the market thanks to biochemical research focusing on clinical use of new biocompatible 

substances. Among today's commonly used bioresorbable suture materials we can find 

Polydioxanone, Polyglactin 910 and Poliglecaprone 25. Poliglecaprone 25 is the most 

frequently used one in gastrointestinal surgery. It is a copolymer of epsilon-caprolactone  

and glycolide. It is usually fabricated into monofilament, violet-dyed fibers for use in visceral 

surgery, which are in some versions coated with antibacterial substances for prevention  

of infections. These materials are hypoallergenic and are usually well tolerated,  



27 
 

their absorption times differ according to the type of material and fiber thickness.  

Declared absorption time of poliglecaprone 25 fiber is between 60 and 90 days.  

 

b) Single vs. double-layer anastomosis: A double-layer technique has been invented  

in the early 19th century by A. Lembert (24) and modified by his successors. It was considered 

the only safe technique through the rest of the 19th and a part of the 20th century.  

Nowadays, we have a high-level evidence showing that the single-layer anastomosis performs 

as well in terms of anastomotic complication rate. The single-layer technique is therefore 

preferred as a simpler and faster method (19). A multiple-layer anastomosis seems to be 

obsolete as the lumen of the intestine gets smaller with each additional layer.  

 
c) Continuous vs. interrupted suture: A continuous suture is preferred by most surgeons over 

interrupted sutures for colorectal anastomosis as it is less time consuming and technically 

easier to perform. Yet again, any high-level evidence for the superiority of continuous suture 

is missing (19). 

 
d) Depth of bite: Despite the lack of evidence, extramucosal suture is preferred by most 

surgeons as the mucosa produces mucus and is therefore believed to interfere with the healing 

process when taken into the suture. Thusly, the tendency is to create a mucosa-inverting 

suture (25).  

 
e) Configuration of anastomosis: There is no evidence of a superiority of either end-to-end, 

side-to-side or end-to-side anastomosis on the colon (19). Each configuration is indicated 

depending on the type of surgical procedure, therefore there are no comparable patients.  

The blood supply on the site of anastomosis proved to be of the same quality in different 

settings in a study of microcirculation by M. Sailer et al. (26). Yet the end-to-end anastomosis 

is generally considered the most physiological and is favorable when possible. 

 
f) Other criteria: There are plenty of other criteria that can be considered when constructing 

an anastomosis. For example the distance between two suture steps can be changed, various 
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amounts of tissue can be taken to the suture, and suture tension can vary. There are many 

hypotheses surrounding these questions, but no conclusion can be made on the basis  

of the available evidence (19). 

1.5.1.2 Stapled colorectal anastomosis  

Even though the idea of automatic mechanical devices for suturing is much older and several 

prototypes were developed hundreds of years ago, stapled anastomoses were introduced  

to the routine practice of clinical surgery in 1980s. They proved to be safe and comfortable  

to construct. No strict indications dictate whether to use stapler or construct a hand-sewn 

anastomosis, except for the low rectal anastomosis where the stapled anastomosis is 

obviously less technically challenging. A standard procedure mainly for aboral anastomoses  

on the large intestine is the so-called double stapling using circular stapler applied transanally. 

Straight staplers are used for anastomoses on the small intestine. Meta-analyses  

and systematic reviews indicate equal results to hand-sewn anastomoses (27).  

1.5.2 Anastomotic healing 

Wound healing is a complicated process, which can result in successfully healed wounds  

in optimal conditions (28,29). Skin wound healing is probably the most well-known  

and studied healing process (30). It is assumed that the general principles of wound healing 

are similar in various locations, but it is clear that the process must differ according  

to the location in detail. Even though there were many attempts to enhance the healing 

process on the small or the large intestine, the process itself has not yet been thoroughly 

studied. For the complexity of the process, it is supposed to be very difficult to alter it 

successfully and enhance the healing results (31–33). The initial phases of the healing process 

of a well-constructed anastomosis on both the small and large intestine take about three 

weeks. However, even after this period, the healing processes continue and the anastomosis 

matures (28,34). The risk of anastomotic leakage is highest in the very early postoperative 

phase (5th to 8th postoperative day according to the literature (35,36)), when the newly created 
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tissue is fragile. On the other hand, the risk of anastomotic strictures grows much later  

and this complication can appear years after the surgery (37).  

It has been described that the following conditions are crucial for physiological healing 

of intestinal anastomoses: sufficient blood supply and oxygenation, defect-less suture, 

tension-less settings of the intestine, and a good level of contact with surrounding healthy 

organs (38,39).  

1.5.3 Complications of colorectal anastomoses  

There are several kinds of local complications of colorectal anastomoses listed below.  

The following text will focus mainly on the anastomotic leakage as it is the main topic  

of the thesis. 

1.5.3.1 Bleeding  

Anastomotic bleeding can occur after colorectal resections. A small amount of blood usually 

accompanies the first stools after the procedure as a postsurgical residue.  

However, intraluminal bleeding from the site of anastomosis is rather rare, and an intervention 

is necessary only in a very limited number of cases. Endoscopic intervention can be beneficial 

over a reoperation as a less invasive solution. Surgical intervention in the form of reoperation 

in full anesthesia is needed rarely (40).  

1.5.3.2 Strictures  

Anastomotic strictures are stenoses appearing at the site of anastomosis, usually months  

to years after the procedure. The burden of the complication lies in the fact that it is very hard 

to find a permanent solution for it. Anastomotic stricture leads to complete or incomplete 

gastrointestinal obstruction and finally in either ileus with acute need for reoperation or just 

chronic digestive problems of the patient. One way or the other, it decreases the patients’ life 

quality in the long term, often for the rest of their lives (41).  
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1.5.3.3 Dehiscence and leakage  

An insufficient healing in the early postoperative period resulting in anastomotic leakage  

or full-scale dehiscence is a dreadful complication and has life-threatening consequences (42). 

One of the most severe and feared surgical site complications in colorectal surgery is 

anastomotic leakage (43). There were problems in defining colorectal anastomotic leakage, 

though (44,45). The definition of the underlying problem, which is translocation of luminal 

contents into the extraluminal surroundings of the anastomosis, is clear. Yet it is a different 

task to identify such conditions in patients after colorectal procedure in clinical settings.  

The different approaches resulted in the inability of researchers to combine data  

from different hospitals and countries, thus making it extremely difficult to create multicentric 

studies on this topic and to come up with clinically valid recommendations (45). The situation 

has stabilized when the surgical community widely accepted the system proposed  

by the International Study Group of Rectal Cancer (ISGRC) in 2010 (46) (Table 1).  

According to the system, we recognize three grades of severity of anastomotic leakage.  

The grades are defined by indicated type of treatment. Grade A leakage can be noticed  

as a contained leakage on the site of anastomosis using imaging methods. The patient does 

not manifest any symptoms and no further intervention is needed other than observation. 

Grade B leakage is associated with purulent drain secretion and laboratory changes 

(inflammatory parameters elevation). Antibiotic treatment or drainage of the collection can 

be employed to solve the complication, reoperation is not required though. Grade C leakage 

is massive and results in peritonitis, it is a life-threatening condition and it must be handled 

promptly. Reoperation and antibiotic treatment are indicated. It is categorized as at least 

Clavien-Dindo IIIb postoperative complication and thus it is a source of high morbidity  

and mortality (47). The duration of hospital stay is prolonged and the treatment costs grow 

significantly (46). The system is simple and clearly stratifies patients into three groups with 

different severity of the complication and treatment plan. One disadvantage of this system  

for leakage monitoring is that a vast majority of uncomplicated patients are not examined  

by additional CT scan in the early postoperative period and many grade A leakages are 
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therefore unnoticed. Despite its clinical merits, the scoring system is however insufficient  

as a sole evaluation system in experimental settings, where a more sensitive system is needed 

to distinguish even the slightest differences in wound healing.  

 

Table 1: Grades of anastomotic leakage according to the ISGRC (46) 

Leakage grade Presentation Intervention 

A Imaging methods only No intervention 

B Imaging methods,  

clinical alteration 

Antibiotics,  

drainage 

C Imaging methods,  

clinical alteration 

Reoperation 

 

The impact of the grade B and C anastomotic leakage is enormous both from a clinical  

and economical point of view. Anastomotic leaks are associated with prolonged length of stay, 

higher readmission rates and overall higher treatment costs (48). Adjuvant chemotherapy can 

no longer be used when the patient's condition worsens after severe complications.  

Higher local recurrence has also been found in some studies after colorectal anastomotic 

leakage in oncologic patients (49). Prevention of anastomotic leakage is therefore a part  

of a complex approach to the patients undergoing colorectal surgery. It includes both surgical 

intraoperative and perioperative measures. Most of the recommendations are given  

by national and international professional societies like American Society of Colon and Rectal 

Surgeons (ASCRS) (50), European Society of Coloproctology (ESCP) (51), European Society  

of Surgical Oncology (ESSO) (52), Enhanced Recovery After Surgery Society (ERAS)(53),  

and others. 

Knowing the risk factors can help to stratify patients into groups with different risks  

of developing anastomotic leakage. This can change pre- and perioperative decision making 

over the operative technique and type of procedure. Significant preoperative risk factors are 

for example: male sex, poor physical condition (American Society of Anesthesiologists fitness 
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grade higher than II), renal disease or recent radiotherapy. Several risk factors are  

tumor-related: size of the tumor, tumor location in distal rectum, acute surgery, presence  

of metastases. Other risk factors were identified as adjustable: smoking, obesity, poor 

nutrition, alcohol abuse, immunosuppressants or bevacizumab in medication. Even though  

the risk factors may not be present before the surgery, some may occur during the procedure 

and should be therefore considered by the surgeon: blood loss or need of transfusion, duration 

of the surgery of more than 4 hours (42).  

A proper management of clinically significant anastomotic leakage can play  

an important role in the postoperative period and have a major impact on the patient's future 

wellbeing and life quality. There is no uniform generally accepted recommendation  

on the type and timing of such interventions. Colorectal surgery is still developing  

and especially this part of the specialization goes through significant changes (54).  

The traditional solution for a leaky colorectal anastomosis is a reoperation with a Hartmann's 

procedure performed via laparotomy resulting in terminal stoma. A different approach  

to the problem is fecal diversion through the axial stoma of the oral intestine (diverting 

ileostomy, loop ileostomy). The latter is considered less invasive and can be accepted  

when there is no large loss of vitality of the intestinal tissue, which means that the anastomosis 

still has a chance to heal when it is excluded from the gastrointestinal tract passage. In a large 

scale dehiscence or tissue necrosis at the site of anastomosis, the non-vital tissues are resected 

and a Hartmann's procedure is recommended (55,56). However, after such procedures only  

a part of the patients manage to go through the reversal procedure to gain back the continuity 

of the gastrointestinal tract. The likelihood of stoma reversal is significantly higher  

for the diverting ileostomy than for the anastomotic resection with a Hartmann's procedure 

(57).  Nevertheless, a second major procedure in such a short period is difficult to go through, 

especially for elderly or polymorbid patients. These are the patients that are originally  

in the highest risk of developing an anastomotic leakage in the first place. It is therefore 

recommended to minimize the surgical intervention and to shorten the procedure time  

as much as possible (58).  



33 
 

Results of various clinical studies showed that less aggressive intervention can suffice 

in some cases, yet in others the Hartmann's procedure is inevitable. The current consensus  

of ASCRS is that the surgical procedures should be reserved for patients with obvious purulent 

or feculent peritonitis or for patients with unstable vital signs (59). To decrease the severity  

of the surgical procedure, a laparoscopic approach can be chosen if the surgeon is capable  

of performing it under such conditions (60). Technical advances enabled new treatment 

options, especially for low colorectal leaks with pelvic collections. Some of the perianastomotic 

collections can be drained percutaneously using imaging methods (61). Endoscopic treatment 

can be chosen in selected patients as well. Endoscopic drainage, clips, stents, sealants  

or endo-sponges for forced luminal drainage can be used. These are, however, safe only  

in selected stable patients with partial anastomotic insufficiency. A small defect  

in the circumference of the intestine has a chance to be solved via these endoluminal 

approaches. When there is no viable tissue to be healed, other means must be taken.  

The mentioned methods can be used either alone or in a combination with a diverting stoma 

(59). 

 
a) Transanal drainage: This is a relatively old technique. A foley catheter can be placed 

transanally through the anastomosis to drain the location. The catheter can be used to irrigate 

the site of the leak. The irrigation should be performed several times a day followed  

by removal of the catheter when the defect is decreases its size (62). 

 
b) Endoluminal stenting: There is a large variety of types of endoluminal stents from different 

materials (metal, plastic or biodegradable). These have been generally accepted as a safe way 

to reduce the fecal contamination of the abdominal cavity (59). The stent needs to be placed 

over both of the anastomosed parts of the intestine and it must be more than 5 cm above  

the anal verge (63). Therefore, it is not a possible solution for a very low rectal anastomosis. 

Small studies suggest a very high success rate of the method both as an only solution  

or in combination with diverting ileostomy, while other ones consider stenting worthless 

(64,65).  
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c) Endoscopic clipping: Another feasible way to heal small anastomotic defects is a clip 

placement over the defect to bring the two intestinal edges together. It showed a high success 

rate (86%) in a small series of 14 patients, only two of which had protective ileostomy  

by the time of clip placement (66).  

 
d) Endo-Sponge placement: This technique is a relatively new solution for contained leaks 

with partial intestinal wall dehiscence. A polyurethane sponge is introduced endoscopically  

via the anastomotic defect into the abdominal cavity (into the perianastomotic collection)  

and an active drainage tube is connected to the sponge, creating a negative pressure  

in the anastomotic defect. The sponge is then exchanged every two to three days. The goal is 

to gradually decrease the size of the endo sponge over time and thus decrease the defect.  

The success rate of the method varies among studies, however is still relatively high (50–89%). 

Protective ileostomy is strongly recommended prior to the procedure (59). 

 
e) Transcutaneous drainage: Transcutaneous drainage using computed tomography is a way 

of solving mainly pelvic complications. A relatively rare complication of this method is  

a colo-cutaneous fistula development (61). 

1.5.3.4 Extensive peritoneal adhesions 

Peritoneal adhesions are pieces of connective tissue of various quality occurring  

in non-anatomic locations in the peritoneal cavity (67). They can be either thin membranes 

or thick and sometimes vascular bonds connecting various structures in the abdominal cavity. 

These appear in varying severity not only after surgical procedures, but also after injuries, 

irradiation, inflammations and other inflictions. Most of the patients after laparotomy 

(approximately 90%) develop some amount of peritoneal adhesions, treatment is needed  

in 5–20% of these cases as the adhesions can be a source of persisting abdominal discomfort 

and can be a reason of possible gastrointestinal passage blockage or other conditions.  

These complications can occur many years after surgical procedure. Peritoneal adhesions are 

also a burden in following surgical procedures in the abdominal cavity, as they prolong  
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the operation time and can cause technical difficulties and even injuries to the adhered organs 

(68,69).  

A systematic review by Ellis et al. suggested that colorectal surgery is the most common 

surgical cause of intra-abdominal adhesions (70). A number of materials were tested as a local 

prevention of adhesion formation, some of which are used in current clinical practice. 

Frequently used local anti-adhesive barriers are hyaluronic-acid-based ones, but they are 

usually reserved for gynecological procedures where the gastrointestinal tract is not involved 

(71). It has not been proved whether it is safe to use such materials after construction  

of colorectal anastomosis. Questions have been raised about compromising the anastomotic 

healing. 

1.5.3.5 Grading of peritoneal adhesions 

Adhesions are classified by various systems both quantitatively and qualitatively.  

Some grading systems focus only on one of the modalities, some combine the two.  

One of the most frequently used systems is the one created by Zühlke et al. (72).  

Adhesions are scored according to their mechanical properties, but the evaluation is subjective 

(Table 2).  

 

Table 2.: Grading of adhesions according to Zühlke (72) 

Grade Adhesion quality 

0 No adhesion 

1 Filmy adhesions, easy to separate by blunt dissection 

2 Blunt dissection in combination with sharp dissection is necessary, 

beginning vascularization noticeable 

3 Only sharp dissection usable for adhesiolysis, vascularization clearly 

visible 

4 Only sharp dissection usable, organs are strongly attached with 

strong adhesions, damage of organs is hardly avoidable 
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Even though the system is clear and easy to use, it is insufficient as an only grading system 

because it does not explain anything about the extent and location of adhesions  

in the peritoneal cavity. Therefore, new systems were developed, the Peritoneal Adhesion 

Index belongs to the grading systems that score both the quantity and quality of adhesions. 

The quality is scored similarly to the Zühlke’s system and the quantity is measured  

in 9 segments of the abdomen (68). The result is a single numeric score. Such scoring systems 

as these however do not contain information about specific organs involved. As far as we know 

there is no such system describing the level of involvement of each organ into peritoneal 

adhesions. The absence of such information does not allow to thoroughly statistically describe 

the amount and location of peritoneal adhesions in groups of patients. 

1.5.3.6 Adhesion formation 

Normal peritoneal repair is a very complex process, which is driven by many signal molecules 

in perfect balance and it can be destabilized easily. Some of the influencing factors are  

pro-adhesive some are anti-adhesive. Adhesion formation is mediated by regulated 

inflammation, angiogenesis, cell migration and extracellular matrix production. Well-regulated 

process assures normal peritoneal healing without adhesions formation (73).  

Adhesions develop and mature over long periods of time and the amount and mechanical 

character of peritoneal adhesions can change greatly in time.  

As previously stated, the formation of adhesion is triggered by an injury  

to the peritoneal surface. The injured surface starts producing a thin fluid which is rich in many 

proteins and signal molecules as well as inflammatory and other cells (74). This fluid coagulates 

within 3 hours and thus it ensures stable contact of the two peritoneal surfaces. A process  

of fibrinolysis takes place at the same time and inhibits the formation of adhesion in normal 

peritoneal healing within the first 72 hours after the injury (74). A prolonged persistence  

(3-5 days) of this coagulated mass is needed for fibroblasts to migrate in it and start producing 

the extracellular matrix and other substances. This new scaffold is afterwards occupied  

by mesothelial cells (75,76). Healthy peritoneum has fibrinolytic activity, which can  
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be however decreased in different situations (hypoxia, injury, infection, etc.) which leads  

to adhesion formation (77).  

1.5.3.7 Role of hypoxia 

Many studies suggested local hypoxia is a strong pro-adhesive factor. Normal peritoneal 

healing is disrupted by hypoxia on several pathways. There are many situations not only  

in colorectal surgery, when the abdominal viscera are exposed to hypoxia (extensive bleeding, 

hypovolemia, sepsis, imperfect ventilation, comorbidities like visceral atherosclerosis etc.). 

Studies suggest that it doesn't matter whether the condition is transitory or prolonged  

for the development of adhesions. Hypoxia causes oxidative stress of the affected tissue.  

One of the key elements of the process are free radicals (highly reactive substances with one 

or more impaired electrons). These are used as a weapon against intracellular organisms  

and are also a part of several physiologic signaling pathways. Their production is highly 

regulated as they can cause tissue damage. The regulating enzymes called antioxidant 

enzymes are: superoxide dismutase, catalase and glutathione peroxidase.  

Dysregulation of the balance of antioxidant enzymes and free radicals takes part during 

oxidative stress. It was observed that not only hypoxia but also exposure to CO2 can lead  

to decrease of levels of antioxidant enzymes. This can be a problem during laparoscopic 

procedures when the abdominal cavity is filled with CO2 gas. The longer the exposure is,  

the lower the levels of antioxidant enzymes get. Longer duration of CO2 gas exposition  

also showed as a predisposition for adhesion formation in a clinical study (77,78).  

Following molecular factors are the most important in relation to balanced peritoneal 

healing according to the literature:  

 
Tissue plasminogen activator (tPA) can be found in mesothelial cells and fibroblasts  

of the peritoneum. It is a substance capable of converting plasminogen to plasmin  

and therefore decreases the formation of peritoneal adhesions. Adhesion fibroblasts show 

significantly lower levels of tPA in comparison to normal peritoneal fibroblasts (79). The level 

of tPA also decreases in normal peritoneal fibroblasts in hypoxic conditions (77,79). 
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Plasminogen activator inhibitor-1 (PAI-1) is responsible for inhibiting the activity of tPA. 

Increased levels of PAI-1 were observed in adhesion fibroblasts compared with normal 

peritoneal fibroblasts. The level of PAI-1 increases in hypoxic conditions both in normal 

peritoneal and adhesion fibroblasts (77,79). 

 
Transforming growth factor-β1 (TGF-β1) an inflammatory signal molecule important  

for wound healing. A pro-adhesive character of the substance was observed as it is responsible 

for increased extracellular matrix production through complicated pathways (77,80).  

 

Tumor necrosis factor α (TNF-α) is also an inflammatory signaling molecule. It interferes  

with tPA release in the process of peritoneal healing. Therefore, it is capable of decreasing  

the fibrin degradation in the coagulated peritoneal exudate. TNF-α is found in increased 

concentration in peritoneal adhesion fibroblasts. Hypoxic conditions also raise the level  

of TNF-α in normal peritoneal fibroblasts (81,82). 

