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Abstract: Tissue engineering scaffolds should ideally
mimic the natural ECM in structure and function. Electro-
spun nanofibrous scaffolds are easily fabricated and possess
a biomimetic nanostructure. Scaffolds can mimic ECM func-
tion by acting as a depot for sustained release of growth
factors. bFGF, an important growth factor involved in tissue
repair and mesenchymal stem cell proliferation and differ-
entiation, is a suitable candidate for sustained delivery
from scaffolds. In this study, we present two types of PLGA
nanofibers incorporated with bFGF, fabricated using the
facile technique of blending and electrospinning (Group I)
and by the more complex technique of coaxial electrospin-
ning (Group II). bFGF was randomly dispersed in Group I
and distributed as a central core within Group II nanofibers;
both scaffolds showed similar protein encapsulation

efficiency and release over 1–2 weeks. Although both scaf-
fold groups favored bone marrow stem cell attachment and
subsequent proliferation, cells cultured on Group I scaffolds
demonstrated increased collagen production and upregu-
lated gene expression of specific ECM proteins, indicating
fibroblastic differentiation. The study shows that the elec-
trospinning technique could be used to prolong growth fac-
tor release from scaffolds and an appropriately sustained
growth factor release profile in combination with a nanofi-
brous substrate could positively influence stem cell behav-
ior and fate. � 2009 Wiley Periodicals, Inc. J Biomed Mater
Res 93A: 1539–1550, 2010
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INTRODUCTION

Tissue engineering offers a method of healing inju-
ries that would otherwise require treatment with tis-
sue grafts or prostheses. However, research in this
field faces several limitations like the lack of an ideal
cell type for engineering various tissues, as well as
the lack of ideal scaffolds that could aid and sustain
the growth and proliferation of the seeded cells to
regenerate the injured tissues. Use of mesenchymal
stem cells, derived from replenishable sources like
the bone marrow, has an advantage over use of dif-
ferentiated cells which would require harvesting and
enzymatic digestion of healthy tissues from donor
sites. However, such stem cells would need to prolif-
erate and then differentiate into the desired pheno-
type with the aid of adequate chemical, mechanical,
or biological stimuli. Biological stimuli like growth
factors are commonly used to promote stem cell pro-
liferation and differentiation. In most studies, the

growth factors are supplied directly into the culture
medium at regular intervals. However, this is feasi-
ble only in vitro but not in in vivo applications, when
it is desirable to have a sustained release of bioactive
growth factor from the scaffold.

Scaffolds with sustained growth factor release
capability are often fabricated using hydrogels.1

However, hydrogel-based scaffolds have limitations
such as cell death in the depths of the scaffolds as
well as poor mechanical properties, and can only be
used for applications where mechanical properties
or uniform 3-D distribution of cells are not of major
concern. There is thus a need for development of
alternate methods of growth factor delivery in scaf-
folds. Recently, electrospinning technology has been
increasingly used to fabricate nanofibrous scaffolds
for tissue engineering of skin, bone, tendon, liga-
ment, cartilage, neurons and blood vessels. These
constituent fibers, most commonly referred to as
‘‘nanofibers,’’ ‘‘submicron range,’’ or ‘‘ultrafine’’
fibers, possess diameters ranging from 100 nm to
5 lm, and consequently have a high surface area to
volume ratio, suitable for cell attachment and prolif-
eration. Various cell types including mesenchymal
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stem cells have been grown successfully on nano-
fiber scaffolds and such cells also have been induced
to differentiate along osteocytic, adipocytic, and
chondrocytic lineages.2,3 Another phenotypic differ-
entiation that is important for engineering of various
connective tissues like tendons, ligaments, and skin
is fibroblastic differentiation. Among the various
growth factors that have been shown to influence
fibroblastic differentiation of mesenchymal stem
cells, bFGF is a leading candidate, stimulating not
only fibroblastic differentiation, but also MSC pro-
liferation and self-renewal.4 bFGF is known to play
an important role in the embryonic development
and differentiation of various connective tissues,
and also mediates angiogenesis, wound healing and
tissue repair.5,6 However, like most growth factors,
bFGF has a very short plasma half-life (90 s), and
for optimal effects, it requires repeated local admin-
istration. Incorporating bFGF into nanofibers is an
attractive way of ensuring continued local release
of the growth factor, allowing proliferation and
fibroblastic differentiation of the seeded bone marrow
stem cells (BMSCs). Generation of such fibrogenic
tissues is essential for engineering of ligaments and
tendon, which are the research focus of the author’s
group.7–11

