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Osteochondral tissue-engineered grafts are proposed to hold greater potential to repair/regenerate damaged
cartilage through enhanced biochemical and mechanical interactions with underlying subchondral bone
as compared to simple engineered cartilage. Additionally, biomechanical stimulation of articular chondrocytes
(ACs) or osteoblasts (OBs) was shown to induce greater morphogenesis of the engineered tissues composed of
these cells. In this report, to define the advantages of biomechanical stimulation to osteochondral grafts for tissue
engineering, we examined whether (1) ACs and OBs in three-dimensional (3D) osteochondral constructs support
functional development of each other at the molecular level, and (2) biomechanical stimulation of osteochondral
constructs further promotes the regenerative potential of such grafts. Various configurations of cell/scaffold
assemblies, including chondral, osseous, and osteochondral constructs, were engineered with mechano-re-
sponsive electrospun poly(e-caprolactone) scaffolds. These constructs were subjected to either static or dynamic
(10% cyclic compressive strain at 1 Hz for 3 h/day) culture conditions for 2 weeks. The expression of bone
morphogenetic proteins (BMPs) was examined to assess the regenerative potential of each treatment on the cells.
Biomechanical stimulation augmented a marked upregulation of Bmp2, Bmp6, and Bmp7 as well as down-
regulation of BMP antagonist, Bmp3, in a time-specific manner in the ACs and OBs of 3D osteochondral con-
structs. More importantly, the presence of biomechanically stimulated OBs was especially crucial for the
induction of Bmp6 in ACs, a BMP required for chondrocytic growth and differentiation. Biomechanical stimu-
lation led to enhanced tissue morphogenesis possibly through this BMP regulation, evident by the improved
effective compressive modulus of the osteochondral constructs (710 kPa of dynamic culture vs. 280 kPa of static
culture). Similar BMP regulation was observed in the femoral cartilages of the rats subjected to gentle exercise,
demonstrating the physiological relevance of in vitro biomechanical stimulation of osteochondral constructs.
Overall, our findings show that biomechanical stimulation may be critical for cross signaling between ACs and
OBs to support chondrocytic growth in 3D osteochondral tissues.

Introduction

Osteoarthritis (OA), a degenerative joint disorder, is
one of the most prevalent diseases in elderly. In the

United States alone, an estimated 27 million adults suffer
from OA causing 18.9 million with limitations in physical
activity.1,2 With the expected increase in longevity and thus
susceptibility to OA, development of more efficacious strat-
egies to treat OA is essential. In this context, cartilage tissue
engineering has attracted much attention as an approach to
reconstruct damaged joints. Attempts to fabricate engineered
cartilage by combining articular chondrocytes (ACs) and
various scaffolds have produced constructs having mor-
phology similar to the native tissue.3–5 However, the efficacy

of such engineered cartilage tissues appears to be limited in
dynamic environments of the joints in vivo, largely due to the
difficulties encountered in the integration of engineered
cartilage tissue to native avascular cartilage.6 To develop
cartilage grafts that could be successfully incorporated in the
native tissues, a hybrid approach combining cartilage with
subchondral bone has been recently proposed.7–9

Cartilage is a unique tissue; it is physically in contact
with the underlying subchondral bone while not being in-
tegrated with it via connective, vascular, or nervous tissues.
This suggests potential roles of factors produced by the
subchondral bone that may directly support the homeostasis
of cartilage. In fact, subchondral bone is also suggested to
play an integral role in the cartilage degeneration and the

1Department of Bioengineering, University of California, Riverside, California.
2Biomechanics and Tissue Engineering Lab, College of Dentistry, The Ohio State University, Columbus, Ohio.
3Department of Orthopaedic and Trauma Surgery, RWTH University Hospital Aachen, Aachen, Germany.

TISSUE ENGINEERING: Part A
Volume 19, Numbers 5 and 6, 2013
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tea.2012.0103

783



pathogenesis of OA.10 Based on these observations, os-
teochondral tissue engineering approaches have attempted
to use bi-layered structures that accommodate ACs or oste-
oblasts (OBs) in separate phases.11 By providing integrated
bone layer, the osteochondral constructs may enhance neo-
tissue integration through relatively routine bone remodel-
ing, leading to better mechanical stability.12 Furthermore,
biochemical interactions between ACs and OBs may further
augment the regenerative potential of engineered os-
teochondral constructs. The osteochondral tissue engineering
may also be beneficial in repairing the damaged bones un-
derneath the cartilage lesion, typical of OA.

