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Human adipose stem cells (hASCs) can differentiate into a variety of phenotypes. Native extracellular matrix
(e.g., demineralized bone matrix or small intestinal submucosa) can influence the growth and differentiation of
stem cells. The hypothesis of this study was that a novel ligament-derived matrix (LDM) would enhance
expression of a ligamentous phenotype in hASCs compared to collagen gel alone. LDM prepared using
phosphate-buffered saline or 0.1% peracetic acid was mixed with collagen gel (COL) and was evaluated for its
ability to induce proliferation, differentiation, and extracellular matrix synthesis in hASCs over 28 days in
culture at different seeding densities (0, 0.25�106, 1�106, or 2�106 hASC/mL). Biochemical and gene expression
data were analyzed using analysis of variance. Fisher’s least significant difference test was used to determine
differences between treatments following analysis of variance. hASCs in either LDM or COL demonstrated
changes in gene expression consistent with ligament development. hASCs cultured with LDM demonstrated
more dsDNA content, sulfated-glycosaminoglycan accumulation, and type I and III collagen synthesis, and
released more sulfated-glycosaminoglycan and collagen into the medium compared to hASCs in COL ( p� 0.05).
Increased seeding density increased DNA content incrementally over 28 days in culture for LDM but not COL
constructs ( p� 0.05). These findings suggest that LDM can stimulate a ligament phenotype by hASCs, and may
provide a novel scaffold material for ligament engineering applications.

Introduction

The functional repair of tendon and ligament injury
remains a major challenge, and current surgical treat-

ments are limited by high failure rates, failure to restore
normal tissue attachments, donor-site morbidity for auto-
grafts, risk of disease transmission for allografts, prolonged
healing times, and incomplete ligamentization.1,2 Functional
tissue engineering utilizes a combination of scaffolds, cells,
and bioactive molecules to replace or repair injured tissues
with a primary goal of restoring biomechanical function,3

and there is particular emphasis on the rotator cuff and an-
terior cruciate ligament as key targets in this area.1 To this
end, a number of cell sources and biomaterials have been
investigated for use in tissue engineered tendon and liga-
ment constructs. Cell sources have included tendon and
ligament fibroblasts, bone-marrow-derived mesenchymal
stem cells (MSCs), adipose-derived stem cells (ASCs), ten-
don sheath fibroblasts, and multipotent tendon progenitor
cells.4–7 Growth factors are often necessary to enhance dif-

ferentiation of these cells toward a tendon or ligament phe-
notype and to promote tissue formation, and previous
studies have investigated the roles of transforming growth
factor b (TGF-b), insulin-like growth factor, epidermal
growth factor (EGF), basic fibroblastic growth factor (bFGF),
vascular endothelial growth factor, bone morphogenetic
proteins (BMPs)-12, -13, and -14, and autologous platelet
concentrate.6–17 However, BMP-12, -13, and -14 can induce
cartilage and bone formation within injured tendon in a
dose-dependent manner, and sequential application of
growth factors may be useful if an in vitro bioreactor is used,
but may be difficult to apply if used directly in vivo.10,13,15,18

A variety of biomaterials have been investigated for
their ability to support tendon or ligament tissue engineer-
ing, principally focusing on collagen, gelatin, polyure-
thane, polylactic and polyglycolic acids, poly(e-caprolactone),
polylactide-co-glycolide, and silk.19–29 Purified collagen gel
in particular has been investigated extensively as a substrate
or cell delivery substrate for repair of tendon and ligament
defects and supports cell migration, proliferation, alignment,
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glycosaminoglycan and collagen synthesis, and increased ex-
pression of genes associated with tendon and ligament.30–42

Further, there is growing evidence that native extracellular
matrices may possess additional biological factors that can en-
hance cell growth and differentiation in the absence of exoge-
nous growth factors. For example, extensive work by Urist in
the 1960s led to the identification and subsequent clinical de-
velopment of demineralized bone matrix as an osteoinductive
agent,43,44 and recently cartilage-derived extracellular matrix
(ECM) was found to induce chondrogenesis in MSCs and
ASCs.45,46 Other investigators have evaluated biologic scaf-
folds, such as small intestinal submucosa, dermis, fascia lata,
pericardium, and decellularized tendon or tendon slices for
repair of tendon and ligament.5,47–62