 
Interleukin 6 (IL-6) is yet another inflammatory signaling molecule found in higher 

concentration in normal peritoneal fibroblasts under hypoxic conditions and in adhesion 

fibroblasts. It is very important in the process of wound healing as it is an early marker of tissue 

injury and it promotes fibrin formation and thus adhesion formation (77,82). 

 
Matrix metalloproteinases (MMPs) or matrixins are a family of endoproteases, enzymes  

with broad proteolytic activity. Their balanced activity plays a key role in remodeling  

of the extracellular matrix and therefore formation of peritoneal adhesions (83,84).  

Their activity is regulated by many cytokines and directly by tissue inhibitors  

of metalloproteinases (TIMPs) (83). There are at least 23 MMPs that have been discovered  

in the human extracellular matrix. Different studies proved correlations of either decreased 

levels of certain MMPs or their TIMPs in correlate with extensive adhesion formation (83). 
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Vascular endothelial growth factor (VEGF) is a signaling molecule important in formation  

of new blood vessels (angiogenesis). Angiogenesis is a critical process in development  

of peritoneal adhesions. It is necessary when the tissue is insufficiently supplied with oxygen 

and nutrients, when the maximum diffusion range is lower than the actual distance  

from the nearest blood capillary. The process is regulated by expression of angiogenic factors 

such as VEGF. The factor is upregulated in hypoxic conditions. It has been shown in an animal 

study that peritoneal injury induces an increase in VEGF expression (85). Cellular hypoxia  

is involved in tissue necrosis and following inflammatory reaction in any tissue trauma (86). 

 
Cyclo-oxygenase (COX) is another agent involved in formation of peritoneal adhesions. It has 

been proven by Saed et al., that adhesion fibroblasts express cyclooxygenase-2 (COX-2)  

and normal peritoneal fibroblasts in normal conditions do not. When the normal peritoneal 

fibroblasts were exposed to hypoxic conditions COX-2 expression was induced to levels similar 

to adhesion fibroblasts (87). Wei et al. showed in an experiment on rodents that COX-2 

inhibition can prevent postoperative intra-abdominal adhesions by decreasing  

hypoxia-induced activation of peritoneal fibroblasts (88). 
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1.6 Minimizing surgical site complications in present-day clinical 

practice  

Minimization of postoperative complications should be one of the main goals of surgeons 

across all specializations. In this text we focus on two types of complications: 

 
a) Extensive formation of peritoneal adhesions: Current knowledge regarding the formation 

of adhesions in the peritoneal cavity is still limited. As mentioned above, the causes  

of adhesion formation are peritoneal injury together with hypoxia, which result  

in an inflammatory-reaction-driven process transforming fibrin deposits into peritoneal 

adhesions. There are only few countermeasures available in present-day clinical practice. 

Surgical techniques include gentle tissue handling to prevent tissue injury, hypoxia, and drying 

of surfaces. Use of foreign pro-adhesive materials like silk, for example, should be avoided. 

Laparoscopic surgery is recommended as it minimizes the tissue manipulation and therefore 

also trauma. However, long laparoscopic procedures with capnoperitoneum are again  

a pro-adhesive factor. In reoperations, deposited fibrin should be gently removed  

from the abdominal cavity at the end of the surgical procedure.  

A key precondition for adhesion formation is a contact of two surfaces. Building on this 

assumption, the process could be disrupted by keeping the tissues apart. Many materials were 

tested as barrier protection and several of them are currently used for adhesion prevention 

mainly in gynecological surgery. Their effectiveness is however limited and the safety of their 

usage in colorectal and gastrointestinal surgery in general is questionable. The U.S. Federal 

Drug Agency approved the following materials: Interceed (oxidized regenerated cellulose, 

Johnson & Johnson, New Jersey, USA), Seprafilm (hyaluronic acid and carboxymethylcellulose,  

Sanofi-Aventis, France), Adept (icodextrin solution, Baxter, Illinois, USA).  

 
b) Defective anastomotic healing: Prevention of anastomotic leakage requires a complex 

approach that starts even before the procedure itself and before the patient’s admission.  

As new data as well as new methods and techniques appear, recommendations change over 
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the course of time. Surgical societies argue about some precautions, while some are approved 

generally. The traditional conditions include: preoperative bowel preparation with laxatives, 

perioperative antibiotic intravenous prophylaxis, good blood perfusion of the two 

anastomosed intestinal ends, no axial rotation of the two anastomosed ends, no tension  

in the site of anastomosis, use of monofilament biodegradable suture material, careful  

re-alimentation in the postoperative period. 

1.6.1 ERAS recommendations  

The Enhanced Recovery after Surgery Society has published the fourth version  

of recommendations for perioperative care in colorectal surgery in November 2018 (the first 

version was published in 2005). The mission of the Society is to develop perioperative care  

and to improve recovery through research, education, audit and implementation  

of evidence-based practice, according to the official website. The recommendations, however, 

cover only planned colorectal procedures and cannot be applied to acute procedures.  

The current version describes many items divided into four segments: preadmission 

(information, optimization, prehabilitation, nutrition, anemia screening and assessment), 

preoperative (prevention of nausea and vomiting, selective premedication, prophylactic 

antibiotics, no bowel preparation, maintaining euvolemia, no fasting and carbohydrate drink), 

intraoperative (standard anesthetic protocol, fluid normovolemia, normothermia, minimal 

invasive surgery, no drainage) and postoperative (no gastric drainage, multimodal analgesia, 

thrombosis prophylaxis, fluid normovolemia, urinary catheter, prevent hyperglycemia, 

postoperative nutrition, early mobilization).  

Their observations and recommendations are based on Meta-analyses, randomized 

controlled trials, and prospective/retrospective cohort studies. Each recommendation is 

valued as strong or weak depending on the level of confidence of the panel of ERAS Society. 

The level of evidence-based information for each item is graded as low, moderate or high. 

Even though the goals of ERAS protocols are complex, some of the recommendations 

specifically focus on anastomotic leakage:  
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Preoperative nutritional screening: Preoperative malnutrition has been associated  

with increased postoperative morbidity and mortality as well as with poor oncologic outcomes 

in surgery for gastrointestinal cancer. Therefore, a preoperative nutritional screening  

is indicated. Oral nutritional supplementation (or additional parenteral nutrition  

when indicated) has the best effect if started 7–10 days preoperatively and is associated  

with a reduction in the prevalence of infectious complications and anastomotic leaks  

for malnourished patients. The recommendation is valued as strong with a high level  

of evidence. 

 
Bowel preparation: Oral antibiotic preparation alone proved protective of surgical site 

infection, anastomotic leak, ileus and major morbidity, but not mortality in a large 

observational study. Mechanical bowel preparation alone with systemic antibiotic prophylaxis 

showed no clinical advantage, it can cause dehydration and discomfort and should not be used 

routinely in colonic surgery. It may be used for rectal surgery when diverting a stoma.  

The recommendation not to use mechanical bowel preparation is valued as strong with a high 

level of evidence. 

 
Minimally invasive techniques (MITs): MITs are highly recommended by surgical societies. 

They include laparoscopy, laparoscopically assisted procedures, transanal techniques  

and robotic or robotically assisted procedures. These proved valuable in decreasing the length 

of stay in hospital as well as infectious complication rates, wound-related complications  

and many more. Large multicentric studies proved their equal oncological potential. 

 
Drainage of the peritoneal cavity and pelvis: The use of a drain in the peritoneal cavity  

and pelvis has been employed to prevent collections and to monitor and even prevent 

anastomotic leakage. The current ERAS recommendation on the topic is that the pelvic  

and peritoneal drains show no effect on clinical outcome (no effect on anastomotic leakage 

rate (clinical or radiological), mortality, wound infection, reoperation rate). They value this 

statement as a strong recommendation with a high level of evidence.  
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It is clear that some of the recommendations are controversial and are not generally accepted 

by wide surgical community. We took these in consideration while designing our experimental 

models. 
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1.7 Minimizing surgical site complications in experimental settings 

The introduction of new surgical techniques and new drugs or medical devices to routine 

practice requires previous verification of their safety and efficiency via preclinical testing. 

Laboratory experimental animal models are still irreplaceable tools in the preclinical phase  

as they can easily reveal unexpected adverse reactions to foreign materials.  

1.7.1 Animal models of peritoneal adhesions 

Peritoneal adhesions cause many health issues in millions of patients and the interest  

in the research of adhesion pathophysiology is therefore significant (89,90). A reliable animal 

model is necessary to determine the effect of antiadhesive agents as well as to describe  

the pathophysiological processes behind adhesion formation. Precise assessment methods  

for evaluation of adhesion quality and extent are of the same importance. 

  
Animal species: Selection of a relevant animal species is important. Rats are the most widely 

used animals for models of peritoneal adhesions according to the literature. Rats share  

with humans similar pathophysiology of the peritoneal adhesions formation (91).  

Larger animals like pigs can deliver more realistic models in terms of size comparability  

to human surgery (92). They are more expensive, though, and the perioperative care is more 

time consuming. 

 
Type of model: In animal models, peritoneal adhesions are induced either by ischemia, foreign 

material implantation, or by mechanical injury to the peritoneal surfaces, which is the most 

common approach according to our literature search (93). The mechanical injury is usually 

achieved by abrasion of the peritoneal surfaces (Figure 5), defined peritonectomy (94,95),  

or by electrocautery (96). Peritoneal ischemia is reached by either ligation of peritoneal blood 

supply, temporary occlusion of the mesenteric artery (93), or by construction of so-called 

peritoneal buttons (Figure 6) (94). The last-named method is considered very reliable in terms 

of location and extent of adhesions (94).  
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Figure 5: peritoneal abrasion of the abdominal wall and the large intestine (94) 

 

 

Figure 6: Peritoneal buttons with ischemic areas of peritoneal tissue (94) 

 

Studied treatment methods and experimental design: Hundreds of agents were tested 

experimentally for anti-adhesive properties. Their effect is based on their anti-inflammatory, 

anti-coagulant, or fibrinolytic activity, a barrier mechanism, or a combination of these (97). 

 
Assessment methods: There are two basic aspects in the evaluation of the healing process  

of an intestinal anastomosis:  

• Macroscopic changes at the point of specimen collection, scoring of the extent  

and quality of adhesions according to existing systems 

• Histological assessment (morphology evaluation in comprehensive overview, volume 

fractions of collagen, elastin, inflammatory cells, endothelial cells etc.) 
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1.7.2 Animal models of intestinal anastomoses and anastomotic wound healing 

Most of the published research on anastomotic healing is focused on the use of different 

means to positively influence the anastomotic healing process, to prevent anastomotic 

leakage and dehiscence, or fortify the mechanical strength of intestinal anastomoses. 

However as stated by Bosmans et al. (98), there is an enormous lack of knowledge about  

the intestinal healing process. Every attempt to enhance the healing process before revealing 

the underlying pathophysiology is therefore uncertain. Nevertheless, such studies are very 

frequent. According to the systematic review by Yauw et al. over 1300 experimental studies  

of such kind were identified (99). The scientific quality of these studies, experimental methods 

and reliability of results were considered largely variable according to the same systematic 

review (99). 

 
Animal species: Most of animal models of intestinal anastomoses are performed on pigs, dogs 

and rodents according to our literature search (99). Rodents can be used for testing new 

materials and their biocompatibility as they are easy to work with and the perioperative care 

is much less expensive. However, pigs can deliver more authentic models anatomically  

and functionally as their gastrointestinal tract is more similar to the human one. The size ratio 

is more human-like as well, and therefore the same surgical techniques can be used (100–

102).  

 
Type of model and experimental design: Anastomoses on both the large and on the small 

intestine appear in experimental studies, anastomoses on the rectum are not widely used  

for their technical difficulty. Both small intestine and large intestine of healthy experimental 

animals have enormous healing capacity, making the risk of anastomotic leakage rather small. 

For studying the effects of treatment methods on anastomotic leakage rate, extremely large 

samples or models simulating defective healing are therefore needed. Defective healing is 

reached either by ischemization of the two anastomosed intestinal ends (103), incomplete 

suture of the anastomosis itself (104), chemotherapy, radiotherapy, or a combination  

of the last two (105). Some parameters can be assessed immediately after the construction  
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of an anastomosis (mechanical strength (106)), while the rest is usually evaluated after varying 

observation time (107). The anastomotic leakage is an early postoperative complication, 

appearing usually in the first 10 postoperative days (108). For evaluation of anastomotic 

leakage occurrence, short postoperative observation periods like this are sufficient, however 

wound healing is a process that continues on (even though less intense) practically indefinitely 

(109,110). It remains a question what the ideal time point for evaluation of the healing process 

is, or whether multiple time points for specimen collection should be used. The large number 

of variables in experimental designs and assessment methods makes results of such studies 

difficult to compare (99). 

 
Studied treatment methods: The most studied topics are the effects of various treatment 

methods: the effect of chemotherapy on intestinal anastomotic healing, the effect of fibrin 

glue application, the effect of various growth factors (99). Patches of some kind (collagen, 

bovine pericardium, fibrin, polyglycolic acid mesh) were tested in many studies (104,111–114). 

Some of these were meant to serve just as mechanical support, a barrier to prevent leakage 

of intestinal contents into the abdominal cavity, others were meant to actively stimulate  

the healing process.  

 
Assessment methods: There are four basic aspects in the evaluation of the healing process  

of an intestinal anastomosis:  

• Clinical condition in the postoperative period (signs of anastomotic leakage as sepsis, 

abdominal wall tenderness, activity decrease, temperature elevation, weight changes, 

results of biochemical assays, imaging methods etc.) 

• Macroscopic changes in the abdominal cavity (signs of anastomotic leakage, visible 

intestinal contents in the abdominal cavity, peritoneal changes and signs of peritonitis, 

visible defects of the intestinal anastomosis, diameter changes of the intestinal 

anastomosis or of other parts of the gastrointestinal tract etc.) 

• Histological evaluation of anastomotic specimens (comprehensive overview  

of the intestinal morphology, stereological evaluation of volume fractions  
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of inflammatory cells, endothelial cells volume fractions, collagen volume fractions, 

evaluation of microscopic integrity of the intestinal wall etc.) 

• Mechanical testing of the intestinal anastomoses (Tearing strength, bursting pressure) 

(115,116).  

Many other assessment methods can be employed, nevertheless all methods should be 

described in the most detailed way for better reliability and reproducibility. 
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1.8 Nanofibrous materials 

Nanofibrous materials are non-woven fabrics with fiber diameter ranges in up to hundreds  

of nanometers. Their structure and properties are highly variable and their form depends  

on the fabrication technology. There are several methods of their creation.  

Electrospinning is today's most used technique as a convenient and easily adjustable 

process (117). The range of source materials for their fabrication is enormous and therefore 

they became widely used in various fields including biomedical research and medicine. 

Nanofibrous materials have several advantages for tissue engineering and biomedical research 

(118). They have very high specific surface area and high porosity, both of which are adjustable 

by the fabrication process. They can be fabricated to structures similar to the fibrillar 

components of the extracellular matrix. Depending on the materials used, they can be both 

biodegradable or not. Thanks to these properties, all of which are highly adjustable, they are 

generally highly biocompatible (119). Many both in vivo and in vitro studies were performed, 

and a large variety of different materials were tested for use for a broad spectrum of purposes 

(120). Such materials can be cut or shaped into various forms to ease the application. 

1.8.1 Fabrication of basic nanofibrous materials via electrospinning 

The process of electrospinning was described by Charles Vernon Boys in 1897 (117)  

and the first patents appeared in 1900. The original protocols were perfected and nowadays 

electrospinning is a suitable technology for mass production of nanofabrics. 

Electrospinning is a method utilizing electric charge to create threads from liquid polymers  

or polymer solutions. The liquid polymer or solution is drawn from one electrode to the other 

as a jetstream and the solvent is evaporated from the material before it reaches the other 

electrode (Figure 7).  
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Figure 7: scheme of a basic apparatus for electrospinning 

 

New types of fabrication apparatus use the technique of needleless electrospinning 

(NanospiderTM 1WS500U electrospinning device, Elmarco, Czech Republic) that allow 

production in larger volumes (121). The final products in these cases are planar materials. The 

process can be adjusted by changing the character and concentrations of solvent and dissolved 

material, changing the electric charge or changing the distance from the pump to the collector 

(122). The range of source materials is enormous.  

1.8.2 Drug delivery systems 

Nanofibrous materials have been found useful for drug delivery systems, mainly for their high 

surface-to-volume ratio. There are many ways drugs can be incorporated into the materials 

and many ways to influence the release profile. Nanofibrous materials are also interesting  

for the possibility of triggered drug release, when active molecules are only released  

after specific stimuli (so called intelligent biomaterials).  

 

• Fabrication from blended solutions via electrospinning: Drugs are dissolved together  

with the materials used for electrospinning in the solution used for fabrication (123).  

The process is however suitable only for some drugs and materials. The drugs must be 

dissolved in the same solvent as the fabrication material. The first condition is for the drugs 
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to be soluble in the specific solvent in sufficient concentrations and the second condition 

is for the drug to be stable enough throughout the whole process. Both hydrophobic  

and hydrophilic drugs, and also proteins or DNA for example, can be encapsulated  

into the electrospun fibers (124). It is a very convenient and technically easy method.  

The drug release is then achieved by biodegradation of the product, the speed  

of the process and therefore concentration of the released drug can be controlled  

by the qualities of the nanofibrous material (type of basic compound and its 

biodegradability, thickness and porosity of the produced nanofabrics, concentration  

of the drug, application site of the material) (125). Some drugs can also be used as the base 

substance for fabrication of such nanomaterials.  

 

• Surface modification of nanofabrics: In this approach, the nanofibrous materials are 

produced first without the drug, which is loaded onto the product later on. There are many 

ways to do so. The drug can be only physically adsorbed on the surface of the fibers  

or covalently bound. Physical adsorption usually leads to fast release after application, 

while covalently bound molecules can have various release dynamics. If none of the two is 

suitable, alternative procedures can be chosen. Blending can be employed with different 

solvent or polymer then the basic nanofibrous material. The polymers are chosen  

to optimize the stability of the drug and its release process, the final solution can be applied 

to the surface of the premade drug-free nanofabric. The ways of application of such 

material are countless. For example, a second layer of nanofabric can be applied, or other 

methods like electrospraying can be employed (124).  

 

• Coaxial electrospinning: Coaxial electrospinning is a modification of electrospinning that 

enables production of fibers with different core and shell composition. The active 

molecules can be incorporated either to the solution used for core fabrication  

or to the solution used for fabrication of the shell, depending on desired release profile,  

or a drug can be used for each (124,126). This variety brings in new possibilities  

for triggered drug release when the active substance is released after a specific stimulus, 
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like change of pH. The coaxial electrospinning is more technically challenging as there are 

two (or more) jets simultaneously producing the fiber as an inner and outer stream  

(Figure 8).  

 

 

Figure 8: Co-axial electrospun fibers;  
A) Co-axial fiber from two polymers; transverse cut (Left) and longitudinal cut (Right); 
B) Co-axial fiber from three polymers, transverse cut (Left) and longitudinal cut (Right) 

 

1.8.3 Nanofabrics for wound healing support 

A positive effect on the wound healing process has been documented for different versions  

of nanomaterials in different experimental models of skin healing, bone healing and others.  

The effect is thought to be mediated by their structural properties as well as their composition 

(127). Reddy et al. state in their review that porosity and structural similarity of nanofibrous 

materials to actual extracellular matrix is advantageous for successful healing process (128). 

In normal conditions, the extracellular matrix serves as a scaffold for cells, allowing them  

to differentiate, grow, and multiply properly. These functions are provided by spatial, 

mechanical, structural and biochemical properties of the extracellular matrix. It is clear that 

the extracellular matrix has a complex multifactorial role in tissue regeneration, which is 

probably location specific. These functions will be difficult to mimic by bioengineered scaffolds 
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in full scale, but even current products show very promising results and can even demonstrate 

new properties that the extracellular matrix cannot provide (like antibacterial attributes, 

intelligent drug release etc.) (129). The studied materials can be divided into several groups. 

 

• Natural polymers: natural polymers include collagen, gelatin, silk, hyaluronic acid and its 

derivatives, cellulose, chitin, and others. Collagen-based electrospun scaffolds showed 

excellent results and proved very effective in wound healing support (129). For example, 

Rho et al. published results of their collagen nanofibrous matrices that proved effective  

as wound-healing accelerators in early-stage wound healing in vitro simulation (130).  

In vivo experimental studies of various collagenous nanomaterials showed good results  

as well (129). Even though collagen has some excellent properties like high 

biocompatibility, compatibility with synthetic polymers, biodegradability etc., production 

of collagenous electrospun scaffolds is relatively expensive, it has relatively high  

batch-to-batch variability, and the scaffolds have tendency to swell after implantation 

(131) (Table 3).  

