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In this work, we developed a nanofibrous, yet injectable orthobiologic tissue scaffold that is capable of hosting
osteoprogenitor cells and controlling kinetic release profile of the encapsulated pro-osteogenic factor without
diminishing its bioactivity over 21 days. This innovative injectable scaffold was synthesized by incorporating
electrospun and subsequently O2 plasma-functionalized polycaprolactone (PCL) nanofibers within the collagen
type-I solution along with MC3T3-E1 cells (pre-osteoblasts) and bone morphogenetic protein-2 (BMP2).
Through changing the PCL nanofiber concentration within the injectable scaffolds, we were able to tailor the
mechanical strength, protein retention capacity, bioactivity preservation, and osteoinductive potential of the
scaffolds. The nanofibrous internal structure of the scaffold allowed us to use a low dose of BMP2 (200 ng/ml)
to achieve osteoblastic differentiation in in vitro culture. The osteogenesis capacity of the injectable scaffolds
were evaluated though measuring MC3T3-E1 cell proliferation, ALP activity, matrix mineralization, and early-
and late-osteoblast specific gene expression profiles over 21 days. The results demonstrated that the nanofibrous
injectable scaffold provides not only an osteoinductive environment for osteoprogenitor cells to differentiate, but
also a suitable biomechanical and biochemical environment to act as a reservoir for osteogenic factors with con-
trolled release profile.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

About 2 million cases of trauma or disease-related bone fractures
occur every year in theUS alone,with an annual direct cost of $10billion
[1]. Bone grafts (auto- and allografts) have primarily been employed in
bone fracture treatment when the defect exceeds the body's inherent
bone healing capacity. However, limited availability of autografts
and possible disease transmission from allografts are major restraints
[2–4]. Furthermore, bone grafts cannot be employed for irregular-
shaped bone fractures due to their solid structures. Bone filler materials
such as polymethylmethacrylate (PMMA) and calcium phosphate-
based resins have been utilized as an alternative to bone grafts due to
their injectability, inexpensive synthesis processes, and immediate
fracture stabilization feature. These injectable bone filler materials;
however, have exothermic polymerization processes and limited regen-
erative potential [5–7]. They are, thus unable to deliver biologics (cells,
proteins/growth factors) and induce regeneration of bone tissue in the
defect area. Consequently, research has focused on bone filler materials
that have both osteoinductive properties similar to autografts and
ering, College of Engineering,
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injectable properties similar to PMMA, yet that are able to deliver bio-
logical factors for osteogenesis and possess three dimensional structure
for bone regeneration.

Bone morphogenetic proteins (BMPs) are pro-osteogenic factors
that play a prominent role in recruiting osteoprogenitor cells, inducing
terminal differentiation into functional osteoblasts and expediting
bone formation in vivo [8–10]. Native BMP2 and its recombinant
equivalents, in specific, are known to stimulate proliferation and differ-
entiation in cells and increase alkaline phosphatase (ALP), osteocalcin,
and collagen type-I gene expression levels in mesenchymal stem cells
[11], C2C12 cells [12] and MC3T3-E1 [13]. Effective administration of
BMP2; however, is challenging because of its short half-life (90 min),
decreased bioactivity, and burst release [14]. To ensure that there is
enough BMP2 remaining at the treatment site to have any therapeutic
effect, BMP2 dosage of more than 100-fold of physiological concentra-
tion has to be introduced in the bone scaffolds. However, higher than
natural BMP2 dosage (around 5 μg) leads to undesirable cytotoxic and
inflammatory effects, increased osteoclastic activity (bone resorption),
uncontrolled ectopic bone formation, and carcinoma [15–17]. Based
on in vitro and in vivo studies, a low dose of BMP2 with a sustained
release profile has been found optimal for osteogenesis [18–20]. Thus,
there is a great need for a BMP2-encapsulated bone scaffold that
is able to both retain the growth factor and preserve its bioactivity
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for the duration necessary to attain conductive environment for
osteogenesis.

In an effort to achieve sustained release profile of growth factors,
protein encapsulation techniques have been investigated. Microspheres
and nanoparticles that act as BMP2 carriers within injectable
scaffolds slow down the protein release rate from the construct
[21–24]. BMP2-loaded polymeric microspheres incorporated into in-
jectable calcium phosphate ceramics have showed favorable release
profiles with prolonged activity of the protein [22]. HA nanoparticles
encapsulated with BMP2 within the chitosan hydrogels [23] and
PLGA/HA composite scaffolds [24] also enhanced the osteoinductivity
of the respective materials. Despite promising results, the limitations
noticed with such encapsulation techniques are initial burst release
and decreased bioactivity of encapsulated proteins due to the organic
solvents used in microsphere and nanoparticle fabrication [25,26].
Thus, growth factors subjected to harsh organic solvents during micro-
sphere/scaffold synthesis were blended with bovine serum albumin
(BSA) prior to encapsulation in order to provide a protective shell
around the protein and subsequently preserving its bioactivity [17,27].
Heparin, a hyper-sulfated glycosaminoglycan is also known to have
high affinity to growth factors [28,29], was reported to extend the
half-life of BMP2 by more than 20-fold in vitro [30].

The objectives of this study were 1) to create an injectable
nanofibrous bone tissue scaffold through incorporating PCL nanofi-
bers into collagen type-1 with osteoprogenitor cells and recombi-
nant human BMP2 and 2) to study how PC nanofiber concentration
affect encapsulated protein retention rate, protein's bioactivity, in-
jectable scaffold's viscoelastic properties, and osteoinductive capac-
ity for bone repair and regeneration. We hypothesized that the
nanofibrous structure of the PCL is ideal for immobilizing BMP2 to
enhance protein retention, while heparin/BSA solution is required
for enhanced bioactivity. We have tested our hypothesis through
(a) characterizing the mechanical and biological properties of the
scaffold with varying concentrations of PCL nanofibers, (b) evaluating
the performance of the biomolecules heparin and BSA in mainte-
nance of BMP2 activity, and (c) investigating the long-term in vitro
osteoinductive potential of the scaffold in terms of proliferation, alka-
line phosphatase levels, matrix mineralization, and osteoblast-specific
gene expression profiles of cells encapsulated within the scaffold.
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2.1. Synthesis of the nanofibrous and injectable orthobiologic biomaterial

The nanofibrous and injectable orthobiologic biomaterial was fabri-
cated through interspersing PCL electrospun nanofibers within the col-
lagen type-I, osteoprogenitor cells, and pro-osteogenic factor loaded
solution. This orthobiologic injectable yet nanofibrous scaffold, called
BMP2/hb-PNCOL, was synthesized by following three major sequential
steps explained below. Fig. 1 illustrates the overall experimental proce-
dure in synthesizing the injectable BMP2/hb-PNCOL scaffold.

