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Controlled Release of Vanadium from a Composite Scaffold Stimulates
Mesenchymal Stem Cell Osteochondrogenesis
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Abstract. Large bone defects often require the use of autograft, allograft, or synthetic
bone graft augmentation; however, these treatments can result in delayed osseous
integration. A tissue engineering strategy would be the use of a scaffold that could promote
the normal fracture healing process of endochondral ossification, where an intermediate
cartilage phase is later transformed to bone. This study investigated vanadyl acetylacetonate
(VAC), an insulin mimetic, combined with a fibrous composite scaffold, consisting of
polycaprolactone with nanoparticles of hydroxyapatite and beta-tricalcium phosphate, as a
potential bone tissue engineering scaffold. The differentiation of human mesenchymal stem
cells (MSCs) was evaluated on 0.05 and 0.025 wt% VAC containing composite scaffolds
(VAC composites) in vitro using three different induction media: osteogenic (OS),
chondrogenic (CCM), and chondrogenic/osteogenic (C/O) media, which mimics endochon-
dral ossification. The controlled release of VAC was achieved over 28 days for the VAC
composites, where approximately 30% of the VAC was released over this period. MSCs
cultured on the VAC composites in C/O media had increased alkaline phosphatase activity,
osteocalcin production, and collagen synthesis over the composite scaffold without VAC. In
addition, gene expressions for chondrogenesis (Sox9) and hypertrophic markers (VEGF,
MMP-13, and collagen X) were the highest on VAC composites. Almost a 1000-fold increase
in VEGF gene expression and VEGF formation, as indicated by immunostaining, was
achieved for cells cultured on VAC composites in C/O media, suggesting VAC will promote
angiogenesis in vivo. These results demonstrate the potential of VAC composite scaffolds in
supporting endochondral ossification as a bone tissue engineering strategy.
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INTRODUCTION

An estimated 6.5 million fractures are treated in the
USA per year. Although bone has a regenerative capacity,
approximately 10 to 20% of fractures fail to heal properly due

to nonunion and delayed healing (1). Autografts and
allografts are commonly used to treat these bone defects
(2). However, limitations are associated with their use, such
as tissue morbidity in the case of autografts and the potential
for disease transmission and lack of biological activity in the
case of allografts. Underlying medical conditions, such as
osteoporosis and diabetes, can also have an impact on the
healing duration and outcome. Therefore, alternative strate-
gies are being sought to promote bone repair.

In tissue engineering/regenerative medicine, scaffolds or
biomaterials are being designed to deliver growth factors, cells,
or other osteogenic inducers and be osteoconductive and provide
suitablemechanical support to promote bone tissue formation (3–
5). Bioceramics, such as hydroxyapatite (HA), β-tricalcium
phosphate (β-TCP), and biphasic calcium phosphate (BCP) (a
combination of HA and β-TCP), have demonstrated bone
bioactivity, i.e., bond to bone tissue, proven biocompatibility, and
excellent osteoconductivity, making them a potential candidate
for bone tissue engineering applications (6). However, due to
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bioceramics’ brittle mechanical properties, their use has been
restricted to specific applications (2). Therefore, bioceramics have
been incorporated with various types of natural or synthetic
polymers to create highly porous biocomposite materials with
improved mechanical properties (7–10). Bioceramics are also
known to interact with growth factors, proteins, and cells, thus
making biocomposites suitable for bone tissue engineering
applications (3,11–15).

