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Introduction

Tendon injury is a significant clinical problem, and 
involved in over half the musculoskeletal injuries sus-
tained each year.1 Human sporting activities frequently 
involve overuse or acute injuries of the Achilles tendon.2 
Tendon injuries of the rotator cuff are prevalent in over 
20% of the adult population, and incidence increases with 
age.3 The poor healing response in mature tendons results 
in a disorganized scar with inferior functional outcomes 
and a high incidence of reinjury.4 Mesenchymal stem cells 
(MSCs) have shown promise for the treatment of tendon 
injuries, with a reduced reinjury rate of treated superficial 
digital flexor tendons (SDFT) in horses5 and improved col-
lagen organization and mechanical properties of Achilles 
tendons in humans.6 A major impediment to the develop-
ment of MSC therapies for tendon healing is a lack of 
screening assays for optimal stem cells. Benchtop assays 

of tri-lineage differentiation, which are currently used to 
assess MSC potency, are poor indicators of tenogenesis.7 
In the absence of a facile tenogenesis assay, novel sources 
of MSCs and different donor cell lines cannot be evaluated 
in an efficient and high-throughput manner.

Collagen type I comprises approximately 95% of the 
total collagen found in tendon.8 As a hydrogel, it is readily 
accessible and customizable in vitro. MSCs, by virtue of 
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interacting actin and myosin filaments,9 can remodel an 
immobilized collagen hydrogel into a tendon-like form. 
Previous attempts to engineer tendon constructs in vitro 
have utilized silicone molds,10,11 synthetic sutures,12 vacuum 
pressure systems,13 and a variety of artificial biophysical 
agents. For example, Feng et al.11 designed rectangular sili-
cone molds affixed with T-shaped silver wires at the mold 
edges for gel anchorage. Butler et  al.12 customized glass 
petri dishes to incorporate small, rectangular troughs with 
tensioned synthetic sutures to aid gel attachment and con-
traction. Each of these systems relies on some or all of the 
following: careful manipulation and handling, expensive 
vessels or bioreactors that are impractical for high numbers 
of replicates, and custom manufacture of the apparatus.

Growth factor supplementation of MSCs facilitates teno-
genesis, but there is incomplete understanding of which 
growth factors are sufficient and optimal. FGF-2 stimulates 
angiogenesis14 in vivo. TGF-β1 improves tendon biome-
chanical properties in rat patellar tendons.15 IGF-1 is an anti-
inflammatory agent16 and promotes MSC chemotaxis at 
sites of injury14 in vivo. BMP-12 is primarily a tendon dif-
ferentiation factor for MSCs,17 and BMP-12 tenogenesis has 
been previously reported via adenoviral gene transfer and 
protein supplementation in vitro,18,19 and BMP-12-releasing 
sutures in vivo.20 All of the aforementioned growth factors 
stimulate tendon-specific gene expression and matrix pro-
tein synthesis in vitro MSCs.21–23

While single tenogenic growth factors have been well 
investigated, their synergistic effects in tenogenesis are 
poorly understood. It is likely that growth factors work in 
concert during tendon repair and for the maintenance of 
tendon homeostasis in vivo. Combined effects of a few 
growth factors have been reported in vitro studies.24,25 For 
example, IGF-1 in concert with FGF-2 was shown to 
increase cell survival over single-factor supplemented 
scaffolds in one study.26 However, whether combined fac-
tors are truly more efficacious than single factors, and if 
yes, the optimal growth factor combination for tenogenesis 
is unknown. Further investigation is warranted to address 
these questions, and to understand the complex mecha-
nisms of growth factor–mediated regeneration.

The goals of this study were to (1) develop a high-
throughput, facile tenogenesis assay using commercially 
available materials and reagents and (2) determine from 

known tenogenic factors, which growth factors are suffi-
cient and/or optimal for the tenogenic induction of bone 
marrow MSCs in our three-dimensional (3D) assay. The 
aforementioned growth factors (FGF-2, TGF-β1, IGF-1, 
and BMP-12) were evaluated individually, and in combi-
nation, and compared to unsupplemented 3D controls. 
BMP-12 was combined with either FGF-2 or IGF-1. In 
addition, TGF-β1 combined with IGF-1 was also evalu-
ated as a third dual factor group.27 Tenogenesis was evalu-
ated by collagen gel contraction, cell morphology and 
longitudinal alignment, gene expression of tendon mark-
ers, and glycosaminoglycan (GAG) content on day 10 of 
culture. We hypothesized that 3D culture of MSCs with 
BMP-12 and IGF-1, maintained under contraction-induced 
uniaxial strain, would result in a facile and practical teno-
genesis assay. We further hypothesized that synergistic 
growth factors would augment stress-induced tenogenesis 
over individual factors.

