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Abstract
Bone-mimetic electrospun scaffolds consisting of polycaprolactone (PCL), collagen I and
nanoparticulate hydroxyapatite (HA) have previously been shown to support the adhesion,
integrin-related signaling and proliferation of mesenchymal stem cells (MSCs), suggesting these
matrices serve as promising degradable substrates for osteoregeneration. However, the small pore
sizes in electrospun scaffolds hinder cell infiltration in vitro and tissue-ingrowth into the scaffold
in vivo, limiting their clinical potential. In this study, three separate techniques were evaluated for
their capability to increase the pore size of the PCL/col I/nanoHA scaffolds: limited protease
digestion, decreasing the fiber packing density during electro-spinning, and inclusion of sacrificial
fibers of the water-soluble polymer PEO. The PEO sacrificial fiber approach was found to be the
most effective in increasing scaffold pore size. Furthermore, the use of sacrificial fibers promoted
increased MSC infiltration into the scaffolds, as well as greater infiltration of endogenous cells
within bone upon placement of scaffolds within calvarial organ cultures. These collective findings
support the use of sacrificial PEO fibers as a means to increase the porosity of complex, bone-
mimicking electrospun scaffolds, thereby enhancing tissue regenerative processes that depend
upon cell infiltration, such as vascularization and replacement of the scaffold with native bone
tissue.
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1. Introduction
Although significant advances have been made in the development of biomaterials for bone
repair, there is still a pressing need for viable clinical alternatives to bone autografting [1],
which is currently the gold standard treatment [2]. Autografting presents multiple drawbacks
for the patient, including increased surgery time, donor site pain, and limited quantity of
harvestable bone [2-5]. Biomaterials capable of promoting osteoregeneration would provide
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a promising solution for many common clinical procedures, such as repair of long bone
defects, spinal fusions, craniofacial and dental surgeries [6]. Some of the fundamental
features of biomaterials thought to be important for effective bone regeneration include: (i) a
biochemical composition and structure that supports osteogenic cell responses, (ii)
appropriate kinetics of biodegradability, without any release of toxic byproducts, and (iii) a
highly interconnected porous network that allows for proper tissue ingrowth and
vascularization of the biomaterial [7].

In order to engineer a successful osteoinductive material, many researchers have turned
toward the process of electrospinning [8-12]. Electrospinning has garnered substantial
attention in recent years due to the relatively simple fabrication process, combined with the
significant potential to tailor these materials to mimic native bone matrices. Electrospun
scaffolds have a nanofibrous structure with interconnecting pores and a large surface to
volume ratio, resembling natural extracellular matrix (ECM), and are also amenable to the
incorporation of biological factors that influence cellular fate [11,13]. Several investigators
have developed electrospun scaffolds that combine degradable polymers such as
polycaprolactone (PCL) with native bone matrix molecules including collagen I and
hydroxyapatite (HA) [13-18]. For example, we previously reported that scaffolds composed
of blended PCL/collagen I nanofibers, with nanoparticles of HA distributed throughout the
thickness of the matrix, promoted greater mesenchymal stem cell (MSC) adhesion, cell
spreading, activation of focal adhesion kinase, and cell proliferation, as compared with
scaffolds composed of PCL alone [19]. Thus, the PCL/col/HA scaffolds represent promising
substrates for supporting endogenous cells in bone-healing environment, and also have
potential utility as a delivery vehicle for exogenously expanded MSCs.

However, one known limitation of electrospun scaffolds is that the pore sizes within the
matrices are typically too small to allow efficient cellular infiltration [20-24]. Migration of
cells into a biodegradable scaffold is a crucial step for the success of the synthetic graft and
the overall healing of the bone defect [20]. Additionally, the small pore sizes constrain
vascularization of the biomaterial, which restricts nutrient delivery and waste removal,
limiting the amount of tissue-ingrowth that can be supported [20]. To overcome this
problem, numerous investigators have proposed mechanisms for increasing the average pore
size of electrospun scaffolds with varying levels of success. Pham et al. addressed this issue
by alternating layers of microfibers with nanofibers, however cell infiltration under static
culture conditions was minimal [25]. Also, the decrease in the number of nanofibers
resulting from this method caused diminished cell spreading. Others have used common
engineering techniques of salt leaching [26,27] or cryogenic electrospinning [28] and have
achieved moderate success, however these techniques require advanced electrospinning
setups and can also affect the surface properties of the nanofibers. Another potentially useful
approach involves reducing the packing density of the electrospun scaffolds during the
fabrication process [29], or alternatively, decreasing the packing density post-
electrospinning by employing an ultrasonication method to mechanically separate the fibers,
resulting in greater pore sizes and enhanced cellular infiltration [30]. Lastly, several
investigators have explored co-electrospinning sacrificial fibers along with stable fibers,
thereby creating larger pores after removal of the sacrificial fibers; this strategy has been
successful in facilitating cell infiltration [24,31,32].

