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Abstract: We elucidate the effects of incorporating surfac-

tants into electrospun poly (E-caprolactone) (PCL) scaffolds

on network homogeneity, cellular adherence and osteogenic

differentiation. Lecithin was added with a range of concentra-

tions to PCL solutions, which were electrospun to yield function-

alized scaffolds. Addition of lecithin yielded a dose-dependent

reduction in scaffold hydrophobicity, whilst reducing fiber width

and hence increasing specific surface area. These changes in

scaffold morphology were associated with increased cellular

attachment of Saos-2 osteoblasts 3-h postseeding. Furthermore,

cells on scaffolds showed comparable proliferation over 14 days

of incubation to TCP controls. Through model-based interpreta-

tion of image analysis combined with gravimetric estimates of

porosity, lecithin is shown to reduce scaffold porosity and mean

pore size. Additionally, lecithin incorporation is found to reduce

fiber curvature, resulting in increased scaffold specific elastic

modulus. Low concentrations of lecithin were found to induce

upregulation of several genes associated with osteogenesis in

primary mesenchymal stem cells. The results demonstrate that

functionalization of electrospun PCL scaffolds with lecithin can

increase the biocompatibility and regenerative potential of these

networks for bone tissue engineering applications. VC 2017 The
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INTRODUCTION

Electrospinning is an increasingly popular method of gener-
ating scaffolds for use in the field of regenerative medicine.
It is inexpensive and can deliver highly porous structures
with high surface area to volume ratios, which mimic the
extracellular matrix (ECM). Poly (E-caprolactone) (PCL) is a
Food and Drug Administration (FDA) approved semicrystal-
line polyester commonly used in regenerative applications.
It has a compressive strength similar to that of trabecular
bone1 and biodegrades slowly over the course of about
2 years.2 PCL scaffolds can support the proliferation and dif-
ferentiation of a wide variety of cell types, including bone
marrow derived mesenchymal stem cells.3 However, these
scaffolds are typically hydrophobic, a characteristic that has
been linked with poor biocompatibility, bioactivity, cellular
attachment and scaffold invasion, thus limiting their use in
regenerative applications.4,5

Several methods have been employed to enhance the
characteristics of hydrophobic polymers, including plasma
treatment, surface modification and polymer coating.1,6,7

However, although immediately beneficial, these do not

address the issue that PCL is biodegradable. Once the sur-
face modification has been removed or exhausted, or as the
scaffold begins to degrade, the associated benefits are lost
as the hydrophobic surface is exposed. Incorporating factors
into the electrospinning solution is one method of ensuring
consistent modification throughout fibers. Gelatin and nano-
clays have been used to this end, delivering a sustained
increase in proliferation and adhesion of cells throughout
the degradation of fibers.8,9 Whereas these scaffolds offer
significant benefits over surface treatments, they generally
lack osteogenic characteristics, but nonetheless offer a more
favourable method of scaffold fabrication for regenerative
applications.

Electrospinning is a stochastic process, producing a dis-
tribution of fiber diameters and pore sizes, which can act to
influence the growth and regulation of stem cells. Fiber, and
hence scaffold morphology can be influenced, and controlled
by varying parameters such as flow rate, applied voltage
and collecting distance.10 Increased fiber diameter has been
shown to reduce the specific surface area of scaffolds, which
in turn reduces the number of attachment sites for cells.11

Correspondence to: J. A. Hoyland; e-mail: judith.hoyland@manchester.ac.uk

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

VC 2017 The Authors Journal of Biomedical Materials Research Part A Published by Wiley Periodicals, Inc. 2865



Reducing fiber diameter provides a greater surface area for
attachment, but prevents cellular infiltration into scaffolds.12

Given the stochastic structure of electrospun scaffolds, it is
important to exercise control over fiber parameters where
possible in order to influence network structure; for exam-
ple, design equations for pore size and specific surface area
reveal a strong and coupled dependence of these properties
on fiber diameter,13 so control of this variable is important.
It follows that such control over fiber morphology will allow
for tailored scaffolds, optimized for cellular attachment, pro-
liferation, invasion, and stem cell differentiation.

This study aims to modify the morphologies of electro-
spun fibers and hence the structure of scaffolds through the
incorporation of a naturally occurring surfactant, lecithin.
Lecithin is a zwitterionic phospholipid that lowers the sur-
face tension between two phases. We hypothesize that leci-
thin can be used to reduce hydrophobicity of electrospun
PCL fibers, yielding more favourable surfaces for cellular
attachment. It is known that the in-plane mass uniformity of
random fibrous networks increases with reduced fiber
diameter;14,15 we therefore hypothesize also, that reducing
the surface tension of the solution will reduce variability in
fiber diameters and hence yield more uniform scaffolds
through the reduced incidence of larger diameter fibers.
The production of structures closer to native ECM could
lead to electrospun scaffolds better suited to regenerative
applications, such as a replacement for bone grafting.