Materials and methods

Experimental design

Previously isolated and cryopreserved bone marrow 
MSC lines derived from equine sternal bone marrow 
aspirate with Animal Care and Use Committee approval 
were used in this study (n = 3). Constructs were prepared 
by seeding collagen gel with bone marrow MSCs sus-
pended in tenogenic growth media on day 0. On day 1 of 
culture, constructs were supplemented with one of four 
single growth factor cocktails, namely, (1) FGF-2, (2) 
TGF-β1, (3) IGF-1, or (4) BMP-12, or combined growth 
factor cocktails, namely, (1) BMP-12 and IGF-1, (2) 
TGF-β1 and IGF-1, or (3) BMP-12 and FGF-2. 
Recombinant human growth factors were purchased from 
commercial vendors. FGF-2 and IGF-1 were from 
BioVision (San Francisco, CA), TGF-β1 was from R&D 
Systems (Minneapolis, MA), and BMP-12 was purchased 
from Sigma-Aldrich (St. Louis, MI). The concentrations 
of each growth factor in media are described in Table 1. 
Each growth factor concentration was selected based on 
results of previous studies inducing tenogenesis.19,26,28 
Each test group was plated in triplicate (n = 3), for a total 
of nine independent replicates (three technical replicates 

Table 1.  Growth factor treatment groups and concentrations of each growth factor.

Growth factor 
concentration

Treatment groups

FGF-2 TGF-β1 IGF-1 BMP-12 BMP-12
IGF-1

TGF-β1
IGF-1

BMP-12
FGF-2

FGF-2 5 ng/ml 5 ng/ml
TGF-β1 5 ng/ml 5 ng/ml  
IGF-1 10 ng/ml 10 ng/ml 10 ng/ml  
BMP-12 50 ng/ml 50 ng/ml 50 ng/ml
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per donor were averaged prior to statistical analysis). 
Each replicate was represented by a stand-alone gel that 
was generated in separate culture tubes and wells from 
every other gel. For all outcome measures, growth factor 
groups were compared to 3D, unsupplemented controls. 
In addition, gene expression data were computed using 
an equine juvenile tendon reference control.

Tenogenesis apparatus

Commercially available 4-welled, non-adherent, Nunc 
rectangular dishes (12.8 × 8.6 cm; Thermo Scientific, 
Waltham, MA) were purchased for this study. Each well in 
the plate was affixed with two sterile cloning cylinders 
(0.8 × 0.8 cm, Corning Inc., Christiansburg, VA) set 3 cm 
apart from each other along the longitudinal midline of the 
well, held in place by sterile silicone.

MSC culture and derivation of 3D constructs

MSC lines were previously determined to be positive for 
the expression of CD90, CD105, Oct-4, and undergo tri-
lineage differentiation. Cells were expanded in culture 
for one passage. Upon confluence, cells were trypsinized 
and 1-million cells per gel were suspended in 5 mL of 
tenogenic growth media comprising high glucose DMEM 
(Thermo Scientific), 10% CellectTM Silver fetal bovine 
serum (MP Biomedicals, Santa Ana, CA), 37.5 μg/ml 
L-ascorbic acid (Sigma-Aldrich), 1% penicillin G 
(Sigma-Aldrich), and 0.8 mg/mL rat tail collagen I 
(Corning Life Sciences, Tewksbury, MA). Cell suspen-
sions were plated immediately following preparation on 
day 0 and allowed to solidify in culture incubators main-
tained at 37°C, 5% CO2, and 90% humidity. After 1 hr of 
gelation, a sterile spatula was used to release the gels 
from the well walls to facilitate contraction. On day 1 of 
culture, test groups were supplemented with their desig-
nated media. All constructs were fed on alternate days 
during a 10-day culture period.

