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Abstract

Aligned electrospun scaffolds are promising tools for engineering fibrous musculoskeletal tissues, as they reproduce the mechanical anisot-
ropy of these tissues and can direct ordered neo-tissue formation. However, these scaffolds suffer from a slow cellular infiltration rate, likely due
in part to their dense fiber packing. We hypothesized that cell ingress could be expedited in scaffolds by increasing porosity, while at the same
time preserving overall scaffold anisotropy. To test this hypothesis, poly(3-caprolactone) (a slow-degrading polyester) and poly(ethylene oxide)
(a water-soluble polymer) were co-electrospun from two separate spinnerets to form dual-polymer composite fiber-aligned scaffolds. Adjusting
fabrication parameters produced aligned scaffolds with a full range of sacrificial (PEO) fiber contents. Tensile properties of scaffolds were
functions of the ratio of PCL to PEO in the composite scaffolds, and were altered in a predictable fashion with removal of the PEO component.
When seeded with mesenchymal stem cells (MSCs), increases in the starting sacrificial fraction (and porosity) improved cell infiltration and
distribution after three weeks in culture. In pure PCL scaffolds, cells lined the scaffold periphery, while scaffolds containing >50% sacrificial
PEO content had cells present throughout the scaffold. These findings indicate that cell infiltration can be expedited in dense fibrous assemblies
with the removal of sacrificial fibers. This strategy may enhance in vitro and in vivo formation and maturation of functional constructs for fibrous
tissue engineering.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Connective tissues such as tendons, ligaments, and the knee
menisci serve critical load bearing roles, and their fibrous
architectures are organized to optimize mechanical function
[1e3]. This organization imbues these tissues with anisotropic
properties that are the highest in the fiber direction. The
demanding environment in which these tissues perform predis-
poses them to damage and endogenous repair processes do not

restore tissue structure or function. Instead, highly-ordered
tissue is replaced by a disorganized and mechanically inferior
scar that is prone to re-injury [4,5]. Thus, there exists an unmet
need for an implantable tissue substitute for fiber-reinforced
tissues.

Towards this end, investigations have focused on electro-
spun scaffolds composed of aligned nano- and micro-scale
fibers [6e10]. These fibrous scaffolds are formed by electro-
spinning, wherein polymeric jets are drawn through a voltage
gradient and collected layer-by-layer on a grounded surface
[11]. Numerous polymers have been electrospun, including
non-degradable and degradable synthetics as well as biopoly-
mers (for review, see Ref. [12]). These fibers mimic the
length scales of native cellular microenvironments and en-
hance matrix deposition [13]. When collected on rotating
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mandrels, near complete fiber alignment can be achieved,
resulting in controllable mechanical and structural anisotropy
[7,10,14,15]. Aligned scaffolds mimic fiber-reinforced tissue
organization, and can serve as a 3D micropattern for neo-
tissue formation. Using poly(3-caprolactone) (PCL) fibrous
scaffolds, we showed that mesenchymal stem cells (MSCs)
aligned, deposited collagen, and increased construct tensile
properties in the fiber direction [10,16]. Conversely, when
seeded on randomly-oriented scaffolds, disorganized orienta-
tions and matrix deposition were observed, with smaller
mechanical improvements.

While aligned scaffolds show promise for fiber-reinforced
tissues, several limitations remain. Most significantly, cell
infiltration into these dense structures is slow. In aligned scaf-
folds in particular, fiber packing increases density and reduces
pore size, limiting cellular ingress. In slow-degrading aligned
PCL meshes, human and bovine meniscus fibrochondrocytes
infiltrated only the outer two-thirds of 1 mm thick scaffolds
after ten weeks [16,17]. Although it is not known if complete
infiltration would have occurred with longer culture durations,
more rapid colonization is clearly required for clinical
applications.

To address this issue, a number of methodologies for
improving infiltration have been proposed. Most directly, cells
have been electrosprayed into forming scaffolds [18]. How-
ever, issues of layering, sterility, and time (to produce thicker
scaffolds) may limit this application. Others have noted that
synthetic polymers are not amenable to biologic remodeling,
and so have electrospun biopolymers including collagen,
elastin, and fibrinogen [12,19,20]. One study compared cell
infiltration into electrospun collagen or polyester meshes
implanted in rat muscle, and reported that synthetic scaffolds
were minimally colonized while collagen scaffolds were fully
infiltrated after one week [21]. However, the mechanical prop-
erties of electrospun biopolymers are much lower than most
synthetic meshes, even after crosslinking [22,23], limiting
their applications to non-load bearing situations.

Another method for improving infiltration may be by
increasing porosity. Work with porous foams and sponges sug-
gests that there exists an optimal pore size for cell infiltration
[24]. For fibrous scaffolds, this approach has been addressed
by mixing different diameter fibers [25]. Alternatively, pores
have been introduced by including salt particles at the time
of production (which are subsequently leached out) [26].
This technique improves cell infiltration, though at the ex-
pense of macroscopic delaminations.