The versatility of the electrospinning technique
offers a possibility of incorporating protein growth
factors within polymer nanofibers, which could then
serve as a source of continued and controlled release
of the growth factor.12–16 Coaxial electrospinning, a
modification of the electrospinning technique using
two concentric needles [Fig. 1(B)] has been used to
spin two immiscible solutions into coaxial fibers;17–19

proteins have been incorporated into the core of
such nanofibers.16,17,20 Such a method protects the

protein from the organic solvent used to dissolve the
outer polymer coat, and also enables electrospinning
of a protein solution that is otherwise not ‘‘electro-
spinnable.’’ While incorporation of growth factors
into nanofibers has been attempted before,12,15 stud-
ies on coaxial electrospinning have been mostly lim-
ited to model proteins like albumin and lysozyme,
with a single study using a growth factor.14 More-
over, there are no comparative studies on the incor-
poration and release of growth factors from nanofib-
ers fabricated using conventional electrospinning
and coaxial electrospinning.

In this study, we present two modifications of the
electrospinning technique to develop bFGF-releasing
PLGA nanofibers, fabricated by blending and
electrospinning (Group I) or by coaxial electrospin-
ning (Group II). The nanofiber matrices were cha-
racterized morphologically, physicochemically and
also biologically to evaluate their efficacy for
allowing mesenchymal stem cell proliferation and
differentiation.

MATERIALS AND METHODS

Scaffold fabrication

Group I nanofibers were fabricated by mixing an aque-
ous solution of 20 lg of lyophilized bFGF (Raybiotech) in
333 lL of 5 mM TRIS (pH 7.6) containing 0.1% Bovine Se-
rum Albumin (BSA; Sigma Aldrich, St. Louis), with 1.5 mL
of 6.1% PLGA (PLA85:PGA15; Purac Asia Pacific, Singa-
pore) solution in hexafluoro-2-propanol (HFIP; Fluka
Chemie GmBH, Germany). After vortexing for 1 min, this
blend was electrospun using a high voltage power supply
unit (RR 30-2P/DDPM, Gamma High-Voltage Research,

Figure 1. (A) Blend electrospinning setup; (B) coaxial electrospinning setup: ‘‘core-shell’’ structured nanofibers can be
electrospun using two different solutions passing through two coaxial needles. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Ormond), at 10–12 kV and a flow-rate of 0.45 mL/h, onto
several round glass coverslips placed on a grounded col-
lector, about 15 cm from the positively-charged spinneret
[Fig. 1(A)].

Group II nanofibers were fabricated by using a coaxial
electrospinning set-up [Fig. 1(B)]. Using the same solutions
but instead of mixing them as in Group I, the bFGF solu-
tion was kept in the inner channel of the set-up and the
PLGA solution in the outer channel. Electrospinning was
performed at a similar voltage, using a flow-rate of
0.1 mL/h for the inner solution and 0.35 mL/h for the
outer solution. The final weight composition of either
group of scaffold would be identical as shown in Table I.

Control scaffolds not containing bFGF were also fabri-
cated for both groups by replacing the bFGF solution with
5 mM TRIS buffer (pH 7.6) containing 0.1% BSA. The
bFGF containing scaffolds are termed (þ) and those with-
out are termed as (2) in each group. The scaffolds were
vacuum-dried at room temperature overnight and then
kept in a desiccator at 48C until further use.

Scaffold characterization

The scaffolds were characterized for their morphology,
protein distribution and hydrophilicity, using a variety of
techniques.

i. Scanning electron microscopy. The nanofiber matri-
ces, collected on glass slides for 60 seconds, were
sputter-coated with gold at 10 mA, 10 psi for 50–60 s
(JFC-1200 Fine Coater, JEOL) and their morphology
observed by SEM (JSM-5800LV, JEOL, Tokyo, Japan)
at 100 kV accelerating voltage. The images were
analyzed by image analysis software (Olympus
MicroImage v4.5.1, Olympus Optical, Germany) to
determine the diameter distribution of the fibers.

ii. Atomic force microscopy. Nanofibers were collected
on mica films for 5 min, and imaged using an AFM
(Quartz, Cavendish Instruments, UK); the images
were processed and analyzed using MultiView 1000
software (Nanonics Imaging, Israel).

iii. Fluorescence Microscopy. FITC-conjugated BSA
(Sigma Aldrich, St. Louis) was used as a model
protein to study protein distribution within the
nanofibers, collected for 15 s on glass cover slips, by
fluorescence microscopy using a laser scanning con-
focal microscope (LSCM, Leica TCS SP2, Germany).

iv. Static Water Surface Contact Angle. Surface contact
angle (SCA; VCA-Optima, AST Products, MA)
measurements were performed on the various scaf-
folds, and also on pure PLGA nanofibrous scaffolds.

