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Background: A current topic of ma jor interest in regenerative medicine is the development of novel materials for accelerated healing
of sutures, and nanofibers seem to be suitable materials for this purpose. As various studies have shown, nanofibers are able to partially
substitute missing extracellular matrix and to stimulate cell proliferation and differentiation in sutures. Therefore, we tested
nanofibrous membranes and cryogenically fractionalized nanofibers as potential materials for support of the healing of intestinal
anastomoses in a rabbit model.

Materials and Methods: We compared cryogenically fractionalized chitosan and PVA nanofibers with chitosan and PVA nanofiber
membranes designed for intestine anastomosis healing in a rabbit animal model. The anastomoses were biomechanically and
histologically tested.

Results: In strong contrast to nanofibrous membranes, the fractionalized nanofibers did show positive effects on the healing of
intestinal anastomoses in rabbits. The fractionalized nanofibers were able to reach deep layers that are key to increased mechanical
strength of the intestine. Moreover, fractionalized nanofibers led to the formation of collagen-rich 3D tissue significantly exceeding the
healing effects of the 2D flat nanofiber membranes. In addition, the fractionalized chitosan nanofibers eliminated peritonitis,
significantly stimulated anastomosis healing and led to a higher density of microvessels, in addition to a larger fraction of
myofibroblasts and collagen type I and III. Biomechanical tests supported these histological findings.

Conclusion: We concluded that the fractionalized chitosan nanofibers led to accelerated healing for rabbit colorectal anastomoses by
the targeted stimulation of collagen-producing cells in the intestine, the smooth muscle cells and the fibroblasts. We believe that the
collagen-producing cells were stimulated both directly due to the presence of a biocompatible scaffold providing cell adhesion, and
indirectly, by a proper stimulation of immunocytes in the suture.
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Introduction

Novel biomaterials designed to enhance tissue regeneration can bring new opportunities to advance the effectiveness of
surgical procedures. Surgical procedures have a traumatic effect on microvessels that reduces the blood supply to healed
tissues. Sufficient nutrient and oxygen supply is a key factor for collagen synthesis. Resulting shortage of collagen in
regenerating tissue leads to weaknesses that could lead to serious postoperative complications.

One of the most serious postoperative complications after an intestinal anastomosis is an anastomotic leak — a defect
in the intestinal wall and possible entry point for infection resulting in potential sepsis, multi-organ failure and even
death. The most problematic parts of the gastrointestinal tract are the large intestine and the rectum as they have the
highest leakage rate, the slowest healing rate and decreased collagen content in healed tissue.' > Healed anastomoses
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with lowered collagen content have less mechanical strength and are more prone to leakage.* Hence, a potential way to
increase the tensile strength of intestinal anastomoses and to reduce leakage rate seems to be to provide support for
collagen-producing cells, hence stimulating collagen production.

For cells producing collagen, being adhered to the extracellular matrix (ECM) is vital. Without sufficient cellular
adhesion to the ECM, the cells will not be able to proliferate and produce collagen. Therefore, the discontinuity and
shortage of ECM at the site of a surgical wound would create a need for a material that would help cells to attach,
proliferate and produce further ECM. The material should mimic the structure and functions of ECM. Electrospun
nanofibers seem to be a suitable material providing optimal cell adhesion leading to cell proliferation and production
of ECM.

However, using electrospun nanofibers for the intestinal anastomoses could have its limitations. Cells perceive
electrospun nanofiber mats as a 2D material because the mats do not allow cells to pass through; the cells live only
on the surface of the nanofiber mat. However, cells like fibroblasts prefer to be enmeshed in a 3D material that provides
more focal adhesions.” Electrospun nanofiber 2D mats are more suitable for superficial placing over skin or fasciae, than
for the deeper layers of the intestine that are ultimately responsible for the tensile strength of the intestine. In addition, for
manipulation of nanofibers and their attachment to the intestinal surface using stitches, we should prepare mats that are
substantial thicker. Over-exposure to polymeric materials may lead to increased immune system reaction and/or chronic
foreign body reaction, inflammation and peritonitis, as has been observed in previous studies by our group.

