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Adipose-derived stem cells (ASCs) facilitate wound healing by improving cellular and vascular recruitment to
the wound site. Therefore, we investigated whether ASCs would augment a clinically relevant bioprosthetic
mesh—non-cross-linked porcine acellular dermal matrix (ncl-PADM)—used for ventral hernia repairs in a
syngeneic animal model. ASCs were isolated from the subcutaneous adipose tissue of Brown Norway rats,
expanded, and labeled with green fluorescent protein. ASCs were seeded (2.5 · 104 cells/cm2) onto ncl-PADM
for 24 h before surgery. In vitro ASC adhesion to ncl-PADM was assessed at 0.5, 1, and 2 h after seeding, and
cell morphology on ncl-PADM was visualized by scanning electron microscopy. Ventral hernia defects
(2 · 4 cm) were created and repaired with ASC-seeded (n = 31) and control (n = 32) ncl-PADM. Explants were
harvested at 1, 2, and 4 weeks after surgery. Explant remodeling outcomes were evaluated using gross eval-
uation (bowel adhesions, surface area, and grade), histological analysis (hematoxylin and eosin and Masson’s
trichrome staining), immunohistochemical analysis (von Willebrand factor VIII), fluorescent microscopy, and
mechanical strength measurement at the tissue-bioprosthetic mesh interface. Stem cell markers CD29, CD90,
CD44, and P4HB were highly expressed in cultured ASCs, whereas endothelial and hematopoietic cell markers,
such as CD31, CD90, and CD45 had low expression. Approximately 85% of seeded ASCs adhered to ncl-
PADM within 2 h after seeding, which was further confirmed by scanning electron microcopy examination.
Gross evaluation of the hernia repairs revealed weak omental adhesion in all groups. Ultimate tensile strength
was not significantly different in control and treatment groups. Conversely, elastic modulus was significantly
greater at 4 weeks postsurgery in the ASC-seeded group ( p < 0.001). Cellular infiltration was significantly
higher in the ASC-seeded group at all time points ( p < 0.05). Vascular infiltration was significantly greater at 4
weeks postsurgery in the ASC-seeded group ( p < 0.001). The presence of ASCs improved remodeling outcomes
by yielding an increase in cellular infiltration and vascularization of ncl-PADM and enhanced the elastic
modulus at the ncl-PADM-tissue interface. With the ease of harvesting adipose tissues that are rich in ASCs,
this strategy may be clinically translatable for improving ncl-PADM ventral hernia repair outcomes.

Introduction

Approximately 250,000 ventral hernia repairs are
performed each year in the United States. Traditional

hernia repair involves the direct closure of defects in the
abdominal fascia, and the repair procedure has a recurrence
rate of *40%.1–3 The use of meshes for the repair results
in a lower recurrence rate of *20%.3,4 However, factors
such as diabetes, infection, obesity, previous radiotherapy,
previous chemotherapy, or complex oncologic defects can

compromise wound healing at the repair site and increase
the recurrence rate.

The ideal solution for reducing the recurrence of hernias
is to facilitate the regeneration of the abdominal wall fas-
cia tissue to its native healthy state.5 Bioprosthetic meshes
used for hernia repairs need to be able to withstand intra-
abdominal pressure, quickly integrate into the native tissue
at the repair site, and promote tissue regeneration.5 Cur-
rently, the most common hernia repair meshes are synthetic
meshes and acellular dermal matrices (ADMs).6 Although
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synthetic meshes such as polypropylene are useful, they
elicit severe inflammatory responses and dense fibrous scar
tissue formation that results in visceral adhesions; whereas
the use of ADMs results in less inflammation, fewer adhe-
sions, and lower risk of mesh infection.7 Long-term clinical
studies are currently evaluating the different types of ADMs
used for ventral hernia repairs.8

Non-cross-linked porcine acellular dermal matrix (ncl-
PADM) is an ADM commonly used for reconstructive
surgical applications. Generally, PADMs have shown long-
term utility in the repair of large, complex abdominal wall
defects, especially in patients at high risk for healing com-
plications.9–13 Previous work by our group demonstrated
that ncl-PADM becomes strongly integrated with native
tissue at the tissue-bioprosthetic interface and results in very
few and weak adhesions to the omentum in in vivo animal
models.14–16 Despite the advances in ADM repairs, hernia
recurrence rates still remain high. Therefore, we sought to
explore strategies to enhance the wound-healing response
and promote tissue integration and the regeneration of ab-
dominal wall fascia.

