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Abstract

There is an increasing demand for an injectable cell coupled three-dimensional (3D) scaffold
to be used as bone fracture augmentation material. To address this demand, a novel injectable
osteogenic scaffold called PN-COL was developed using cells, a natural polymer (collagen
type-I), and a synthetic polymer (polycaprolactone (PCL)). The injectable nanofibrous
PN-COL is created by interspersing PCL nanofibers within pre-osteoblast cell embedded
collagen type-I. This simple yet novel and powerful approach provides a great benefit as an
injectable bone scaffold over other non-living bone fracture stabilization polymers, such as
polymethylmethacrylate and calcium content resin-based materials. The advantages of
injectability and the biomimicry of collagen was coupled with the structural support of PCL
nanofibers, to create cell encapsulated injectable 3D bone scaffolds with intricate porous
internal architecture and high osteoconductivity. The effects of PCL nanofiber inclusion within
the cell encapsulated collagen matrix has been evaluated for scaffold size retention and
osteocompatibility, as well as for MC3T3-E1 cells osteogenic activity. The structural analysis
of novel bioactive material proved that the material is chemically stable enough in an aqueous
solution for an extended period of time without using crosslinking reagents, but it is also
viscous enough to be injected through a syringe needle. Data from long-term in vitro
proliferation and differentiation data suggests that novel PN-COL scaffolds promote the
osteoblast proliferation, phenotype expression, and formation of mineralized matrix. This
study demonstrates for the first time the feasibility of creating a structurally competent,
injectable, cell embedded bone tissue scaffold. Furthermore, the results demonstrate the
advantages of mimicking the hierarchical architecture of native bone with nano- and
micro-size formation through introducing PCL nanofibers within macron-size collagen fibers
and in promoting osteoblast phenotype progression for bone regeneration.

(Some figures may appear in colour only in the online journal)
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1. Introduction

Irregular-shaped bone fractures, mostly seen in osteoporotic
bone fractures cases, have been stabilized using injectable
materials such as polymethylmethacrylate (PMMA) (bone
cement) and calcium content resin-based materials due to
their minimally invasive administration [1]. However, these
materials all fall short of clinical expectations for reasons
such as the exothermic polymerization process, mismatched
mechanical properties (high modulus) with osteoporotic
bone [2, 3] and the lack of regenerative potential [4-8].
There is a great demand for a new generation injectable
biomaterial possessing proper biological, mechanical and
structural properties to host cells and to regenerate bones at
the injected area while stabilizing the fracture. New generation
injectable orthobiologic material may have the potential to
induce bone restoration while releasing osteoinductive factors
in a controllable fashion and thus holding a newly formed bone
matrix.

Collagen is an excellent material for injectable and
implantable scaffolds to regenerate bone because of its
permeability, in vivo stability, and inherent biochemical
properties [7, 9-11]. Numerous studies conducted with
collagen sponges, collagen membranes, and electrospun
collagen fibers have shown that cells seeded on such
scaffolds can differentiate and deposit abundant extracellular
matrices throughout the scaffolds [9-11]. However, collagen
by itself cannot serve as a bone-filler because it has poor
mechanical properties and a high degradation rate for bone
tissue. Therefore, collagen cannot provide long-term structural
support for load-bearing conditions [12].

In order to overcome these limitations, collagen has
been mixed with synthetic biocompatible polymers such as
polycaprolactone (PCL) [12, 13]. PCL is a FDA approved
biocompatible material with optimum mechanical and
degradation properties suitable for bone tissue [14, 15]. As
a result, PCL—collagen composite scaffolds in different forms
including sponge, 3D well-defined scaffold, electrospun fiber
materials, and membrane form have been used both in in vitro
and in vivo studies for bone regeneration [12, 13, 16-18].

The electrospining of collagen and collagen—PCL blends
is a common technique to produce a 3D nanofibrous collagen-
based scaffold. However, electrospining processes may create
conformational changes in the structure of the collagen
[19]. Previous studies have found that during electrospining
processes water-insoluble collagen becomes water soluble due
to high electric field exposure and highly volatile fluoroalcohol
(used for dissolving collagen and collagen/polymer) exposure
[19-25]. It has also been demonstrated that up to
45% of collagen can be lost during the electrospining
process [19, 26]. In addition, electrospun collagen and
collagen—-PCL scaffolds need stabilization to preserve
the collagen fiber formation. However, the stabilization
is generally conducted with toxic crosslinking agents
including glutaraldehyde, and N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride [12, 21, 27, 28].

Another common technique to create composite collagen—
PCL scaffold is merging the rapid prototyping technique

