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Abstract

Background Coating prosthetic for hernia repair with a
patient’s own cells could improve biocompatibility by
decreasing inflammation and adhesion formation and by
increasing tissue ingrowth and resistance to infection. The
objective of this study was to prove the feasibility of
prosthetic coating with stem cells and to assess its resistance
to adhesion formation when implanted in an animal model.
Methods Adult Lewis rat bone marrow stem cells were
harvested and cultured. Stem cells were then implanted on
three different prosthetics. The prosthetic with the best
stem cell adherence was implanted intraperitoneally into
six adult rats. Untreated prosthetic was implanted in control
animals (n = 12). After 2 weeks, intra-abdominal adhe-
sions were graded using an adhesion scoring scale by two
surgeons who were blinded to the animal group. Data were
analyzed using the Wilcoxon rank-sum test.

Results  Stem cells demonstrated the best adherence and
growth on polyglactin prosthetics. After implantation, the
stem cell-coated polyglactin prosthetic had <25% of its
surface area covered with adhesions in five (83%) samples,
whereas the control polyglactin group had only one sample
(8.3%) with <25% adhesions, and seven of its samples
(58.3%) had >50% surface area adhesions (p < 0.05).
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Conclusions The feasibility of hernia prosthetic coating
with stem cells was demonstrated. Furthermore, stem-cell
coated polyglactin prosthetic exhibited improved biocom-
patibility by decreasing adhesion formation in an animal
model. Further study is needed to determine the factors that
promote stem cell adherence to prosthetics and the in vivo
prosthetic biomechanics after stem cell coating. This work
is underway in our laboratory.
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The ideal prosthetic for hernia repair should promote tissue
ingrowth, resist infection, and minimize adhesion forma-
tion and foreign body reaction. In addition, the prosthetic
should retain its strength and biomechanical properties
required for a durable hernia repair and maintain compli-
ance for improved patient quality of life. Recent advances
in prosthetic technology have included the development of
lightweight polypropylene prosthetics that reduce the
amount of inflammation and scarring compared with tra-
ditional heavyweight polypropylene prosthetics. There also
are several composite prosthetics available that incorporate
two different and opposing surfaces that take advantage of
each surface’s engineered properties by promoting tissue
ingrowth or providing an antiadhesive barrier. Several
biologic bioprosthesis engineered from human or porcine
acellular dermis, porcine small intestinal submucosa, and
lyophilized acellular porcine dermal collagen and elastin
also are commercially available.

Theoretically, if a prosthetic were coated with a tissue
layer not recognized as foreign by the body’s immune
system, such as a layer of its own cells, the prosthetic might
be invisible to the immune system and result in improved
biocompatibility. Advances in technology have made it
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possible to extract human mesenchymal stem cells from
adipocytes [1]. Incorporating a patient’s own stem cells on
currently available prosthetics for hernia repair may pre-
vent or diminish the natural, foreign body immune
response. Postoperatively, the stem-cell coated prosthetic
would be recognized as “self,” thus minimizing the degree
of inflammation, scarring, and intra-abdominal adhesion
formation. In addition, the stem-cell coated biomaterial
would provide a more functional scaffold that is capable of
promoting ingrowth of fibroblasts, collagen deposition,
neovascularization, and establishment of natural host
defenses. The objective of this project was twofold: 1) to
establish the feasibility of seeding a suitable prosthetic
commonly used for hernia repair with mesenchymal stem
cells; and 2) to test the hypothesis that stem-cell coated
prosthetic implanted in vivo would lead to less intra-
abdominal adhesion formation compared with that of
uncoated mesh in control animals.

Methods

The experimental protocol was approved by our medical
center’s Institutional Animal Care and Use Committee.

