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Abstract
Mesenchymal stem cells (MSCs) have gained increasing research interest for their potential in
improving healing and regeneration of injured tendon tissues. Developing functional three-
dimensional (3D) scaffolds to promote MSC proliferation and differentiation is a critical
requirement in tendon tissue engineering. Tendon extracellular matrix has been shown to maintain
the tenogenic potential of tendon stem cells and stimulate tenogenesis of human adipose stem cells
(hASCs) in 2D culture. This study aims at characterizing the biological composition of urea-
extracted fraction of tendon ECM (tECM) and its tenogenic effect on hASCs cultured in a 3D
collagen scaffold under uniaxial tension. The tECM obtained was cell-free and rich in ECM
proteins. hASCs seeded in tECM supplemented scaffold exhibited significantly increased
proliferation and tenogenic differentiation. The presence of tECM also greatly suppressed the
osteogenic differentiation of hASCs triggered by uniaxial tension. In addition, tECM-
supplemented constructs displayed enhanced mechanical strength, accompanied by reduced
expression and activity of MMPs in the seeded hASCs, indicating a regulatory activity of tECM in
cell-mediated scaffold remodeling. These findings support the utility of tECM in creating bio-
functional scaffolds for tendon tissue engineering.
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1. Introduction
Tendons are fibrous tissues composed of densely packed collagen fiber bundles that connect
muscle to bone and function in transmitting force from muscle to bone [1]. These tissues
bear high tensile force and are therefore prone to injuries such as rupture and laceration. In
the U.S. alone, tendon, ligament, and joint capsular injuries account for 45% of the 32
million musculoskeletal injuries each year [2]. It was estimated that about 200,000 tendon
and ligament repair surgeries are performed annually in the U.S [3]. Unfortunately, the
natural healing process of tendons is slow and the resulting tissue is inferior in structure and
function due to their hypocellular and hypovascular nature [4]. In cases of severe tendon
injury, surgical treatments may be used to repair or replace the damaged tendon with
autografts, allografts, xenografts, or prosthetic devices [5]. However, the clinical outcomes
remain unsatisfactory due to limitations including donor site morbidity, high failure rates,
risk of injury recurrence and limited long-term function recovery [6–8]. These limitations
have spurred the development of tissue engineering strategies, which use a combination of
cells, scaffolds and bioactive molecules, to treat tendon injuries [9–12].

The use of adult mesenchymal stem cells (MSCs) as the cellular component for tendon
tissue engineering has been of particular research interest in recent years [5]. While the most
common approach to direct MSCs to differentiate into a specific lineage in vitro is through
growth factors stimulation, differentiation of MSCs into tendon cells (tenogenesis) can be
induced through uniaxial tension in three-dimensional (3D) culture [11, 13, 14]. For this
purpose, a variety of biomaterials have been used as the scaffold to convey desired
mechanical loads to the seeded cells. For example, when cultured under cyclic stretch,
MSCs seeded on polyester fibrous scaffolds demonstrated enhanced tenogenesis [15].
Similarly, collagen gel has been used as a scaffold for MSC culture under uniaxial tension to
create engineered tissues mimicking native tendons and ligaments [14, 16, 17]. However,
none of these load-transmitting scaffolds possesses ideal bio-functionality, which refers to
the ability to support cell proliferation, differentiation into tendon-forming cells without
ossification, and matrix remodeling to generate a functional replacement at the wound site
[1, 18, 19], necessary for successful tendon tissue engineering. Therefore, the need remains
in tendon tissue engineering to develop supportive scaffolds with desired bio-functionality.

To date, a number of extracellular matrices have been used in various approaches to address
the lack of bio-functionality in tissue engineering scaffolds [20]. In native tissues, the
extracellular matrix (ECM), a complex network of interacting macromolecules that occupies
the space between cells, is principally responsible for both biomechanical and
microenvironmental signaling functions [21]. While there are many common ECM
components, each tissue and organ possesses a unique ECM composition tailored to tissue-
specific physiologic and mechanical requirements in order to maintain a particular cell
phenotype and functionality [20]. Tendon tissues are rich in ECM components and contain
fewer cells than most tissues, and many of the tendon ECM components as well as growth
factors embedded in the ECM appear to be retained in decellularized tendons [22]. The
influence of ECM on tendon cell behavior is many-fold, including regulation of proliferation
and differentiation, as depletion of key ECM components impairs the self-renewal and
tendon-specific gene expression of tendon progenitor cells [23]. Thus, the use of native
tissue matrices in scaffold synthesis may be very beneficial in tissue engineering approaches
to tendon repair. For example, both human adipose derived stem cells (hASCs) and rabbit
tendon-derived stem cells (rTDSCs) seeded on decellularized tendon/ligament ECM showed
improved proliferation and differentiation in a 2D format [24, 25]. These findings, taken
together, suggest that tendon ECM may be included in 3D scaffold to enhance tenogenic
differentiation of encapsulated MSCs, particularly in constructs cultured under tensile
conditions, to produce a more functional neo-tendinous tissue.
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In this study, we hypothesize that incorporation of native tendon ECM components will
enhance the bio-functionality of 3D tension-bearing scaffold. To test this hypothesis, tendon
ECM was extracted with urea and incorporated into a 3D collagen scaffold into which
hASCs were seeded, and the construct was placed in culture under uniaxial tension for over
7 days. Cell proliferation, differentiation, and matrix remodeling capacity within these
tECM-enhanced constructs were analyzed, and the influence of tECM on the mechanical
properties of the constructs was assessed.