As our goal is to create and preserve structural anisotropy
to foster fiber-reinforced tissue formation, we developed an
approach based on the inclusion of sacrificial fibers in a com-
posite fibrous scaffold. We hypothesized that the selective
removal of sacrificial fibers would increase porosity and
accelerate cell infiltration. We also hypothesized that the
mechanical properties of composite scaffolds before and after
sacrificial fiber removal would reflect the fractions of each
population, and that anisotropy would be preserved. To test
these hypotheses, we developed a dual-electrospinning process
to create aligned scaffolds containing a slow-degrading and

a sacrificial component. PCL and poly(ethylene oxide)
(PEO) were utilized based on their degradation and dissolution
times; PCL degrades slowly and serves as a structural element,
while PEO dissolves in aqueous solution and serves as the
sacrificial component. Using this system, we created fully
interspersed fibrous constructs containing a range of sacrificial
fractions. We evaluated the mechanical properties of these
scaffolds in their ‘as formed’ state and after removal of the
sacrificial component. Further, we measured MSC infiltration
after three weeks into composite scaffolds with a range
(0e90%) of sacrificial fractions.

2. Materials and methods

2.1. Formation of single-polymer and composite
fibrous scaffolds

In this study, composite fiber-aligned fibrous scaffolds were produced by

dual-component electrospinning. A 14.3% w/v solution of PCL (80 kDa, Sig-

maeAldrich, St. Louis, MO) was prepared in a 1:1 mixture of tetrahydrofuran

and N,N-dimethylformamide (Fisher Chemical, Fairlawn, NJ) by stirring at

40 �C for 18 h. PEO (200 kDa, Polysciences, Inc., Warrington, PA) was

dissolved in 90% ethanol with stirring at room temperature for 6 h to yield

a 10% w/v solution. The polymer solutions were electrospun using a custom

electrospinning device to generate fiber-aligned meshes comprised of PCL,

PEO, or a mixture of discrete PCL and PEO fibers (Fig. 1). To electrospin

each component, separate 20 ml syringes were filled with PCL or PEO and

fitted with a 5 cm length of flexible silicon tubing connected to a 1200 long

stainless steel 18G blunt-ended needle that served as the charged spinneret.

Spinnerets reciprocated over an 8 cm path (6.4 cm/sec) along the mandrel

under the control of two custom-built ‘fanners’. The flow rate of both solutions

was maintained at 2.5 ml/h via syringe pump (KDS100, KD Scientific, Hollis-

ton, MA). A power supply (ES30N-5W, Gamma High Voltage Research, Inc.,

Ormond Beach, FL) was used to apply a þ13 kV potential difference between

the spinnerets and the grounded aluminum mandrel (Ø¼ 200), which was

rotated via a belt mechanism conjoined to an AC motor (Pacesetter 34R,

Bodine Electric, Chicago, IL) to achieve a linear velocity of w10 m/s. PCL

and PEO fibers were collected over a spinneret-mandrel distance of 15 and

10 cm, respectively. Additionally, two aluminum shields charged to þ10 kV

were placed perpendicular to and on either side of the mandrel to better direct

the electrospun fibers towards the grounded mandrel.

Three distinct types of fiber meshes were formed. Pure PCL and PEO

meshes were generated by electrospinning the respective single-polymer

from one spinneret. A 60:40 PCL/PEO dual-polymer scaffold was produced

by aligning the axes of the two opposing spinnerets (Fig. 1; offset distance,

D¼ 0). From each of these three fiber mats, 30 mm long by 5 mm wide strips

were excised in either the fiber or transverse-fiber direction (with the long-axis

of strip parallel or perpendicular to the predominant fiber direction, respec-

tively). Samples of each scaffold type and fiber orientation were divided

into two groups (n¼ 3/group), one of which was immediately tensile tested

as-spun (AS) while the other was tested post-submersion (PS), after removal

of the PEO fibers. PS samples were weighed dry, submerged with agitation

in 90% EtOH for 3 h followed by distilled water for an additional 3 h. PS

samples were then dehydrated overnight in a vacuum desiccator and reweighed

to determine mass loss. Percentage mass loss was taken as an indication of the

PEO content of dual-polymer samples, as pure PCL scaffolds did not change

with this treatment.

In order to tune different compositions in dual-polymer composite scaf-

folds, the above setup was modified by offsetting the axes of the spinnerets

(i.e., offset distance, D¼ 4 cm). This setup produced a graded fiber mesh rang-

ing from nearly pure PCL at one end of the mandrel to nearly pure PEO at the

other end. Strips, 25 mm long by 5 mm wide, were excised in the fiber

direction for analysis of mass loss and mechanical properties under AS and

PS conditions as described above. From the same graded fiber mesh, samples

indexed to mandrel position were excised for investigation of cellular
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infiltration. This fibrous mesh was generated over the course of 6 h, resulting

in a fiber mat ranging in thickness from 0.56 to 0.92 mm (0.80� 0.10 mm).