Cell morphology

Longitudinal sections of each construct were stained with a 
commercial two-color fluorescent assay (LIVE/DEAD 
Viability Kit; Thermo Scientific) for qualitative analysis. 
Construct images are representative of the average of six 
replicates and were acquired using a fluorescence micro-
scope (EVOSTM FL Imaging System; Thermo Scientific). 
Independent samples were fixed in 4% paraformaldehyde 
overnight at 4°C, washed in PBS (phosphate-buffered 
saline), and submitted for histology (Laudier Histology, 
New York, NY). Samples were embedded in an acrylic 
resin, sectioned into 6-micron thick longitudinal slices and 
stained with Masson’s trichrome stain. Images were 
acquired using a phase-contrast microscope (Olympus 
Corp, Center Valley, PA).

Quantification of cell alignment

Two histological sections per representative sample were 
used to quantify cell alignment using built-in ImageJ soft-
ware analytical tools.29 Fifty cellular angles per section were 
measured relative to the construct longitudinal axis. Parallel 
alignment to the construct longitudinal axis was assigned 0º, 
and angles of each cell relative to 0º (0º–90º) were used to 
construct histograms. The resulting histograms for each 
sample were averaged to draw group-wise comparisons.

Gel contraction analysis

On days 0, 1, 3, 5, 7, and 10, digital images of all constructs 
were taken to assess percentage area and determine contrac-
tion of the constructs. Images were analyzed using built-in 
ImageJ software analytical tools. The contracted area at 
each time point was calculated as a percentage of the initial 
area of the gel (% contraction).

Gene expression analysis

A section of each construct was used for gene expression 
analysis. Samples were homogenized in TRIzol reagent 
(Thermo Scientific) for RNA isolation according to the 
manufacturer’s protocol. Genomic DNA contamination of 
RNA pellets was removed using RNeasy spin columns and 
on-column DNase treatment (QIAGEN Inc., Germantown, 
MD), and purified RNA was quantified using a Nanodrop 
spectrophotometer. First-strand complimentary DNA 
(cDNA) synthesis was performed using a high-capacity 
reverse transcriptase kit (High-Capacity RNA-to-cDNA kit; 
Thermo Scientific). Real-time quantitative PCR (7500 Real-
Time PCR System; Thermo Scientific) was performed using 
custom TaqMan-MGB probes and sequence detection prim-
ers (Thermo Scientific) designed with Primer ExpressTM 
software (Version 3.0; Thermo Scientific). The comparative 
threshold cycle method (2-ΔΔCt) was employed for relative 
quantification of gene expression.30 Data were normalized 
to GAPDH, which was validated for stability in our study 
using qbase+ software (Biogazelle, Zwijnaarde, Belgium). 
Tenogenic marker expression is reported as fold change 
with respect to a tendon reference control. A list of primers 
and probes is included in Table 2.

GAG quantification

Representative constructs from each replicate were homog-
enized overnight in a papain-containing digest buffer 
(Sigma-Aldrich) at 60°C. Cumulative GAG content within 
the construct was quantified by the 1,9 dimethylmethylene 
blue dye (Sigma-Aldrich) colorimetric assay,31 using chon-
droitin sulfate (Sigma-Aldrich) as a reference standard. 
Data were normalized to total DNA content as determined 
by a Nanodrop spectrophotometer. Data are reported as μg 
GAG/μg DNA.
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Statistical analysis

Data were tested for normality using the Shapiro–Wilk 
test. Non-normal data were log transformed and achieved 
normality prior to analysis. For gel contraction, a 

one-way multivariate analysis of variance with a 
repeated-measures design and Student’s t-tests were used 
to assess differences between groups over time and at 
each time point. For gene expression and GAG data, a 
one-way analysis of variance was performed followed by 
post hoc Tukey’s tests for pairwise comparisons between 
groups. Cell alignment was assessed using Student’s 
t-tests. Quantitative data are reported as mean ± standard 
error. Distinct letters denote significant differences on 
graphical data for cell alignment, gene expression, and 
GAG content. For gel contraction, detailed statistical 
data are presented as supplemental tables. A p value of 
less than 0.05 was considered significant. Computation 
was performed in JMP Pro 15 (SAS Institute, Cary, NC) 
and MS Excel 11 (Microsoft, Redmond, WA).