2. Materials and methods
2.1 Tissue Harvest

Bovine Achilles tendons were harvested from eight 2–3 week old bovine hind legs
(Research 87, Boyleston, MA). The midsubstance of the tendinous portion between the
distal end of gastrocnemius muscle and the calcaneal insertion was dissected and
immediately immersed in phosphate buffered saline (PBS; Gibco, Grand Island, NY)
supplemented with 5 mM ethylenediaminetetraacetic acid (EDTA; Sigma, St. Louis, MO),
0.5 mM phenylmethylsufonyl fluoride (PMSF; Sigma) and 1 × Penicillin-Streptomycin (P/
S; Gibco), and stored at −20°C until processing. EDTA, PMSF, and P/S were added for their
metalloproteinase inhibition, serine protease inhibition and anti-bacterial effect, respectively.

2.2 Extraction of tECM
To obtain tECM powder, Achilles tendons were frozen in PBS at −80 °C and then thinly
sliced at 40 μm thickness using a cryotome (Leica CM 1850, Buffalo Grove, IL). The
tendon sections were pulverized in liquid nitrogen with a mortar pestle, and the tissue
powder was then decellularized by incubation in 1% Triton X-100 (Sigma-Aldrich) in PBS
under continuous agitation for 24 h at 4°C, followed by three washes, 30 min each in PBS.
The decellularized material was then treated with 200 U/ml DNase and 50 U/ml RNase
(Worthington, Lakewood, NJ) solution at 37°C for 12 h and then washed in PBS 6 times, 30
min for each wash. After nuclease digestion, the preparation was extracted with 3 M urea
(Sigma-Aldrich) in water with gentle agitation for 3 days at 4°C. The suspension was then
centrifuged for 20 min at 1,500 g to collect the extract supernatant. Urea was removed by
dialysis of the extract contained in dialysis cassettes (3,500 MWCO, Thermo Scientific,
Rockford, IL) against deionized water for 2 days at 4°C. Water was changed every 4 h. The
dialyzed tECM extract was transferred into centrifugal filter tubes (3,000 MWCO,
Millipore, Carrigtwohill, Ireland) and spin-concentrated by 10 folds for 30 min at 1,500 g.
The final ECM solution was filter-sterilized through PVDF syringe filter units (0.22 μm,
Millipore), protein concentration determined using the BCA assay (Thermo Scientific), and
then stored at 4°C until further use. Total proteins were extracted from homogenized
original tendon tissues by TM buffer (Total Protein Extraction Kit, Millipore) and served as
a control.

2.3 SDS-PAGE and Western Blot Assay
For SDS-PAGE and Western blotting, protein samples of the same concentration was mixed
with loading buffer and reducing agent (NuPAGE Bis-tris Mini Gel System, Life
Technology, Grand Island, NY), and heated at 70°C for 10 min. Protein samples were then
loaded into wells of pre-cast NuPAGE gels (NuPAGE Bis-tris Mini Gel, Life Technology)
and separated by electrophoresis in MOPS SDS running buffer for 50 min at constant 200 V.
Proteins were transferred onto PVDF membranes using the iBlot dry blotting system
(Invitrogen). After incubating in 5% powder milk in TBST for blocking, membranes were
incubated at 4°C overnight with the following primary antibodies: mouse anti-fibronectin,
sheep anti-decorin, goat anti-biglycan or rabbit anti-fibromodulin (Abcam, Cambridge,
MA). The membranes were then washed in TBST 6 times and incubated with corresponding
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horseradish perioxidase conjugated secondary antibodies for 1 h at room temperature. Blots
were allowed to react with chemiluminescence substrate (West Dura Extended Duration
Substrate, Thermo Scientific) for 5 min and imaged with a CCD camera gel imaging system.
(FOTODYNE, Hartland, WI)

2.4 Cell Isolation and Culture
hASCs were isolated from the lipoaspirate-derived fat tissue from three female donors (28,
32, and 36 years old) with Institutional Review Board approval (University of Pittsburgh)
using an automated cell isolation system (Tissue Genesis Inc, Honolulu, HI). hASCs were
cultured in growth medium (DMEM-high glucose, 10% fetal bovine serum (FBS), 100
units/ml penicillin and 100 mg/ml streptomycin, Gibco). At 80% confluence, cells were
detached with 0.25% trypsin in 1 mM EDTA (Gibco) and passaged. All experiments were
performed with passage 3 (p3) hASCs. To reduce donor to donor variation, cells from the
three donors were pooled in equal number.

2.5 3D Culture of Cells under Static Tension
To study the combined effect of mechanical stimulation and tECM on hASCs, the Flexcell
Tissue Train Culture System (Flexcell, Hillsborough, NC) was employed. Briefly, hACSs at
p3 were trypsinized from cell culture flasks and mixed at 1 × 106 cells/ml with 0.5%
collagen type I solution at neutral pH (Purecol EZ, Advanced Biomatrix, San Diego, CA)
containing either 10% (v/v) 800 μg/ml collagen type I solution (Purecol EZ, Advanced
Biomatrix) or 10% (v/v) 800 μg/ml tECM solution. To set up 3D gel constructs, linear
Trough Loaders™ were placed in baseplates beneath the flexible membrane of Tissue
Train™ culture plate so that the anchor stems were aligned with the long axis of the Trough
Loader. A vacuum was applied to deform the membrane into the conformation of the trough.
300 μl of cell-gel suspension was then pipetted into each well and allowed to gel at 37°C for
2 h. After the gel set, the vacuum was released and the culture plates were dissociated from
the base plates. Gels appeared as linear bands attached at each anchor end in the well (see
Fig. 3A), and uniaxial tension was generated as a result of cell traction. hASCs were also
seeded into 6-well tissue culture plates as 2D controls at 1 × 105 cells/well. Growth medium
was added to each well and changed every 3 days. Contraction rate was determined from
digital images taken on days 1, 3 and 7 of culture analyzed in Image J (NIH). Total construct
area between the anchors divided by the length between anchors was defined as the average
width. Constructs were also harvested at the same time points for other analyses.