Establishing the feasibility of prosthetic coating

To establish the first objective of this study, we examined
mesenchymal stem cell growth on three commonly used
prosthetics: Ultrapr0® (Ethicon, Inc., Cincinnati, OH);
Vicry1® (Ethicon, Inc.); and Marlex® (C.R. Bard, Inc.,
Murray Hill, NJ). To obtain the rat’s mesenchymal stem
cells, 1 x phosphate-buffered saline (PBS) (Mediatech, Inc.,
Herndon, VA) was flushed through the cavity of the femurs
and tibias of the Lewis rats. Collected bone marrow cells
were plated into 75-cm? flasks and cultured in low glucose
(1 g/L) Dulbecco’s Modified Eagle’s Medium (Mediatech,
Herndon, VA) supplemented with 10% fetal bovine serum
(Sigma, St. Louis, MO) and antibiotics (100x antibiotic—
antimycotic solution; Invitrogen, Grand Island, NY). Non-
adherent cells were removed after 5 days, and the medium
was replaced. Cells were analyzed by flow cytometry with
CD29, 34,45, and 90. Cells were CD34- and CD45-negative
and 98% and 99% positive for CD29 and CD90, respectively.

To enable detection of cultured stem cells after in vivo
implantation, cells were marked by introducing enhanced
green fluorescent protein (EGFP) into their genome using a
retroviral vector. This was necessary because we wanted to
be able to differentiate the stem cells from surrounding
cells within the prosthetic after implantation. The plasmid
used for transfection was transformed and grown using
E. coli and isolated through alkaline lysis. The isolated
plasmid was then transfected into a packaging cell line
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(Ecopack2, Clonetech Need City) for packaging into a
replication incompetent retrovirus (pLEG FPC-1, Clone-
tech Need City). The retroviral vector was then introduced
into the target rat mesenchymal stem cells. Mesenchymal
stem cell growth was observed with fluorescent microscopy
to visualize expression of EGFP.

DAPI nuclear staining

DAPI (4,6-diamidine-2'-phenylindole  dihydrochloride)
nuclear staining was used to help visualize and demonstrate
stem cell growth on each prosthetic. Before coating the
prosthetic with the mesenchymal stem cells, it was pre-
treated with 4 ml of a solution containing 2.1 g of citric
acid, 0.5 ml of Tween 20, and 100 ml of distilled water. In
addition, the stem cells were incubated for 5 min at room
temperature. The prosthetic was then treated with 24 ml of
a solution containing 11.8 g of citric acid, DAPI, and
100 ml of distilled water. Excess liquid was removed and
prosthetic observed under fluorescence microscopy.

Stem cell implantation

When we had isolated and identified mesenchymal stem
cells, they were implanted on three different prosthetics.
Lewis rat mesenchymal bone marrow stem cells were har-
vested by aspirating media from culture flasks. Five millili-
ters of Accutase (in Dulbecco’s PBS and 0.5 mM EDTA,
Innovative Cell Technologies, San Diego, CA) was added to
each flask to detach stem cells. The flasks were then incu-
bated at 37°C in 5% CO, for 5 min and shaken by hand to
detach remaining stem cells, which were collected into
50-ml polypropylene conical tubes. All flasks were rinsed
with 10 ml of Dulbecco’s 1x PBS and added to the 50-ml
tubes. Culture media was then added to the tubes to 50 ml
total volume. A cell count of a 100 pl aliquot was then per-
formed. The Accutase/PBS/culture media was aspirated and
stem cells resuspended in 5 ml of culture media for a total
volume of 3.0 x 10° cells/ml. Preseeding of 3.0 x 10° stem
cells onto Ultrapro®, Vicryl polyglactin 910%, and Marlex®
was accomplished using a 4 x 4-cm pieces of prosthetic
within a sterile field. Each prosthetic was placed in a 6-cm
dish coated with methacrylate 12% in ethanol to prevent cell
adherence to the dish. All dishes were placed in an incubator
for 1 h at 37°C with 5% carbon dioxide. After 1 h, an addi-
tional 5 ml of media was added and incubated for 24 h.