Adipose-derived stem cells (ASCs) have excellent re-
generative capacity, and multiple studies have proved that
they augment tissue repairs.17–21 ASCs can be easily har-
vested from subcutaneous fat using liposuction, which ne-
gates the need for invasive biopsy techniques, such as those
used in bone marrow tissue harvest.22–26 ASCs also have the
capacity to augment wound healing through improving neo-
vascularization and cellular infiltration.27–29 A previous
study by our group showed that seeding ASCs onto ncl-
PADM in vivo in a rat model increased vascularization and
cellular infiltration at 2 weeks after surgery.30 Since the
success of hernia repairs depends on mechanical integrity at
the repair site, the increase in cellular infiltration and vas-
cularization by ASC incorporation may increase the native
tissue integration into the bioprosthetic mesh, which would
lead to an increase of mechanical strength at the interface.
Therefore, we hypothesized that ASC-seeded ncl-PADM
used in ventral hernia repairs in vivo would have greater
mechanical properties at the mesh-tissue interface and
greater cellular and vascular infiltration into the ADM than
the control (unseeded) group.

Materials and Methods

Rat model and surgical technique

An established hernia repair model was used.30 All ani-
mal use was conducted with the approval of The University
of Texas MD Anderson Cancer Center Institutional Animal
Care and Use Committee. Briefly, six syngeneic, inbred
brown Norway rats (Charles River Laboratories, Wilming-
ton, MA) underwent harvesting of subcutaneous adipose
tissue for stem cell isolation and extraction. Sixty rats (200–
250 g) underwent inlaid, bridged ventral hernia repair of
2 · 4 cm defects with ncl-PADM (Strattice; LifeCell Corp.,
Branchburg, NJ). Thirty-one rats received ASC-preseeded
ncl-PADM, and 32 received ncl-PADM alone.

Isolation, culture, and labeling of rat ASCs

Subcutaneous fat tissue was harvested for ASC extraction.30

Briefly, the fat tissue was minced and digested with a mixture

of 0.075% type IA collagenase (Sigma, St. Louis, MO). The
extracted cells were reconstituted in phosphate-buffered saline
(PBS; Mediatech, Manassas, VA) with 1% bovine serum al-
bumin (Fisher Scientific, Pittsburg, PA) and fixed with 1%
paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA) in PBS or cultured with a-minimum essential growth
medium (Mediatech) containing 10% fetal bovine serum (In-
vitrogen, Carlsbad, CA), 2 mM L-glutamine, 100mg/mL pen-
icillin, and 100mg/mL streptomycin (Invitrogen). Cells were
cultured at 37�C and 5% CO2 in a humidified incubator. Cells
of passage number 1–4 were used in this study.

ASCs were transfected with a lentiviral vector carrying
green fluorescent protein (GFP; Gentarget, San Diego, CA)
using an adaptation of the method previously described.30

Briefly, ASCs at 50% confluence in six-well tissue culture
plates (BD, San Diego, CA) were incubated with 50mL GFP
vector mixed with 500mL of growth medium for 24 h. 1.5 mL
fresh growth medium was added after 24 h, and cells were
further expanded and sorted using an Aria Cell Sorter (BD).

Flow cytometric characterization of ASCs

Cells were stained individually with the following anti-
bodies for flow cytometry analysis (Table 1): hamster anti-
CD29 (BD), mouse anti-CD44 (ABD Serotec, Raleigh, NC),
mouse anti-CD90 (BioLegend, San Diego, CA), mouse anti-
CD31 (BD), mouse anti-CD45 (BioLegend), and mouse
anti-prolyl-4-hydroxylase-b (Novus, Littleton, CO). Com-
posite stains of CD90-CD29, CD90-CD44, CD90-CD31,
and CD90-CD45 were also prepared to further quantify
coexpression of stem cell makers. Isotype negative controls
were included. The data were interpreted with FlowJo
software (v 7.6.5; TreeStar, Inc., Ashland, OR).