Table 3: Pros and cons of collagen based electrospun scaffolds (131) 

Pros Cons 

Highly biocompatible, non-antigenic, non-toxic Expensive 

Biodegradable, and possibility to regulate 

biodegradability via cross-linking 

High batch-to-batch variation 

Compatibility with synthetic polymers Tendency to swell 

Easily modifiable Poor mechanical properties, low tensile strength 

Promotes blood coagulation  

Easily available material  
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• Synthetic polymers: The group of synthetic polymers offers a large variety materials 

suitable for electrospinning. The list of studied and tested materials is enormous.  

The following substances belong among the most studied ones: Polyvinyl-alcohol 

(PVA), Polycaprolactone (PCL), and Polylactic acid (PLA) and its derivatives etc.  

PVA is a non-biodegradable polymer with excellent mechanical properties (132)  

and a possibility of regulated drug release (133). It is traditionally used for wound 

dressings where it has good results in wound healing studies, however  

as a non-degradable material it is suitable only for external application.  

PCL is biodegradable polymer with high biocompatibility. It is therefore widely used 

in biomedical research. It served as a base material for nanofibrous scaffolds in many 

studies either alone or in composite scaffolds or scaffolds with regulated drug 

release. Both in vitro and in vivo studies suggest excellent adjustable mechanical 

properties, biocompatibility and tissue growth support (134–136). The advantage  

of synthetic polymers is their high modifiability, which provides the possibility  

to engineer materials with perfectly defined properties for each kind of application. 
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2 Experiment A  

(Polycaprolactone and polylactic acid-polycaprolactone copolymer 

nanofibrous patches for anastomotic healing support, model of 

anastomosis on the small intestine of a pig) 

2.1 Aims and hypotheses A 

Aim 1: To create planar versions of nanofibrous material made of different polymers 

Aim 2: To apply the planar materials on the anastomosis on the small intestine 

Aim 3: To create a scoring system to quantitatively assess adhesions in the site of 

anastomosis on the gastrointestinal tract 

 

Hypothesis 1: Polycaprolactone nanofibrous patches decrease formation of peritoneal 

adhesions in the site of anastomosis 

Hypothesis 2: Polylactic acid-polycaprolactone copolymer nanofibrous patches decrease 

formation of peritoneal adhesions in the site of anastomosis.  

Hypothesis 3: Polycaprolactone nanofibrous patches decrease the risk of anastomotic 

leakage. 

Hypothesis 4: Polylactic acid-polycaprolactone copolymer nanofibrous patches decrease the 

risk of anastomotic leakage. 
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2.2 Methods A 

2.2.1 Methodological background 

We decided to study nanofibrous patches created form polycaprolactone and copolymer  

of polycaprolactone and polylactic acid. Their known biocompatibility and spinnability were 

the reasons to choose these substances. Previous studies already suggested pro-healing 

properties of similar materials. We intended to test the materials in vivo in an experiment after 

obtaining promising results in vitro on cell cultures. The reason to choose pigs as experimental 

animals was for their similar anatomy, physiology and possibility to use the same surgical 

techniques as in clinical human surgery. In order to study tolerance of the material, its behavior 

in the abdominal cavity and its effect on formation of peritoneal adhesions without other 

contributing factors (anastomotic, leakage, peritonitis, wound infections) we decided to create 

a model of non-complicated anastomotic healing on the small intestine. We also decided  

to construct three anastomoses per one animal to adhere to 3R rules for animal experiments 

(replacement, reduction, refinement).  

2.2.2 Fabrication of patches 

Nanomaterials for our experiment were fabricated via electrospinning on the NanospiderTM 

machine, which is a construct of Technical University of Liberec, Faculty of Textile Engineering, 

Department of Nonwovens and Nanofibrous Materials, Czech Republic.  

We used two types of biocompatible polymers: PCL and PLCL.  PCL (mean weight=43000 g/mol, 

Polysciences, Germany) and PLCL (Purasorb PLC 7015, Corbion, Netherlands) were dissolved 

in chloroform, acetic acid and ethanol solution (8:1:1 volume fractions) to the final 

concentration of 16% and 10% respectively (concentrations allowing optimal electrospinning 

properties based on previous research (137). The solutions were electrospun onto a spun bond 

(nonwoven cloth underlay) for easy manipulation and application. The material has been 

sterilized using ethylene oxide at 37 °C (Anprolene, H.W.Andersen Product, Inc., North 



57 
 

Carolina, USA). This method has been tested before to prove its safety and frugality to the 

nanomaterial (137).  

2.2.3 Material characterization 

Scanning electron microscopy was employed to obtain images of the fibers; the pictures were 

analyzed as described in previous work of Horakova et al. (137). Materials were also tested  

in vitro for degradability and mechanical properties (137). 

2.2.4 Experimental design 

Healthy male and female Prestice black-pied pigs were randomly allocated to 3 groups using 

simple randomization (8 animals per each group): PCL group, PLCL group and a Control group 

with no material applied. Each animal was given a unique code. All animals were 12-14 weeks 

old weighing between 19-35 kg. Power analysis was performed to estimate the sample size 

(Attachment 1). 

2.2.5 Surgical procedure 

Prior to the surgery, the animals were weighed, and intramuscularly premedicated with  

10 mg/kg of ketamine (Narkamon, Spofa, Czech Republic), 5 mg/kg of azaperone (Stresnil, 

Jannssen Phramaceutica, Belgium) and 0,5 mg atropine (Atropin Biotika, Hoechst Biotika, 

Slovak Republic); general anesthesia was then induced and maintained by intravenous 

administration of propofol (1 % mixture 5-10 mg/kg/h Propofol, Fresenius Kabi, Norway). 

Fentanyl 1-2 μg/kg/h (Fentanyl Torrex, Chiesi cz, Czech Republic) was used for continuous 

analgesia. Augmentin 1.2 g as an antibiotic prophylaxis was administered intravenously 

(GlaxoSmithKline Slovakia, Slovak Republic). A ProPort Plastic Venous Access System with 

PolyFlow polyurethane catheter (Deltec, Smiths medical, USA) was implanted and introduced 

through one of the jugular veins. We entered the abdominal cavity via an upper middle 

laparotomy. Three end-to-end anastomoses were constructed on the small intestine in 70, 90 

and 110 cm aborally from the duodeno-jejunal junction. We transected the intestine using 
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monopolar coagulation and constructed a hand sutured anastomosis using Monosyn 4/0 

(Glycolide 72 %, Caprolactone 14 %, Trimethylencarbonate 14 %) double needled suture line 

(B-Braun, Germany), following a standard technique of extra-mucosal running suture  

(Figure 9A). A single piece of nanomaterial (2 × 5 cm) was placed in the area of the suture, 

covering the whole surface of the anastomosis (Figure 9B). No resection was performed.  

The intestine was then carefully reposed into the abdominal cavity. Wet swabs were used 

throughout the procedure for manipulation with the viscera. 

 

Figure 9: Reinforcing the end-to-end anastomosis on the small intestine in a pig model;  
a) end-to-end anastomosis before application of the material; b) the PCL nanomaterial 

applied to the site of anastomosis partially covering the mesentery 

 

2.2.6 Postoperative observation and sample collection 

The animals were monitored for three weeks by trained blinded caretakers. A fixed 

realimentation process was scheduled and the ability of the animals to feed according  

to the schedule was observed. Vomiting was considered as intolerance of the current food 

dosage. The activity of animals was also monitored. Blood samples were taken during  

the experiment at five time points: on day 0 before the application of the material 

(preoperative baseline sample), exactly two hours after the application of the nanomaterial, 

on day 7, on day 14, on day 21. Basic biochemical parameters were tracked in these samples 

(bilirubin, GGT, ALT, AST, ALP, albumin, urea, and creatinine) to see deviations in the animals’ 

metabolism. We weighed the animals at the end of the observation period, performed 
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laparotomy in full anesthesia again. We inspected the abdominal cavity for changes, PAs (listed 

organs involved in the adhesions), checked for the presence of free GI content (signs  

of anastomotic leakage), intestinal strictures, and intestinal diameter growth (signs of GI 

passage blockage). We acquired photodocumentation, collected samples of the intestine with 

anastomoses and fixed them into a 10% buffered formalin (cut in the mesenterial line  

and pinned onto a cork underlay). The second surgery as well as the macroscopic assessment 

and sample collection were performed by a blinded surgeon. We sacrificed the animals after 

the sample collection. 

2.2.7 Scoring of adhesions 

None of the quantitative systems of evaluation of PAs were useful for our experiment as we 

performed surgery only on a small part of the abdominal cavity and the systems usually score 

the whole abdomen. Thus, we created a new quantitative scoring system: Perianastomotic 

Adhesions Amount Score (PAAS) (Attachment 2). The specimens were collected carefully 

together with the surrounding tissue (depending on the level of adhesions), about 4 cm  

of the intestine was used for each one. The quality of adhesions was evaluated according  

to the Zühlke’s classification (72). The intestine was then ex vivo transected longitudinally  

on the mesenteric side, and pinned to a piece of cork. To evaluate the amount of PAs, we 

divided the area of the specimen into four equal quarters along the circumference  

of the intestine. Each segment was assigned zero to two points based on the level  

of adhesions: zero for no adhesions in the segment, one point for adhesions covering  

the segment partially and two points for adhesions in the whole length of the segment.  

This resulted in 0 to 8 points per anastomosis and 0 to 24 points for each animal. The polarity 

(oral and aboral part) of the intestine was respected in all measurements (Figure 10).  

Each sample was given random alphanumeric code for blinding during the histologic 

assessment.  



60 
 

 

Figure 10: Perianastomotic adhesions amount scoring system for the presence of peritoneal 
adhesions on the intestine with an anastomosis: The sample (specimen from the Control 

group) was divided into 4 segments; oral part of the intestine is in the upper side of the image 
while the aboral part is in the lower part of the image. The area of the suture (the 

anastomosis itself) is located underneath the horizontal line; scoring of this sample:  
S1) segment no. 1 scoring 2 points; S2) segment no. 2 scoring 0 points; S3) segment no. 3 

scoring 0 points; S4) segment no. 4 scoring 1 point 

 

2.2.8 Histology 

After fixing, we processed the samples by standard paraffin technique. We stained 4 µm thick 

sections by hematoxylin and eosin for comprehensive overview; Verhoeffʹs hematoxylin  

and green trichrome technique was used for staining connective tissues, and picrosirius red 

for visualization of collagen in polarized light. We used immunohistochemical methods  

for detection of vascular endothelium using Polyclonal Rabbit Anti-Human von Willebrand 

Factor (vWF) (A 0082, Dako – Agilent, dilution 1:1000); smooth muscles were detected  

by Monoclonal Mouse Anti-Human Smooth Muscle Actin (Clone 1A4, M0851, Dako – Agilent, 



61 
 

dilution 1:500); for detection of granulocytes and tissue macrophages we used S100A9 

Monoclonal Antibody (MAC387, MA1-80446, ThermoFisher Scientific, dilution 1:200). 

Microscopic images of IHC samples were stereologically assessed. We defined  

the reference space as the region of intestinal wall without mucosa located 3 mm proximally 

and 3 mm distally from the center of the anastomosis (contact of muscle layers); the region 

includes a suture line (Figure 11). We investigated samples qualitatively and quantitatively. 

 

Figure 11: Blue trichrome staining of intestinal tissue in the site of anastomosis, the red line 
goes through the center of anastomosis, the black line marks the area where  

the stereological measurements were performed 

 

Volume fractions of endothelial cells, of MAC387 positive cells and of collagen within  

the reference space were assessed by computerized software system (Stereologer, Stereology 

Resource Center). The microscope used was Nikon Eclipse Ti-U with, camera Promicra camera. 

2.2.9 Statistical analysis  

Standard frequency tables and descriptive statistics were used to characterize the sample data 

set. Adhesion scores were analyzed with respect to the group, quadrant and anastomosis 

position in the intestine (1st, 2nd, and 3rd) using repeated measures ANOVA, thus respecting 

the order and dependency of the three anastomoses sewn in each piglet. The same method 

was used to assess the differences between groups in collagen and von Willebrandt Factor 
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volume fractions. Volume fraction of MAC 387 was considerably affected by random presence 

of a stitch in some of the slides. Each piglet was therefore assigned one value  

for anastomoses with stitches (either the mean of all stitch-positive anastomoses, value  

of a single stitch-positive anastomosis or a missing value if no stitch-positive anastomoses 

were observed for that piglet) and one value for anastomoses with no stitches (defined 

analogically). Two-way main-effect ANOVA was then used to evaluate the differences  

in MAC827 in relation to group and stitch presence. All reported p values are two-tailed  

and the level of statistical significance was set at α = 0.05. Statistical processing and testing 

were performed using STATISTICA data analysis software system (Version 12; StatSoft, Inc, 

2013; www.statsoft.com). 

  

http://www.statsoft.com/
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2.3 Results A 

Two types of biodegradable nanomaterials for anastomosis fortification testing were prepared 

by electrospinning, the PCL based sheets (Figure 12A) and the PLCL sheets (Figure 12B). The 

material was electrospun on the spun bond underlay that facilitated easy manipulation while 

using this material during the surgical procedure.   

 

 

Figure 12: Scanning electron microscopy image of a) the PCL nanomaterial at 1000x  
magnification and b) the PLCL nanomaterial at 1000x magnification 

We successfully created a model of intestinal anastomosis on pig with use of PCL and 

PLCL nanofibrous scaffolds. Both types of material are easy to peel of the spun bond underlay, 

they can be then easily manipulated with. They adhere to the intestine and hold well  

on the intestinal wall, yet they can also be rearranged when needed. No further fixation  

of the materials was necessary. 

All animals survived the whole length of the experiment. None of the animals 

developed either ileus or sepsis. Two animals from the PCL group vomited single time,  

so the realimentation schedule was not respected in their case. It is worthy to note though 

they tolerated the feeding from then on. All animals from the Control group and the PLCL 
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group were able to feed according to the schedule, with daily stool and no signs  

of gastrointestinal passage blockage. The activity of the animals was not decreased in any  

of the groups throughout the postoperative observation. We did not notice any case  

of infection of intravenous port in the PCL group; one case of infection of the port appeared 

in the PLCL group, and two cases were in the Control group. We also noticed one laparotomy 

wound infection in one of the animals in the PLCL group in a form of an abscess.  

No intervention was needed. 

There were no significant differences in the observed biochemical parameters between 

the groups and no remarkable deviations from healthy animals (baseline blood sample). All 

animals managed to maintain their weight within the range of 5% of their preoperative weight.  

There were no signs of GI content leakage within the second surgery in any  

of the animals (free GI content, thick peritoneal fluid, fibrin films). All of the anastomoses could 

be found in the reoperation, the nanomaterial remained fixed, covering the suture line 

completely in all of them. It has been neither absorbed nor dislocated. All anastomoses were 

sufficient, no visible defects were found in any of them (Figure 13). PAs involving other organs 

than the small intestine were found in 3 animals from the Control group, in 5 animals from  

the PCL group and in 5 animals from the PLCL group. Most of these were adhesions of the left 

median liver lobe to the incision scar. The severity of PAs was largely variable within  

the groups. There was some amount of adhesions in almost all animals in the site  

of the surgery. Typically, the most adhesions were located within the area of the intestine we 

manipulated with, connecting the small intestine to the surrounding tissues, mostly only with 

the small intestine itself (Figure 14). The adhesions were relatively evenly spread within this 

area, not surrounding the intestinal circumference in the area of our material or suture line 

predominantly. The organs we did not manipulate with were usually adhesion-free.  

The perianastomotic adhesions were in all animals grade Zühlke 2 if present. The adhesions 

had to be separated by sharp dissection; no clear vascularization was macroscopically visible, 

though. Only one animal (from the PCL group) didn’t develop any perianastomotic adhesions, 

this was recognized as grade Zühlke 0. The least adhesions according to our scoring system 

were found in the Control group, ranging from 2 points to 11 per animal (46 points  
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for 8 animals in total), then 66 points for the group PLCL in total (4-11 points per animal)  

and 79 points for group PCL (0-16 points per animal) (Attachment 3). Statistical analysis 

showed these differences between groups as non-significant (p=0.715). The position  

of the anastomosis (first, second or third) also proved not to be a significant factor (p=0.490) 

for the amount of adhesions. The most important parameter showed to be the segment  

of anastomosis while the inner segments (2 and 3) did not show a lot of adhesions,  

the segments 1 and 4 tended to be heavily adhered (p˂0.001). 

 

 

Figure 13: Macroscopic findings in animals of different groups: a) Control group, two 
anastomoses adhered together, oral parts are marked with a blue suture; b) PCL group, all 

three anastomoses are visible, the material is clearly visible in the site of application;  
c) PLCL group, pointing at one of the anastomoses adhering to the colon 
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Figure 14: Anastomoses after 3 weeks: a) typical appearance of the small intestine on the 21st 
postoperative day (PCL group); most of the intestine seems intact with no adhesions,  

the segments involved in anastomoses are more or less in adhesions, the diameter  
of the intestine is larger in the proximal segments of the intestine; the material is clearly 

visible and not dislocated; b) severe adhesions in another animal from the PCL group;  
c) adhesion free intestine in a different animal from the PCL group 

 

Almost all animals exhibited some level of dilation of proximal segments of the small 

intestine; we observed it in all 8 animals in the PLCL group, in 7 animals in the PCL group,  

and also in 7 animals in the Control group (Table 4). Nevertheless, the difference between  

the groups was not statistically significant. 
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Table 4: Summary of the most important results for each group. *Each animal was assigned a 
score equal to the average of all segment scores in that animal (i.e. 24 segment scores per 
animal; result theoretically ranging from 0 to 2). Mean and Standard error of the mean 
(SEME) stated in the table were then calculated from these animal averages.  

Control 

Group 

(n = 8) 

PCL Group 

(n = 8) 

PLCL Group 

(n = 8) 

p-value 

between 

groups 

(test) 

Material fiber thickness - 325 ± 36 nm 2047 ± 585 nm - 

Material thickness - 49 ± 5 nm 53 ± 6 nm - 

Macroscopic signs of 

anastomotic stenosis (count; %) 

0; 0% 0; 0% 0; 0% - 

Macroscopic signs of 

anastomotic leakage (count; %) 

0; 0% 0; 0% 0; 0% - 

Mean PAAS score per segment 

(0–2) (mean ± SEME across 

pigs)* 

0.479 ± 0.086 0.823 ± 0.171 0.688 ± 0.070 0.715 

(repeated 

measures 

ANOVA) 

Incomplete re-epithelisation 

(count; %) 

0; 0% 0; 0% 0; 0% - 

Volume fraction of vWF positive 

cells [%] (mean ± SEME) 

2.22 ± 0.10 2.16 ± 0.16 2.38 ± 0.12 0.690 

(repeated 

measures 

ANOVA) 

Volume fraction of collagen 

fibers [%] (mean ± SEME) 

15.51 ± 2.10 15.67 ± 2.36 11.87 ± 1.91 0.740 

(repeated 

measures 

ANOVA) 

Volume fraction of MAC387 

positive cells [%]: 

-stitch not in sample  

(n: mean ± SEME) 

-stitch in sample  

(n: mean ± SEM) 

 

8: 0.38 ± 0.09 

7: 0.80 ± 0.23 

 

8: 0.46 ± 0.19 

5: 0.67 ± 0.16 

 

8: 0.21 ± 0.06 

6: 0.70 ± 0.27 

0.550 

(two-way 

ANOVA) 
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The material was washed out of the sections during the histological staining process.  

The presence of the material could be detected on the sections as an empty space surrounded 

by granulation tissue with a borderline of tissue permeated with empty spaces in the form  

of single fibers (Figure 15). We observed no morphological abnormalities in standard 

histological stainings (Figure 16), all physiological layers were present in all samples.  

Also the successful reepithelization was found in all samples.  

 

 

Figure 15: Histological section, PCL group, MAC387 staining: Detail of the marginal zone  
of the material applied, the empty spaces in the shape of the fibers (stereological grid) 
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Figure 16: Histological staining of explanted anastomoses: a) Green trichrome: Control group; 
b) Green trichrome: PCL group, the empty space on the site of application  

of the nanomaterial can be seen in the upper layer, surrounded by normal granulation tissue;  
c) Green trichrome: PLCL group, a much thinner empty area can be seen in the upper layer, 

also surrounded by normal granulation tissue; d) PSR staining, collagen fibres stained yellow, 
stereological mesh; e) vWF factor staining, the endothelial cells stained brown, stereology  

grid; f) MAC 387 staining stereology, positive cells stained blue, stereological grid;  
g) magnification of vWF staining stereology with a positive cross in the upper right corner. 
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The volume fraction of von Willebrand factor positive cells (endothelial cells) did not show 

statistically significant differences between the groups (p=0.690) (Figure 17 b), nor did  

the volume fractions of collagen (p=0.740) (Figure 17c) and neutrophiles with macrophages 

(p=0.550) (Figure 17d).  

The section areas containing suture material exhibited significantly higher level  

of inflammatory cells infiltration than the stitch free sections (p=0.001) (Figure 17e) 

(Attachment 4).  