In this study, we compared 2D nanofiber membranes and 3D cryogenically fractionalized nanofibers for healing of the
large intestine in rabbits. Fractionized nanofibers enable collagen-producing cells like 3T3 fibroblasts to adhere and
proliferate.® We used polyvinyl alcohol and chitosan because the polymers had a proliferative effect on collagen-
producing cells in vitro.”* The aim of this study was optimization and regulation of the healing process in anastomosis
of the large intestine.

Materials and Methods

Functionalized Nanofibers Preparation, Analysis and Sterilization

Nanofibers were prepared by electrospinning. To obtain purified chitosan, chitosan isolated from shrimp shells was
dissolved in a 10% aqueous acetic acid 1% w/v and filtered. The filtered chitosan solution was next precipitated using 1
M NaOH, and the precipitate washed with a mixture of distilled water and acetone and dried at room temperature. Dried
purified chitosan was dissolved in a mixture of trifluoroacetic acid (TFA) and dichloromethane (DCM) (7:3 v/v) to obtain
5% wi/v chitosan solution.” From the chitosan solution, chitosan nanofibers were prepared with a spinner (MultiSpin,
Nanuntio Ltd. Prague, Czech Republic) having a special glass needle electrode and a metal plate collector covered with
polypropylene nonwoven textile; the electrical field intensity used was 25 kV/cm. To prevent dissolution of the chitosan
nanofibers in the wet environment, the chitosan nanofibers were stabilized in a saturated solution of NaOH in absolute
ethanol. After 10 minutes in the NaOH solution, the chitosan nanofibers were washed in distilled water at neutral pH,
then dehydrated by immersion in increasing concentrations of ethanol. Dehydrated chitosan nanofibers were dried at
room temperature.

Polyvinyl alcohols (5 and 40 kDa, 88% hydrolyzed, Merck) were dissolved in distilled water at 80°C. 12% w/w
aqueous PVA solution was used for electrospinning with addition of phosphoric acid to lower the pH and glyoxal as
a PVA crosslinker. Electrospinning was performed using a spinner (NanoSpider, Elmarco) with a wire electrode and
a wire collector covered with polypropylene non-woven textile; the electrical field intensity used was 25 kV/cm. To
prevent dissolution of the chitosan nanofibers in the wet environment, the PVA nanofibers were crosslinked using glyoxal
for 72 hours at a temperature of 60°C.

Nanofibers were fractionalized in liquid nitrogen for two working cycles using a cryogenic grinder (Freezer/Mill
6870, SPEX SamplePrep). Each working cycle included 10 grinding (1 min) and re-cooling periods (1 min). The applied
impact frequency was 12 Hz.

The morphology of the nanofiber membranes and fractionalized nanofibers was analyzed using scanning electron
microscopy (VEGA 3 SBU, Tescan) with a secondary electron (SE) detector at an accelerating voltage of 10 kV. Before
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SEM analysis, all samples were sputtered with a thin gold layer using a rotary pumped coater (Q 150R S, Quorum). The
average fiber diameter was measured for 100 randomly selected fibers using Tescan software.

We used an accelerated electron beam for sterilization of fractionalized chitosan and PVA nanofibers. Eppendorf vials
with ground nanofibers were exposed to an electron beam (9.5 MeV electron energy, 8 pA electron current and 30 Gy/s
absorbed dose rate) on a Microtron MT25 accelerator with a high-frequency source of electrons. During a 15-minute
exposure, the dose of radiation used was 27 kGy.

In vivo Experiment

Sixty-two broiler breed Hyplus rabbits (female and male, weight 2.5-3 kg) were obtained from a private breeder. For 10
days before surgery, rabbits were acclimatized, kept at one per cage in standard cages, fed on standard rabbit pellets and
water ad libitum. During acclimatization, rabbits were treated with sulfadimidine.

Ethical principles and guidelines for scientific experiments on animals were respected throughout the whole study.
The maintenance and handling of the experimental animals followed EU Council Directive 86/609 EEC, and the animals
were treated in accordance with the principles of care and use of animals (Decree no. 419/2012 Coll) strictly excluding
animal torture. The investigation was approved by the Expert Committee of the Faculty of Veterinary Medicine at the
University of Veterinary and Pharmaceutical Sciences, Brno, Czech Republic (protocol number 29-2016) and conformed
to Czech Animal Protection Law 246/92.

