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Hernia repair and pelvic floor reconstruction are usually accompanied with the implantation of a surgical mesh,
which frequently results in a foreign body response with associated complications. An ideal surgical mesh that
allows force generation of muscle tissues without significant granulation tissue and/or fibrosis is of significant
clinical interest. The objective of the present study was to evaluate the in vitro and in vivo responses of a chitosan
coating on polypropylene mesh (Ch-PPM) in comparison with commercially available meshes. We found that
application of a 0.5% (w/v) Ch-PPM elicited preferential attachment of myoblasts over fibroblast attachment
in vitro. Therefore, we test the hypothesis that 0.5% Ch-PPM will encourage skeletal muscle tissue ingrowth and
decrease fibrosis formation in vivo. We implanted 0.5% Ch-PPM, collagen-coated polypropylene mesh (Pelvi-
tex�; C.R. Bard), and polypropylene (Avaulta Solo�; C.R. Bard) alone using a rat abdominal defect model. Force
generation capacity and inflammatory response of each mesh were evaluated 2, 4, and 12 weeks post-
implantation. We found that chitosan coating is associated with the restoration of functional skeletal muscle with
histomorphologic characteristics that resemble native muscle and an early macrophage phenotypic response that
has previously been shown to lead to more functional outcomes.

Introduction

Use of a knitted mesh is a common method indicated
for mechanical reinforcement for abdominal hernia re-

construction and pelvic organ prolapse repair.1 Recurrence
of ventral hernias after open suture repair can occur with a
reported frequency of 31–49% when performed without
mechanical reinforcement provided by the mesh.2 At least
29% of those who opt for surgery of pelvic organ prolapse
and incontinence will require reoperation.3 When used as a
mechanical reinforcement in functional muscle repair, a
synthetic mesh is intended to serve as a permanent implant,
which remains in the patient for life.4,5 A synthetic mesh,
such as polypropylene mesh (PPM), is widely used due to its
high strength. However, although the use of synthetic mesh
materials significantly reduces recurrence rates by providing
strong mechanical support to the abdominal wall or pelvic
floor, commonly used synthetic polymers can sometimes
elicit a strong foreign body reaction, often resulting in fibrous
tissue encapsulation, erosion, or mesh degradation with high
infection rates.6,7 These common outcomes following mesh
implantation can result in discomfort for the patient and, in
some cases, a need for revision or removal of the implant.

The complications are significant enough that Food and
Drug Administration (FDA) issued warnings in 2007 and
2011 regarding the use of PPM on the pelvic floor.

Therefore, there is incentive to reduce aspects of the for-
eign body response, characterize the macrophage phenotype,
and improve upon tissue integration after insertion of the
mesh.1,8,9 An ideal mesh for use in abdominal hernia repair
and pelvic floor reconstruction would provide strength and
elasticity similar to native tissues, that is, muscle tissue, as
well as elicit tissue incorporation in place of fibrous tissue
ingrowth and be resistant to infection.10,11 Progressive in-
growth of fibrous tissue inhibits the integration of the im-
planted material within the tissue of interest and leads to a
mismatch in mechanical properties with native tissue. Ide-
ally, the mechanical properties of the neo-tissue should be
strong enough to prevent recurrence, but not so strong as to
reduce compliance of the abdominal wall or the vaginal tis-
sue and cause adhesion formation or unpredicted mesh
shrinkage.12 This often results in pain or discomfort, which
may require corrective surgeries due to complications, in-
cluding mesh erosion and mesh exposure. Materials that
preferentially promote the attachment of myoblasts over fi-
broblasts may elicit a less fibrotic host tissue response in vivo.
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Chitosan-based biomaterials may be ideal candidates for
use in coating hernia and pelvic floor mesh materials. The
polysaccharide chitosan has been shown to be an effective
biomaterial in a broad spectrum of applications due to its
unique biological properties, including nontoxicity, affinity
for protein adsorption, antibacterial, hemostatic, fungistatic,
and anti-tumoral properties.13 Additionally, the physical and
chemical properties of chitosan can be tailored to specific
applications by relatively simple alterations of the molecular
weight and deacetylation percentage.13 Previous work has
highlighted the mechanical properties14,15 or inflammatory
responses4,14,16,17 of chitosan-based materials in abdominal
wall models of small animals, however, there is no report
describing the effect of chitosan-coated mesh on functional
muscle tissue ingrowth. Given that hernia is induced by
damages to the abdominal wall skeletal muscle, inflamma-
tory response and tissue rebuilding to implantation of sur-
gical mesh should include skeletal muscle ingrowth. We
believe that by analyzing the skeletal muscle functionality,
that is, active muscle force generation, data that are more
physiologically relevant for repair can be provided.