Both cartilage and bone are mechano-sensitive tissues.13,14

Their cellular components, ACs and OBs, change their
metabolic activities according to surrounding mechanical
environments, that is, compressive, tensile, shear and
hydrostatic forces. We earlier reported that physiological
magnitudes of applied mechanical stimulation are regener-
ative signals to ACs and OBs inducing key anabolic tran-
scription factors Sox9 and Runx2, respectively.15,16 The
activation of these transcription factors result in the upre-
gulation of essential extracellular matrix (ECM)-associated
genes such as collagen type II and aggrecan in ACs, and
collagen type I, osteocalcin and osteonectin in OBs.17–21 More
importantly, the biomechanical signals induce expression of
bone morphogenetic proteins (BMPs), critical growth factors
for skeletal development.22 The anabolic/regenerative effects
of biomechanical stimulation were further confirmed in our
previous animal studies, in which exercise/biomechanical
stimulation significantly suppressed an experimentally in-
duced arthritis of the knees.23 These observations strongly
suggest that biomechanical stimulation can be utilized as a
biological cue to facilitate the maturation of engineered
osteochondral tissues, thus enhancing the mechanical func-
tionality of such tissues.

Considering the significant potential of osteochondral
tissue grafts in clinical applications, and biomechanical
stimulation as a promoter for functionalization of the en-
gineered tissues, it is important to know how biomechani-
cal stimulation regulates each cellular component of the
osteochondral constructs. In this report, we examined the
molecular basis for the advantages of biomechanical stim-
ulation of AC/OB co-culture, grown as adjacent layers. We
utilized mechano-responsive microfibrous electrospun scaf-
folds, which we have previously shown to induce uniform
cellular distribution and proliferation of both ACs and OBs
while mechanically resilient to withstand the compression
regimen used in this study.15,16 We show that three-di-
mensional (3D) AC/OB co-culture exhibits discrete BMP
induction to promote maturation of engineered tissues.
More importantly, biomechanical stimulation induces
further upregulation of selective BMPs to increase their
regenerative potential in a synergistic manner with 3D co-
culture.

Materials and Methods

Scaffolds

A solution of 15% poly(e-caprolactone) (PCL, 60,000 Mw;
Sigma-Aldrich) dissolved in dichloromethane (Sigma-
Aldrich) was electrospun to produce a microfibrous mesh
composed of fibers having 10 mm average diameter with

nano-sized surface pores as described previously.15 Briefly,
15 mL/h flow rate and 30-cm needle tip-to-collector distance
with a varying electric field of 20 * 25 kV were used to
synthesize scaffolds. Cylindrical scaffolds having approxi-
mately 2 mm thickness and 6 mm diameter were cut from
as-spun mesh using a biopsy punch (Miltex). To improve
hydrophilicity, the scaffolds were first treated with plasma
(Harrick Plasma) at 30 W for 15 min to polarize the surface,
followed by overnight surface coating of collagen type I
(1 mg/mL in 0.01 M hydrochloric acid).24 The coated collagen
was then crosslinked to PCL by N-Ethyl-N¢-(3-dimethy-
laminopropyl)carbodiimide hydrochloride (EDAC, Sigma-
Aldrich).25 After collagen coating and crosslinking, the
scaffolds were sterilized by immersing in 70% ethanol
overnight.

Cell culture

All protocols involving animals were approved by the
Institutional Animal Care and Use Committee at the Ohio
State University. Femurs from Sprague Dawley rats (10–12-
week-old females) were used to harvest ACs.15 OBs were
isolated from 3–4-day-old rat calvaria to allow collection of
greater number of cells with comparable phenotypic cellular
behavior to mature OBs.16,26 ACs and OBs with initial
seeding densities of 20,000 and 5,000 cells/cm2, respectively,
were separately cultured in the tissue culture medium (TCM)
containing DMEM (Gibco, NY), 10% FBS (Atlanta Biologi-
cals), 10 mg/mL streptomycin, 100 U/mL penicillin (Gibco),
1% L-glutamine (Gibco), supplemented with 50 mg/mL
ascorbic acid (Sigma-Aldrich), 10 mM b-glycerophosphate
(Sigma-Aldrich), and 10 nM dexamethasone, to maintain
both mature chondrocyte and OB phenotypes.7 When the
cells reached 90% confluency in T75 flasks, they were tryp-
sinized and subcultured. After cell expansion and phenotype
characterization as previously described,15,16 ACs (passage 2,
4 · 105) or OBs (passages 2*4, 2 · 105) suspended in 45 mL of
the TCM were statically seeded in separate PCL microfiber
scaffolds (2 mm height · 6 mm diameter) placed in 24-well
plates, to form constructs with a relatively uniform cellular
distribution throughout the thickness of the scaffolds.15 The
as-seeded constructs were incubated for 2 h for cell attach-
ment before replenishing with additional media. The cell/
scaffold constructs were statically precultured in the TCM for
3 days. The separately cultured AC and OB constructs were
then sutured together with a sterile braided silk suture
(Ethicon) and fixed by a surgical knot in three different
configurations, AC with AC (AC/AC), OB with OB (OB/
OB), or AC with OB (AC/OB) constructs, as shown in Figure
1. The assembled constructs were further cultured for 3 days
in the TCM before the exposure to biomechanical stimulation
as described below.