While these other tissue matrices have shown some ability
to induce tendon or ligament formation, the ECM components
from native tendon appear to be critical for differentiation
because depletion of key ECM components from tendon
impairs tendon formation by tendon progenitor cells.4 Decorin
inhibits type I collagen fibrillogenesis during repair, but is cri-
tical for normal fibrillogenesis in tendon development when
expression increases rapidly and then decreases to a steady
state.63 Biglycan expression on the other hand decreases
during tendon development, suggesting a critical temporal
switch between biglycan and decorin expression for collagen
fibrillogenesis.63 Conversely, during tendon healing, biglycan
expression increases and decorin expression decreases.64

These data suggest that even though the processes involved in
tendon formation remain to be fully elucidated, ECM compo-
nents specific to tendon play a critical role in tendon develop-
ment and repair. Therefore, ECM from tendon and ligament
is a logical choice for repair of tendon and ligament.65 ECM
derived from tendon or ligament, which can be manipulated
to produce a mechanically functional scaffold while promot-
ing rapid cellular infiltration and proliferation and tissue-
specific ECM synthesis, could make a valuable contribution to
tissue engineering of tendon and ligament.

The goal of this study was to develop a scaffold prepared
from native ligament using a combination of pulverization
and lyophilization, and to evaluate the influence of this
ligament-derived matrix (LDM) on the growth and differen-
tiation of human adipose stem cells (hASCs). We hypothe-
size that LDM would enhance expression of a ligamentous
phenotype by hASCs compared to culture in collagen gel
alone. Further, we examined whether hASCs would respond
differently to LDM prepared by disinfection and decellulari-
zation with 0.1% peracetic acid (PAA) compared to that
prepared using phosphate-buffered saline (PBS). Cells were
seeded into constructs containing type I collagen gel or ad-
ditionally containing LDM powder prepared using either
0.1% PAA or PBS. Constructs were cultured in vitro for up to
28 days and evaluated for cellular proliferation and devel-
opment of a ligament phenotype by sulfated-glycosamino-
glycan (s-GAG) and collagen content, immunofluorescence,
histology, and by quantitative real-time PCR using a panel of
markers associated with ligament development.

Materials and Methods

Cell culture

hASCs were isolated from lipoaspirate surgical waste by
collagenase digestion66 from three female donors (age, 42–61;

body–mass index, 22.3–24.9) with approval from the Duke
University Institutional Review Board. Cells were expanded
in monolayer on tissue culture plastic through passage 4 in
an expansion medium consisting of Dulbecco’s modified
Eagle’s medium/F12 (Lonza, Walkersville, MD), 10% fetal
bovine serum (Zen-Bio, Research Triangle Park, NC), 1%
penicillin–streptomycin–Fungizone (Invitrogen, Carlsbad,
CA), 0.25 ng/mL TGF-b1 (R&D Systems, Minneapolis, MN),
5 ng/mL EGF (Roche Diagnostics, Indianapolis, IN), and
1 ng/mL bFGF (Roche Diagnostics), which was changed
every other day. Cells were trypsinized (0.05% trypsin–
ethylenediaminetetraacetic acid; Invitrogen) at 90% conflu-
ence and passaged.

Construct preparation

Anterior cruciate ligament (ACL) was harvested from six
adult female porcine knee joints within 12 h of slaughter, and
minced into *1-mm3 pieces using scalpel blades. One gram
aliquots were loaded into a 6750 Spex SamplePrep Freezer
Mill (Spex CertiPrep, Metuchen, NJ) and precooled for 3 min
in liquid nitrogen. Minced ACL was pulverized for five cycles
of 1 min duration at 15 Hz with 2 min of additional cooling
between cycles. The resulting ACL powder was resuspended
(0.1 g/mL) in PBS (pH 7.4) and stirred overnight at 48C or
subjected to additional disinfection and decellularization us-
ing 0.1% PAA and stirred overnight at 48C. The suspensions
were frozen (�808C) and lyophilized (VirTis Benchtop SLC
freeze dryer; SP Industries, Warminster, PA) at�488C and 100
mTorr for 24 h. Pulverization was repeated using the freezer
mill, after 3 min of precool and two cycles of 1 min duration at
5 Hz with 2 min of additional cooling between cycles. LDM
prepared from PBS- or PAA-treated ACL was divided into
aliquots and sterilized with ethylene oxide. Aliquots of LDM
were not evaluated for ethylene oxide residue or contaminants
after sterilization. PBS- or PAA-treated LDM aliquots were
mixed with type I rat tail collagen (High Concentration Rat
Tail Collagen; BD Biosciences, Bedford, MA) prepared and
gelled according to manufacturer’s instructions to a final col-
lagen concentration of 2 mg/mL, and a PBS- or PAA-LDM
concentration of 25 mg/mL, the highest concentration of LDM
that permitted transfer and mixing. A control group was
prepared using 2 mg/mL type I rat tail collagen alone. During
mixing, the three groups were seeded with passage 4 hASCs
from each of the three donors at 0, 0.25�106, 1�106, or 2�106