A) Polycaprolactone (PCL)nanofiber fabrication and functionalization
PCL nanofibers were fabricated by the electrospinning PCL
(Mw = 45,000, Sigma-Aldrich) dissolved in an organic sol-
vent mixture using our established protocol [31]. Briefly, a
16% (w/v) solution of PCL dissolved in a solvent mixture
with 3:1 volume ratio of chloroform/methanol was delivered
via a syringe pump at a feed rate of 8000 μl/h with 20 KV voltage
supply. The fibers collected on the aluminum foil plate were
dried for 72 h, peeled off as a mat and carefully cut into pieces.
These pieces were further chopped using a high speed homoge-
nizer (Ultra Turrax) to obtain tiny fragments of electrospunmats
that still retained their nanofibrous structure. The fibers were
then subjected to oxygen-based plasma treatment (Harrick
Plasma) for 3 min to introduce functional groups on the surface
of PCL and reduce its hydrophobicity [32].

B) Neutralized collagen type-I solution preparation and cell seeding
within the scaffold
Collagen type-I (BD Biosciences, USA) solution at 4.41 mg/ml
concentration and pH ~ 3–4 was diluted to 2.5 mg/ml and neu-
tralized with chilled 1 N NaOH along with phosphate buffer
saline (PBS) and deionized water according to manufacturer's
protocol. Finely cut pieces of electrospun PCL nanofibers mats
were functionalized and added into the polymerizing collagen
solution at 0%, 1%, 3%, 6% (w/v) concentration to prepare inject-
able PCL-collagen (PNCOL) scaffolds. The fine size of PCL nanofi-
bers allowed us to mix the PNCOL solution homogenously using
a pipette prior to addition of cells and pro-osteogenic factor.
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Pre-osteoblastic cells MC3T3-E1 (ATCC, CRL-2593; USA) be-
tween passages 3–5 were incorporated in the neutralized
PCL-collagen solution at 1x106 cells/ml seeding density. Prior
incorporation within the scaffolds, cells were maintained in
complete media comprising of Alpha-Minimum Essential
Medium (α-MEM) (Life Technologies, USA) supplemented
with 10% Fetal Bovine Serum (Gibco, USA) and 1% Penicillin–
Streptomycin (Life Technologies, USA). For long-term in vitro
study, scaffolds were incubated within osteogenic media pre-
pared by adding osteogenic factors (10 mM ß-glycerophosphate
(Sigma-Aldrich, US) and 50 μg/ml ascorbic acid (Sigma-Aldrich,
US) into the complete media.

C) Pro-osteogenic factor incorporation within nanofibrous inject-
able scaffold
Recombinant human Bone Morphogenetic Protein 2 (BMP2;
Peprotech, USA) was used as a pro-osteogenic factor in this
study. BSA (Sigma-Aldrich, US) and heparin (Sigma-Aldrich,
US) were employed to protect BMP2 from degradation and
prolong its bioactivity. BMP2 was incubated with heparin (h)
and then BSA (b) at a ratio of 1:40:2000, respectively for
15 min at room temperature to prepare BMP2/hb-PNCOL scaf-
folds. Unless otherwise specified, 200 ng/ml of BMP2 was in-
corporated in the scaffold solution. Scaffolds were then
transferred to the incubator to allow further polymerization,
and subsequently cultured in complete media unless otherwise
mentioned, with the media being replaced every 3–4 days.
Four samples (n= 4)were used for each condition for all assays,
unless stated otherwise.

2.2. Morphology, mechanical properties, protein retention, and protein
activity of the injectable orthobiologic scaffold

2.2.1. Studying external and internal morphology of injectable scaffold
The morphological changes following PCL nanofiber incorpora-

tion were investigated using scanning electron microscopy (SEM)
and surface area and porosimetry analyzer. SEM micrographs pro-
vided morphological and porosity changes on the scaffold surface,
while data from the surface area analyzer provided the internal
morphological changes within the scaffold upon PCL nanofiber in-
troduction. For SEM, 0%, 1%, 3% and 6% (w/v) PNCOL scaffolds were
synthesized, frozen in liquid nitrogen and transferred to a freeze-
dryer (Freezone system, Labconco®) to ensure complete dehydration.
The dried scaffolds were viewed under SEM (Quanta™ 3D FEG) at
10KV excitation energy.

For surface area measurements, 1 g of the freeze-dried samples
(n = 6) were degassed at 40 °C for 16 h and analyzed using surface
area and porosity analyzer (Micromeritics ASAP 2020) to obtain N2

adsorption and desorption isotherms of each sample. The analyzer
(Micromeritics ASAP 2020, Inc.) was capable of detecting surface fea-
tures and pore sizes above 500 nm [33]. Thus, in this study, surface fea-
tures below 500 nmwere not considered in surface area determination.
Brunauer–Emmett–Teller (BET) technique was employed to perform
internal surface area calculations using N2 adsorption and desorption
isotherms data from the analyzer.

2.2.2. Measuring viscoelastic properties of injectable scaffold
To determine the elastic and viscous properties of the scaffolds,

rheological analysis (n = 6) was conducted using a parallel plate rhe-
ometer (Rheometric Scientific). PNCOL solutions with specified PCL
nanofiber concentrations were prepared and polymerized in 35 mm
petridishes at 37 °C. Cylindrical samples (2mmheight) were placed be-
tween the parallel plates made of nonporous metal. The top plate was
lowered to a gap distance of 0.5 mm and frequency sweep test ranging
from 1 to 100 rad/s was performed at 20% strain under dynamic condi-
tions. Rheological measurements provided the storage modulus (G′)
and the loss modulus (G″) as a function of frequency at a fixed temper-
ature using RDA software (TA instruments).

2.2.3. Measuring model protein retention within the injectable scaffold
The short- and long-term protein retention capacity of injectable

scaffolds with various PCL nanofiber concentration was investigated
with 0%, 1%, 3% and 6% (w/v) PNCOL scaffolds through measuring the
release profile of a model protein over 4 h and over 21 days, respective-
ly. Lysozyme was used as a model protein because its physicochemical
properties and size are similar to many growth factors including
BMP2, with a molecular weight of 14.4KDa, isoelectric point (pI 9–10),
and molar extension coefficient around 38,000 cm−1 M−1 [34].
Lysozyme (MW 14,500, Sigma-Aldrich) was covalently labeled with
Alexa Fluor 350 dye (Molecular Probes) and purified by size exclusion
chromatography using Sephadex G-25 resin column (Sigma-Aldrich).
The Alexa Fluor 350 tagged lysozyme was incorporated into PNCOL
scaffold solutions at a final concentration of 50 μg/ml. The release profile
of lysozyme from the PNCOL scaffolds was determined at 1, 2, 3 and 4 h
to study the initial burst, followed by 1, 2, 4, 6, 10, 14, 17 and 21 days to
study diffusion of protein over a longer period of time by aspirating the
supernatant (PBS) from each sample completely, and replacing it with
equivalent volume of fresh PBS. The collected samples were transferred
into 96-well UV-Plate (Thermo Scientific) and analyzed forfluorescence
using a microplate fluorometer (Wallac 1420) at 346 nm excitation and
442 nm emission wavelengths. The amount of lysozyme released at
each time point was determined from the standard curve generated
by plotting the fluorescence intensities obtained from different known
concentrations of the dye-labeled lysozyme.