FIG. 1. Schematic diagram of experimental configurations
of the articular chondrocyte (AC) and osteoblast (OB) con-
structs, grown under static conditions (static) or exposed to
unconfined 10% cyclic compressive strain at 1 Hz for 3 h/day
(dynamic).
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Application of dynamic compressive forces

The AC/OB, OB/OB, and AC/AC constructs with 1 mL
of the TCM were subjected to 10% unconfined dynamic
compressive strain at 1 Hz with a saw-tooth profile for 3 h/
day for 2 weeks using a custom-designed compression
device as described earlier.15 This regimen was shown to
induce anabolic responses from both ACs and OBs in our
previous studies.15,16,27 The constructs were in contact with
the compression rams at all times in the compression regi-
men during the whole culture period in this study. The
constructs without the treatment of biomechanical stimula-
tion were used as static controls. Additionally, the constructs
of both dynamic and static culture conditions were placed on
an orbital shaker at 120 rpm for 30 min daily to completely
exchange spent cell culture media with fresh TCM.

To investigate noncontact biochemical effects of co-
culture, AC constructs were cultured in the conditioned media
from statically cultured AC/AC or OB/OB, or dynamically
compressed AC/AC or OB/OB constructs (n = 6/condition).
In these experiments, the dynamically cultured constructs
were subjected to biomechanical stimulation for 3 h/day for
1 week. The spent media were collected during the daily
media exchange as described earlier. Separate AC constructs
(n = 6/condition) were subsequently exposed to the spent
media daily.

Gene expression analysis of ACs and OBs exposed
to biomechanical stimulation in vitro

Each phase (i.e., either AC or OB phase) was separated
from the construct assemblies shown in Figure 1 and total
RNA was separately extracted using the RNeasy RNA
extraction kit (Qiagen). The extracted mRNA was subjected
to first strand cDNA synthesis and real-time polymerase
chain reaction (rt-PCR) using custom-designed primers for
Bmp2, -3, -4, -6, and -7 with ribosomal protein S18 (Rps18)
expression as an endogenous control.15 The sequences of the
custom primer pairs are described in Table 1.

Morphological characterization
of cell/scaffold constructs

The cell/scaffold constructs were formalin-fixed overnight
and embedded in optimal cutting temperature (OCT) com-

pound (Sakura Finetek). The constructs were vertically sec-
tioned at 20-mm thickness. The samples were double-stained
with Alcian blue to stain glycosaminoglycan (GAG) and
Alizarin red to stain calcium using a modified acid-free
double-staining protocol.28 Briefly, the sectioned constructs
were washed to remove OCT compounds, and incubated in
a solution of 0.2% Alcian blue (Sigma-Aldrich), 0.05% Ali-
zarin red (Sigma-Aldrich), and 60 mM MgCl2 (Sigma-Al-
drich) in 70% ethanol for 2 h. The stained samples were
cleared with 20% glycerol (Sigma-Aldrich) in 0.25% KOH
(Sigma-Aldrich), washed with DI water, mounted, and ex-
amined under a microscope (Zeiss).

The overall morphology of osteochondral constructs in the
cartilage and the bone phases was observed by scanning
electron microscopy (SEM; FEI XL-30 Sirion).15 Briefly, the
formalin-fixed samples were subjected to dehydration in
graded DI water–ethanol and ethanol–hexamethyldisilazane
(Electron Microscopy Sciences, PA) series. The dehydrated
samples were osmium-coated before observation.

Mechanical characterization of cell/scaffold constructs

The mechanical properties of osteochondral (AC/OB)
constructs that had been subjected to biomechanical stimu-
lation for 2 weeks were measured as a whole using a 9.8-N
load cell (Honeywell Sensotec) on a load frame (TestResources
Inc.) at 10% unconfined dynamic compressive strain with a
saw-tooth profile at a frequency of 1 Hz with a 10-mm-di-
ameter ram. The specimens were submerged in the TCM at
37�C during the mechanical testing. After 50 preloading and
unloading cycles for stabilization, stress–strain curves were
generated to calculate the compressive modulus; the mod-
ulus was determined from the slope of the best linear re-
gression fit during loading regimen. Acellular scaffolds and
statically cultured osteochondral constructs were used as
controls (n = 3/condition).