hASC/mL. The resulting gels were immediately transferred
into the barrel of modified 1 mL syringes, and allowed to
solidify at 378C for 1 h.39 The constructs were removed from
the syringe and cultured at 378C in 5% CO2 for 0, 7, 14, or 28
days in 12-well plates coated with 2% agarose (to prevent cell
adherence on tissue culture plastic) in 2 mL Advanced
Dulbecco’s modified Eagle’s medium (Invitrogen), 10%
fetal bovine serum (Zen-Bio), 1% penicillin–streptomycin–
Fungizone (Invitrogen), 4 mM L-glutamine (Invitrogen), and
1.5 mM L-ascorbic acid-2-phosphate (Sigma, St. Louis, MO)
with no added growth factors, and the medium was changed
every other day.

LDM particle size

Samples of PAA- and PBS-treated LDM powder were
critical point dried in CO2, and then sputter coated with
gold. The prepared powder was viewed with a Philips 501
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scanning electron microscope. Two representative images
were taken of each sample and overlaid with a digital grid.
Particle length and width were measured using GNU Image
Manipulation Program 2.4.2 freeware for particles in the
image that lay underneath points of intersection of lines on
the grid. Intersections were not counted if there was no
particle under the point, and intersections were evenly and
randomly distributed over the entire image. The size of 140
particles was measured for each type of LDM.

dsDNA, s-GAG, and collagen quantitation

On days 0, 7, 14, and 28, constructs from each treatment
group were harvested, dried in an oven until constant
weight, and then digested for 18 h in papain (125 mg/mL) at
608C. dsDNA content was quantified using the Picogreen
Assay (Invitrogen). s-GAG content was quantified spectro-
photometrically using 1,9-dimethylmethylene blue (DMMB)
dye (pH 3.0) and bovine chondroitin-4-sulfate as a stan-
dard.67 The hydroxyproline assay was used to determine
total collagen content, and a conversion factor of 1:7.46 was
used to convert hydroxyproline to collagen.68 dsDNA, s-
GAG, and collagen content of 1 mL aliquots of the cell cul-
ture medium was quantified after papain digestion using the
same assays on days 0, 2, 4, 6, 10, 14, 20, and 28 of culture.

RNA isolation and quantitative
real-time PCR (qRT-PCR)

Total RNA was extracted from constructs seeded with
1�106 hASCs/mL from each treatment group using TRIzol
(Invitrogen) followed by further purification using the
RNeasy Mini Clean Up protocol and on-column DNAse treat-
ment (Qiagen, Valencia, CA) on days 0, 7, and 14 of culture

according to instructions provided by the manufacturer. RNA
was quantified spectrophotometrically using the Nanodrop
ND-1000 (Nanodrop Technologies, Wilmington, DE). Equal
amounts of RNA were reverse transcribed using the Super-
script VILO cDNA Synthesis Kit (Invitrogen). Equal aliquots
of each cDNA sample were pooled and used to generate serial
dilutions for standard curves from which efficiency was cal-
culated for each gene of interest. Real-time PCR was per-
formed on an iCycler (Biorad, Hercules, CA) using Express
qPCR SuperMix (Invitrogen). Commercially available primer
probes (Applied Biosystems, Foster City, CA) or custom-
designed primer probes were used to compare transcript
levels for nine different genes: 18S rRNA (endogenous control,
assay ID Hs99999901_s1), type I collagen (COL1A1, assay ID
Hs00164004_m1), type II collagen (COL2A1A forward primer
50-GAGACAGCATGACGCCGAG-30; reverse primer 50-GC
GGATGCTCTCAATCTGGT-30; probe 50-FAM-TGGATGCC
ACACTCAAGTCCCTCAAC-TAMRA-30),69 type III collagen
(COL3A1, assay ID Hs00164103_m1), type X collagen (COL-
10A1, assay ID Hs00166657_m1), biglycan (BGN, assay ID
Hs00959143_m1), decorin (DCN, assay ID Hs00266491_m1),
tenomodulin (TNMD, assay ID Hs00223332_m1), and te-
nascin C (TNC, assay ID Hs00233648_m1). Expression of
type II and X collagen was examined to confirm that hASCs
were not undergoing chondrogenic differentiation.