2.2.4. Measuring BMP2 bioactivity and identifying optimal BMP2
concentration within the injectable orthobiologic scaffold

The various components of the injectable scaffold, such as PCL nano-
fiber concentration and presence of heparin/BSAmight affect the bioac-
tivity of the encapsulated BMP2. To understand the effect of PCL
nanofiber concentration on BMP2 activity, BMP2 was incorporated
within 0%, 1%, 3% and 6% (w/v) PNCOL scaffolds and ALP activity of
MC3T3-E1 cells was measured. To identify the solo and combined
effects of heparin and BSA on the BMP2 activity, four groups were
used i) BMP2-PNCOL (control), ii) BMP2/h-PNCOL, iii) BMP2/b-PNCOL,
and iv) BMP2/hb-PNCOL. In these groups,h refers to heparin,while bde-
notes BSA. The bioactivity studywas conducted indirectly throughmea-
suring the alkaline phosphatase (ALP) activity of cells interacting with
BMP2 within the scaffold. To determine the favorable BMP2 concentra-
tion within the BMP2/hb-PNCOL, BMP2 dosage of 0, 100, 200, 400, 600
and 800 ng/ml of BMP2was admixed within BMP2/hb-PNCOL, and ALP
activity of the cells measured after 10 days in culture. For analysis, ALP
activity of MC3T3-E1 cells encapsulated in their respective scaffold
was measured using our established protocol [31] after ten days of
culture in complete media.

2.2.5. Measuring kinetic BMP2 release from injectable scaffold
Upon identifying the components of injectable orthobiologic

scaffold, the kinetic BMP2 release profile was measured over 21 days
using BMP2 Quantikine enzyme-linked immunosorbent assay (ELISA)
(R&D systems). The BMP2/hb-PNCOL scaffolds were synthesized and
incubated in PBS. The release kinetics of BMP2 from the scaffoldwas de-
termined by aspirating the supernatant from each sample completely,
and replacing it with equivalent volume of fresh PBS at 1, 2, 4, 6, 10,
14, 17 and 21 days. The BMP2 concentrations in the collected samples
were determined following the manufacturer's protocol.

2.3. Long-term in vitro performance assessment of the injectable
orthobiologic scaffold

To evaluate the long-term in vitro osteoinductive potential of inject-
able orthobiologic scaffolds BMP2/hb-PNCOL, 3% (w/v) PCL scaffolds
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incorporated with 200 ng/ml BMP2 blended with heparin and BSA in
1:40:2000 ratio were cultured in osteogenic media for 21 days. PNCOL
scaffolds without BMP2 was used as a control group. The scaffolds
were evaluated in terms of cell proliferation, ALP activity, matrixminer-
alization, and osteoblast-specific gene expression profiles at days 0, 7,
14, and 21.

2.3.1. Cell proliferation
Cell proliferation within BMP2/hb-PNCOL scaffolds was evaluated

using the non-toxic alamarBlue® cell viability assay kit (Life Technolo-
gies, USA). 0.5 ml of 20% alamarBlue reagent in complete media was
added to each sample and incubated for 2 h at 37 °C. The media from
each sample was collected and the fluorescence values were measured
using a microplate fluorometer (Wallac 1420) at 565 nm excitation and
585 nmemissionwavelengths. Total cell numberwas determined using
a standard curve generated with varying number of cells and their cor-
responding fluorescence values.

2.3.2. Cell differentiation
The cellular alkaline phosphatase (ALP) activity was determined

by quantifying the amount of p-nitrophenol (pNP) converted from
p-nitrophenyl phosphate (pNPP) substrate (Sigma-Aldrich, USA) in
presence of ALP. The samples frozen in liquid nitrogenweremechanical-
ly disrupted, resuspended in an alkaline lysis buffer (10 mM Tris–HCl,
2 mM MgCl2, 0.1% Triton X-100, pH 8), and lysed using a homogenizer.
The supernatant wasmixedwith the pNPP substrate at 1:1 ratio and in-
cubated at 37 °C for 30 min. The reaction was stopped using 3 N NaOH
and the color developed was quantified using a microplate spectropho-
tometer (SpectraMax) at 405 nm wavelength. The total ALP was esti-
mated using a standard curve obtained with dilutions of calf alkaline
phosphatase enzyme and was normalized with respect to the total pro-
tein content in each sample. Total protein content was determined by
Coomassie Bradford protein assay kit (Thermo Scientific, USA) follow-
ing the manufacturer's protocol.

The progression of matrix mineralization within the scaffolds was
quantified using Alizarin red S solution (Millipore, USA). The frozen
samples were mechanically disrupted, incubated in Alizarin red S solu-
tion for 20 min and washed 6X with PBS. 10% acetic acid was added to
each sample, incubated for 30 min and heated at 85 °C for 10 min to
dissolve the calcium deposits. The solution was neutralized with 10%
ammonium hydroxide to adjust the pH to 4.3, centrifuged and the
supernatant was read at 405 nm wavelength in a microplate spectro-
photometer (SpectraMax). The standard curve was generated by using
different concentrations of Alizarin red solution and their respective
absorbance values.

The osteoblast-specific gene expression profiles of BMP2/hb-PNCOL
and control PNCOL groupswere determined by performing real-time po-
lymerase chain reaction (RT-qPCR). The fresh scaffolds were crushed in
lysis buffer and total RNA from samples was extracted using the RNeasy
mini kit (Qiagen) following themanufacturer's instructions.1 μg of RNA
was reverse transcribed to cDNA using the QuantiTect Reverse Tran-
scription Kit (Qiagen) following manufacturer's protocol. Real-time
quantitative polymerase chain reaction (qPCR) was performed with
SYBR Select PCR master mix (Applied Biosystems, Life Technologies)
for ALP, osterix (OSX), osteopontin (OP), and osteocalcin (OCN), with
hydroxymethylbilane synthase (HMBS) as the normalizing gene. The
Table 1
Forward and reverse primers for real-time PCR.

Gene Forward primer

HMBS 5′ GAGTCTAGATGGCTCAGATAGCATGC 3′
ALP 5′ GATCTTCTTTCTCCTTTGCCTGG 3′
OSX 5′ TGGCCATGCTGACTGCAGCC 3′
OP 5′ GGCATTGCCTCCTCCCTC 3′
OCN 5′ TGCTTGTGACGAGCTATCAG 3′
primer sequences (Table 1) obtained from published literature
[35–39] were verified using OligoAnalyzer and purchased from IDT
(Integrated DNA Technologies). PCR amplification was performed in
iCycleriQ detection system (Biorad) with thermocycling performed for
10 min at 95 °C followed by 40 cycles at 95 °C for 15 s and 56 °C for
60 s. Expression of each gene was normalized to the gene expression
level of the day 0 samples for each condition. Data were analyzed for
fold difference in gene expression using the ΔΔCt method.

