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Mechanical and Vascular Cues Synergistically Enhance
Osteogenesis in Human Mesenchymal Stem Cells
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Development and maintenance of a vascular network are critical for bone growth and homeostasis; strategies
that promote vascular function are critical for clinical success of tissue-engineered bone constructs. Co-culture
of endothelial cells (ECs) with mesenchymal stem cells (MSCs) and exposure to 10% cyclic tensile strain have
both been shown to regulate osteogenesis in isolation, but potential synergistic effects have yet to be explored.
The objective of this study was to expose an MSC-EC co-culture to 10% cyclic tensile strain to examine the role
of this mechanical stimulus on MSC-EC behavior. We hypothesized that paracrine signaling from ECs would
stimulate osteogenesis of MSCs, and exposure to 10% cyclic tensile strain would enhance this anabolic signal.
Human umbilical vein ECs and human bone marrow-derived MSCs were either monocultured or co-cultured at
a 1:1 ratio in a mixed osteo/angiogenic medium, exposed to 10% cyclic tensile strain at 1 Hz for 4 h/day for
2 weeks, and biochemically and histologically analyzed for endothelial and osteogenic markers. While neither
10% cyclic tensile strain nor co-culture alone had a significant effect on osteogenesis, the concurrent application
of strain to an MSC-EC co-culture resulted in a significant increase in calcium accretion and mineral deposition,
suggesting that co-culture and strain synergistically enhance osteogenesis. Neither co-culture, 10% cyclic
tensile strain, nor a combination of these stimuli affected endothelial markers, indicating that the endothelial
phenotype remained stable, but unresponsive to the stimuli evaluated in this study. This study is the first to
investigate the role of cyclic tensile strain on the complex interplay between ECs and MSCs in co-culture. The
results of this study provide key insights into the synergistic effects of 10% cyclic tensile strain and co-culture
on osteogenesis. Understanding mechanobiological factors affecting MSC-EC crosstalk will help enhance
strategies for creating vascularized tissues in tissue engineering and regenerative medicine.

Introduction

The aim of bone tissue engineering is to regenerate
functional bone using a combination of biomaterials,

cells, and signals (growth factors, mechanical stimuli, etc.)
to overcome drawbacks of current treatments. Bone tissue
engineering strategies have primarily focused on designing
constructs with properties similar to native bone in terms of
composition and mechanical properties. However, current
strategies neglect the development and formation of a vas-
cular network, a critical component of bone growth and
homeostasis,1,2 and suffer from donor site morbidity, im-
mune rejection, high cost, and poor integration.2,3 With such
tissue-engineered constructs, both in vitro and in vivo
studies have shown that a lack of nutrient supply and waste
removal in the core of the engineered constructs results in
necrosis.4,5

Establishing a vascular network is a critical step in im-
proving current bone tissue engineering strategies. A vascular
network supplies cells with nutrients and oxygen, while also
removing waste products, which is especially important in
large 3D constructs. Endothelial cells (ECs) are also known to
play a key role in bone development, establishing an envi-
ronment suitable for osteogenesis during endochondral ossi-
fication. One strategy to develop a vascular network is to
culture bone-forming cells (e.g., osteoblasts, mesenchymal
stem cells [MSCs]) with vascular cells (ECs and progeni-
tors).1,6 Co-culture of human ECs and MSCs has been found
to increase the alkaline phosphatase activity (an early osteo-
genic marker) and mineralization when the two cell types are
in direct contact; conditioned media fail to produce such re-
sults.7–14 Furthermore, direct contact of ECs and MSCs has
been shown to upregulate several angiogenic markers.10,13–17

Together, these results document that direct contact between
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ECs and MSCs can modulate both angiogenesis and osteo-
genesis. Paracrine signaling is also hypothesized to play a
role in the stimulation of angiogenesis and osteogenesis in
co-cultures, but the specific factors regulating these interac-
tions are not well understood. ECs are thought to secrete
bone-modulating factors, such as bone morphogenetic protein
2 (BMP2), endothelin 1, interleukins (IL1 and IL6), and nitric
oxide, while osteoprogenitors and osteoblasts are thought to
release vascular regulating factors such as vascular endothe-
lial growth factor (VEGF).6–8,15,16,18–20