Data from each gene of interest for each sample were cor-
rected for efficiency and normalized to expression of 18S, and
then expressed as fold-change relative to the level of gene
expression in 1 million P4 hASCs from each donor at day 0.70

Histology and immunohistochemistry

Unseeded constructs and constructs seeded with 1�106

hASCs/mL from each biological donor were harvested after

FIG. 1. Total dsDNA con-
tent (mg) of constructs pre-
pared using peracetic acid
(PAA)-ligament-derived
matrix (LDM) (PAA), phos-
phate-buffered saline (PBS)-
LDM (PBS), or collagen gel
alone (COL), seeded with 0,
0.25�106, 1�106, or 2�106

human adipose stem cells
(hASCs)/mL and harvested
at day 0, 7, 14, or 28 of cul-
ture. The presence of LDM
induced a significant in-
crease in DNA content as
compared to collagen gel
alone. Groups having dif-
ferent letters are signifi-
cantly different from other
groups across all time
points. Groups having dif-
ferent symbols (# andþ)
over time for different seed-
ing densities and treatments
are significantly different
( p� 0.05; n¼ 3 biologic do-
nors, mean� standard error
of the mean [SEM]).
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28 days of culture, fixed overnight at 48C in 4% parafor-
maldehyde, dehydrated, cleared, embedded in paraffin, cut
into 5-mm-thick sections, and mounted on slides. A section of
human tensor fascia lata was used as positive control. For
hematoxylin and eosin staining, sections were depar-
affinized, rehydrated, stained with Harris hematoxylin, dif-
ferentiated with 1% acid alcohol, and counterstained with
eosin-phloxine B solution. For safranin-O/fast green stain-
ing, sections were deparaffinized, rehydrated, incubated in
1% acid alcohol, stained with 0.02% fast green, rinsed in 1%
acetic acid, and then stained with 0.1% Safranin O. For im-
munofluorescence labeling of human type I and III collagen
deposition in the constructs, sections were deparaffinized
and rehydrated, and then subjected to epitope retrieval using
0.1% pepsin in 0.01 N HCl at room temperature for 20 min.
Sections were blocked with 10% normal goat serum for
20 min, and then negative controls were incubated with 1.5%
normal goat serum in PBS. Adjacent sections on the same
slide were incubated with a 1:50 dilution of mouse mono-
clonal IgM antibody to human-specific type III collagen
(sc-59901; Santa Cruz Biotechnology, Santa Cruz, CA) or a
1:50 dilution of mouse monoclonal IgG antibody to human-
specific type I collagen (sc-80760; Santa Cruz Biotechnology)
in 1.5% normal goat serum in PBS for 40 min at room tem-
perature. After washing in PBS, sections were incubated in a
1:100 dilution of goat anti-mouse IgG-fluorescein isothio-
cyanate (FITC) (sc-2082; Santa Cruz Biotechnology) or a
1:100 dilution of goat anti-mouse IgG-FITC (sc-2010; Santa
Cruz Biotechnology), respectively, for 45 min. Sections were
washed in PBS and then mounted in 90% glycerol/PBS and
examined under a Zeiss LSM 510 Confocal Microscope (Carl
Zeiss, Thornwood, NY).

Statistical analysis

LDM particle size data were reported as mean� SD and
analyzed by t-test. Biochemical and gene expression data
were reported as mean� standard error of the mean, tested
for normality, and analyzed using analysis of variance.
Fisher’s least significant difference test was used to deter-
mine differences between treatments following analysis of
variance. Significance was reported at the 95% confidence
level for all analyses (a¼ 0.05).

Results

Length and width (mean� SD) of particles of PBS-LDM
were significantly smaller (length, 60.19� 48.86mm; width,
23.96� 19.01 mm) than particles of PAA-LDM (length,
114.14� 136.99mm [p< 0.00005]; width, 38.78� 57.94mm
[p< 0.005]). Dry mass of constructs containing collagen gel
alone was significantly less than those containing either PBS-
or PAA-LDM (Supplemental Fig. S1, available online at
www.liebertonline.com). Constructs containing collagen gel
alone contracted more over 28 days in culture than those
containing either type of LDM.

hASC-seeded constructs containing PAA- or PBS-LDM
contained more dsDNA than all constructs containing col-
lagen gel alone. dsDNA content increased with initial seed-
ing density for constructs containing PAA- and PBS-LDM.
hASC-seeded constructs treated with either type of LDM had
increased dsDNA content at day 28 of culture compared to
days 0–14. Constructs containing collagen gel alone and

seeded with 1�106 or 2�106 hASCs/mL had decreased
dsDNA content after 14 and 28 days of culture compared to
day 0. dsDNA was not completely removed from PAA- or
PBS-LDM, but there was a significant reduction in dsDNA
content of LDM constructs not seeded with cells after 7 days in
culture, and dsDNA content of unseeded LDM constructs was
not different to all seeding densities containing collagen gel
alone (Fig. 1). dsDNA release into the cell culture medium was
increased at day 2 for constructs containing PAA- or PBS-
LDM compared to all other time points, and to constructs
containing collagen gel alone. Constructs containing PAA-
LDM released more dsDNA into the medium than those
containing PBS-LDM on day 2 of culture (Supplemental
Fig. S2, available online at www.liebertonline.com).