2.3.3. Visualization of mineralized deposits
The mineralized deposits within the BMP2/hb-PNCOL and PNCOL

scaffolds were visualized by histological analysis and Von Kossa stain-
ing. PNCOL scaffolds at days 7, 14, and 21 were fixed in 10% formalin
for 24 h, dehydrated using an ethanol gradient and incubated in xylene
before embedding them in paraffin. The embedded samples were sec-
tioned at 20 μm thickness and mounted on microscope slides. The
rehydrated sections were incubated in Von Kossa stain, washed and
viewed under a bright field microscope to observe the mineralized
matrix.

2.4. Statistical analyses

Statistical analysis was performed using Student's t-test and One-
way ANOVA. All values are reported as the mean and ± the standard
deviation of the mean. p b 0.05 was considered to be statistically
different.

3. Results

3.1. Synthesis and characterization of injectable nanofibrous cell-embedded
orthobiologic biomaterial

The injectable nanofibrous scaffold with pre-osteoblasts and os-
teogenic factor was manufactured by incorporating electrospun
PCL nanofibers within the collagen type-I solution containing pre-
osteoblast cells and BMP2 (with and without heparin/BSA). PCL
nanofibers were obtained by electrospinning technique and ho-
mogenized. Based on our established O2 plasma functionalization
protocols [32,40,41], oxygen containing functional groups were in-
troduced on PCL surface to decrease its hydrophobicity and enhance
PCL nanofiber's cell and protein. The functionalized PCL nanofibers
were admixed homogenously within the neutralized collagen solution
containing BMP2 and cells. The incorporation of PCL nanofiber created
major changes in the structural, viscoelastic, and protein retention
properties of the scaffold.

3.1.1. The changes in external and internal scaffold morphology
The effect of PCL nanofiber on the injectable scaffold's morphology

and porosity was investigated using SEM micrographs and surface
area analysis. Fig. 2 demonstrated SEMmicrographs of PNCOL scaffolds
with various PCL concentrations. The SEM micrographs showed that
size of void areas reduced with increased PCL nanofiber concentration
within the scaffold. Prior to adding nanofibers within the collagen (0%
PNCOL), the scaffold had pore sizes ranging from10 to 40 μmon the sur-
face. For 6% (w/v) PNCOL, pore sizes dropped to almost 500 nm com-
pared to 0% (w/v) PNCOL (Fig. 2).
Reverse primer Ref

5′ CCTACAGACCAGTTAGCGCACATC 3′ [35]
5′ TGTTTGCAGTGGTGGTTCTGGCA 3′ [36]
5′ TGGGTAGGCGTCCCCCATGG 3′ [37]
5′ GCAGGCTGTAAAGCT TCTCC 3′ [38]
5′ GAGGACAGGGAGGATCAAGT 3′ [39]
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Fig. 2. SEMmicrographs of PNCOL scaffoldswith various PCL nanofiber concentrations. Increased PCL nanofiber concentrationswithin the injectable scaffolds reduced thepore sizes on the
surface. The scale bar is 40 μm.
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3.1.2. The changes in scaffold viscoelastic properties
In rheological analysis, G′ (storage or elastic modulus) describes the

solid behavior of the material, while G″ (loss or viscoelastic modulus)
describes the liquid behavior of thematerial. Fig. 3 displays the rheolog-
ical analysis for G′ and G″ as a function of frequency for PNCOLwith var-
ious PCL concentrations.

Similar trend was observed in internal scaffold morphology, deter-
mined by the changes in total internal surface area of the scaffold mea-
sured by a surface area and porosimetry analyzer. The results tabulated
in Table 2 demonstrate that the internal macroporous surface area
decreased with increased PCL concentration within PNCOL. 0% (w/v)
PNCOL had the highest surface area with a value of 42.467 m2/g, while
Fig. 3. Rheological analysis for storage (G′) and loss modulus (G″) as a function of frequency for
each group (n= 6). (*) indicates significant difference as compared to the adjacent lower conc
elastic properties of the scaffold.
1%, 3%, and 6% (w/v) PNCOL scaffolds showed around 2-fold, 3.5-fold
and 6-fold decrease in the measured total surface area, respectively.
These reductions in the surface area were attributed to the decrease in
macroporous structure within the scaffold.

Fig. 3A demonstrates that the storage (elastic) modulus increased
with increased PCL concentration within the PNCOL. This increment
was statistically significant (p b 0.05) for 3% and 6% (w/v) PNCOL scaf-
folds. For 3% (w/v) PNCOL, G′ (storage modulus) increased 200-fold
compared to pure collagen and reached to around 1000 Pa. The G′
values around 103 Pa displays the mechanical stability and stiffness of
the material, which can be ideal for bone tissue scaffold. For 6% (w/v)
PNCOL, G′ values increased 1000-fold compared to pure collagen and
injectable scaffolds with various PCL nanofiber concentrations. Six samples were used for
entration of PNCOL p b 0.05. Inclusion of PCL provides a remarkable increase in the visco-



Table 2
The changes in themass, average density, andmacroporous surface area of injectable scaf-
folds with increased PCL nanofiber concentrations.

Scaffolds Massa

(g)
Average densityb

(g/l)
BET macroporous internal surface areab

(m2/g)

0% PNCOL 0.0081 40.5 42.4669
1% PNCOL 0.0171 85.5 23.4416
3% PNCOL 0.0320 160.0 12.6449
6% PNCOL 0.0543 271.5 7.6039

a Data obtained following freeze drying process.
b Data obtained from N2 adsorption isotherms using BET analysis.
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reached to around 10,000 Pa. Overall, storage (elastic) modulus data
indicated that PNCOL scaffold become mechanically stable with the
increased PCL concentration.

Fig. 3B demonstrates that there was a significant increase in the loss
(viscoelastic) modulus with increased PCL concentrations within the
scaffold. For 0% (w/v) PNCOL, the viscoelastic modulus was around
10 Pa, which indicated that 0% (w/v) PNCOL (pure collagen) demon-
strated more liquid behavior than gel behavior. This fact was changed
with the incorporation of PCL with the collagen. The loss (viscoelastic)
modulus was increased 100-fold for 1% (w/v) PNCOL and 3% (w/v)
PNCOL, and 1000-fold for 6% (w/v) PNCOL compared to 0% (w/v)
PNCOL. In sum, loss (viscoelastic) modulus data showed that inclusion
of PCL nanofibers within collagen matrix significantly enhanced the
injectable scaffold's viscoelastic properties.
Fig. 4. The role PCL nanofiber concentrations in model protein retention and bioactivity of BM
scaffolds (n = 4) incorporated with 0, 1, 3, and 6% (w/v) PCL nanofibers during time = 0 to 4
demonstrated a significant increase with incorporation of PCL nanofibers. (C) Bioactivity of BM
(n = 4) after ten days in culture is shown in the column graph. The red line graph indicates th
Together, incorporation of PCL nanofibers shows an increase in protein retention but a decrea
concentration of PNCOL p b 0.05. (For interpretation of the references to color in this figure leg
3.1.3. Protein retention and protein bioactivity within injectable
orthobiologic scaffold

To investigate whether PCL nanofiber incorporation within the
scaffold has a role in preventing protein burst release and increasing
the protein retention, long-term (21-days) and short-term (4-hours)
protein releasewere conducted. Fig. 4 displays the results of model pro-
tein retention and bioactivity of BMP2 within the injectable PNCOL
scaffolds.