2.2. Visualization of sacrificial fiber removal

To confirm the presence and interspersion of the two different fiber popu-

lations, PCL and PEO solutions were doped with Cell Tracker Red at 0.001%

w/v and fluorescein at 0.01% w/v, respectively, and co-electrospun onto glass

slides affixed to the rotating mandrel. Fibers were collected for 1 min and

imaged before and after PEO fiber removal at 20� using a Nikon T30 inverted

fluorescent microscope equipped with a CCD camera and the NIS Elements

software (Nikon Instruments, Inc., Melville, NY). Additionally, both AS and

PS full thickness scaffolds (pure PCL and 60:40 PCL/PEO) were examined

by scanning electron microscopy. Samples were AuPd sputter coated and

imaged with a JEOL 6400 scanning electron microscope (Penn Regional

Nanotechnology Facility) operating at an accelerating voltage of 11 kV.

2.3. Mechanical testing of single-polymer and
composite scaffolds

Uniaxial tensile testing was carried out on AS and PS samples cut in the

fiber and transverse-directions using an Instron 5848 Microtester equipped

with serrated vise grips and a 50 N load cell (Instron, Canton, MA). Prior to

mechanical testing, three thickness measurements along the length of each sam-

ple were taken with a custom LVDT measurement system and averaged; three

width measurements were acquired in similar fashion using a digital caliper and

averaged. Samples were preloaded for 60 s to ensure proper seating and engage-

ment of the sample; scaffolds cut in the fiber direction were loaded to 0.5 N

while those cut in the transverse-fiber direction were loaded to 0.25 N. After

noting the gauge length with a digital caliper, the sample was preconditioned

with extension to 0.5% of the gauge length at a frequency of 0.1 Hz for 10

cycles. Subsequently, the sample was extended to failure at a rate of 0.1% of

the gauge length per second. Stiffness was determined over a 3% strain range

from the linear region of the force-elongation curve using a custom MATLAB

script. Incorporating sample geometry and the noted gauge length, a tensile

modulus was calculated from the analogous portion of the stressestrain curve.

Maximum stress was determined from the maximum load achieved by the

sample normalized to its starting cross-sectional area.

2.4. Cell-seeding and assessment of cell infiltration

MSCs were isolated from the tibial trabecular bone marrow of two 3e6

month old calves (Research 87, Inc., Boylston, MA) as in Ref. [16]. The

proximal end of the tibia was sectioned and marrow freed from the trabecular

spaces via shaking in DMEM supplemented with 300 units/ml heparin. After

centrifugation for 5 min at 500g, the pelleted matter was resuspended in

DMEM containing 1X Penicillin/Streptomycin/Fungizone (PSF) and 10% Fe-

tal Bovine Serum (FBS) and plated in 150 mm tissue culture dishes. Adherent

cells formed numerous colonies through the first week, and were subsequently

expanded through passage 2 at a ratio of 1:3.

Fig. 1. Electrospinning setup for the fabrication of dual-polymer composite fibrous scaffolds. (A) Schematic depicting the electrospinning parameters implemented

in generating PCL (red), PEO (green), and PCL/PEO composite scaffolds. (B) The electrospinning apparatus in operation with two syringe pumps delivering

polymers distributed by ‘fanners’ along a common rotating mandrel.
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Six squares (5� 5 mm) cut from the graded PCL/PEO fiber mat described

above were sterilized and rehydrated with decreasing concentrations of ethanol

(100, 70, 50, 30%; 30 min/step). A 20 ml aliquot containing 100,000 MSCs

was loaded onto each side of the scaffold followed by 1 h of incubation to

allow for cell attachment. Cell-seeded scaffolds were cultured in non-tissue

culture treated 6-well plates with 3 ml of chemically-defined medium (high

glucose DMEM with 1X PSF, 0.1 mM dexamethasone, 50 mg/ml ascorbate

2-phosphate, 40 mg/ml L-proline, 100 mg/ml sodium pyruvate, 1X ITSþ (6.25

mg/ml Insulin, 6.25 mg/ml Transferrin, 6.25 ng/ml Selenous acid, 1.25 mg/ml

Bovine Serum Albumin, and 5.35 mg/ml Linoleic Acid) with 10 ng/ml TGF-

b3), changed twice weekly.

After three weeks of culture, samples were removed from culture and gross

morphology was recorded via stereomicroscope. Samples were then fixed in

4% phosphate-buffered paraformaldehyde and embedded in optimal cutting

temperature compound (OCT, Sakura Finetek USA, Inc., Torrance, CA).