s-GAG content of constructs prepared using collagen gel
alone was significantly less than constructs prepared using
either type of LDM. Unseeded constructs containing either
type of LDM contained less s-GAG than those seeded with
hASCs, but unseeded constructs prepared using PAA-LDM
contained significantly more s-GAG than those prepared
with PBS-LDM. s-GAG content in unseeded LDM constructs
decreased from days 7 to 28 of culture, and this was also true
for days 7–14 of culture for LDM constructs seeded with
0.25�106 hASCs/mL. Constructs prepared with PAA-LDM
and seeded with 1 million hASCs/mL contained more s-
GAG than any other group, but other than this, seeding
density did not affect s-GAG content over 28 days in culture
(Fig. 2). s-GAG release into the culture medium was signif-
icantly less from constructs containing collagen gel alone
than those containing either PAA- or PBS-LDM. Constructs
containing PAA-LDM released more s-GAG than those
containing PBS-LDM on day 2, but by day 4 of culture there
was no difference between type of LDM and release of s-
GAG. Unseeded LDM constructs and those seeded with
0.25�106 hASCs/mL released significantly more s-GAG into
the medium than constructs containing collagen gel alone
only until day 6 of culture, whereas those seeded with 1�106

or 2�106 hASCs/mL released more s-GAG into the medium
than constructs containing collagen gel alone until later time
points (Supplemental Fig. S3, available online at www
.liebertonline.com).

Collagen content of PAA-LDM constructs for all seeding
densities was greater than the collagen content of all seeding
densities of PBS-LDM constructs. Constructs prepared with
collagen gel alone had the lowest collagen content of all
treatment groups (Fig. 3).

The earliest and greatest increase in collagen release into
the medium was seen after 2 days of culture for constructs
prepared using PAA-LDM. Peak collagen release into the
medium was delayed and was significantly increased from
day 6 to 14 of culture for constructs prepared using PBS-
LDM and seeded with 1�106 or 2�106 hASCs/mL. Collagen
release through the culture period from constructs at all
seeding densities prepared using collagen gel alone was
significantly less than LDM constructs seeded with either
1�106 or 2�106 hASCs/mL. Unseeded constructs prepared
with either type of LDM briefly released collagen into the
medium on days 0–4 of culture, and LDM constructs seeded
with 0.25�106 hASCs/mL released similar levels of collagen
into the medium as did cell-seeded collagen gel constructs
(Supplemental Fig. S4, available online at www.liebertonline
.com).
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Hematoxylin and eosin staining of constructs seeded with
1�106 hASCs/mL demonstrated development of two dis-
tinct cell populations: an inner cell population within what
appeared to be the original components of the construct, and
an outer capsular population of cells that surrounded the
original components of the construct and in some regions
appeared to be extending into the original construct com-
ponents. Safranin O/fast green staining yielded very little
evidence of proteoglycan, consistent with normal tendon,
but collagen staining was more intense in LDM constructs
seeded with 1�106 hASCs/mL than in constructs prepared

with collagen gel alone (Fig. 4). For human type I and III
collagen immunofluorescence, lack of cross reactivity of the
primary antibodies with porcine type I or type III collagen in
the LDM or rat type I collagen was demonstrated by lack of
positive staining of unseeded LDM constructs. In hASC-
seeded LDM constructs, strong positive staining for human
type I collagen was identified centrally, and strong positive
staining for human type III collagen was identified around
the periphery of the constructs. In hASC-seeded constructs
prepared using collagen gel alone, no positive staining for
human type I collagen was identified, and staining for

FIG. 2. Total sulfated-
glycosaminoglycan
(s-GAG) content (mg) of
constructs prepared using
PAA-LDM (PAA), PBS-
LDM (PBS), or collagen gel
alone (COL), seeded with 0,
0.25�106, 1�106, or 2�106

hASCs/mL and harvested
at day 0, 7, 14, or 28 of cul-
ture. Constructs containing
LDM showed higher overall
sulfated-glycosaminoglycan
content, but did not exhibit
consistent changes over
time in culture. Groups
having different letters are
significantly different from
other groups across all time
points. Groups having dif-
ferent symbols (# and þ)
over time for different
seeding densities and treat-
ments are significantly
different ( p� 0.05; n¼ 3
biologic donors, mean�
SEM).