with collagen deposition. In these studies, PCL scaffolds
were created in a layer-by-layer fashion to create a three-
dimensional (3D) matrix, then collagen is generally deposited
with or without cells onto the 3D PCL scaffold. In this
technique, no harsh chemicals are used to dissolve the
PCL since the PCL scaffold manufacturing was based on
rapid prototyping techniques. For instance, Ahn et al [18]
studied the effect of PCL—collagen hybrid scaffolds on the
cellular activities of osteoblast-like cells (MG63). The 3D
interdigitated micro-structured PCL—collagen scaffolds were
created using melt-plotting and a low temperature plate. Then
the cells were seeded on a hybrid PCL—collagen scaffold
to run an in vitro study. The in vitro study showed that,
MG63 cells exhibited higher cell-seeding efficiency, cell-
viability, and calcium deposition on a PCL—collagen scaffold
compared to those of pure PCL scaffolds. The results were
attributed to the increased mechanical stiffness due to PCL
and increased bioactivity of the hybrid scaffold due to
collagen. Lee et al [13] also created hybrid PCL—collagen
scaffolds from PCL microstrands and electrospun collagen
for bone tissue regeneration. They followed the layer-by-
layer manufacturing technique to create their hybrid scaffold.
Basically, PCL microstrands were created in a designed
fashion and collagen was electrospun on this layer, then a
second layer of PCL microstrands were deposited again on
the electrospun collagen. They seeded osteoblast-like cells
(MG63) onto a hybrid PCL—collagen scaffold to assess the
osteoconductivity of the scaffolds. Their results showed that
PCL—collagen scaffolds promoted the MG63 cell proliferation,
adhesion, and expression of bone-associated genes. Richert
et al [29] created a PCL—collagen hydrogel construct seeded
with mesenchymal stem cells (MSCs) for bone regeneration.
The scaffold consisted of two parts. The first part is the 3D PCL
scaffold manufactured with a fused deposition system and the
second part is the collagen hydrogel with embedded MSCs. To
create a composite PCL—collagen scaffold, MSCs loaded with
acollagen gel were dropped on to a 3D collagen scaffold. Their
results showed that the PCL—collagen scaffold could promote
an osteogenic differentiation pathway for MSCs. Although no
harsh chemicals were used to dissolve the PCL and collagen
in these scaffolds, the introduction of these composite PCL—
collagen scaffolds in to the body of interest still requires an
invasive surgery.

In the light of the above discussion, the current study
is aimed at creating a next generation, injectable biomaterial
as a bone filler containing pre-osteoblast cells, nanofibrous
PCL synthetic polymers and collagen type-I natural polymers.
This will mimic the micro/nano-hierarchal architecture of
the native bone and will create a 3D environment for bone
cell-ingrowth, proliferation and differentiation. In this study,
the advantages of injectability and biomimicry of collagen
were coupled with PCL nanofibers, to create cell encapsulated
injectable 3D bone scaffolds with intricate porous internal
architecture and high osteoconductivity. Nanofibrous PCL—
collagen (PN-COL) scaffolds were manufactured with varying
PCL concentrations of 0% (w/v), 1% (w/v), and 6% (w/v)
to evaluate the injectable PN-COL scaffolds with respect to
their physiochemical, morphological, biological properties.
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Specifically, we investigated the effect of the PCL nanofiber
concentration within collagen on a scaffold’s architectural
and chemical properties, and the osteogenic activity of
the scaffold. In particular, we investigated the changes on
scaffold’s structural stability, chemical composition, internal
architecture, on pre-osteoblast’s cell morphology, viability,
proliferation, and on osteogenic activity including alkaline
phosphates activity, matrix mineralization, and the total matrix
protein production following PCL nanofibers incorporation
within collagen type-I.

2. Materials and methods

2.1. Injectable osteogenic scaffold fabrication

The biomaterial composite PCL nanofibers interspersed with
collagen (PN-COL) was obtained by incorporating PCL
nanofibers within collagen type-I (BD Science, USA) with
different ratios. A detailed description of the manufacture of
the injectable PN-COL scaffold is given below.

PCL nanofiber fabrication. PCL (Mw = 45000,
Sigma-Aldrich) nanofibers were obtained by electrospining
techniques. PCL was dissolved in a solvent mixture with
a volume ratio of 7:3 chloroform/methanol (v/v) by gently
stirring at room temperature for 24 h to form a homogenous
solution. A 12% (w/v) PCL solution was delivered via a syringe
pump (New Era Pump Systems, Inc.) fitted with a 20-gauge
needle at a flow rate of 750 ul h~'. PCL nanofibers were
fabricated using a positive voltage of 20 kV applied between
the needle and a grounded aluminum foil plate separated by
a distance of 12 cm using a high voltage power supply (ES30
P, Gamma High Voltage). All the electrospining processes
were carried out under ambient conditions of 24 £+ 3 °C
temperature with 50 + 5% relative humidity for 1 h. The
fibrous meshes on the aluminum foil plate were collected and
dried in the desiccator for 72 h to remove residual organic
solvent and moisture. The PCL nanofiber mats were then
homogenized using a high speed homogenizer (Ultra-Turrax,
IKA Works, Inc.). Prior to mixing the PCL nanofibers with the
collagen type-I solution, PCL nanofibers were functionalized
with an oxygen-based plasma for 3 min to introduce oxygen-
containing functional groups on nanofibers to reduce its
hydrophobicity as previously described [14, 16].

Collagen solution neutralization and PCL nanofiber
induction. The collagen type-I solution (BD Bioscience; USA)
had a concentration of 3.61 mg ml~! with a pH of ~3—4. It
should be noted that the collagen type-I came from a vendor
in a solution form. Since the collagen type-I was already in
an aqueous form; there was no need to dissolve it with a
solvent. This collagen solution was diluted to 2.5 mg ml~! and
pH neutralized to 7.0 with the help of chilled 1M sodium
hydroxide, phosphate buffered saline (PBS) and deionized
water. The plasma-treated PCL nanofibers were then mixed
with the prepared collagen solution with a ratio of 1% (w/v) and
6% (w/v) to obtain an injectable composite PN-COL scaffold.
This composite scaffold solution was stored at 4 °C to prevent
collagen polymerization until mixing with cells for in vitro
studies.