Growth factors such as BMP-2 and BMP-7 have been
used in clinical applications for bone repair (10,13), but
drawbacks exist, such as the supraphysiological dose, adverse
reactions, poor shelf life, and sensitivity to sterilization
techniques (10). Using a small molecule growth factor
mimetic may be a solution for some of the aforementioned
drawbacks. For example, vanadium and the organic vana-
dium salts, such as vanadyl acetylacetonate (VAC), are
known insulin mimetics (16–19) and have been shown to
increase callus cartilage, vascularity, bone formation, and
mechanical properties while reducing the healing time of
small bone fractures in preclinical studies (20,21). Insulin and
insulin-like growth factor (IGF) are evolutionarily conserved
hormones that regulate growth, metabolism, bone resorption,
and development (22–24). Abnormalities in insulin produc-
tion such as type 1 diabetes mellitus can lead to reduced bone
mineral density, early-onset osteopenia, osteoporosis, and
increased risk of fractures (22,23). The use of insulin or
insulin-like mimetics can accelerate the bone healing process
in diabetic and nondiabetic animal models by promoting
endochondral ossification (23,25) where cartilage is later
transformed to bone. However, uncontrolled insulin delivery
can lead to hypoglycemia (26–31). Using VAC as insulin
mimetic may circumvent this issue (20,21). Vanadium is a
potent inhibitor of protein tyrosine phosphatases (PTPases)
(16,32,33). Vanadium mimics the action of insulin by
inhibiting PTPase, resulting in increased levels of activated
insulin receptor-β subunits (16,27,32,34,35). Osteoblasts ex-
press insulin receptors and respond to exogenous insulin by
increasing collagen synthesis, osteocalcin, and alkaline phos-
phatase production (23,24,36). Insulin signaling in osteoblasts
also has been shown to be a positive regulator of postnatal
bone acquisition and bone resorption.

In this study, we incorporated VAC into a bioceramic
composite scaffold and evaluated the osteogenic differentiation
of human mesenchymal stem cells (MSCs) on the scaffold
in vitro. We examined MSC differentiation using three different
induct ion media : osteogenic , chondrogenic , and
osteochondrogenic, i.e., a combination of chondrogenic induc-
tion followed by osteogenic induction to mimic the endochon-
dral ossification process during fracture healing in vivo. Inducing
endochondral ossification in MSC-based approaches for bone
repair may be a promising strategy leading to robust bone
formation in vivo (37–45). The release of VAC from the
composite scaffold also was characterized over time.

MATERIALS AND METHODS

Composite Scaffold Fabrication

Polycaprolactone (PCL, Mn ~ 70–90 kDa; Sigma-Al-
drich, St. Louis, MO, USA) was dissolved in methylene
chloride (Thermo Fisher, Walthman, MA, USA) at 17% w/v

ratio. Ceramic nanoparticles of 30% (w/w) of 20/80 (w/w)
hydroxyapatite/beta-tricalcium phosphate (HA/beta-TCP)
(Berkeley Advanced Biomaterials, Berkeley, CA, USA) were
added to the PCL solution. Vanadyl acetylacetonate (VAC)
(Sigma-Aldrich) was dissolved in deionized (DI) water at
10 mg/mL concentration. To generate the VAC composite,
0.05 or 0.025% (w/w) of VAC was added to the PCL solution
containing the ceramic nanoparticles. The VAC and ceramics
were mixed with PCL on a magnetic stir plate for a minimum
of 1 h. Prior to electrospinning, PCL/ceramic or PCL/ceramic/
VAC dispersions were sonicated with a probe ultrasonicator
(Sonifier® S450-D, Branson, Danbury, CT, USA) for 2 min.
The PCL/ceramic or PCL/ceramic/VAC dispersions were
electrospun by placing them in a syringe having a 12-gauge
needle and ejecting at 7 mL/h flow rate using a syringe pump
(Harvard Apparatus, Holliston, MA, USA). At the tip of the
needle, a voltage of 25 to 30 kV was applied and the scaffolds
were collected on an adjacent metal plate that was at 30 to
40 cm d i s t an ce f r om the t i p o f t he need l e .
Postelectrospinning, the scaffolds were left to aerate in a
desiccator for 3 to 5 days.

Scaffold Characterization

Samples were examined using scanning electron micros-
copy (SEM, LEO 1530 Gemini, Germany). Scaffolds were
sputter coated with gold-palladium. An accelerating voltage
of 3–5 kV and a working distance of 5–9 mm were used for
viewing and capturing images. Measurements were taken at
ten random locations per sample for fiber diameter and
interfiber spacing using ImageJ software (National Institute
of Health, USA), according to previously reported methods
(46). Four different samples per scaffold group were
analyzed.