2.6 Scanning Electron Microscopy (SEM)
hASC-seeded 3D constructs were collected at day 1, 3 and 7, washed twice in PBS, fixed
with 2.5% glutaraldehyde in PBS for 2.5 h at room temperature, and then rinsed in PBS and
dehydrated in a graded ethanol series. After critical point drying, samples were mounted on
aluminum stubs, sputter-coated with 3.5 nm gold, and examined by SEM (field emission,
JEOL JSM6335F, Peabody, MA), operated at 3 kV accelerating voltage and 8 mm working
distance. The external surface of the central part of the constructs was selected for imaging.

2.7 Cell Viability Analysis
On days 1, 3 and 7, MTS assay (CellTiter 96 Aqueous One Solution Cell Proliferation
Assay, Promega, Madison, WI) was performed to determine cell viability. 3 ml working
solution was added into each flexcell well, incubated for 3 h at 37°C and A490 determined
spectrophotometrically using a microplate reader (BioTek, Winooski, VT). For Picogreen
(Quant-iT PicoGreen dsDNA Reagent, Invitrogen, Grand Island, NY) assay, samples were
first washed twice in PBS for 5 min and then digested in 500 μg/ml papain (Sigma-Aldrich)
at 60°C for 2 h. 100 μl 1× Picogreen working solution in TE buffer was added into 100 μl
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papain solution containing one digested gel construct, incubated for 2 min protected from
light, and measured using a fluorescence microplate reader (excitation 480 nm, emission 520
nm, BioTek). All readings were normalized to the pure collagen group at each time point.
The calcein acetoxymethyl (calcein-AM)/ethidium homodimer-1 (EthD-1) based Live/Dead
assay (Invitrogen) was performed to confirm the cell viability. At days 1 and 7, constructs
from each group were incubated in calcein-AM and EthD-1 (diluted 1:1000 in growth
medium) for 1 h, and then visualized by fluorescence microscopy. For nuclear staining,
tendon tissues were placed on glass slides and incubated with 500 μl 300 nM diamidino-2-
phenylindole, dilactate (DAPI, D3571 Invitrogen) in PBS for 1 min. The samples were then
washed 3 times in PBS and viewed using fluorescence microscopy.

2.8 Histology
Tendon tissues and Flexcell constructs were washed 3 times in PBS, fixed for 12 h in 10%
phosphate buffered formalin (Fisher Scientific, Pittsburgh, PA) at room temperature,
dehydrated in serial ethanol solutions followed by xylene, and embedded in paraffin. The
embedded samples were sectioned at 10 μm thickness, deparaffinized in xylene, rehydrated,
and stained with hematoxylin and eosin (H&E), or Picosirius red for visualization.

2.9 Real-Time PCR Analysis
At each time point, total RNA was isolated using an RNA extraction Kit (Qiagen, Valencia,
CA) according to the manufacturer’s protocol. First-strand cDNA was synthesized with
oligo(dT) primers using a cDNA synthesis kit (Invitrogen). Quantitative real-time PCR was
performed using SYBR green Supermix in a Step One Plus real-time PCR system (Applied
Biosystem, Life Techonology) and then analyzed by comparative Ct quantification (delta-
delta Ct method). Primers were used for tenogensis marker genes including scleraxis (SCX)
and tenomodulin (TNMD), osteogenesis marker genes including runt-related transcription
factor 2 (RUNX2), alkaline phosphatase (ALP) and osteocalcein (OCN), ECM protein genes
including collagen I (COL I), collagen III (COL III), decorin (DCR) and tenascin-C (TNC),
and matrix metalloproteinase (MMP) genes including MMP-1, -2, -8, -9 and -13. The targets
and sequences of primers are shown in Table 1 except tenomodulin, which was purchased
from Qiagen (Hs TNMD, QuantiTect Primer Assay, Qiagen). Primer specificity and product
sizes were confirmed by melting curve analysis and agarose gel electrophoresis. The
expression level of each gene was normalized to GAPDH.

2.10 Mechanical Test
Mechanical testing was performed using a mechanical tester (Bose 3230, Eden Prairie, MN)
consisting of a 2.45 N (250 g) load cell with accuracy of 0.004 N. At days 3 and 7,
constructs were washed twice in PBS for 5 min, and then separated from the rubber
membrane, while remaining attached to the anchors. The construct was then fixed between
two clamps through the anchors (Fig. 7A, black arrows), so that the integrity of the construct
was not compromised by clamping. Samples were pre-loaded to remove slack and then
stretched 10 mm at an elongation rate of 0.02 mm/sec. The load/displacement curve was
recorded. For each construct, maximum force recorded at the peak of the curve was defined
as maximum load (N), and the slope of the linear region in load/displacement curve as
stiffness (N/mm).

2.11 MMP Activity Assay
MMP activity in conditioned medium was assayed. Briefly, hASC-seeded constructs were
cultured in serum- and Phenol Red-free medium (DMEM + 1% ITS (Gibco) + penicillin/
streptomycin) for up to 7 days. At day 1, 3 and 7, conditioned media were collected and
incubated with an equal volume of 1 mM 520 MMP FRET substrate XI working solution
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(AnaSpec, Fremont, CA) in a black 96-well plate at 37 °C for 1 h. Fluorescence was
measured every 5 min (excitation 485 nm, emission 528 nm). The slope of the linear portion
in the kinetics curve represented the activity level of MMPs.

2.12 Statistical Analysis
Data are presented as mean ± standard deviation (SD). Each experiment was performed
independently at least three times. Two-tailed Student’s t-test and one-way ANOVA
followed by Bonferroni post hoc test were used for determining statistical significance of
two-group comparisons and multiple-group comparisons, respectively. Results with p<0.05
were considered statistically significant.