2.2. Structural stability analysis of PN-COL composite
scaffold

The size retention of PN-COL scaffolds with varying PCL
concentrations (0%, 1%, and 6% (w/v)) were calculated
following a 14 day culture at incubator conditions to
understand the effect of increased PCL concentration within
a PN-COL scaffold in scaffold size retention. The changes
in scaffold size were quantified using an optical image of
the scaffolds. From the images, a size retention percentage
calculation was obtained by dividing the scaffold size at day
14 to the scaffold size at day 0. For the original size calculation
atday 0, the bottom surface area of a well in a 48-well plate was
used because at day 0, deposited material covered the bottom
of the well in all experimental groups. For size measurements
at day 0 and day 14, optical images of the samples were taken
by a camera after washing the samples twice with PBS. The
optical images were then uploaded to Image-J software from
NIH for area calculation. Four area measurements were done
for each sample (n = 4).

2.3. Morphology and chemical composition analysis of
PN-COL composite scaffold

The morphological changes due to PCL nanofiber induction
to the collagen scaffold were examined by scanning electron
microscopy (SEM) (Quanta 3D FEG). Prior to SEM analysis,
PN-COL scaffolds were fixed with 4% paraformaldehyde
solution (Sigma Aldrich; USA) for 1 h, and then post-fixed
in 1% (v/v) osmium tetroxide diluted with Sorensen’s buffer
to preserve the collagen fibrils and to enhance the image
quality. After fixation, the samples were rinsed twice with PBS,
and subsequently dehydrated in increasing concentrations of
ethanol from 30% to 100% and ethanol/ hexamethyldisilazane
(HMDS) solutions from 30% to 100 % for 15 min each.
Further, the samples were air-dried under the chemical hood
over-night to evaporate the residual ethanol and HMDS. The
dried samples were then sputter coated with a thin layer of
gold to avoid charging.

The chemical changes due to the incorporation of PCL
nanofibers in the collagen type-I solution were quantified by
Fourier transform infrared spectroscopy (FTIR). The FTIR
spectra of the samples were collected using a germanium ATR
(attenuated total reflection) crystal in the Digilab Excalibur
FTS 4000 FTIR spectrometer with UMA 600 microscope. The
spectra for a collagen scaffold (0% w/v) and PN-COL scaffolds
with 1% (w/v) and 6% (w/v) were obtained by accumulating
256 scans with a resolution of 4 cm™! in the range of 800—
4000 cm~ 1.

2.4. Long-term in vitro evaluation of injectable PN-COL
composite scaffolds

A long-term in vitro study (21 days) was designed with
pre-osteoblast cells encapsulated within PN-COL injectable
scaffolds to investigate the changes in cell morphology,
viability, proliferation, and osteogenic activity including
alkaline phosphates activity, matrix mineralization, and total
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matrix protein production within varying PCL nanofibers
concentrations in composite PN-COL scaffolds.

The pre-osteoblastic cells, MC3T3-El1 (ATCC, CRL-
2593; USA) between passages numbered two and four
were used. Cells were populated in a complete medium of
a-minimum essential medium («-MEM) (Life Technologies,
USA) supplemented with 1% antibiotics (Life Technologies,
USA), 10% (v/v) fetal bovine serum (FBS) (Gibco; USA) in
an incubator maintained at 37 °C and 5% CO,. Three days
prior to cell incorporation into a scaffold, cells were cultured
with an osteogenic media prepared by adding osteogenic
factors including 10 mM pB-glycerophosphate and 50 ug
mL~! ascorbic acid (Sigma-Aldrich, USA) to the complete
media. Pre-incubated cells were then encapsulated within a
sterile collagen-PCL scaffold with a density of 1 x 10° cells
mL~! and placed inside an incubator at 37 °C for an
hour to initiate the collagen polymerization. Collagen is a
biomolecule consisting of a homogenous collection of thin
fibers. These fibers become cross-linked when conditions are
adjusted to near physiological values (pH of 6.5-8.5 and
temperature 20-37.5 °C). In the literature, the crosslinking of
collagen fibers is called ‘collagen gelation’ or ‘collagen matrix
polymerization’ [30-32]. Following polymerization for 1 h,
the fresh complete medium was added to each sample. Cell
encapsulated polymerized PN-COL scaffolds were moved to
the incubator until the characterization day.

The encapsulated cell proliferation within the PN-COL
scaffold was examined using non-toxic alamarBlue (aB) assay
(Biosource International, USA) at days 14 and 21. For each
group four samples were used (n = 4). On the day of
characterization, 10% (v/v) of aB assay solution was added
to each sample and allowed to incubate for 6 h at incubator
conditions. Following the incubation, 250 uL solution of
colored product was taken out from the wells and put into
a 48 well-plate to measure the fluorescence intensity using
a microplate fluorometer (Wallac 1420, USA) at 545 nm
excitation and 585 nm emission wavelengths.