The rabbits were anesthetized with intramuscularly injected ketamine (50 mg/kg body weight) and xylazine (5 mg/kg
body weight) and inhalation of oxygen with 1.5-2% isoflurane. After shaving of the ventral abdominal wall and cleaning
with povidone—iodine and chlorhexidine, a 5—6-cm-long midline incision was performed to open the abdominal cavity.
The large intestine was transected, then end-to-end anastomosis was manually carried out on the colon, 15 cm from the
ileocecal valve using a simple running PDS 4/0 stitch. After stitching of the anastomosis, the suture was powdered with
0.02 grams of ground PVA or chitosan nanofibers. The fascia and skin were closed separately using running stitches.
After surgery, rabbits were treated with an intramuscular injection of Ranital (0.2 mL/kg body weight, for 3 days), Degan
(0.1 mL/kg body weight, for 3 days), Marbofloxacin (10 mg/kg body weight, one per 24 hours for 7 days) and
a subcutaneous injection of Metacam (1 mg/kg body weight, one per 24 hours for 5 days).

Following 14 days from the in vivo experiment, the rabbits were euthanized with an overdose of the intravenous
anesthetic thiopental.

Histological Analysis

Thirty rabbits were used for histological analysis in total, 17 samples with no material and 13 samples with material.
After euthanasia, 5-cm-long segments of intestine with anastomosis in the middle (marked with stitching material) were
resected. The intestinal segments were cut longitudinally, feces were removed and washed with saline solution. The clean
segments were fixed in formalin. After formalin fixation, the tissue blocks were processed to 4 pum-thick histological
sections with the section plane parallel to the long axis of the intestine. Each section showed the center of the
anastomosis and at least 5 mm of the intestine in both directions.

Two sections were stained with hematoxylin—eosin (for overall morphology of the sample; Bancroft and Stevens,
1996), two with Verhoeff’s hematoxylin and green trichrome (to differentiate connective tissue and smooth muscle'”),
two with picrosirius red (Direct Red 80, Sigma Aldrich, Munich, Germany; to distinguish collagen I and III using
polarized light microscopy''), and two with BioGram kit (BioGnost, Zagreb, Croatia; to identify and distinguish Gram-
positive and Gram-negative bacteria). Another two sections were immunohistochemically stained to visualize smooth
muscle and myofibroblasts (Monoclonal Mouse Anti-Human Smooth Muscle Actin, Clone 1A4, DakoCytomation,
Glostrup, Denmark; dilution 1:100); next, two sections to visualize endothelial cells (Monoclonal Anti CD31 antibody
Clone J70A, DakoCytomation, Glostrup, Denmark; dilution 1:40) and two last sections for detection of macrophages
(Monoclonal Mouse Anti-Human CD68, Clone KP1, DakoCytomation, Glostrup, Denmark; dilution 1:100).
Visualization of immunohistochemical reaction was based on diaminobenzidine (DAB+, Liquid; DakoCytomation,
Glostrup, Denmark). Immunohistochemical sections were counterstained with Gill’s hematoxylin. All sections were
dehydrated in graded ethanol solutions and mounted with a xylene-soluble medium.
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Four micrographs per each tissue block and staining method were taken using either a 10x objective (a-smooth
muscle actin, CD31-positive microvessels) or 20x objective (type I + type III collagen, CD68-positive macrophages)
mounted on an Olympus BX41 optical microscope (Olympus, Tokyo, Japan). The image fields were sampled in
a systematic uniform random manner as described in detail by Kolinko et al.'® For picrosirius red microscopy, we
used a circular polarizing filter (Hama, Monheim, Germany) crossed with a quarterwave A/4 filter below the analyzer
filter (U-GAN, Olympus, Tokyo, Japan).

Histological quantification was performed using the stereological point grid'® and the following parameters: (i) the
volume fraction of the a-smooth muscle actin-positive myofibroblasts within the whole intestinal wall (the smooth muscle of
the regular muscular layers of the intestinal wall were not counted in); (ii) the volume fraction of collagen I and III within the
whole intestinal wall; (iii) the volume fraction of the CD68-positive cells identified morphologically as macrophages within
the whole intestinal wall; (iv) the two-dimensional density of CD31-positive microvessel profiles expressed as the QA
(quantity per area) = Q/A, ie, the number of CD31-positive profiles of microvessels (Q) per unit area (A) estimated using an
unbiased counting frame.'* These methods correspond to the approach published recently by Rosendorf et al.'”