Since the rough surface of nanofibrous scaffolds
could potentially confound SCA measurements,
overestimating the hydrophobicity of surfaces, thin
films of PLGA and PLGA-BSA blends were also
used as additional controls.

v. Attenuated Total Reflectance-Fourier Transform
Infrared (ATR-FTIR) Spectroscopy. ATR-FTIR Spec-
troscopy was performed on the coaxial and blend
scaffolds to ascertain the presence of proteins in the
nanofibers.

vi. Transmission Electron Microscopy. Transmission
Electron Microscopy (TEM, JEOL JEM-2010F) was
also performed to further confirm the results after
collecting the nanofibers for 15 s on formvar-coated
copper grids, carbon-coating and drying in a
vacuum oven for 48 h at room temperature before
TEM imaging at 100kV.

Protein release kinetics

Nanofibrous scaffolds were collected on 35-mm diameter
glass coverslips (n5 12, for each group). The nanofiber layer
was carefully cut around the coverslips which were
weighed before and after electrospinning to estimate the
average weight of the nanofiber matrix on each coverslip.
The coverslips with nanofiber-matrix were placed in sepa-
rate wells of four 6-well plates, were incubated in 5 mL of
release buffer comprising 13 PBS with 0.1% BSA and 0.01%
sodium azide (Fluka Chemie GmBH, Germany), at 378C
over a period of 2 weeks. The nanofiber scaffolds were kept
submerged in the wells by using stainless steel rings. After
specified intervals (days 1, 3, 7, and 14), the release-medium
was collected and the kinetics of bFGF release from the scaf-
folds (n 5 3) were analyzed by ELISA using a FGF-2 ELISA
kit (Calbiochem, Merck KGaA, Germany).

Efficiency of loading or encapsulation of protein in the
nanofibers for the two electrospinning methods was deter-
mined by base-surfactant method.21 Scaffolds of each
group (n 5 3) were dried, weighed and subjected to hy-
drolysis in 0.1N NaOH, 5M Urea, 0.08% SDS in 50 mM
Tris extraction medium at 378C for 3 h. After neutraliza-
tion with 0.1N HCL and centrifugation, the protein concen-
tration in the supernatant was measured. As bFGF levels
after such base-surfactant extraction were below the detec-
tion levels of the ELISA kit, total protein content in the su-
pernatant were measured by Bradford microassay. Protein
encapsulation efficiency was calculated from the ratio of
the protein content in the supernatant to the theoretically
obtained total protein content of the electrospun scaffolds.

BMSC isolation and culture

Rabbit BMSCs were isolated and cultured by a previ-
ously described protocol,10 approved by the NUS Institu-
tional Animal Care and Use Committee, National Univer-
sity of Singapore. In brief, bone marrow was aspirated
from the iliac crest of anaesthetized New Zealand White
Rabbits (NZWR) and collected into polypropylene tubes
containing preservative-free heparin (1000 units/mL). The
bone marrow was then diluted in an equal volume of

TABLE I
Protein and PLGA Composition in the

Electrospinning Solution(s)

Component Concentration (%) Volume (lL) Weight (mg)

FGF-2 –
333

0.020
BSA 0.1 0.333
PLGA 6.1 1500 91.50
Total 91.853

f
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culture medium containing Dulbecco’s modified Eagle’s
medium (DMEM) with low glucose, L-glutamine, 110 mg/
L Na-Pyruvate, Pyridoxine HCl (GIBCO, Invitrogen Corpo-
ration, CA), fetal bovine serum (15% w/v; GIBCO), and
plated into culture flasks. BMSCs were selected by their
property of short-term adherence to tissue culture polysty-
rene, on incubation at 378C with 5% humidified CO2. After
24 h, nonadherent cells were discarded and adherent cells
cultured, every 3 days medium was changed. When cul-
ture flasks became nearly confluent after about 7 days, the
cells were detached and serially subcultured. Semiconflu-
ent cells of early (second or third) passage were used for
cell seeding experiments.

Cell seeding and culture on scaffolds

Nanofibrous scaffolds, collected over 3 h on 32-mm
diameter glass coverslips, were sterilized by exposure to
formaldehyde gas for 1 h followed by degassing overnight
in the biosafety cabinet. Scaffolds were placed in 6-well
plates and seeded with rabbit BMSCs at a density of
104 cells/cm2 in DMEM-High Glucose (Sigma Aldrich)
supplemented with 5% FBS and 1% Penicillin-Streptomy-
cin (GIBCO). The constructs were cultured in a 5% CO2 in-
cubator at 378C for 2 weeks, with the medium being
replaced every 3 days.