In vitro cell adhesion evaluation

ASCs were seeded onto ncl-PADM scaffolds of 6 mm
diameter at 25,000 cells/cm2 in a 96-well plate, and cultured
for 0.5, 1, and 2 h (n = 3). ASC-seeded ncl-PADM scaffolds
were transferred to a different well for a gentle PBS rinse
after incubation. All the supernatant media were collected
from each well where unattached cells were counted using a
Z1 Coulter Counter (Beckman Coulter, Brea, CA). Cells
that were collected in the final supernatant from each well
were subtracted from the initial seeded cell number to obtain
the percentage of cells adherent to the scaffold. Tissue
culture plates (n = 3) seeded with ASCs were used as a
control for comparisons.

Table 1. Description of Selected Antibodies

for Characterization of Rat Adipose-Derived

Stem Cells

Antibody
Stem cell

expression Description References

CD31 - - Endothelial cell marker 22,34,35

CD45 - - Hematopoietic cell
marker

22,35,36

CD29 + + Adhesion 35,36

CD44 + + Adhesion 35,36

CD90 + + Stromal cell marker 22,25,35

P4HB + + Fibroblast antigen 37

Note: - - denotes low expression and + + denotes high expression.
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Scanning electron microscopy evaluation
of cell morphology

Ncl-PADM scaffolds seeded with ASCs (25,000 cells/cm2)
and cultured for 1, 2, and 3 h and 1 day underwent scanning
electron microscopy analysis. Samples were fixed with PBS
containing 3% gluteraldehyde (Polysciences, Warrington,
PA) and 2% paraformaldehyde (USB, Fremont, CA) and
washed in 0.1 M cacodylate buffer, pH 7.3 (Ted Pella, Inc.,
Redding, CA), and distilled water before drying. Samples
were then dehydrated by adding a series of increasing con-
centrations of ethanol followed by hexamethyldisilazane for
5 min each and finally air dried overnight. Samples were
mounted, coated with 25 nm of platinum alloy under a vac-
uum using a Balzer MED 010 evaporator (Technotrade In-
ternational, Manchester, NH), and then immediately flash
carbon-coated under the vacuum. Samples were transferred
to desiccators and then examined with a JSM-5910 scanning
electron microscope (JEOL, USA, Inc., Peabody, MA) at an
accelerating voltage of 5 kV.

Implant preparation and seeding

Ncl-PADM was cut into 2 · 4–cm pieces in a sterile
fashion. The ASC-preseeded ncl-PADM scaffolds contain-
ing GFP + ASCs at a density of 25,000 cells/cm2 were
cultured for 24 h before surgical implantation. Ncl-PADM
was implanted into the rats with the ASC-preseeded side
facing the musculofascia and skin.

Gross evaluation and histological analysis

Rats were euthanized by CO2 asphyxiation at 1, 2, and 4
weeks after surgery. The entire abdominal wall, including the
repair site, was exposed in a manner similar to that previously
reported,11,14,15 and the repair integrity was grossly and his-
tologically assessed as previously described.11,14,15,30

For gross evaluation, the abdominal wall was excised, and
the peritoneal cavity was exposed. The size (percentage of
reconstructed area), type (omentum and intestine), and strength
(grade) of adhesions were recorded. Adhesion strength was
graded using the established Butler Adhesion Scale.7,31,32 Zero
represents no adhesion, 1 represents adhesions freed easily with
gentle tension, 2 represents adhesions freed with blunt dissec-
tion, and 3 represents adhesions requiring sharp dissection.

Cross-sectional specimens that included ncl-PADM and
the surrounding native musculofascia and skin were excised
for histological and immunohistochemical analysis. Tissue
sections underwent hematoxylin and eosin and trichrome
staining for examination of tissue architecture and cellular
infiltration, as previously described.30 Tissue sections were
also stained for von Willebrand factor VIII (A0082, rabbit
anti-human, 1:100; Dako, Glostrup, Denmark).

Based on Masson’s trichrome staining, cellular infiltration
was quantified by outlining the total cell-containing area
with Adobe Photoshop CS3 (Adobe, San Diego, CA) and
expressed as a percentage of the total mesh implant. Images
were taken using an Olympus microscope with a 4 · ob-
jective (Olympus, Philadelphia, PA). Images were digitally
merged to show the entire abdominal wall cross-section.
Sections stained with anti-von Willebrand factor VIII were
used for analyzing vascularization. Image series were taken
under a microscope at 20 · magnification to obtain the total
count of vascular structures for the entire tissue section.
Sections imaged separately at 4 · magnification and digi-
tally merged using Adobe Photoshop CS3 were used to
obtain the total area of the tissue section. Vessel density was
defined as the number of vessels in the total area.