3. Results
3.1 Characteristics of tendon-derived ECM

Decellularization was verified by the lack of cell nuclei using H&E and DAPI staining (Fig.
1A–D) and by the reduction in DNA content after Triton X-100 and subsequent nuclease
treatment compared to that of original tendon tissues (Fig. 1E, n=4, p<0.01). SDS-PAGE
analysis revealed that tECM contained a number of low molecular weight (<100 KD)
protein components that were absent in commercial bovine collagen type I solution (Fig.
2A), but present in total tendon extract. This observation indicated the preservation of
biochemical composition of tendon tissue after decellularization and protein extraction.
Western blot assay showed that at least four types of critical tendon ECM protein
components were present in this tECM extract: decorin, biglycan, fibromodulin and
fibronectin (Fig. 2 C). In contrast, none of these proteins was detected in the collagen type I
sample. To confirm the consistency of the extraction method, the compositions of tECM
extracts harvested independently from 4 calves were analyzed by SDS-PAGE and Western
blot assay (Fig. 2 B, D). A consistent protein pattern was seen in all 4 extracts. Western
blotting confirmed the presence of the 4 representative tendon ECM protein components in
all 4 extracts. The yield, expressed as the final protein content in the extract solution divided
by the wet weight of starting tissue, was 0.125% ± 0.019%.

3.2 Constructs and cell morphology
Under static tension, all hASC-gel complexes gradually formed cylindrical 3D constructs
with each end attached to an anchor stem (Fig. 3A). With the passage of time, all constructs
contracted to form narrower bands, presumably due to the combined effect of cell traction
and matrix remodeling (Fig. 3B). The width of the tECM supplemented constructs was
significantly greater than that of pure collagen constructs at days 1, 3 and 7 (Fig. 3C, n=6,
p<0.05). Three days after gel setting, the pure collagen constructs contracted their diameter
by 62.6% and tECM-supplemented constructs by 53.6% on average. Over a 7-day period,
the final diameters were 69.9% and 64.4% smaller than the starting values for pure collagen
constructs and tECM-supplemented constructs, respectively.

Cell morphology within the constructs was analyzed by SEM and histological staining. SEM
revealed the presence of wavy, randomly oriented collagen fibrils in both collagen and
tECM-supplemented scaffolds. At day 1, cells in the tECM-supplemented scaffold
demonstrated well aligned cell bodies and extensions along the longitudinal axis of the
scaffold (Fig. 4D, white arrows), whereas cells in the pure collagen scaffold were more
randomly oriented (Fig. 4A, white arrows). Higher magnification images showed that cells
within tECM-supplemented scaffolds projected more fine extensions attached to collagen
fibrils (Fig. 4E) than that of pure collagen scaffolds, where extensions were fewer and only
appeared at the extremities of cells (Fig. 4B). The difference in cell orientation between
scaffold types was no longer evident at day 7, when most cells were longitudinally aligned,
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and cell density was dramatically higher than that of day 1 in each group (Fig. 4C, F). H&E
staining of longitudinally sectioned samples revealed uniform cell distribution within the
constructs on day 1 (Fig. 4G, J). At day 7, the difference in construct width was apparent
between the pure collagen construct (Fig. 4H) and the tECM-supplemented construct (Fig.
4K), in agreement with the results of gross width measurement. Longitudinally elongated
cytoplasm and nuclei were apparent in cells in both construct types. More intense
hematoxylin nuclear staining, indicating higher cell number, was found in the peripheral
region of the tECM-supplemented constructs, resembling an epitendinous sheath
surrounding native tendon fibers (Fig. 4 L). With Picosirius red staining and under polarized
light, no observable difference in birefringence of collagen fibers was found between two
groups (not shown).

3.3 Cell viability and proliferation
At days 1, 3 and 7, cell metabolic activity and cell number were determined using MTS
assay and Picogreen staining, respectively (n=3). Cells seeded on tECM-supplemented
scaffolds demonstrated significantly increased metabolic activity (p<0.05) and cell number
(p<0.01) compared to that of pure collagen scaffolds at day 7, suggesting that the presence
of tECM greatly promoted cell proliferation and cell activity in a 3D culture under uniaxial
tension (Fig. 5A, B). A high percentage of viable cells were seen by Live/Dead assay in both
pure collagen and tECM-supplemented scaffolds 24 h after gel setting, indicating that the
tECM solution was non-toxic to cells. At day 1, most cells were round in shape, and evenly
distributed inside the scaffolds. After 7 days of culture, cells retained a high rate of viability
and exhibited longitudinal elongation, in agreement with histological analysis (Fig. 5C).

3.4 Cell differentiation
Gene expression of hASCs in both 2D and 3D culture (n=5) were quantified at the mRNA
level by real-time PCR. The results showed that the 3D scaffolds under uniaxial tension
promoted tenogenic differentiation of hASCs, as compared to 2D controls, and that
tenogenesis was further enhanced by tECM supplementation (Fig. 6A–C). The expression of
SCX was significantly higher in the tECM group than the pure collagen group at days 1 and
3. Both 3D groups demonstrated an up-regulation of SCX at all three time points compared
to 2D culture. The expression of TNMD was found significantly higher in the tECM group
than the 2D and the 3D collagen group at day 3, but the difference between the two 3D
groups was negligible at day 7, when they were both higher than the 2D group. The
expression pattern of TNC was similar among all three groups at the first two time points,
but was significantly higher in the tECM group at day 7. Taken together, these findings
demonstrated that hASCs underwent tenogenic differentiation in 3D culture under tension,
and that exposure to tECM improved this lineage-specific differentiation. In contrast, the
gene expression of other matrix proteins remained similar (Fig. 6D–F). There was no
significant difference for COL I or COL III between the tECM and the pure collagen group.
The expression of COL I in 3D culture was lower than that in 2D, which could be attributed
to the collagen rich environment. DCR was up-regulated in 3D cultures at all time points,
with expression in the tECM group lower than the collagen group at day 7.