Cell seeding efficiency

The cell seeding efficiency was estimated from the pro-
portion of unattached cells in the culture medium, using a
method previously described.10 After incubating the cell-
seeded scaffolds (n 5 6, for each scaffold type) for 18 h,
the culture medium was collected from the wells into
separate centrifuge tubes. The cell pellets obtained after
centrifugation were resuspended in 100 lL of medium and
cell count performed. The cell seeding efficiency was
expressed as the number of cells attached to the scaffold
as percentage of the number of cells seeded.

Live cell staining and SEM imaging of
cell proliferation

Fluorescein diacetate (FDA, Molecular Probes, Invitro-
gen Corporation) was used to stain the live cells on the
construct. After removing the culture medium, cell-seeded
scaffolds were rinsed with 13 PBS and then incubated in
1 mL 13 PBS supplemented with 2 lL FDA (5 mg/mL)
for 30 min at 378C. After rinsing twice with 13 PBS, the
green-stained live cells were visualized using an inverted
fluorescence microscope (IX71 Inverted Research Micro-
scope, Olympus) with a blue filter (excitation k: 480 6
20 nm, emission k: 535 6 25 nm).

For SEM, the samples were rinsed with 13 PBS, fixed
with 3.7% formaldehyde for 30 min and then rinsed with tap
water. The samples were then dehydrated in graded concen-
trations of ethanol and then air dried overnight. The dried
samples were sputter-coated with gold and observed under
the SEM at an accelerating voltage of 15 kV.

Cell proliferation assay

Cell proliferation on the scaffolds was estimated by
DNA quantitation using the PicoGreen assay (Molecular
Probes, Invitrogen) on the 3rd, 7th, and 14th day of in vitro
culture. After a cycle of freeze-thawing and freeze-drying,
400 lL of lysis buffer was added to each well and mixed
well by pipetting. The lysis buffer was prepared by mixing
nine parts of TE buffer from the PicoGreen kit (Molecular
Probes, Invitrogen) and one part of RLT Buffer (Qiagen
easyRNA extraction kit), supplemented with 1:100 b-mer-
captoethanol. The cell-lysate was carefully aspirated into a
1.5 mL microcentrifuge tube, vortexed for 6 min and cen-
trifuged at 13,000 rpm for 10 min. Twenty microliters of
the supernatant was added to separate wells in a 96
NUNC black well plate containing 80 lL of prewarmed
PicoGreen dye, and mixed by pipetting. Fluorescence
intensity at 520 nm wavelength was measured using a
microplate reader (FLUOstar OPTIMA, BMG Labtech
GmbH, Germany) after excitation at 485 nm, using a gain
of 1000, 10 flashes per well, and a position delay time of
0.2–0.5s. BMSC proliferation on TCP in DMEM-HG with
5% FBS was also measured as a control.

Collagen production: Sircol assay

Collagen being one of the key components of the ECM,
it is vital that it is produced in abundant amounts by the
seeded cells. Moreover, increased collagen production and
deposition would also be indicative of stem cell differen-
tiation into a fibroblastic lineage.

On the 3rd, 7th, and 14th day of culture, the total solu-
ble collagen synthesized and secreted into the culture me-
dium was determined by SirCol1 Assay (Biocolor, North-
ern Ireland) using previously described methods.10 The
culture medium was replaced by fresh DMEM with 5%
FBS, 2 days before the day of assay, to ensure that only
freshly synthesized soluble collagen was assayed. Absorb-
ance of PicroSirius Red stained collagen was read at
540 nm (TECAN Microplate Reader, Magellan Instrument
Control and Data Analysis Software) to obtain the concen-
tration of collagen in the medium, which was then multi-
plied with the total volume of medium collected from the
respective scaffolds to give an estimate of the total amount
of collagen secreted per scaffold over 2 days. Collagen
production from BMSCs grown on TCP in DMEM-HG
with 5% FBS was also measured as a control.

Q-RT-PCR analysis for expression of fibrous ECM
proteins from BMSCs

In addition to increased proliferation, bFGF is expected
to induce fibroblastic differentiation of BMSC and an asso-
ciated upregulation of gene expression for fibrous ECM
proteins. The gene expression of two predominant fibrous
ECM proteins, collagen type I and fibronectin, were stud-
ied and compared on the two scaffold groups (n 5 3, for
each group).