 

Figure 17:  Statistical analysis of quantitative assessment of different parameters:  
a) The mean adhesion score for each group, the control group scored the lowest with no 

statistical significance; b) The volume fractions of vWF positively stained area for each groups 
showing the level of vascularisation, the three groups show the same quality of scar in this 

aspect; c) The volume fractions of collagen fibres for each group, the three groups show  
the same quality of scar in this aspect; d) The volume fractions of MAC387 positive area for 

each group, showing the inflammatory cells infiltration, the presence of a stitch in the section 
proves to be the only statistically significant factor, the three groups show the same quality  

of scar in this aspect as well 
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2.4 Discussion A 

To the best of our knowledge, we were the first to use the PCL and PLCL nanofibrous scaffolds 

in this kind of application. We successfully designed a study to determine whether the material 

can be used for this purpose. There have been experimental works focusing on utilization  

of different locoregional types of protection in the site of intestinal anastomosis (103,106,138–

143), yet no use of nanofibrous scaffolds has been described so far. 

We found the material to be very easy to handle and to apply onto the intestine.  

The fact that there is no need of further fixation to the viscera is very positive as the application 

form can be a limiting factor when it comes to translation into the clinical practice. The fibrin 

glue could be an example of material that unnecessarily prolongs the surgery time as it needs 

to dry for 10 minutes before the surgeon can reinsert the viscera into the abdominal cavity 

(142,144).  

We had no mortality in our study and also no major complications. There were also no 

clinical changes observed that would suggest development of sepsis or ileus, and the animals 

managed to maintain their weight; therefore we assume the material does not contribute  

to postoperative GI obstruction. Most patients develop an anastomotic leakage within the first 

2 weeks after the surgery (108,145), we covered three postoperative weeks of observation. 

Nordentoft experimented with fibrin coated collagen patches (TachoSil, fibrin sealant) 

in a pig model of intestinal anastomosis. Two anastomoses per animal were performed  

on the small intestine after a resection of 2 cm of the intestine. There were no significant 

differences between the experimental and the Control group in this study in terms  

of morbidity, mortality and sings of anastomotic leakage as well (138). In the second study  

the usage of the same material on a colonic anastomosis showed notable reduction  

of anastomotic leakage (146). However, when it comes to clinical use of this material, the fibrin 

glue does not seem to promote healing as the same authors stated in their review article 

including 28 studies, only 7 of which revealed a positive effect of the glue (147).  

Recently, a clinical study was designed to determine the effect of TachoSil patch in human 

patients (139). The study subjected the patients after resection surgery for colorectal cancer 
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to application of the patch over the constructed anastomosis on the large intestine, but was 

terminated after each of the first eight patients met with complications of different severity. 

The study concluded that the microbiome of the anastomosis is altered negatively by covering 

the anastomosis with any kind of material, but did not support this hypothesis with any data 

(139).  

According to macroscopic findings we can describe the anastomoses from our 

experiment as well healed. Moreover, we did not observe any morphological changes either 

in the surrounding tissues or in the whole abdominal cavity, and thus the material seems  

to be safe to use. The question of the degradation speed remains unanswered at this moment 

as the material used was always present in the place of application at the end  

of the experiment. This suggests the material does not have a tendency to slip away but it is 

also not absorbed as fast as expected. For example a complete reabsorption of the fibrin glue 

has been described after variable periods ranging from 7 to 20 days (142). 

We used the very new Perianastomotic adhesions amount score we developed, which 

accurately describes the quantity of adhesions in the site of an anastomosis on a circular 

hollow viscus. Some of the systems used in clinical practice consider also the quality  

of the adhesions, however they evaluate the whole abdominal cavity (68,72). We did not aim 

to evaluate the quality macroscopically and mechanically as we assessed the tissue 

histologically. 

The differences in the amount of PAs between the groups were not significant, which 

can be due to a small size of our experimental groups. The absolute numbers suggest  

the material increases the amount of PAs in itsʹ surroundings. This can be caused by easy 

infiltration  

of the material by peritoneal fibroblasts from both sides of the material because of its 

structure similar to extracellular matrix as Srouji described earlier (148). There was also certain 

amount of adhesions involving different organs than the small intestine, but there was no 

clinical manifestation associated with those that we know about.  

The amount of postoperative adhesions in the peritoneal cavity has been successfully 

decreased both experimentally and clinically using different substances, usually in a form  
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of gel. Hyaluronic acid based gels or also polycaprolactone based gels can serve as examples 

(69,149–151); however, the influence of such materials on the anastomotic healing has not 

been described and therefore cannot be considered safe in our application. 

A very important factor for the formation of adhesions is the material the viscera are 

manipulated with. Dry swabs damage the peritoneum, cause inflammation and, consequently, 

adhesion formation (75). We used wet swabs throughout our experiment. The formation  

of adhesions should be finished by the end of the three week observation period (although 

their characteristic may change during the time after this period and the problems they cause 

can appear much later (34). To evaluate the clinical impact of all the adhesions formed a longer 

observation period would be needed. 

Even though the materials were dissolved during the process of histological staining, 

the area of application was clearly visible under a microscope as a tissue-free layer.  

We followed a standard system of assessment of the healing of an intestinal anastomosis 

described in different studies (141). No morphological or any other statistically significant 

differences were found between the groups using this system. We value this result as positive 

since we assume that the healing process was not affected in a negative way and that  

the resulting scar is of the same quality as a physiologically healed one. The system does not 

evaluate peritoneal adhesions formation, though. As the peritoneal adhesions are certainly  

a source of many possible complications, their evaluation should be part of an anastomotic 

healing assessment.  

A positive clinical effect could be more pronounced in different experimental settings. 

Fibrin glue, for example, has been tested in an animal model of complicated colonic 

anastomosis (severe blood loss, peritonitis), where it showed a positive effect in terms  

of decreasing morbidity and mortality in the period of 10 postoperative days.  

The histological assessment of the scar tissue however showed no significant differences 

between the Control group and the Experimental group on 10th postoperative day measuring 

also volume fractions of collagen fibers, vWF positive cells and inflammatory reaction (152) 

(similarly to our results). 
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A baseline biopsy has not been taken as no intestine was resected. It can be considered 

a certain limitation of this study. No clinical nor laboratory signs of any pathologies were, 

however, evident in our animals and no signs of pathologies were found in the final histological 

specimens either. 

Biocompatibility of the materials used in our study was demonstrated by the presence  

of the granulation tissue of normal quality (according to all measured qualities) surrounding 

and invading the material. The level of biodegradation was not to be measured quantitatively 

as the degradation process of these nanomaterials was described in previous work (137). 

All laboratory findings were within the physiological range, which suggests that  

the material does not cause any systemic disturbances. This was expected because  

the polymers used for the fabrication of the materials have been in use in clinical medicine  

for many years. For more discriminating results a study on a complicated anastomosis should 

be performed as shown in the works of Tebala et al. (153), Zilling et al. (144) and Adas et al. 

(154). 

 

  



75 
 

2.5 Conclusion A 

We successfully demonstrated that the use of the PCL and PLCL nanofibrous scaffolds  

in an attempt to fortify an anastomosis on the GI tract is safe. The scaffolds did not influence 

the amount and quality of scar tissue in the site of anastomosis, and at the same time they did 

not cause any other kind of complication during our study. They seem to slightly raise the level 

of adhesions in the site of application, which corresponds to the statement that they promote 

healing. To be able to assess the adhesion level, we developed and used a novel scoring 

technique. The material appears to us as a practical and versatile supporting material potential 

of which can be further enhanced for example by adding substances supporting healing like 

growth factors, antibiotics etc. 

The large variability of settings of the fabrication process allows further changes  

of the material properties. For the potentially pro-healing qualities of the material either  

the PCL or PLCL will be further studied by our team and used as an inner layer of a new double 

layered patch with an antiadhesive external layer. 
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3 Experiment B 

(Polyvinyl alcohol-polycaprolactone double layered nanofibrous 

patches for prevention of anastomotic leakage and formation  

of extensive peritoneal adhesions in model of defective anastomosis  

on the small intestine of a pig) 

3.1 Aims and hypotheses B 

Aim 1: To create composite double-layer planar versions of nanofibrous material made  

Aim 2: To apply the composite double-layer planar materials on a defective anastomosis  

on the small intestine 

Aim 3: To create a scoring system for the level of integrity of the intestinal wall in the site  

of anastomosis on the gastrointestinal tract 

 

Hypothesis 1: The PCL/PVA1 patch decreases extensive adhesions formation in the site of 

anastomosis 

Hypothesis 2: The PCL/PVA2 patch decreases extensive adhesions formation in the site of 

anastomosis 

Hypothesis 3: Application of the PCL/PVA1 patch to an intestinal defective anastomoses 

results in higher intestinal wall integrity 

Hypothesis 4: Application of the PCL/PVA2 patch to an intestinal defective anastomoses 

results in higher intestinal wall integrity 
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3.2 Methods B 

3.2.1 Methodological background 

As the results of the previous phase of our research suggested that the polycaprolactone 

nanofibrous patches do not negatively alter the healing process of normal intestinal 

anastomoses, we intended to study similar materials further. Our general idea was to create 

a special patch with different properties of outer and inner layer. While the inner layer should 

support the healing process and serve as a cellular scaffold, the outer layer should prevent 

formation of peritoneal adhesions in the site of anastomosis. A barrier strategy is one  

of the most successful in prevention of formation of peritoneal adhesions in currently used 

products. Our idea was to reach low tendency to adhere to surrounding tissues by creating  

a hydrophobic surface on the outer layer. This strategy was successful for example  

in hydrophobic meshes for abdominal wall repair (155). Polyvinyl alcohol is a well-tolerated 

biocompatible biodegradable polymer (as written in chapter 1.6.). It was clear from our pilot 

test, that it would be an ideal polymer for fabrication of hydrophobic material.  

The type of model limited the results of the experiment A, the intestinal healing was 

perfect in all anastomoses and we were not able to distinguish a positive effect on the healing 

process or prevention of anastomotic leakage if existing. Therefore, another goal of the second 

phase of our project was to study the impact of our materials in terrain of defective 

anastomotic healing. We created a model with small defect in the anastomotic suture that 

would be recognizable by the following histological assessment yet small enough to make  

the model clinically relevant. 

3.2.2 Development of materials 

Double-layered PCL/PVA nanofibrous patches were prepared in two variants differing  

in the degree of hydrolysis of the PVA component. The solution of PVA with high degree  

of hydrolysis (PVA1) was prepared by diluting the commercially available solution of 16% PVA 

Mowiol  (Mw 125.000 g/mol, 98.0–98.8% hydrolysis, Sigma Aldrich, St. Louis, MO, USA)  
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in ethanol (Penta Chemicals, Prague, Czech Republic) and deionized water (1:4 volume 

fractions) in a final concentration of 10% w/w. PVA Mowiol (Mw 130.000 g/mol, 88% 

hydrolysis, Merck, Germany) was used to prepare aqueous solution of the PVA with low degree 

of hydrolysis (PVA2) in a final concentration of 12% w/w. Polymeric granulate of PCL (Mw 

43.000 g/mol, Polysciences, Germany) was dissolved in chloroform, acetic acid and ethanol 

solution (8:1:1 volume fractions) in a concentration of 16% w/w.  

The double-layered nanofibrous mats were prepared using the needleless 

electrospinning device NanospiderTM 1WS500U (Elmarco, Czech Republic) by the method  

of sequential electrospinning. Firstly, the hydrophilic layer of PVA1 or PVA2 was created.  

The PCL fibers were then deposited directly on the previously electrospun PVA1/PVA2 layer. 

Scanning electron microscopy (PHENOMTM, Fei Company, Oregon, USA) was employed  

to evaluate the structure of the materials. We followed the same protocols as described  

in Experiment A.  

3.2.3 Experimental design 

We randomly allocated 24 healthy male and female Prestice black-pied pigs into 3 groups,  

8 animals each. A defective anastomosis on the small intestine was constructed in all animals. 

Animals in experimental groups PCL/PVA1 and PCL/PVA2 received one of the two types  

of reinforcing material (respecting the group) and the animals in the Control group remained 

with uncovered anastomotic defect. The animals were observed for 21 days. Sample 

collection, macroscopic and histologic assessments followed. Power analysis was performed 

to estimate the sample size (Attachment 5). 

3.2.4 Surgical procedure 

The animals were weighed prior to the surgery. Anesthesia was induced and maintained  

in the similar way as in the Experiment A including antibiotic prophylaxis.  

A ProPort Plastic Venous Access System with PolyFlow polyurethane catheter (Deltec, 

Smiths Medical, Minnesota, USA) was implanted and introduced through one of the jugular 

veins as the first surgical procedure. The abdominal cavity was then approached via an upper 
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middle laparotomy. The small intestine was transected 70 cm from the duodenojejunal 

junction. All swabs used during the surgery were wet in order to prevent extensive formation 

of peritoneal adhesions. A hand-sutured end-to-end anastomosis was constructed with 

Monosyn 4/0 (Glycolide 72%, Caprolactone 14%, Trimethylencarbonate 14%) monophilament 

suture line (B-Braun, Germany) using seromuscular extramucosal running suture. An artificial 

defect on the antimesenteric side of the anastomosis with a standard diameter of 0.75 cm was 

created using a draining tube (Figure 18). The initial knot was always placed on the mesenteric 

side while the closing knot was placed about one quarter of the intestinal circumference  

from it. The position of the defect was marked with a single non-absorbable stitch placed  

orally to the anastomosis. A sheet of PCL/PVA1 or PCL/PVA2 material was placed  

onto the anastomosis and positioned to adhere to the intestinal wall and to cover the whole 

anastomosis with the defect (the hydrophilic PVA side facing the intestine) (Figure 19).  

The viscera were placed back to the abdominal cavity and the abdominal wall was 

reconstructed. All surgical procedures were performed by the same surgeon. 

 

Figure 18: An intestinal anastomosis with a defect on the antimesenterial part (I.) 
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The animals were observed for three weeks following the surgery and fed according  

to pre-defined re-alimentation scheme. Their ability to feed according to the schedule was 

recorded alongside any clinical changes, signs of GI obstruction, abdominal diameter 

enlargement, stool frequency, vomiting, and body temperature elevation.  

 

 

Figure 19: A defective intestinal anastomosis covered with a nanofibrous patch 

 

3.2.5 Follow-up 

Blood samples were taken during the experiment at five time points: on day 0 before  

the application of the material, exactly two h after the application of the nanomaterial,  

on the 7th POD, on the 14th POD, on the 21st POD. Basic biochemical parameters were tracked 

in these samples (bilirubin, GGT, ALT, AST, ALP, albumin, urea, and creatinine) to observe 

deviations in the animals’ metabolism. The weight of the animals was also measured in defined 
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time points: preoperatively at the beginning of the experiment, on the 3rd, 7th, 14th,  

and 21st POD. 

After the observation period, the following exploration and sample collection surgery 

was performed under general anesthesia. The abdominal cavity was searched for signs  

of any complications, intestinal matter, the GI tract checked for signs of obstruction (intestinal 

wall thickening, intestinal diameter enlargement, intestinal adhesions causing convolutes  

and sharp bents of the intestine, strictures of the intestine in any location and strictures  

of the anastomosis itself). Organs involved in adhesions in the rest of the abdominal cavity 

were also noted. Afterwards, the specimen of the anastomosed intestine was collected 

including the surrounding adhered tissues; photodocumentation was acquired. The animals 

were sacrificed after sample collection. 

The collected intestine was transected longitudinally on the mesenteric side, pinned 

onto a cork underlay and the adhesions present on the site of the anastomosis were scored 

using the Perianastomotic adhesions amount score developed for the Experiment A.  

PAAS allows for the quantification of the extent of adhesions at the anastomotic 

circumference (156). The specimens were then fixed in 10% buffered formalin after collection.  

3.2.6 Histology 

Five 5 mm thick strips of tissue were cut from each specimen perpendicular to the line  

of the anastomosis. All specimens were processed by standard paraffin technique. Four µm 

thick sections were stained by hematoxylin and eosin for comprehensive overview.  

These samples were investigated both qualitatively and semiquantitatively.  

A semiquantitative scoring system has been designed to evaluate the integrity of the intestinal 

wall at the site of the anastomotic defect. Each layer was assessed separately using defined 

parameters. Each layer was assigned a score ranging from 0 to 0.25 and the scores of all four 

layers were then summed. The resulting sum (anastomosis integrity score) represents  

a measure of the deterioration of intestinal wall integrity ranging from 0 (fully defective 

healing) to 1 (perfect healing) (Table 5). A full-thickness defect in the intestinal wall  

of the specimen was considered a proof of microscopic anastomotic leakage. 
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Table 5: IWIS system for histological anastomotic specimens 

Layer Points Finding 

Mucosa 1/4 Completely re-epithelized 

0/4 Incompletely re-epithelized 

Submucosa 1/4 Completely healed 

0/4 Purulent infiltration, necrosis 

Muscularis* 3/12 Without distance (≤ 0,09 mm) 

2/12 Distance from 0,1 to 1,99 mm 

1/12 Distance from 2 to 3,99 mm 

0/12 Distance over 4 mm 

Serosa 3/12 Without purulent infiltration and necrosis 

2/12 Purulent infiltration and/or necrosis from the muscular layer to area of 

nanomaterial** 

1/12 Purulent infiltration and/or necrosis from the area of nanomaterial to the 

peritoneum ** 

0/12 Purulent infiltration and/or necrosis passes to the peritoneum 

*Distance between the two anastomosed muscle layers 
**Samples without nanomaterial were scored: score 3/12 for no purulent infiltration  
and necrosis, score 2/12 purulent infiltration and/or necrosis from muscular layer to half 
thickness of the serosa, score 1/12 for purulent infiltration and/or necrosis from half thickness  
of the serosa to the peritoneum and score 0/12 for purulent infiltration or necrosis in full 
thickness 

The blocks with the highest semiquantitative score were analyzed quantitatively.  

Five µm sections were stained using picrosirius red (PSR) for the assessment of the amount  

of collagen. Vascularization and inflammatory infiltration in the specimens were visualized  

by immunohistochemical methods. We followed the standardized protocol described in our 

previous study (156) (Experiment A). 

3.2.7 Statistical analysis 

Common descriptive statistics and frequencies were used to characterize the sample data set. 

Due to their non-normal distributions, the PAAS values, anastomosis deficiency scores,  

and histologically determined volume fractions were analyzed using Kruskal-Wallis ANOVA 

with respect to group. In case of a significant overall finding, differences between individual 

group pairs were assessed post-hoc using multiple comparisons of mean ranks according  

to Siegel and Castellan (157), including a Bonferroni adjustment for multiple testing.  
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All reported p values are two-tailed and the level of statistical significance was set at α = 0.05. 

Statistical processing and testing were performed using STATISTICA data analysis software 

system (Version 12; StatSoft, Inc, 2013).  
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3.3 Results B 

Material properties: Two composite nanofibrous materials were created with mean fiber 

thicknesses 550 nm/344 nm for PCL/PVA 1 and 652 nm/344 nm for PCL/PVA 2 (Figure 20). 

Both materials were very easy to peel the spunbond underlay and to apply onto the intestinal 

surface. The level of their adherence to the tissue was sufficient to leave the materials 

attached without any further fixation. 

 

 

Figure 20: Scanning electron microscopy images of the two prepared materials;  
a) PCL/PVA 1 material; b) PCL/PVA 2 material 

 

All animals survived through the whole experiment. Re-alimentation was 

unproblematic in only two animals from the Control group while all of the animals from  

the PCL/PVA1 and PCL/PVA2 groups were able to feed according to the schedule with no 

obstacles. Two animals from the Control group vomited once (on 5th POD and 11th POD). 

Weight gain was achieved by 3 animals in the PCL/PVA1 group and 6 animals  

in the PCL/PVA2 group (Table 6). Most of the animals did pass stool daily, no animal developed 

gastrointestinal obstruction. No signs of sepsis or peritonitis were encountered (fevers, activity 

decrease, abdominal wall tenderness). 
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Table 6: Number of animals with weight gain and weight loss per group 

Group No. of animals having 
gained weight (3% 

tolerance) 

No. of animals having 
lost weight (3% 

tolerance) 

Control group (n=8) 1 5 

PCL/PVA1 group (n=8) 3 4 

PCL/PVA2 group (n=8) 6 1 

 

There were no significant deviations from physiological parameters or statistically 

significant differences between the groups in any of the monitored parameters. 

Only minor complications occurred throughout the experiment as there was no animal 

developing sepsis or signs of complete gastrointestinal obstruction in the whole experiment. 

There were two cases of infectious complications in the Control group (25%). One animal 

developed an abscess in the laparotomy wound without dehiscence and one animal developed 

infection in the tissues surrounding the central venous catheter. One of the animals  

in the Control group presented with abdominal diameter enlargement starting on the 17th 

POD and lasting for 3 days, but with no additional clinical signs, no vomiting, and no defecation 

problems. One animal from the PCL/PVA1 group (12.5%) developed an abscess  

in the laparotomy wound, no other complications were found in the group. One animal from 

the PCL/PVA2 group (12.5%) developed a small abscess in the laparotomy wound and another 

animal from the group showed a mild palpable rash on the abdominal wall from the 14th POD 

on. We observed no decrease in activity in any of the animals during the observation period.  