Effects of biomechanical stimulation on cartilage
and bone in vivo

To examine the effects of biomechanical stimulation in vivo,
12–14-week-old Sprague-Dawley rats were subjected to tread-
mill walking at a speed of 12 m/min for 45 min daily for 2, 5, or
15 days (5 rats/condition).23 This anabolic exercise regimen
was based on our earlier studies.23 Nonexercised animals were
used as controls. Animals had free access to food and water ad
libitum and were housed in controlled environments (12-h
light–dark cycle, 50% humidity, and 21�C). The rats were killed
2 h after the last exercise regimen for each time point with CO2

inhalation, and the distal ends of femurs were harvested and
snap-frozen in liquid nitrogen for gene expression analysis, or
formalin-fixed for immunohistochemistry. For gene expression
analysis, cartilage or subchondral bone of each individual fe-
mur was pulverized under liquid nitrogen in a Micro-Dis-
membrator (Sartorius and Stedim Biotech.) and RNA extracted
with Trizol (Invitrogen) as described earlier.23 The extracted
mRNA was subjected to cDNA synthesis and rt-PCR as pre-
viously described above. For immunohistochemistry, the fixed
femurs were decalcified, paraffin-embedded, and sectioned.
The sections were stained with rabbit anti-BMP6 (Abcam) as
primary antibody and CY3-conjugated donkey anti-rabbit IgG
(Jackson Immunoresearch) as secondary antibody, and ob-
served under an epifluorescence microscope (Zeiss). The

Table 1. Primer Sequences

Gene Sequence

Rps18 Forward: 5¢-GCGGCGGAAAATAGCCTTCG-3¢
Reverse: 5¢-CCAGTGGTCTTGGTGTGCTG-3¢

Bmp2 Forward: 5¢-AACACCGTGCTCAGCTTCCAT-3¢
Reverse: 5¢-TTCGGGAACAAATGCAGGAA-3¢

Bmp3 Forward: 5¢-CCCCAAGTCATTTGATGCCTA-3¢
Reverse: 5¢-TGGCGTGATTTGATGGCTT-3¢

Bmp4 Forward:
5¢-GGAAGAAGAGCAGAGCCAGGGAA-3¢

Reverse: 5¢-CATTCTCTGGGATGCTGCTGAGGT-3¢
Bmp6 Forward:

5¢-GCTACGCTGCCAACTATTGTGACG-3¢
Reverse:

5¢-GAGATGGCATTCAGTTTGGTTGGTG-3¢
Bmp7 Forward: 5¢-GACTGGATCATCGCACCTGAA-3¢

Reverse: 5¢-ATAGCATGGTTGGTGGCGTTC-3¢
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samples stained with the secondary antibody alone were used
as negative controls.

Statistical analysis

Unless otherwise noted, all experiments were conducted
at least in triplicate and the number of samples used is in-
dicated in each figure. Data are represented as means –
standard deviation. Data were analyzed using SPSS (v.17.0)
by t-test or one-way analysis of variance with Tukey’s HSD
post-hoc to test significances. p < 0.05 was regarded as statis-
tically significant.

Results

To examine the effects of (1) 3D co-culture of ACs and
OBs, (2) dynamic biomechanical stimulation, or (3) the
combination of both, various configurations of cell/scaffold
constructs were fabricated and cultured with or without
daily biomechanical stimulation (Fig. 1). Physically distinct
scaffolds of ACs and OBs were used to precisely control
spatial distribution of the cells. To examine possible inter-
layer migration of ACs or OBs during the culture period, the
cross sections of the AC/OB constructs cultured under dy-
namic biomechanical stimulation for 2 weeks were examined
(Fig. 2A). Phenotype-specific double staining, that is, Alcian
blue detecting GAG and Alizarin red detecting calcium as
ECM markers for ACs and OBs, respectively, suggested
minimal invasion of each cellular component into the
counter-layer at the interface even after the extended culture
period. These observations were further confirmed by SEM,
which demonstrated the phenotypic morphologies of round
ACs in the cartilage phase (Fig. 2B) and spread out OBs in
the bone phase (Fig. 2C).