Protein retention capacity of the scaffold was evaluated using the
model protein lysozyme. Fig. 4A demonstrated the short-term protein
retention data, which demonstrated that 6% (w/v) PNCOL had the
highest protein retention rate compared to the remaining groups. Dur-
ing 4 h, 20 ± 1.28% of initially loaded protein was released for 6% (w/v)
PNCOL scaffold, while this percentage was 60 ± 2.18% for 0% (w/v)
PNCOL. Fig. 4B displays the long-term (21 days) protein release data
from injectable PNCOL scaffolds with various PCL concentrations. The
long-term protein release study established that increased PCL nanofi-
ber concentration within the scaffold enhanced the protein retention
capacity of injectable scaffold. Over 21 days, 3% (w/v) PNCOL and 6%
(w/v) PNCOL retained 62± 0.79% and 78± 0.98% of the protein within
the scaffold respectively, while all protein within 0% PNCOL (collagen)
was leached out within 2 days (Fig. 4B). Overall, protein retention re-
sults demonstrated diminished burst release and enhanced protein re-
tention with increased PCL concentration within the scaffold.

Fig. 4C shows the bioactivity of BMP2 within PNCOL scaffolds with
various PCL concentrations. The protein bioactivity was assessed by
P2 within the injectable PNCOL scaffolds. (A) Lysozyme retention profile within PNCOL
h corresponding to the burst release phase and (B) over 21 days. Protein retention data
P2 within the scaffolds measured in terms of ALP activity of cells encapsulated in PNCOL
e percentage of protein (lysozyme) retained in the respective PNCOL scaffolds at day 10.
se in protein activity. (*) indicates significant differences compared to the adjacent lower
end, the reader is referred to the web version of this article.)
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measuring the ability of BMP2 to increase cellular ALP enzyme synthesis
within the scaffold during ten days of culture. Fig. 4C demonstrates that
ALP activity, which correlates to the BMP2 activity within the scaffold,
decreased with inclusion of PCL nanofibers. Though inclusion of PCL re-
sulted in higher protein retention capacity, it had an adverse effect on
the BMP2 bioactivity within the scaffold. 1% and 3% (w/v) PNCOL dem-
onstrated 38± 0.48% protein retention and 62± 0.58%with 2-fold loss
of BMP2 activity (p b 0.05) when compared to 0% PNCOL (pure colla-
gen). 6% (w/v) PNCOL provided 78 ± 0.48% protein retention, but had
over 5-fold loss of BMP2 activity (p b 0.05). Overall, there was a reverse
correlation between the scaffold's protein retention capacity and pre-
serving protein bioactivity. Based on above findings, 3% (w/v) PNCOL
scaffold was found to possess the desired properties to be employed
as an injectable osteoinductive scaffold, with a favorable balance be-
tween mechanical, protein retention, and biological properties. Thus
3% (w/v) PNCOL scaffold was chosen for all subsequent studies with
BMP2 and for long-term in vitro study.

3.1.4. Preserving BMP2 bioactivity within injectable orthobiologic scaffold
There was 2-fold loss in protein bioactivity for 3% (w/v) PNCOL.

Thus, preserving BMP2 bioactivity within 3% (w/v) PNCOLwas essential
prior to conducting in vitro study. To achieve that, BMP2 was admixed
with heparin and/or bovine serum albumin (BSA) before incorporating
within the PNCOL scaffolds. The bioactivity of BMP2 within each group
was estimated by measuring the ALP activity of the cells encapsulated
in the scaffolds after ten days in culture. Fig. 5A shows the changes in
ALP activity with PNCOL scaffolds with heparin and/or BSA. Fig. 5A
suggests that the BMP2 activity was protected best in the presence of
Fig. 5. The role of heparin/BSA and the BMP2dosagewithin the injectable scaffold onALP activities
over 21 days. (A) Solo and combined effect of heparin and BSA on preserving and enhancing the b
after tendays in culture. BMP2 inpresence of bothheparin andBSA showshighestALP activitywith
(n=4)determined after ten days in culture. 200ng/ml BMP2exhibits highest ALP activitywithin s
point p b 0.05. (C) Amount of BMP2 released from BMP2/hb-PNCOL scaffolds (n = 4) over 21 da
both heparin and BSA, with over a 2-fold increase in ALP activity com-
pared to BMP2-PNCOL (control group) (p b 0.05). The result from
BMP2/h-PNCOL indicated that the solo effect of heparin in bioactivity
preservation was not statistically different from control group. On the
other hand, BMP2/b-PNCOL demonstrated 1.5-fold higher ALP activity
compared to control group (p b 0.05),which indicated that BSA played
a dominant role in preserving the bioactivity of protein encapsulated
within the orthobiologic material in comparison to heparin. However,
for maximum protein bioactivity preservation, BSA and heparin needed
to be utilized together and hence, BMP2/hb-PNCOL scaffold was used in
subsequent studies.

To determine the favorable BMP2 concentration within BMP2/
hb-PNCOL, BMP2 dosages ranging from 0 ng/ml to 800 ng/ml was
admixed within BMP2/hb-PNCOL, and ALP activity of the cells was
measured after 10 days in culture (Fig. 5B). Fig. 5B demonstrated that
the ALP activity was increased 3.5-fold and 4.5-fold for 100 ng/ml and
200 ng/ml BMP2 concentrations compared to 0 ng/ml BMP2 (control),
respectively. There was no statistical difference between the ALP activ-
ity of cells with 200, 400, and 600 ng/ml BMP2 concentrations. At a dose
of 800 ng/ml, the ALP activity was significantly decreased with respect
to the activity at 200 ng/ml dosage, although there was still 2.5 fold
increase compared to control. The BMP2 dosage study demonstrated
that therewas an optimal BMP2 concentration to be incorporatedwith-
in an injectable BMP2/hb-PNCOL with a range between 200 ng/ml and
600 ng/ml. Hence, 200 ng/ml concentration of BMP2 was chosen for fu-
ture studies.

The kinetic release of BMP2 from BMP2/hb-PNCOL scaffold
was quantified using ELISA as shown in Fig. 5C. 40 ng of BMP2 was
of encapsulatedMC3T3-E1 cells and the kinetic release profile of BMP2 fromBMP2/hb-PNCOL
ioactivity of BMP2within 3% (w/v) PNCOL scaffolds (n=4) evaluated by cellular ALP activity
in scaffold. (B) Effect of BMP2dosage oncellular ALP activitywithinBMP2/hb-PNCOL scaffolds
caffolds. (*) indicates significant difference in comparison to indicated group at the same time
ys estimated through ELISA.
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initially loaded into the scaffold and the release was monitored over
21 days. In the first day, 7.84 ± 2.5 ng BMP2 released from the 40 ng
BMP-2 loaded BMP2/hb-PNCOL scaffold. Starting from day 2, BMP2
had a sustained release profile with 12.2 ± 3 ng released amount
over the 21 days. The BMP2 release study confirmed that there is a
gradual and controlled release of BMP2 from BMP2/hb-PNCOL over
a 21-day period.