Despite the many new electrospinning techniques developed to increase scaffold pore size,
the vast majority of studies in this area have focused on scaffolds composed solely of
synthetic polymers, which offer minimal biologic cues for cells. Therefore it is essential for
these techniques to be adapted in order to engineer custom, complex matrices that
incorporate biological molecules specific for their intended application. In this study, our
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goal was to compare various methods for increasing the pore size of bone-mimetic, PCL/col/
HA (“TRI”) electrospun scaffolds in order to facilitate the infiltration of osteogenic cells.

2. Materials and methods
2.1. Preparation of electrospun scaffolds

TRI component and PCL electrospun scaffolds were fabricated as described previously [19].
Briefly, electrospinning solutions of 50wt% PCL + 30wt% collagen I + 20wt% HA (TRI),
and 100wt% PCL were dissolved in hexafluoroisopropanol (HFP, Sigma–Aldrich) so that
the solid weight was 7.5% of the total solution weight. PEO was dissolved in HFP so that
the solid weight was 5.5% of the total solution weight. PCL (MW = 100,000 Da) was
purchased from Scientific Polymer Products (Ontario, NY), PEO (MW = 200,000 Da) was
purchased from Polysciences, Inc. (Warrington, PA), lyophilized calf skin collagen I was
from MP Biomedicals (Solon, OH), and HA nanoparticles (20–50 nm) were purchased from
Berkeley Advanced Biomaterials, Inc. (San Leandro, CA). The solutions were magnetically
stirred at room temperature for over 1 h followed by brief sonication before loading into
disposable 3 cc syringes. A voltage of 22.5 kV was applied using a high-voltage power
supply (Gamma High Voltage Research, Ormond Beach, FL). The grounded aluminum
collection plate (9 cm diameter) was located 15 cm from the tip of the electrically charged
27-gauge needle (Jensen Global Inc., Santa Barbara, CA). A syringe pump (Harvard
Apparatus) was used to feed polymer solution into the needle at a flow rate of 2 ml/h. The
resulting samples were randomly arranged fibers deposited as a sheet with average thickness
of 300 μm. A Humboldt Boring Machine (Fisher) was then used to cut out electrospun
scaffolds in fixed diameter circles to insure equal sample size. No chemical or radiation-
induced cross-linking of PCL, PEO or collagen fibers was performed.

For studies aimed at reducing the packing density of electrospun scaffolds, a unique
collecting plate was used. As shown in Fig. 4A, a plastic petri dish (9 cm diameter) was
added to cover the grounded aluminum collecting plate. Twenty evenly spaced 19 gauge
(1.5” length) needles (Jensen Global) were inserted perpendicularly through holes created in
the petri dish, touching the aluminum plate underneath.

Following electrospinning, samples were placed under vacuum for 48 h to remove the
residual HFP solvent. Scaffolds were sterilized in 70% EtOH for 1 h prior to use.

2.2. Implantation of scaffolds into rat tibiae
PCL or TRI scaffolds were implanted into cortical defects created in rat tibias of four male
Sprague–Dawley rats as previously described [33] (two rats per scaffold type). The wounds
were closed with vicryl sutures, and buprenorphine was given as an analgesic. The tibiae,
with implants in place, were retrieved after 7 days, fixed in 4% formalin, and embedded in
poly(methylmethacrylate). Multiple 5 μm sections were stained with Goldner’s Trichrome,
which stains mineralized tissue green, non-mineralized extracellular matrix red, and cell
nuclei black. Low power survey images were acquired with a Nikon SMZ-U
stereomicroscope. Higher magnification bright field images were acquired with a Nikon
Eclipse TE2000-U. NIH guidelines for the care and use of laboratory animals (NIH
publication #85-23 rev.1985) were observed, and all protocols were performed with prior
approval from the University of Alabama Institutional Animal Care and Use Committee.

2.3. Scanning electron microscopy (SEM) imaging of electrospun scaffolds
Electrospun scaffolds were visualized for fiber integrity and architecture using scanning
electron microscopy. For collagenase treatment testing, scaffolds were placed in a
collagenase solution (2 mg/ml Roche Applied Sciences) for one week prior to being dried in
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increasing gradients of ethanol in water. SEM imaging was performed on a Philips 515 SEM
with an accelerating voltage of 15 kV.

In the subcutaneous skin pouch studies, scaffolds were implanted into dorsal subcutaneous
sites of male Sprague–Dawley rats as described previously [34]. After one week, animals
were sacrificed and implants were retrieved and washed. Scaffolds were dried in gradients
of ethanol in water followed by a gradient of hexamethyldisilazane in ethanol. SEM imaging
was performed on a Philips 515 SEM with an accelerating voltage of 15 kV.

For reduced packing density studies, SEM imaging was performed on a Philips XL-30 SEM
with an accelerating voltage of 10 kV. Scaffolds were dried in a desiccator for 48 h prior to
imaging.