The presence of OBs is essential for biomechanical
signals to induce Bmp6 in ACs

Since BMPs are known to be essential growth factors for
skeletal development, the expression levels of Bmp2, -3, -4,
-6, and -7 in the ACs exposed to various conditions were
examined at week 1 or week 2 of culture (Fig. 3). At week 1,
static 3D co-culture of ACs with OBs (i.e., from static AC/
OB) resulted in a slight increase in the expression of Bmp2,
-4, and -6 while ACs exposed to biomechanical stimulation

(i.e., from dynamic AC/AC) exhibited significant upregula-
tion of Bmp2. More importantly, the presence of OBs was
critical for the upregulation of Bmp6 and Bmp7 in ACs by
biomechanical stimulation (i.e., from dynamic AC/OB);
Bmp6 expression of ACs in the dynamically cultured os-
teochondral constructs showed more than 21-fold increase
over that in the statically cultured AC/AC constructs. In
addition, the expression of Bmp3, a known antagonist of
chondrogenic and osteogenic BMPs,29 was significantly
downregulated by both co-culture and biomechanical
stimulation.

At week 2, biomechanical stimulation only in the presence
of OBs significantly upregulated Bmp6, while both 3D co-
culture and biomechanical stimulation upregulated Bmp7
expression in ACs. Bmp2 was upregulated by biomechanical
stimulation alone. As observed at week 1, Bmp3 was signif-
icantly downregulated by both co-culture and biomechanical
stimulation, while there was minimal effect of co-culture,
biomechanical stimulation, or the combination of both on the
expression of Bmp4 in ACs.

Biomechanical signals regulate expression
of BMPs in OBs

BMP mRNA expression analysis in OBs revealed that
biomechanical stimulation upregulates Bmp6 and Bmp7 at
week 1 while suppressing Bmp2, Bmp3, and Bmp4 expression
in both OB/OB and AC/OB constructs (Fig. 4). Interestingly,
Bmp6 expression was further intensified by the presence of
ACs in co-culture, possibly demonstrating synergistic effects
of 3D co-culture and biomechanical stimulation in the reg-
ulation of Bmp6. Similarly, the upregulation of Bmp7 by
biomechanical stimulation in OBs required the presence of
ACs. In contrast to week 1, biomechanical stimulation re-
sulted in significant upregulation of Bmp2 and Bmp6, and
downregulation of Bmp7 at week 2. These observations along
with little effects of static 3D co-culture may demonstrate the
dominant control of BMP regulation in OBs by biomechan-
ical stimulation.

Biomechanical stimulation enhances the mechanical
properties of osteochondral constructs

To examine how this regulation of various BMPs affected
the maturation of engineered osteochondral constructs, the

FIG. 2. (A) A representative vertical cross section of an osteochondral construct following exposure to dynamic com-
pression at 1 Hz for 3 h/day for 2 weeks showing minimal invasion of AC or OB into its counterpart, as shown by the distinct
layers of Alcian blue-positive glycosaminoglycan in the AC layer and Alizarin red-positive calcium in the OB layer. White
arrows indicate scaffold fibers. Representative SEM images of the cartilage (B) and the bone (C) layers of osteochondral cell/
scaffold constructs after 2 weeks of dynamic culture. The images demonstrate phenotype-characteristic morphologies of
round chondrocytes [black arrows in (B)] and spread out OBs [black arrows in (C)]. White arrows and asterisks represent
poly(e-caprolactone) fibers and extracellular matrix secreted by the cells, respectively. Color images available online at
www.liebertpub.com/tea

786 NAM ET AL.



mechanical properties of the constructs cultured with or
without biomechanical stimulation were compared (Fig. 5).
After 2 weeks of either dynamic or static culture, stress–
strain curves of the osteochondral constructs in both the
conditions show hysteresis loops as compared to acellular
scaffolds, probably indicating the viscoelastic nature of the
deposited ECM within the constructs. However, compressive
modulus of the constructs cultured under dynamic and static
conditions exhibited considerable differences; that is, the
average compressive modulus of dynamically cultured con-
structs was approximately 2.5 times greater than that of
statically cultured ones (0.71 – 0.05 MPa for dynamic culture
versus 0.28 – 0.03 MPa for static culture, n = 3, p < 0.01).