All of the anastomoses in both experimental groups and the Control group were free  

of macroscopically visible defects on the 21st POD. There were no signs of anastomotic leak 

(no intraperitoneal intestinal matter, no intraperitoneal puss, no abscesses, no visible signs  

of peritonitis), nor signs of complete intestinal obstruction. However, some level of intestinal 

wall thickening was visible in the oral parts of the intestine in 2 animals from the Control group 

(25%), in 6 from the PCL/PVA1 group (75%) and in 5 animals from the PCL/PVA2 group (62.5%). 
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One animal from the PCL/PVA1 group showed a partial stenosis of the anastomosis reducing 

the intestinal diameter by less than one third (Table 7).  

 

Table 7: Numbers of animals with different macroscopic findings. Proximal intestinal wall 
thickening value is given in numbers of positive animals. Partial anastomotic stenosis value is 
given in numbers of positive animals. Convolute value is also given by numbers of positive 
animals 

Group Proximal 

intestinal 

wall 

thickening  

Partial 

anastomotic 

stenosis 

Mean PAAS  PAAS range  Convolute  

Control 

group (n=8) 

2 0 2.63 0–5 3 

PCL/PVA1 

group (n = 8) 

6 1 2.88 0–6 5 

PCL/PVA2 

group (n=8) 

5 0 4.88 3–7 7 

 

Small amount of clear peritoneal fluid was present in almost all animals in volumes 

smaller than 100ml. The nanomaterial remained fully attached at the place of application until 

extraction in 5 of 8 (62.5%) animals from the PCL/PVA1 group while it was partially dislocated 

in the remaining 3 (37.5%); it always remained covering the place of the defect though.  

The material was partially dislocated only in 1 of 8 animals (12.5%) in the PCL/PVA2group,  

also still covering the place of the defect. 

We found a number of adhesions in the area of surgery in all animals except for one 

animal from the Control group (12.5%) and two animals from the CPL/PVA1 group (25%).  

The highest perianastomotic adhesions amount score (PAAS) was recorded in the PCL/PVA2 

group with a mean PAAS of 4.88 points (3 to 7 points per animal), followed by the PCL/PVA1 

group with a mean PAAS of 2.88 (0 to 6 points per animal) and by the Control group with  
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a mean PAAS of 2.63 points (0 to 5 points per animal) (Attachment 6). The adhesions were 

present not only at the location of the anastomosis itself, but usually also in its vicinity,  

both oral and aboral. An intestinal convolute (more than two segments of intestine adhered 

together) was present in 3 animals in the Control group (37.5%), in 5 animals from  

the PCL/PVA1 group (62.5%) and in 7 animals in the PCL/PVA2 group (87.5%) (Figure 21). 

 

 

Figure 21: Examples of intraoperative findings, the forceps points to the anastomosis in all  
of the specimens; a) animal from Control group, well healed anastomosis, no defect is visible; 

b) animal from PCL/PVA1 group, the material is visible, a string of omental adhesion is 
attached to the anastomosis, no defect is visible; c) animal from PCL/PVA2 group, multiple 
adhesions of the anastomosed intestine, material is visible under a layer of peritoneum and 

peritoneal adhesions 
 

No signs of full-thickness defects were visible in the comprehensive histologic 

assessment of the specimens. We observed complete re-epithelialization in the site of the 

anastomosis in 6 animals from the Control group, yet in no animal from the PCL/PVA1 group 

and in only one of the animals from the PCL/PVA2 group (Figure 22).  
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Figure 22: Specimens in blue–trichrome-stained comprehensive histological slides;  
a) example from the Control group; b) example from the PCL/PVA1 group;  

c) example from the PCL/PVA2 group 
 

Anastomoses in the experimental groups showed significantly lower intestinal wall 

integrity according to our histologic evaluation system (Figure 23A)(Attachment 7). 

The volume fraction of inflammatory cells (granulocytes, macrophages) in the tissue 

surrounding the anastomoses was highest in the PCL/PVA1 group, being significantly higher 

than in the Control group (p=0.0097) (Figure 23D). The volume fraction of inflammatory cells 

in the PCL/PVA2 group did not differ significantly from either the Control group  

or the PCL/PVA1 group (Figure23 D). Volume fractions of both endothelial cells (p=0.7063)  

and collagen fibers (p=0.6094) in the area of the anastomoses showed no significant 

differences between the groups (Figure 23B, Figure 23C) (Attachment 8). The applied 

nanomaterial was dissolved during the histological staining; however, the place of its 

application was visible in the histological slides. The two layers of PCL/PVA1 got separated 

during the follow-up period in all of the specimens (Figure 24).  
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Figure 23: Results of histological evaluation in box plot graphs;  
a) Anastomosis deficiency score; b) comparison of collagen fibers volume fractions;  

c) comparison of vWF positive cells volume fractions; d) comparison of MAC387 positive cells 
volume fractions 
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Figure 24: Washed out material imprint; A PCL/PVA1 specimen in blue trichrome staining,  
the two separated layers of the material are marked 
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3.4 Discussion B 

The experiment successfully and thoroughly investigated basic features of the PCL/PVA1  

and PCL/PVA2 microfibrous double-layered materials in relation to healing of a technically 

defective anastomosis on the small intestine of a pig. We adjusted the model of defective 

anastomosis designed by Testini et al. (104), where anastomotic leakage was reached  

by creating a 2.5 cm large defect. We, however, created rather smaller defects, which we 

consider to be more clinically relevant. 

Polyvinyl alcohol and polycaprolactone are well-explored polymers known for their 

biocompatibility and biodegradability. They are routinely used as biodegradable surgical 

materials with no known adverse effects (158,159). Both presented materials were easy to use 

and their application did not require any further fixation, which is a valuable aspect not 

achieved by many other supporting materials (112,160). 

There were no major complications and the animals from the experimental groups 

showed better postoperative weight gain. According to these observations, we conclude that 

the materials had no adverse effects on the clinical condition of the animals. It is hard  

to determine to what extent the rash in the one animal from the PCL/PVA2 group was 

associated with the application of the material (161,162).  

It remains unclear whether the materials influence the risk of AL. The material 

remained at the application site covering the defect in all cases, however, it is questionable 

whether it could keep the intestinal mass contained underneath and thus prevent  

the manifestation of AL. A model of defective anastomosis on the large intestine would 

possibly bring more distinct results (112), however, we intended to test the material first  

in a model without bacterial contamination for easier assessment of the results. The number 

of bacteria in the small intestine is minimal compared to the large intestine (163,164).  

We consider both materials pro-adhesive according to the obvious macroscopic 

findings and our scoring system (PAAS). We did not observe any clinical impact of the formed 

peritoneal adhesions. However, the manifestation of clinical problems due to PAs is not  

time-limited to the postoperative period, the 3-week observation is insufficient for definite 
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conclusions. A possible combination with other anti-adhesives is an option worthy of further 

exploration as the data regarding the safety of their use in gastrointestinal surgery is limited 

(165). In our study, the material of the outer layer was chosen for its hydrophobicity,  

which we considered a key factor for adhesion prevention as it has been presumed that  

the formation of peritoneal adhesions is determined by the level of contact of the two 

adhering surfaces (166). The materials developed by our team were tested for hydrophobicity 

prior to this study, and the PVA nanomaterials were shown to be hydrophobic, yet the two 

materials proved pro-adhesive when tested in our experiment. 

We created and used a new system for the evaluation of intestinal wall integrity  

at the site of anastomosis on the gastrointestinal tract. It evaluates the integrity of each layer 

separately, thus making the evaluation of anastomotic healing more precise. In combination 

with stereological quantitative techniques such as PAAS and Zühlke’s grading, it forms 

probably the most complex evaluation system for anastomotic healing according  

to our literature searches. 

According to our intestinal wall integrity evaluation, the histological assessment 

suggests inferior healing quality when the material is applied. The PCL/PVA1 group showed 

higher inflammatory reaction, yet other parameters did not differ significantly  

from the Control group. The higher inflammatory infiltration could, however, suggest  

an ongoing healing process. Inflammation is a driving mechanism for cellular proliferation  

of peritoneal fibroblasts, smooth muscle cells and also intestinal epithelium (166–169).  

Results of the PCL/PVA2 group were not statistically different from those of the Control group 

in any of the three monitored aspects. No abnormal vascularization, no abnormal collagen 

production or inflammation were observed as a reaction to the presence of the material, 

which is considered normal anastomotic healing (34). Even though the integrity  

of the intestinal wall was significantly lower in the experimental groups, connective tissue 

surrounding the material residues was visible in all of the specimens, covering the place  

of defect. It is possible that in this way the material kept the luminal contents from leaking 

into the peritoneal cavity. 
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It is not possible in our settings to distinguish the direction of the healing process.  

Complete healing ad integrum or manifestation of AL seem both real possibilities for future 

development in the experimental groups. The same holds for possible occurrence  

of anastomotic strictures. Sounder results could be acquired in a longer observation period. 

This is a certain limitation of the study. 

We decided not to perform mechanical tests to investigate bursting pressure or similar 

parameters as there is no evidence for the relation between the results of these and the risk 

of AL (170). Such tests can also compromise the quality of the samples for later histologic 

evaluation. Biodegradability tests were not employed in our study as this parameter was 

already studied for PCL and PVA (137,171). 

Both materials exhibited mixed results in the study. The healing quality seems to be 

compromised when compared to the previous study with polycaprolactone nanofibrous 

material (156). It is a question whether the change of the characteristics of the material  

or the change of experimental settings (or possibly a combination of both) can be blamed.  

The materials need to be studied further after specific adjustments of their properties in new 

experimental settings in order to fully determine their clinical potential, probably with even 

more hydrophobic materials.  
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3.5 Conclusion B 

We were the first to propose a double layered nanomaterial for prevention of both 

anastomotic leakage and peritoneal adhesions. Both materials tested in our study did not have 

negative effects on clinical results in the postoperative period. No major complications 

appeared. Macroscopic findings suggest that both materials are pro-adhesive.  

Histological assessments of the specimens confirmed no microscopic signs of anastomotic 

leakage. The specimens from the control group were more completely healed according  

to our intestinal wall integrity score. However, the material always remained covering  

the defect and no anastomotic leakage developed. We intend to further investigate  

the possibility of using nano- and microfibrous materials to determine their clinical impact. 
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4 Experiment C  

(Ultrafine polycaprolactone nanofibrous patch for anastomotic 

healing support in a model of defective anastomosis on the large 

porcine intestine) 

4.1 Aims and hypotheses C 

Aim 1: To create ultra-fine planar version of nanofibrous material made of polycaprolactone 

Aim 2: To study biocompatibility of such material in vitro 

Aim 3: To apply the ultrafine nanofibrous  PCL material on the anastomosis on the large 

intestine 

Aim 4: To investigate the impact of the material on the risk of anastomotic leakage, 

anastomotic healing and on formation of peritoneal adhesions in the site of intestinal 

anastomosis 

 

Hypothesis 1: The ultrafine polycaprolactone patches are biocompatible according to in vitro 

test 

Hypothesis 2: Application of the ultrafine polycaprolactone patch to a defective large bowel 

anastomosis results in higher intestinal wall integrity 

Hypothesis 3: The material does not support formation of extensive peritoneal adhesions 

when applied to a defective anastomosis on the large bowel 
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4.2 Methods C  

4.2.1 Methodological background 

A healthy peritoneum is a well-perfused metabolically active structure capable of relatively 

high metabolic exchange with its surroundings including both peritoneal fluid and other 

viscera and neighboring peritoneal surfaces (172,173). Based on the results of our previous 

experiments and on the presumption that a certain level of metabolic exchange between  

the sutured intestine and the surrounding peritoneal surfaces is needed to maintain  

the healing process rather than creating a sealed barrier, we decided to create a very fine 

porous nanofibrous patch. Such a patch should allow this metabolic exchange while 

maintaining the pro-healing properties of a nanofibrous mesh we proposed in the previous 

studies (156). The process conditions for fabricating a material with a low surface density were 

optimized via needleless electrospinning. According to our knowledge, our study is the first  

to propose the idea of a porous anastomotic patch for healing support that should not act only 

as a mechanical barrier, but support the healing process of the intestinal anastomosis.  

We intended to develop such a patch into a product that could be routinely used in colorectal 

surgery for healing support in either all or high risk anastomoses. In the Experiment C  

we aimed to develop an ultrafine porous polycaprolactone nanofibrous patch, use it  

in a perfected model of complicated anastomotic healing on the large intestine, and further 

develop current assessment methods for evaluation of anastomotic healing in experimental 

settings. 

4.2.2 Material preparation 

The mixture of 16% w/w PCL (Mw 45 000 g/mol, Sigma Aldrich, USA)  

in chloroform/ethanol/acetic acid in ratio 8/1/1 (Penta Chemicals, Czech Republic) was stirred 

24 h until complete dissolution of the PCL granulate. Subsequently, the solution was 

electrospun using the needleless NanospiderTM 1WS500U electrospinning device (Elmarco, 

Czech Republic) (Figure 25). The environmental parameters such as the relative humidity  
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and temperature were controlled via the climatic system NS AC150 (Elmarco, Czech Republic). 

The nanofibers were collected on a polypropylene spunbond substrate. The process 

parameters were optimized to produce a nanofibrous layer with low surface density, namely 

10 g/m2 (Table 8). 

 

 

Figure 25: NanospiderTM needleless electrospinning device: 1 – steel wire serves  
as the positive electrode, 2 – steel orifice with a reservoir for polymeric solution,  

3 – nanofiber formation, 4 – created nanofibers are collected on the spunbond substrate,  
5 – negative electrode 

 

 

Table 8: Process parameters of the needless electrospinning via NanospiderTM 

Distance between the electrodes [mm] 175 

High voltage [kV] Electrode 1 Electrode 2 

-10 40 
Rewinding speed [mm/min] 60 

Cartridge movement speed [mm/s] 450–500 

Temperature [°C] 22 

Relative humidity [%] 50 
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4.2.3 Material Characterization  

The scanning electron microscope VEGA 3 TESCAN (SB Easy Probe, Czech Republic) was used 

to obtain the surface morphology of the fabricated nanofibers. Prior to scanning, the samples 

were sputter coated with 10 nm of gold using QUORUM Q50ES (Quorum technologies, UK). 

The fiber diameters were assessed by the software IMAGE J (NIH Image, USA) by randomly 

measuring 500 fibers in the scans. The specific weight was calculated by weighing of samples 

in the dimension 10 × 10 cm (n = 10). 

 

4.2.4 Sterilization and in vitro biocompatibility tests  

Before in vitro testing, the materials were sterilized via low temperature ethylene oxide (37 

°C, Anprolene, H.W.Andersen Product, Inc., North Carolina, USA) according to the Czech norm 

CSN EN ISO 11135-1. The materials were tested one week after sterilisation to eliminate  

the effect of ethylen oxide residues in the layers. The PCL scaffolds were seeded with 3T3 

mouse fibroblasts (ATCC, USA) in a concentration 7×103 cells per well. Metabolic activity was 

evaluated after 3, 7, 14 and 21 days via colorimetric Cell Counting Kit-8 (CCK-8) (Dojindo 

Laboratories, USA). During the CCK-8 assay, the scaffolds were incubated with 10% (v/v)  

of CCK-8 solution in full DMEM media for 3 hours at 37°C, 5% CO2. Absorbance was measured 

at 450 nm (n = 5). The morphology of the cells on the PCL materials was also monitored. 

Fluorescence imaging was performed with Nikon Eclipse-Ti-E (Nikon Imaging, Czech Republic) 

on fixed cells with 2,5% v/v glutaraldehyde (Sigma Aldrich, USA) in PBS by adding DAPI (for cell 

nuclei visualization) and phalloidin-FITC (for staining actin cytoskeleton) after 3, 7, 14  

and 21days. The MATLAB software was used to calculate the number of cells per 1 mm2  

of the scaffold from 10 random fields of view. Dehydrated samples with fixed cells were also 

scanned via SEM during the same time period to obtain the morphology of the cells.  
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4.2.5 Experimental design 

We used 16 Prestice black-pied pigs in two groups, the number was chosen after consultation 

with a statistician (Attachment: Power analysis C). The animals were subjected to transection 

of the descending colon and anastomosis with a standardized defect in general anesthesia. 

The defect was covered with the nanomaterial in the Experimental group while it was left 

uncovered in the Control group. The animals were observed for 3 weeks. Sample collection 

and macroscopic evaluation were performed on the 21st postoperative day.  

Histological evaluation followed.  

 

4.2.6 Surgical procedure  

The animals were not fed on the day of the surgery, but no further intestinal preparation was 

applied. The premedication and perioperative general anesthesia were conducted in the same 

way as in the two previous experiments A and B. A Pro-Port implantable central venous 

catheter (Deltec, Smiths medical, USA) was introduced in general anesthesia through the right 

jugular vein and attached to the subcutaneous tissue on the right lateral side of the neck  

in each animal for easy and stress-less manipulation with the animal during the follow-up.  

After the implantation, we entered the abdominal cavity via a 10-cm-long transrectal incision 

performed in the left caudal abdominal quadrant (Figure 26, Figure 27, Figure 28). We selected 

this approach because of the location of the pig urethra, which is located in the midline.  

We pulled the descending colon up through the incision. We then transected the colon 

approximately 20 cm from the anus (Figure 29). We used soft intestinal clamps to prevent solid 

intestinal contents from contaminating the abdominal cavity. We cleaned the two ends  

of the transected colon using wet cotton balls. We constructed a hand-sewn end-to-end 

anastomosis using the standard seromuscular running suture with glyconate monofilament 

4/0 suture line (Monocryl 4/0, B. Braun Medical s.r.o., Czech Republic). We intentionally left  

a 1-cm-large defect on the ventral side of the anastomosis, simulating a technical  

fault (Figure 30). 
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Figure 26: Pig in general anesthesia prepared for surgical procedure. The white line marks  
the area of skin incision 

 

 

Figure 27: Transrectal incision in pig, rectus abdominis muscle revealed 
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Figure 28: Transrectal incision in pig; rectus abdominis muscle pulled aside, preperitoneal fat 
and parietal peritoneum visible in the bottom of the wound 

 

 

Figure 29: Descending colon pulled through the incision, covered in wet abdominal swabs. 
Intestinal clamps applied both orally and aborally  
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Figure 30: Construction of a defective anastomosis. Intestinal anastomosis, a defect 
positioned on the antimesenteric side 

 

We placed a standard 2.5-cm-wide sheet of the nanomaterial onto the sutured 

intestine, covering the intestinal circumference with the defect and the neighboring parts  

of the mesocolon in the Experimental group (Figure 31). We left the defect uncovered  

in the Control group. We placed the colon back to the abdominal cavity, sutured firstly  

the peritoneum with an absorbable material (Vicryl 3/0, Ethicon Inc., Johnson & Johnson,  

New Jersey, USA) to prevent adhesions to the abdominal wall. Then we closed the muscle layer 

using single non-absorbable sutures (Mersilene 1, Ethicon Inc., Johnson & Johnson,  

New Jersey, USA). We rinsed the subcutaneous tissues with saline solution before finally 

suturing the skin.  

 



103 
 

 

Figure 31: The PCL patch applied to the colon, the material is attached to the intestinal 
surface when moisted 

4.2.7 Postoperative observation  

The animals were observed for 3 weeks, they were checked daily for stool passage, body 

temperature, clinical signs of complications by both a surgeon and a veterinarian.  

Activity of the animals was scored using a 4-point scale (normal activity, decreased activity, 

little to no activity, irritated animal). Intravenous infusions of 250 ml 10% Glucose and 250 ml 

Hartman solution were applied intravenously once a day in the first three PODs. The animals 

were fed according to a re-alimentation schedule created for previous experiments A and B. 

When feeding intolerance occurred, intravenous infusions were administered in the same way  

as in the first three PODs. Blood samples were obtained in defined time points (before  

the surgical procedure, 2 hours after construction of colonic anastomosis, on the 1st POD,  

3rd POD, 7th POD, 14th POD, 21st POD) and tested for blood count, level of bilirubin, liver 

enzymes, hemoglobin, urea, and creatinine to distinguish metabolic disorders. Animals were 

weighed each time the blood sample was taken. A 5% weight difference from the initial weight 

was considered a significant weight change. 



104 
 

4.2.8 Macroscopic evaluation 

The animals were subjected to laparotomy again on the 21st POD in general anesthesia.  

The abdominal cavity was inspected and checked for signs of AL (visible free intestinal contents 

or purulent secretion, macroscopic changes of peritoneal surfaces), visible defects in the site 

of anastomosis, changes of the intestinal diameter (stenosis of the anastomosis, dilation  

of oral segments of the intestine), or any other visible postoperative changes. At same time, 

the extent and location of PAs (according to qualitative Zühlke’s grading and quantitative PAAS 

(72,156)), amount and macroscopic quality of peritoneal fluid and the position and appearance 

of the nanofibrous material (if present) were recorded. The intestinal specimens including  

the anastomoses were collected together with surrounding adhering tissues, cut  

on the mesenteric side longitudinally, pinned onto a cork underlay and stored in 10% buffered 

formalin. 