2.4. Isolation and culture of MSCs
For in vitro infiltration studies, human MSCs were isolated from bone marrow donations, as
previously described [35]. Briefly, cells were pelleted by centrifugation, resuspended in
Dulbecco’s Modified Eagle Medium (DMEM), and then applied to a Histopaque-1077
column (Sigma, St. Louis, MO). A density gradient was generated by centrifugation at 500 g
for 30 min. Cells from the DMEM/Histopaque interface were extracted with a syringe and
seeded onto tissue culture dishes and cultured in DMEM containing 10% fetal bovine serum.
Bone marrow samples were obtained with approval from the University of Alabama
Institutional Review Board. For fluorescent studies, lentivirus-transduced human MSCs
containing green fluorescent protein (GFP) were provided by the Tulane Center for Gene
Therapy (New Orleans, LA).

2.5. Collagenase treatment of electrospun scaffolds
TRI scaffolds were treated with a 2 mg/ml collagenase solution at 37 °C for one week. The
dry weight of the scaffolds was measured before collagenase treatment, and then the
scaffolds were dried in a desiccator before being weighed again. The change in mass is
presented as the percent change between the initial and final weighing. 100% PCL scaffolds
were used as control.

2.6. MSC infiltration into electrospun scaffolds
MSC infiltration into electrospun scaffolds was tested in two separate experiments. In the
first, TRI or PCL scaffolds were treated with collagenase solution (2 mg/ml) overnight prior
to being sterilized in 70% ethanol for 1 h. Scaffolds were placed in 24-well CellCrowns™
(Scaffdex, Tampere, Finland) to maintain scaffold orientation. GFP-expressing MSCs were
seeded at a density of 3.8 × 104 cells/cm2 onto the top of the scaffolds and cultured ingrowth
media (DMEM containing 4.5 g/L glucose, supplemented with 10% fetal bovine serum) at
37 °C, exchanging media every 2–3 days. After two weeks, cells on the scaffolds were fixed
in 70% EtOH prior to embedding the cell-loaded scaffolds in frozen HistoPrep blocks
(Fisher Scientific). 6 μm sections were cut using a Leica cryostat. Sections were visualized
using a Nikon fluorescent microscope for presence of GFP-expressing cells within the
scaffold.

In the second cell infiltration assay, TRI/PEO or TRI scaffolds were washed overnight to
remove PEO fibers prior to being sterilized in 70% ethanol for 1 h. Scaffolds were again
placed in 24-well CellCrown™ and MSCs were seeded at a density of 5 × 104 cells/cm2

onto the top of the scaffolds and cultured ingrowth media for one week. Cells were then
fixed in 70% EtOH prior to embedding the cell-loaded scaffolds in frozen HistoPrep blocks.
6 μm sections were cut using a Leica cryostat. Sections were stained with DAPI to visualize
the location of cell nuclei.
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2.7. Removal of sacrificial fibers of PEO
After electrospinning, sacrificial fibers of PEO were removed from electrospun scaffolds by
soaking in H2O overnight at room temperature. The removal of PEO fibers was visualized
by adding fluorescent dyes to the electrospinning solutions prior to electrospinning. The
green fluorescent dye DiOC18(3) (Invitrogen Corp., Carlsbad, CA) was added to TRI
solutions, and the red fluorescent dye DiIC18(3) (Invitrogen) was added to PEO solutions.

For percent mass loss studies, scaffolds were weighed before soaking in water for one week,
then dried in a desiccator before being weighed again. The change in mass is presented as
the percent change between the initial and final weighing.

2.8. Measuring pore sizes of TRI/PEO scaffolds
TRI/PEO and TRI solutions were electrospun onto glass coverslips attached to the collecting
plate. 0.05 mL of solution was electrospun for all samples to ensure equal scaffold thickness.
TRI solutions were fluorescently stained with DiOC18(3). After washing scaffolds, the fibers
were visualized fluorescently using a Zeiss LSM 710 Confocal microscope. 10um sections
were captured by stacking consecutive image slices. Images were analyzed using the Area
Auto Detect feature on the NIS-Elements Basic Research software (Nikon Instruments Inc.,
Melville, NY). The macro was used to automatically detect boundaries and measure areas
between fluorescent fibers of 25 pores manually selected at random for each image. Three
images were analyzed per sample, two samples per group. All images were taken at 20x.
Average pore size was calculated using the imaging software.

2.9. Infiltration of cells from calvarial organ cultures
4-day-old Swiss White mice pups were euthanized via decapitation. The calvarial bones
were excised as described by Mohammad et al. [36] and placed on top of a steel grid in 6-
well plates. Electrospun scaffolds of TRI or TRI/PEO (soaked in water overnight to remove
PEO) were placed on top of the calvaria. Calvaria were cultured in serum free media for
eight days. Calvaria/scaffold constructs were then fixed in 70% EtOH and embedded in
frozen HistoPrep blocks. 6 μm sections were cut using a Leica cryostat. Sections were
stained with DAPI to visualize the location of endogenous cell nuclei.