Biomechanically activated OBs regulate BMP
expression in ACs via paracrine mechanisms

The presence of OBs in the culture significantly affected
BMP expression in ACs as compared to contrariwise (Figs. 3
and 4). For example, the upregulation of Bmp6 and Bmp7 in
ACs by biomechanical stimulation only occurred in the os-
teochondral constructs. In addition, the upregulation of
Bmp2 and the downregulation of Bmp3 by biomechanical
stimulation were further intensified in the presence of OBs.
Therefore, we next determined whether the regulation of
these BMPs in ACs was through the paracrine effects from
mechano-activated OBs. To examine how the soluble factors
secreted by biomechanically stimulated OBs affect BMP

regulation in ACs, AC constructs were cultured with the
conditioned media of (1) statically cultured AC/AC; (2)
statically cultured OB/OB; (3) dynamically cultured AC/
AC; or (4) dynamically cultured OB/OB for 1 week. As
shown in Figure 6, Bmp6 expression in ACs was significantly
upregulated only when the cells were cultured in the con-
ditioned medium of dynamically activated OBs. This may
demonstrate the critical importance of the presence of bio-
mechanically activated OBs in the regulation of Bmp6 in ACs.
On the other hand, both conditioned media of ACs and OBs
subjected to biomechanical stimulation significantly upre-
gulated Bmp2 expression while downregulating Bmp3 ex-
pression in ACs. In addition, static co-culture with OBs also
significantly downregulated Bmp3 expression in ACs in the
absence of biomechanical stimulation ( p < 0.01).

Biomechanical signals stimulate BMP6 induction
in cartilage and subchondral bone in vivo

In order to examine the physiological relevance of the
observed regulation of BMPs by biomechanical stimulation,
BMP gene expression in the articular cartilage and sub-
chondral bone of the rats subjected to exercise was investi-
gated. The temporal changes of the BMP expression in ACs
in vivo, including Bmp2, -3, -4, -6, and -7, are shown in
Figure 7. Similar to the observations made in ACs in the
osteochondral constructs in vitro at week 1, the biomechan-
ical signals generated by exercise in vivo significantly

FIG. 3. Bmp2 (A, F), Bmp3 (B, G), Bmp4 (C, H), Bmp6 (D, I), and Bmp7 (E, J) mRNA expression of ACs in various
configurations of cell/scaffold constructs at week 1 (A–E) and week 2 (F–J), demonstrating temporal and configurational
regulation of BMPs in ACs by both co-culture and biomechanical stimulation (n = 6, *p < 0.05, **p < 0.01). Static and dynamic
represent static culture and dynamic culture subjected to 10% cyclic compressive strain at 1 Hz for 3 h/day, respectively. Each
gene expression was normalized to that of ACs in the statically cultured AC/AC constructs.
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FIG. 4. Bmp2 (A, F), Bmp3 (B, G), Bmp4 (C, H), Bmp6 (D, I), and Bmp7 (E, J) mRNA expression of OBs in various
configurations of cell/scaffold constructs at week 1 (A–E) and week 2 (F–J) demonstrating temporal and configurational
regulation of bone morphogenetic proteins (BMPs) in OBs by both co-culture and biomechanical stimulation (n = 6, *p < 0.05,
**p < 0.01). Static and dynamic represent static culture and dynamic culture subjected to 10% cyclic compressive strain at 1 Hz
for 3 h/day, respectively. Each gene expression was normalized to that of OBs in the statically cultured OB/OB constructs.

FIG. 5. Representative compressive stress–strain curves of
the AC/OB constructs that had been subjected to dynamic
culture (red solid line) or static culture (blue dotted line) for 2
weeks demonstrating improved mechanical properties of
engineered osteochondral constructs by biomechanical
stimulation. Black solid line represents a stress–strain curve
of acellular scaffolds. Static and dynamic represent static
culture and dynamic culture subjected to 10% cyclic com-
pressive strain at 1 Hz for 3 h/day, respectively. Color ima-
ges available online at www.liebertpub.com/tea

FIG. 6. Paracrine effects of soluble factors secreted by bio-
mechanically stimulated OBs on the BMP regulation of ACs.
Regulation of Bmp2, -3, -4, -6, and -7 was analyzed in the ACs
cultured in the conditioned media of statically cultured AC/
AC, statically cultured OB/OB, dynamically cultured AC/
AC, or dynamically cultured OB/OB constructs for 1 week
(n = 6, *p < 0.05, **p < 0.01). Static and dynamic represent static
culture and dynamic culture subjected to 10% cyclic com-
pressive strain at 1 Hz for 3 h/day, respectively.
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upregulated the expression of Bmp2 ( p < 0.05) and Bmp6
( p < 0.01) in ACs. In contrast, exercise significantly down-
regulated the expression of Bmp3 in ACs ( p < 0.01). Interest-
ingly, the expression profile of Bmp7 in vivo did not agree
with the in vitro results; that is, no significant changes in
Bmp7 expression were observed after 2, 5, or 15 days of
exercise (Fig. 7). As observed in the in vitro experiments, the
expression profile of Bmp4 by exercise was steady.