As some of the parameters did not pass the Shapiro—Wilk’s W-test for normality, nonparametric statistics was used. The
Kruskal-Wallis ANOVA followed by the post-hoc Mann—Whitney U-test were used to compare the differences between the
Chitosan group, the PVA group, and group of samples without any biomaterial. The correlations among the parameters were
assessed using the Spearman correlation coefficient. These tests were used as available in the Statistica Base 11 package
(StatSoft, Inc., Tulsa, OK, USA). Significant differences were reported as *p<0.05, **p<0.01 and ***p<0.001.

Biomechanical Testing

Thirty-two rabbits were used in total, 14 rabbits with no material, 18 rabbits with chitosan. Following rabbits’ euthanasia, 5-cm-
long intestinal segments with anastomosis in the middle were resected. Feces were removed and washed with saline solution. The
clean intestinal segments were placed in saline solution and immediately tested. Biomechanical tests were performed on
a MicroTester digital tension meter (a device developed at the Department of Anatomy and Biomechanics, Faculty of
Physical Education and Sport, Charles University in Prague, Utility model with document/registration number 25,008,
Industrial Property Office, Czech Republic).'® Throughout the experiment, the structure and tear line of each segment were
scanned by an SZX-12 microscope (Olympus, Tokyo, Japan) equipped with an ultrasensitive SensiCam video camera (PCO,
Kelheim, Germany). The intestinal segments were individually placed into the jaws of the device in a longitudinal manner and
secured. Length, width and thickness were measured for each tested intestinal segment. Next, each fixed intestinal segment was
stretched by 5 mm at a speed of 10 mm/s 10 times and then pulled at a speed of 0.5 mm/s until the intestinal segment broke. The
tensile response of each sample was recorded throughout the experiment and the yield strength and the maximum tensile strength
determined.

Results

Preparation of Implants Based on Functionalized Nanofibers

PVA and chitosan nanofibers were prepared by electrospinning. SEM analysis of the prepared nanofibers showed fibrous
morphology (Figure 1A and B). The average diameter of the PVA nanofiber was 324+18 nm. The average diameter of the
chitosan nanofibers was 295+97 nm after electrospinning and 314+147 nm after NaOH treatment. Cryogenic fractiona-
lization successfully converted the PVA and chitosan and nanofiber membranes into fine powders. The morphology of the
powder particles is shown in Figure 1C and D and ranged from submicron-sized fragments of single nanofibers to several
micron-sized clusters of nanofibers.

Implantation and Macroscopic Analysis

The application of PVA and chitosan nanofiber membranes onto the anastomoses had disappointing results as they
resulted in diarrhea, partial incision dehiscence, presence of abscesses, inflammation and peritonitis and death of animals
(Supplementary Figure 1). Moreover, the nanofiber membranes shrunk causing intestinal strictures and obstructions.
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Figure | SEM of chitosan (A) and PVA (B) nanofibers, fractionalized chitosan nanofibers (C), and PVA nanofibers (D). Scale bars 5 pm.

By contrast to nanofiber membranes, application of the fractionalized PVA and chitosan nanofibers led to more

positive results with respect to the aforementioned issues. No intestinal strictures or intestinal obstructions were

observed.

Histological Analysis

Bearing in mind the negative results from the failed application of the nanofiber membranes, we only histologically

analyzed the fractionalized nanofibers. The overall histological appearance and the parameters investigated in this study

are shown in samples selected randomly from the PVA group, the Chitosan group, and the No Material group in Figure 2.

The Gram staining showed only scarce and individually distributed bacteria or their fragments in some of the

inflammatory infiltrates.