Standard growth curve MTT assay

To determine the number of cells incorporated onto each
prosthetic, a standard growth curve MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltertrazolium bromide) assay
was performed on known quantities of stem cells from
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culture. Six different cell concentrations were plated
0,125 x 10*2.5 x 10*,5.0 x 10*, 1.0 x 10°,2.0 x 10%)
with 2.5 ml of cell culture media. Plates were incubated at
37°C, 5% CO, for 1 h. Five hundred microliters of cell titer
was then transferred to each MTT well and reincubated for
another hour. One milliliter of each solution was removed
from each well and placed into a cuvette (Bio-Rab Labo-
ratories, Hercules, CA) for reading on the spectrophotom-
eter (Beckman DU-64, Fullerton, CA) at 490 nm. The
optical density reading was then plotted versus cell number
to obtain our standard growth curve.

MTT assays were performed on days 1, 3, 7, 11, and 14
for each prosthetic type used in the experiment to confirm
adequate cell numbers for seeding. Each piece of prosthetic
was removed from its original dish and placed in a sterile
10-cm dish with 12 ml of PBS (Sigma, St. Louis, MO).
Prosthetic in PBS was placed on an Innova 2000 Platform
Shaker at 60 rpm. After 5 min on the shaker, 5 ml of cell
culture medium was added and placed on the orbital shaker
on low power for 5 min. The medium was aspirated, and
5 ml of fresh cell culture medium and 1 ml of MTT reagent
was added and incubated for 1 h. One milliliter aliquots
were then added to a cuvette for spectrophotometer reading
at 490 nm. Appropriate dilutions were made if needed to
each aliquot with 1XPBS before reading.

Animal studies

The experimental group of six rats underwent implantation
of Vicryl Polyglactin 910® (PG) prosthetic that was pre-
seeded with stem cells for 10 days. Twelve rats underwent
implantation of the same prosthetic without stem cells and
served as our control group. Each piece of control pros-
thetic was placed in a coated, 6-cm dish with 6 ml of media
and maintained in the incubator for 10 days before
implantation to match the preimplantation treatment of the
stem cell-coated mesh group.

For the implantation of the prosthetic, inhaled isoflurane
(continuously delivered mask inhalant 0.75% to 4.0%) was
used as the anesthetic agent. Before incision, the abdomen
was shaved free of hair and prepped with Betadine® and
70% alcohol solutions. A midline incision was made and
the peritoneal cavity entered. A 2 cm X 2 cm piece of PG
prosthetic, either from the experimental or control group,
was then sutured to the anterior abdominal wall as an
underlay away from the midline using interrupted 4-0
Goretex® sutures. The midline fascia was then closed with
a running 3-0 PDS suture and the skin approximated with a
slowly absorbable suture and surgical staples. Buprenex
analgesia (0.5 mg/kg sq) was given every 6 h postopera-
tively as needed. Trained vivarium personnel observed all
wounds daily and administered all analgesics. After
14 days the rats were euthanized. At necropsy, a midline

Table 1 Quantitative adhesion analysis scoring system

Prosthetic surface
with adhesions (%)

Modified diamond score

0 None

1 <25%

2 25-50%
3 >50%

incision was made and adhesions to each prosthetic were
scored by two graders blind to the study group using the
modified Diamond scale (Table 1). Each prosthetic was
then excised en bloc with the abdominal wall. Each sample
was divided in half for histological analysis.

Statistics

Descriptive statistics including means and standard devia-
tions or counts and percentages were calculated. As the
adhesion scores are measured on an ordinal scale, the
Wilcoxon rank-sum test was used to compare the experi-
mental and control groups. The SAS® software, version 9.1
(SAS Institute, Cary, NC), was used for the analysis. A
p value < 0.05 was considered statistically significant.

Results

The standard growth curve that was generated using the
MTT assay is shown in Fig. 1. Flow cytometry results
confirmed stem cell purity (Fig. 2). No stem cell attach-
ment was identified on Ultrapro®. Marlex® revealed
maximal incorporation of stem cells at day 4 of incubation,
whereas PG revealed the greatest quantity of stem cell
incorporation on incubation day 10. Figure 3 shows the
number of stem cells that were successfully incorporated
into each prosthetic type over time. The successful incor-
poration of stem cells on the prosthetic was also confirmed
by microscopy that helped visualize cell growth (Fig. 4)

Lewis Rat Stem Cells Standard Growth Curve
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Fig. 1 Standard growth curve of mesenchymal stem cells
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Fig. 3 Mesenchymal stem cell growth on Vicryl® (a), Ultrapro® (b), and Marlex® (c) prosthetics

and fluorescent microscopy that helped visualize EGFP
expression (Fig. 5) and DAPI staining (Fig. 6) on mesen-

chymal stem cells.