In addition to biochemical signaling between vascular and
bone-forming cells in vivo, bone vascular systems are nat-
urally exposed to mechanical stimuli. Mechanical cues are
known to regulate the differentiation of MSCs and, specif-
ically, enhance osteogenesis.21–23 Previous work has dem-
onstrated that exposure to 10% cyclic tensile strain not only
increases osteogenesis of MSCs but also increases expres-
sion of angiogenic factors,24–26 suggesting that mechanical
loading may simultaneously influence both angiogenesis
and osteogenesis. Hemodynamic forces apply both fluid
shear stresses and tensile strains to EC lining blood ves-
sels.27–29 Cyclic tensile strain specifically has been shown to
alter tubule formation,30–32 migration,30,31 proliferation,33,34

alignment,32,35 and auto/paracrine signaling.28,31,33,34 While
the role of mechanical stimulation on EC behavior has been
well established in the literature, the role of 10% cyclic
tensile strain on osteogenic paracrine signaling has not been
directly investigated.

The in vivo bone vascular environment is complex due to
the presence of multiple cell types, biochemical cues, geo-
metric organization, and biophysical stimuli. While co-cul-
ture and mechanical stimulation have been studied in
isolation, the interplay between these two stimuli is yet to be
investigated. Applying both stimuli simultaneously to 2D
cultures is more biomimetic than applying them in isolation
and can act as an intermediate step toward more complex
3D cultures. The results of this study could provide key
insights into bone–vascular interactions that could poten-
tially enhance bone tissue engineering strategies. Therefore,
the objective of this study was to examine the effects of 10%
cyclic tensile strain applied to a co-culture of MSCs and
ECs on angiogenesis and osteogenesis. We hypothesized
that co-culture and 10% cyclic tensile strain would syner-
gistically enhance both angiogenesis and osteogenesis.

Materials and Methods

Cell isolation and expansion

Excess human bone fragments were obtained during
elective procedures from three female donors (aged 15–25
years old) at the University of North Carolina-Chapel Hill
hospitals (IRB exemption protocol: 10-0201). Human MSCs
were isolated from the tissue using a method based on enzymatic
digestion and substrate adherence, as previously described.24,36

Briefly, bone fragments were washed with phosphate-buffered
saline (PBS) containing 100 U/mL penicillin-100mg/mL strep-
tomycin (P/S; Corning). The fragments were then diced into
small pieces and digested in a collagenase XI solution (3 mg/mL)
at 37�C for 3 h. Cells were then filtered through a 100-mm cell
strainer, centrifuged at 500 g for 5 min, and plated in T-75
flasks in a complete growth medium (CGM) consisting
of alpha-MEM (Gibco�), 10% fetal bovine serum (Gemini

Bio-Products), and 100 U/mL penicillin-100 mg/mL strepto-
mycin (P/S; Corning, Inc.) in a humidified atmosphere of
37�C and 5% CO2. After 24 h, the nonadherent cells were
washed out, and the cultures were expanded to passage 3 or 4.

Human umbilical vein endothelial cells (abbreviated as ECs
throughout the rest of the article) from pooled donors (Lonza)
were seeded on 0.5% gelatin-coated flasks (Nunc) and ex-
panded to passage 2 or 3 in endothelial growth media (EGM)
consisting of CGM, 30mg/mL endothelial complete growth
supplement (Sigma), and 100mg/mL heparin sodium salt (Alfa
Aesar) in a humidified atmosphere of 37�C and 5% CO2.