To evaluate the influence of tECM on osteogenic differentiation, the expression of
osteogenesis markers, including RUNX 2, ALP and OCN (Fig. 6G–I), was analyzed. All
these markers were expressed at lower levels in hASCs seeded in tECM-supplemented
scaffolds, although some of them were still higher than those seen in 2D culture. At days 1
and 3, the level of RUNX2 gene expression in hASCs in the tECM group was significantly
lower than that of the pure collagen group. hASCs in the tECM group also expressed lower
amount of ALP and OCN than in pure collagen at days 3 and 7. Taken together, these results
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suggested that the exposure to tECM in 3D scaffold promoted tenogenesis of hASCs and
partially suppressed osteogenesis.

3.5 Mechanical properties of the scaffold
A representative load/displacement curve for day 3 samples showed a steeper linear slope of
the tECM-supplemented scaffold when compared with the pure collagen scaffold, indicating
better resistance to deformation under stretch (Fig. 7B). Quantitative analysis demonstrated
significantly higher maximum load of tECM-supplemented scaffold than that of pure
collagen scaffold at both time points (Fig. 7C, n=5, p<0.05). The stiffness of tECM-
supplemented scaffolds was 2.37 and 4.11 times that of the pure collagen scaffolds at days 3
and 7, respectively (Fig. 7 D, p<0.01). In summary, these results showed that the addition of
tECM enhanced the mechanical properties of hASC-seeded scaffolds under static tension.

3.6 Gene expression and activity of MMPs
Interestingly, none of the cell-seeded scaffolds demonstrated improved mechanical strength
compared to cell free controls (data not shown). Moreover, we found little difference in
ECM protein gene expression patterns between 3D groups (see results 3.4). Combined, these
results implied that the difference in mechanical properties between the cellular scaffold
groups might be due to remodeling of the matrix rather than a net increase in matrix
deposition. To test this hypothesis, we investigated the expression and activity of matrix
metalloproteinases (MMPs), an endopeptidase family responsible for degradation and
remodeling the ECM. Real-time PCR analysis revealed that gene expression level of MMPs
significantly increased in 3D groups compared to 2D, indicating highly active matrix
remodeling occurred in 3D culture under tension (Fig. 8A–E, n=5). MMP-8, -9 and -13 were
down-regulated in the tECM-supplemented group by day 3 or 7 compared to the pure
collagen group (Fig. 8C–E, p<0.01). Finally, the total MMP activities in conditioned
medium collected from the tECM group was found to be significantly lower than that of the
collagen group at days 3 and 7 (Fig. 8F, n=5).

4. Discussion
In this study, we have investigated the influence of a soluble ECM extract from bovine
tendon tissue, used as a supplement to collagen scaffold, on hASCs cultured in 3D collagen
gel under uniaxial tension. We hypothesize that incorporation of tECM will enhance the bio-
functionality of 3D tension-bearing scaffolds. Our results show that the tECM contains a
variety of tendon matrix proteins, and is substantially different from a commercially
available, pure collagen type I solution. The inclusion of tECM within collagen scaffolds
promotes hASC proliferation and tenogenic differentiation, as compared with pure collagen
scaffold. Moreover, hASCs in tECM-containing scaffolds demonstrate reduced osteogenesis
compared to hASCs in pure collagen scaffolds. The addition of tECM also results in changes
of the mechanical properties of the constructs, including contraction rate, maximum load,
and stiffness, partially by altering the expression level and activity of MMPs of the seeded
hASCs. Collectively, these findings reveal the bio-functionality of tECM on hASC
behaviors in 3D culture under tension, and strongly suggest the feasibility of using tECM to
facilitate hASC-based tendon healing and regeneration.

ASCs, a multipotent mesenchymal stem cell population derived from adipose tissues,
possess the potential to differentiate into a variety of cell lineages [26]. As far as the
regeneration of mesodermal tissues are concerned, ASCs can undergo adipogenic,
osteogenic, chondrogenic [27], myogenic [28], and tenogenic differentiation [29–31].
Compared to other types of adult stem cells, such as bone marrow MSCs (BMSC) and
tendon stem cells (TDSC), ASCs are more readily available, since human adipose tissue is
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ubiquitous and can be isolated in large quantities with little donor site morbidity or patient
discomfort. Given their availability and tenogenic capacity, the use of ASCs thus expands
potential approaches to tendon tissue engineering and tendon repair. Tenogenesis of MSCs
can be induced through uniaxial tension in 3D culture [14, 16, 32]. In this study, we have
used the Flexcell Strain Unit with the Tissue Train culture plates to generate 3D cylindrical
constructs under tension [17]. Collagen type I gel was used as the material to cast the
scaffold for two reasons. First, collagen type I is the primary component of tendon tissue,
and has been widely used as a scaffold in tendon tissue engineering. Second, cells could be
easily suspended in collagen solution before setting, ensuring uniform distribution within the
constructs. In contrast, previous studies have shown that cells re-seeded on acellular tendon
tissue attached only to the surface but did not penetrate the matrix easily. In these studies,
few cells were observed to migrate into the center of acellular flexor tendons even after 8
weeks in culture [33, 34].