The objective of our study is to examine the effects of
chitosan coatings on PPM. We hypothesized that the chit-
osan coating will promote muscle tissue ingrowth and de-
crease the inflammatory response. Both in vitro and in vivo
studies were conducted to test this hypothesis. In the in vitro
study, 1:1 coculture of myoblasts and fibroblasts showed
preferential attachment of myoblasts over fibroblasts to
chitosan-coated PPM. The in vivo study was performed in an
established rat model of abdominal wall defect repair.18 The
functional muscle response, histologic response, and mac-
rophage phenotype of the reconstructed tissues were exam-
ined at 2, 4, and 12 weeks of postimplantation.

Materials and Methods

Overview of experimental design

All procedures were performed in accordance with the
National Institute of Health (NIH) guidelines for care and
use of laboratory animals, and with approval of the Institu-
tional Animal Care and Use Committee (IACUC) at the
Cornell University. The study involves both in vitro and
in vivo experiments. The in vitro study was performed using a
reference PPM (Avaulta Solo�; C.R. Bard) and different
concentrations of chitosan coatings on PPM. The mesh
coated with chitosan that maximized cell attachment and
yielded a high myoblast to the fibroblast ingrowth ratio was
selected for the in vivo study. In the in vivo portion of the
study, an additional mesh was added, a monofilament PPM
coated with hydrophilic porcine collagen (Pelvitex�; C.R.
Bard, Inc.).

Preparation of chitosan-coated meshes
and characterization

A high molecular weight chitosan, > 75% deacetylated,
*600,000 MW (Sigma Aldrich) was added to distilled H2O at
concentrations of 0.3%, 0.5%, and 0.7% (w/v) and 1% (v/v)
of acetic acid solution until a clear solution was obtained.
The sterile PPM was cut into 1.2 · 1.2-cm squares and placed
into a sterile bottle containing the 0.2 mm-filtered chitosan
solution and stir bar. The mesh was removed from the so-

lution, placed in a centrifuge tube, and left in liquid nitrogen
for several hours, while being placed in the lyophilizer at
- 40�C for 24 h. The mesh was sterilized under ultraviolet
light for 20 min. Scanning electron microscope (Leica 440)
and Fourier transformation infrared spectroscope (FTIR;
Bruker Vertex 80v) using Opus 6.0 Software were used to
confirm the successful coating. PPM was also subjected to the
same coating procedure minus the addition of chitosan to
ensure that procedural effects to do not alter the structure of
the PPM material. Pore diameters were measured from the
scanning electron microscope (SEM) images using ImageJ
1.45s (NIH, 2009). A representative mesh of each Ch-coated
mesh type was selected, imaged, and 10 chitosan pores were
selected at random for measurement. The range was recorded.

Overview of in vitro study

Neonatal and adult CD-1 mice (Charles River Laboratories
International, Inc.) were sacrificed for isolation of myoblasts
and dermal fibroblasts, respectively. Isolation of cell types
was modified from a pre-existing protocol.19 Cells were in-
dependently passaged to four generations, stained with a
long-term lipophilic tracer, and then seeded 1:1 atop one of
the four different test articles: PPM, 0.3% chitosan-coated
PPM (Ch-PPM), 0.5% Ch-PPM, and 0.7% Ch-PPM. The mesh
samples were imaged at 12, 24, and 48 h.

In vitro immunocytochemistry and coculture

Isolation of myoblasts and fibroblasts from mice and ap-
propriate cell culture media were adapted from the pre-
existing protocol.19 At Passage 4, a sample of myoblasts and
a sample of fibroblasts were seeded separately on glass slides
and prepped for immunocytochemistry. All staining proce-
dures were followed according to vendor instructions (Ab-
cam). After a DAPI stain, the primary antibodies used for
antibody labeling were (1) rabbit polyclonal anti-desmin
(Abcam) at 1:80 dilution for identification of myoblasts, and
(2) rabbit polyclonal anti-fibroblast-specific protein-1 (Ab-
cam) at 1:40 dilution for identification of fibroblasts. The
secondary antibodies used were (1) the goat polyclonal sec-
ondary antibody to rabbit (FITC) at dilution of 1:1000, and
(2) the goat polyclonal secondary antibody to mouse (TRITC)
at dilution 1:1000, respectively. Plates were viewed with an
inverted microscope (Olympus IX-71), and images were re-
corded using CellSens software. The images were overlaid,
and the numbers of Desmin + /DAPI + and FSP1 + /DAPI +
cells were determined in four random quadrants per dish. If
cells were determined to be > 95% pure, the cells remaining
in culture were stained with long-chain carbocyanines: fi-
broblasts were stained with DiI (Invitrogen) and myoblasts
were stained with DiO (Invitrogen) following instructions
provided by the vendor. Following determination of purity
of the desired cell culture, myoblasts and fibroblasts were
seeded onto the 1.2 · 1.2-cm mesh samples at a cell density of
2.4 · 105 cells/cm2. To increase wettability, all mesh samples
were soaked in media for 1 h before cell seeding.