Mechanical properties were determined by tensile testing
using an Instron 3342 mechanical tester (Instron Corporation,
Norwood, MA, USA) following previously reported proto-
cols (47,48). Briefly, scaffolds were cut into 7 cm by 1 cm
strips. The thickness of the strips was measured in the middle
and 1.5 cm from the end of each strip. Scaffolds were placed
in tensile grips with a 4-cm gauge length between the grips
and tested using a crosshead speed of 3 cm/min. The strips
were hydrated in deionized water for 1 h at room tempera-
ture and tested wet. Stress-strain curves were recorded. The
Young’s moduli and maximum tensile stress were determined.
Ten samples per scaffold group were tested.

Characterization of VAC Release

To evaluate the vanadium release, VAC composites were
cut into 12-mm diameter disk having a thickness of 0.4 mm.
Prior to the initiation of the study, the scaffolds were UV
sterilized for 30 min. Scaffolds were placed in 24-well
polypropylene culture dishes (Corning Corp., Corning NY,
USA), submerged in 500 μL of phosphate buffered saline
(PBS, Invitrogen Corp., Carlsbad, CA, USA), and incubated
at 37°C. The PBS from each sample was collected and
replenished with fresh PBS at predetermined time points
over 28 days to coincide with time points for cell culture
experiments. Samples were stored at −20°C prior to analysis.
The released vanadium concentrations were then determined
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using a Perkin Elmer Z5100 electrothermal heated graphite
atomizer with Zeeman background correction (Perkin Elmer
Corp., Norwalk, CT, USA) as previously described (21). Four
samples per scaffold group per time point were analyzed.

In Vitro Cell Studies

For cell culture, composite scaffolds containing
0.05 wt% VAC (0.05 VAC composite), 0.025 wt% of VAC
(0.025 VAC composite), or without VAC (composite
control) were UV sterilized for 30 min, cut into 6-mm
diameter disks with thicknesses of 0.3 to 0.4 mm, and placed
in 96-well polypropylene culture dishes (Corning). Human
MSCs were isolated from whole bone marrow aspirates
(Lonza, Inc., Walkersville, MD, USA), from three male
donors, 18 to 30 years old, and cultured using standard
protocols (46,49). MSCs at passage 2 were seeded at
approximately 18 × 104 cells/cm2 on each scaffold and
cultured at 37°C and 5% CO2 in a humidified incubator.
Schematic representation of the feeding strategy is shown in
Fig. 1. Cells on the scaffolds were cultured in (1) control
standard growth medium (GM) consisting of DMEM-low
glucose (Invitrogen) containing 10% fetal bovine serum
(Hyclone, Logan, UT, USA) and 1% antibiotic-antimycotic
(Invitrogen); (2) osteogenic induction media (OS)
consisting of GM supplemented with 10 mM β-
glycerolphosphate (Sigma-Aldrich), 50 μM ascorbic acid
(WAKO Pure Chemicals, VA, USA), and 100 nM dexa-
methasone (Sigma-Aldrich); (3) chondrogenic induction
media (CCM) consisting of DMEM-high glucose
(Invitrogen) supplemented with 1 mM sodium pyruvate
(Sigma-Aldrich), 0.17 mM ascorbic acid (WAKO Pure
Chemicals), 0.1 mM dexamethasone (Sigma-Aldrich)
0.35 mM L-proline (Sigma-Aldrich), 4 mM L-glutamine
(Invitrogen), 1% antibiotic-antimycotic (Invitrogen), 1%
ITS + premix (Becton Dickinson, Franking Lakes, NJ,
USA), and 10 ng/mL TGF-β3 (ProSpecbio, New Brunswick,
NJ, USA); and (4) osteochondrogenic induction media
(C/O) consisting of CCM for 14 days followed by OS for
up to 28 days. A sample size of four per group was used for
all the assays described below. Studies were repeated per
MSC donor to establish reproducibility.

Cell Growth and Biochemical Analyses

For cell growth, alkaline phosphatase activity, and
osteocalcin production assays, scaffolds containing cells
were washed with deionized water and cells were lysed
with 0.01 wt% Triton X-100 (Sigma-Aldrich). Cell growth
was evaluated using Quanti-iT PicoGreen dsDNA Assay
Kit (Invitrogen) where the cell number can be correlated
from the fluorescence intensity of the labeled DNA. The
cell lysate was combined with the assay reagents and
allowed to incubate for 5 min at room temperature.
Fluorescence was measured using excitation at 485 nm and
emission at 528 nm (FLX800, Biotek, Winooski, VT, USA).
The cell number was determined using a standard curve of
known MSC number.