Mechanical testing

Two transverse sections (3 · 0.5 cm) per animal were used
for mechanical testing at the implant-tissue interface as

FIG. 1. Representative analysis of stained cells isolated from cultured rat adipose tissue at P4 (A–E) and P13 (F–J)
passages analyzed by fluorescence-assisted cell sorting. P4: (A) 96.0% of cultured adipose-derived stem cells (ASCs)
expressed both CD29 and CD90, (B) 97.9% of the cells expressed CD44 and CD90, (C) 9.7% expressed both CD31 and
CD90, (D) 1.1% expressed both CD45 and CD90, and (E) 96.1% expressed prolyl 4-hydroxylase, beta (P4HB). P13: (F)
97.5% of cultured ASC expressed both CD29 and CD90, (G) 54.7% of the cells expressed CD44 and CD90, (H) 7.9%
expressed both CD31 and CD90, (I) 15.8% expressed both CD45 and CD90, and (J) 78.3% expressed P4HB. Color images
available online at www.liebertpub.com/tea
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previously described.30 Briefly, one clamp was placed on the
musculofascia and the other clamp was placed over the
implant area so that the interface was between the two
clamps. Uniaxial tensile strain was applied with a 250-N-
load cell (Transducer Technologies, Temecula, CA) at a
500-mm/s strain rate at room temperature. The stress–strain
curves were obtained to derive the ultimate tensile strength
and elastic modulus.

Statistical analysis

Statistical analysis was carried out using Sigma Stat 3.0
(Aspire Software International, Ashburn, VA). Two-way
analysis of variance was performed to determine the effects
of the treatment group (ASC-seeded vs. control ncl-PADM),
time of specimen harvest (1, 2, or 4 week), and interaction
between the treatment and time course. All other pair-wise
multiple comparisons were made using the Holm–Sidak
method. Values of p < 0.05 were defined as statistically
significant.

Results

Isolation, characterization, and GFP transfection

Fluorescence-assisted cell sorting analysis of cultured ASCs
at passage 4 (P4) and P13 (Fig. 1) revealed high coexpression
of the cell surface antigens listed in Table 1 and high speci-
ficity for known adipose stem cell markers, including cell
adhesion markers. At P4, 96.0% of cells were CD29+ and
CD90+ (Fig. 1A), 97.9% were CD44+ and CD90+ (Fig. 1B),
and 96.1% were prolyl 4-hydroxylase, beta (P4HB)+ (Fig. 1E).
Endothelial (CD31) and hematopoietic (CD45) cell markers
had low specificity: 9.7% of P4 cells were CD31+ and CD90+

(Fig. 1C), and 1.1% were CD45+ and CD90+ (Fig. 1D).
Continued expression of the stem cell markers was seen even
at P13: 97.5% of cells were CD29+ and CD90+ (Fig. 1F),
54.7% were CD44+ and CD90+ (Fig. 1G), and 78.3% were
P4HB+ (Fig. 1J). CD31 and CD45 expression remained low:
7. 9% of cells were CD31+ and CD90 + (Fig. 1H), and 15.8%
were CD45+ and CD90+ (Fig. 1I).

Scanning electron microscopy evaluation
of cell morphology

ASC morphology was visualized on ncl-PADM with
electron microscopy (Fig. 2). Ncl-PADM controls without
cells showed organized fibrous bundle topography in the
native extracellular matrix (Fig. 2A). Initial ASC attachment
was seen within 1 h after seeding, as evidenced by the cells’

round morphology (Fig. 2B). At 2 h, the attached cells
started to spread out and flatten on the ncl-PADM (Fig. 2C).
ASCs developed a spindle-like morphology by 3 h after
seeding (Fig. 2D) and retained a flat morphology at 24 h
after seeding with further development of striations that
indicated the establishment of cell adhesion (Fig. 2E).