The 8 mm thick cross-sections were cut with a Cryostat (Microm HM500,

MICROM International GmbH, Waldorf, Germany) and stained with Prolong

Gold Antifade with DAPI (Invitrogen) to visualize cell nuclei. Fluorescent and

phase images of each sample were obtained at 4� as above.

Cell infiltration was quantified with a custom MATLAB script (The

Mathworks, Inc., Natick, MA). This program was written to minimize user

bias and to speed data processing. The phase image of the construct cross-

section was displayed and the user manually defined the periphery of the

scaffold. At 10 evenly-spaced positions along the periphery, the minimal

distance to the adjacent face was determined; these 10 measurements were

averaged to yield the scaffold thickness. The user-defined boundary was

then mapped to the corresponding DAPI image which had been threshholded

and clustered. The threshholding level was selected to maximize noise re-

moval without hampering the detection of nuclei; as all images were obtained

at the same brightness and exposure time, this level was maintained for all

image processings. The clustering algorithm scanned the threshholded image

searching for groups of contiguous white pixels, resulting in the demarcation

of each cell nucleus by a cluster of pixels. The minimal distance between the

user-defined scaffold periphery and the centroid of each cluster was calcu-

lated. To account for variation in scaffold thickness, each nucleus-to-

boundary distance was normalized to the scaffold thickness to produce

a percentage infiltration relative to the scaffold center. For each PCL/PEO

formulation, six independently cultured samples were sectioned, imaged,

and processed as above.

2.5. Composite scaffold model

To better appreciate the dynamic characteristics of the composite scaffolds,

a custom MATLAB script was written to model scaffolds with varying PEO

content. A 1000-by-1000 pixel area was populated by 3 pixel diameter fibers

whose angles ranged between �20� from the vertical axis. This value was

taken from Ref. [10], who measured angular dispersion of aligned fibers cre-

ated with similar electrospinning parameters. Fiber starting position was ran-

domly assigned along the top edge and fibers were extended towards the

bottom edge according to the randomly assigned angle. To model a layer of

a X:(100�X) PCL/PEO scaffold, a total of 2X fibers were produced. Thus,

a 100% PCL scaffold contains 200 fibers and a 50:50 PCL/PEO scaffold

contains only 100 fibers, as PEO fibers are removed upon scaffold wetting.

The void spaces defined by the fibrous array were then quantified and

measured using a clustering algorithm (function bwlabeln, MATLAB Image

Processing Toolbox). Total pore size, pore number, and the distribution of

pore sizes were outputted for each of 20 model iterations, with a new popula-

tion of random fibers generated in each iteration.

2.6. Statistical analysis

Analysis of variance and Pearson’s correlations were carried out with

SYSTAT (v10.2, Point Richmond, CA) with Fisher’s LSD post-hoc tests

used to make pair-wise comparisons between groups. A level of significance

was set at p� 0.05. For the assessment of single- and dual-polymer scaffold

mechanical properties, five samples/group were analyzed. From the graded

PCL/PEO fiber mesh, three samples/group were analyzed for mechanical

properties and six samples/group were evaluated in cellular studies. Data are

presented as the mean� the standard deviation.

3. Results

3.1. Production and evaluation of composite
fibrous scaffolds

Composite scaffolds containing both individual PCL and
PEO fibers were produced using the electrospinning device
shown in Fig. 1. For these initial studies, the spinnerets were
positioned in direct opposition, resulting in a fiber mesh
containing w60% PCL and w40% PEO (as determined by
mass loss after wetting, 41.6� 0.3%). Fluorescent-labeling
of the fibers within the scaffold (PCL: red, PEO: green)
demonstrated that fibers could be successfully interspersed
by co-electrospinning (Fig. 2A). Submersion of the scaffold
in an aqueous environment showed rapid removal of PEO
fibers, leaving PCL fibers intact (Fig. 2B). SEM visualization
of these 60:40 PCL/PEO scaffolds as-formed showed dense
fibers organized along a predominant direction. After submer-
sion in the aqueous solution, scaffolds appeared less dense and
larger inter-fibrillar voids or pore spaces were apparent. At
some junctions, small deposits were visible, likely indicative
of trace amounts of PEO remaining after this short period of
aqueous incubation. Despite the removal of a significant
fraction of the fiber population, the overall fiber alignment
was retained (Fig. 2C and D).