Alkaline phosphatase (ALP) is an early osteogenic
marker expressed by hypertrophying chondrocytes and
preosteoblasts and mineralizing osteoblast (50–52). The

ALP activity was determined based on the conversion of p-
nitrophenyl phosphate to p-nitrophenol according to the
manufacturer’s protocol (Sigma-Aldrich). The cell lysate was
combined with the assay buffer and allowed to incubate at
37°C for 30 min. Post-incubation, the reaction was stopped
using 0.1 N NaOH. Absorbance was measured at 405 nm
(Emax, Molecular Devices, Sunnyvale, CA, USA). The ALP
activity was determined relative to a p-nitrophenol standard
curve.

Osteocalcin was used as a marker for mature osteoblasts
(35). Cell lysate was assayed for intact osteocalcin using an
ELISA kit for human osteocalcin (Invitrogen). The assay was
performed as per manufacturer’s instructions. Absorbance
was measured at 405 nm (Emax, Molecular Devices). The
osteocalcin concentration was determined based on a calibra-
tion curve of known osteocalcin concentrations.

Hydroxyproline (HYP) was used as measure of total
collagen content. Hydrolysis of the samples was performed
using 12 M HCL (Sigma-Aldrich) followed by a 3-h
incubation at 120°C. Post-incubation, 50 μL of individual
samples was placed in a 96-well plate and left to dry overnight
at 60°C. The HYP content was measured by the reaction of
o x i d i z e d h y d r o x y p r o l i n e w i t h 4 -
(dimethylamino)benzaldehyde (DMAB) (Sigma-Aldrich)
which results in a colorimetric change. The samples were
incubated at 60°C for 90 min. Post-incubation, the absorbance
was measured at 560 nm (Emax, Molecular Devices). The
HYP/collagen content was determined relative to a HYP
standard curve.

Sulfated glycosaminoglycan (sGAG) content was mea-
sured using a glycosaminoglycan assay (Blyscan Assay,
Biocolor, UK). The sGAGs from scaffold samples were
extracted using papain digestion, and the assay was per-
formed as per manufacturer’s instructions. The absorbance
was measured at 656 nm (Emax, Molecular Devices), and the
concentration of the sGAGs was determined relative to a
chondroitin sulfate standard curve.

Cell growth and ALP activity were determined at 4, 7,
14, 21, and 28 days in culture. The osteocalcin production,
GAG, and HYP content were performed at 28 days in
culture. The results were normalized to the cell number for
each sample and were reported as mean ± standard deviation.

Fig. 1. Overview of in vitro MSC induction strategy
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Cell Morphology and Immunostaining for Extracellular
Matrix Deposition

Cell morphology and extracellular matrix (ECM) depo-
sition was evaluated at 28 days by confocal microscopy.
Scaffolds were fixed in 4% paraformaldehyde. The cell
morphology was observed by staining for F-actin filaments
of the cytoskeleton (rhodamine phalloidin, Thermo Fisher)
and nucleus (DAPI, Thermo Fisher). ECM deposition on the
mats was detected by staining for collagen type I using
primary antibody (goat anti-collagen type 1, Millipore) and
secondary antibody (rabbit anti-goat IgG, Alexa Fluor 488
phalloidin conjugate, Thermos Fisher, USA) and collagen
type II using primary antibody (mouse anti-collagen type 2,
EMD Millipore, Germany) and secondary antibody (donkey
anti-mouse IgG Alexa Fluor 488 phalloidin conjugate, R&D
Systems, USA). Vascular endothelial growth factor (VEGF)
was detected by using mouse anti-VEGF Alexa Fluor 488

antibody (Abcam, UK) specific for isoform VEGF189,
isoform VEGF165, and isoform VEGF121.