In vitro characterization of cell attachment on mesh

An IX-71 Olympus microscope was used to determine the
ratio of the area and number of myoblasts and fibroblasts at
12, 24, and 48 h. To image the mesh, 40 · magnification was

2714 UDPA ET AL.



used. Each mesh was analyzed for cell numbers and cell
area. The location chosen for imaging remained consistent
among all mesh samples (identical weave pattern). Images
were captured highlighting the fluorescent markers for
myoblasts and fibroblasts, and the cell area was determined
by dividing the number of fluorescent pixels by the total
number of pixels in the digital image. Total numbers of each
cell type were evaluated using ImageJ 1.45s (NIH, 2009). To
confirm that chitosan remained on coated mesh samples for
the duration of the in vitro study, FTIR analysis was con-
ducted again after 48 h of the mesh being submerged in
media.

Overview of in vivo study

Male Wistar rats (Charles River Laboratories International,
Inc.) between 250 and 450 g were randomly assigned to nine
groups of six each. Each rat was subjected to a partial
thickness excision of a 1.2 · 1.2-cm section of the ventrolateral
abdominal wall musculature on either side of the linea alba.
The defects were repaired with one of three test articles: Ch-
PPM, collagen-coated PPM or Col-PPM (Pelvitex), and PPM
alone. The animals were randomly divided into three groups
after surgery for survival of 2, 4, and 12 weeks. The har-
vested tissues were evenly split for measurement of active
muscle force by a contractile test, histological analysis, and
macrophage phenotyping. Native tissue was also tested as a
baseline control.

In vivo surgical procedure

Each rat was placed in a transparent plastic anesthesia in-
duction chamber to administer inhalation anesthesia with
2.5% isoflurane and an oxygen flow rate of 1 L/min. The
ventral abdomen was clipped from the xiphoid process to the
pubis, and sterile prepped with povidone–iodine scrub and
warm saline. The animal was then transferred to the surgical
table with a sterile drape applied over the ventral abdomen
for a surgical procedure adapted from a well-established
model.18 A 4 cm ventral midline abdominal skin incision was
made, and the skin and subcutaneous tissue were separated
from the underlying musculature. Bilaterally, a 1.2 · 1.2-cm
section of the external and internal abdominal oblique layers
of the ventrolateral abdominal wall was excised, while the
underlying transverse abdominus and peritoneum remained
intact. Different test articles were placed in the ventrolateral
defects and oriented with the weave pattern perpendicular to
the linea alba. The defect was repaired with a size-matched
piece of the chosen test article that was randomly selected
before surgery. PROLENE� sutures (Ethicon, Inc.) were
placed at each of the four corners of the test article to secure
the mesh to the surrounding musculature. A MONOCRYL�
suture (Ethicon, Inc.) was used to close the skin incision. Each
animal was recovered from anesthesia and returned to the
housing unit. Each rat received meloxicam by subcutaneous
injection on the day of surgery and for two additional days.
The general health status and surgical site were monitored
daily and recorded for the duration of the study.

In situ force generation testing

Force generation tests were included to evaluate func-
tional muscle tissue ingrowth in neo-tissue. In the first group,

the rats were anesthetized by isoflurane 2, 4, or 12 weeks
after insertion of the surgical mesh, and placed on an in situ
mounting apparatus. The skin and the underlying connective
tissue were cleared from the surgical mesh placement site.
The four visible PROLENE sutures, previously used to attach
the surgical mesh to the partial defect, identified the surgical
mesh placement site. The tests to determine the contractile
property of the tissue were adapted from the protocol pre-
viously described by Valentin, et al., using a muscle testing
system (Aurora Scientific, Inc.).

After creating a tissue flap, to perform the testing across
the muscle sections uniformly, the resting tension was set at
*2 g before testing. The tetanic force was generated at this
length with electrical stimulation for 1 s at frequencies of 30,
60, 70, and 80 Hz with a rest period of 2 min following each
tetanic force generation. The maximum tetanic force gener-
ation for each frequency was recorded by averaging the te-
tanic force generation of the muscle from 0.1 s after start of
stimulation to 0.1 s before end of stimulation, subtracted by
the resting tension.