3.2. Tensile properties of single- and
dual-polymer composite scaffolds

To determine the effect of fiber interspersion on the
mechanical properties of the composite scaffolds, tensile test-
ing was performed on as-spun (AS) pure PCL, pure PEO, and
60:40 PCL/PEO scaffolds. Testing was carried out both in the
fiber direction and perpendicular or transverse to the fiber
direction. After evaluating the as-spun (AS) properties, paired
samples for the PCL and PEO/PCL groups were tested post-
submersion (PS) to examine the effect of fiber removal on
tensile behavior. Pure PEO samples dissolved completely
with submersion and could not be mechanically tested. Exam-
ple stressestrain plots of samples tested in the fiber direction
are shown in Fig. 3A. From these plots, it is evident that pure
PCL and PEO scaffolds possess a different mechanical
response; PCL scaffolds showed a significant toe region and
a large post-yield linear extension while PEO scaffolds lacked
the toe region and failed soon after reaching their yield point.
Composite scaffolds containing a mixture of both polymers
showed characteristics of each individual constituent. AS
PCL/PEO samples lacked the toe region (similar to pure
PEO) but showed a long post-yield extension region (similar
to pure PCL). After submersion in aqueous solution, the
stressestrain profile of PS PCL/PEO samples was similar to
pure PCL, though overall these scaffolds reached lower stress
levels, indicative of the lower PCL fiber fraction present.

2351B.M. Baker et al. / Biomaterials 29 (2008) 2348e2358
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Quantification of these results showed that in the fiber
direction, AS PCL/PEO scaffolds reached similar maximum
stresses as pure PCL ( p¼ 0.354) and that both groups were
significantly higher than the pure PEO scaffolds ( p< 0.001).
As expected, exposure of pure PCL scaffolds to aqueous solu-
tion did not change their tensile performance ( p¼ 0.783).
Conversely, the same treatment of PCL/PEO scaffolds resulted
in a decline in the maximum stress achieved compared to AS
PCL/PEO and PS PCL samples ( p< 0.001). PCL samples
tested in the transverse direction were distensible beyond the
range of the testing device, and thus comparisons of maximum
stress could not be made in this direction.

Tensile moduli were calculated from the linear portion of
the stressestrain curves of scaffolds tested in the fiber or trans-
verse directions. Pure PEO scaffolds had a higher modulus
(36.5� 7.5 MPa) than pure PCL scaffolds (16.1� 1.5 MPa)
when tested in the fiber direction ( p< 0.001, Fig. 3C). Similar
findings were observed in the transverse direction (PEO:
6.6� 0.3 MPa; PCL: 1.4� 0.1 MPa, p< 0.001). The modulus
of composite 60:40 PCL/PEO scaffolds in the fiber direction
(20.6� 1.0 MPa) trended higher than pure PCL ( p¼ 0.054),
reflecting the contributions of the stiffer PEO component. In
the transverse direction this difference in tensile modulus
was significant ( p< 0.001 vs. pure PCL). Submersion in an
aqueous environment had no effect on PCL in either direction
( p> 0.55), but resulted in a decrease in modulus in the
composite PCL/PEO scaffolds in both testing directions
( p< 0.005). The anisotropy ratio (AR) was calculated by
normalizing the fiber direction modulus to that of the trans-
verse-fiber direction. With submersion, the AR of PCL was
unaffected (AS: 11.51� 0.63 vs. PS: 11.67� 0.08) but that
of PCL/PEO more than doubled (AS: 7.17� 0.38 vs. PS:
16.43� 0.18), due in part to the larger relative decline in
properties in the transverse direction.

3.3. Tuning scaffold composition and mechanics

To explore the relationship between sacrificial fiber content
and tensile properties of the composite scaffolds, the PCL and
PEO fiber jets were offset from one another and a graded
PCL/PEO fiber sheet was generated. This sheet transitioned
along the length of the mandrel from a nominal PEO content
at one terminus to >90% PEO content at the other, as deter-
mined by the amount of mass lost with submersion (Fig. 4A).
Increasing the fraction of PEO fibers included in the AS scaf-
folds led to a larger decline in tensile properties when these
fibers were removed. The maximum load and stiffness of PS
samples were normalized to that of their respective AS scaffolds
(Fig. 4B and C). Both maximum load and stiffness showed
a significant negative correlation with the % PEO removed
(R2¼ 0.87, p< 0.001 and R2¼ 0.99, p< 0.001, respectively).
These findings indicate that scaffold mechanics may be tuned
according to the PEO content initially present.

3.4. MSC infiltration into fibrous scaffolds with
increasing sacrificial content

To determine whether sacrificial fiber removal would affect
cell infiltration, scaffolds taken from graded PCL/PEO meshes
were seeded with MSCs and cultured for three weeks. Gross
scaffold morphology and nuclear position within the scaffold
were evaluated for a number of starting PEO contents
(Fig. 5). DAPI staining of construct cross-sections was used
to assess the depth of infiltration into and distribution of cells
throughout the scaffolds. Overall, cellular infiltration im-
proved with increasing starting PEO content. For example,
with 5% PEO, cells were present only at the periphery, with
no cells reaching the middle third of the scaffold. At 50%
PEO, cells reached the central region, though some regions

Fig. 2. Composite fibrous scaffolds can be formed with individual fibers of distinct polymer composition. Removal of one sacrifical fiber population increases

scaffold porosity. (A) Fluorescently-labeled PCL (red) and PEO (green) fibers showed pronounced alignment and interspersion. (B) Submersion of scaffolds in

an aqueous solution removed the PEO component but left the PCL fibers intact. SEM images of as-spun (C) and post-submersion (D) composite scaffolds revealed

increases in pore size with the removal of sacrificial PEO fibers. Scale bars: 50 mm.
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remained devoid of cells. At 60% PEO, nearly complete
infiltration was observed. Still further improvements in cell
infiltration were seen at higher PEO contents. However, at
these higher PEO contents, significant distortions of the
starting scaffold shape were observed.