2.10. Statistics
Percent mass loss studies were performed at least two independent times. MSC infiltration
studies were performed two independent times in triplicate. Two representative microscopic
fields were analyzed per sample, giving a total of 12 fields analyzed for each scaffold
formulation. Organ culture studies were performed with seven samples per group. Two
representative fields were analyzed per sample, giving a total of 14 fields analyzed for each
scaffold type. Data sets were assessed using an unpaired Student’s t-test parametric analysis,
and data were reported as mean + standard deviation. A confidence level of at least 95% (p
< .05) was considered significant and denoted by “*”. Additionally, (p < .0001) was denoted
by “**”.

3. Results
3.1. Controlled degradation of collagen fibers

Previous studies have shown that bone-mimetic electrospun scaffolds consisting of PCL,
collagen I and nanoHA (“TRI”) support MSC responses in vitro that are favorable for new
bone formation [19]. However, it has become apparent that the small pore sizes within these
scaffolds restrict cellular infiltration, consistent with most other types of electrospun
scaffolds. As can be seen in Fig. 1A, TRI scaffolds implanted into a cortical defect created
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in a rat tibia supported excellent new bone formation, and higher magnification images (Fig.
1B) revealed that newly synthesized bone was in direct contact with the implant surface.
However cells lined the surface of TRI scaffolds, with minimal infiltration into the scaffold
(inset in Fig. 1B).

To address this issue, we first tested whether the collagen present in the TRI scaffolds could
be used to our advantage as a target for controlled degradation, thereby creating larger pores
in order to facilitate cellular infiltration. We hypothesized that a limited treatment with
collagenase solution could be employed to introduce selective fiber breaks (without
completely eliminating collagen from the scaffolds). To test this, TRI scaffolds, and PCL
scaffolds as a control, were treated with collagenase, and substrates were then analyzed by
SEM to screen for the presence of fiber breakages. As shown in Fig. 2A, SEM images of the
treated scaffolds revealed breakage of fibers in the TRI (e) but not PCL (b) scaffolds. This
cleavage of fibers in TRI scaffolds was also observed when scaffolds were placed into rat
subcutaneous skin pouches, where they are exposed to endogenous collagenases (f).
Additionally, the cleavage of collagen fibers was confirmed by comparing the dry weight of
scaffolds before and after treatment with collagenase solution in vitro. On average, TRI
scaffolds lost 15.6% of their mass after one week, while PCL scaffolds exhibited no
decrease in mass (Fig. 2B).

3.2. Cell infiltration in scaffolds pre-treated with collagenase
After observing that collagenase treatment creates specific fiber breakages in TRI scaffolds,
thereby opening larger pores, we tested to see if this would facilitate cellular infiltration.
MSCs that stably express GFP were seeded on top of TRI scaffolds that had been pre-treated
with collagenase solution and then placed into Scaffdex CellCrown™ well inserts (to ensure
the scaffold orientation was maintained). MSCs seeded onto the scaffolds were cultured in
standard growth media. After two weeks of culture, the samples were fixed and scaffolds
sectioned vertically to monitor migration of cells into the scaffold. As can be seen in Fig. 3,
panel b, the MSCs remained on the surface of the scaffolds, with negligible cellular
infiltration observed.

Given the minimal level of cellular infiltration observed, we questioned whether or not the
basal migration level of the GFP-MSCs was too low to observe infiltration into the
scaffolds. To stimulate MSC migration, we coated the bottom side of the scaffolds with the
chemoattractant platelet derived growth factor (PDGF-BB), which has been shown to be a
potent inducer of MSC migration [37-39]. By coating the underside of the scaffold with
PDGF-BB, a chemoattractive gradient was created through the scaffold for the MSCs.
Despite the pretreatment of scaffolds with collagenase to increase pore sizes in addition to
the inclusion of PDGF, there was still negligible cell infiltration at time points of two (Fig.
3, panel c) and three weeks (not shown). Therefore it was apparent that this technique was
not an adequate solution for facilitating robust cellular infiltration.

3.3. Reducing the packing density of electrospun fibers
We next developed a modified electrospinning protocol aimed at decreasing the packing
density of scaffold fibers. Specifically, a plastic petri dish was used to cover the normal
aluminum collecting plate, and twenty evenly spaced holes were created in the petri dish,
followed by the placement of 19 gauge needles through the holes touching the grounded
collecting plate. A schematic of the collecting plate can be seen in Fig. 4A. During
electrospinning, the fibers were attracted to the grounded needles protruding from the petri
dish, and bridged from one needle tip to the other. The limited amount of grounded points
for fiber attachment reduced the packing density of the electrospun fibers, creating a more
three-dimensional scaffold with larger pore sizes. However, it was discovered that this three-
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dimensional scaffold fabrication technique was only successful with 100% PCL scaffolds,
and could not be replicated with TRI scaffolds (Fig. 4B). SEM confirmed that while the PCL
scaffolds showed large pore distribution and channels, the TRI fibers remained densely
packed (Fig. 4C). Despite numerous modifications to the protocol, including changes to the
solution composition and electrospinning conditions, as well as alterations in the collecting
plate set-up, we failed to generate TRI scaffolds with the type of 3-dimensional architecture
that was achievable with scaffolds composed of PCL alone. Given the importance of
collagen I and nanoHA in stimulating MSC responses critical for osteogenesis, it seems
unlikely that the greater porosity of PCL scaffolds spun with multiple grounded needles can
compensate for the favorable biochemical signals provided by TRI scaffolds. Hence,
alternative electrospinning methods were pursued.