Histology

In the second group, after rats were euthanized, con-
structs were dissected off and split into two sets, for (1)
hematoxylin and eosin (H&E) staining and (2) macrophage
phenotyping and myogenin expression. The first set was
fixed by immersion in 10% neutral buffered formalin, em-
bedded in glycol methacrylate, sectioned at 3 mm, and
stained with H&E. A board certified veterinary pathologist
(S.P.M.), who was blinded to the treatment groups, exam-
ined the H&E stained mesh constructs by light microscopy.
The severity of the inflammatory response was assessed
using a well-established grading scheme (Table 1) with
minor modifications20,21: the width of the inflammatory
reaction and scar was measured on a digital image of each
slide created with an Aperio ScanScope microscope slide
scanner. The ruler tool in the Aperio ImageScope v9.1.19
software was calibrated using a digital image of a 1 mm
calibration slide (Carl Zeiss). The average width of the in-
flammatory reaction or scar obtained from a total of 10
sections selected at random along the length of the con-
struct was used in the tissue reaction scoring scheme. Each
sample received a scoring outcome of mild, moderate, or
severe inflammatory response.

Assessment of macrophage phenotype
and expression of myogenin

Macrophages have been described to have a spectrum of
phenotypes, which range from classically activated and
proinflammatory (M1) to alternatively activated, anti-
inflammatory, regulatory and wound healing (M2). Using
the second set of the mesh used for histology purposes, the
phenotype of macrophages responding to each mesh mate-
rial were assessed as previously described8 after embedding
in paraffin. Briefly, histologic sections were dewaxed
through immersion in xylenes and a graded series of ethanol
(100–70%). Antigen retrieval was then performed by im-
mersion in 10 mM citric acid monohydrate (pH 6.0) at 95�C
for 20 min. The slides were allowed to cool and were then
washed in TRIS buffered saline/Tween 20 solution (pH 7.4)
and PBS. The sections were then blocked in 2% normal horse
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serum, 1% BSA, 0.1% Triton X-100, and 0.1% Tween 20 in
PBS (pH 7.4) for 1 h at room temperature. The sections were
then exposed to antibodies specific for a pan-macrophage
(M0) marker (1:50, mouse anti-CD68; Serotec), a M1 phe-
notype marker (1:50, rabbit anti-CD86; Abcam), and an M2
phenotype marker (1:50, goat anti-CD206; Santa Cruz)
overnight at 4�C. The slides were washed in PBS and then
incubated in appropriate secondary antibodies. The second-
ary antibodies used were Alexa Fluor donkey anti-mouse
IgG (594 nm, 1:150; Life Technologies), Alexa Fluor donkey
anti-goat IgG (488 nm, 1:150; Life Technologies), and donkey
anti-rabbit IgG PerCP 5.5 (1:200; Santa Cruz). The slides were
then coverslipped with aqueous mounting media containing
DAPI. Representative sections from each sample group at the
14-day time point were examined and imaged by a blinded
investigator using a Nikon e600 microscope equipped with a
Nuance multispectral imaging system.

Myogenin is a part of the myogenic regulatory gene
family, which includes MyoD, myf5, and MRF4. These
genes encode a set of transcription factors that are essen-
tial for muscle development. Expression of myogenin is
limited to cells of skeletal muscle origin.22 Additional sec-
tions were taken from the paraffin-embedded blocks used
for macrophage phenotypes. These sections were stained
with monoclonal mouse anti-myogenin clone F5D (Dako
North America, Inc.). All staining procedures were fol-
lowed according to vendor instructions. Representative
sections from each sample group were imaged at the 14-day
time point.

Statistical analysis

For in vitro results in Figure 3A, statistical significance
( p < 0.01) was calculated using a two-way analysis of vari-
ance (ANOVA) with mesh, time, and their interaction term
as independent variables. Mesh and time and their interac-
tion term as independent variables. The interaction term was
significant [F(6,24) = 21.67, n = 3, p < 0.001]. Differences be-
tween mesh samples at different time points were analyzed
using a Tukey’s honestly significant different (HSD) post hoc
comparison ( JMP, v.9). All values are expressed as the least
mean square mean – standard deviation.

For Figure 3B, statistical significance ( p < 0.05) was calcu-
lated using a two-way ANOVA with mesh and time and
their interaction term as independent variables. Differences
between mesh samples at different time points were ana-
lyzed using the Tukey’s HSD post hoc comparison. The
analysis was done on a log-transformed dependent variable.
The interaction term was significant [F(3,16) = 23.36,
p = 0.0027]. Differences between mesh samples at different
time points were analyzed using the Tukey’s HSD post hoc
comparison with a Bonferroni correction for multiple com-
parisons. All values are expressed as the least mean square
mean – standard deviation.

For in vivo results, in Figure 4, data were analyzed with
JMP using a mixed model with random effect being the rat
ID and the fixed effects being the mesh type. Both time and
the interaction term of time and mesh type were independent
variables. Statistical analysis was done using a mixed model
with the Tukey’s HSD post hoc comparison (n = 4, p < 0.05).
Dashed line denotes force generation of native muscle tis-
sue. All values are expressed as the least mean square
mean – standard error.