3.2. Long-term in vitro performance of injectable osteoinductive
BMP2/hb-PNCOL scaffold

The in vitro performance of injectable BMP2/hb-PNCOL scaffoldswas
evaluated for 21 days through investigating the proliferation and differ-
entiation of MC3T3-E1 residing within the BMP2/hb-PNCOL.PNCOL
without BMP2 was used as the control group and both scaffold groups
were cultured in osteogenic media.

3.2.1. Cell proliferation
Cell proliferation of MC3T3-E1 within BMP2/hb-PNCOL and PNCOL

were measured for 21 days using alamarBlue assay. The cell prolifera-
tion data (Fig. 6A) demonstrated that there was a sharp increase in
cell numbers from in the first 7 days and the cells continued proliferat-
ing until day 14 within both BMP2/hb-PNCOL and control scaffolds. At
day 14 and day 21, there was no statistical difference between the cell
numbers for BMP2/hb-PNCOL and control group (p N 0.05). A dramatic
decrease in the rate of proliferation is seen after day 14within both scaf-
fold groups due to onset of differentiation into osteoblasts, which was
confirmedwith ALP activity measurements over 21 days. The data indi-
cates that BMP2/hb-PNCOL and PNCOL scaffolds allowed the prolifera-
tion of MC3T3-E1 cells within their structure.
Fig. 6. Long term in vitro evaluation of BMP2/hb-PNCOL scaffolds. (A) Cell proliferation, (B) alkal
BMP2/hb-PNCOL and PNCOL scaffolds (n=4) cultured in osteogenic media from day 0 to day 2
21with no statistical difference between the two groups. Both ALP activity andmineralizedma
folds exhibits significant increases at days 14 and 21 as compared to PNCOL scaffolds (control). (
point. (#) indicates significant differences as compared to earlier time points of the same groupp
3.2.2. Cell differentiation
The differentiation of MC3T3-E1 cells within the BMP2/hb-PNCOL

and PNCOL scaffolds was evaluated by measuring the ALP activity,
matrix mineralization, and osteoblast-specific gene expression profile
for 21 days.

The ALP activity of MC3T3-E1 cells was measured using pNPP
alkaline phosphatase substrate and normalized with total protein.
As shown in Fig. 6B, the ALP activity increased sharply throughout
the 21 days within BMP2/hb-PNCOL, while there is no statistically
different increase in ALP activity after day 14 in case of the control
scaffolds. Furthermore, at day 14 and day 21, cells within BMP2/
hb-PNCOL had higher ALP activity compared to those within the
control group (p b 0.05). Matrix mineralization within BMP2/hb-
PNCOL and PNCOL (control) scaffolds was quantified for over
21 days using Alizarin red S solution and normalized with total pro-
tein. As shown in Fig. 6C, the mineralization data revealed to be con-
sistent with the results of ALP activity. The results demonstrate that
there was no substantial mineralization for the first seven days for
both groups. There was an increase in mineralization at day 14 for
BMP2/hb-PNCOL group when compared to day 7 (p b 0.05). On the
other hand, there was no mineralization within PNCOL (control)
scaffolds for the first 14 days. At day 21, the amount of mineraliza-
tion in BMP2/hb-PNCOL scaffolds was significantly higher than the
scaffolds without BMP2 (p b 0.05). This indicates that BMP2 within
the BMP2/hb-PNCOL maintained its activity over 21 days and plays
a role in accelerating osteogenesis and enhancing mineralization. The
ALP activity and matrix mineralization data together demonstrate that
BMP2/hb-PNCOL scaffolds not only promote cell proliferation within
the scaffold but also provide an osteoinductive environment for osteo-
blastic differentiation over 21 days.
ine phosphatase activity, and (C) Alizarin red quantification ofmineralized deposits within
1. Cells proliferate within the scaffolds until day 14 and thereaftermaintained through day
trix quantification normalized against total protein of the respective BMP2/hb-PNCOL scaf-
*) indicates significant difference in comparison to PNCOL (control group) at the same time
b 0.05. The results demonstrate the osteoinductive potential of BMP2/hb-PNCOL scaffolds.



Fig. 7. Osteoblast-specific gene expression profile over 21 days. Expression of early- and late-osteoblastic differentiation markers (A) alkaline phosphatase (B) osterix (OSX)
(C) osteopontin (OP) (D) osteocalcin (OCN) within BMP2/hb-PNCOL and PNCOL (control) scaffolds (n = 4) cultured in osteogenic media from day 0 to day 21 evaluated using RT-qPCR.
The gene expression profiles shows increases over 21 days (*) indicates significant difference in comparison to control scaffolds at the same time point. (#) indicates significant differences
as compared to earlier time points of the same group p b 0.05.
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Fig. 7 shows expression levels of early and late osteoblast-specific
genes, namely ALP, osterix, osteopontin, and osteocalcin over 21 days
obtained using RT-qPCR.

The gene expression data was presented as fold change in expres-
sion of each gene with respect to its expression level at day 0. As seen
in Fig. 7A, a continuous increase in fold change of ALP expression was
observed within BMP2/hb-PNCOL and PNCOL scaffolds over 21 days.
Though the average ALP expression was higher in BMP2/hb-PNCOL
when compared to the control group at day 14 and day 21, they were
Fig. 8.Histology sections of BMP2/hb-PNCOL andPNCOL scaffolds cultured in osteogenicmedia o
the scaffold. Mineralized deposits are represented by brown color, and cells are stained red. Scal
the reader is referred to the web version of this article.)
not statistically different. As demonstrated in Fig. 7B, expression of
osterix at day 0 was unchanged until day 14; however at day-21,
there was a 50% increase in fold change for BMP2/hb-PNCOL group,
while only a small (not statistically significant) increase was seen in
the control scaffolds. Gene expression profiles of late differentiation
markers osteopontin and osteocalcin were similar to each other. During
the first 14 days, there was no significant change in both osteopontin
and osteocalcin expression for BMP2/hb-PNCOL and PNCOL scaffolds.
However, at day 21, there was a steep jump in osteopontin expression
ndays 7, 14, and 21. VonKossa staining indicates themineralizedmatrixdepositionwithin
e bar represents 100 μm. (For interpretation of the references to color in this figure legend,
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with over a 650% increase for BMP2/hb-PNCOL scaffolds and roughly
a 250% increase for PNCOL scaffolds. Meanwhile, osteocalcin expres-
sion showed over 710% increase for BMP2/hb-PNCOL and around
500% increase for PNCOL scaffolds. Taken together, the osteoblast-
specific gene expression results demonstrated that the injectable
BMP2/hb-PNCOL scaffold is osteoinductive and promotes the gene
expression of osteoblastic differentiation markers over 21 days.