3.4. Inclusion of sacrificial PEO fibers in scaffolds
As another method to increase the pore sizes of TRI scaffolds, the inclusion of sacrificial
fibers of the water-soluble polymer poly-(ethylene oxide) was evaluated. By simultaneously
electrospinning separate solutions of PEO and TRI, a mixed scaffold was created. After
fabrication, soaking the scaffolds in water washed away the sacrificial fibers, leaving just the
TRI scaffold with voids where the PEO fibers had previously been. To facilitate the mixing
of the fibers onto a flat collecting plate, a fixed gear motor was installed to rotate the
collecting plate on an axis parallel to the electrospinning direction. By adding fluorescent
dyes to the electrospinning solutions prior to electrospinning, fluorescent microscopy
confirmed scaffolds were created with a mixture of two separate fibers, and that the fibers of
PEO were removed after soaking in water, leaving just the TRI fibers (Fig. 5A).
Furthermore, the removal of PEO was confirmed by comparing the dry weight of the
scaffolds before and after soaking them in water (Fig. 5B).

3.5. Measuring the pore sizes of electrospun scaffolds
To quantify the pore sizes of electrospun scaffolds created with sacrificial fibers of PEO,
fluorescent confocal microscopy experiments were performed. Electrospun scaffolds of TRI
or TRI/PEO were collected onto glass coverslips taped onto the rotating collecting plate. To
ensure equal fiber distribution, equal volumes of TRI solution were electrospun. TRI
solutions were stained with fluorescent dye (DiOC18(3)) prior to electrospinning. After
soaking in water, scaffolds were imaged using a Zeiss confocal microscope. Individual scans
of the samples were combined to create a 10 μm thick picture. NIS-Elements software was
used to analyze the resulting images. 25 pores were selected at random using the Area Auto
Detect feature. In Fig. 6A, representative images are shown to illustrate boundary selection
by the software. The mean pore size in TRI scaffolds created with sacrificial fibers of PEO
was 1826.11 μm2, significantly greater than the mean size of pores for TRI scaffolds created
without PEO fibers (424 μm2) (Fig. 6B).

3.6. MSC infiltration in scaffolds with PEO fibers
After successful fabrication of scaffolds consisting of separate TRI and PEO fibers,
scaffolds were evaluated for the effect of PEO fiber removal on cellular infiltration.
Electrospun scaffolds of TRI/PEO were first soaked in water overnight to remove the PEO
fibers. Scaffolds were then loaded into Scaffdex holders to maintain their orientation and
seeded with MSCs. TRI scaffolds created without PEO were used as controls. After one
week in culture, the samples were fixed and vertical sections of the scaffolds were stained
with DAPI to visualize the nuclei of cells infiltrating into the scaffold. As can be seen in Fig.
7A, MSCs were present within the interior of the TRI/PEO scaffolds, showing that removal
of sacrificial fibers facilitated cellular infiltration. In comparison, MSCs were only present
on the surface of TRI scaffolds created without PEO.
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In order to quantify the amount of cellular infiltration observed in these experiments, a
custom MATLAB script was created to process the images. Phase contrast and DAPI
images were taken of the scaffold cross-sections and loaded into the MATLAB program.
The phase contrast image was used in order to set the boundaries of the scaffold and
calculate the thickness of the scaffold. The scaffold boundaries were then mapped onto the
DAPI image, and the script calculated the distance from each cell nuclei to the top of the
scaffold. Results of this analysis showed that TRI scaffolds created with PEO had an
average cell infiltration of 45.49 μm, compared to 6.13 μm for TRI scaffolds without PEO
(Fig. 7B), confirming that sacrificial fibers of PEO facilitate cellular infiltration of MSCs.