The encapsulated cell viability within the PN-COL
scaffold was assessed quantitatively and qualitatively using
Live/Dead assay (Life Technologies, USA) at day 14. Confocal
images of live and dead cells within 3D scaffolds were taken
following incubation with Live/Dead assay for these analyses.
Briefly, for confocal images, on characterization day, samples
were first washed twice with PBS for 5 min and then incubated
in a Live/dead assay for 30 min. The assay was composed
of a 1:4 concentration ratio of calcein AM for labeling live
cells and ethidium homodimer-1 for labeling dead cells in
PBS. After incubation, the samples were fixed using 4%
paraformaldehyde (Sigma Aldrich, USA) in PBS for 30 min.
Post fixation, the samples were washed three times with PBS
for 15 min. The samples were then stored at 4 °C until they
were imaged using a Leica TCS SPE Confocal microscope
with multiphoton. Calcein AM was visualized using a 488 nm
laser and an emission spectrum of 491 to 545 nm. Ethidium
homodimer-1 was visualized using a 568 nm laser and an
emission spectrum of 590 to 685 nm. For quantitate analysis,
cell counting was completed on the ~40 pum thick images.
Prior to counting cells, the images were divided intoa 5 x 5

grids to facilitate the counting. The numbers of live and dead
cells were then counted in each grid square. The live and
dead cell counts were summed and the percent viability was
calculated as the ratio of live cells to total cells.

The alkaline phosphatase (ALP) activity was evaluated
on the PN-COL composite scaffold with varying PCL
concentrations of 0%, 1%, and 6 (w/v) at day 14 using alkaline
phosphatase colorimetric assay (Abcam, USA). For each
group four samples were used (n = 4). The assay measures
p-nitrophenol (pNP) converted from p-nitrophenyl phosphate
in the presence of ALP. The rate of pNP production is linearly
proportional to the ALP activity. Prior to ALP analysis, the
cells inside the collagen—PCL scaffold were liberated by
incubating the scaffolds with a 0.2% (w/v) collagenase type-
I solution (Life Technologies, USA) with complete media
for 1 h at 37 °C in a shaking water bath. Then, the whole
solution was centrifuged to isolate the cell pellet for the
ALP measurement. The ALP assay was performed based on
the manufacturer’s protocol (ab83369, Abcam®). The pNP
production was determined by measuring the absorbance at
405 nm using a microplate reader (SOFTmax Pro). To convert
the measured absorbance to pNP value, a standard curve was
established using a serial dilution of pNP according to the
manufacturer’s protocol.

The matrix mineralization and the progression of calcium
deposition within and on the PN-COL composite scaffolds
were quantified by Alizarin Red assay (Millipore, catalog #
ECMS815; USA) and were visualized by SEM imaging at day
14 and day 21. For each group four samples were used (n =
4). Constructs containing cells were digested using 0.2% (w/v)
collagenase solution with complete media for an hour at 37 °C.
Following digestion, the whole solution was incubated further
with 0.05% (w/v) trichloroacetic acid solution to release
the mineralized matrix on the PCL nanofibers. The amount
of mineralized matrix was then measured according to the
manufacturer’s protocol with a microplate reader (SOFTmax
Pro) at an absorbance of 405 nm. The optical density value
obtained from the measurement is linearly correlated with the
amount of mineralized matrix. For visualizing the mineralized
matrix, SEM imaging protocol was followed (section 2.3).

To identify the fotal protein production of cells on collagen
and PN-COL scaffolds, the BCA Protein Assay (Pierce Protein
Biology Product; USA) was used. Prior to the assays, cells
were liberated from the collagen matrix by incubating them
with (%0.02 w/v) collagenase solution for 1 h at 37 °C and
lysed to release the proteins. The manufacturer’s protocol was
followed to conduct the assay. Bovine serum albumin (BSA)
was used as a protein standard. The results gave a quantitative
measure of matrix protein production in a PN-COL composite
scaffold.

2.5. Statistical analysis

Statistical analysis was performed using SPSS software
version 10.2. All the data were expressed as the mean =+
standard deviation. Differences between groups were analyzed
by investigation of variance (ANOVA) with the LSD post
hoc test. In the proliferation result evaluation two-sample



Biomed. Mater. 8 (2013) 045011

N Baylan et al

Day0

Day 14

100
90
80
70
60
50
40
30
20
10

S

PN-COL Scaffold
Size Retention (%)

0% 1% 6%

PCL Concentration
within PN-COL Scaffold

Figure 1. (A) Optical images of the PN-COL scaffolds with 0%, 1% and 6% (w/v) PCL at day 0. (B) Optical images of the PN-COL
scaffolds with 0%, 1% and 6% (w/v) PCL at day 14. (C) Graph showing changes in scaffold size retention percentage with increased PCL

concentration within PN-COL scaffolds.

T-tests were conducted to identify and to clarify the difference
between cell numbers within sample groups at day 14 and
day 21. To identify and to clarify the statistical significance of
PCL concentration on cell proliferation one-way ANOVA was
run. The paired Student’s ¢-test was performed to analyze the
difference for ALP activity, mineralization and total protein
production between 1% (w/v) PN-COL and 6% (w/v) PN-
COL scaffold. Differences were considered as significant when
p < 0.05.