Total RNA was extracted from day 14 samples of the both
scaffolds groups and also from BMSCs cultured on TCP
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under the same culture conditions (DMEM-HG with
5%FBS) using Qiagen RNeasy Kit1. The RNA extract was
assessed for its purity and concentration of RNA by spectro-
photometry and stored at 2808C. Quantitative or real time
RT-PCR (Q-RT-PCR) was performed in duplicate for each
sample using SYBR-Green chemistry for collagen Type I and
fibronectin, using GAPDH and b-actin as reference genes.
The primer sequences (as in Table II) were either obtained
from published literature22 or designed from rabbit gene
sequences obtained from the GenBank database, using
Primer-3 software, and synthesized by Research Biolabs,
Singapore and optimized for PCR efficiency (>90%) and
specificity (single peaks on melt curve and single bands of
expected molecular weight after electrophoretic separation).
Q-RT-PCR was performed using a two-step method wherein
cDNA was synthesized from RNA (iScript, Bio-Rad Labora-
tories, CA) followed by real time PCR expansion (iQ SYBR
Green Supermix, Bio-Rad Laboratories, CA) using the
specific primers on a iCycler iQ detection system (Bio-Rad
Laboratories, CA). Data were analyzed for relative expres-
sion using the DDCT method, after normalization against the
expression profile of cells grown on TCP.

Data reduction and statistical analysis

Data were analyzed by single-factor ANOVA and post
hoc Tukey tests for multiple comparisons and two-tailed,
unpaired Student’s t-tests for pair-wise comparisons.
Results were presented as mean 6 standard deviation and
p < 0.05 was accepted as significant.

RESULTS

Scaffold characterization

Scaffolds of both Group I and II were observed to
be composed of continuous nanofibers with similar
morphology on SEM and AFM. AFM images
obtained on scaffolds (Fig. 2) demonstrated groups
of nanofibers of 500–700 nm diameter; such grouping
of nanofibers is likely the result of splitting during

electrospinning of a single jet into multiple sub-jets,
immediately before collection on the substrate. SEM
images showed nanofibers with diameter distributed
between 100 and 500 nm (Fig. 3). Narrower fiber
diameters were obtained from SEM images due to
observed fiber shrinkage resulting from thermal deg-
radation of PLGA by the high energy electron beam,
especially at higher magnifications.23

FTIR studies indicated that protein was incorpo-
rated in both groups of nanofibers; the presence of
additional peaks at 1635 and 1644 cm21, correspond-
ing to protein Amide I and at 1534 cm21, correspond-
ing to protein Amide II is characteristic of proteins
(Fig. 4). The peaks were more prominent on the Group
I fibers, presumably due to a more superficial arrange-
ment of the proteins on these fibers. All nanofibers
had a characteristic peak at 1758 cm21 corresponding
to C¼¼O stretch in the PLGA molecule.24

Group I scaffolds were less hydrophobic (SCA,
121.18) than Group II (128.48) and PLGA-only nano-
scaffolds (129.18). As with rough nanofibrous scaf-
folds, thin films of the PLGA-protein blend used to
fabricate the Group I scaffolds were also less hydro-
phobic (SCA, 808) compared to PLGA films (SCA,
94.58) suggesting that blending resulted in random
dispersion and a more superficial distribution of pro-
teins in the nanofibers (Fig. 5). This was confirmed
by LSCM and TEM (Fig. 6), which showed a random
dispersion of proteins within Group I nanofibers but
a ‘‘core-shell’’ structure within Group II nanofibers.
While most nanofibers in Group I showed the pres-
ence of protein, the distribution of protein in the
Group II nanofibers was not continuous and not all
fibers possessed the protein core.

Protein release kinetics

Scaffolds collected on 35-mm diameter coverslips
had an average weight of 13.5 6 2.46 mg. Both
scaffold groups had a similar protein encapsulation
efficiency of 54 6 5%. Release kinetics results
indicate that both scaffolds could sustain a release
for 1 week. Compared to Group I scaffolds, which
released all the encapsulated bFGF in 7 days, Group
II scaffolds could sustain the release till 14 days. The
cumulative release profile from the two scaffold
groups are plotted in Figure 7.

Cell seeding efficiency and cell proliferation
(Live cell staining, SEM, picogreen assay)

More than 90% of the seeded rabbit BMSCs
attached onto the scaffolds in 18 h. Better cell prolif-
eration and spreading was observed on bFGF-releas-
ing scaffolds, especially in Group I, by fluorescent

TABLE II
Real-Time PCR Primers Used in the Study

Primer Sequence

Collagen I (a2) F: GCA TGT CTG GTT AGG AGA AAC C
R: ATG TAT GCA ATG CTG TTC TTG C

Fibronectin F: CTC ACC CGA GGC GCC ACC TA
R: TCG CTC CCA CTC CTC TCC AAC G

GADPH F: GAC ATC AAG AAG GTG GTG AAG C
R: CTT CAC AAA GTG GTC ATT GAG G

b-Actin F: CCC ATC TAC GAG GGC TAC G
R: CCA CGT AGC ACA GCT TCT CC

Primers for collagen type I, GAPDH and b-actin were
designed from NZWR gene sequences obtained from Gen-
Bank (accession Numbers D49399, NM_001082253 and
AF309819, respectively) using Primer3 Software (http://
frodo.wi.mit.edu). Primers for fibronectin were obtained
from published literature.22

GF DELIVERING NANOFIBERS FOR TISSUE ENGINEERING SCAFFOLDS 1543

Journal of Biomedical Materials Research Part A



microscopy after live cell staining with FDA and
SEM (Fig. 8).