Co-culture validation and optimization

Various media formulations and culture surfaces were
tested in three preliminary experiments to develop an optimal
co-culture procedure for both osteogenesis and angiogenesis.
In all experiments, a total of 50 · 103 cells per well in a six-
well plate were cultured. First, to test the effects of media
composition on cell viability, ECs, MSCs, or a co-culture of
MSCs and ECs (MSC-EC) were cultured for 7 days in either
EGM or a mixed osteogenic-endothelial medium (OEM)
consisting of EGM, 50 mM ascorbic acid (Sigma), 100mM
dexamethasone (Sigma), and 1 M b-glycerophosphate (Sigma)
in 0.5% gelatin-coated tissue culture plastic (TCP). Second, to
determine the optimal surface coating for EC viability and
phenotypic stability, ECs were cultured for 14 days in EGM
on BioFlex� plates (Flexcell International) modified with
different surface coatings: amino groups, pronectin, laminin,
or collagen type I. Third, to determine the optimal surface
coating for co-culture viability and osteogenesis, MSCs alone
and MSC-EC co-cultures (1:1 ratio) were cultured in OEM
for 14 days on either laminin or collagen type I-coated
BioFlex plates.

Application of 10% cyclic tensile strain

Three groups were exposed to 10% cyclic tensile strain;
ECs alone, MSCs alone, and MSC-EC co-cultures. ECs
were seeded onto six-well collagen type I-coated BioFlex
plates and maintained in EGM for 3 days to allow time to
attach and spread, which was found to be required for EC
viability in a pilot study (data not shown). Subsequently,
MSCs were seeded, and the medium was changed to OEM
for all groups for the duration of the study. A total of
50 · 103 cells were seeded in each well (either 50 · 103 of a
single cell type or 25 · 103 each of both cell types for a 1:1
ratio in the MSC-EC group). One day after MSC seeding,
cells were exposed to 10% cyclic tensile strain using the
Flexcell� Tension Plus� System (Flexcell International) at
1 Hz for 4 h/day for 2 weeks (Fig. 1). Cell morphology was
assessed using an Olympus CKX41 microscope at 20·
magnification on days 3, 7, 10, and 14 of loading.

Biochemical analyses

On days 3, 7, 10, and 14 alamarBlue� solution (AbD
Serotec, Inc.) was mixed into the wells (90% media, 10%
alamarBlue; n = 3), and the cells were incubated at 37�C.
After 3 h, the alamarBlue/medium mixture was collected, and
absorbance readings were taken at 570 and 600 nm (GENios
microplate reader with Magellan 5 Software; Tecan). Percent
reduction in alamarBlue levels, indicating a proliferative
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activity, was determined from the absorbance readings ac-
cording to the manufacturer’s instructions.

A Hoechst DNA fluorescence assay was performed to
quantify DNA on day 14 (n = 3). Cells were rinsed with PBS
and digested with papain (125 mg/mL; Sigma) in 0.1 M so-
dium phosphate (Sigma), 5 mM l-cysteine-HCl (Sigma), and
0.05 M EDTA (Fisher; pH 6.0) at 60�C in a shaking water
bath for 18 h. Type 1 calf thymus highly polymerized DNA
(Sigma) was used to generate a standard curve. Briefly, a
0.2 mg/mL Hoechst 33258 (Ex/Em 352/461 nm) solution was
added to each standard and sample, and fluorescence mea-
surements were obtained using the plate reader. To isolate the
contributions of each cell type to the total DNA content in the
co-culture groups, the average percentage of cells expressing
the endothelial markers CD31 and vascular endothelial cad-
herin (VE-Cdh) was calculated from images (at least four);
the DNA values obtained from the assay described above
were adjusted based on this percentage to estimate a DNA
value for the MSCs in the MSC-EC group.

Total calcium concentration was quantified using the
Calcium Liquicolor kit (Stanbio Laboratory; n = 3). Briefly,
on day 14, cells were rinsed with PBS and digested in 0.5 N
HCl overnight at 4�C. Samples were centrifuged at 1000 g for
2 min, and the supernatant was analyzed as per the manu-
facturer’s instructions. CaCl2 from the kit was used to gen-
erate a standard curve. Absorbance readings were taken at
550 nm using the plate reader. Calcium data were normalized
to the MSC DNA content in each well.

Histology and immunohistochemistry

On day 14, wells (n = 2) were rinsed in PBS, fixed in 10%
zinc-buffered formalin (VWR) for 30 min, and rinsed with
PBS. The cell-laden membranes were removed from the
BioFlex plates and cut into quarters. To assess mineral de-
position a 2% Alizarin Red S (Fisher) solution was applied
to each sample for 5 min, rinsed with deionized water, and
imaged using a Leica DM5500B microscope at 20·.