4.2.9 Histological evaluation 

The intestinal samples were cut in 5 pieces - 5 mm thick, crosswise to the line  

of the anastomosis in the area of the anastomotic defect. The tissues were processed  

by common paraffin technique. Each sample was cut to 5µm slides and stained with 

hematoxylin and eosin for comprehensive overview; Gomori trichrome kit was used to stain 

connective tissues.  

The samples were investigated semi-quantitatively and quantitatively. Epithelization, 

inflammatory infiltration and necrosis were assessed in a single overall semi-quantitative 

investigation (IWIS from the Experiment B). The inflammatory reaction to stitches  

and microabsceses were not included in the score. The score was determined  

for all 5 blocks, 3 blocks with the highest score (corresponding to the area of the anastomotic 

defect) were used for statistical evaluation. The blocks with the highest total score for each 

pig were subsequently analysed quantitatively; 5 µm sections were stained with picrosirius red 

(Direct red 80) for visualisation of collagen in polarized light. Immunohistochemical methods 

were used for detection of vascular endothelium using Anti-Von Willebrand Factor antibody 
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(Abcam ab6994, dilution 1:400); Calprotectin Monoclonal Antibody MAC387 (Invitrogen  

MA1-81381, dilution 1:200) was used for detection of granulocytes and tissue macrophages. 

The area for quantitative evaluation for samples without visible defect of the muscular layer 

was defined as the intestinal wall excluding mucosa located 3 mm orally and aborally  

from the center of the anastomosis. The evaluation area for samples with a defect  

of the muscular layer or pseudodiverticulus was defined as 2 mm orally and aborally from  

the defect margins. The volume of endothelial cells, volume of MAC387 positive cells  

and volume of collagen was assessed using stereological methods in a similar way  

as in the previous experiments A and B (156).   

4.2.10  Statistics 

Common descriptive statistics and frequencies were used to characterize the sample data set. 

Due to their non-normal distribution, the intestinal wall integrity scores and histologically 

determined volume fractions were compared between the Experimental and Control group 

using Mann-Whitney U test in STATISTICA data analysis software system (Version 12; StatSoft, 

Inc, 2013; www.statsoft.com). The material properties, presented as mean  standard 

deviation (SD), were analyzed using GraphPad Prism 7 (GraphPad Software, USA).  

Firstly, the Shapiro-Wilk test was used to prove or reject the normal distribution of the data. 

For the normally distributed data, the parametric ANOVA test with Tukey’s multiple 

comparison was performed. The nonparametric Kruskal-Wallis with Dunn’s multiple 

comparison was chosen for the data following non-normal distribution. All reported p values 

are two-tailed and the level of statistical significance was set at α = 0.05.  

  

http://www.statsoft.com/
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4.3 Results C 

4.3.1 Material properties 

Sheets of PCL nanofibrous material were successfully prepared and sterilized. The material 

appeared very subtle yet the manipulation with it was still comfortable. The material was easy 

to apply onto the intestinal surface and it remained adhered to the spot of application without 

any need of further fixation. The morphology of the fibrous material was assessed by SEM 

(Figure 32A). The fibers were defect less and without any dominant orientation. The fiber 

diameter was (385 ± 239) nm (Figure 32B). The high SD is a consequence of ultrafine fibers 

being present together with larger ones. The specific weight of the material was calculated  

as (9.67 ± 0.77) g/m2, the data are symmetrical around mean value (Figure 32C).  
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Figure 32: A) The SEM images of the electrospun PCL planar layer, scale bars 20 µm  
and 50 µm; B) The boxplot of fiber diameters (n=500); C) The calculated value of specific 

weight of the nanofibrous layer (n=10) 
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4.3.2 Cytocompatibility 

Adhesion, proliferation and morphology of the 3T3 mouse fibroblasts on the PCL scaffolds 

were monitored with fluorescence microscope and the scanning electron microscope after 3, 

7, 14 and 21 days (Figure 33A). The length of the experiment corresponds with the duration  

of the in vivo study. Cell viability was determined using a colorimetric assay CCK-8 after 3, 7, 

14 and 21 days of incubation of 3T3 mouse fibroblasts with the tested fiber layers.  

The obtained mean absorbance values express the cell viability of the cultured cells (Figure 

33B). According to the CCK-8 assay, the absorbance was low during the first testing day,  

which is in positive correlation with the microscopy observation. On the seventh day  

of cultivation, an increase in viability was measured. At the same time, spreading of the cells 

was observable on the microscopy images, the cells expanded across the material and began 

to form isolated cell islands. After 14 days of cultivation, there was a further increase  

in viability, the cells formed a sub-confluent layer. On the last testing day, the SEM image 

revealed 100% confluence of the cells. The number of the cells (Figure 32C) correlates with  

the remaining results. The highest cell density was observed during the 14th day (3887 ± 539) 

cells/mm2, while on the last testing day it dropped to (2735 ± 880) cells/mm2. 
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Figure 33: A) Fluorescence microscopy images (blue cell nuclei and green actin cytoskeleton)  
and SEM images of the cells on the PCL scaffold after 3, 7, 14 and 21 days of the in vitro 

testing, scale bars 50 µm; B) The result of the colorimetric CCK-8 assay after the same time 
period, Kruskal-Wallis ***p=0.0004; C) Counted number of the cells on the surface of PCL 

materials per 1 mm2, ordinary one-way ANOVA, ***p<0.0006, ****p=0.0001 
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4.3.3 Manipulation 

The material was easy to apply (subjective result) and no further fixation was needed. 

Procedure times were not prolonged by the usage of the material.   

 

4.3.4 Clinical results 

All animals survived the observation period in good clinical condition. Temporary activity 

decrease was observed in 1 animal from the Control group (12.5%) and in 3 animals from  

the Experimental group (37.5%). There were no major complications during the observation 

period. Laparotomy wound infection occurred in one animal from the Experimental group 

(12.5%) and one animal from the Control group (12.5%). Infection of the skin wound  

of the pro-port system occurred in the same animal from the Control group (12.5%).  

No animal developed signs of gastrointestinal obstruction (vomiting, feeding intolerance).  

No animal developed signs of peritonitis and sepsis (abdominal wall tenderness, significant 

activity decrease, significant laboratory changes). Peroral intake was tolerated by all animals, 

all animals were fed according to the schedule with no exceptions. Only three animals  

from the Control group (37.5%) gained more than 5% of weight during the experiment,  

while 6 animals from the Experimental group (75%) showed such weight gain.  

 

4.3.5 Macroscopic results 

There was no macroscopically visible pathological reaction to the material in abdominal 

cavities of the animals after 3 weeks of observation. Four animals (50%) had no PAs at the site 

of the anastomosis in the Control group, while 3 animals (37.5%) from the Experimental group 

had no PAs there. Mean PAAS value of 1 was recorded in both the Control  

and the Experimental group (Attachment 9). All PAs were scored 2 points according to the 

Zühlke’s grading system in both groups (partially vascularized adhesions, possible to separate 

by combination of blunt and sharp dissection).  
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Stenosis of the anastomosis was observed in one animal from the Control group (12.5%) with 

low shrinkage of the intestinal diameter (less than 1/3) (Figure 34A). No stenoses were 

observed in the Experimental group (Figure 34B). No signs of gastrointestinal obstruction 

(dilation of oral segments) were observed in any of the animals. No macroscopic signs of AL 

were observed (no visible defect in the site of the colonic anastomosis, no free intestinal 

content in the abdominal cavity).  

 

 

Figure 34: Macroscopic findings in situ at the end of the observation period;  
A) stenotic anastomosis from the Control group; B) anastomosis with attached material 

(Experimental group) 
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Complete dislocation of the material was not observed in any of the animals  

of the Experimental group. Partial dislocation was observed in 3 animals (37.5%), however  

the material always kept covering the location of the anastomotic defect (Figure35).  

The material was well attached in the rest of the specimens (Figure 36B).  

The defect was not visible in the Control specimens without a patch (Figure 36A).  

Most of the adhesions in the site of the anastomosis were between the large intestine  

and the urinary bladder. There were no PAs observed in the rest of the abdominal cavity  

in any animal. 

 

 

Figure 35: A specimen from the Experimental group prepared for fixation. Partial dislocation 
of the material (circled), residue of a PA (arrow) 



113 
 

  
 

 

Figure 36: Specimens prepared for fixation. A) A specimen from the Control group;  
B) A specimen from the Experimental group. The material covers the line of anastomosis well 

 

4.3.6 Blood sample results  

There were no statistically significant differences in the measured parameters between  

the two groups, no significant deviations from normal levels of the parameters (Table 9). 
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Table 9: Leukocytosis values at different time points, values are given in number of cells times 
109 per liter 

Animal code POD 0 POD 1 POD 5 POD 7 POD 14 POD 21 

Control Group 
     

cg01 13,90 16,5 22,9 23,6 16 10,8 

cg02 14,80 17,7 23,2 19,6 22,5 17,9 

cg03 18,5 21,6 29,6 34,5 25 20,4 

cg04 21,2 30,2 21,7 23,6 17,6 16,6 

cg05 18,5 29,9 21 23,98 20,4 19,1 

cg06 19,7 29,5 27,7 20,6 24,4 21,7 

cg07 18,4 29 26,3 32,8 22 17,2 

cg08 12,9 22 19,3 43,68 18,8 19,7 

Experimental group             

eg01 15,4 15,4 25,4 19,5 19,2 15,4 

eg02 16,4 23,4 25,9 40,5 19,9 20,7 

eg03 22,2 32,3 25,2 26,8 19 15,2 

eg04 16,6 18,9 20,4 19,8 18,8 16,8 

eg05 18,5 20,8 22,4 19,4 17,3 16,6 

eg06 22 27,4 21,4 24,2 36,5 23 

eg07 24,1 35,1 33,1 26,7 19,8 21,3 

eg08 18,6 33 28,6 24,5 21,1 14,3 
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4.3.7 Histological results 

The material was washed out during the histological fixation and staining. There were  

no microscopic signs of AL (no full-thickness defect was found in any specimen in either  

the Control or the Experimental group). We found normal morphology of the intestinal wall  

in all specimens using the comprehensive overview (Figure 37). In some cases, the muscular 

layer did not heal completely and pseudodiverticuli were formed (3 cases in the Control group 

(37.5%) and 7 cases (87.5%) in the Experimental group; (Figure 38). There was no statistically 

significant difference between the groups according to our Intestinal Wall Integrity Score 

(Figure 39A) (Attachment 10). There were significantly higher volume fractions of collagen  

in the Experimental group (Figure 39B). There was no statistically significant difference 

between the two groups in volume fractions of endothelial cells (Figure 39C) and MAC 387 

positive cells (Figure 39D) (Attachment 10). 

 

Figure 37:Example histological specimen from the Control group, Gomori trichrome staining. 
I) The mucosa; II) The submucosa; III) The muscular layer; IV) A defect after suture material 

that was washed out during histological processing; V) Location of the anastomosis  
with normal scar tissue 
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Figure 38: Example histological specimens from both groups. Gomori trichrome;  
A) Control group, optimal healing, normal morphology of the intestinal wall, muscular layer 

with normal scar tissue; B) Control group, larger defect of the muscular layer,  
a pseudodiverticulus; C) Experimental group, optimal healing, normal morphology  

of the intestinal wall, visible residues of the nanofibrous material in the bottom of the image;  
D) Experimental group, large defect of the muscular layer, a pseudodiverticulus, visible 

residues of the nanofibrous material in the bottom of the image covering the incomplete 
defect of the intestinal wall 
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Figure 39:    Graphical depiction of main histological results. A)The intestinal wall integrity 
score in the Control group and the Experimental group with no significant differences with 

median value above 80%; B) Significantly higher volume fractions of collagen at the site  
of anastomosis in the Experimental group; C) No significant differences between the two 

groups in volume fractions of endothelial cells, lower dispersion range of values  
in the Experimental group; D) The difference in volume fractions of inflammatory cells  

at the site of anastomosis between the groups is not statistically significant 
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4.4 Discussion C 

We developed a nanofibrous material based on biodegradable polycaprolactone with very low 

specific weight. The material was uniquely designed for the reinforcement of GI anastomoses, 

and its design was based on our previous in vitro and in vivo experiments. Polycaprolactone is 

often used for its biocompatibility and biodegradability (159,174,175). The in vitro testing with 

3T3 mouse fibroblasts proved the cytocompatibility of the material; the cells formed a fully 

confluent layer on the surface of the scaffold after 21 days. This observation is consistent  

with other literature resources, where the combination of micro- and nanofibers in PCL 

scaffolds supported the cell growth (176,177). Prior to the in vitro testing, the scaffolds were 

sterilized with low temperature ethylen oxide with respect to low melting point of PCL.  

The possible effect of the ethylen oxide sterilization on PCL was already examined  

in our previous study by Horakova et al. (178). The PCL patches are easy to apply and we value 

this as an important property. While the material is very subtle as its specific weight is  

only 10 g/m2, it was still mechanically strong enough to be handled easily. The material always 

remained in the site of application during the surgical procedure and reposition of the viscera 

without further fixation. The convenient application together with natural fixation are key 

properties should this approach be used in routine clinical practice. 

We successfully created a model of anastomosis with a defect on the large intestine  

of a pig. We used the Testini’s (104) modified model from previous experiments (156) in order 

to move the anastomosis to a location with bacterial contamination and higher risk of healing 

complications. The defect was chosen small enough to simulate a technical fault (which is also 

one of the contributing factors of AL (179)) and large enough to induce imperfect healing.  

The position of the anastomosis in 20 cm from the anus was chosen for its good accessibility, 

no need of further preparation, possibility of small abdominal wound and therefore low  

non-anastomosis related complication risk. The model allowed to focus only on imperfect 

anastomotic healing with no other disturbing factors. Together with the assessment 

methodology, the model allowed reduction of number of experimental animals and what we 

consider statistically reliable results. A three weeks’ observation period was chosen based  
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on our previous experience and possibility to use evaluation histologic systems from previous 

publications. AL is typically an early complication, appearing usually within the first 10 PODs 

(35,43). To verify the behavior of the material in a long term period regarding its complete 

absorption and impact on the risk of late complications, longer observation times would be 

necessary. 

All of the animals in both groups survived the observation period in good clinical shape  

with a low complication rate. An activity decrease was observed only in the early postoperative 

period in both groups, which we considered as normal postoperative state. The feeding 

tolerance was equally good in both groups. The animals from the Experimental group gained 

weight in more cases than in the Control group. Weight gain is a sign of good adaption (180). 

No animal developed ileus or sepsis or other serious pathological reaction to the material.  

This contributes to our assumption that it is safe to use in this application. 

We observed slight shifting of the material in a few cases, however the material always 

kept covering the spot of anastomotic defect. We observed this also in the last study  

on the small intestine with an earlier version of the material, and therefore we assume it is 

not a coincidence (156). This barrier was always present even in specimens with larger defect  

of muscular layer, and no macroscopic or microscopic AL was observed. It remains a question 

whether the material is able to prevent manifestation of AL. An anastomotic leakage is  

in experiments usually obtained by either large anastomotic defects or other negative 

influences (infection, radiation, devascularization). The model of small defect was chosen  

to study the impact of the material on imperfect anastomotic healing in highly standardized 

conditions.  

There was one partial shrinkage of the intestinal diameter at the site  

of the anastomosis in one animal from the Control group (12.5%), therefore we assume  

the material does not cause formation of anastomotic strictures. Those can however develop 

in longer time periods and thus a longer observation time would be needed to verify this 

information (41). The level of adhesions was similarly low in both groups, suggesting  

the current material version to be the first in our series of polycaprolactone electrospun 

materials without pro-adhesive properties (156). We consider the generally low amount  
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of adhesions to be also a result of short procedure times with low manipulation with tissues 

(181). Excessive formation of PAs is considered to be a result of a healing problem (77).  

Visceral peritoneum is the superficial layer of the intestine, so wound healing  

of the peritoneum is a part of anastomotic wound healing. Therefore, we think, qualitative  

and quantitative assessment of PAs should be involved in the evaluation of anastomotic 

healing (156). 

There were no statistically significant differences in vascularization and inflammatory 

cells infiltration according to the stereological measurements. This suggests normal healing 

process (34). However, the levels of collagen were found higher in the Experimental group.  

It was previously observed in mechanical tests of intestinal anastomoses that higher levels  

of collagen are associated with higher mechanical strength and higher anastomotic bursting 

pressure (107). Bacterial collagenases were identified as a possible contributor  

to development of AL. Their activity causes collagen degradation in the site of intestinal 

anastomosis. Intestinal colonization with several bacterial species was identified as a strong 

risk factor of AL due to their production of collagenases (57,107,182).  

We used both traditional evaluation methods (34) with those that were developed for 

our purposes in previous papers (156). The intestinal wall integrity score from the previous 

study was adjusted for a defective model on the large intestine. Together with the rest  

of involved assessment methods, it forms one of the most robust and complex evaluation 

system of anastomotic healing in similar experiments according to our knowledge  

and literature search. 

The above-mentioned results all suggest possible contribution to AL prevention by our 

material only indirectly. To obtain more distinguishable results, a model with more 

compromised anastomotic healing with high risk of AL manifestation would be necessary.  

This is certainly a limitation of this study. 

Because the material was washed out during the histological processing, we cannot 

evaluate the level of biodegradation. However, this was studied earlier for PCL in other forms 

(183).  
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The material seems to be an ideal version for use in combination with active substances 

like anti-inflammatory drugs, antibacterial agents or antibiotics as an anastomotic patch. 

Polycaprolactone was identified as a good medium for regulated drug release (175,184);  

there is a broad spectrum of active molecules that could be beneficial for either AL prevention 

or prevention of excessive PA formation (77,185–188). Therefore, we intend to perfect  

the material using these substances and to study their impact on anastomotic healing  

and complications further to finally offer a perfect anastomotic patch for patients with high 

risk of AL. Possible clinical study will be planned afterwards.  
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4.5 Conclusion C 

We succeeded in creating a unique ultrafine polycaprolactone electrospun material  

and in applying it in a model of complicated anastomotic healing on the pig colon. The planar 

PCL layer was fabricated via needleless electrospinning technique, a method suitable  

for eventual large scale production. The material is easy to use without any need for further 

fixation. The presence of the material did not cause any adverse effects in vivo. The PCL layer 

showed good cytocompatibility and biocompatibility and was well tolerated during the whole 

animal study. The material is also not pro-adhesive and did not cause anastomotic strictures 

or other complications. The anastomotic specimens showed significantly higher levels  

of collagen after the 3 weeks of observation, which is an indirect sign of higher mechanical 

strength. Impact on the risk of AL was not observed directly as no AL appeared in either group.  
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5 Conclusion of the dissertation, final notes and 

future perspectives 

We conducted three subsequential experiments studying effects of nanofibrous materials  

on the healing process of anastomoses on the porcine intestines. The main research goals are 

yet to be reached. However we succeeded to create a nanofibrous patch with distinguishable 

positive effects on healing of defective intestinal anastomoses. We also established several 

models of anastomoses on the porcine GI tract that are clinically relevant, and invented  

and perfected several assessment methods, which are usable in similar experiments.  

These can be used by other research groups as they are published in full detail including 

standard operation procedure protocols (PAAS, IWIS). 

Even though we did not manage to distinguish clearly an impact of our materials  

on the risk of anastomotic leakage, we can declare that the ultrafine PCL patch used  

in the Experiment C is biocompatible and safe to use in application on anastomoses  

on the large intestine with no adverse effects in the 3 weeks postoperative period.  

As the patch is highly porous and biodegradable, created from known biocompatible polymer, 

we doubt any adverse effects in the long term postoperative period. 

The research regarding the topic continues on. We intend to combine the last version  

of the material with new active agents (antibiotics, growth factors etc.) in a version  

with controlled drug release. Many studies identified various bacterial species as a serious risk 

factor of anastomotic leakage development as written in previous chapters. A material  

with potent and specific antibacterial activity could be a key in decreasing the AL rate  

in colorectal surgery. Several versions of such prototypes of PCL patches were already 

prepared by our team and currently are in vitro tested for their specific anti-bacterial 

properties. These are to be tested in an in vivo experiment in a model of high risk colonic 

anastomosis. 
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8. Attachments 

1. Experiment A, Power analysis  

2. Experiment A, PAAS standard operating protocol 

3. Experiment A, PAAS results 

4. Experiment A, Stereology results 

5. Experiment B and C, Power analysis 

6. Experiment B, PAAS results 

7. Experiment B, IWIS results 

8. Experiment B, Stereology results 

9. Experiment C, PAAS results 

10. Experiment C, Stereology and IWIS results 

11. Article A: Rosendorf J et al. Experimental fortification of intestinal anastomoses with 

nanofibrous materials in a large animal model. 2020 

12. Article B: Rosendorf J et al. Double-layered Nanofibrous Patch for Prevention of 

Anastomotic Leakage and Peritoneal Adhesions, Experimental Study. 2021 

13. Article C: Rosendorf J et al. Reinforcement of Colonic Anastomosis with Improved 

Ultrafine Nanofibrous Patch: Experiment on Pig. 2021 
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Attachment 1: Experiment A, Power analysis  

Sample size estimation: We decided to construct 3 intestinal anastomoses per animal to 

reduce the number of used animals according to the RRR policy. We consider these 

anastomoses independent for the purpose of the sample size estimation. The sample size was 

determined by the total number of anastomoses. A suitable number of anastomoses for 

sufficient results must be divisible by three to result in a whole number of animal subjects.  