Quantitative histological analysis showed remarkable differences in the composition of healed anastomoses between

the Chitosan, PVA and No Material group (Figure 3). The volume fraction of collagen within the anastomosis wall was

greater in samples from the Chitosan group than in the samples from the PVA group (Mann—Whitney p=0.007) and the

No Material group (Mann—Whitney p<0.001). Samples of the PVA and the No Material groups had a comparable volume

fraction of collagen within the anastomosis (Mann—Whitney n.s., p=0.17).

In a similar way, the volume fraction of actin-positive myofibroblasts within the anastomosis wall was greater in

samples from the Chitosan group than in the samples from the No Material group (Mann—Whitney p=0.003). There was

a tendency towards greater values in samples from the Chitosan group than in the samples from the PVA group, but
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Figure 2 Intestinal anastomoses on longitudinal histological sections stained with various methods. Overall morphology and localization of the anastomosis site were
assessed using hematoxylin-eosin staining (A). Verhoeff’s hematoxylin and green trichrome (B) provided a higher contrast picture of the anastomosis, revealing the gap in the
muscularis layer (red arrow). This was confirmed using the immunohistochemical reaction against a-smooth muscle actin (C and D). The gap in the muscularis layer (C,
black arrow) was often partially filled with a-smooth muscle actin-positive myofibroblasts (D, white arrow) proliferating into the granulation tissue filling in the healing defect.
Scarce CDé68-positive macrophages (E, green arrow) were found within the healing defects. CD3 | immunohistochemistry (F) was used to visualize the microvessels (yellow
arrow) within the defect. Assessment of collagen was performed in sections stained with picrosirius red observed under circularly polarized light (G), where collagen
| appeared as reddish and yellow extracellular deposits (orange arrow) and collagen Ill appeared as green deposits. Bacteria were revealed using the Gram stain modified for
use in paraffin-embedded sections (H). No large accumulations of bacteria were found; only individual mostly Gram-negative bacteria (magenta arrow) were observed. Scale

bars | mm (1-C), 200 pm (D and F), 50 ym (E, G and H).

6340 e International Journal of Nanomedicine 2022:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Kralovic et al

Aoss B
0.40 ! e 0.20 I -
T —
__ 035
E
& 0.30 a 0.15
2 =
3 g
-} 3
° 0.25 <
2 o o
S 2 0.0
020 o 3
£ 3
5 015
8 p——
> o
> 0.10 0.05
0.05 —I—
0.00 0.00
Chitosan PVA No biomaterial Chitosan PVA No biomaterial
0.010 700
f e !
'2 600 T - I povy ]
0.008 — £ I
3 500 .
o )
< 0.006 &
g ° 3 400
>
o5 o °
© Q
] S
o 1
Z 0.004 - - g 300
Jo. 2
3
o
2 200
=
0.002 ]
g 100
0.000 0
Chitosan PVA No biomaterial Chitosan PVA No biomaterial

Figure 3 Quantitative histological parameters compared between the experimental groups (Chitosan, PVA and No Material). The anastomoses in the Chitosan group
contained a greater fraction of actin-positive myofibroblasts (A, Mann—Whitney p=0.003) and a greater fraction of collagen (B, p<0.001) than the No Material group. The
anastomoses in the Chitosan group contained a greater fraction of collagen (B, p=0.007) than the PVA group. The volume fraction of CD68-positive macrophages within the
anastomosis did not significantly differ between all groups under study (C, Kruskal-Wallis ANOVA n.s., p=0.16; post hoc Mann—Whitney tests n.s.). The anastomoses in the
Chitosan group contained a greater density of CD3|-positive microvessels than the No Material group (D, p<0.001) and the PVA group (D, p=0.003). The PVA group
differed from the No Material group in containing a greater density of CD3|-positive microvessels (D, p<0.001). Data are displayed as median values (0, small squares) with
boxes spanning the upper limits of the first and third quartiles and with whiskers spanning the minimum and maximum values. Vy refers to the volume fraction of the
intestinal wall components at the site of the anastomoses; QA refers to the quantity of microvessel profiles per area unit. Significant differences between the groups are
indicated as **p<0.0] and ***p<0.001.

without statistical significance (Mann—Whitney p=0.053). The PVA and the No Material group did not significantly differ
in the volume fraction of actin-positive myofibroblasts within the anastomosis wall (Mann—Whitney n.s., p=0.24).