PicoGreen assay corroborated the aforementioned
findings showing that the cell population on the
Group I (þ and 2) scaffolds increased gradually and
consistently over the 2 weeks of culture. Scaffolds
containing bFGF always showed higher cell prolifer-

ation compared to the respective control scaffolds
without bFGF. On day 14, Group I (þ) scaffolds had
significantly higher cell population as compared
with Group I (2) scaffolds on the same day; simi-

Figure 3. Histogram showing diameter distribution of
nanofibers as measured from SEM images. Both Group I
and II had 85% of the fibers in 100–500 nm diameter
range.

Figure 4. FTIR spectra demonstrating presence of pro-
teins in the Group I (in red) and Group II nanofibers (in
green) indicated by characteristic protein Amide-I peaks
(1635/1644 cm21) and protein Amide II peaks (1534 cm21)
that are absent in the spectral plot of pure PLGA nanofib-
ers (in blue). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 2. Two-dimensional (A) and three-dimensional (C) AFM images showing Group I nanofibers of 500–700 nm diam-
eter, as measured by profiling along x-y (B); SEM image (D) showing fibers ranging in diameter from 100 to 500 nm.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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larly, Group II (þ) scaffolds had higher cell prolifera-
tion compared to Group II (2). No statistical differ-
ence was observed between Group I and Group II

scaffolds. Cells cultured on TCP gave prominently
higher readings compared to the various nanofibrous
scaffolds (Fig. 8); this was likely the result of a
higher efficiency of cell lysis and DNA extraction
from culture flasks as compared to scaffolds.

Collagen production: Sircol assay

No definite trend could be observed from the
Sircol assays and collagen production was similar on
the various scaffolds and TCP substrate during the
2 weeks of culture (data not shown). In all the sets,
the values dropped from day 3 to day 7 but showed
an increase at day 14. This could be possibly because
of falsely high Day 3 values resulting from proteins
from unattached dead cells derived from the seeded
cell population, in the assayed culture medium. As
the total cell number on the different scaffolds were
different on the various time points, collagen pro-
duction was normalized against the respective cell

Figure 5. Surface contact angles of the different nanofib-
ers, and of PLGA and blend films, showing that blending
with proteins increased hydrophilicity.

Figure 6. Different protein distribution patterns in Group I and II nanofibers observed under LSCM (FITC-conjugated
BSA was used as the model protein) and TEM: random dispersion within Group I and as a uniform core within the ‘‘core-
shell’’ Group II nanofibers. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.
com.]
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proliferation assay values, and against the TCP value
on day 3, to determine the average collagen produc-
tion per cell (Fig. 9). Group I scaffolds produced
showed significantly higher average collagen pro-
duction on day 3, as compared to Group II scaffolds
and TCP. By day 7, bFGF-releasing scaffolds showed
significantly higher average collagen production
[Group I (þ): 53% higher, Group II (þ): 47% higher]
than the respective controls. All nanofibrous scaf-
folds had higher collagen production compared to
the TCP control on day 14.

Q-RT-PCR analysis for expression of fibrous ECM
proteins from BMSC

Analyses of Q-RT-PCR results (Fig. 10) by single-
factor ANOVA showed upregulation of gene expres-
sion for the fibrous ECM proteins, collagen type I
and fibronectin, in the BMSCs grown all nanofibrous
scaffolds compared to BMSCs on TCP, at the end of
one week. Collagen type I expression was lower on
the Group I (þ) scaffolds than on the Group I (2)
control on day 7, but the scenario was reversed by
day 14. Although the expression of collagen type I
on the Group I (þ) scaffolds increased between day
7 and day 14, that of fibronectin decreased (on all
nanofibrous scaffolds). By the end of 2 weeks, Group
I (þ) scaffolds showed significantly higher gene
expression of collagen type I and fibronectin com-
pared to all other groups. In comparison, cells grown
on Group II (þ) scaffolds, surprisingly, showed

lower collagen type I and fibronectin gene expres-
sion, at the end of 2 weeks, compared to TCP con-
trol. While gene expression levels were significantly
higher on Group II (þ) compared to Group II (2)
scaffolds on day 7, there were no difference in gene
expression levels at the end of 2 weeks.