3. Results

3.1. PCL nanofiber concentration within PN-COL mediates
scaffold structural stability

It is well-known that the collagen coupled with cells cannot
retain its original size due to contraction [33, 34]. The
changes in scaffold size were studied since the size retention
of injectable bone filler within the injected area is very
important for successful bone fracture stabilization. In this
study, the size retention of PN-COL scaffolds with varying
PCL concentrations (0%, 1%, and 6% (w/v)) were calculated
following 14 day cell culturing at incubator conditions (37 °C).
The scaffold size retention percentage was then calculated by
dividing the scaffold size at day 14 by the scaffold size at day
0. Figure 1 shows the optical images of scaffolds on day 0
and day 14, and also shows the graph on changes in scaffold
size retention percentage with increased PCL concentration
within PN-COL scaffolds. The results suggested that scaffold
size retention increased with the increased PCL nanofiber
concentration within the PN-COL composite matrix. The PN-
COL scaffold with 6% (w/v) PCL concentration was able to
preserve the initial injected volume up to 95% (figure 1(C))
while the size retention percentage was only 38% for 1% (w/v)
PN-COL preserved. For pure collagen scaffolds (0% PN-COL)
the dimension shrinkage was significant. Following 14 days of
culture, the size retention percentage was only 25% for 0%
(w/v) PN-COL scaffolds.

3.2. PCL nanofiber concentration within PN-COL mediates
scaffold morphology and chemical composition

Tissue scaffold morphology and cell-biomaterial interaction
sets the stage for cell attachment and also affects the cell
phenotype and functions [14, 35, 36]. Therefore, it is important
to understand the effect of PCL nanofiber introduction within
collagen scaffolds in respect to scaffold morphology.

Figure 2 shows the SEM image of injectable PN-COL
scaffold morphology with varying PCL nanofiber concentra-
tions with lower and higher magnification. The images suggest
that with increased PCL nanofiber concentrations, the scaf-
folds’ morphologies change dramatically. The fiber sizes were
decreased with the increased PCL incorporation. The intro-
duction of PCL nanofibers within collagen provided a large
surface-area-to-volume ratio for cell attachment and prolif-
eration. For a pure collagen scaffold (0% (w/v) PCL within
scaffold), the thickness of the collagen fibers was around
500 nm. Following 1% (w/v) PCL nanofiber and 6% (w/v)
PCL nanofiber induction to the collagen, the fiber sizes in-
side the scaffold reduced to 100 and to 5 nm, respectively.
The introduction of PCL nanofibers within collagen provided
a large surface-area-to-volume ratio for cell attachment and
proliferation.

Changes in chemical composition with the introduction of
PCL nanofibers into the scaffold were characterized by FTIR
spectroscopy. The spectra collected from PN-COL scaffolds
with varying PCL concentrations and the spectra collected
from pure PCL are shown in figure 3(A). The characteristic
PCL bands are observed at 2935 c¢cm™' (asymmetric
CH, stretching), 2862 cm™' (symmetric CH, stretching),
1724 cm™! (carbonyl stretching), 1293 cm~! (C-O and C-
C stretching in the crystalline phase), 1240 cm™! (asymmetric
COC stretching) and 1170 cm~! (symmetric COC stretching)
[37]. For tracking the changes in the spectra with
PCL nanofiber introduction, the area under the peak at
1724 cm~! was calculated. Figure 3(A) provides the qualitative
data corresponding to PCL inclusion to the collagen matrix.
The results given in figure 3(A) suggested that the peak
associated with PCL has increased with an increase in PCL
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Figure 2. SEM micrographs of PN-COL scaffolds with varying PCL concentration: (A) and (B) 0% (w/v) of PN-COL scaffold taken with
lower and higher magnification, (C) and (D) 1 % (w/v) of PN-COL scaffold taken with lower and higher magnification, and (£) and (F) 6%
(w/v) of PN-COL scaffold taken with lower and higher magnification. For (A), (C) and (E), the scale bar represents 20 pum, for (B), (D) and

(F), the scale bar represents 5 pm.
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Figure 3. (A) Traces of FTIR spectra of 0%, 1% and 6% (w/v) PN-COL scaffolds and pure PCL, and (B) calculations of area under the peak

at 1724 cm™".

concentration within the scaffold. For instance, for 0% (w/v)
PN-COL scaffolds (pure collagen scaffolds), there was no
peak at 1724 cm~!, while for 1% (w/v) PN-COL scaffolds
the peak started to appear and for 6% (w/v) PN-COL scaffolds
the peak intensity was the highest. The quantitative results
with respect to changes in chemical composition (figure 3(B))
also suggested a similar trend. Even though these results
were expected, the chemical characterization of the PN-COL
scaffold was found necessary to substantiate the successful
and homogenous incorporation of PCL nanofibers within
collagen.