To assess endothelial phenotypic stability, additional
fixed samples were blocked in a blocking buffer (1% BSA
and 0.1% Tween 20) for 30 min. Samples were then incu-
bated in a blocking buffer containing either mouse mono-
clonal CD31 FITC conjugate (1:50) or rabbit polyclonal

VE-Cdh (1:200) primary antibodies (Abcam). The VE-Cdh
specimens were rinsed with PBS and incubated in a block-
ing buffer containing goat anti-rabbit Alexa 488 (Abcam;
1:200) for 1 h. The ProLong gold antifade reagent with
DAPI (Life Technologies) was used to mount coverslips on
the samples, which were subsequently imaged using a Leica
DM5500B microscope at 20 · .

Statistical analyses

Statistical analyses were performed using Prism (version
6.07; GraphPad Software). Biochemical results were aver-
aged across all three donors and expressed in the form of
mean – standard deviation. Differences due to media for-
mulation or culture surface were calculated using a Stu-
dent’s t-test. Differences due to co-culture and strain were
determined using two-way ANOVA with a Tukey post-hoc
test. A level of p < 0.05 was considered significant.

Results

Media and culture surface composition are key factors
in the development of an MSC-EC co-culture

A variety of media formulations and culture surfaces
have previously been used in co-cultures of ECs and MSCs
(Table 1). In this study, we tested EGM and OEM on cells
cultured on TCP and various coatings of BioFlex culture
plates. On 0.5% gelatin-coated TCP, ECs and MSC-EC
co-cultures were equally viable when cultured with either
EGM or OEM. However, MSCs had significantly higher vi-
ability in OEM than EGM (Fig. 2A). Calcium accretion was
also higher in OEM than EGM for both MSCs alone and
MSC-EC co-cultures (data not shown). Due to the negative
effects of EGM on MSC viability and osteogenesis, OEM was
used throughout the rest of the study unless otherwise noted.

Once a media formulation was confirmed, cell viability and
angio/osteogenic markers were assessed on BioFlex plates
modified with different surface coatings: amino groups,
pronectin, laminin, or collagen type I. Amino- and pronectin-
coated plates were not conducive to EC proliferation (data not
shown). Relative to the collagen type I coating, the laminin
coating significantly increased EC viability (an increase in %
reduction is indicative of an increase in cell activity and

FIG. 1. To enhance EC attach-
ment, ECs were cultured in EGM
for 3 days before co-culture with
MSCs or exposure to 10% cyclic
tensile strain. From days 0 to 14,
ECs, MSCs, and MSC-EC co-cul-
tures were all cultured in OEM and
either exposed to 10% cyclic ten-
sile strain (1 Hz for 4 h/day) or left
in static conditions. EC, endothelial
cell; EGM, endothelial growth
medium; MSC, mesenchymal stem
cell; OEM, osteogenic-endothelial
medium. Color images available
online at www.liebertpub.com/tea
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viability) and enhanced the expression of endothelial markers
CD31 and VE-Cdh (Fig. 2B, D). However, collagen type I
significantly enhanced MSC and MSC-EC viability and
significantly increased calcium accretion in both groups
(Fig. 2B, C). Therefore, the benefits of a collagen type I
coating to MSC and MSC-EC viability and osteogenic po-
tential outweighed the slight decreases in EC viability and
CD31/VE-Cdh staining compared with the laminin coating.
Collagen type I-coated BioFlex plates were exclusively used
for the remainder of the experiments.

ECs remain phenotypically stable in response to 10%
cyclic tensile strain and co-culture with MSCs

ECs exhibited a spread-out, cuboidal morphology (Fig. 3).
While ECs alone did not align perpendicular to loading like the
majority of observed cells in the MSC and MSC-EC co-culture
groups, 10% cyclic tensile strain did seem to elongate ECs
(Fig. 3). As expected, ECs in monoculture expressed both CD31
and VE-Cdh. ECs continued to express CD31 and VE-Cdh, both
when exposed to 10% cyclic tensile strain and in co-culture with
MSCs (Fig. 4), showing that their phenotype was preserved.