To quantify these findings, cellular infiltration was
evaluated from phase and DAPI images taken of construct
cross-sections (Fig. 6A and B). The boundary of the fibrous
scaffold (FS) was defined from the phase image and only cells
within these boundaries were analyzed. This excluded the con-
tributions from the cell sheath (CS) that forms on all scaffolds.
Next, the shortest distance between each cell nucleus and the
FS periphery was measured and normalized to the sample’s
half-thickness, yielding a percent infiltration. Thus when cells
reach the center of the scaffold, 100% infiltration is achieved
(Fig. 6B). Results of this analysis showed that the % infiltra-
tion increased with PEO contents >40% (Fig. 6C). Samples
beyond 60% PEO could not be analyzed in this fashion due

to their misshapen boundaries. To further in this analysis, we
also determined cellular distribution within the scaffold with
varying PEO content. The % infiltration of each cell was
determined and binned into ranges of 0e25% (outermost),
25e50%, 50e75%, and 75e100% (central region). These
counts were normalized to the total number of cells within
each scaffold. Results of this analysis for the lowest and the
highest PEO contents (5 and 60% PEO) are shown in
Fig. 6D, and the full range is quantified in Fig. 6E. In the
0e25% infiltration range, the 5% PEO scaffolds contained
a significantly higher fraction of cells than the 60% PEO group
( p< 0.001). Conversely, in the 25e50% range, 60% PEO
scaffolds contained more cells than 5% PEO ( p< 0.001).
This shift towards increased infiltration became more exagger-
ated in the 50e75% bin ( p< 0.001). Finally, w12% of the
total cell population reached the center-most region for 60%
PEO scaffolds, while no cells were present in this same region
for the 5% PEO group. When considering all groups between

Fig. 3. The tensile properties of composite scaffolds is modulated by both the interspersion of multiple polymer components in distinct fibers, as well as by the

removal of sacrificial fiber components. (A) Example stressestrain behavior of pure PCL, pure PEO, and PCL/PEO scaffolds as-spun (AS) and post-submersion

(PS), tested in the fiber direction. (B) Maximum tensile stress achieved by samples from each group when tested in the fiber direction. (C) Tensile moduli of AS and

PS samples from each group tested in the fiber and transverse directions. Note that pure PEO scaffolds dissolved completely upon submersion, and so could not be

mechanically evaluated. Diamond-ended lines (A) indicate significance with p< 0.05; unmarked lines denote no significant difference between groups; n¼ 5/

group.

2353B.M. Baker et al. / Biomaterials 29 (2008) 2348e2358



Author's personal copy

5 and 60% PEO content, a loose, but significant negative cor-
relation was observed between percentage of cells in the out-
ermost 0e25% region with increasing PEO content ( p<
0.05). Conversely, the opposite trend was found in the
50e75% range, with an increasing percentage of the total
cell population occupying this region with higher starting
PEO content ( p< 0.005).

3.5. Modeling pore size in composite scaffolds with
increasing sacrificial content

To better understand the effect of scaffold porosity on
cellular infiltration, a simple mathematical model was created.
Composite scaffolds occupying a single layer were generated
with a range of starting PEO contents (0e95%). Representa-
tive scaffolds with 10, 50, and 90% of the total fibers removed
are shown, depicting composite PCL/PEO scaffolds after sub-
mersion to remove the PEO content (Fig. 7A). Analysis of the
number of pores in these virtual scaffolds showed a steady
decrease in pore number with increasing % PEO removal
(Fig. 7B). As the number of pores diminished, the average
pore size increased. This change in average pore size steadily
increased until 60% PEO, after which an exponential growth
was observed. To evaluate pore size distribution in these com-
posite scaffolds, the size of each pore in 10, 50, and 90% PEO
content scaffolds was calculated, binned logarithmically, and
reported as a percentage of the total pore number. Both 10%
and 50% PEO layers behaved similarly, with the majority of
pores below 10,000 pixels. However, a notable shift was
observed in 90% PEO layers, where the bulk of pores were
between 10,000 and 100,000 pixels in size.