Similar to cartilage, Bmp6 was the most significantly up-
regulated by exercise in subchondral bone ( p < 0.01, Fig. 7).
The upregulation of the gene was maximal on day 5,
agreeing with the upregulation of Bmp6 in the OBs of os-
teochondral constructs following biomechanical stimulation
for 1 week. The downregulation of Bmp3 on day 5 ( p < 0.01)
was also consistent with the observation from the in vitro
study. However, contrary to the in vitro findings, a signifi-
cant upregulation of Bmp4 was observed in response to
15 days of exercise.

Based on the above finding, the upregulation of BMP6
was further confirmed by immunohistochemistry on the
osteochondral tissues from exercised rats as compared to
those from nonexercised rats. As evident in Figure 8, both
chondrocytes and bone-lining cells expressed BMP6 in re-
sponse to exercise, whereas nonexercised controls did not
show such an expression of BMP6.

Discussion

The regeneration of cartilage by tissue engineering ap-
proaches is influenced by many factors, including composi-
tion and structure of biomaterials, different cell sources, and
biological cues. Here, based on the molecular analysis of ACs
and OBs in the osteochondral constructs along with their
mechanical characterization, we have demonstrated that
biomechanical signals are another important cue that facili-
tates the maturation of engineered osteochondral tissues for
successful cartilage regeneration. In this study, we demon-
strated that the maturation of osteochondral constructs
during in vitro culture is significantly enhanced by biome-
chanical stimulation, as reflected by improved mechanical
properties possibly through the gene regulation of BMPs that

are required for enhancing phenotypical ECM synthesis to
repair damaged cartilage.30–32 Similar to this observation,
Kon et al. recently showed a faster recovery in ‘‘active’’ pa-
tients when osteochondral lesions were treated with acellular
scaffolds, demonstrating the importance of biomechanical
stimulation for osteochondral tissue morphogenesis.33

BMPs are potent growth factors required for the growth,
differentiation, and homeostasis of both ACs and OBs.30,31,34–38

For example, induction of stem cell chondrogenic or osteo-
genic differentiation, and synthesis of phenotype-specific
ECM (i.e., collagen type II and aggrecan in ACs and collagen
type I, alkaline phosphatase, osteonectin, and osteocalcin
in OBs) are upregulated by BMPs.35–38 Specifically, BMP2,
-4, -6, and -7 have been shown to enhance chondrogenic
differentiation of progenitor cells and cartilage-specific
matrix production when supplemented to chondrogenic
media.30 In fact, removal of Bmp2 and Bmp4 from developing
limb bud mesenchyme results in the impairment of cartilage
formation.34 More importantly, supplementary BMP6 has
been shown to induce greater chondrogenesis of stem cells
and significantly enhance matrix synthesis of ACs.31,32 Si-
milarly, supplementation of BMP2, -4, -6, and -7 accelerates
osteogenesis through the upregulation of alkaline phospha-
tase activity in vitro. Among these BMPs, BMP6 appears to be
one of the most potent osteogenic proteins in a rat model of
ectopic bone formation.39 Therefore, the substantial increase
in Bmp6 expression by biomechanical stimulation in the os-
teochondral constructs observed in this study may be in-
dicative of enhanced phenotype-specific regenerative
activities of the ACs and OBs. In contrast, BMP3, an inhibitor
of chondrogenesis and osteogenesis, was downregulated by
biomechanical stimulation. BMP3 has been shown to sup-
press chondrocytic differentiation and bone formation in vivo
through activating the TGF-b signaling pathway that com-
petes with the BMP pathway.29,40 Therefore, the down-
regulation of Bmp3 under the dynamic culture condition may
further support pro-chondrogenic and pro-osteogenic func-
tions of biomechanical stimulation.

The anabolic gene upregulation in the engineered tissues
with close spatial apposition of ACs and OBs in our results
suggests that they may regulate each other for growth and

FIG. 7. Temporal regulation of Bmp2, - 3, - 4, - 6, and -7 in the cartilage or subchondral bone of rats subjected to exercise/
biomechanical stimulation for 2, 5, or 15 days (n = 3). The rats were subjected to gentle treadmill walking at 12 m/min for
45 min/per day for the indicated durations. The data were normalized to those from nonexercised controls. Error bars
indicate standard deviations. The error bars smaller than the data point markers are omitted.