3.3. Long-term in vitro evaluation of injectable PN-COL
composite scaffold

3.3.1. PCL nanofiber concentration within PN-COL scaffold
mediates MC3T3-El cell viability and cell proliferation.

The osteocompatability data of PN-COL scaffolds at day
14 is given in figure 4. The data is given in the form of
immunofluorescence images of live and dead cells within PN-
COL scaffolds. The number of live cells (green labeled) was
higher on 1% w/v PN-COL scaffolds (figure 4(B)) compared
to live cells within 0% w/v PN-COL scaffolds (figure 4(A)).
Furthermore, dead cells (red labeled) presence was lower
on 1% PN-COL scaffolds compared to 0% w/v PN-COL
scaffolds. The cell viability was increased with an increased
PCL nanofiber concentration within the collagen scaffold. In
addition, although the total number of cells within 1% (w/v)
PN-COL was higher than 0% (w/v) PN-COL, the number
of dead cells within 0%(w/v) PN-COL is almost the same
as the counterparts within 1%(w/v) PN-COL. We were not
able to take confocal images of cells within 6% (w/v) PN-
COL scaffolds because a further increase of PCL presence
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Figure 4. The qualitative and quantitative analysis of embedded cells within PN-COL scaffolds using z = 40 of confocal images. The live
and dead MC3T3-El1 cells and their corresponding numbers (A) within 0% (w/v) PN-COL scaffolds and (B) within 1% (w/v) PN-COL
scaffold at day 14. Live cells were labeled in green and dead cells were labeled in red.
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Figure 5. The MC3T3-E1 cells proliferation within PN-COL
scaffold with 0% (w/v), 1% (w/v), and 6% (w/v) PCL concentration.
* indicates that at day 14 cell number within 0% is significantly
lower compared to 1% (w/v), and 6% (w/v) PN-COL scaffolds. **
indicates that at day 21 cell number within 6% is significantly
higher compared to 1% (w/v), and 0% (w/v) PN-COL scaffolds.

within the scaffold made the scaffold opaque and prevented
the excitation light from passing through the samples.

MC3T3-E1 cell proliferation within PN-COL scaffolds
was assessed by non-toxic aB assay. The proliferation results
showed that cells were able to proliferate over 21 days within
PN-COL scaffolds without showing any decrease in cell
number (figure 5). At day 14, the cell number was significantly
higher (p < 0.05) on 1% (w/v) and 6% (w/v) PN-COL scaffolds
compared to collagen scaffolds (0% w/v PN-COL). At day 21,
the cell number was significantly higher on 6% (w/v) PN-COL
scaffolds compared to cells on 1% and 0% (w/v) PN-COL
scaffolds.

3.3.2. PCL nanofiber concentration within PN-COL scaffold
mediates MC3T3-E| cells’ early and later stage differentiation
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Figure 6. The alkaline phosphatase activity (ALP) of MC3T3-E1
cells within PN-COL scaffolds at day 14. (*) denotes significantly
higher ALP activity compared to 1% (w/v) and 0% (w/v) scaffolds.

capacity. Alkaline phosphatase activity.  The ALP is
an early/intermediate osteoblastic differentiation marker.
Therefore, relative ALP activity measurements of MC3T3-E1
cells within PN-COL scaffolds will identify the effect of the
PCL concentration on early stage differentiation of the cells.
Relative ALP activity was obtained at day 14 by dividing
the amount of pNP)by the total number of cells within PN-
COL scaffolds. Figure 6 shows the relative ALP activity of
MC3T3-El cells within PN-COL scaffolds with varying PCL
concentrations from 0% (w/v) to 6% (w/v). The ALP activity
of cells was not different between 0% and 1% (w/v) PN-COL
scaffolds. However, MC3T3-E1 cells within 6% (w/v) PN-
COL scaffolds demonstrated significantly (p < 0.05) higher
ALP activity compared to cells on 1% (w/v) PN-COL scaffolds
and 0% (w/v) PN-COL scaffolds.

Calcified matrix production. The calcified matrix
production was visualized and quantified to verify the
extracellular matrix (ECM) mineralization as a later state
of osteogenic differentiation. Figures 7(A)—-(D) show SEM
images (lower and higher magnification) of 0% (w/v) and
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Figure 7. The SEM micrographs of mineralized matrix and cells within 6% (w/v) PN-COL and 0% (w/v) PN-COL scaffolds. (A) High
magnification and (B) low magnification image of 0% (w/v) PN-COL scaffold. (C) High magnification and (D) low magnification image of
6% (w/v) PN-COL scaffold. The scale bars represent 20 um on (A) and (C) and 10 um on (B) and (D). Yellow arrows indicate some of the

mineralized deposits around the cells.

6% (w/v) PN-COL scaffolds with a mineralized matrix and
cells at day 21. The lower magnification images (figures 7(A)
and (C)) of scaffolds provide information on the degree of
scaffold mineralization and the position of the cells within
this mineralized matrix. The higher magnification images
(figures 7(B) and (D)) of scaffolds provide information on
mineralized deposits on the scaffold in which some of them
were pointed out with yellow arrows. The lower magnification
SEM images showed that the cell layer on 6% (w/v) PN-
COL scaffolds exhibited a more complex fibrillar structure
and laid down more dense matrix compared to cells on 0%
(w/v) scaffolds (figures 7(A) and (C)). In fact, cells within 6%
(w/v) PN-COL scaffolds started to embed themselves within
a deposited mineralized matrix (figure 7(C)) while there was a
minimum matrix deposition around the cells within 0% (w/V)
PN-COL scaffolds (figure 7(A)). The higher magnification
images show the images of mineralized deposits integrated in
the fibrillar matrix (figures 7(B) and (D)). In the vicinity of the
cells, the ball shaped globular deposits could be distinguished.
The 6% (w/v) PN-COL scaffolds had an abundance of such
globular deposits compared to pure collagen scaffolds (0%
PN-COL).