3.7. Infiltration of endogenous cells from calvarial organ cultures
To examine the infiltration of endogenous cells from a bone microenvironment, a mouse
organ culture model was used. This ex-vivo model has numerous advantages over in vitro
cell migration assays. The excised calvariae retain the three-dimensional architecture of
developing bones and also possess the relevant cell types found in bone, including
osteoblasts, osteocytes, stromal and pre-osteoblastic cells [36,40]. With all of these different
cell types interacting with one another through paracrine and endocrine signaling molecules,
this model provides a physiologically-relevant environment to study cellular infiltration of
bone cells. Excised calvariae from neonatal mice were placed into culture on top of a steel
grid to keep them from floating and hold them at the liquid/air interface. TRI or TRI/PEO
(previously soaked in water to remove PEO) scaffolds were placed directly on top of the
calvariae, where they come into contact with the bone-lining cells. After 8 days in culture,
the calvaria/scaffold constructs were fixed and vertical sections were stained with DAPI to
show cellular nuclei. As can be seen in Fig. 8A, TRI scaffolds created with sacrificial fibers
of PEO showed greater cellular infiltration of cells from the mouse calvaria into the scaffold.

In order to quantify the distance traveled by infiltrating endogenous cells, a custom
MATLAB script was used as outlined above. Results of this analysis showed that cells on
TRI/PEO scaffolds were able to infiltrate 63.15 μm on average, compared to 20.06 μm for
cells on regular TRI scaffolds (Fig. 8B). Collectively these results confirm that sacrificial
fibers of PEO can be included in the electrospinning process in order to create electrospun
scaffolds that facilitate the infiltration of MSCs and endogenous bone cells.

4. Discussion
As the average age of the current population continues to increase, the need for bone grafts
to repair skeletal defects will correspondingly rise [6]. Therefore, creating a synthetic bone
graft that can replace or supplement autografted bone has become a major goal in the field
of tissue engineering [7,41]. One of the more promising techniques for fabricating a
synthetic bone graft is the process of electrospinning, due to the ease in creating a
nanofibrous matrix that mimics natural ECM structure [42,43]. Additionally, by combining
synthetic and biological components, more complex, bone-mimetic scaffolds can be created
that have tunable mechanical and resorbable properties (enabled by the synthetic polymer)
while providing important biologic cues (from bone-derived molecules) to osteogenic cells
[44]. As an example, several investigators have studied the incorporation of collagen I and
hydroxyapatite into electrospun scaffolds since these two molecules comprise the principal
constituents of bone ECM. These studies have shown that electrospun nanofibers that have
incorporated HA [15,16,45] and/or collagen [17-19,46] facilitate the adhesion, proliferation,
and osteoblastic differentiation of bone cells in vitro as well as support robust bone
formation in vivo.

Although these results show promise toward the end goal of creating a synthetic bone graft,
there is a significant limitation associated with electrospun scaffolds. Due to the dense
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packing of electrospun nanofibers during the fabrication process, the resulting matrix has
very small pore sizes, which hinders the infiltration of cells in vitro and limits tissue-
ingrowth and vascularization in vivo [20,21,47]. In order to maximize the success of a
biodegradable implant, the implant must support the infiltration of bone cells throughout the
thickness of the material, allowing the implant to be replaced with native bone over time
through the process of creeping substitution [48]. Additionally, vascularization of the
biomaterial is an essential step in tissue healing, as this process provides the nutrients and
oxygen needed for bone cells to survive, while facilitating removal of waste products from
cell metabolism [20,21,47,49]. Accordingly, a growing focus in the field of tissue
engineering is to discover techniques that increase the mean pore sizes of electrospun
scaffolds and thereby facilitate cellular infiltration.

In this study, we investigated several techniques for creating bone-mimetic TRI scaffolds
that have permissive pore sizes for cellular infiltration. We initially observed that limited
treatment of the bone-mimetic scaffolds with a collagenase solution in vitro created specific
fiber breakages throughout the scaffold, thereby opening up larger pores. However, it was
observed that the pores created by collagenase treatment were insufficient to allow MSC
infiltration. As a second approach, we developed a modified electrospinning protocol with
the goal of decreasing fiber packing density, creating larger pores between the fibers.
Several groups have similarly attempted to decrease fiber packing density using a variety of
methods. Mitchell and Sanders reported the creation of a controlled electrospinning set-up in
order to tightly control fiber diameter and inter-fiber spacing [50]. Although cell infiltration
was not evaluated, it was found that the dielectric strength of the collecting plate had a
significant effect on inter-fiber spacing. Vaquette and Cooper–White tested a number of
patterned collecting plates, and determined that electrospun PCL fibers would collect along
the patterns of the plate [51]. Some of these patterns could be used to create larger pores,
and the resulting scaffolds facilitated infiltration of NIH 3T3 fibroblasts. Soliman et al.
tested both micro- and nanofiber meshes of either low or high density fiber packing and
found that the microfiber low density fiber packing scaffolds supported the greatest cell
infiltration of GFP-HUVECs [21]. Lastly, Blakeney et al. were able to significantly decrease
the packing density of electrospun PCL scaffolds by using a custom collecting surface
consisting of a spherical foam bowl with an array of embedded stainless steel probes [29].
The resulting electrospun scaffold possessed a fluffy, three-dimensional structure, which
supported high levels of INS-1 cell infiltration in vitro. These collective results from
multiple investigators provide excellent support for the concept of increasing pore size
through controlled fiber packing, however it should be noted that all of these prior studies
were performed with single polymer solutions (e.g. 100% PCL). In the current study, we
created a unique collecting plate consisting of 19 gauge needles protruding perpendicularly
through a plastic petri dish. This strategy was very successful for scaffolds composed of
100% PCL; the scaffolds formed in biscuit- like sheets, with very loosely packed fibers
between the sheets. Additionally, the scaffolds had a wide range of pore sizes and deep
channels, creating a structure resembling natural trabecular bone. Unfortunately, these
results could not be replicated using our bone-mimetic scaffolds, despite many adaptations
to the protocol including changing the needle gauge, needle density, electrospinning voltage,
solution viscosity, and the replacement of the plastic collecting plate with Styrofoam.
Clearly there is a need for further studies aimed at adapting novel electrospinning protocols
for use with complex scaffolds incorporating biologic molecules. In this regard,
Hutmacher’s group used a combination of electrospinning and electrospraying to create
PCL/col electrospun scaffolds with pockets of hyaluronan gel; this approach was very
effective in promoting infiltration of multiple cell types [22,47].