Gene Expression

Gene expression was evaluated for Sox9, Runx2, MMP-
13, collagen type X, and VEGF-α. Sox9 is a marker of
chondrogenic differentiation and is highly expressed by
condensing MSCs (53–57). Runx2 is considered a master
regulator of MSC differentiation along the osteogenic lineage
and regulates the expression of genes necessary for bone
development (46,53,57–59). MMP-13, collagen type X, and
VEGF-α were used as markers to measure endochondral
ossification. MMP-13 and collagen type X are expressed as
chondrocyte hypertrophy (51,60–62). VEGF is an essential
coordinator of chondrocyte death, extracellular matrix re-
modeling, angiogenesis, and new bone formation (63–65).
Total RNAwas isolated from the scaffolds at days 2, 7, 14, 16,

Fig. 2. SEM images: a 0.05 VAC composite, b 0.025 VAC composite, and c composite control. Vanadium release from composite scaffold: d
percent cumulative release and e release over time (*p < 0.05 between 0.05 VAC composite and 0.025 VAC composite, n = 4 per group per time
point, values are mean ± standard deviation (SD))

Table I. Fiber Diameter and Interfiber Spacing Measurements

Composition Fiber diameter (μm) Interfiber spacing (μm)

0.05 VAC composite 67.0 ± 25.1 171.4 ± 72.0
0.025 VAC composite 57.9 ± 13.8 193.5 ± 80.4
Composite control 54.2 ± 11.2 182.2 ± 90.9
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and 28 using RNeasy micro kit (Qiagen, Valencia, CA).
Briefly, samples were immersed in lysis buffer and incubated
at room temperature for 30 min followed by homogenization
of the scaffolds. The RNA isolation followed the manufac-
turer’s protocol. Quantitative RT-PCR analysis was per-
formed with the One Step QuantiTect SYBR Green RT-
PCR Kit (Qiagen, Valencia, CA) using the MX4000 detec-
tion system (Stratagene, Santa Clara, CA) according to the
manufacturer’s instructions. The reaction was performed as
previously described in (46,47). The target gene expression
was first normalized to the expression of the housekeeping
gene RPLPO for the same sample (ΔCt). To show the
effects of the VAC, the target gene expression for the VAC
scaffolds was normalized to the control composite (ΔΔCt).
The 2−ΔΔCt method was used to convert normalized gene
expression levels to fold differences (66). For RT-PCR
evaluation, a sample size of three was used per group per
time point.

Statistical Analysis

All assays and testing were performed with a sample size
of n = 4 per group per time point, unless otherwise specified.
Studies were performed in triplicate and per donor to
establish reproducibility. Results were evaluated for normal
distribution using a Shapiro-Wilk test and were analyzed
using a one-way ANOVA and a post hoc Tukey test
performed using SPSS Statistics software. Statistically signif-
icant differences were determined for p < 0.05.

RESULTS

Scaffold Characterization

Similar fiber morphology, fiber diameters, and interfiber
spacing were observed for the scaffolds as seen in Fig. 2a–c
and Table I. Average fiber diameters ranged from

Table II. Mechanical Properties of Composites

Composition Young’s modulus (MPa) Maximum tensile stress (MPa)

0.05 VAC composite 27.1 ± 4.0 1.34 ± 0.19
0.025 VAC composite 30.1 ± 1.5 1.54 ± 0.21
Composite control 26.2 ± 4.3 1.28 ± 0.23

Fig. 3. Cell number on the scaffolds in a growth media (GM), b osteogenic media (OS), c chondrogenic media (CCM), and d chondrogenic/
osteogenic media (C/O) (*p < 0.05 between composite control and 0.05 VAC composite, #p < 0.05 between composite control and 0.025 VAC
composite, ^p < 0.05 between 0.025 VAC and 0.05 VAC composites, n = 4 per group per time point, values are mean ± SD)
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approximately 50 to 70 μm and average interfiber spacing
ranged from approximately 170 to 195 μm. The VAC
composites had similar moduli and maximum tensile stresses
as the composite control (Table II).

Vanadium Release

The 0.05 and the 0.025 VAC composites had similar
percent cumulative release (Fig. 2d) but differed in the
amount released where 0.025 VAC had significantly lower
VAC amounts than 0.05 VAC from days 5 through 28
(Fig. 2e). About 30% of VAC was released over the 28 days
without an initial burst release.