We assumed the same sample size for both experimental and control group.  

We assumed peritoneal adhesions to occur at about 93 % of anastomoses according to 

literature search. We also assumed about 50 % decrease of peritoneal adhesions occurrence 

in experimental groups as an effect of our nanomaterials 

Sample sizes 21 (3 anastomoses x 7 animals, power level 81,4 %) and 24 (3 anastomoses x 8 

animals, power level 87,7 %) are within the desired power range. 

We prefer the higher test power for both rough estimate of the results and also a possible 

influence of grouping the anastomoses. Therefore we chose 24 anastomoses in 8 animals per 

group. 

 

Figure A 1: Power estimation graph 
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Attachment 2: Experiment A, PAAS standard operating 

protocol 

Title: Standard operating procedure for peritoneal adhesions quality and quantity assessment, 

sample collection 

Created by: Rosendorf J., Biomedical Center, Faculty of Medicine in Pilsen, Charles University, 

Czech Republic; verified by Liska V. (Head of the laboratory) 

Date of creation: 10/2017, translated to English 10/2019  

Purpose: Created for the project ‘Experimental fortification of intestinal anastomoses with 

nanofibrous materials in a large animal model’. Project code: MSMT-26570/2017-2. The aim 

of this protocol is standardization of sample collection and documentation, peritoneal 

adhesions qualitative and quantitative assessment (Zühlke grading, Perianastomotic 

adhesions amount score). The experimental animals are subjected to laparotomy in full 

anesthesia prior to this procedure.  

Steps: Take a picture of each anastomosis in situ as well as of the whole abdominal cavity to 

be archived. Release each anastomosis from peritoneal adhesions if present; leave as much 

adhesion tissue as possible on the intestine while doing so. Evaluate the quality of adhesions 

for each anastomosis while performing the step number 2 according to Zühlke’s grading 

system for peritoneal adhesions (Table A1). Resect each anastomosis together with 2 cm of 

oral and aboral intestine. Cut the collected sample of intestine immediately after collection 

longitudinally along the mesentery. Treat the specimens carefully. Pin the sample to a cork 

underlay with a V-shaped incision in one of its sides (Figure A2). Mucosa faces the cork. Oral 

part faces a marked side of the cork underlay.  Assign a random alphanumeric code to the 

anastomosis sample. Take a picture of the anastomosis on the cork underlay with both animal 

code/number of anastomosis (1/2/3 starting orally) and the new alphanumeric code to be 

archived. Measure the specimen and divide its circumference into four parts along the suture 

line. Assign to each quadrant (starting from left to right to respect the polarity of the intestine) 

a number of points according to the extent of adhesions (Figure A2). Zero points for no 
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adhesions in the segment, One point for a segment being partially covered by adhesions, Two 

points for a fully adhered segment Put the samples of the intestine into 300 ml storing 

containers filled with 10 % buffered formalin. Mark the containers with the newly created 

alphanumeric code (for blinding during the histologic evaluation). 

 

Table A 1: Zühlke’s adhesions grading system 

Grade Quality  

0 No adhesions 

1 filmy adhesions easy to separate by blunt dissection 

2 blunt dissection is possible for the most of adhesions but some sharp dissection 

is needed, beginning vascularization 

3 adhesiolysis is possible by sharp dissection, clear vascularization and bleeding 

from adhesions during sharp dissection 

4 adhesiolysis is possible by sharp dissection but is very challenging. Organs are 

strongly attached and damage is hardly preventable. 
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Figure A 2: PAAS grading in 4 quadrants of an instesine pinned onto a cork underlay 
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Attachment 3: Experiment A, PAAS results 

PAAS scores for each quadrant of each anastomosis. Anastomosis is named as animal/number 

of anastomosis in oral to aboral direction (for example C2/1 means first anastomosis in animal 

C1). Quadrants are numbered Q1 to Q4 from the right mesenteric quadrant to left mesenteric 

quadrant. Sum gives the total for each anastomosis (Table A2 – Table A10). 

 

Table A 2: PAAS results Control Group, anastomosis 1 

anastomosis Q1 Q2 Q3 Q4 Sum 

C1/1 1 0 0 2 3 

C2/1 0 0 0 0 0 

C3/1 0 1 0 0 1 

C4/1 2 2 0 0 4 

C5/1 2 0 0 1 3 

C6/1 0 0 1 2 3 

C7/1 2 1 0 0 3 

C8/1 0 0 0 0 0 

 

Table A 3: PAAS results Control Group, anastomosis 2 

anastomosis Q1 Q2 Q3 Q4 Sum 

C1/2 1 0 0 1 2 

C2/2 0 0 1 2 3 

C3/2 0 0 1 2 3 

C4/2 0 0 1 2 3 

C5/2 0 0 2 2 4 

C6/2 0 0 0 0 0 

C7/2 1 0 0 1 2 

C8/2 1 1 0 0 2 
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Table A 4: PAAS results Control Group, anastomosis 3 

anastomosis Q1 Q2 Q3 Q4 Sum 

C1/3 0 0 0 0 0 

C2/3 0 1 2 1 4 

C3/3 0 0 0 0 0 

C4/3 1 0 0 0 1 

C5/3 0 1 2 1 4 

C6/3 0 0 0 0 0 

C7/3 0 0 1 0 1 

C8/3 0 0 0 0 0 

 

Table A 5: PAAS results PCL Group, anastomosis 1 

anastomosis Q1 Q2 Q3 Q4 Sum 

PCL1/1 2 2 0 1 5 

PCL2/1 2 0 0 2 4 

PCL3/1 0 1 1 0 2 

PCL4/1 1 1 1 2 5 

PCL5/1 1 0 1 1 3 

PCL6/1 2 1 1 1 5 

PCL7/1 0 0 0 0 0 

PCL8/1 0 0 0 0 0 

 

Table A 6: PAAS results PCL Group, anastomosis 2 

anastomosis Q1 Q2 Q3 Q4 Sum 

PCL1/2 2 1 1 2 6 

PCL2/2 2 0 0 2 4 

PCL3/2 0 0 0 1 1 

PCL4/2 2 1 0 2 5 

PCL5/2 1 1 0 0 2 

PCL6/2 0 0 2 2 4 

PCL7/2 0 0 0 0 0 

PCL8/2 0 0 0 0 0 
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Table A 7: PAAS results PCL Group, anastomosis 3 

anastomosis Q1 Q2 Q3 Q4 Sum 

PCL1/3 2 1 0 1 4 

PCL2/3 2 1 1 2 6 

PCL3/3 2 0 1 2 5 

PCL4/3 2 1 0 1 4 

PCL5/3 2 1 0 0 3 

PCL6/3 2 2 1 2 7 

PCL7/3 0 0 0 0 0 

PCL8/3 2 1 0 1 4 

 

Table A 8: PAAS results PLCL Group, anastomosis 1 

anastomosis Q1 Q2 Q3 Q4 Sum 

PLCL1/1 2 0 0 2 4 

PLCL2/1 2 0 0 0 2 

PLCL3/1 1 0 2 1 4 

PLCL4/1 2 2 2 0 6 

PLCL5/1 2 2 0 2 6 

PLCL6/1 2 0 0 1 3 

PLCL7/1 0 0 2 1 3 

PLCL8/1 1 1 0 0 2 

 

Table A 9: PAAS results PLCL Group, anastomosis 2 

anastomosis Q1 Q2 Q3 Q4 Sum 

PLCL1/2 2 1 0 1 4 

PLCL2/2 0 1 2 0 3 

PLCL3/2 0 0 0 0 0 

PLCL4/2 0 0 0 2 2 

PLCL5/2 2 2 1 0 5 

PLCL6/2 0 0 0 0 0 

PLCL7/2 0 1 1 0 2 

PLCL8/2 1 2 0 0 3 
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Table A 10: PAAS results PLCL Group, anastomosis 3 

anastomosis Q1 Q2 Q3 Q4 Sum 

PLCL1/3 0 1 2 0 3 

PLCL2/3 2 1 0 0 3 

PLCL3/3 0 0 0 0 0 

PLCL4/3 2 0 0 0 2 

PLCL5/3 0 0 0 0 0 

PLCL6/3 2 1 0 1 4 

PLCL7/3 0 0 1 2 3 

PLCL8/3 2 0 0 0 2 
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Attachment 4: Experiment A, Stereology results 

Results of stereological measurements from Experiment B are listed below. Thickness means 

the thickness of histological slide. Volume Region Point Counting gives value of the total volume 

of tissue where our measurements were taken in. Area Fraction stands for volume fraction positive in 

given parameter (vWF, collagen, MAC387). Value + or –  for surgical stich presence was assigned to 

slides where MAC387 positivity was measured as the presence of stich was associated with higher 

inflammatory cells infiltration. 

Table A 11: Volume fractions of vWF positive area, Control Group 

Anastomosis 
Thickness 

(µm) 
Volume Region Point 

Counting (µm3) 
Area 

Fraction  

C 8_1 9,8800  75761963,9016  0,0203 

C 8_2 9,6800  86439040,3643 0,0316 

C 8_3 9,4800  73324069,0645 0,0339 

C 6_1 9,6800  173199415,4512 0,0192 

C 6_2 9,1400  174763598,5221 0,0186 

C 6_3 9,2300  134201728,9481 0,0214 

C 7_1 9,0300  85430885,8681 0,03 

C 7_2 9,2900  116262421,3644 0,0155 

C 7_3 9,0900 110440221,2625 0,0196 

C 1_1 9,0800  81081248,6062 0,0218 

C 1_2 9,1800  59728423,5102 0,0185 

C 1_3 9,2400  104287723,5893 0,0287 

C 2_1 9,0300  80934523,4540 0,018 

C 2_2 9,0400  79223615,2308 0,0245 

C 2_3 9,3300  101586918,5246 0,0189 

C 3_1 9,0800  90123767,0381 0,027 

C 3_2 9,1400  61592032,1180 0,0217 

C 3_3 9,6800  72621647,2949 0,0195 

C 4_1 9,3800  82826016,4799 0,0231 

C 4_2 9,1800  116409478,4740 0,019 

C 4_3 9,1400  130162471,8159 0,018 

C 5_1 9,4900  91673012,0279 0,0221 

C 5_2 9,1300  187907782,0695 0,0172 

C 5_3 9,2400  87110922,0569 0,0249 

Mean 9,2858 102378871,9599 0,0222 
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Table A 12: Volume fractions of vWF positive area, PCL Group 

Anastomosis 
Thickness 

(µm) 
Volume Region Point 

Counting (µm3) 
Area 

Fraction 

PCL 1_1 9,0400  139241505,5572 0,0284 

PCL 1_2 9,4800  159235961,1443 0,0216 

PCL 1_3 9,1900  463399525,4310 0,0155 

PCL 2_1 9,4300  136483603,8270 0,0208 

PCL 2_2 9,0400  116434707,2332 0,0229 

PCL 2_3 9,2400  116250138,9422 0,0257 

PCL 3_1 9,0800  150105805,9699 0,0153 

PCL 3_2 9,3500  210127347,8272 0,0229 

PCL 3_3 9,2600  121420042,8357  0,0284 

PCL 4_1 11,3300  122987213,5228  0,0245 

PCL 4_2 9,3500  107701905,0163  0,0238 

PCL 4_3 9,1500  105398120,9518  0,0228 

PCL 5_1 9,2800  141705956,9830  0,0148 

PCL 5_2 9,2900  172389107,5403  0,0166 

PCL 5_3 9,1000  144092730,3871  0,014 

PCL 6_2 9,2900  101459778,8565  0,0232 

PCL 6_3 9,6800  182839457,1275  0,0132 

PCL 6_1 9,1500  142454520,8253  0,0227 

PCL 7_1 9,2900  218030588,6065  0,0107 

PCL 7_3 9,2800  273134514,1624  0,0181 

PCL 7_2 9,6800  127294914,9058  0,0224 

PCL 8_1 9,5628  144434646,4658  0,0324 

PCL 8_2 9,5000  151478117,6878  0,0319 

PCL 8_3 9,0900  120807249,5528  0,0246 

Mean 9,3755  161204477,5566  0,0215 
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Table A 13: Volume fractions of vWF positive area, PLCL Group 

Anastomosis 
Thickness 

(µm) 
Volume Region Point 

Counting (µm3) 
Area 

Fraction 

PLCL 7_1 9,3400  210522709,0406  0,0229 

PLCL 7_2 9,8800  290912822,4274  0,023 

PLCL 7_3 9,0200  256008834,0632  0,0263 

PLCL 8_1 9,0900  228725922,7239  0,0273 

PLCL 8_2 9,0400  135640432,1377  0,0232 

PLCL 8_3 9,1700  122066363,8117  0,0286 

PLCL 1_1 9,2800  140781787,6984  0,0238 

PLCL 1_2 9,1800  92944740,6664  0,0223 

PLCL 1_3 9,1900  113790666,8767  0,0171 

PLCL 2_1 9,3300  168795337,1826  0,021 

PLCL 2_2 9,0900  267048076,0035  0,0171 

PLCL 2_3 9,1800  226419483,0005  0,015 

PLCL 3_1 9,4900  318807863,1349  0,0239 

PLCL 3_2 9,1700  131807320,5248  0,0268 

PLCL 3_3 9,1800  123418426,1308  0,0209 

PLCL 4_2 9,5400  231181743,2584  0,0221 

PLCL 4_3 9,4400  146969472,8515  0,0238 

PLCL 5_1 9,4800  131857446,0859  0,0183 

PLCL 5_2 9,0700  206845617,3860  0,02 

PLCL 5_3 11,8800  171548923,4672  0,0259 

PLCL 6_1 9,1000  153759328,6520  0,0358 

PLCL 6_2 9,0200  200615109,5328  0,0237 

PLCL 6_3 9,0900  271876063,5460  0,0239 

PLCL 4_1 9,3400  113409911,6736  0,0289 

Mean 9,3633  185656433,4115  0,0234 
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Table A 14: Volume fractions of Collagen, Control Group 

Anastomosis 
Area 

Fraction 
Area 

Fraction (%)  

C1_1 0,2077 20,77 

C1_2 0,1385 13,85 

C1_3 0,1692 16,92 

C2_1 0,0538 5,38 

C2_2 0,1077 10,77 

C2_3 0,2154 21,54 

C3_1 0,0692 6,92 

C3_2 0,0769 7,69 

C3_3 0,0692 6,92 

C4_1 0,1154 11,54 

C4_2 0,2154 21,54 

C4_3 0,1308 13,08 

C5_1 0,3077 30,77 

C5_2 0,3385 33,85 

C5_3 0,2000 20,00 

C6_1 0,0846 8,46 

C6_2 0,1538 15,38 

C6_3 0,1692 16,92 

C7_1 0,1615 16,15 

C7_2 0,2000 20,00 

C7_3 0,0769 7,69 

C9_1 0,0769 7,69 

C9_2 0,1692 16,92 

C9_3 0,2154 21,54 

Mean 0,16 15,51 
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Table A 15: Volume fractions of Collagen, PCL Group 

Anastomosis 
Area 

Fraction 

Area 
Fraction  

(%) 

PCL 1_1 0,2462 24,62 

PCL 1_2 0,0077 0,77 

PCL 1_3 0,1385 13,85 

PCL 2_1 0,0231 2,31 

PCL 2_2 0,0846 8,46 

PCL 2_3 0,0077 0,77 

PCL 3_1 0,2154 21,54 

PCL 3_2 0,0692 6,92 

PCL 3_3 0,1077 10,77 

PCL 4_1 0,1769 17,69 

PCL 4_2 0,2462 24,62 

PCL 4_3 0,0769 7,69 

PCL 5_1 0,0769 7,69 

PCL 5_2 0,1923 19,23 

PCL 5_3 0,2385 23,85 

PCL 6_1 0,1231 12,31 

PCL 6_2 0,1692 16,92 

PCL 6_3 0,1231 12,31 

PCL 7_1 0,1692 16,92 

PCL 7_2 0,2385 23,85 

PCL 7_3 0,2308 23,08 

PCL 8_1 0,1923 19,23 

PCL 8_2 0,3923 39,23 

PCL 8_3 0,2154 21,54 

Mean 0,16 15,67 
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Table A 16: Volume fractions of Collagen, PLCL Group 

Anastomosis 
Area 

Fraction 
Area 

Fraction (%) 

PLCL 1_1 0,1154 11,54 

PLCL 1_2 0,0769 7,69 

PLCL 1_3 0,0308 3,08 

PLCL 2_1 0,0077 0,77 

PLCL 2_2 0,0923 9,23 

PLCL 2_3 0,2385 23,85 

PLCL 3_1 0,1000 10,00 

PLCL 3_2 0,0692 6,92 

PLCL 3_3 0,1308 13,08 

PLCL 4_1 0,0769 7,69 

PLCL 4_2 0,0231 2,31 

PLCL 4_3 0,0769 7,69 

PLCL 5_1 0,0385 3,85 

PLCL 5_2 0,2846 28,46 

PLCL 5_3 0,0462 4,62 

PLCL 6_1 0,1769 17,69 

PLCL 6_2 0,0692 6,92 

PLCL 6_3 0,1846 18,46 

PLCL 7_1 0,2538 25,38 

PLCL 7_2 0,1000 10,00 

PLCL 7_3 0,3846 38,46 

PLCL 8_1 0,1308 13,08 

PLCL 8_2 0,0308 3,08 

PLCL 8_3 0,2615 26,15 

Mean 0,13 12,50 
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Table A 17: Volume fractions of Inflammatory cells (MAC387 positive areas), Control Group 

Anastomosis 
Thickness 

(µm) 
Volume Region Point 

Counting (µm3) 
Area 

Fraction 
Stitch (+/-) 

C5_2 9.4900 204602039.5020 0.0020 + 

C5_3 9.2900  75530269.3464 0.0075  - 

C1_1 9.7900  98072912.9752 0.0019  - 

C1_3 9.5300  123140297.8463 0.0003  - 

C2_1 9.2800  78817224.0174 0.0086 + 

C2_2 9.3300  74500918.2591 0.0050 + 

C2_3 9.1800  112620300.6972 0.0026  - 

C3_1 9.1800  101291631.3963 0.0111  - 

C3_2 9.2300  62982058.5599 0.0200 + 

C3_3 9.3300  70437231.8086 0.0020  - 

C4_2 9.1200  109236073.0745 0.0079  - 

C5_1 9.0800  79095976.3592 0.0033  - 

C4_3 9.8800  127662764.1927 0.0102 + 

C1_2 9.0300  60961830.0154 0.0013  - 

C6_1 9.2900  158478690.1466 0.0085 + 

C6_2 9.9600  180753470.1990 0.0026  - 

C6_3 9.2400  114697876.7282 0.0016  - 

C7_1 9.4000  70965699.7858 0.0028 + 

C7_2 9.2400  96587685.6659 0.0007  - 

C7_3 9.4200  114196993.6180 0.0020 + 

C9_1 9.0400  65622946.6104 0.0042  - 

C9_2 9.8200  90532081.4554 0.0063 + 

C9_3 9.3200  73744512.1710 0.0039  - 

Mean 9.3683  101936151.4967 0.0051  X 
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Table A 18: Volume fractions of Inflammatory cells (MAC387 positive areas), PCL Group 

Anastomosis 
Thickness 

(µm) 
Volume Region Point 

Counting (µm3) 
Area 

Fraction 
Stitch (+/-) 

PCL 4_2 9.3400  98989020.9246 0.0033  - 

PCL 2_2 9.5300  135592687.5162 0.0053  - 

PCL 2_1 9.2100  144411133.9257 0.0112 + 

PCL 4_3 9.2300  115243766.7266 0.0036 + 

PCL 1_1 9.2000  120211946.4456 0.0038 + 

PCL 1_2 9.2300  169515540.5920 0.0019  - 

PCL 5_3 9.1400  122081910.0570 0.0169 + 

PCL 6_1 8.4900  132505360.1718 0.0018  - 

PCL 5_1 9.0300  140933262.9389 0.0033 + 

PCL 5_2 9.3300  138165339.3169 0.0175  - 

PCL 4_1 9.4400  95937263.5429 0.0036  - 

PCL 2_3 9.2800  111152495.4122 0.0021  - 

PCL 1_3 9.2800  483008116.4142 0.0036 + 

PCL 3_1 9.4300  141699831.8728 0.0051 + 

PCL 3_2 9.0400  206712281.8228 0.0037  - 

PCL 3_3 9.7400  114541078.5372 0.0021  - 

PCL 6_3 9.1300  167678969.1879 0.0010  - 

PCL 6_2 9.8300  77779887.8370 0.0018  - 

PCL 7_1 9.8400  284292542.3332 0.0046  - 

PCL 7_2 9.2900  116667291.0441 0.0022  - 

PCL 7_3 9.7900  270055847.3230 0.0027  - 

PCL 8_1 9.5900  143407915.8703 0.0050  - 

PCL 8_2 9.3800  155247631.1271 0.0013  - 

PCL 8_3 9.4300  121848164.6056 0.0021  - 

Mean 9.3425  158653303.5641 0.0046   
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Table A 19: Volume fractions of Inflammatory cells (MAC387 positive areas), PLCL Group 

Anastomosis 
Thickness 

(µm) 
Volume Region Point 

Counting (µm3) 
Area 

Fraction 
Stitch (+/-) 

PLCL 6_2 9.7300  223196417.5709 0.0025 -  

PLCL 5_1 9.4100  137300771.5137 0.0009  - 

PLCL 1_2 9.3800  110307527.3798 0.0034 + 

PLCL 6_1 9.1900  166112439.1129 0.0020  - 

PLCL 1_1 9.0300  147488298.4244 0.0008 + 

PLCL 6_3 9.6400  290410575.4531 0.0193 + 

PLCL 4_2 9.2800  210852915.5337 0.0013  - 

PLCL 5_2 9.8400  205719226.6130 0.0045 + 

PLCL 5_3 9.7800  133470104.5971 0.0017  - 

PLCL 1_3 9.3300  103624004.4906 0.0023  - 

PLCL 2_1 9.4300  270393398.9918 0.0050  - 

PLCL 3_1 9.4000  317980924.0490 0.0010  - 

PLCL 2_3 9.2300  263988628.4318 0.0089  - 

PLCL 2_2 9.2900  297400435.5516 0.0092 + 

PLCL 3_2 9.0300  144866284.2302 0.0033 + 

PLCL 3_3 9.0800  124576162.7622 0.0063 + 

PLCL 4_1 9.3900  167000962.1953 0.0013  - 

PLCL 4_3 9.7300  144088826.5331 0.0009  - 

PLCL 7_1 9.3800  202911377.5314 0.0018  - 

PLCL 7_2 9.2900  356745647.1910 0.0024  - 

PLCL 7_3 9.4300  260125295.2327 0.0019  - 

PLCL 8_1 9.2300  198996504.1788 0.0007  - 

PLCL 8_2 9.0300  135689234.5543 0.0019 + 

PLCL 8_3 9.4800  135569458.1584 0.0013  - 

Mean 9.3762  197867309.1775 0.0035   
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Attachment  5: Experiment B and C, Power analysis 
Sample size estimation: We decided to construct one intestinal anastomosis with artificial 

defect per animal. We assumed the same sample size for both experimental and control group. 