Results

Analysis of mesh materials by SEM and FTIR

Figure 1 shows the microarchitecture of the mesh materi-
als as observed under SEM. The polysaccharide was dis-
tributed within the interstices of the mesh fibers for the
Ch-PPM samples. The chitosan microarchitecture differed
between 0.3%, 0.5%, and 0.7% Ch-PPM. The chitosan pore
size of the different mesh samples varied. PPM has mesh
pore sizes that measured 2.0 · 1.7 mm, the 0.3%, 0.5%, and
0.7% Ch-PPM has chitosan pore diameters within the poly-
propylene interstices that ranged from 200 mm–1.7 mm, 80–
140 mm, and 10–60mm, respectively.

As seen in Figure 2, the PPM exhibits peaks at 1375 cm - 1

and 1450 cm - 1 representing the alkane groups, and at

Table 1. Method of Semiquantitative

Histopathological Assessment

1. Tissue reaction scoring

Tissue reaction element
Grading factor ·

weight factor = score

Width of inflammationa 5
Width of scara 1
Overall density of cellular reactionb 5
Number of cellsa

Neutrophils 6
Lymphocytes 2
Plasma cells 2
Eosinophils 1
Macrophages 1
Giant cells 1
Fibroblasts 1

Total score

2. Tissue reaction grade

Total score
Tissue

reaction grade Designation

1–10 1 Minimal
11–25 2 Mild
26–40 3 Moderate
> 40 4 Severe

a. Width of inflammation or scar
(diameter of response in lm)

No. cells
(per 60 · field) Grade

0 0 0
1–200 1–50 1
201–400 51–100 2
401–600 101–200 3
> 600 > 200 4

b. Overall density of cellular reaction (assignment based
on experience of pathologist)

Bare scattering 1
2
3

Dense aggregation 4
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FIG. 1. Scanning electron
microscope (SEM) micro-
graphs of mesh types (A)
Avaulta Solo� C.R. Bard,
knitted polypropylene mesh
(PPM), (B) 0.3% Ch-PPM, (C)
0.5% Ch-PPM, (D) 0.7% Ch-
PPM, (E) Pelvitex�, C.R. bard,
collagen-coated polypropyl-
ene mesh (Col-PPM). Scale
bar = 300mm. Ch-PPM,
chitosan-coated PPM.

FIG. 2. FTIR spectra of high
molecular weight chitosan
(600,000 MW) and uncoated PPM,
0.3% Ch-PPM, 0.5% Ch-PPM, 0.7%
Ch-PPM. FTIR, Fourier transfor-
mation infrared spectroscopy. Col-
or images available online at
www.liebertpub.com/tea
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2600–3000 cm - 1 representing the methylene and methyl
groups. FTIR spectra of the Ch-PPM samples depict charac-
teristic absorption bands at 1089, 1600–1750, and 3370 cm - 1,
which represent glycosidic bonds, residual carbonyl groups,
and the stretching vibration of the NH2 and OH groups,
respectively. These peaks were seen to increase with in-
creasing chitosan concentrations. The FTIR after 48 h results
showed that (1) after 48 h, there is still chitosan attached to
the mesh, and (2) the coating procedure does not affect the

structure of PPM material. These two observations lead us to
believe that the higher myoblast to fibroblast ratio is due to
the chitosan coating.

Characterization of cell attachment on mesh using
fluorescent microscopy

The ratio of myoblasts to fibroblasts on the surface of cell-
seeded mesh materials was measured using a pixel count of
the DiO:DiI, respectively. By day 2, the total number of cells
was significantly greater for all three Ch-PPMs than for the
reference mesh (Fig. 3A). The ratio of myoblasts to fibroblasts
for 0.3%, 0.5%, and 0.7% Ch-PPM consistently remained

FIG. 3. (A) Total number of cells attached to mesh samples.
‘‘*’’ indicates significantly from control within time point,
‘‘ + ’’ indicates significantly different from 0.3% Ch-PPM
within time point, ‘‘#’’ indicates significantly different from
0.5% Ch-PPM within time point, ‘‘%’’ indicates significantly
different from 0.7% within time point, ‘‘a’’ indicates signifi-
cantly different from 12-h time point within the same mesh
type, and ‘‘b’’ indicates significantly different from 24-h time
point within the same mesh type. (B) The ratio of myo-
blast:fibroblast (myo:fb) for mesh samples. The ratio was
measured using the DiO:DiI fluorescence ratio. ‘‘*’’ indicates
significantly different from control within time point, ‘‘#’’
indicates significantly different from 0.5% Ch-PPM within
time point, and ‘‘a’’ indicates significantly different from 12-h
time point within the same mesh type.