Cell Growth

The different VAC composite scaffolds and the compos-
ite control were able to support cell growth in GM media
(Fig. 3). Lower cell numbers were determined for the 0.05
VAC composites as compared to the composite control at
early time points of days 4, 7, and 14 in GM and OS media

and at day 21 in C/O media. By 28 days, the cell number for
the VAC composites was comparable to the composite
control in different media conditions.

Biochemical Analyses

MSCs cultured on the 0.025 VAC composite in the C/O
media had the highest ALP activity as compared to the 0.05
VAC composite and composite control (p < 0.05) (Fig. 4a).
MSCs cultured on 0.025 VAC composite had the highest ALP
production as compared to the 0.05 VAC composite and the
composite control in OS media (p < 0.05). The highest ALP
activity for the different composites was determined for cells
cultured in C/O media as compared to the OS, GM, and CCM
media (p < 0.05). MSCs cultured on 0.05 and 0.025 VAC
composites had the highest osteocalcin production in C/O
media as compared to composite control (p < 0.05) (Fig. 4b).
The highest level of osteocalcin production was observed for
MSCs cultured on the different scaffolds in C/O media as
compared to MSCs cultured in OS, CCM, and GM media
(p < 0.05).

Fig. 4. a Alkaline phosphatase activity normalized to cell number at day 28 (^p < 0.05 between 0.025 VAC composite and 0.05 VAC and
composite control). b Osteocalcin production normalized to cell number at day 28 (*p < 0.05 between 0.05 VAC composite and composite
control in C/O media, #p < 0.05 between C/O media and OS media, #p < 0.0 between C/O and CCM media). c Collagen production normalized
to the cell number at day 28 (**p < 0.05 between 0.05 VAC composite in C/O and CCM media and composite control, ##p < 0.05 between C/O
media and osteogenic media). d sGAG production normalized to the cell number at day 28 (^^p < 0.05 between 0.05 VAC composite in CCM
media and 0.025 VAC and composite control). n = 4 per group, values are mean ± SD
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The highest amount of collagen, as determined by HYP
content, was for MSCs cultured on the 0.05 VAC composite in
both C/O and CCM media (p < 0.05) (Fig. 4c). Collagen was
highest in the C/O cultured cells as compared to OS cultured
cells for all groups tested (p < 0.05). The highest amount of
sGAG was also detected for 0.05 VAC composite in CCM
media (p < 0.05) (Fig. 4d).

Cells cultured in C/O media appeared to have the
greatest staining for collagen type I across the different
scaffolds, whereas the 0.05 VAC composite group in the
different media showed the greatest staining for collagen type
II (Figs. 5 and 6). Collagen type II matrix production was also
observed for MSCs cultured on the 0.025 VAC composite and
the composite control in CCM media (Fig. 6). VEGF staining
appeared to be incorporated within the extracellular matrix
(Fig. 7). The greatest intensity of VEGF staining was
observed for cells cultured in C/O media for the different
scaffolds tested. Higher intensity was observed for the VAC
composites as compared to composite control. The 0.05 and
0.025 VAC composite groups also showed VEGF staining for
MSCs cultured in OS media.

Gene Expression

Gene expressions for Runx2, Sox9, MMP-13, collagen X,
and VEGF at day 28 are shown in Fig. 8. Runx2 expression

increased on VAC composites in GM media at early time
points in comparison to composite control (data not shown)
and was higher for the 0.05 VAC composite by day 28
(Fig. 8a). Sox9 expression decreased for the cells cultured on
the VAC composites in comparison to composite control in
OS and CCM media (Fig. 8b). For cells cultured on the VAC
composites in C/O media, Sox9 decreased by day 16 (data not
shown); however, by day 28, Sox9 increased (Fig. 8b). An
increase in MMP-13 expression was determined for cells in
C/O culture (4- and 5-fold increase in gene expression for 0.05
VAC and 0.025 VAC composites, respectively) as compared
to composite control (Fig. 8c). An increase in collagen type X
expression was determined for cells cultured on the 0.025
VAC composite in the C/O culture (Fig. 8d). Ten- to 1000-
fold increase in VEGF expression was determined for both
0.05 and 0.025 VAC composites as compared to the composite
control (Fig. 8e). The fold change was the highest for the C/O
media at the 28-day time point (p < 0.05).