We considered the Intestinal Wall Integrity Score (IWIS) as the most valuable result of the 

study. We anticipated a very low IWIS of 30% in the Control group with an uncovered 

anastomotic defect and a substantially higher IWIS of 60% in the Experimental group as an 

effect of our nanomaterial patch. Standard deviation of 20 percentage points was assumed in 

both groups. After performing power analysis for two-tailed two-sample t-test, sample sizes 

of 7 (1 anastomosis x 7 animals, test power 73.13%) and 8 (1 anastomosis x 8 animals, test 

power 79.65%) were considered. Finally, the power close to 80% provided by the 8-animal 

group size was preferred. 
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Attachment 6: Experiment B, PAAS results 

PAAS scores for each quadrant of each anastomosis. Anastomosis is named after animal. 

Quadrants are numbered Q1 to Q4 from the right mesenteric quadrant to left mesenteric 

quadrant. Sum gives the total for each anastomosis. 

 

Table A 20: PAAS results Control Group 

anastomosis Q1 Q2 Q3 Q4 Sum 

C1 0 0 0 0 0 

C2 2 2 0 0 4 

C3 0 1 1 0 2 

C4 2 1 0 0 3 

C5 0 1 1 0 2 

C6 2 1 0 0 3 

C7 0 1 1 0 2 

C8 2 2 1 0 5 

 

Table A 21: PAAS result PCL/PVA1 Group 

anastomosis Q1 Q2 Q3 Q4 Sum 

PCL/PVA1 1 0 2 2 2 6 

PCL/PVA1 2 2 1 1 2 6 

PCL/PVA1 3 0 1 0 2 3 

PCL/PVA1 4 1 1 1 0 3 

PCL/PVA1 5 0 1 2 0 3 

PCL/PVA1 6 0 0 0 0 0 

PCL/PVA1 7 0 1 1 0 2 

PCL/PVA1 8 0 0 0 0 0 
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Table A 22: PAAS result PCL/PVA2 Group 

anastomosis Q1 Q2 Q3 Q4 Sum 

PCL/PVA2 1 2 2 1 0 5 

PCL/PVA2 2 1 1 2 2 6 

PCL/PVA2 3 1 2 2 2 7 

PCL/PVA2 4 2 1 0 2 5 

PCL/PVA2 5 1 0 0 2 3 

PCL/PVA2 6 1 0 1 1 3 

PCL/PVA2 7 1 2 2 2 7 

PCL/PVA2 8 2 1 0 0 3 
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Attachment  7: Experiment B, IWIS input data 

Input data for Experiment B IWIS are listed below. Three specimens from each animal were 

scored, values of non-weighted partial scores are given in the table. Range for mucosa is 0-1 

point, range for submucosa is 0-1 point, range for muscularis is 0-3 points, range for serosa is 

1-3 points, as explained in the methods of Experiment B. 

Table A 23: IWIS input data, Control Group 

Animal specimen 
code 

mucosa submucosa muscularis serosa 

C1 2 0 0 1 0 

C1 3 0 1 1 0 

C1 4 0 0 1 0 

C2 1 1 0 1 0 

C2  2 1 0 1 0 

C2 3 0 0 1 0 

C3 1 0 0 0 0 

C3 2 1 1 2 1 

C3 3 0 0 0 0 

C4 1 0 0 0 0 

C4 2 0 0 1 0 

C4 3 0 0 0 0 

C5 1 0 0 0 0 

C5 2 0 0 1 0 

C5 3 0 0 0 0 

C6 2 0 1 0 0 

C6 3 0 1 1 0 

C6 4 0 0 0 0 

C7 3 0 0 1 0 

C7 4 0 1 2 1 

C7 5 0 0 1 0 

C8 3 0 1 1 0 

C8 4 0 1 2 0 

C8 5 0 0 0 0 
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Table A 24: IWIS input data, PCL/PVA1 Group 

Animal specimen 
code 

mucosa submucosa muscularis serosa 

PCL/PVA1 1 2 0 1 2 1 

PCL/PVA1 1 3 0 0 1 0 

PCL/PVA1 1 4 0 0 1 0 

PCL/PVA1 2 2 0 0 0 0 

PCL/PVA1 2 3 1 1 2 1 

PCL/PVA1 2 4 0 0 0 0 

PCL/PVA1 3 2 0 0 0 0 

PCL/PVA1 3 3 1 1 2 2 

PCL/PVA1 3 4 0 0 1 2 

PCL/PVA1 4 2 0 1 0 2 

PCL/PVA1 4 3 1 1 2 2 

PCL/PVA1 4 4 0 0 1 2 

PCL/PVA1 5 2 0 0 0 0 

PCL/PVA1 5 3 1 1 2 1 

PCL/PVA1 5 4 1 1 1 0 

PCL/PVA1 6 2 1 1 2 2 

PCL/PVA1 6 3 1 1 2 1 

PCL/PVA1 6 5 0 1 0 0 

PCL/PVA1 7 3 1 1 2 1 

PCL/PVA1 7 4 0 1 2 0 

PCL/PVA1 7 5 0 0 1 0 

PCL/PVA1 8 2 0 0 0 0 

PCL/PVA1 8 3 1 1 2 2 

PCL/PVA1 8 4 0 1 1 2 
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Table A 25: IWIS input data, PCL/PVA2 Group 

Animal specimen 
code 

mucosa submucosa muscularis serosa 

PCL/PVA2 1 1 0 0 0 0 

PCL/PVA2 1 2 1 1 1 1 

PCL/PVA2 1 3 0 1 1 0 

PCL/PVA2 2 3 0 0 1 0 

PCL/PVA2 2 4 1 1 2 2 

PCL/PVA2 2 5 0 1 0 0 

PCL/PVA2 3 2 0 1 1 2 

PCL/PVA2 3 3 1 1 2 2 

PCL/PVA2 3 4 1 1 2 2 

PCL/PVA2 4 1 1 1 2 2 

PCL/PVA2 4 2 0 1 1 0 

PCL/PVA2 4 3 0 0 0 0 

PCL/PVA2 5 2 0 0 2 0 

PCL/PVA2 5 3 0 1 1 0 

PCL/PVA2 5 4 0 0 0 0 

PCL/PVA2 6 2 0 1 0 0 

PCL/PVA2 6 4 0 1 1 0 

PCL/PVA2 6 5 1 1 2 2 

PCL/PVA2 7 2 0 1 1 2 

PCL/PVA2 7 3 1 1 3 2 

PCL/PVA2 7 4 1 1 3 2 

PCL/PVA2 8 2 1 1 0 0 

PCL/PVA2 8 3 1 1 2 1 

PCL/PVA2 8 4 0 0 1 0 
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Attachment  8: Experiment B, Stereology results 

Results of stereological measurements from Experiment B are listed below. Thickness means 

the thickness of histological slide. Volume Region Point Counting gives value of the total volume 

of tissue where our measurements were taken in. Area Fraction stands for volume fraction positive in 

given parameter (vWF, collagen, MAC387). 

Table A 26: Volume fractions of vWF positive area, Control Group 

Animal Thickness (µm) 
Volume Region Point 
Counting (µm3) 

Area 
Fraction 

C1 9.0300  116024128.0971 0.0292 

C2 9.5300  503629982.2171 0.0179 

C3 9.9300  214088330.0645 0.0360 

C4 9.6200  159918184.6547 0.0338 

C5 9.6200  217879797.4335 0.0253 

C6 8.9900  238198955.6041 0.0285 

C7 9.3400  357309685.1282 0.0208 

C8 9.4300  451112025.1535 0.0255 

 
Table A 27: Volume fractions of vWF positive area, PCL/PVA1 Group 

Animal Thickness (µm) 
Volume Region Point 
Counting (µm3) 

Area 
Fraction 

PCL/PVA1 1 9.6800  411775278.9812  0.0341 

PCL/PVA1 2 8.5800  450934175.3535  0.0247 

PCL/PVA1 3 9.5300  403319065.4294  0.0325 

PCL/PVA1 4 9.3300  521506427.8286  0.0404 

PCL/PVA1 5 9.4900  322403213.7698  0.0497 

PCL/PVA1 6 9.1400  289944536.3935  0.0247 

PCL/PVA1 7 9.1300  258477462.3918  0.0248 

PCL/PVA1 8 9.1400  380842480.2971  0.0265 
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Table A 28: Volume fractions of vWF positive area, PCL/PVA2 Group 

Animal Thickness (µm) 
Volume Region Point 
Counting (µm3) 

Area 
Fraction 

PCL/PVA2 1 9.8700  242170450.5257 0.0293 

PCL/PVA2 2 9.7200  282942335.6963 0.0276 

PCL/PVA2 3 9.0400  305146701.7469 0.0201 

PCL/PVA2 4 9.0400  229680313.1429 0.0396 

PCL/PVA2 5 9.1300  147796087.4702 0.0232 

PCL/PVA2 6 9.2800  174475735.2229 0.0194 

PCL/PVA2 7 9.4300  332686561.7976 0.0247 

PCL/PVA2 8 8.5400  270291044.6171 0.0312 

 
Table A 29: Volume fractions of Collagen, Control Group 

Animal Thickness (µm) 
Volume Region Point 
Counting (µm3) 

Area 
Fraction 

C1 9.4700  113428246.9347 0.2700 

C2 9.2300  460975066.9192 0.0506 

C3 9.3400  198656048.8473 0.1096 

C4 9.6800  191131187.5135 0.1068 

C5 9.1400  153929364.8588 0.1688 

C6 9.9400  273472015.3257 0.1156 

C7 9.1400  317147570.7004 0.2081 

C8 8.9500  346937775.1592 0.0728 

 
Table A 30: Volume fractions of Collagen, PCL/PVA1 Group 

Animal Thickness (µm) 
Volume Region Point 
Counting (µm3) 

Area 
Fraction 

PCL/PVA1 1 8.9800  476519865.3567 0.1092 

PCL/PVA1 2 9.2300  495146183.7984 0.1141 

PCL/PVA1 3 9.4500  492542317.5429 0.1042 

PCL/PVA1 4 9.6300  580218639.3551 0.0829 

PCL/PVA1 5 9.0200  543465433.7469 0.1487 

PCL/PVA1 6 9.0900  309473896.2686 0.1003 

PCL/PVA1 7 9.6300  364209531.4506 0.1000 

PCL/PVA1 8 10.4900 431001931.2376 0.1656 
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Table A 31: Volume fractions of Collagen, PCL/PVA2 Group 

Animal Thickness (µm) 
Volume Region Point 
Counting (µm3) 

Area 
Fraction 

PCL/PVA2 1 9.7300  233084866.4571 0.1029 

PCL/PVA2 2 9.5800  487495738.7282 0.1149 

PCL/PVA2 3 9.4300  407985989.3649 0.1007 

PCL/PVA2 4 9.4800  341332239.8302 0.0712 

PCL/PVA2 5 9.8900  165124465.3306 0.1129 

PCL/PVA2 6 9.9900  230610939.4433 0.1267 

PCL/PVA2 7 9.0300  361182455.2629 0.0946 

PCL/PVA2 8 9.1200  309833225.4563 0.1272 

 
Table A 32: Volume fractions of MAC387 positive area, Control Group 

Animal Thickness (µm) 
Volume Region Point 
Counting (µm3) 

Area 
Fraction 

C1 9.2000  94166024.7184 0.0022 

C2 9.4400  408418636.2253 0.0012 

C3 9.1800  221908639.8416 0.0144 

C4 9.0800  146327556.2645 0.0022 

C5 9.0400  293990800.8229  0.0007 

C6 9.7900  231679490.0784  0.0033 

C7 9.2800  377918484.4016  0.0012 

C8 9.4800  387439619.0008  0.0091 

 
Table A 33: Volume fractions of MAC387 positive area, PCL/PVA1 Group 

Animal Thickness (µm) 
Volume Region Point 
Counting (µm3) 

Area 
Fraction 

PCL/PVA1 1 9.6800  471503775.0792  0.0280 

PCL/PVA1 2 9.5819  500112877.1149  0.0172 

PCL/PVA1 3 9.6900  464956724.6865  0.0155 

PCL/PVA1 4 9.9900  681680135.4612  0.0279 

PCL/PVA1 5 9.6169  441901256.9362  0.0200 

PCL/PVA1 6 9.9800  536829095.4955  0.0170 

PCL/PVA1 7 9.1800  302542109.5739  0.0059 

PCL/PVA1 8 9.2100  423204850.8220 0.0187 
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Table A 34: Volume fractions of MAC387 positive area, PCL/PVA2 Group 

Animal Thickness (µm) 
Volume Region Point 
Counting (µm3) 

Area 
Fraction 

PCL/PVA2 1 9.8200  206726800.1796  0.0089 

PCL/PVA2 2 9.9800  459311263.8922  0.0049 

PCL/PVA2 3 9.9200  396780726.0473  0.0149 

PCL/PVA2 4 9.1800  312537994.2514  0.0055 

PCL/PVA2 5 9.4200  151122967.6065  0.0054 

PCL/PVA2 6 9.2400  181772658.4457  0.0202 

PCL/PVA2 7 9.6700  465400986.2278  0.0320 

PCL/PVA2 8 9.8200  444106194.8686  0.0115 
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Attachment  9: Experiment C, PAAS results 

Table A 35: PAAS results, Control Group 

anastomosis Q1 Q2 Q3 Q4 Sum 

C1 0 1 0 0 1 

C2 0 1 0 0 1 

C3 0 0 0 0 0 

C4 0 2 2 1 5 

C5 0 0 0 0 0 

C6 0 0 0 0 0 

C7 0 1 0 0 1 

C8 0 0 0 0 0 

 

Table A 36: PAAS results, PCL Group 

anastomosis Q1 Q2 Q3 Q4 Sum 

PCL1 0 1 0 0 1 

PCL2 0 1 0 0 1 

PCL3 0 0 0 0 0 

PCL4 0 1 0 0 1 

PCL5 0 0 0 0 0 

PCL6 0 0 0 0 0 

PCL7 1 1 0 0 2 

PCL8 2 1 0 0 3 
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Attachment  10: Experiment C, Stereology results and 

IWIS input data 

Input data for Experiment C IWIS are listed below. Five specimens from each animal were 

scored. Specimens with the highest IWIS were used for Stereology measurements and only 

their IWIS values are in the following tables. When the score was equally high for several 

samples, all of them were used for stereology. Values of non-weighted partial scores are given 

in the table. Range for mucosa is 0-1 point, range for submucosa is 0-1 point, range for 

muscularis is 0-3 points, range for serosa is 1-3 points, as explained in the methods of 

Experiment B. 

 

Table A 37: IWIS input data, Control Group 

Animal specimen mucosa submucosa muscularis serosa 

C1 3 1 1 3 2 

C2 1 1 1 0 0 

C3 2 0 0 1 0 

C3 3 0 0 1 0 

C3 5 0 0 1 0 

C4 2 0 1 2 0 

C5 1 0 0 2 0 

C5 3 0 0 2 0 

C6 1 0 0 1 0 

C6 2 0 0 1 0 

C6 3 0 0 1 0 

C6 4 0 0 1 0 

C6 5 0 0 1 0 

C7 1 0 0 3 0 

C8 4 0 1 3 0 

C8 5 0 1 3 0 
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Table A 38: IWIS input data, PCL Group 

Animal specimen mucosa submucosa muscularis serosa 

PCL1 2 0 1 2 0 

PCL2 2 0 0 3 0 

PCL3 1 0 0 2 0 

PCL3 2 0 0 2 0 

PCL4 4 1 1 3 1 

PCL5 2 0 0 2 0 

PCL5 3 0 0 2 0 

PCL6 1 0 0 2 0 

PCL6 2 0 0 2 0 

PCL6 3 0 0 2 0 

PCL7 2 1 1 3 1 

PCL8 3 0 0 3 0 

PCL8 4 0 0 3 0 

 

Table A 39: Stereology results, Control Group 

Animal specimen Collagen 
volume 
fraction 

endothelial cells 
volume fraction 

MAC387 positive 
cells volume 

fraction 

C1 3 0,1516 0,0363 0,002 

C2 1 0,2111 0,0211 0,0005 

C3 2 0,1435 0,0204 0,0002 

C3 3 0,1675 0,0286 0,0007 

C4 2 0,1892 0,0209 0,0007 

C5 3 0,218 0,0259 0 

C6 3 0,0952 0,0241 0,0005 

C7 1 0,2057 0,0501 0,0017 

C8 4 0,2077 0,0394 0,0002 

C8 5 0,127 0,0401 0,0001 
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Table A 40: Stereology results, PCL Group 

Animal Specimen Collagen 
volume 
fraction 

endothelial cells 
volume fraction 

MAC387 positive 
cells volume 

fraction 

PCL1 2 0,2662 0,0368 0,0014 

PCL2 2 0,1982 0,0314 0,0002 

PCL3 1 0,191 0,0305 0,0014 

PCL3 2 0,1471 0,0267 0,0012 

PCL4 4 0,2153 0,033 0,0012 

PCL5 2 0,2405 0,0288 0,0004 

PCL5 3 0,2056 0,0279 0,0001 

PCL6 2 0,2031 0,027 0,0016 

PCL6 3 0,1751 0,0298 0,0073 

PCL7 2 0,2323 0,0367 0,0038 

PCL8 4 0,2449 0,0251 0,0015 
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Attachment 11: Article A 

Rosendorf J, Horakova J, Klicova M, Palek R, Cervenkova L, Kural T, Hosek P, Kriz 

T, Tegl V, Moulisova V, Tonar Z, Treska V, Lukas D, Liska V. Experimental 

fortification of intestinal anastomoses with nanofibrous materials in a large 

animal model. Sci Rep. 2020 Jan 24;10(1):1134.  

Q1, IF=4.180
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Attachment 12: Article B 

Rosendorf J, Klicova M, Cervenkova L, Palek R, Horakova J, Klapstova A, Hosek 

P, Moulisova V, Bednar L, Tegl V, Brzon O, Tonar Z, Treska V, Lukas D, Liska V. 

Double-layered Nanofibrous Patch for Prevention of Anastomotic Leakage and 

Peritoneal Adhesions, Experimental Study. In Vivo. 2021 Mar-Apr;35(2):731-

741.  

Q2, IF=1.586 
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Attachment 13: Article C 

Rosendorf J, Klicova M, Cervenkova L, Horakova J, Klapstova A, Hosek P, Palek 

R, Sevcik J, Polak R, Treska V, Chvojka J, Liska V. Reinforcement of Colonic 

Anastomosis with Improved Ultrafine Nanofibrous Patch: Experiment on Pig. 

Biomedicines. 2021 Jan 21;9(2):102.  

Q1, IF=4.757  
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