FIG. 4. In situ force generation of mesh samples. Dashed
line indicates force generation of native tissue. ‘‘ + ’’ indicates
significantly different from 12-week PPM within time point,
‘‘a’’ indicates significantly different from 2-week Ch-PPM.

Table 2. Mean Rounded Scores,

Width of Inflammatory Response,

and Width of Fibrosis for Each Implant
a

Mesh
(weeks)

Average
tissue

reaction
scoreb

Average width
of inflammatory

response
[lm – (1 SD)]

Average width
of fibrotic
response

[lm – (1 SD)]

Ch-PPM
2 34 (5.0) 657 (323.1) 269 (86.3)
4 32 (11.4) 162 (137.3) 440 (183.2)
12 35 (3.3) 426 (137.9) 122 (40.9)

PPM
2 33 (0) 575 (36.8) 185 (2.8)
4 31 (7.8) 174 (167.0) 461 (129.1)
12 45 (11.1) 535 (245.9) 235 (179.60)

Col-PPM
2 43 (10.1) 1150 (1149.5) 1468 (856.5)
4 27 (5.0) 57 (19.9) 272 (104.3)
12 46 (12.5) 549 (181.8) 143 (40.6)

aScores, width of the inflammatory reaction and the width of the
fibrotic response (scar) for each time point were averaged and the
mean rounded to obtain the final result (one SD).

bTissue reaction scores.
0 = normal; 1–10 = minimal; 11–25 = mild; 26–40 = moderate; > 40 =

severe.
Ch-PPM, chitosan coating on a polypropylene mesh; SD, standard

deviation.
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greater than 1 (Fig. 3B), indicating a higher number of at-
tached myoblasts in comparison with fibroblasts both within
the mesh interstices and atop the polypropylene fibers. The
control material had a ratio of less than 1, suggesting more
fibroblasts attached than myoblasts.

Statistical analysis of the same mesh across the three dif-
ferent time points was completed to analyze the proliferation
of cells from 12 to 48 h. 0.5% Ch-PPM at 48 h was signifi-
cantly different from the number of cells that attached to the
same mesh at both 12 and 24 h. The number of cells that
attached to 0.5% Ch-PPM at 24 h was significantly different
from the cells that attached at 12 h. 0.5% Ch-PPM was the
only mesh to show a significant difference across the three
time points. As a result, 0.5% Ch-PPM was selected for the
in vivo portion of the study.

Analysis of force generation

No significant differences were present among the differ-
ent meshes after 2 weeks and 4 weeks of implantation (Fig.
4). After 12 weeks of implantation, 0.5% Ch-PPM had a
significantly higher tetanic force response at a stimulation

frequency of 60 Hz than PPM. PPM showed a negligible
contractile response at 12 weeks, while Ch-PPM approached
native tissue better than the PPM and in terms of tetanic
response at 12 weeks. Furthermore, the contractile response
of 0.5% Ch-PPM significantly increased between 2 and 12
weeks, whereas there was no significant difference between
PPM and Col-PPM.

Histopathological assessment

Table 2 summarizes the histopathological assessment of
the mesh samples after implantation in the abdominal wall.
At 2 weeks of postimplantation, the semiquantitative histo-
pathological assessment for the degree and type of cellular
infiltrate was moderate for all meshes. The tissue reaction
score for the Ch-PPM remained unchanged up to 12 weeks.
In contrast, the average tissue reaction scores for both the
PPM and the Col-PPM increased at 12 weeks. Although the
average tissue reaction score for the Ch-PPM (35 – 3.3) was
not statistically significantly different from that of the PPM
( p = 0.08) or the Col-PPM ( p = 0.09), a clear trend was evident
with a less intense tissue reaction induced by the Ch-PPM

FIG. 5. Comparison of rep-
resentative tissue reactions to
three test mesh articles at 12
weeks of postimplantation.
(A) Ch-PPM. (B) PPM
(Avaulta Solo, C.R. Bard,
Inc.). (C) Col-PPM (Pelvitex;
C.R. Bard, Inc.). Ch-PPM (A)
is embedded in a narrow
band of fibrous connective
tissue (black arrows) and the
individual fibers are cuffed
by a moderate number of
macrophages (white arrow
heads) and multinucleate gi-
ant cells (star). In contrast, the
PPM has invoked a severe
inflammatory reaction and a
wide band of fibrosis (be-
tween black arrows) with
large foci of dystrophic min-
eralization (blue arrows).
Note the large clusters of
plasma cells (black arrow
heads) and the numerous
multinucleate giant cells
(stars). The Col-PPM (C) is
embedded in a wider band of
fibrosis compared to the Ch-
PPM (black arrows), but only
a few inflammatory cells are
present. All images in the left
hand column taken at
4 · magnification; scale bar =
500mm. All images in the
right hand column taken at
40 · magnification; scale bar =
50mm. Color images available
online at www.liebertpub
.com/tea
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(Fig. 5A). Strikingly, PPM at 12 weeks was accompanied by
locally extensive areas of dystrophic mineralization (Fig. 5B,
C). No dystrophic mineralization was detected around any
of the Ch-PPM. The PPM was infiltrated by a large popula-
tion of mixed mononuclear cells (Fig. 5B). In contrast, the
inflammatory infiltrate around the Col-PPM was similar to
that around the Ch-PPM, but with a moderately greater fi-
brotic response (Fig. 5C). Figure 6 illustrates the stable tissue
reaction to the Ch-PPM at 2, 4, and 12 weeks of post-
implantation.