For the purpose of facilitating tendon healing and regeneration, MSCs need to proliferate
and then undergo appropriate differentiation and matrix remodeling on the scaffold in order
to develop into a functional replacement tissue at sites of injury [1], [5]. The ECM plays
important roles in regulating cell behavior. Tissue-derived ECMs have been found to induce
corresponding tissue-specific differentiation of MSCs, and are therefore considered as
attractive candidate biomaterials to support stem cell-based regeneration of the tissue from
which it is derived. For example, soluble ECM derived from skeletal muscle tissue induced
myogenesis of muscle progenitor cells [35]. Similarly, acellular cartilage sheets were found
to stimulate BMSCs to undergo chondrogenesis [36]. As for tendon, BMSC seeded on
acellular tendon scaffold expressed TNMD, a tendon phenotype marker [37]. TDSCs were
also found to express more TNMD when seeded on tendon ECM film than on tissue culture
plastic [25]. In this study, we have used urea, a nonionic chaotropic reagent that disrupts
lipid-lipid, lipid-protein, and protein-protein interactions, for tECM extraction, producing a
soluble extract that is easily miscible in aqueous solutions. SDS-PAGE and western blot
assay revealed that soluble tECM isolated from tendons contains not only collagen but also
numerous non-collagenous proteins, including fibronectin, fibromodulin, biglycan and
decorin, all of which are known to regulate MSC behavior. For example, fibronectin is a
multi-domain protein that contains binding sites for integrins, collagen and other ECM
proteins, glycosaminoglycans, as well as self-association sites, thereby influencing cell
shape and adhesion to the matrix [38]. Moreover, fibronectin has also been reported to
induce chemotaxis and mitogenic activity for human MSCs [39]. These characteristics of
fibronectin may contribute to the improved interaction between cells and tECM-containing
scaffold, as evidenced by increased extensions from the cell body connected to the collagen
fibrils, and increased retention of the seeded cells (data not shown). Decorin greatly affects
the assembly of collagen fibrils during tendon development [40], and also prevents aberrant
lateral fusion of collagen fibrils [41]. Biglycan and fibromodulin appear to have substantial
impacts on cell fate [42], [43]. They were also identified as critical components of the
tendon stem cell niche controlling the fate of tendon stem cells [23]. It is thus reasonable to
hypothesize that the known activities of these ECM molecules, and of other yet-to-be-
determined components in the tECM, are responsible for the observed bioactivity of the
tECM on the hASCs seeded in the composite 3D scaffold.

Our hypothesis is supported by the results of the cell proliferation assay, real-time PCR
analysis, and mechanical testing. DNA content and cell metabolic activity are significantly
higher in the tECM-supplemented constructs than pure collagen constructs after 7 days of
culture, indicating more rapid proliferation in the tECM group. It is noteworthy that DNA
content measured immediately after gel setting (defined as day 0) showed no significant
difference between the two groups (data not shown), indicating minimal residual, tissue-
derived nuclear remnants. Consistent with our results, rabbit TDSCs have been shown to
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grow faster in tECM than on plastic surfaces, as indicated by the population doubling times
(PDTs) [25]. Furthermore, hASC cultures seeded in constructs containing ligament-derived
matrix were also found to contain more dsDNA than in collagen constructs [24].

Real-time PCR analysis revealed enhanced tenogenesis of hASCs in the tECM group based
on tendon-specific gene expression (Fig. 6). The expression of SCX, a transcription factor
specifically detected in tendon precursor cells [44], is significantly higher in the tECM
group than the pure collagen group at days 1 and 3. Higher expression of TNMD, a
transmembrane glycoprotein predominantly expressed in tendons and ligaments [45], is
observed in the tECM group, compared to the 2D and 3D collagen groups at day 3. The
level of TNC, an ECM glycoprotein involved in tendon development, is also significantly
higher in tECM group at day 7. As enhanced expression of these markers are specific to the
tECM group, tECM likely acts to promote tenogenic differentiation of hASCs in 3D culture
under tension.

Despite the efficacy of 3D culture under tension to promote tenogenesis, simultaneous
osteogenesis had been reported for hASCs cultured under mechanical stimulation, an
undesirable effect that compromises the application of hASCs for tendon repair. For
example, 6 hour cyclic mechanical loading was found to increase RUNX2 expression of rat
ASCs by 7-fold [46, 47]. In another study, up-regulation of ALP and OCN expression in
hASCs was achieved by 1 and 2 hour cyclic strain [48]. It has been suggested that such
tension-induced osteogenesis is the cause of pathological ossification seen in mechanically
overused tendon, such as in tendinosis [49]. Therefore, we asked whether hASCs cultured
under uniaxial tension undergo osteogenesis and if this differentiation can be attenuated by
incorporation of tECM. Our findings show that tECM significantly reduces osteogenic
differentiation of hASCs when cultured in 3D under tension (Fig. 6 G–I). Based on the
results reported here, we speculate that the reduced osteogenesis is the result of exposure to
a more tenogenic niche provided by the tECM incorporated into the 3D scaffold, implying a
tendon tissue-specificity of the pro-differentation effect of the tECM on hASCs.

Since tendons are primarily load-bearing tissues, the mechanical properties of engineered
tendons need careful consideration. In this study, we investigated the mechanical properties
of the constructs from two perspectives: contraction rate and mechanical strength. As the
cells reorganized and remodeled the collagen matrix, macroscopic radial contraction of the
construct was evident (see Figure 3). Similar to our results, constructs made from collagen
type I gel seeded by BMSCs at 1 million cells/mL were found to contract by 61% of its
initial diameter after 3 days [16]. In another study, the contraction rate peaked 1 day after
gel setting with 82% reduction of the cross-sectional area of the construct after 8 days [17].
Interestingly, we observed that the presence of tECM significantly reduced the ASC-
mediated contraction of the scaffold. To our knowledge, this study is the first to provide
quantitative data for the effect of tECM on the contraction rate of cell-seeded collagen gels.
In addition, tECM-supplemented constructs demonstrates improved mechanical strength,
evidenced by significantly higher maximum load and stiffness of the constructs. Greater
scaffold stiffness may result in greater tactile forces placed upon the encapsulated cells
during contraction, causing tenogenic differentiation through the induction of SCX
expression, which is known to be responsive to change in mechanical stimulus [50, 51].