DISCUSSION

Two types of polymeric nanoscaffolds capable of
continued release of a bioactive growth factor over a
period of 1 week were developed. It was found that
both Group I and Group II scaffolds were composed
of smooth continuous nanofibers, with proteins suc-
cessfully incorporated in them, randomly dispersed
in Group I and as a central core within Group II
nanofibers. While Group I scaffolds were more
hydrophilic, both groups favored BMSC attachment
and cell proliferation was better on the bFGF-releas-
ing scaffolds compared to respective controls with-
out the growth factor. Group II scaffolds allowed a
slightly longer sustained release of the encapsulated
growth factor. Though total soluble collagen produc-
tion was similar on the different scaffolds, the aver-
age collagen production per cell was higher on the
bFGF-releasing scaffolds than their respective con-
trols on day 7. On day 14, gene expression for colla-
gen type I and fibronectin were better on bFGF-
releasing Group I (þ) scaffolds compared to their
Group II counterparts, suggesting that Group I (þ)
scaffolds were more conducive for fibroblastic differ-
entiation of BMSCs.

Nanofibers as vehicles for controlled delivery
of bioactive molecules

In this study, it was shown that bFGF was incor-
porated successfully into and released gradually
from electrospun nanofibers. The encapsulation effi-
ciency and the release profile were similar for blend
and coaxial nanofibers, with the growth factor being
released over 1 week. Compared to blend electro-
spinning, the set-up for coaxial electrospinning was
difficult to sterilize and required perfect alignment
of the coaxial needles for continued and stable pro-
duction of coaxial nanofibers. Fabrication of Group I
scaffolds was thus relatively more facile than Group
II scaffolds.

The potential of electrospun nanofibrous scaffolds
to incorporate and release proteins like growth fac-
tors has been recently explored by several research-
ers.12–15 Protein release from nanofibers has been
hypothesized to be effected through a combination
of passive diffusion across nanopores on the nano-
fiber surface and material degradation of the nano-
fibers.17,20,25 Although inclusion of porogens could

Figure 7. bFGF release profile showing prolonged release
of bFGF over at least 1 week; Group II nanofibers showed
a slightly prolonged release profile. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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increase the rate of release, small proteins have been
reported to diffuse through PLGA shells created
without porogens.26 It is to be noted that electrospin-
ning results in chain scission of PLGA molecules
and increase in their rate of subsequent hydrolytic
degradation, particularly in the amorphous
regions.27 Protein release from the nanofibers devel-
oped in this study is also expected to have the
underlying mechanisms of diffusion and degrada-
tion. The magnitude and kinetics of protein release

may thus be controlled by modifying the amount of
growth factor loaded into the scaffold and the
material composition of the nanofibers.28 Both the
concentration and duration of exposure to bFGF,
and the presence of other growth and differentiation
factors influence cell behavior4,29,30; by varying the
dose and duration of bFGF release, as well as using
a combination of growth factors, nanofibers could be
further optimized for tissue engineering applica-
tions.

Figure 8. BMSC proliferation on various scaffolds over 2 weeks; better cell proliferation on bFGF-delivering Group I and
II scaffolds, compared to scaffolds without bFGF, was demonstrated by PicoGreen assay, fluorescence microscopy after
FDA staining and SEM (*, significant difference; #, apparently high cell proliferation on 2-D TCP substrate). [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Bioactivity of the released bFGF was not deter-
mined in this study; it is expected that the bFGF,
once released into the buffer, would lose bioactivity.
As the release media were collected after prolonged
periods of incubation, this study design precluded
obtaining of reliable data on bFGF bioactivity or
release efficiency (percentage of encapsulated bFGF
that was released over 14 days). More frequent sam-
pling could help in obtaining such data.

Nanofibers as biomimetic substrates for cells

The resemblance of nanofibrous substrates to the
nanostructure of natural ECM, where collagen type I
fibrils have similar diameters ranging between 50 and
500 nm, is postulated to facilitate cell attachment, prolif-
eration and ECM deposition.10,11 In this study, BMSCs
demonstrated gene upregulation of fibrous ECM pro-
teins after 7 days of culture on Group I (2) scaffolds
without bFGF, indicating the contribution of nanotopo-
graphic cues from the scaffold in determining cell
behavior and fate. Incorporation and release of bFGF
resulted in significantly higher gene expression on
Group I (þ) compared to Group I (2) scaffolds on day
14, suggesting a synergistic effect of nanotopography
and growth factor release on the cells.