Macrophage phenotype and expression of myogenin

Immunolabeling of representative sections from each
sample group at 14 days of postimplantation revealed
qualitative differences in the phenotype of the cells at the
interface with the mesh material (Fig. 7). All samples were
associated with a similarly intense infiltration of CD68 +
macrophages at 14 days. Both the PPM and Col-PPM groups
were characterized by a predominance of CD86 + (M1
marker) cells both at the surface of the mesh and between
mesh fibers. The Ch-PPM group was characterized by

qualitatively fewer CD86 + cells at the mesh surface and
peripheral to mesh fibers. The PPM and Col-PPM samples
were characterized by few CD206 + (M2 marker) cells at the
mesh surface or between mesh fibers. The Ch-PPM group
was characterized by the presence of CD206 + cells both at
the mesh surface and peripheral to the mesh fibers.

In Figure 8, immunolabeling of representative sections
from each sample mesh type at 14 days of postimplantation
revealed qualitative differences in myogenin expression at
the interface with the mesh material. Of the three mesh types,
only the tissue samples with Ch-PPM were characterized
with myogenin expression between mesh fibers. Expression
of myogenin is limited to cells of skeletal muscle origin.

Discussion

Implantable mesh materials for abdominal wall repair
and pelvic organ repair should provide mechanical support
and allow ingrowth of the surrounding tissues. In hernia and
gynecological surgery, integration of muscle tissue into the
mesh is desired to accommodate the natural contractility of
the muscle on the abdominal wall or the smooth muscle in

FIG. 6. Tissue reaction over
time to Ch-PPM. At 2 weeks
(A) a thin layer of fibrosis
(black arrows) and mixed
inflammatory cells (white
arrow heads), including neu-
trophils (green arrow heads),
eosinophils (yellow arrow
heads), macrophages (white
arrow heads), and multinu-
cleate giant cells (stars)
surround the mesh. The de-
gree of fibrosis is similar at 4
weeks (B) and 12 weeks (C),
but the number of inflamma-
tory cells is decreased and
consists almost entirely of
macrophages with rare
multinucleate giant cells.
Color images available online
at www.liebertpub.com/tea
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the vagina. It has been shown that the strength of PPM is
advantageous in abdominal wall implantation.23 However,
after implantation of the mesh, substantial fibrosis and little
or no functional muscle ingrowth is commonly observed
around the abdominal wall and/or the vaginal wall, despite
providing adequate mechanical strength at the time of im-
plantation. This causes significant differences in the material
properties at the mesh–native tissue interface, which could
result in stress concentrations and stress shielding effects,
leading to mesh erosion.

The objective of our study was to examine chitosan coat-
ings on PPM to evaluate muscle tissue ingrowth and the
inflammatory response. We hypothesized that chitosan
coating will promote muscle tissue ingrowth and decrease
the inflammatory response. To test our hypothesis, an in vitro

study was performed to determine the response of myoblasts
and fibroblasts to different concentrations of chitosan coated
on PPM. The in vitro results showed that the Ch-coating on
PPM promotes myoblast and inhibits fibroblast attachment
to the mesh. The in vivo study was then performed to further
demonstrate that chitosan coating decreases inflammatory
responses, promotes muscle tissue ingrowth, and reduces
fibrosis.

Polypropylene and various concentrations of chitosan
were studied in vitro after myoblasts and fibroblasts were
seeded 1:1, which mimics the in vivo environment, where
muscle and collagen fibers coexist. A limitation of previous
in vitro strategies for evaluating synthetic materials for
muscle repair is their focus on a single-cell type when eval-
uating the mesh materials. Many studies concerned with

FIG. 7. Immunolabeling of macrophage surface markers. Mesh materials were labeled with a pan macrophage marker
(CD68, red), an M1 marker (CD86, yellow), and an M2 marker (CD206, green). All images taken at 40 · magnification. Scale
bar = 100mm. Color images available online at www.liebertpub.com/tea