Polyglactin was chosen as the prosthetic for animal
implantation, because it was able to incorporate the largest
quantity of stem cells at day 10 of incubation. After
14 days, the explanted stem cell-coated PG prosthetic had
<25% of the prosthetic surface area covered with adhe-
sions in 83% of samples (5/6); the control PG group had
only 1 sample (8.3%) with <25% adhesions, and 7 of its

samples (58.3%)
(» < 0.05).
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had >50%

surface area adhesions

Discussion

In this study, we demonstrated the feasibility of incorpo-
rating mesenchymal stem cells onto a commonly used
hernia prosthetic (Vicryl® mesh). We further documented
that implantation of a stem cell-coated prosthetic intra-
abdominally leads to fewer adhesions compared with a
control group in a rat model.

The use of mesenchymal stem cells in medicine has
gained much attention recently as a source of easily iso-
lated cells with profound proliferative and regenerative
capacities. After several early experiments documenting



Surg Endosc (2010) 24:2687-2693

2691

Fig. 4 Light microscopy of
mesenchymal stem cell growth
on Marlex®, Ultrapro®, and
Vicryl® prosthetics

Fig. 5 Fluorescent microscopy
of in vitro mesenchymal stem
cell growth with EGFP
expression on Vicryl® mesh

Fig. 6 Fluorescent microscopy
of in vitro mesenchymal stem
cell growth with DAPI nuclear
staining

the potential benefit and applications of stem cells [2-7],
Olivares et al. in 2004 described the transplantation of
mesenchymal stem cells into infarcted rat myocardium
with subsequent improved cardiac performance and histo-
logical evidence of regenerated myocardium and angio-
genesis [8]. In addition, Shin et al. demonstrated the role of
mesenchymal stem cells in tissue engineering by using a
biodegradable scaffold with mesenchymal stem cells to aid
in bone regeneration [9]. The authors were able to engineer
an interconnected pore system within a novel biologic
scaffold that allowed mesenchymal stem cell-derived
osteoblasts to attach and aid in bone regeneration. Simi-
larly, we report the first study to our knowledge of suc-
cessful incorporation of stem cells on a commonly used
prosthetic for hernia repair. Furthermore, we demonstrated
that such incorporation varies based on mesh type.
Although the Vicryl Polyglactin 910° prosthetic had the
best stem cell attachment, stem cells attached to a lesser

degree on Marlex® and not at all on the lightweight mesh
(Ultrapro®). These differences are likely related to the
unique composition and structure of these bioprosthetics.
We elected to use these three prosthetics as scaffolds
because of their porous structure that we believed would
promote the incorporation of the mesenchymal stem cells.
Marlex® is a macroporous, nonabsorbable, monofilament
prosthetic made of polypropylene that weighs 80-85 g/m*
with a pore size of 1-2 mm. The rough surface of each
individual polypropylene fiber and the texture of the fiber
weave promote fibroblast proliferation and tissue ingrowth
after implantation in humans. Kapischke et al. demon-
strated the precoating of polypropylene prosthetic with
living human fibroblasts adherent to polypropylene after
2 weeks of culture with gradual filling of the prosthetic
interstices after 3 weeks of culture [10]. The authors
acknowledged that collagen and other extracellular matrix
components were required to negate the hydrophobic
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properties of polypropylene to allow fibroblast coloniza-
tion. Despite these properties, we found that the incorpo-
ration of stem cells on this prosthetic was less than ideal
and therefore decided not to use it for implantation in the
animal model. The second prosthetic we used, Ultrapr0®, is
a lightweight, macroporous, composite prosthetic that
weighs 28 g/m? with 3- to 4-mm pore size that has been
manufactured to reduce excessive inflammation, scarring,
and stiffness without compromising the safety and effec-
tiveness of hernia repair [11]. We were surprised to see
no incorporation of stem cells on this scaffold. Possible
factors for this phenomenon could include the large pore
size of this prosthetic or the presence of the absorbable
poliglecaprone-25 (copolymer containing glycolide and
e-caprolactone) monofilament fibers in addition to the
nonabsorbable polypropylene fibers. It is possible that a
pore size threshold exists at which stem cell adhesion is
impaired. We also cannot exclude a possible toxic or
antiadhesive effect of the absorbable component of this
prosthetic on the stem cells; however, further study is
needed to evaluate this.