Ten percent cyclic tensile strain and co-culture
synergistically enhance osteogenesis in MSCs

MSCs appeared elongated and spindle shaped and, in both
monoculture and co-culture, aligned perpendicular to the di-
rection of loading (Fig. 3). No significant changes in cell via-

bility were observed either in response to co-culture with ECs
or with exposure to 10% cyclic tensile strain in any of the three
donors (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/tea). In MSCs alone,
10% cyclic tensile strain had no significant effect on calcium
accretion relative to the static condition, although it did ap-
pear to enhance mineral deposition (Fig. 5). Similarly, static
co-culture had no significant effect on calcium accretion rela-
tive to static MSCs alone, although mineral deposition again
appeared enhanced. However, MSC-EC co-cultures loaded with
10% cyclic tensile strain had significantly enhanced calcium
accretion and mineral deposition than either static co-cultures or
loaded MSC alone (Fig. 5). These synergistic effects were
consistent with two additional donors (histological results from
Donor 3 are shown as representative; Supplementary Fig. S2).

Discussion

Co-culture with ECs and 10% cyclic tensile strain, in
isolation, were previously shown to enhance osteogenesis in
MSCs.1,24–26 We hypothesized that co-culturing MSCs with
ECs and applying 10% cyclic tensile strain would syner-
gistically enhance osteogenesis and angiogenesis and would
be a key first step to improving current bone tissue engi-
neering strategies. To conduct the analysis, we first had to
determine optimal co-culture conditions (e.g., media for-
mulation and culture surface) that would enable both EC/
MSC viability and angiogenic/osteogenic potential. We then

Table 1. Parameters of Direct-Contact Co-culture Models of Human ECs and MSCs

Study Cell sources Ratio (MSC:EC) Media components Substrate

Villars (2000) HUVEC 1:3 IMDM + 10% FCS TCP
hMSC

Xue (2004) HUVEC 5:1 Mixed, osteogenic factor free TCP
hMSC

Kaigler (2005) HDMEC 1:1; 5:1; 10:1 Mixed, osteogenic factor free TCP
hMSC

Rouwkema (2006) HUVEC 1, 2, 5, 10, 15,
30, or 50% EC

Endothelial, osteogenic,
or mixed

3D spheroids
hMSC

Grellier (2009) HUVEC 2:1 IMDM + 10% FBS TCP
hMSC

Tao (2009) IEC 1:1 Osteogenic TCP
hMSC

Aguirre et al. (2010) BM-EPC 1:1 IMDM + 10% FBS Fibronectin-coated TCP
hMSC

Correia et al. (2011) HUVEC 1:2 Mixed with osteogenic factors Fibrin hydrogel
hMSC

Saleh et al. (2011) HUVEC 1:1 Mixed, osteogenic factor free 3D spheroids
hMSC

Kim et al. (2013) HUVEC 1:1 Osteogenic Nanopatterned
polyurethane acrylatehASC

Freeman et al. (2015) HUVEC 1:1 Mixed with osteogenic factors Pellet
hMSC

Current study HUVEC 1:1 Endothelial, or mixed with
osteogenic factors

Collagen type I and
laminin-coated
BioFlex� plates

hMSC

BM-EPC, bone marrow-derived endothelial progenitor cell; EC, endothelial cell; FBS, fetal bovine serum; FCS, fetal calf serum; hASC,
human adipose-derived stem cell; HDMEC, human dermal microvascular endothelial cell; hMSC, human bone marrow-derived
mesenchymal stem cell; HUVEC, human umbilical vein endothelial cell; IEC, induced endothelial cell; IMDM, Iscove’s modified
Dulbecco’s medium; TCP, tissue culture plastic.
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examined both monocultures and co-cultures of MSCs and
ECs, kept either in static/unloaded conditions or exposed to
10% cyclic tensile strain, and monitored changes in cellular
viability, cellular morphology, osteogenic markers, and en-
dothelial markers. MSCs appeared to align perpendicular to
the direction of loading, ECs maintained phenotypic sta-
bility, and both co-culture and 10% cyclic tensile strain
synergistically enhanced osteogenesis, while having no ob-
servable effect on angiogenesis. While our hypothesis was
correct in regard to the synergistic effects of co-culture and
10% cyclic tensile strain on osteogenesis, we must reject our
hypothesis with regard to angiogenesis as neither stimulus
was found to affect endothelial behavior. Together these
data suggest that exposing MSC-EC co-cultures to 10%
cyclic tensile strain may be a useful strategy for enhancing
bone tissue engineering strategies.