3.2.3. Visualization of mineralized deposits
The progression of mineralization within the scaffolds was visu-

alized through Von Kossa staining of histology sections. Fig. 8
shows representative images of the extent of mineralized matrix de-
position within BMP2/hb-PNCOL and PNCOL scaffolds at days 7, 14
and 21. It is observed that there are no mineralized deposits at day 7,
while a slight indication of mineralization is noticed at day 14. On day
21, the histology slides show a dramatic increase in themineralizedma-
trix secretion, confirming that the cells were terminally differentiated
and functional within the scaffold. The BMP2/hb-PNCOL scaffold slide
had more mineralized matrix than PNCOL scaffold slide. This indicates
that BMP2within the BMP2/hb-PNCOL scaffold plays a role in accelerat-
ing the osteogenic differentiation of osteoprogenitor cells.

4. Discussion

There is a great need for injectable osteoinductive biomaterials
with proper biological, mechanical, and structural properties that en-
sure sustained release of growth factors without loss of protein activity
for bone regeneration at the defect site. Our objective in this study
was to employ a mechanistic approach in synthesizing an injectable
orthobiologic scaffold encapsulated with pre-osteoblasts and BMP2
that is capable of increasing the protein retention while maintaining
its bioactivity, and creating an osteoinductive microenvironment for
terminal differentiation into osteoblasts. To achieve this goal, we have
created a nanofibrous injectable bone filler BMP2/hb-PNCOL, which
combines the superior mechanical properties of electrospun PCL nano-
fibers with the excellent biological properties of collagen type-I to
form a structurally stable scaffold that can accommodate both cells
and growth factor within its intricate three-dimensional structure. Our
data demonstrated that the PCL nanofibers within the injectable mate-
rial dictated the protein retention, viscoelastic properties, and external
and internal morphology of the composite scaffold. Incorporation of
biomolecules heparin and BSA maintained the bioactivity of the encap-
sulated BMP2. Controlled release of BMP2 was achieved for 3 weeks
without loss of bioactivity and the encapsulated osteoprogenitor cells
expressed osteoblast-specific genes and terminally differentiated over
a 21-day period.

Incorporation of PCL nanofiber within collagen played a major
role in altering the injectable scaffold's external and internal struc-
ture along with its viscoelastic properties. The SEM micrographs
(Fig. 2) and surface area analysis (Table 2) demonstrated that the
macroporosity of the scaffold decreasedwith addition of PCL nanofibers
within PNCOL and created a denser network of collagen-PCL fibers. The
external and internal macroporous structure was replaced by a more
nanoporous structure on increasing the PCL nanofiber concentration
within the injectable material. This increase in nanofibrous structure
of the scaffold with the inclusion of PCL dramatically in turn enhanced
the viscosity and elasticity of the composite scaffold (Fig. 3), making it
structurally stable and mechanically robust.

The influence of PCL nanofiber incorporation within collagen was
most remarkable in terms of the protein release profile, with increased
PCL nanofiber concentration exhibiting a higher rate of protein reten-
tion within the scaffold. The superior protein retention capacity of
PNCOL scaffolds can be associated with the nanofibrous internal struc-
ture of the scaffold as well as the functional groups present on the
surface of PCL nanofibers. For 3% (w/v) PNCOL and 6% (w/v) PNCOL
retained 62 ± 0.79% and 78 ± 0.98% of the protein within the scaffold,
respectively. Pure collagen scaffolds, on the other hand, released the
entire loaded protein within 2 days in culture due to their highly
macroporous structure. Secondly, carboxyl and hydroxyl functional
groups introduced on PCL surface through O2-plasma treatment [32,
40,41] can create binding between BMP2 and PCL nanofibers, which
can prevent burst release (Fig. 4A) and can retain BMP2 within the in-
jectable matrix (Fig. 4B). These oxygen-containing functional groups
are electron donors and hence increase the negative charge on the poly-
mer surface [42]. BMP2, on the other hand, is a positively charged pro-
tein with a free-end amine group in an aqueous solution [43,44]. Thus,
there is a strong electrostatic attraction between positively charged
BMP2 and negatively charged PCL nanofiber along with the covalent
binding between the primary amine groups (–NH2) of BMP2 and the
various oxygen-rich functional groups on plasma-treated PCL nanofi-
bers. Incorporating O2-plasma modified PCL nanofibers within collagen
can hence help retaining the protein within the injectable composite
scaffold for the duration required to achieve osteogenesis and matrix
mineralization (Fig. 6C).

Even though increased PCL nanofiber concentration within the
PNCOL scaffold provided higher protein retention, it also adversely
affected the bioactivity of BMP2 encapsulated within the scaffold. A
significant loss of protein activitywas observed at higher concentrations
of PCL within the scaffold (Fig. 4C). This result could be attributed to
the increased shear forces applied through pipetting during PNCOL syn-
thesis. With the increased PCL concentration, specifically for 3% (w/v)
and 6% (w/v) PNCOL synthesis, a vigorous pipetting had to be applied
to the collagen-PCL nanofiber solution to distribute PCL nanofibers
homogenously within the collagen. The shear force exerted on the en-
capsulated protein could have possibly damaged the protein structure
and reduced its bioactivity. Thus, a systematic and deliberate study
was conducted to create a cell- and protein embedded, yetmechanically
robust, injectable orthobiologic scaffold. Themechanical, structural, and
biological properties of this composite scaffold could be tuned by
varying the PCL nanofiber concentration within the scaffold. For in-
stance, 6% (w/v) PNCOL, though had higher protein retention, saw
over a 80% reduction in protein activity, while 1% (w/v) PNCOL had
poor protein retention alongwith 50% loss in bioactivity of encapsulated
protein (Fig. 4C). Hence the results shown in Figs. 2, 3, and 4 demon-
strated that 3% (w/v) PNCOLwas themost viable configuration to create
the BMP2-incorporated injectable scaffolds because of its 20-fold higher
viscoelastic properties compared to pure collagen, ability to retain 62%
of protein within the scaffold over 21 days with only 50% loss in
bioactivity.