In vitro evaluation of ASC adhesion to ncl-PADM

ASCs percent adhesion to ncl-PADM was quantified and
compared with percent adhesion to a tissue culture plate
within the first 2 h of seeding (Fig. 3). ASC adhesion to ncl-
PADM was initially at 92% – 0.1% at 0.5 h after seeding and
decreased to 70% – 0.1% ( p < 0.05) at 1 h followed by an
increase to 85% – 0.1% ( p < 0.05) by 2 h. A similar trend was
seen for the tissue culture plate with 82% – 0.0% adhesion at
30 min followed by a decrease at 1 h to 70% – 0.0%
( p < 0.05) and an increase to 85% – 0.0% ( p < 0.05) at 2 h
after seeding. There were no significant differences in the
adhesion rates between the control tissue culture plate and

FIG. 2. (A) Non-cross-linked porcine acellular dermal matrix (ncl-PADM) control without ASCs shows the fibrous
structure of the native extracellular matrix. (B–E) Representative electron microscopy images of cultured ASC on ncl-
PADM tissue at various culture times. (B) Initial ASC attachment with a round morphology was seen within 1 h after
seeding. (C) At 2 h, cells attached and started spreading out on the ncl-PADM. (D) ASCs developed a spindle-like
morphology by 3 h after seeding. (E) Cells continued to spread out at 24 h after seeding and developed further striations.
Scale bar = 100 mm.

FIG. 3. Quantitative analysis of ASC adhesion to ncl-
PADM and control tissue culture plate (TCP) at various
culture times in vitro. {p < 0.05 compared with ncl-PADM
0.5 h and ncl-PADM 2 h. xp < 0.05 compared with control
0.5 h and control 2 h. Errors bars shown refer to standard
deviation.
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ncl-PADM groups at any of the incubation times, but the rate
for ASC-seeded ncl-PADM at 1 h was significantly lower
than that at 30 min and 2 h ( p < 0.05).

Gross evaluation of ventral hernia repair

The in vivo model validated in our pilot study30 mimics
the clinical setting for adipose tissue stromal vascular frac-
tion repair of ventral hernias. Ncl-PADM meshes were im-
planted in the animals using inlay ventral hernia repair
(Fig. 4A). Gross evaluation of the ncl-PADM mesh explants
demonstrated only weak omental adhesions to the repair site,
and there were no intestinal adhesions to the repair site in any
animal. All implants retained their integrity with no signs of
evisceration, herniation, or bowel adhesions to the implants
(Fig. 4B). The area, grade, and type of adhesion are sum-
marized in Table 2. Adhesion area seen in both groups was
significantly larger at 1 week than at 2 ( p = 0.005) and 4
( p = 0.013) weeks after surgery. No significant difference was
found in adhesion grade (strength) between the ASC-seeded
ncl-PADM and control ncl-PADM at 1, 2, or 4 weeks.

Mechanical strength

Mechanical strength, including ultimate tensile strength
and elastic modulus, was evaluated at the interface between
ncl-PADM and the native animal tissue. Representative
stress–strain curves of ASC-seeded ncl-PADM and ncl-
PADM controls at 1, 2, and 4 week are shown in Figure 5A.
Elastic modulus and ultimate tensile strength were obtained
from the stress–strain curves for further comparisons.

Ultimate tensile strength was significantly associated
with time (Fig. 5B). Although mean ultimate tensile strength
was greater in ASC-seeded ncl-PADM at 2 and 4 weeks
than in the ncl-PADM control at 2 and 4 weeks, respec-
tively, UTS was not significantly associated with treatment
(ASC-seeded vs. control ncl-PADM) at any time point. At
4 weeks after surgery, the ultimate tensile strengths of both
the control and ASC-seeded ncl-PADM were significantly
greater than that of the ASC at 1 and 2 weeks after surgery
( p < 0.001 each).

However, the elastic modulus was significantly associated
with treatment (ASC-seeded vs. control ncl-PADM, p =
0.038), time of harvest (4 weeks vs. 1 or 2 weeks, p < 0.001),
and their interactions ( p = 0.002). Elastic modulus was sig-
nificantly greater ( p < 0.001) in the ASC-seeded ncl-PADM
at 4 weeks than in the ncl-PADM control at 4 weeks, as
shown in Figure 5C.

Histological evaluation

Explanted ncl-PADM stained with Masson’s trichrome
was divided into regions, as shown in Figure 6A. Cellular
infiltration was seen in all the regions as early as 1 week and
persisted through weeks 2 and 4. Representative images of
control and ASC-seeded ncl-PADM at 4 weeks are shown in
Figure 6B, and quantification of infiltration is shown in
Figure 6C. Cellular infiltration was significantly associated
with ASC treatment, but neither with the time of harvest
nor with their interactions. Cellular infiltration was signifi-
cantly greater in ASC-seeded ncl-PADM than in controls
( p = 0.013), as illustrated by Figure 6C.