Another emerging method for increasing scaffold porosity involves the incorporation of
sacrificial fibers of PEO during the electrospinning process. This technique was first
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reported by Baker et al. [31], and its effectiveness has since been confirmed by others
[24,32]. However, to our knowledge, PEO fibers have yet to be utilized in conjunction with
bone-mimetic fibers mixing collagen I, nanoHA and PCL, creating a complex, tissue-
specific matrix. In the current study, composite fibers of PCL/col/HA were co-spun with
separate fibers of PEO. Washing the scaffolds removed the PEO fibers, leaving larger voids
in the matrix between the remaining PCL/col/HA fibers. Increased pore size was confirmed
by fluorescent confocal microscope and NIS-Elements imaging software. In order to
evaluate the effectiveness of using sacrificial fibers to promote cellular infiltration, MSCs
were grown on the TRI scaffolds created with PEO fibers and the positions of nuclei on
scaffold cross-sections were measured. It was observed that scaffolds created with PEO
fibers were able to support a significantly greater level of cellular infiltration compared to
scaffolds created without PEO fibers. These data establish that the inclusion of sacrificial
fibers of PEO can be readily adapted to more complex electrospun scaffolds consisting of
composite fibers designed to mimic a specific natural extracellular matrix. In future studies
one important objective will be to test varying amounts of PEO in bone-mimetic scaffolds,
with the goal of tailoring PEO fiber number to control the degree of cell infiltration.
Previous studies by others [31,32] have shown a positive correlation between the degree of
cell infiltration and the percentage of PEO within electrospun PCL scaffolds.

Although in vitro studies of cell infiltration are commonly employed to evaluate the effects
of scaffold pore size, few investigators have monitored scaffold infiltration by endogenous
cells within bone matrix. Due to the complexity of intact tissues, where numerous cell types
and soluble factors cooperate to regulate cell and tissue responses, it can be difficult to
accurately model bone cell behavior. Therefore we felt it was essential to examine cell
infiltration in a more physiologically-relevant system. This was accomplished by using a
mouse calvarial organ culture. In this ex vivo model, the calvaria retain the three-
dimensional architecture of developing bones and also possess the relevant cell types found
in bone, which constantly interact with one another in a bone microenvironment [36,40].
Our results show that cells from the natural bone matrix interact favorably with the PCL/col/
HA scaffolds; specifically, cells were able to migrate from the calvaria and attach to the
surface of the these scaffolds. Most importantly, significantly greater cell infiltration was
observed in TRI matrices created with PEO fibers. These results provide strong evidence
that matrices composed of PCL/col/HA are not only effective in promoting bone cell
adhesion and survival, but the further inclusion of sacrificial PEO fibers represents a
successful and technically straightforward method for enhancing porosity, leading to
enhanced cell infiltration.