The density of CD31-positive microvessels within the anastomosis wall was greater in samples from the
Chitosan group than in the samples from the PVA group (Mann—Whitney p=0.003) and from the No Material
group (Mann—Whitney p<0.001). The density was greater in samples from the PVA group than in the samples from
the No Material group (Mann—Whitney p<0.001).

The volume fraction of CD68-positive macrophages within the anastomosis wall was comparable in all groups under
study (Kruskal-Wallis ANOVA n.s., p=0.16; post hoc Mann—Whitney tests n.s.).

When pooling all the samples, the density of microvessels was positively correlated with the fraction of
myofibroblasts (Spearman R=0.47, p<0.05), with the fraction of collagen (R=0.60, p<0.05), as well as with the
fraction of macrophages (R=0.40, p<0.05). These correlations disappeared once these were tested for each group
separately.
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Biomechanical Analysis

We biomechanically analyzed and compared the control anastomoses (No Material group) to the anastomoses treated
with the fractionalized chitosan nanofibers (Chitosan group), chosen as more promising than anastomoses treated with
PVA fractionalized nanofibers as our histological analysis had shown.

The intestinal segments with the healed anastomosis in the Chitosan group showed significantly higher values of the
ultimate stress than the No Material group. The Chitosan and the No Material groups did not significantly differ in the
yield strength. Because native biological structures were measured, the deviation reached high values for both groups as
well as for all evaluated parameters.

Values oy, Gmax, and E were calculated from the measured data (Table 1). The No Material and the Chitosan
groups did not significantly differ in the yield stress (oy) (Mann—Whitney U-test, p=0.755). Both studied groups differed
significantly in the maximum tensile strength (0,.x), With high p-value (Mann—Whitney U-test, p=0.009). The Young’s
modulus (E) was greater in the Chitosan group than in the No Material group (p=0.007) (Figure 4).

Based on the evaluated data, it can be deduced that, as was expected, the group in which chitosan had been used was
significantly stiffer than the group which had been allowed to heal without the application of any supporting material.
What was unexpected was that the yield stress was found to be similar for both procedures. The cause could have been
that the intestine had been damaged at the microlevel before the ultimate stress had been reached. This microlevel
damage was the same in both groups because it depends only on intestine tissue properties, not on applied healing
procedure.

Discussion

Notwithstanding the successful application of nanofiber membranes for acceleration of skin healings,'”"'® the PVA and
chitosan nanofiber membranes caused acute inflammation and peritonitis when applied to the healing of anastomoses of
the large intestine. The nanofiber membranes caused acute inflammation and peritonitis. Moreover, shrinkage of the
nanofiber membranes during degradation of the materials led to strictures and failures of anastomoses in the rabbits. In
another study, placing of the polycaprolactone nanofiber membranes on piglets’ anastomoses of the small intestine did
not have any stimulating effect on the healing of the anastomoses and nanofiber membranes may have delayed the
healing of the anastomoses.'> Therefore, in general, it does not seem that nanofiber membranes are the optimal solution
for the problem of how to effectively support, enhance and accelerate the healing of intestinal anastomoses.

However, successful healing of the large intestinal anastomoses was achieved in our study, when we cryogenically
fractionalized both the PVA and the chitosan nanofiber membranes to a fine powder and we scattered the fine powder
over the anastomotic wounds. Histological analysis showed significant differences between the healed anastomoses after
treatment of the PVA and the fractionalized chitosan nanofibers and the control anastomoses without any material. The
anastomoses treated with the fractionized PVA nanofibers had a greater density of microvessels than the control ones. In
addition, the anastomoses with the fractionalized chitosan nanofibers had an even denser network of microvessels, more
myofibroblasts and more collagen in the healed tissue than the control group. Moreover, in agreement with the
histological findings, the biomechanical analysis and higher Young’s modulus in the Chitosan group when compared
to the No Material group (p=0.007) showed mean higher stiffness and lower flexibility which indicated more collagen
content in the healed anastomotic tissue.