4. Discussion

Aligned micro- and nano-fibrous scaffolds are promising
vehicles for the engineering of fiber-reinforced tissues of the
musculoskeletal system. In previous work, we have shown
that such scaffolds can promote ordered ECM deposition
and functional maturation in the fiber direction. However, con-
siderable culture times were required to achieve full cellular
colonization of even relatively thin scaffolds (w1 mm). To
address this issue, we developed a dual-polymer electrospin-
ning process that intersperses a sacrificial fiber component
within a composite fibrous scaffold. We hypothesized that
the selective removal of these sacrificial fibers would increase
scaffold porosity, and thereby accelerate cell infiltration.

To test this hypothesis, we developed a co-electrospinning
process to produce and collect fibers from two distinct spin-
nerets. This blending process has previously been employed
by several investigators to produce interspersed fibers within
a randomly-oriented fibrous assembly [27e29]. In the present
study (Fig. 2) we show that interspersion of discrete fibers of
differing composition can be achieved, while maintaining the
organized fiber directionality within the scaffold. Furthermore,
we show that combining individual fiber components with
dissimilar mechanical properties influences the composite
scaffold mechanics, and does so as a function of the fiber

fractions employed. The modulus as-formed of PCL/PEO com-
posite scaffolds was higher than pure PCL as a result of the in-
clusion of the stronger PEO component (Fig. 3). Notably, this
inclusion also altered several key features of the stressestrain
profile, including the toe region and the plastic deformation
response of the scaffolds after reaching their yield points.

In this dual-component electrospinning process, water-
soluble PEO was chosen as the sacrificial fiber component.
Both visual inspection and mechanical testing of scaffolds be-
fore and after removal of PEO fibers indicated that mechanical

Fig. 4. The composition and tensile properties of composite scaffolds can be

tuned along the length of the mandrel. (A) Offsetting spinnerets results in

a graded fiber sheet ranging from nominal (w5%) to w90% PEO content

along the mandrel as determined by PS mass loss. Scaffold % PEO content

correlated with changes in maximum load (B) and modulus (C) when samples

were tested in the fiber direction. Correlations were significant with p< 0.001;

n¼ 3/group.
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anisotropy was preserved. Further, we were able to show that
by offsetting the source spinnerets with respect to one another,
a graded fibrous mesh could be produced with varying PEO
contents. The tensile properties (both in terms of maximum
stress, stiffness, and modulus) reflected the amount of sacrifi-
cial component removed from the scaffold. Indeed, a linear
relationship was found between PEO content removed and
overall scaffold properties (Fig. 4). These findings are
consistent with the work of Ding and coworkers, who showed
that differences in the mechanical properties in blended non-
aligned meshes could be achieved by varying the relative
number of spinnerets focused on a centralized collecting
surface [27]. Collectively, these results suggest that a tunable
range of material properties can be achieved in these compos-
ite fibrous scaffolds.

To assess the degree to which removal of this sacrificial fiber
population influenced cellular ingress, graded PEO content
scaffolds were produced and seeded with MSCs for three
weeks. MSCs were chosen for this application as they can
assume a number of different phenotypes [30,31], and have
been used in various attempts to engineer fibrous tissues with
electrospun scaffolds [16,32]. At the end of the culture period,
cellular infiltration was assessed by quantifying the position of
nuclei within the scaffold cross-section. A demonstrable im-
provement in cellular infiltration was observed with removal
of the sacrificial fiber fraction (Fig. 5), particularly in meshes
that started with greater than 40% sacrificial component. In
scaffolds with 5% PEO content, more than 80% of the cells
resided in the outer 25% of the scaffold. Conversely, increas-
ing the sacrificial PEO component to 60% resulted in less
than 50% of the total cell population in this edge region. In-
stead, cells were found to migrate to a greater degree into the
central regions of the scaffold. Indeed, in the 60% PEO

scaffold, >10% of the total cells had reached the center at
three weeks, while no cells had done so in the 5% PEO
group. Evaluating scaffolds with a range of starting PEO
contents showed that these trends were consistent across
the groups considered. These findings show that cell infiltra-
tion into dense aligned fibrous scaffolds can be improved
with removal of a sacrificial component.

One finding of interest in this study was that the improve-
ment in cell infiltration only occurred above a certain thresh-
old value of starting sacrificial content (in this case, at about
40%). To better understand this phenomenon, we created
a simple model of composite scaffolds, and analyzed pore
number, average pore size, and individual pore distribution
within a series of ‘virtual’ scaffolds representing those pro-
duced experimentally. Results of this model show, as expected,
a decrease in the number of pores and an increase in average
pore size with increasing fiber removal. Unexpectedly,
a marked transition from steady growth in average pore size
to rapid changes in this parameter with further fiber removal
was observed between 70% and 90% sacrificial fiber content.
While this is a planar model and is not necessarily correlative
with the experimental results of this study (in that a threshold
exists over which cells invade to a greater extent), this finding
is illustrative of the non-linear responses possible with fiber
removal from these composite scaffolds.