Results

Growth factors modulate cell alignment and 
anisotropic contraction

In all groups, the MSCs uniformly integrated into the 3D 
gel constructs and progressively aligned with the longitu-
dinal axis of tension (Figure 1). In all groups, >99% of 
MSCs exhibited elongated cell morphology and were via-
ble. On day 10, MSCs in BMP-12 constructs were signifi-
cantly better aligned when compared with control, FGF-2, 
BMP-12/FGF-2, and TGF-β1/IGF-1 constructs (Figure 2).

Gel contraction (contracted gel area) was significantly 
improved in each group over time, and significant differ-
ences were seen in between groups at each time point. 
From day 0 to day 3, all groups contracted rapidly to 
20%–50% of the initial area, whereupon the rate of con-
traction decreased (Figure 3(b)). The BMP-12 group was 
significantly more contracted than TGF-β1 and BMP-12/
FGF-2 on days 5, 7, and 10. No significant differences 
were noted between BMP-12 and BMP-12/IGF-1. TGF-
β1/IGF-1 contracted the most of any group and signifi-
cantly more than TGF-β1 and BMP-12/FGF-2 at most 
time points (days 3, 5, 7, and 10). BMP-12/FGF-2 con-
tracted the least of any group and was significantly less 
contracted than the control, FGF-2, BMP-12, BMP-12/
IGF-1, and TGF-β1/IGF-1 groups at most time points 
(days 3, 5, 7, and 10). The remainder of the results is 
presented in Supplemental Tables 1–5.

Table 2.  Custom-designed equine primer and probe sequences.

Forward primer Reverse primer Probe

GAPDH CAAGTTCCATGGCACAGTCAAG GGCCTTTCCGTTGATGACAA CCGAGCACGGGAAG
Scleraxis CGCCCAGCCCAAACAG TTGCTCAACTTTCTCTGGTTGCT TCTGCACCTTCTGCC
Collagen I GCCAAGAAGAAGGCCAAGAA TGAGGCCGTCCTGTATGC ACATCCCAGCAGTCACCT
Collagen III CTGCTTCATCCCACTCTTAT ATCCGCATAGGACTGACCA AACAGGAAGTTGCTGAAGG
Decorin AAGTTGATGCAGCTAGCCTG GGCCAGAGAGCCATTGTCA ATTTGGCTAAATTGGGACTG
Biglycan TGGACCTGCAGAACAATGAGAT AGAGATGCTGGAGGCCTTTG TCTGAGCTCCGAAAGG

Figure 1.  Fluorescence microscopy (a) and Masson’s 
trichrome histology images (b) of day-10 gels. All constructs 
exhibited uniform integration of MSCs in three dimensions. 
MSCs were highly aligned to the axis of tension. Scale bars 
represent 125 μm.

https://journals.sagepub.com/doi/suppl/10.1177/2041731419848776
https://journals.sagepub.com/doi/suppl/10.1177/2041731419848776
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Tendon gene expression in 3D culture is 
augmented by BMP-12

Control constructs expressed all tendon-related genes eval-
uated in this study on day 10, and the addition of BMP-12 
and BMP-12/IGF-1 augmented gene expression toward a 
tendon phenotype (Figure 4). BMP-12 induced more than a 
threefold increase of scleraxis over controls (p = 0.0338). 

BMP-12-mediated matrix remodeling was evident by more 
than a fivefold increase of collagen type III expression over 
TGF-β1 (p = 0.0116) and TGF-β1/IGF-1 (p = 0.0172). 
BMP-12/IGF-1 significantly increased collagen type III 
expression over all groups except BMP-12, BMP-12/FGF-
2, and control. Decorin expression was the greatest in 
BMP-12 and BMP-12/IGF-1, significantly greater than the 
control, FGF-2, TGF-β1, and TGF-β1/IGF-1 groups. 
Biglycan expression remained unchanged in response to 
growth factor treatment. Interestingly, combining FGF-2 
with BMP-12 significantly decreased BMP-12-induced 
scleraxis expression (p = 0.0215). Consistent with this, 
BMP-12/FGF-2 expression of collagen type I was signifi-
cantly lower than IGF-1 (p = 0.0186), although the level 
was not significantly reduced from other groups.