The Vicryl® knitted prosthetic that consists of polygl-
actin 910, which is an absorbable copolymer made from
90% glycolide and 10% L-lactide with an average pore size
of 0.5 mm, demonstrated the best stem cell adherence. This
prosthetic supported stem cell growth and was ready for
implantation 11 days after seeding with purified rat bone
marrow stem cells. This may not come as a surprise as the
polylactic-co-glycolic acid (PLGA) polymer has been used
before as a biologic scaffold in tissue engineering for
proliferation of mesenchymal tem cells, chondrocytes, and
osteogenic cells [2, 3, 12]. Kyzer et al. successfully coated
polyglycolic acid prosthetic with fibroblasts before
implantation into rats and showed increased levels of
hydroxyproline content at 14 days [4]. Kay et al. showed
that the PLGA polymer’s hydrophobicity limited adhesion,
proliferation, and function of osteoblasts and chondrocytes
[5]. Newer studies have chemically modified the PLGA
polymer with NaOH treatment or galactose to enhance
cellular adhesion and function [6, 7]. Other studies have
tethered ligands and signaling growth factors to the poly-
mer to promote cell proliferation and differentiation [12].

Given the results of our study, it may be concluded that
the pore size of the prosthetic may be the determining factor
of stem cell adherence to the prosthetic, because the best
incorporation (Vicry1®) had the smallest pore size (0.5 mm),
the one (Ultrapro®) with no adhesion had the largest
(34 mm), and the intermediate pore size mesh (Marlex®
1-2 mm) demonstrated intermediate adhesiveness.

Our study also confirmed our second hypothesis
regarding reduced adhesion formation to the stem cell-
coated mesh after implantation. The reduced formation of
adhesions is indicative of less inflammation induced by the
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prosthetic possibly due to the presence of its own cells on
the coated prosthetic that minimize the foreign body
reaction. This finding may have important implications for
hernia repair. If the presence of own stem cells on the
prosthetic minimizes adhesion formation then this may
decrease bowel obstruction and fistulization. Furthermore,
the decreased foreign body reaction also may prevent the
excessive fibrosis that leads to a change in abdominal wall
compliance and sense of stiffness and discomfort for the
patient and is more pronounced after the implantation of
heavier weight and smaller pore size prosthetic [13].

Our findings are promising; however, further study is
needed to better understand the factors that augment or
inhibit stem cell growth on prosthetics and if this differ-
entiation can be induced or driven by soluble growth fac-
tors or tissue engineered biologic scaffolds. A better
understanding may make it possible to grow stem cells on
other commonly used prosthetics or may lead to the
development of new prosthetics that offer an ideal scaffold
for the growth of stem cells. The structural changes of the
stem cell-coated prosthetic over time and its incorporation
into the host tissues, including tensile strength and com-
pliance testing, needs further study. Ultimately, this con-
cept needs to be evaluated in the human as current studies
have shown that mesenchymal stem cells are able to pro-
vide a patient with an autologous source of multipotent
cells.

Conclusions

Mesenchymal stem cells can successfully incorporate onto
Vicryl® prosthetic and reduce the quantity of intraabdom-
inal adhesions in a rat model. Mesenchymal stem cells may
diminish the foreign body response to hernia prosthetics
and provide enhanced biocompatibility with improved
patient quality of life. Further study is needed and is cur-
rently underway in our laboratory.
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