While the results of this study are promising, several key
limitations remain to be addressed. Although cell infiltration
was improved, an even distribution throughout the scaffold
was not achieved. Under the best conditions analyzed
(w60% sacrificial fiber removal), w45% of cells remain in
the outer quarter of the scaffold, and only w12% progressed
into the central quarter. Additionally, this study was only de-
signed to assess cellular position, and did not explore the

Fig. 5. Increasing removal of sacrificial fiber content promotes mesenchymal stem cell (MSC) infiltration into composite fibrous scaffolds. Gross morphology (top

row) and DAPI-stained cross-sections (bottom row) of MSC-seeded scaffolds with varying % PEO contents (% mass loss) after three weeks of in vitro culture.

Scale bars: 5 mm (top), 500 mm (bottom).
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cell-mediated production of extracellular matrix or changes in
mechanical properties of these scaffolds with time in culture. In
previous studies we have shown that collagen deposition is
localized to areas of high cell density, and that a strong pos-
itive correlation exists between scaffold tensile properties and
collagen content [16,17]. Future studies will determine if lon-
ger culture durations result in a more even distribution of
cells and matrix, and whether this process produces more
rapid maturation and/or higher mechanical properties in these
scaffolds.

Another limitation found in this study was the dimensional
stability of the cell-seeded scaffolds at higher sacrificial fiber
contents. We observed a threshold of sacrificial fiber removal
above which cell infiltration increased markedly. However, in
this same domain, significant changes in construct dimensions
were observed. Most likely, this was due to cell-mediated
contraction as unseeded PS scaffolds did not demonstrate
comparable behavior. This suggests that the remaining fiber
component was not sufficiently robust to resist this distortion.
Control over this dimensional change could be affected in

a number of ways. Scaffold peripheries might be clamped to
maintain the as-formed shape of the construct. This is analo-
gous to approaches that use rigid fixation of the boundaries
of cell-seeded-collagen gels, which contract significantly if
left un-tethered [33]. Alternatively, the slow-degrading poly-
mer could be altered to achieve greater structural resilience
to deformation. For example, Li and coworkers have shown
that fibrous PGA scaffolds are markedly stiffer in tension
than PCL scaffolds [23]. Based on the linear relationship we
observed in this study between sacrificial content and stiffness,
a composite PGA/PEO scaffold would be expected to have
higher tensile properties at any level of PEO content, and
may therefore better resist contraction than the composite
PCL-based scaffolds employed here. However, PGA is less
elastically deformable than PCL which might limit application
of the composite in certain physiologic scenarios. Alterna-
tively, an entirely different class of polymers could be utilized.
We have recently electrospun elements of a novel photopoly-
merizable library of poly(b-amino ester)s [34,35]. These
polymers have a wide range of tensile properties (modulus

Fig. 6. Quantification of MSC infiltration into composite scaffolds as a function of sacrificial fiber content. Corresponding phase (A) and fluorescent (B) images of

DAPI-stained construct cross-sections were used to evaluate cellular infiltration into composite scaffolds. (C) The average % infiltration increased in scaffolds

above a threshold of w40% PEO content in the as-spun scaffolds. To quantify cell distribution, infiltration distance was binned with respect to scaffold thickness,

as shown in (B). (D) Comparisons of the lowest (w5%) and the highest (w60%) PEO content constructs analyzed showed significantly higher fractions of cells

within the more central regions of the scaffolds with increased PEO content. (E) The degree of cellular infiltration (as indicated by the % of total cells in each bin)

showed a linear correlation with % PEO content across a range of scaffold compositions. Diamond-ended bars (A) indicate significant differences observed with

p< 0.05. A total of six samples were analyzed at each level of PEO content.
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and elongation prior to yield), and so could be selected to spe-
cifically meet the design requirements. Another possibility is
to use several polymers in a multi-polymer blend, rather
than simply the two different components used in this study.
In this work we created a situation in which increased porosity
is either present or absent immediately after submersion in an
aqueous environment. Tailoring overall degradation with the
inclusion of a third component which degrades on a medium
(weeks to months) time scale may maintain scaffold dimen-
sions while still promoting cellular infiltration over the entire
time course.

5. Conclusions

In conclusion, this study demonstrated that inclusion and
subsequent removal of a sacrificial fiber population within
a fiber-aligned fibrous scaffold enhances cellular infiltration.
Moreover, removal of these sacrificial elements preserved
structural and mechanical anisotropy, and could be tuned to
generate composites with varying mechanical properties. The
finding of increased rates of cell infiltration may similarly

increase the rate of biochemical and mechanical maturation
of these constructs, improving their efficacy at producing
a functional tissue replacement, either in vitro or after in
vivo implantation. While further work is required to optimize
this process, these results suggest that sacrificial fibers provide
one route for overcoming a significant barrier to the use of
these dense, fibrous structures.
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