The bioactivity of BMP2 within 3% (w/v) PNCOL was restored by
introducing heparin and bovine serum albumin (BSA) around the
protein. In this study, we have identified the solo and combinatorial
effect of heparin and BSA on BMP2 bioactivity preservation (Fig. 5A).
Our results revealed that heparin and BSA, together, constituting the
BMP2/hb-PNCOL scaffold, significantly minimized the loss of protein
bioactivity. This result (Fig. 5A) can be attributed to the unique prop-
erties of heparin and BSA, which play different roles in preserving
BMP2 bioactivity. BSA, widely used as a protective agent for growth
factors is likely to provide a layer around BMP2 and shield the pro-
tein against possible residual organic solvents left on the PCL nanofi-
bers [17,27]. BSA also could protect BMP2 from possible structural
damage due to shear forces exerted on protein during incorporating
PCL nanofibers within the collagen through pipetting. Heparin, on the
other hand, is known to bind to BMP2 directly through electrostatic
interactions between N-/O-sulfated residues of heparin and the lysine/
arginine residues of BMP2. This electrostatic interaction helps in
retaining protein bioactivity by (i) prolonging its half-life, (ii) decreas-
ing BMP2 localization to other possible bindings, and (iii) minimizing
inhibitory effect of BMP2 antagonist noggin [30,45]. Thus, we have
used heparin and BSA together to create BMP2-incorporated injectable
nanofibrous scaffold, BMP2/hb-PNCOL, with high protein retention and
protein bioactivity preservation capacities. It should be also noted that,
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to the best of our knowledge, in this study, heparin and BSA were uti-
lized together for the first timewithin a scaffold to preserve the protein
bioactivity. Furthermore, a low dose of 200 ng/ml BMP2 in presence of
heparin and BSAwas sufficient to initiate in vitro osteoblastic differenti-
ationwithin the osteoinductive scaffold, and controlled release of BMP2
from BMP2/hb-PNCOL scaffold was confirmed as 12.2 ± 3 ng of BMP2
was released over 21 days (Fig. 5B and C).

The in vitro performance of these injectable BMP2/hb-PNCOL
scaffolds was evaluated at days 0, 7, 14, and 21 bymeasuring the prolif-
eration, differentiation, mineralization, and osteoblast-specific gene
expression profile of MC3T3-E1 residing within the scaffolds. PNCOL
(without BMP2) was used as a control group for each characterization.
Cell proliferation of MC3T3-E1 within BMP2/hb-PNCOL and PNCOL
scaffolds showed that there was a steady increase in cell number in
first 14 days, after which there was a decline in the rate of proliferation
(Fig. 6A). These results can be attributed to the starting of terminal dif-
ferentiation of pre-osteoblast cells to osteoblast, which is accompanied
by slower rate of proliferation. In fact, initiation of differentiation
was confirmed with ALP activity (Fig. 6B) and ALP gene expression
(Fig. 7A). Fig. 6B demonstrated that ALP activity started increasing at
day-14, which was an indicator of osteoblastic differentiation. Since
ALP is an early differentiation marker for osteoblastic cell, its activity
starts to pick up once proliferation reduces and osteoblastic differentia-
tion starts [46]. Also, the ALP activity data (Fig. 6B) demonstrated that
cells within the BMP2/hb-PNCOL scaffold had the higher ALP activity
compared to the cells within PNCOL scaffold. This result can be ex-
plained by the BMP2 presence within the matrix and the preserved
BMP2 bioactivity. From ALP activity of BMP2-incorporated PNCOL
scaffolds (Fig. 4C), we know that mere presence of BMP2 within the
scaffold does not guarantee high ALP activity, since there can be loss
of bioactivity. Thus, the higher ALP activity exhibited by cells within
BMP2/hb-PNCOL scaffold also proves that BMP2 activitywithin the scaf-
fold is preserved over 21 dayswith the help of heparin and BSA. Heparin
and BSA prevent premature degradation of BMP2 and is likely to pro-
vide a cushion-like environment, which could have helped preserving
BMP2 activity during the scaffold synthesis.

The mineralization data (Figs. 6C and 8) revealed to be consistent
with the trend in ALP activity. At day 21, the amount of mineralization
quantified by Alizarin red (Fig. 6C) in BMP2/hb-PNCOL scaffolds was
significantly higher than control group (p b 0.05), while the histology
sections (Fig. 8) also show more regions stained for mineralized de-
posits in BMP2/hb-PNCOL when compared to the control scaffolds.
This indicates that BMP2 within the BMP2/hb-PNCOL maintained its
activity over 21 days and plays a role in accelerating osteogenesis and
enhancing mineralization. The gene expression data (Fig. 7) obtained
through RT-PCR demonstrated that in specific, the late osteoblast-
specific markers namely osteopontin, and osteocalcin that coincide
with the onset of mineralization [47],had highest expression with
650%, and 710% fold change respectively within BMP2/hb-PNCOL scaf-
fold over 21 days (Fig. 7C and D). The MC3T3-E1 cells within BMP2/
hb-PNCOL scaffolds show accelerated differentiation and higher osteo-
genic differentiation markers at each time point, which demonstrated
that not only was BMP2 successfully retained in the scaffold, but its ac-
tivity also was maintained over 21 days. Overall, the cell proliferation,
ALP activity,matrixmineralization, and osteoblast-specific gene expres-
sion data demonstrated that that BMP2/hb-PNCOL scaffolds promote
both cell proliferationwithin the scaffold and provide an osteoinductive
environment for osteoblastic differentiation over 21 days.

This injectable composite scaffold is an innovative technique to
accommodate growth factors and cells in a biomaterial, which is bio-
compatible, possesses acceptable mechanical properties, and able to re-
tain protein for a prolonged period of timewhilemaintaining its activity
at the injected site for bone repair and regeneration. The advantage of
our composite biomaterial is that it can be tailored by varying the
amount of PCL nanofibers in the collagenmatrix, to achieve an optimum
balance between protein retention and preservation of bioactivity.
Through low dosage of BMP2 of 200 ng/ml, this scaffold is able to
accelerate and enhance osteoblastic differentiation in presence of oste-
ogenic factors over long-term in vitro culture. Since the necessity for
high dosage amounts of BMP2 to achieve bone healing [15–17] is one
of the major challenges faced in clinical research, this observation is
particularly significant. The scaffold though has superior mechanical
properties as compared to other injectable gel-based biomaterials,
might not be enough to match the mechanical properties of in vivo
bone. The onset of mineralization within the scaffold, however, would
contribute to enhancing the compressive strength of the scaffold, as
demonstrated in our earlier work [31].

5. Conclusion

In this study, we have conducted a mechanistic study to establish
a novel injectable orthobiologic scaffold system with tunable physi-
cal, mechanical, protein retention, and osteoinductive properties.
This injectable scaffold system is built through incorporating PCL
nanofibers within collagen, along with osteoprogenitor cells, and
BMP2 with heparin/BSA. Through changing PCL nanofiber concentra-
tionwith the system,wewere able to enhance the protein retention ca-
pacity. Controlled release of BMP2 was achieved for 3 weeks without
loss of its bioactivity. The encapsulated osteoprogenitor cells expressed
osteogenic differentiationmarkers and osteoblast-specific gene expres-
sion. This study has built the foundation and framework for a versatile
injectable material system with synthetic electrospun nanofibers. The
biomimetic osteoinductive material is unique because solid-state syn-
thetic nanofibers with very well-known advantages was converted
into a semi-solid injectable form. This in turn results in great advantages
over the currently used synthetic polymer-collagen materials in terms
of injectability, three-dimensionality for cells and protein accommoda-
tion within the nanofibrous material.
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