Growth factors in combination increase 
cumulative GAG content

Single growth factors in this study failed to increase cumu-
lative GAG content within the constructs compared to con-
trol (Figure 5). BMP-12 combined with IGF-1, resulted in 
a twofold increase in GAG composition over control 
(p = 0.0427) and all single growth factor groups. TGF-β1/
IGF-1 and BMP-12/FGF-2 also increased GAG compared 
with control and single growth factor groups. Interestingly, 
FGF-2 had significantly lower GAG compared with control 
(p = 0.0483). No other significant differences were detected.

Discussion

The overarching goal of this study was to develop an easy-to-
use tenogenesis assay for the efficient and relatively rapid 
evaluation of candidate stem cells for tendon engineering and 
treatment of tendon injuries. Toward this end, we designed 
and validated a simple apparatus using commercially availa-
ble plasticware for the application of uniaxial static strain. We 
determined that BMP-12 protein supplementation of bone 
marrow–derived stem cells in this tenogenesis apparatus 
induces a composite tendon phenotype over 10 days.

Native tendon tissue is characterized by a highly organ-
ized array of cells and collagen fibrils, aligned in parallel 
to the longitudinal axis of tension.32 Progressive cellular 
alignment in response to tissue anisotropy is a hallmark of 
tenogenesis,33 and was observed in all constructs over the 
culture period. Furthermore, to the best of our knowledge, 
this study is the first to perform quantitative comparisons 
of MSC orientation in response to exogenous growth fac-
tors during differentiation. The increased cell alignment in 
response to BMP-12 in this study further strengthens the 
hypothesis that BMP-12 augments strain-mediated tendon 
tissue morphology in vitro34; however, this effect was 
reduced by the BMP-12/FGF-2 group.

BMP-12 and BMP-12/IGF-1 stimulated the greatest over-
all increases in tendon gene expression compared to other 

Figure 2.  Angle of deviation from the longitudinal construct 
axis for day-10 constructs, with perfect longitudinal 
alignment = 0º. BMP-12 enhanced parallel cell alignment 
significantly more than control, FGF-2, TGF-β1/IGF-1, and 
BMP-12/FGF–2. Data points that do not share a letter are 
significantly different.

Figure 3.  Digital images of constructs at harvest (a) and 
graphical representation in logarithmic scale of percentage 
contraction of constructs over 10 days of culture (b). Within 
group, comparisons showed that each group had contracted 
gel area from the previous time point. BMP12/FGF2 constructs 
had contracted the least at culture endpoint, and TGF-β1/
IGF-1 constructs had contracted the most. Scale bar on images 
represents 5000 µm.
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growth factor groups. The increased expression of scleraxis (a 
bHLH transcription factor)35 in response to BMP-12 was 
expected, since BMP-12 is well documented in the literature 
as a tenogenic growth factor.25,36 BMP-12 has been shown to 
augment strain-induced scleraxis expression in MSCs, estab-
lishing a combined effect of uniaxial strain and BMP-12,37 
which was also observed in this study. Decorin and biglycan 
are small leucine-rich proteoglycans (SLRP) abundantly 
found in the tendon matrix.38 Expression of decorin in 
response to BMP-12 in MSCs has previously reported contra-
dicting results; some studies report significant increases,39 
while others report unaffected expression.40 In this study, the 
strong upregulation of decorin expression in BMP-12 and 
BMP-12/IGF-1 constructs may explain the lack of induction 
of biglycan observed in the same groups. Decorin and bigly-
can may functionally compensate for each other, evident by 
the increasing expression of biglycan in response to loss of 
decorin in vivo.41

The in vitro process of collagen gel contraction by teno-
cytes recapitulates their physiological behavior to remodel a 
collagenous matrix in response to an external stimulus, such 
as strain42 or inflammation.43 A ratio of 1-million cells to 
4-mg collagen in this study resulted in a reduction of colla-
gen gel area to 29% of the initial area by day 3, and to 18% 
by day 7, consistent with previous results.44 TGF-β1 has 
been shown to enhance the contraction of tenocyte-seeded 
matrices under strain.10 In this study, TGF-β1 independently 
did not increase contraction over controls; however, the syn-
ergistic effects of TGF-β1 and IGF-1 augmented tissue con-
tractility over both individual factors. Wound healing in 
rabbit patellar tendons is enhanced with the combined appli-
cation of TGF-β1 and IGF-1,27 which may be attributed to 
enhanced tenocyte contraction and GAG synthesis. BMP-
12 (singly and combined with IGF-1) construct contraction 
was not significantly different from TGF-β1/IGF-1, in sup-
port of its role as a tendon healing agent in vivo.45 When 