FIG. 4. (A) Representative images
of inlay-acute ventral hernia repair
surgical model. ASC-seeded ncl-
PADM meshes were implanted with
the ASC side facing out toward the
muscle and ncl-PADM interface. (B)
Ncl-PADM meshes were evaluated
for adhesion type, area, and grade.
Representative image shows benign
omental adhesions. Color images
available online at www
.liebertpub.com/tea

Table 2. Gross Evaluation of Adhesions in Ventral Hernia Repair at Weeks 1, 2, and 4

Control group (n = 32) ASC group (n = 31)

Harvest
time

Type of
adhesion (n)

Adhesion
area (%)

Adhesion
grade

Type of
adhesion (n)

Adhesion
area (%)

Adhesion
grade

1 week Omental (10) 20.5 – 27.5a 0.64 – 0.50a Omental (8) 21.4 – 26.2a 0.41 – 0.30a

2 week Omental (3) 2.8 – 7.8b 0.30 – 0.63b Omental (4) 2.9 – 6.2b 0.40 – 0.66b

4 week Omental (5) 4.2 – 8.8c 0.45 – 0.57c Omental (5) 7.5 – 12.5c 0.50 – 0.67c

Data describing adhesion area and adhesion grade are mean percent area – standard deviations and mean – standard deviations,
respectively, unless otherwise specified.

an = 11 and 11 for control and ASC group harvested at 1 week, respectively.
bn = 10 and 10 for control and ASC group harvested at 2 weeks, respectively.
cn = 11 and 10 for control and ASC group harvested at 4 weeks, respectively.
ASC, adipose-derived stem cell.
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Immunohistochemical analysis of hernia repair

Representative von Willebrand factor VIII-stained sec-
tions were identified for positively stained vascular struc-
tures (Fig. 7A, black arrows) of control and ASC-seeded
ncl-PADM at 1, 2, and 4 weeks. Vascular densities were
then quantified and compared (Fig. 7B). The level of vas-
cular infiltration was significantly associated with the
treatment (ASC-seeded vs. control ncl-PADM, p < 0.001),
time of harvest (4 weeks vs. 1 or 2 weeks, p < 0.001), and
their interactions ( p < 0.001). Vascular infiltration at 1, 2,
and 4 weeks (number of vessels/mm2) was 1.66 – 1.21/mm2,
1.29 – 0.45/mm2, and 5.48 – 3.79/mm2, respectively, in
control ncl-PADM and 1.57 – 1/mm2, 2.57 – 0.91/mm2, and
13.03 – 4.34/mm2, respectively, in ASC-seeded ncl-PADM.
Vascular infiltration was significantly greater in ASC-seeded
ncl-PADM than in control ncl-PADM at 4 weeks (Fig. 7B;
p < 0.001). Vascular infiltration showed an increasing trend
from 1 week through 4 week in both treatment groups.
For example, in the ASC-seeded ncl-PADM group, vascu-
lar infiltration was significantly greater at 4 weeks than at
1 week ( p < 0.001) and 2 weeks ( p < 0.001).

GFP visualization of implanted ASCs

To verify the presence of implanted ASCs expressing
GFP, fluorescence imaging of ASC-seeded ncl-PADM
was performed at 2 weeks. Blue 2-(4-amidinophenyl)-1H-
indole-6-carboxamidine counter-stain was used to visualize
the cell nucleus. GFP + ASCs were found at 2 weeks, but not
at 4 weeks (results at 4 weeks not shown) in tissue sections
of bioprosthetic meshes, as shown in Figure 8.

Discussion

In this study, rat ASCs were isolated from subcutaneous
adipose tissue and seeded onto ncl-PADM for ventral hernia
repair. ASCs (GFP + ) on implants survived for at least
2 weeks and persisted through the critical stages of wound
repair. Gross evaluation showed weak omental adhesions
with ASC seeding and no differences in the area and grade
(strength) of adhesion between ASC-seeded and control
groups. Mechanical profiles, notably elastic modulus, were
found to be greater in the ASC-seeded group at 4 weeks.
Cellular infiltration was significantly greater in the ASC-
seeded group at all the time points studied (1, 2, and 4 weeks),
while vascular infiltration was greater in the ASC-seeded
group at 4 weeks. A significant improvement in remodeling
outcomes of hernia repairs (such as cellular infiltration, vas-
cularization, and mechanical strength) is beneficial for rapid
integration of meshes into the surrounding tissue.