The mineralized matrix amount withinf/on PN-COL
scaffolds were measured by alizarin red assay on day 14 and
day 21. The quantified mineralized matrix data is given in
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Figure 8. Mineralized matrix amount within/on PN-COL scaffolds
with varying PCL concentration at day 14 and day 21. (#) denotes
differences compared to the other PN-COL scaffolds (P < 0.05) and
(*) denotes differences compared with the PN-COL scaffolds at

different time points (P < 0.05).

figure 8. The results demonstrated that at day 14 there is no
statistical difference in the mineralized matrix amount between
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Figure 9. The total protein production of cells. (*) denotes
differences compared with the PN-COL scaffolds at different time
points (P < 0.05), (#) compared with 1% PN-COL and 6% PN-COL.

the sample groups. However, at day 21 the mineralized matrix
amount is significantly (P < 0.05) higher on 6% (w/v) PN-COL
scaffolds. This finding was also validated with SEM images
(figure 7(D)) of scaffolds at day 21.

Total extracellular matrix protein amount. The total matrix
protein production of cells on/within the scaffolds is given in
figure 9. The total protein production results show that protein
production on 1% (w/v) and 6% (w/v) PN-COL scaffolds are
significantly higher (p < 0.05) than in pure collagen scaffolds
on both day 14 and day 21 (figure 9). The matrix protein
production is highest on 6% (w/v) PN-COL scaffolds at all the
time points.

4. Discussion

In order to preserve the native structure of the collagen and to
take advantage of its biological properties, the freeze drying
technique and rapid prototyping technique have been used
to create collagen sponges and well-defined 3D scaffolds
[10, 13, 38-40] In these techniques, however, cells cannot
be incorporated/encapsulated within the scaffold but can be
seeded on top of the scaffold. This may raise the question
of cell infiltration inside the matrix and having homogenous
cell distribution throughout the scaffold. Furthermore, in
electrospun collagen and collagen—polymer pre-fabricated
scaffolds, the collagen sponges and well-defined 3D PCL—-
collagen scaffolds are not injectable and require invasive
surgery to implant them to the tissue of interest. Therefore,
injection of cell contained scaffolds into a bone-defect cavity
using minimally invasive techniques can shift the process of
cell-scaffold introduction to the body from invasive surgery
to a small cutaneous incision. In this study, the advantages
of injectability and biomimicry of collagen were coupled
with the structural support of PCL nanofibers, to create
cell encapsulated injectable 3D bone scaffolds with intricate
porous internal architecture and high osteoconductivity.

For an injectable biomatrix, retention of the original
volume and dimension is crucial following the injection to have
successful bone regeneration. It is known that the collagen

contraction due to encapsulated cells results in significant
shrinkage in dimensions of a collagen construct [33, 34, 41].
Such contraction and shrinkage would negatively affect the
success of the bone tissue formation because of the voids
created by the shrunken matrix. Therefore, the changes in
scaffolds’ geometry were quantified following 14 days of
cell encapsulation (figure 1). Our novel 3D collagen based
injectable scaffold presented in this study was able to preserve
the initial injected volume up to 95%. The 6% (w/v) PN-
COL could preserve 95% of its original dimensions, while 1%
(w/v) PN-COL preserved only 35% of its original volume. For
pure collagen scaffolds (0% (w/v) PN-COL) the changes in
size were dramatic in significance. Following the 14 days cell
culture, only 25% of the scaffold size was preserved for pure
collagen scaffolds. The data suggested that the preservation in
dimension increased with the increased PCL nanofiber ratio
inside the matrix. This can be explained by the composite
nature of PN-COL scaffolds. In a pure collagen matrix, cells
are anchored only on collagen fibrils and cause fibrils to
contract. However, with the induction of PCL nanofibers into
collagen, cells are attaching not only to these collagen fibrils
but also to the PCL nanofibers. This phenomenon can be
observed in SEM images of cells and the biomatrix as shown
in figure 7.

It is also known that the composition of the scaffold
greatly affects the cellular functions [35, 42], so homogenously
incorporating PCL nanofibers into collagen was a key
consideration to obtain consistent data between the sample
groups in the in vitro study. For that reason, changes in
scaffold chemistry following PCL nanofiber introduction
within collagen was measured with an FTIR spectra of 0%,
1% and 6% (w/v) PN-COL scaffolds with five different
locations (figure 3). The FTIR spectrum has proved that PCL
nanofibers were successfully and homogenously introduced to
the collagen matrix (figure 3).

The osteocompatibility and cell proliferation data on
collagen and PN-COL scaffolds were obtained by aB and
Live/Dead assays. The results obtained from both assays
indicate good osteocompatibility and osteoconductivity for all
scaffold groups. The osteocompatibility showed that the PN-
COL scaffold is not toxic to the cells and further supports
cell viability (figures 4(A) and (B)). The cell viability was
increased with the increased PCL nanofiber concentration
within the collagen scaffold. The confocal images of live
and dead cells within collagen (0%) and 1% (w/v) PN-
COL scaffolds showed there were higher numbers of live
cells (green labeled) within PN-COL scaffolds compared to
collagen scaffolds (figures 4(A) and (B)). The cell proliferation
assay data (figure 5) obtained after 21 day in vitro culture
showed that the number of embedded cells was increased
with the increased PCL fraction within collagen. The 6%
(w/v) PN-COL scaffolds had the highest cell number at day
21 compared 1% (w/v) PN-COL and 0% (w/v) collagen
scaffolds (figure 5). The increase in cell number and viability
with increased PCL concentration can be explained by the
increased surface-to-volume-ratio within the scaffold after
PCL nanofiber introduction. The SEM image of the (0%),
1%, and 6(w/v) PN-COL scaffolds showed that (figure 2) the



Biomed. Mater. 8 (2013) 045011

N Baylan et al

inner surface areas of the scaffolds were increased with PCL
fraction within the scaffolds. This increased the surface area
to provide more space for the embedded cells to attach, spread
and to proliferate.