Interestingly, we have observed no increase in mechanical properties of each type of cell-
seeded scaffold compared to cell-free scaffolds. This observation, combined with the finding
that there was little difference in ECM protein gene expression between 3D groups, ruled
out the contribution of neo-matrix deposition. Therefore, we hypothesized that the change in
mechanical properties was due to cell-mediated remodeling of the scaffold. To test this
hypothesis, we investigated the expression and activity of MMPs, endopeptidases capable of
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degrading and remodeling extracellular matrix. MMP-1, -8 and -13 are able to cleave
collagen fibrils in their triple helical domains. The denatured collagen can be further
degraded by gelatinases, such as MMP-2 and -9. These MMPs also have the capacity to
degrade a variety of non-collagenous ECM components [52]. Due to their matrix degrading
capability, MMPs are involved in the degradation of a number of collagenous scaffolds.
Real-time PCR analysis revealed a dramatic up-regulation of the expression of all five types
of MMPs in hASCs seeded in the 3D culture under tension compared to 2D culture. Similar
to our results, a significant up-regulation of MMP-1 and -13 expression was observed after
14 days of culture, when BMSCs were seeded on collagen type I gels [53]. In the same
study, MMP-2 was found only activated in cells cultivated in collagen gels. In addition to
studies of in vitro models, the alteration of MMP expression has been widely observed in a
variety of tendon injuries in vivo [54]. For example, increased expression of MMP-1 and -9
was found in supraspinatus tendons in the defect group versus the healed group in a patient
study [55]. MMP-2, -9 and -13 were up-regulated in ruptured human Achilles tendons [56,
57]. Similarly, there was a significant increase in MMP-13 mRNA in rotator cuff tendon
tissue obtained from patients with rotator cuff tears [58]. MMP-9 and 13 were also found to
participate in collagen degradation but not remodeling in a rat flexor tendon laceration
model [59]. In our study, MMP-8, -9 and -13 are down-regulated by nearly 50% in the
tECM group compared to the pure collagen group at day 7. The total MMP activity in the
culture-conditioned medium was also significantly lower at day 3 and day 7 in the tECM
group. These findings therefore suggest the possible influence of tECM on suppressing
MMP-mediated scaffold degradation, which could contribute to the improvement of tendon
healing.

5. Conclusions
A bioactive, soluble fraction of tendon-derived extracellular matrix (tECM) was prepared.
Exposure to tECM greatly promoted human adipose stem cell (hASC) proliferation and
tenogenic differentiation in 3D collagen gels under static tension. hASCs in tECM-
containing scaffolds also demonstrated suppressed osteogenesis compared to hASCs in pure
collagen scaffolds. Furthermore, the addition of tECM improved the mechanical properties
of the constructs, in part by altering the amount of MMPs expressed by seeded hASCs and
their activity in culture medium. These findings suggest a new approach to inducing hASC
tenogenesis that may improve tendon tissue engineering to facilitate tendon healing and
regeneration.
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Figure 1.
Decellularization of tendon tissue. Tendon tissue was stained with DAPI (A, C) or H&E (B,
D). Prior to decellularization (A, B), abundant cell nuclei are visible. After decellularization
(C, D), nuclei are rarely seen in the tissue, whereas ECM remains. The efficacy of
decellularization was quantified by measuring DNA content. (E) Triton X-100 treatment
alone (Triton X-100 treated) and with subsequent nuclease treatment (Triton X-100 + DNase
treated) both significantly reduce the double stranded DNA content compared to untreated
tendon tissues (Raw Tendon). Scale bar=100 μm; ** indicates p<0.01 compared to Raw
Tendon group, n=4.
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Figure 2.
Characterization of tECM. tECM proteins were subjected to SDS-PAGE (A, B) and Western
blot assay (C, D). (A) Both original tendon tissue (Tendon) and tECM contain abundant low
molecular weight proteins (<100 KD) that are absent in collagen type I solution (Collagen).
(C) As shown by Western blotting, at least four types of matrix proteins, biglycan, decorin,
fibromodulin and fibronectin, are preserved in ECM solution. (B, D) The consistency of the
extraction procedure is confirmed by a nearly identical protein profile and immunoreactivity
between four independent extracts of tECM (tECM 1–4) from 4 different calves.