FIG. 3. Total collagen
content (mg) of constructs
prepared using PAA-LDM
(PAA), PBS-LDM (PBS), or
collagen gel alone (COL),
seeded with 0, 0.25�106,
1�106, or 2�106 hASCs/
mL and harvested at day 0,
7, 14, or 28 of culture.
Constructs containing
LDM showed significantly
higher collagen content as
compared to collagen gel
alone. Groups having
different letters are
significantly different from
other groups across all
time points ( p� 0.05; n¼ 3
biologic donors, mean�
SEM).
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human type III collagen was much less intense than for
LDM-treated constructs (Fig. 5).

Gene expression data were not significantly different be-
tween either LDM group or constructs prepared using col-
lagen gel alone. Expression of type III collagen, tenomodulin,
and tenascin C was increased at day 7 of culture compared to
days 0 and 14. Expression of decorin was elevated at both
days 7 and 14 compared to day 0 (Fig. 6). Expression of bi-
glycan did not change significantly over 14 days of culture,
and expression of type I collagen was decreased at day 14
compared to days 0 and 7 (data not shown). Expression of
type II and X collagen was identified at low levels in hASCs,
and did not change with treatment or with time in culture
(data not shown).

Discussion

The findings of this study show that the presence of native
pulverized and lyophilized ligament powder induced ligamen-
tous differentiation of ASCs by measures of cell proliferation,
gene expression, protein synthesis, and immunofluorescence.
Cell proliferation and protein synthesis were enhanced to a

greater extent by the presence of LDM than by collagen gel
alone. Although the mechanisms of induction of this differ-
entiation remain to be determined, the results suggest that the
presence of native ECM molecules can serve to promote a
ligamentous phenotype in ASCs.

Gene expression data from this study suggest that hASCs
cultured in collagen gel express several markers character-
istic of a tendon or ligament phenotype with or without
the addition of LDM. Although there is no single specific
marker for a tendon or ligament phenotype, tenomodu-
lin, tenascin C, biglycan, decorin, and type I and III collagen
are all expressed in tendon and ligament.71–74 The increase in
decorin expression with no change in biglycan expression
seen in the current study is more consistent with a pattern of
tendon or ligament development rather than repair.63,64 The
reason for a decrease in type I collagen expression over
the first 14 days in culture is unknown but may be related
to the high initial collagen content of the ECM or the lack
of any mechanical loading of these constructs. Similar de-
creases in collagen expression have been reported by other in-
vestigators for tenocytes seeded in collagen gel compared to
tissue culture plastic, even in the presence of static loading.39

FIG. 4. Histology sections stained with (A) hematoxylin and eosin or (B) safranin-O/fast green for control tendon (human
tensor fascia lata [hTFL]), unseeded PAA-LDM (PAA), and PBS-LDM (PBS) constructs, or constructs prepared with PAA,
PBS, or collagen gel alone (COL) and seeded with 1�106 hASCs/mL. Two distinct cell populations are evident: an inner cell
population within the original components of the construct (closed arrows), and an outer capsular population of cells (open
arrows). In some regions cells from the outer capsule extend into the original construct components (closed arrowheads)
(5 mm sections, 100�magnification, scale bar¼ 100 mm). Color images available online at www.liebertonline.com/ten.
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Treatment of cells with bFGF downregulates type I colla-
gen expression, and treatment of human MSCs with
BMP-14 causes an initial increase in expression, followed
by downregulation of type I collagen expression.75,76 Flexor
tendon tenocytes subjected to shear stress also demonstra-
ted downregulation of type I collagen expression,77 as did
bone marrow stem cells seeded on a composite of tendon
slices.56

The presence of LDM significantly increased cell prolifer-
ation and matrix synthesis. Although the mechanism of this
effect is unknown, the complexity of ECM and its importance
in regulation of cell behavior through a variety of mecha-
nisms is becoming increasingly recognized.78 The influence
of ECM on cell behavior may be due to the release of soluble
mediators from the tissue, or to direct cell–matrix interac-
tions. Various components of tendon and ligament ECM,

including thrombospondin-4,79 decorin,80 versican,81 tenas-
cin,82 and fibrillin-1,83 also contain matrikines, peptides
contained within ECM proteins that bind cell surface recep-
tors, including those from the growth factor receptor
family.84–86 In ASCs, EGF stimulates proliferation and mi-
gration.87 Both tenascin C and versican contain matrikines
for EGF motifs, which bind directly to the EGF receptor;
fibrillin-1 possesses 46 EGF-like repeats and similar ma-
trikines in versican interact with the EGF receptor to promote
chondrocyte proliferation and inhibit mesenchymal chon-
drogenesis.86,88–90