Autologous cell transplantation is ideally preferred com-
pared with xenograft and allograft transplantation to avoid
inflammation and rejection. Therefore, a syngeneic rat model
was utilized in this study instead of using ASCs from humans
or GFP-expressing transgenic mice. The use of ASCs from
humans or GFP-expressing transgenic mice may necessitate
the use of immunodeficient rats to avoid immune system
rejection of the transplanted ASCs,33 thereby significantly
shifting the focus away from the studying normal wound-
healing response that is essential for the hernia repair model.

The flow cytometric surface profile characteristics of
ASCs in our study were found to be consistent with those of

FIG. 5. (A) Representative stress–strain curves of the
native tissue-mesh interface for control and ASC-seeded
ncl-PADM meshes at 1, 2, and 4 weeks. (B) Ultimate tensile
strength of the interface. (C) Elastic modulus of the inter-
face. {p < 0.05 compared with 1 week cell group, xp < 0.05
compared with 1 week control, eP < 0.05 compared with 2
week control, Up < 0.05 compared with 2 week cell group,
and £p < 0.05 compared with 4 week control. Errors bars
shown refer to standard deviation. Color images available
online at www.liebertpub.com/tea
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other studies,22,25,34–37 and the ASCs were found to have a
high degree of purity. Our in vitro data, including ASC
adhesion and scanning electron micrographs, suggest that
ASCs established attachment within 2 h after plating on an
ncl-PADM bioprosthetic mesh and spread out within 4–24 h.
ASC adherence on ncl-PADM mesh is critical to make this
system feasible for clinical translation. The natural envi-
ronment of ncl-PADM’s fibrous architecture and chemistry

may support ASC adhesions, as suggested by our data and
other studies.38 Therefore, 4–24 h is a reasonable amount
of time to allow ASCs to attach onto meshes before im-
plantation.

The role of ASCs in regenerative wound healing39–41 has
been established and is currently being avidly explored.
Wound healing occurs in stages that include inflammatory
cell infiltration, collagen deposition, vascularization, and

FIG. 6. (A) Representative
image of Masson’s trichrome
stain of ASC-seeded ncl-
PADM explant. Regions
labeled are the peritoneal
side (P), center (C), skin (S),
and interface (I) of native
muscular tissue and ncl-
PADM implants. (B)
Representative images of
hematoxylin and eosin-
stained slides showing cellu-
lar infiltration (blue marble
stain) in ncl-PADM implants
at 4 weeks at the interface,
peritoneal side, center, and
skin side. (C) Quantification
of cellular infiltration of ncl-
PADM in hernia repairs at 1,
2, and 4 weeks. xp < 0.05
compared with 1 week con-
trol, ep < 0.05 compared with
2 week control, and £p < 0.05
compared with 4 week con-
trol. Errors bars shown refer
to standard deviation. Color
images available online at
www.liebertpub.com/tea
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remodeling.42 Recent studies have shown that inflammation
is essential for regenerative wound healing and is deter-
mined by macrophage phenotypes at various stages of
wound healing.43–45 Other studies have shown that ASC-
mediated wound healing decreases inflammation.46,47 Our

previous studies have shown that seeded or injected ASCs
were found to proliferate in several wound-healing models
where they differentiate into tissue-specific cell types and
promote the host-tissue cellular infiltration and vasculari-
zation of wounds.30,40,41 An increase in cellular infiltration

FIG. 7. (A) Representative images of von Willebrand factor VIII staining showing vascular structures (brown stain; black
arrows) in ncl-PADM explants at 4 week in hernia repairs at the interface, peritoneal side, center, and skin side. (B)
Vascular infiltration was measured by vessel density (number of vessels/mm2) in ncl-PADM hernia repairs at 1, 2, and 4
week. {p < 0.05 compared with 1 week cell group, xp < 0.05 compared with 1 week control, ep < 0.05 compared with 2 week
control, Up < 0.05 compared with 2 week cell group, and £p < 0.05 compared with 4 week control. Errors bars shown refer to
standard deviation. Color images available online at www.liebertpub.com/tea