5. Conclusion
In prior studies electrospun PCL/col/HA scaffolds were developed that supported greater
MSC adhesion, signaling and proliferation as compared with scaffolds composed of PCL or
collagen I alone, however the small pore sizes of these bone-mimetic scaffolds limited cell
infiltration. In this investigation, we evaluated the efficacy of multiple techniques in
increasing the pore size of the PCL/col/HA scaffolds, thereby enhancing cell infiltration. We
found that incorporation of PEO sacrificial fibers in the electrospinning process facilitated
MSC infiltration in vitro, as well as infiltration of endogenous cells when scaffolds were
placed within calvarial organ cultures. While there is currently much interest in developing
methods to increase the pore size of electrospun scaffolds, few of these have been adapted
for use with multi-component scaffolds incorporating biologic molecules. Results from this
study show that electrospinning PEO sacrificial fibers is a relatively simple approach that
can be used with complex tissue-mimicking electrospun scaffolds to increase cell
infiltration. More importantly, the enhanced cell infiltration achieved by incorporating PEO
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sacrificial fibers overcomes one of the major limitations of bone-mimetic PCL/col/HA
matrices, which have already shown promise as supportive matrices for osteoregeneration.
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Fig. 1.
PCL/col/HA scaffolds (“TRI”), or scaffolds composed of 100% PCL, were implanted into a
cortical defect in a rat tibia for seven days. A) Low magnification images of transverse
sections stained with Goldner’s Trichrome show new bone stained light blue-green, soft
tissue stained red, and cell nuclei stained black. TRI scaffolds supported robust new bone
formation throughout the defect (A), especially in direct contact with the scaffold surface
(B). However, endogenous cells can be seen lining the edge of scaffolds (B inset). The small
pore sizes of electrospun TRI scaffolds hinder cell infiltration and tissue-ingrowth. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 2.
SEM images of selective cleavage of collagen I present in TRI scaffolds. A) Treatment with
collagenase solution in vitro (b, e) or exposure to endogenous collagenases in a rat
subcutaneous skin pouch (c, f) are able to cleave the collagen within fibers of TRI scaffolds
creating larger pores (red circles), but have no effect on PCL scaffolds. B) Weighing the
scaffolds before and after soaking in collagenase solution verified cleavage of collagen
fibers in TRI scaffolds. An ** denotes p < .001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3.
Pre-treating scaffolds with collagenase does not facilitate cell infiltration of MSCs in vitro.
GFP-expressing MSCs were seeded onto TRI scaffolds previously treated with collagenase
to create larger pores, or untreated scaffolds as a control. After two weeks, samples were
fixed and sectioned to evaluate MSC infiltration into the scaffolds (a and b). Collagenase
treatment did not facilitate significant cellular infiltration. In attempt to stimulate cellular
infiltration, PDGF-BB, a known MSC chemoattractant, was added to the underside of
scaffolds after collagenase treatment and prior to cell seeding. This was done to create a
chemoattractive gradient through the scaffold. MSC infiltration remained minimal (c).

Phipps et al. Page 16

Biomaterials. Author manuscript; available in PMC 2013 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Decreasing the packing density of electrospun fibers. A unique collecting plate was used in
order to decrease the packing density of electrospun fibers and therefore create larger pores
(A). Although 100% PCL scaffolds formed in loosely packed layers (B) and possessed a
favorable 3-dimensional architecture with deep channels (C), these results were not
observed when TRI scaffolds were electrospun using the same collecting plate.
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Fig. 5.
Removal of sacrificial electrospun fibers. A) As an alternative method to increase pore sizes,
water-soluble fibers of PEO were incorporated into TRI scaffolds. Fluorescent dyes
confirmed that separate fibers of PEO (Red) and TRI (Green) were intermixed in the
scaffold (a). After washing scaffolds in water, PEO fibers were removed (b). B) Weighing
the scaffolds before and after washing indicated removal of PEO fibers by mass loss. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 6.
Mean pore size analysis of electrospun TRI and TRI/PEO scaffolds. A) Fluorescently
stained TRI/PEO scaffolds (washed to remove PEO) or TRI scaffolds electrospun without
PEO fibers were visualized using a Zeiss confocal microscope. The area of 25 pores
manually selected at random were measured using the auto area detect feature of NIS-
Elements software. B) The mean pore size of TRI/PEO scaffolds was significantly greater
than TRI scaffolds. An ** denotes p < .0001.
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Fig. 7.
Electrospun scaffolds created with PEO fibers support cell infiltration of MSCs in vitro.
After removal of PEO fibers from TRI/PEO scaffolds by washing, MSCs were seeded for
one week. A) Scaffolds were sectioned and stained with DAPI to show cellular nuclei
location. MSCs were able to infiltrate into the TRI/PEO scaffolds, but not TRI scaffolds, as
seen by presence of nuclei within TRI/PEO scaffolds. B) Cell infiltration was quantified
using a custom MatLab script. On average, MSCs seeded on TRI/PEO scaffolds migrated
45.59 μm into the scaffold, significantly greater than infiltration on TRI scaffolds (6.13
μm). An ** denotes p < .0001.
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Fig. 8.
Electrospun scaffolds created with PEO fibers support infiltration of endogenous cells from
calvarial organ cultures. After removal of PEO fibers from TRI/PEO scaffolds by washing,
scaffolds were placed directly on top of excised calvaria from neonatal mice. After 8 days in
culture, the scaffold/calvaria constructs were fixed and vertical sections were stained with
DAPI to show cellular nuclei location (it should be noted that the apparent gap between the
scaffold and the calvaria is an artifact introducing during processing and sectioning of the
samples). A) Endogenous cells were observed within the TRI/PEO scaffolds, while
remaining largely on the surface of TRI scaffolds. B) Cell infiltration was quantified using a
custom MatLab script. On average, endogenous bone cells migrated 63.15 μm into TRI/
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PEO scaffolds, which was significantly greater than infiltration levels observed on TRI
scaffolds (20.06 μm). An ** denotes p < .0001
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