Collagen and fibronectin showed different tempo-
ral patterns of gene expression. Collagen type I
under-expression on day 7, but overexpression by
day 14, on Group I (þ) scaffolds suggests that high
bFGF levels initially maintained BMSCs in an
actively proliferating undifferentiated phenotype,
while more sustained bFGF levels stimulated their
fibroblastic differentiation in the 2nd week. In con-

trast, fibronectin showed an earlier expression pro-
file. Fibronectin is known to regulate initial cell
attachment and survival, and its downregulation in
the second week is indicative of cell maturation and
accumulation of collagenous ECMs.31,32

However, the reason behind BMSCs behaving dif-
ferently on the Group II nanofibers, where the bFGF
release profile was only slightly different, is not fully
understood. Although physical differences (such as
the observed lower surface contact angle and higher
hydrophilicity in the Group I nanofibers, that govern
initial protein and cell adhesion) could be a cause, it
is likely that other factors like material properties
(such as surface chemistry, surface energy or topog-
raphy of the nanofibers) that have not been investi-
gated in this study, might be positively influencing
BMSC fate on the Group I nanofibers.

Effect of bFGF release profile on BMSC
proliferation and differentiation

Inclusion of bFGF in either scaffold group resulted
in increased cell proliferation. PicoGreen readings

Figure 9. Normalized values of collagen production: cell
proliferation on the scaffolds over 2 weeks of culture;
Group I scaffolds showed higher average collagen produc-
tion compared to their Group II controls on day 3 (#);
bFGF-releasing scaffolds showed significantly higher (*)
collagen production [Group I (þ): 53% higher, Group II
(þ): 47% higher] than the respective controls on day 7; col-
lagen production on all nanofibrous substrates were signif-
icantly higher than on TCP substrate on day 14 (**).

Figure 10. Q-RT-PCR analysis showing a significant gene
upregulation of collagen type I and fibronectin on all
nanofibrous scaffolds compared to TCP at the end of
1 week; fibronectin expression declined in the 2nd week,
but after 2 weeks, Group I (þ) scaffolds showed signifi-
cantly higher gene expression of both fibrous proteins
compared to all other groups.
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obtained from cells grown on culture flasks were
higher; this was likely the result of a higher effi-
ciency of cell lysis and DNA extraction from the 2D
substrate of culture flasks as compared to 3D nanofi-
brous scaffolds.33 A drop in cell proliferation values
was observed on both Group II (þ) and (2) scaffolds
on day 7. This could be because of the fact that the
growth factor release from the coaxial Group II (þ)
scaffolds was not sufficiently high to stimulate cell
proliferation. On the contrary, a faster release of
bFGF from the Group I (þ) scaffolds could sustain
consistent cell proliferation.

Fibroblastic differentiation of BMSCs on Group I
(þ) scaffolds, indicated by significant gene upregula-
tion of fibrous ECM proteins, also suggests that
bFGF released over 1 week was sufficient and more
effective that a more prolonged release. Several
injured connective tissues have increased tissue lev-
els of bFGF only during the 1st week of injury.34–36

The Group I (þ) scaffold could thus ‘‘biomimick’’ the
ECM of such injured tissues in both structure and
function by providing a nanofibrous topography as
well as a week-long supply of bioactive bFGF to the
resident cells. Usual in vitro culture conditions using
5–15% FBS have bFGF levels of 15–45 pg/mL.37 Pre-
vious studies have shown that BMSCs grown in cul-
ture medium supplemented with 0.1–10 ng/mL of
bFGF and replenished twice weekly resulted in
increased proliferation, self-renewal and differentia-
tion into fibroblastic cells.4,38 However, in this study,
a sustained bFGF level in the concentration of pico-
grams was shown to be sufficient to induce the same
effects.

This study demonstrated the effect of sustained
release of a single growth factor from electrospun
nanofibers. Stem cell differentiation usually depends
on a combination of growth and differentiation fac-
tors. By modifying the nanofibrous substrate as well
as by introducing different combination of growth
factors, and varying their dose and duration of
release, scaffolds systems could optimized for differ-
ent tissue engineering applications. As nanofibrous
substrates alone do not possess sufficient strength to
mechanically support the regeneration of injured
tissues, nanofibers have been combined with microfi-
brous scaffolds to create hybrid scaffolds for ten-
don/ligament tissue engineering applications10; bio-
active nanofibers developed in this study could be
used to improve such hybrid scaffolds.

CONCLUSIONS

Polymeric nanoscaffolds capable of continued
release of bioactive growth factors, with different
release profiles and surface hydrophilicity, are pre-

sented. The combination of a nanofibrous substrate
and sustained growth factor release could positively
influence cell fate. It has been shown that between
Group I and Group II scaffolds, Group I scaffolds
released the incorporated bFGF in a bioactive form
over 1 week, were more hydrophilic, favored BMSC
attachment and, particularly, proliferation and differ-
entiation into a fibroblastic lineage. However, Group
II scaffolds could sustain the growth factor release
up to 2 weeks. By choosing the appropriate biomate-
rial for nanofiber fabrication and the relevant growth
factor(s), it would be possible to fabricate bioactive
nanofibers suitable for different tissue engineering
applications.
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