To further understand and to investigate the effect of PCL
nanofibers within collagen on cellular activity, the osteogenic
differentiation markers, including ALP activity, mineralization
and total protein content were checked.

To identify the stage of osteoblast differentiation, the ALP
activity was measured at day 14. The data (figure 6) suggested
that the ALP activity was significantly (p < 0.05) higher
at 6% (w/v) PN-COL scaffolds compared to 1% PN-COL
and collagen (0% PN-COL) scaffolds. Data also showed that
there is no significant difference between the ALP activities
of the cells at 1% PN-COL and 0% scaffolds at day 14.
The significantly higher amount of ALP activity suggests that
mature osteoblast phenotype expression has started earlier on
6% (w/v) PN-COL scaffolds compared to its counterparts.

To follow the progression of differentiation, matrix
mineralization and the progression of calcium deposition
on/inside the scaffolds, they were quantified by Alizarin Red
assay and were imaged by SEM. The SEM micrographs
(figure 7) showed that cells within 6% PN-COL scaffolds
had an abundance of the globular calcium deposits around
them compared to 0% PN-COL (figures 7(A)-(D)). Results
from the mineralization assay (figure 8) at day 21 showed
that the mineralization was significantly (p < 0.05) higher on
6% (w/v) PN-COL scaffolds compared to its counterparts.
Both quantified mineralization results (figure 8) and SEM
images of mineralized matrices (figure 7) demonstrated that
PCL nanofiber introduction to the collagen scaffolds positively
affect the ability of cells to differentiate and calcify. Pre-
osteoblast cells within 6% (w/v) PN-COL scaffolds showed
an earlier onset of matrix mineralization compared to 1%
(w/v) PN-COL and 0% (w/v) PN-COL scaffolds. This result
can be explained with higher ALP activity of the cells
within 6% (w/v) PN-COL scaffolds. The studies investigating
the role of ALP in deposition of the mineralized matrix
[43-45] have suggested that ALP plays a critical role in
the pathway resulting in the deposition of the mineralized
matrix. Our mineralization and ALP data are in agreement with
these findings. The cells within 6% (w/v) PN-COL scaffolds
(figure 6) showed highly expressed ALP activity compared
to counterparts within 0% and 1% (w/v) PN-COL scaffolds.
The higher ALP activity of cells within 6% (w/v) PN-COL
scaffolds leads to accelerated mineralization within 6% (w/v)
PN-COL scaffolds. The total ECM protein production results
showed that protein production on 1% (w/v) and 6% (w/v) PN-
COL scaffolds were significantly higher than pure collagen
scaffolds and 0% (w/v) PN-COL scaffolds on both day 14
and day 21 (figure 9). The matrix protein production is
highest on 6% (w/v) PN-COL scaffolds. The ECM protein
production results also agreed with the proliferation and
differentiation data suggesting that novel PN-COL scaffolds
promote the osteoblast phenotype expression and formation of
a mineralized matrix.
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Conclusion

A unique, injectable and osteogenic PN-COL scaffold is
introduced to the literature for the first time. The PN-COL
scaffold is composed of interspersed polycaprolactone (PCL)
nanofibers within pre-osteoblast cell embedded collagen
type-1. In this study, the advantages of injectability and
biomimicry of collagen were coupled with the structural
support of PCL nanofibers. This was done to create a
cell encapsulated injectable 3D bone scaffold with intricate
porous internal architecture and high osteoconductivity. Our
data demonstrated that the incorporation of PCL nanofibers
within a collagen type-I matrix resulted in accelerated
mature osteoblast phenotype development. In addition, the
combination of PCL nanofibers and collagen resulted in a
novel injectable scaffold with desired properties for bone
tissue engineering applications, including being able to couple
with cells, retain volume over an extended period of time,
and having a rigid polymerized matrix without using any
crosslinking agent or exothermic reaction.

Structural analysis of novel bioactive material proved that
the material is chemically stable enough in an aqueous solution
for an extended period of time without using crosslinking
reagents and viscous enough to be injected through a syringe
needle. Different to PMMA and ceramic based injectable
materials, this novel scaffold can facilitate the cells within
the material providing porous internal structure for cell
attachment, proliferation, and differentiation. Different to
current scaffolds used in bone tissue engineering including,
collagen sponge, electrospun collagen and collagen—-PCL
mat and well-defined 3D PCL—collagen scaffolds, this novel
scaffold can be injected to the body using a minimally invasive
technique. In addition, during material fabrication, the control
over the concentration of the collagen, the diameter of PCL
nanofibers, the fraction ratio of collagen/PCL nanofibers,
and the number of encapsulated cells within the scaffold
provide great flexibility in the design and functionality of
this novel biomatrix. PCL nanofiber inclusion within collagen
positively affects the ALP activity and mineralization of
encapsulated pre-osteoblast cells and supports their early
osteoblast phenotype expression.
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