ECM components of tendon and ligament can also regu-
late growth factor activity directly. Heparan sulfate is a mi-
nor ECM proteoglycan in adult ovine posterior cruciate
ligament and patellar tendon, but constitutes 6%–8% of the
total proteoglycan content of avian embryonic tendon.91,92

FIG. 5. Positive (þ) and negative (�) control tendon, unseeded PAA-LDM (PAA) and PBS-LDM (PBS) constructs, or
constructs prepared with PAA, PBS, or collagen gel alone (COL) and seeded with 1�106 hASCs/mL stained for human type I
collagen (A) or human type III collagen (B). Cell-seeded constructs showed significant labeling for human type I collagen
throughout the construct, whereas human type III collagen was located peripherally (5 mm sections, 100�magnification, scale
bar¼ 100 mm). Color images available online at www.liebertonline.com/ten.
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Heparan sulfate binds to bFGF, an interaction that is re-
quired for fibroblast growth and differentiation,93,94 sup-
porting the idea that heparan sulfate may be an important
proteoglycan in developing tendon. bFGF also stimulates
proliferation and the ability to differentiate in adipose stem
cells.95–97 Biglycan and decorin both inhibit the activity of
TGF-b, even though TGF-b1 stimulates synthesis of biglycan
and decorin.98,99 In ASCs, TGF-b inhibits adipogenesis,100

and is key in the regulation of proliferation and differentia-
tion, particularly in chondrogenesis.101 TGF-b also stimulates
the synthesis of several other components of tendon and
ligament, including collagen and fibronectin.102 Biglycan and
fibromodulin both interact with BMP-2 signaling pathways
to suppress ectopic ossification in tendon.4 The ECM is an
abundant source of motifs for binding of cell surface in-
tegrins that provide a means of connecting the ECM to the
cell cytoskeleton a wide variety of signal transduction
events.103 In the ECM, integrins bind three major groups
of ECM ligand, laminin, collagen, and arginine–glycine–
aspartate (RGD)-containing motifs. Some integrin subunit
combinations in cells exhibit highly specific ligand binding to
specific components of the ECM to regulate critical functions
in ECM organization. For example, the aVb3, a5b1, and
aVb6 integrins regulate microfibril assembly by binding
RGD peptides in fibrillin-1, a glycoprotein present in ten-
don.104 Whether the presence of fibrillin-1 and other glyco-
proteins specific to tendon or ligament ECM is required for
successful microfibril assembly in tissue-engineered tendon
or ligament is unknown. However, mutations in the fibrillin-
1 gene in the region of the RGD ligands and matrikines
downregulate collagen type I, III, and V expression in the
ECM, and may be responsible for increased matrix metallo-
protease activity seen in Marfan syndrome, a disorder
characterized by hypermobility of distal joints.105–107 Alter-

natively, the presence of LDM may change the physical
properties of the collagen gel that reduce cell-mediated
contraction and provide increased surface area for matrix
deposition and cell adhesion.

The method of preparation influenced the baseline charac-
teristics of the unseeded LDM constructs. Unseeded PAA-
LDM constructs contained similar amounts of dsDNA and
collagen but more s-GAG within the construct and released
more DNA, s-GAG, and collagen into the medium in the first
2–4 days of culture than unseeded PBS-LDM constructs. The
size of PAA-LDM particles was significantly greater than PBS-
LDM; thus, for equal amounts of powder, the larger particle
size of powder prepared using PAA would be expected to
have a smaller total surface area and therefore have increased
retention of LDM components compared to powder prepared
using PBS rather than the increased release that was seen in
this study. The reason for the difference between powder
preparation techniques is unknown, but PAA modifies pro-
tein structure through oxidation, and may have rendered s-
GAG, collagen, or collagen fragments more susceptible to
release from the scaffold.108 Decellularization of biologic
scaffolds is essential to prevent adverse immune reactions
caused by xenogenic or allogenic cellular antigenic epitopes,
and disinfection or sterilization is required to remove micro-
bial contamination.65,109 PAA disinfects via oxidation and is
sporicidal, fungicidal, antiviral, and antibacterial, essential
properties for any agent used to process any biological ma-
terial for in vivo use.109 PAA (0.1%–0.15%) is commonly used
to decellularize biologic scaffolds, though it does not com-
pletely remove all DNA present.110,111 In this study, there was
no benefit to the use of 0.1% PAA for decellularization pur-
poses when compared to immersion in liquid nitrogen and
mechanical pulverization followed by resuspension in PBS.
Further, even though PAA-LDM constructs released more