DISCUSSION

In this study, we used the electrospinning process to
produce porous composites incorporated with VAC, an
insulin mimetic, and demonstrated controlled release of
VAC from the composite. Both low and high concentrations
of VAC containing scaffolds had an overall cumulative

Fig. 5. Confocal microscopy images of immunostaining for collagen type I at day 28: a–d 0.05 VAC composite; e–h 0.025 VAC composite; i–l
composite control. Cells are stained for cytoskeleton (F-actin, red), nucleus (DAPI, blue), and collagen type I (green)
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release of 30%. The VAC composites supported cell growth
and promoted MSC differentiation. Based on matrix produc-
tion, the higher concentration of VAC supported greater
osteochondrogenesis as compared to the lower concentration
of the VAC composite and composite control. Furthermore,
the osteochondrogenesis induction strategy may prove to be a
good in vitro model for endochondral ossification.

Electrospun scaffolds can be produced with nonwoven
three-dimensional fibrous structures that are favorable for cell
at tachment and prol i ferat ion and t issue growth
(7,11,14,46,49,67). Scaffolds with highly porous structures allow
for cell infiltration, vascularization, and nutrient and waste
transport (68–70). Furthermore, this process creates scaffolds
with a high surface area to volume ratio, making electrospun
scaffolds desirable as a delivery vehicle for biomolecules such as
growth factors, cells, DNA, RNA, or other small molecules
(5,7,11,14,71–75). The composite scaffold in this study, having
large fiber diameters and interfiber spacing, has been shown to
support cell growth as well as ingrowth into the scaffold, which
may be favorable for tissue ingrowth in vivo (46,48). By
incorporating high levels of VAC, 0.05 wt%, in the composite
scaffold, however, lower cell numbers were detected at early
time points in growth and induction media. Studies have shown
that high levels of vanadium can be toxic to cells, whereas low
levels can induce cellular proliferation (76–78). By the end of the

study, the cell number for the 0.05 VAC composite was
comparable to the composite control, demonstrating that the
higher VAC levels in this study were cytocompatible. Recent
studies performed by Paglia et al. have demonstrated the
therapeutic effect of VAC when both directly injected or
released from a calcium sulfate (CaSO4) carrier in a rat femur
fracture site in a nondiabetic BBWistar model (20,21). In these
studies, the injected VAC was rapidly cleared from the femur
fracture site (21), and the amount used could be reduced using
the CaSO4 carrier (20). Studies did not show an inhibitory effect
on cellular proliferation (19–21). Local administration of VAC
at the fracture site increased the cartilaginous callus formation,
followed by increase in mineralized callus, vascularization, and
increase in the callus mechanical strength (20,21). In this study,
VAC was incorporated into a biocomposite that could provide
long-term VAC release. Providing a sustained amount of VAC
in more challenging large bone defects may be necessary to
increase the osteogenic activity and promote bone healing.

The C/O induction strategy was used to mimic endo-
chondral ossification. Recent literature and our studies
indicate that this approach (endochondral ossification) to
evaluate in vitro bone formation is more representative of
bone formation and healing (39,40,43,45). This strategy
induced higher levels of bone biochemical markers, such as
ALP, osteocalcin, and collagen type I matrix formation for all