Yang et al. Page 16

Biomaterials. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Contraction of constructs. (A) Top view of Tissue Train culture plate together with gel
construct shows that the cell-collagen construct was fixed at each end by bonding to the
nylon anchor stem. (B) Photos were taken to record the change of construct width. Reduced
contraction is seen in the tECM-supplemented collagen constructs (right panels) compared
to the collagen gel contructs (left panels). (C) The average width of the tECM-supplemented
constructs is significantly higher than that of pure collagen constructs at days 1, 3 and 7.
Scale bar=10 mm; * indicates p<0.05, n=6.
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Figure 4.
Examination of scaffold structure, cell morphology and distribution by SEM (A–F) and
H&E staining (G–L). (A, B, D, E) hASCs attached to both types of scaffold 1 day after
seeding. Cells in the tECM-supplemented scaffolds exhibit aligned cell bodies and
extensions along the longitudinal axis of the scaffold (D, white arrows), whereas cells in the
pure collagen scaffold are more randomly oriented (A, white arrows). (B, E) Higher
magnification images show more extensions from the cell body attached to the collagen
fibrils in tECM-supplemented scaffolds (E, white arrows) compared to pure collagen
scaffolds (B, white arrows). (C, F) After 7 days of culture, cell density in each group is
dramatically higher than that of day 1, and most cells assume an elongated spindle shape
along the longitudinal axis of the scaffold. (G, J) H&E staining demonstrates uniform cell
distribution along the depth of the constructs 1 day after gel setting. (H, I, K, L) At day 7,
cells in each group are longitudinally aligned. (I, L) Interestingly, intense hematoxylin
nuclear staining is evident at the peripheral region of tECM-supplemented scaffolds (L,
black arrows).
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Figure 5.
Cell viability assays. Quantification of cell number and metabolic activity in scaffolds by
Picogreen staining (A) and MTS assay (B). (A) After 7 days of culture, cell number,
represented by DNA content, is significantly higher in the tECM group. (B) Similarly, cells
in the tECM group demonstrate increased metabolic activity, as evidenced by elevated level
of reduced MTS reagent. (C) Live/Dead cell viability staining (green, live cells; red, dead
cells) showed a high percentage of viable cells, round shaped and evenly distributed, in each
group 1 day after seeding. After 7 days of culture, cells retain a high rate of viability and
exhibit longitudinally elongated cell bodies.* indicates p<0.05, ** indicates p<0.01, scale
bar=100 μm, n=3.
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Figure 6.
Real time PCR analysis of gene expression. (A–C) hASCs seeded in tECM-supplemented
scaffolds (3D Collagen+ECM) show higher expression levels of tendon-specific genes
(SCX, TNMD, and TNC) compared to both pure collagen scaffolds (3D Collagen) and 2D
culture group (2D). (D–F) The expression levels of ECM genes (Col I, Col III, and DCR).
(G–I) Osteogenesis-related genes (RUNX2, ALP, and OCN) are expressed at lower levels in
hASCs seeded in tECM-supplemented scaffolds compared to the pure collagen scaffold
group, although some of them remain still higher than that in 2D culture. * indicates p<0.05
compared to 2D; ** indicates p<0.01 compared to 2D; # indicates p<0.05 compared to the
other 3D group; and ## indicates p<0.01 compared to the other 3D group; n=5.
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Figure 7.
Mechanical properties of constructs. (A) At days 3 and 7, constructs were excised from the
rubber membrane together with the anchors and fixed between two clamps (black arrows).
All constructs then underwent 10 mm displacement at an elongation rate of 0.02 mm/sec.
(B) A representative load/displacement curve for day 3 samples shows steeper linear slope
and higher failure force of the tECM-supplemented scaffold (Collagen + tECM) compared
to the pure collagen scaffold (Collagen). (C, D) Quantitative analysis demonstrates
significantly higher maximum load (C) and stiffness (D) of tECM-supplemented scaffolds
(Collagen+ECM) than that of cell seeded pure collagen scaffolds (Collagen) at each time
point. * indicates p<0.05, ** indicates p<0.01, n=5.
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Figure 8.
Matrix metalloproteinase (MMP) expression and activity. (A–E) hASCs seeded in 3D
scaffolds express significantly higher amounts of various MMPs compared to 2D culture
group (2D). (C–E) Expression levels of MMP-8, -9 and -13 are down-regulated in the tECM
group (3D Collagen+ECM) at various time points compared to the collagen group (3D
Collagen). (F) At days 3 and 7, the total MMP activity in conditioned medium collected
from the tECM group (3D Collagen+ECM) is significantly lower than that of the collagen
group (3D Collagen). * indicates p<0.05 compared to 2D; ** indicates p<0.01 compared to
2D; # indicates p<0.05 compared to the other 3D group; and ## indicates p<0.01 compared
to the other 3D group; n=5.
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Table1

Primer sequences used in assessment of gene expression by real time PCR analysis

Gene Primer sequence (5’-3’) Product size (bp)

GAPDH Forward CAAGGCTGAGAACGGGAAGC 194

Reverse AGGGGGCAGAGATGATGACC

SCX Forward ACACCCAGCCCAAACAGA 65

Reverse GCGGTCCTTGCTCAACTTTC

COL I Forward GGCTCCTGCTCCTCTTAGCG 123

Reverse CATGGTACCTGAGGCCGTTC

COL III Forward CAGCGGTTCTCCAGGCAAGG 179

Reverse CTCCAGTGATCCCAGCAATCC

DCR Forward CGCCTCATCTGAGGGAGCTT 205

Reverse TACTGGACCGGGTTGCTGAA

TNC Forward GGTGGATGGATTGTGTTCCTGAGA 328

Reverse CTGTGTCCTTGTCAAAGGTGGAGA

RUNX2 Forward CAACCACAGAACCACAAGTGC 196

Reverse TGTTTGATGCCATAGTCCCTCC

ALP Forward TGGAGCTTCAGAAGCTCAACACCA 454

Reverse ATCTCGTTGTCTGAGTACCAGTCC

OCN Forward ATGAGAGCCCTCACACTCCTC 294

Reverse GCCGTAGAAGCGCCGATAGGC

MMP-1 Forward GGGGCTTTGATGTACCCTAGC 142

Reverse TGTCACACGCTTTTGGGGTTT

MMP-2 Forward GATACCCCTTTGACGGTAAGGA 112

Reverse CCTTCTCCCAAGGTCCATAGC

MMP-8 Forward TTTTGATGCCGAAGAAACATGGA 97

Reverse GTGAGCGAGCCCCAAAGAA

MMP-9 Forward TGTACCGCTATGGTTACACTCG 97

Reverse GGCAGGGACAGTTGCTTCT

MMP-13 Forward ACTGAGAGGCTCCGAGAAATG 103

Reverse GAACCCCGCATCTTGGCTT
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