While utilizing co-cultures of MSCs and ECs as a strategy
to enhance angiogenesis and osteogenesis is not unique, the

optimal conditions for enhancing vascularization of bone
tissue engineering constructs are not well established, and
current strategies to promote vascularization are not very
successful. A variety of cell sources of ECs and MSCs have
been used, as well as different cell ratios, media formula-
tions, and culture surfaces (Table 1). In addition to a lack of
consensus on the optimal conditions for co-culture, most
studies do not discuss how specific conditions were chosen.
A more open discussion of why different conditions are
used, and how these conditions impact cell function, would
propel this area of bone tissue engineering.

We chose a 1:1 ratio of MSCs:ECs based on previous
research, demonstrating that a 1:1 ratio produced greater
osteogenesis than did a 1:5 or 1:10 ratio.8 We also used a
direct co-culture method, as multiple studies have shown that
direct co-culture has a stronger effect on osteogenesis than
using conditioned media from ECs.7,37 Determining an opti-
mal media formulation is crucial for the best performance

FIG. 2. (A) Osteogenic endothelial growth medium (OEM) was found to enhance MSC viability relative to EGM, while
maintaining viability of ECs and MSC-EC co-cultures. While a laminin coating slightly increased EC viability (B) and
endothelial markers CD31 and VE-Cdh staining (D), a collagen type I coating greatly enhanced MSC and MSC-EC viability
(B) and osteogenesis, (C) and thus was chosen for all experiments. Scale bars, 100mm. *p < 0.05 for black versus white bars.
Color images available online at www.liebertpub.com/tea
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of MSC-EC co-cultures; several studies used an osteo-
genic factor-free media,7,9,15,18,37 while others used a mixed
media with both endothelial and osteogenic factors.10,17 In
this study, the addition of osteogenic factors significantly
enhanced MSC viability and osteogenesis yet had no sig-
nificant effect on EC viability. More research is needed to
determine optimal media that support both angiogenesis and
osteogenesis in vitro and improve vascularization and per-
formance of bone tissue engineering constructs in vivo.

The surface that the cells are cultured on is an important,
yet often overlooked, factor regulating EC and MSC be-
havior. In native endothelium, collagen type I and laminin
have a ‘‘fire’’ and ‘‘ice’’ functionality; collagen type I leads
to a breakdown in EC attachments and induces capillary
morphogenesis, while laminin decreases morphogenesis and
maintains a mature endothelium.38 In this study, while la-
minin better supported EC viability and CD31 and VE-Cdh
staining, collagen type I better supported MSC viability and
osteogenesis. We chose to use collagen type I in our system,
as its benefits on osteogenesis and MSC viability out-
weighed the slight decreases seen in EC viability. However,
while we were limited to the surface coatings compatible
with our loading device, further optimization of the surface

to promote both angiogenesis and osteogenesis could have
profound effects on developing a biomimetic scaffold.

Surprisingly, neither co-culture nor loading alone had a
significant effect on EC or MSC behavior. EC phenotype
remained stable in both co-culture with MSCs and/or
when exposed to 10% cyclic tensile strain, as evidenced
by the constant CD31 and VE-Cdh staining. While ECs
alone did not appear to align along or perpendicular to the
direction of 10% cyclic tensile strain, they did appear to
elongate, a behavior that has been associated with capil-
lary morphogenesis.38,39 Co-culture of MSCs with ECs
did not significantly enhance calcium accretion or mineral
deposition. Furthermore, previous work in our laboratory
established that the application of 10% cyclic tensile
strain to MSCs enhances osteogenesis, yet this stimulus
did not significantly affect osteogenesis in two out of
three donors in this study. One possibility is that certain
donors are more responsive to mechanical loading than
others, an explanation supported by our previous work re-
porting individual differences observed with this mechanical
stimulus and in response to chemical stimuli.40,41 How-
ever, in our prior studies, 10% cyclic tensile strain consis-
tently enhanced osteogenesis of MSCs.24–26 We believe the