FIG. 6. Fold change in
gene expression of type III
collagen (COL3), tenomo-
dulin (TNMD), tenascin C
(TNC), or decorin (DCN)
for constructs prepared
with PAA-LDM (PAA),
PBS-LDM (PBS), or with
collagen gel alone (COL),
seeded with 1�106 hASCs/
mL and cultured for 0, 7, or
14 days compared to ex-
pression of these genes in
1�106 P4 hASCs. Expres-
sion levels for all of these
genes were increased at
day 7 compared to day 0,
and COL3, TNMD, and
TNC levels were reduced
to day 0 values by day 14.
Data normalized to 18S
house-keeping gene.
Groups having different
letters are significantly
different ( p� 0.05; n¼ 3
biologic donors,
mean� SEM).
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dsDNA into the culture medium at day 2 after seeding for all
seeding densities compared to PBS-LDM constructs, these
results could not distinguish between greater loss of residual
native porcine dsDNA from the PAA-LDM scaffolds and loss
of human dsDNA from cell death associated with cell seeding
onto the PAA-LDM scaffolds. It is therefore possible that PBS-
LDM constructs resulted in less cell death after seeding than
PAA-LDM constructs. Further studies are necessary to de-
termine the optimal method of decellularization for prepara-
tion of LDM.

Increased seeding density resulted in incremental in-
creases in DNA content of the scaffolds over 28 days in
culture, consistent with increasing cell number, but there was
no difference between treatment with PAA-LDM or PBS-
LDM. There was no effect of seeding density on collagen
content of the constructs; however, PAA-LDM constructs
contained more collagen than PBS-LDM constructs. The only
effect of LDM treatment on s-GAG content of the scaffolds
was seen at a seeding density of 1�106 hASCs/mL when
PAA-LDM contained more s-GAG over 28 days in culture
than PBS-LDM or other seeding densities for PAA-LDM
constructs. In both PAA- and PBS-LDM constructs seeded
with 0.25�106 hASCs/mL there was increased release of s-
GAG into the medium at days 2–4 followed by a decrease in
s-GAG content at days 7 and 14 of culture compared to day
0, suggesting that cells seeded at this density were less able
to retain s-GAG in the constructs. In comparison, a seeding
density of 1�106 or 2�106 hASC/mL maintained s-GAG
content in the constructs through 28 days in culture com-
pared to unseeded constructs, and release of s-GAG into the
medium through days 10–20 of culture was greater for the
1�106 or 2�106 hASC/mL seeding density than for other
seeding densities, suggesting that synthesis was increased in
these groups, but that the additional s-GAG produced was
not retained in the construct. Collagen release into the me-
dium was greatest at the 2�106 hASCs/mL seeding density
even though no additional collagen was retained in the
constructs, suggesting little if any additional benefit of
seeding with 2�106 hASC/mL compared to 1�106 hASC/
mL. The increased s-GAG content of PAA-LDM after con-
struct preparation and s-GAG synthesis at some seeding
densities, combined with the increased collagen content of
constructs containing PAA-LDM, suggests that 0.1% PAA
may the preferred method of preparing LDM, but there is no
apparent benefit to the use of 0.1% PAA for decellularization
of the LDM. Therefore, future studies may wish to evaluate
alternative methods of decellularization and the effect of
preparation method on cytotoxicity and on retention of
matrix within the LDM. Of clinical relevance, the particulate
nature of the LDM prepared in this study also lends itself
with minimal further modification to resuspension and in-
tralesional delivery by percutaneous injection directly into a
focal tendon or ligament lesion in a tendon or ligament, such
as occurs in Achilles tendon injury.65,112

In summary, our findings support the hypothesis that a
scaffold derived from native ligament ECM can influence the
growth and differentiation of ASCs. The beneficial effects of
LDM on hASC proliferation and matrix synthesis seen in this
study may be due to a combination of matrikines, growth
factors, or enhanced presentation of ligands from the LDM,
as well as the provision of increased surface area for cell
attachment. However, 0.1% PAA was not clearly better than

PBS for preparation of LDM; therefore, further research is
necessary to determine the ideal method of preparation.
LDM may provide a novel approach to enhancing tendon
and ligament engineering by accelerating ECM synthesis in
the absence of exogenous growth factors.
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