Figure 4.  Gene expression profiles of tendon marker genes 
scleraxis (a), collagen types I and III (b), and decorin and 
biglycan (c). BMP-12 and BMP-12/IGF-1 constructs consistently 
increased expression of all markers on day 10. Data are 
reported as fold change with respect to a tendon reference 
control. Data points that do not share a letter are significantly 
different.

Figure 5.  Glycosaminoglycan levels of day-10 constructs 
were assessed using the 1,9 dimethylmethylene blue dye assay. 
Synergistic effects of dual factor groups were detected for 
GAG. BMP-12 combined with IGF-1, synergistically increased 
GAG levels. Endpoint GAG content in the BMP-12/FGF-2 
constructs was the highest at harvest, significantly greater than 
all single factor groups and control. Data points that do not 
share a letter are significantly different.
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FGF-2 was combined with BMP-12, contraction was sig-
nificantly reduced compared to either factor alone.

GAGs are the side chains of tendon proteoglycans.46 
The cumulative GAG content in control constructs (1.2 μg 
GAG/μg DNA) is consistent with the physiologic levels 
of equine SDFT (0.2–0.8 μg GAG/μg DNA).47 An 
increased accumulation of GAGs, resulting from a syner-
gistic effect of BMP-12 and IGF-1 in this study, is 
expected during tendon neogenesis48 (2.1 μg GAG/μg 
DNA compared to 1.2 μg GAG/μg DNA of control con-
structs). Furthermore, this observation may be correlated 
to a similar increase in decorin expression in the same 
dual factor group. BMP-12 independently did not influ-
ence GAG levels, contrary to one previous report.49

Results from this study support the claim that BMP-12 
is primarily a tendon differentiation factor, whereas FGF-2, 
TGF-β1, and IGF-1 may be better described as inducers of 
matrix synthesis and/or cell proliferation.14,50,51 However, 
our study is not without limitations. Bioactive levels of 
growth factors were selected in this study,17,19,22,24,26,28 and a 
single concentration of each growth factor was evaluated. 
Furthermore, outcomes from this study represent a single 
time point in the culture period. It may be beneficial to test 
outcomes from different concentrations of growth factors at 
several time points using this assay, to understand their spa-
tiotemporal control of tenogenesis.

Our investigation of synergistic growth factors in this 
study is comprehensive and accurate. In this study, (1) all 
single growth factor groups were incorporated and (2) sin-
gle factor groups were incorporated in parallel rather than 
separate experiments with combined factor groups, so that 
accurate assessments of growth factor synergism could be 
made. In addition to the synergistic effects described above 
and in this study, an inhibitory effect of FGF-2 on BMP-12 
was observed, which has not been previously reported. 
Specifically, BMP-12-induced MSC alignment, contrac-
tion and induction of scleraxis gene expression were inhib-
ited with the addition of FGF-2. Adenoviral transfer of 
BMP-12 did not affect the endogenous production of 
FGF-2 in a previous study of rat Achilles tendons.52 In con-
trast, results from this study suggest that the simultaneous 
overexpression of FGF-2 and BMP-12 may downregulate 
tenogenic differentiation, further suggesting cross talk in 
these two growth factors. Addition of IGF-1 to BMP-12 
constructs did not augment tenogenesis over BMP-12 
alone, except for an increase in GAG content. Hence, for 
the purpose of this assay, BMP-12 is sufficient to induce 
tenogenic differentiation. The effects of BMP-12 were 
manifested by the stronger expression of tenogenic genes, 
controlled contractility of constructs, a substantial degree 
of cell alignment, and tendon-like tissue morphology.

Conclusion

This novel benchtop assay does not require sophisticated 
materials or machinery. Uniaxial static tension combined 

with BMP-12 is sufficient to induce tenogenic differentia-
tion within a 10-day culture period. This assay can be used 
to assess large numbers of donor MSC cell lines for the 
optimum stem cells for allogeneic treatments. This would 
enable off-the-shelf treatment of tendon injury.
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