FIG. 4. Representative images demonstrating that ECs maintained expression of CD31 and VE-Cdh in co-cultures with
MSCs and in response to 10% cyclic tensile strain, indicating that EC phenotypic stability was preserved. Scale bars, 100mm.
Color images available online at www.liebertpub.com/tea

FIG. 3. Representative images
demonstrating that ECs elongated
in response to 10% cyclic tensile
strain, while MSCs and MSC-EC
co-cultures elongated and aligned
perpendicular to the direction of
strain. Scale bars, 100mm (200mm
for inserts). Color images available
online at www.liebertpub.com/tea
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more likely explanation is that the endothelial supple-
ments to the media decreased the ability of MSCs to respond
to loading. Specifically, heparin decreases osteogenesis
of MSCs42 and potentially could have decreased the ability
of MSCs to differentiate in response to 10% cyclic tensile
strain.

While neither co-culture nor loading alone significantly
affected EC or MSC behavior, the concurrent application
of 10% cyclic tensile strain to a co-culture of MSCs and
ECs synergistically enhanced osteogenesis, while having
no observable effect on angiogenesis. In all three donors
tested, 10% cyclic tensile strain significantly enhanced
calcium accretion and mineral deposition in co-cultures of
MSCs and ECs relative to static co-cultures or strained
monocultures of MSCs. Previous studies demonstrated
that 10% cyclic tensile strain not only enhances osteo-
genesis but also influences angiogenesis through VEGF
and fibroblast growth factor 2 (FGF2) signaling.24,25,43

Furthermore, ECs enhance osteogenesis through BMP2
signaling,13,37,44,45 and BMP2 gene expression in ECs is
increased in the presence of VEGF.45 Therefore, while we
found no apparent changes in CD31 or VE-Cdh staining,
the likely possibility remains that 10% cyclic tensile strain
may have enhanced VEGF signaling from MSCs, and
subsequently increased the release of growth factors, such
as BMP2, from ECs to enhance osteogenesis. Further work

is needed to determine the specific signaling pathways
regulating MSC-EC interactions in response to 10% cyclic
tensile strain.

In summary, we demonstrated that co-culture and 10% cy-
clic tensile strain synergistically enhanced osteogenesis;
however, neither stimuli had a significant effect on angiogen-
esis. This study is the first to investigate the angiogenic and
osteogenic effects of applying 10% cyclic tensile strain to a
co-culture of MSCs and ECs simultaneously. We also found
that collagen type I coatings better supported osteogenesis, while
laminin coatings better supported angiogenesis. Future studies
should focus on optimizing the co-culture system to increase its
efficacy as a therapeutic strategy to regenerate bone. Due to the
presence of multiple cell types, common mechanistic analyses,
such as gene expression and growth factor release profiles,
remain an unsolved challenge for co-culture investigations.
ECs and MSCs cannot be unequivocally identified on the basis
of cell morphology and either, or both, could secrete products
into the media, making it challenging to parse out the relative
contributions of each cell type to the observed results. Simi-
larly, the current standards for measuring angiogenesis and
tissue vascularization include techniques such as tubule for-
mation; however, these techniques are typically performed in
monocultures of ECs in 3D systems.46 The 2D co-culture
system used in this study precluded use of these techniques.
Future studies should focus on methods to overcome these
technical challenges. More investigations into the specific
signaling pathways regulating this synergistic response could
provide potential pharmacologic targets to enhance vasculari-
zation in tissue-engineered bone constructs. Overall, this study
demonstrated that the intricate bone–vascular interactions de-
pend on both biochemical and biophysical cues, and leveraging
these interactions holds great potential to enhance bone tissue
engineering and regenerative medicine therapeutic strategies.
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