FIG. 8. Immunolabeling of monoclonal mouse anti-myogenin of (A) Ch-PPM, (B) PPM, and (C) Col-PPM. Expression of
myogenin (dark brown regions) is limited to cells of skeletal muscle origin and indicates early stages of muscle growth.
Qualitatively higher amounts of positive stain of myogenin are seen in Ch-PPM (arrows). All images taken at 10 · magnification.
Color images available online at www.liebertpub.com/tea
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muscle cell attachment on mesh scaffolds seeded solely fi-
broblasts or solely myoblasts on the mesh.24–26 We believe
that a coculture of primary cultures of myoblasts and fibro-
blasts provides better evidence of how a mesh will perform
in vivo. Preferential promotion of the attachment of myo-
blasts as opposed to fibroblasts in the coculture environment
may provide a better predictive metric to evaluate synthetic
mesh materials in vitro.

The in vitro results that show the chitosan coating on
polypropylene promotes myoblast early attachment over fi-
broblast attachment are further supported by in vivo obser-
vation that Ch-PPM generates significantly higher tetanic
force, indicating the ingrowth of muscle fibers. The exact
underlying mechanism of the effect is not clear. Diegelmann
et al. postulate that one possible explanation may be related
to the microenvironment in response to chitosan.27 In their
study, fibroblasts that appeared in the chitosan-treated
polyvinyl alcohol sponges were smaller and more circular
compared to the spindle-shaped fibroblasts observed in
the control wounds. It is possible that chitosan may slow the
attachment of fibroblasts. The SEM analysis suggests that the
microarchitecture of the chitosan polypropylene offers a
greater surface area for cell attachment and smaller pores for
cell entrapment when compared to the reference mesh,
which is supported by our observation that cells were ob-
served atop the chitosan coating in our in vitro portion of the
study. The polypropylene serves as the skeleton and re-
inforced structure for the cells, and the microporous archi-
tecture of the chitosan sponge allows for easy cell attachment
atop the interstices of the polypropylene knitted mesh. We
believe that the higher force generation seen in the neo-tissue
associated with the Ch-PPM group is due to functional
muscle tissue ingrowth. As opposed to fibrotic tissue, func-
tional muscle tissue will respond to electric stimulation to
generate force. Both force generation and assessment of
myogenin expression confirm the ingrowth of muscle tissue
in Ch-PPM. Other tissue integration will not cause such an
enhancement. Additional studies are needed to understand
how the number and arrangement of muscle fibers relate to
in situ force generation observations.

Chitosan scaffolds induce only a minimal inflammatory re-
action in a rat model. Although the material recruits neutro-
phils to the site of implantation, the neutrophils are not
activated and the material induces neither lymphocyte prolif-
eration nor antibody responses.28 Histopathological assess-
ment of Ch-PPM implants in the present study found a
moderate accumulation of primarily macrophages and fewer
multinucleated giant cells at the implant–tissue interface that
was unchanged from 2 to 12 weeks postimplantation. In con-
trast, the tissue reaction to PPM at 12 weeks consisted of a
mixed mononuclear cell response that included varying num-
bers of lymphocytes and plasma cells in addition to macro-
phages and multinucleated giant cells. Interestingly, at 12
weeks of postimplantation, a large sample of both the PPM and
Col-PPM was surrounded by locally extensive areas of dys-
trophic mineralization, which was not observed around the
Ch-PPM. Dystrophic mineralization typically occurs in necrotic
or degenerated tissues. Our results suggest that chitosan coat-
ing alters the host immune response to the mesh resulting in
decreased necrosis and tissue degradation. Further studies to
confirm these observations and to elucidate the cellular and
molecular mechanisms behind this change are needed.

To investigate the histology further, we conducted anal-
ysis of the macrophage phenotype at the mesh interface at 14
days of postimplantation. A number of recent studies have
demonstrated that, despite the presence of large numbers of
immune cells within the site of implantation at early time
points (7–14 days postimplantation), some surgical materials
are capable of promoting the formation of functional tissue,
whereas others elicit a foreign body reaction and tissue en-
capsulation. It has been suggested that these divergent out-
comes are related to phenotypic differences in the
macrophage population. The presence of a predominant
population of M1 cells has been associated with poor re-
modeling outcomes, while M2 phenotype macrophages are
associated with more integration and functional outcomes.
Our results suggest that although a histologically similar
population of predominantly mononuclear cells was ob-
served at 14 days, Ch-PPM samples elicit a decreased M1
and increased M2 phenotype as compared to PPM and Col-
PPM samples. These results are consistent with recent stud-
ies showing improved outcomes associated with materials
that elicit an increased M2 response.8,29–31 These results
coupled with the assessment of myogenin expression and the
outcomes of the force generation testing favor Ch-PPM over
commercially available meshes. The mechanisms by which
chitosan may alter the host immune response remain un-
clear, but appear to be associated with differences in long-
term histologic outcomes.
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