Fig. 6. Confocal microscopy images of immunostaining for collagen type II at day 28: a–d 0.05 VAC composite; e–h 0.025 VAC composite; i–l
composite control. Cells are stained for cytoskeleton (F-actin, red), nucleus (DAPI, blue), and collagen type II (green)
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of the composites tested as compared to osteogenic media.
Vanadium salts can induce collagen type I production
(17,18,76,79) while inhibiting ALP production (17,80). In
our work, the inhibition of ALP was not observed. ALP is
produced by hypertrophic chondrocytes, preosteoblast, and
osteoblasts (52,81,82) and plays a crucial role in the matrix
mineralization and calcification process (33,83). At day 28,
cells cultured in C/O media overall showed the highest ALP
activity for the media tested, and the 0.025 VAC composite
had the highest expression as compared to the other
composites. Osteocalcin is one of the noncollagenous proteins
in the bone extracellular matrix (35). It is secreted by
osteoblasts (35) and hypertrophic chondrocytes (84) and
plays a critical role during the bone resorption process. It is
used as a marker of bone formation. The highest osteocalcin
production was observed for cell cultured in C/O media and
for the VAC composites in C/O media. Recent findings
demonstrate that chondrocytes can convert into osteoblasts
(41). As hypertrophy is induced, certain subpopulations of
chondrocytes may turn into osteoblasts thus increasing
osteocalcin production (41). Matrix formation is an important
factor for successful scaffold integration to the host tissue. As
described, studies have shown that the use of vanadium
compounds both in vitro and in vivo induces collagen
production (16,18–21,26). The 0.05 VAC composite was able
to stimulate higher levels of collagen production for cells

cultured in C/O and CCM media than the other composites.
In addition, cells cultured in C/O media had more collagen
production than in OS media although collagen type I
immunostaining was observed in the GM media. These
studies used male donors; the gender differences need to be
further studied to evaluate if donor gender will have an effect
in the results (85,86).

During endochondral bone formation as chondrocytes
proliferate, they create a cartilaginous extracellular matrix.
Sulfated GAGs are major components of the cartilage extracel-
lular matrix and are indicators of chondrogenesis and cartilage
formation (25). Cells cultured on the 0.05 VAC composite in
CCM media showed the highest level of sGAG formation as
compared to the other composites. Sox9 is expressed by
chondrocytes of the proliferating and prehypertrophic zones
(87). Cells on VAC composites had an increase in Sox9 gene
expression in GM, CCM, and C/O. The levels of Sox9 expression
reduced over time in GM and CCM media and remained
upregulated in C/Omedia for the duration of the study indicating
prehypertrophic conditions. Studies show that Sox9 can be a
negative regulator of cartilage vascularization, inhibiting the
terminal differentiation of hypertrophic chondrocytes by sup-
pressing VEGF expression (87). Even though Sox9 was upreg-
ulated in the C/O media conditions, it did not affect VEGF,
MMP-13, and collagen typeX expression, which are hypertrophic
markers. VEGF gene expression was the highest on VAC

Fig. 7. Confocal microscopy images of immunostaining for VEGF at day 28: a–d 0.05 VAC composite; e–h 0.025 VAC composite; i–l composite
control. Cells are stained for cytoskeleton (F-actin, red), nucleus (DAPI, blue), and VEGF (green)
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composites with a 10- to 1000-fold increase, and VEGF, as
indicated by immunostaining, was incorporated in the ECM
matrix for cells cultured onVAC composites. The upregulation of
VEGF was the highest in C/Omedia conditions for cells on VAC
composites at the 28-day time point, and VEGF production was
also observed for cells cultured on the composite control in C/O
media conditions. Angiogenesis is one of the most critical factors
for successful bone formation throughout the scaffold and
scaffold integration to the host tissue (63–65). Osteocalcin gene
expression was low for all groups (data not shown), which was
also shown by Patlolla and Arinzeh (46) for the composite
control. However, the osteocalcin protein production was high
for the VAC composites in C/O and CCM media. Studies show
that insulin and insulin mimetics can increase osteocalcin protein
production (2,17,18,88).

CONCLUSIONS

In this study, a bioactive composite scaffold containing
VAC promoted osteogenic differentiation and supported cell
growth. The novel VAC-containing composite also was able
to stimulate VEGF gene expression and production, indicat-
ing its potential to induce angiogenesis in vivo. Cells on VAC
composites demonstrated increased matrix formation and

production of bone markers, ALP, and osteocalcin and
upregulation of collagen type X and MMP-13 hypertrophic
chondrocyte markers indicating the potential for this scaffold
to support endochondral ossification. Establishing a model to
assess endochondral bone formation in vitro might be of
further interest when designing and evaluating scaffolds for
bone tissue engineering.
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