MECHANO-ACTIVATION OF ENGINEERED OSTEOCHONDRAL TISSUE 789



differentiation. Indeed, Nakaoka et al.41 showed that both the
co-cultures of these two cell types in contact-mediated
monolayer two-dimensional (2D) culture and in noncontact
Transwell-plate 2D culture enhanced proliferation and pro-
duction of phenotype-specific ECM in ACs via direct contact
as well as indirect paracrine signaling of secreted soluble
factors. More importantly, we have shown that biomechan-
ical stimulation together with co-culture appears to act in a
synergistic manner for inducing BMPs required for skeletal
tissue morphogenesis. We observed a significant upregula-
tion of Bmp2, -6, and -7, and downregulation of Bmp3 in the
ACs of the osteochondral constructs exposed to biome-
chanical stimulation as compared to the statically cultured
ACs in a time-dependent manner. Similar BMP regulation,
especially Bmp6, by mechano-stimulation generated by
exercise in vivo (Figs. 7 and 8) that prevented the disease
progression of OA in our earlier study23 suggests the phys-
iological relevancy of the in vitro biomechanical stimulation
in enhancing cartilage tissue regeneration. Although we ob-
served high degree of upregulation of BMP6 secreted from
osteochondral constructs under biomechanical stimulation
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/tea), the molecules respon-
sible for the AC/OB interaction are still elusive and further
investigations are required.

Our observations provide evidence that biomechanical
stimulation exerts dominant effects on the BMP regulation in
ACs and OBs over 3D co-culture. For example, Bmp2 in ACs
and Bmp6 in OBs were significantly upregulated by biome-
chanical stimulation alone throughout the culture period. In
addition, biomechanical stimulation exhibited synergistic

effects with 3D co-culture, as evidenced by (1) upregulation
of several BMP genes by biomechanical stimulation only in
co-cultures, for example, upregulation of Bmp6 and Bmp7 in
ACs, downregulation of Bmp3 in OBs, and (2) intensified
gene regulation by biomechanical stimulation in co-cultures,
for example, up- and downregulation of Bmp2 and Bmp3,
respectively, in ACs, and upregulation of Bmp6 and Bmp7 in
OBs.

The presence of mechano-activated OBs appears to play a
significant role in the BMP regulation in the ACs of os-
teochondral constructs. This was evident by the fact that the
biomechanically stimulated OBs affected the expression of
Bmp2, -3, and -6 in the co-cultured ACs in a noncontact
manner (Fig. 5). These observations are further supported by
our in vivo findings that exercise-generated biomechanical
signals induce upregulation of Bmp2 and Bmp6, and down-
regulation of Bmp3 in the cartilage (Fig. 7). However, the
upregulation of Bmp7 shown in the in vitro experiments was
not observed in vivo, likely due to the differences in the
degree of tissue maturity in the developing engineered os-
teochondral constructs as compared to the fully developed
in vivo tissues. Since there is continuous deposition of ECM
within the scaffolds during the in vitro culture periods, the
regulation of this particular gene by biomechanical stimula-
tion may be affected by the extent of culture periods. Indeed,
the regulation of Bmp7 by biomechanical stimulation in vitro
appeared to converge to a trend observed in the in vivo ex-
periments as the engineered tissue matured over the culture
time (week 2).

In summary, we have demonstrated the molecular basis
for the superiority of osteochondral grafts over those made

FIG. 8. Regulation of BMP6 by exercise in vivo. Vertical sections of the distal end of rat femur through osteochondral zone
(A, B), cartilage (C, E), and subchondral bone (D, F) from nonexercised control (A, C, D) or those exercised for 15 days (B, E,
F) were stained for BMP6 (red). The images demonstrate the upregulation of BMP6 protein synthesis in chondrocytes and
bone lining OBs by biomechanical stimulation (yellow arrows: BMP6-positive cells; white arrow: BMP6-negative cells). Auto-
fluorescent background (blue) was used to visualize overall tissue morphology. Asterisks represent subchondral bone.
Cartilage (G) and subchondral bone (H) sections stained with secondary antibody alone demonstrate the specificity of the
primary antibody. Color images available online at www.liebertpub.com/tea
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of ACs alone. More importantly, we have shown that bio-
mechanical stimulation dynamically regulates BMPs in the
engineered osteochondral constructs. Biomechanical stimu-
lation not only induces BMPs that are required for the syn-
thesis of cartilage-associated ECM, but also inhibits the BMP
that antagonizes activity of anabolic BMPs to further drive
cartilage formation. Together, this regulation of BMPs by
biomechanical stimulation in co-cultures may be important
for greater deposition of phenotype-specific ECM, hence
enhancing maturation and functionalization of the en-
gineered osteochondral constructs.
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