Table | The Values of the Monitored Biomechanical Parameters. (Y, omax, and E)

Group Yield Stress (oy) [kPa] Ultimate Stress (6max) Young’s Modulus (E)
[kPa] [kPa]

No Material 41.251£15.750 50.150+16.849 143.484+55.761

Chitosan 44.319+27.597 74.615+22.126 249.020+98.429
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Figure 4 The comparison of the monitored biomechanical parameters. Data are displayed as median values with boxes spanning the upper limits of the first and third
quartiles and with whiskers spanning the minimum and maximum values.

The fractionalization of nanofibers apparently increased the biocompatibility of the nanofiber material. The increased
surface area and reduced size of the fractionalized nanofibers probably built a better microenvironment for cells in
healing anastomosis than a flat nanofiber membrane. Collagen-producing cells like myofibroblasts prefer an environment
or a material providing more focal adhesions™' as in the case of fractionalized nanofibers with increased surface area.
Appropriate cell adhesion is a key factor for fibroblast proliferation, differentiation and collagen production. In addition,
reduced size of fractionalized nanofibers can be advantageous during the collagen remodelling during the maturation
phase of the healing of the anastomosis. Thus, the high versatility of the fractionalized nanofibers due to reduced size of
the material do not only hamper maturation of anastomotic wounds but they can accelerate the entire process of
anastomosis healing.

Fractionalized chitosan nanofibers can moderately trigger the inflammatory phase of the intestinal anastomoses
healing leading to collagen-richer anastomotic tissue. As a naturally occurring compound in the cell wall of parasitic
or pathogenic fungi, chitosan triggers immunity response in an animal or the human body. The presence of chitosan in the
body activates immunocytes such as neutrophils,”® NK cells and macrophages”' that start to produce chitinases, and
enzymes able to digest chitosan and break down the fungal cell wall. For macrophage activation in vitro, chitosan must
be present in the environment in a soluble form or as particles that macrophages are able to phagocyte.*” In vitro tests
showed that submicron sized polymeric particles (800 nm) activate macrophages most effectively.”> Thus, the fractio-
nalized chitosan nanofibers are ready to be phagocyted and rapidly activate macrophages in sharp contrast to nanofiber
membranes that need to be disintegrated by chitinases from immunocytes before phagocytosis. The larger specific area of
the fractionalized chitosan nanofibers could help increase the rate of biodegradation in the macrophages. The activated
macrophage release also signals molecules like IL-12, IFN-gamma and TNF-alpha.”?> TNF-alpha, an inflammatory
cytokine, has proliferative effects on cultured human fibroblasts** and on the endothelial cells in vivo.>> This is in
good agreement with the observed abundant myofibroblasts, collagen fibers and microvessels in the histological sections
of the healed anastomoses after treatment by the fractionalized chitosan nanofibers.

Although the volume fraction of CD68-positive macrophages within the anastomosis did not significantly differ
between all groups under study, the macrophages in the presence of the fractionalized chitosan nanofibers would be
activated. Higher content of the fraction collagen in comparison to the No Material group indicates activation of the
collagen-producing cells. The hypothesis should be proven in more detailed future studies.

The described hypothetical pro-inflammatory stimulation is inverse to anti-inflammatory drug delivery via micro-
particles that help to reduce the immune response.’® Use of pro- or anti-inflammatory particles depends on the demand
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for stimulation of the collagen production. Our pro-inflammatory approach worked towards strengthening of the
intestinal anastomoses. However, we assume it would be strongly counterproductive for deep dermal wounds, for
avoiding keloids or hypertrophic scars. Our method could find application in general surgery as the agents help
strengthen anastomoses in the gastrointestinal tract or the abdominal wall in hernia repair.

Conclusion

Based on the results of the histological analysis, both PVA and fractionalized chitosan nanofibers did exhibit positive
effects on the healing of intestinal anastomoses in rabbits. Fractionalized chitosan nanofibers lead to a higher density of
microvessels, a greater fraction of myofibroblasts and collagen type I and III than the samples with no material added.
Moreover, the fractionalized chitosan nanofibers surpassed the PVA ones in the higher density of microvessels and in the
higher amount of collagen. The results of the biomechanical tests supported the histological findings. However, PVA and
chitosan nanofibrous membranes did not lead to successfully healed anastomoses. Fractionalization of nanofibers reduced
the dose of the materials and the immunity response and stimulated healing of intestinal tissues.
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