FIG. 8. Green fluorescent protein (GFP)-
positive ASCs (green) were visualized under
the fluorescent microscope at 2 week in
ASC-seeded ncl-PADM implants. Blue ar-
rows in the image point to GFP + cells. Blue
color staining [2-(4-amidinophenyl)-1H-
indole-6-carboxamidine] shows cellular
nuclei. Scale bar = 50 mm. Color images
available online at www.liebertpub.com/tea
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and vascularization is also desired in hernia repairs in order
to minimize infectious complications with adequate blood
flow and efficient pathogen removal. Our histology evalu-
ation of cellular and vascular infiltration supports the ability
of ASCs to augment tissue regeneration in ventral hernia
repairs. Early remodeling parameters such as cellular infil-
tration, vascular infiltration, and elastic modulus were sig-
nificantly improved with ASC treatment. Furthermore, the
tracing of GFP-labeled ASCs at the repair site and the sig-
nificant improvements in the remodeling outcomes sug-
gested that the implanted ASCs may aid in this.

Bowel adhesions in hernia repairs with synthetic meshes
are a major problem, which can be reduced by using bio-
prosthetics, including ncl-PADM and others.9–13 Therefore,
the particular increase in cellular infiltration and vasculari-
zation in our study without an increase in bowel adhesion to
ncl-PADM is a highly desirable outcome (Table 2). Increase
in elastic modulus but not in ultimate tensile strength may
suggest the role of ASCs in effective wound healing. Since
the elastic modulus of ncl-PADM mesh is greater than that
of the rat abdominal wall musculofascia, better integration
of ncl-PADM into surrounding native tissue would increase
the elastic modulus of the composite at the interface, as per
the rule of composite mixtures according to the Voigt
model.48 It is possible that an increase in the rate of ultimate
tensile strength due to ncl-PADM incorporation may be
lower than the rate of increase in elastic modulus by 4
weeks. Hence, long-term evaluations at 2 or 3 months in our
future studies will help further shed some light on ultimate
tensile strength development over time. Therefore, a com-
bination of increased elastic modulus, cellular infiltration,
and vascularization, but not bowel adhesions, may suggest
superior early integration of mesh and remodeling at the
interface due to the action of stem cells.

Similar synergistic effects have been seen with the in-
corporation of different types of cells at the repair site
in various wound-healing models39–41 and, in particular, in
hernia repairs and laparotomies.30,49,50 For instance, Xing
et al.50 used amnion-derived progenitor cells in laparoto-
mies, and Zhao et al.49 used bone marrow-derived mesen-
chymal stem cells seeded onto decellularized dermal
scaffolds in abdominal wall repairs. We have also previ-
ously used rat-derived ASCs to show enhanced cellulariza-
tion and vascularization at 2 weeks in hernia repairs.30

Despite the different types of cells the authors used, the
synergistic wound-healing effects of the cells were similar
to those observed in the current study using ASCs. However,
the use of ASCs has a significant advantage because of their
ease of access and minimal regulatory concerns. ASCs
can be extracted using a relatively low-risk surgical proce-
dure from subcutaneous adipose tissue, which is routinely
discarded in liposuction procedures. Since autologous fat
transplantation is also a routine clinic procedure, the use of
cells isolated from this tissue for transplantation raises fewer
safety concerns than does the use of other cells.51 Therefore,
ASCs could be a source of multipotent stem cells for use in
several types of reconstructive surgeries.

In ventral hernia repair, musculofascial regeneration to
replace the lost or compromised native tissue is the goal.
Early remodeling indicated by greater elastic modulus and
increased cellular infiltration and vascular infiltration with
the use of ASC-seeded ncl-PADM compared with unseeded

controls potentially improves the likelihood of better long-
term outcomes. However, cross-species translation is es-
sential in any preclinical translational research, and our re-
sults require validation.52 Therefore, it is important to show
the efficacy of these stem cells for ventral hernia repairs in a
large animal model. This study may serve as a foundation
for future investigations of the pre-clinical and clinical use
of ASCs in complex reconstructive procedures such as
ventral hernia repair.

Conclusion

We have performed a preclinical evaluation of ASCs for
ncl-PADM-mediated ventral hernia repair, and the results
showed that the use of ASC-seeded bioprosthetic mesh
improved the cellular infiltration, vascular infiltration, and
mechanical strength at the tissue-to-mesh interface for her-
nia repair in the early remodeling stages. Future studies will
be required to evaluate the long-term remodeling outcomes
with the use of ASCs in abdominal wall reconstruction. Our
findings provide the proof of concept that ASCs can be
harvested in the clinical setting via lipo-aspiration and re-
injected during reconstructive surgery to improve hernia
repair outcomes.
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