MATERIALS AND METHODS

Electrospinning of nanofibrous substrates
A 10% w/v solution of PCL (Sigma-Aldrich) was produced
by dissolving PCL pellets in 1,1,1,3,3,3-Hexafluoro-2-propa-
nol (HFIP; Alfa Aesar). Powdered lecithin (VWR) was mixed
into the solution via continuous magnetic stirring at room
temperature. For 20% lecithin scaffolds, 0.2 g lecithin was
added per 10 mL 10% PCL solution. This concentrated solu-
tion was subsequently diluted to produce scaffolds contain-
ing 5, 2, and 1% lecithin. Using a 10 mL syringe, solutions
were electrospun through a copper electrode from a blunted
21-gauge needle at a rate of 2.5 mL/h (applied voltage at
the needle 12 kV and mandrel potential 25 kV). The spin-
ning distance was 20 cm and fibers were spun for 90 min
for all samples.

X-ray photoelectron spectroscopy
Electrospun scaffolds were cut into 1 cm2 segments and
mounted onto the XPS AXIS Ultra recording instrument with
double-sided tape. High resolution scans were undertaken
for P, N, C, O, and F elements overnight and analysed using
CasaXPS software.

Water contact angle
Scaffolds were cut into strips 5 cm in length and mounted
onto glass slides with double sided tape. Tissue culture
plastic (TCP) was used as a control. Contact angles were
measured using a Kr€uss Drop Shape Analyser 100 platform.
The apparatus was set to dispense 21 mL drops of distilled
H2O whilst recording the process at 30 frames per second.

Images immediately following the water drop impact were
used for analysis. Sessile drop algorithms were used to cal-
culate the water contact angle.

Mechanical testing
Tensile testing was performed using an Instron 3344 Single
Column System fitted with a 100N static load cell. Testing
was carried out at a crosshead speed of 25 mm/min with
an initial jaw separation of 30 mm. Scaffolds were cut into
rectangles measuring 40 mm 3 5 mm using a disposable
scalpel. This allowed 5 mm either end of the scaffold for
anchorage into clamps. Specific elastic modulus (N m g21)
was determined as the maximum gradient of the initial lin-
ear region of a plot of load per unit width against strain,
divided by the network areal density (g m22). All results
presented are the average of six repeats. For nanoindenta-
tion, solvent cast films were prepared through spin coating.
13 mm coverslips were locked on to the spin coater via vac-
uum. Two drops of polymer solution were placed in the
middle of the coverslip with a Pasteur pipette, before spin-
ning for 40 s at 5000 rpm. Films were secured onto a nano-
indenting block via superglue and analysed using an MTS
Nanoindenter XP using NanoSuite software. 20 indentations
were made per sample at a depth of 200 nm. Drift rate was
set to 0.15 nm/s and approach velocity was 10 nm/s. Data
was expressed as a function of modulus at maximum load.

Fiber diameter and pore size analysis
Samples were mounted onto aluminium stubs with carbon
tabs and gold coated using an Edwards S150B sputter
coater. SEM images were taken using a Phenom G2 Pro SEM
coupled with the Phenom Fibermetric analysis package. Five
images were taken per sample at a field size of 100 mm at a
resolution of 0.1 mm/pixel. The diameters of 100 fibers
were measured from each image and data exported for anal-
ysis. Pore areas were determined by manipulating image
colour thresholds in ImageJ to achieve a single layer of
fibers. Pores areas were measured; pores lying at the image
edge were excluded, as were those smaller than 5 mm2. Fol-
lowing Eichhorn and Sampson,13 equivalent pore diameters,
d, were calculated as the diameter of a circle with the same
area as a pore, a:

d52
ffiffiffiffiffiffiffiffi
a=p

p
(1)

Densities of scaffolds, qs, were estimated by weighing sam-
ples of known area to determine their areal density and
dividing this by thickness of scaffolds. Porosities of scaffolds
were obtained through comparison of the density of scaf-
folds, qs, with that of the solid polymer density, qp:

E512 qs=qp

� �
(2)

Cell culture of Saos-2 osteoblasts
Saos-2 osteoblasts (Sigma-Aldrich) were cultured with
McCoy’s 5 A modified medium supplemented with 10%
fetal bovine serum (FBS), antibiotic solution (100 mg/mL
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streptomycin, 100 U/mL penicillin) and 2 mM L-glutamine.
Cells were cultured until confluent at 378C, 5% CO2.

Cell culture of primary bone marrow derived MSCs
Primary MSCs were cultured with Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS and antibi-
otic solution (100 mg/mL streptomycin, 100 U/mL penicil-
lin). Cells were cultured until confluent at 378C, 5% CO2.

Cellular attachment and proliferation
Saos-2 osteoblasts were seeded at a density of 60,000 cells
per scaffold in low attachment 24-well plates (Corning;
1.9 cm2) and incubated for until the desired time point.
Media was replaced before 100 mL of AlamarBlue solution
(Sigma Aldrich) was added. Following a 2-h incubation
period (378C), 200 mL of solution was transferred to black
96-well plates in triplicate. Fluorescence was measured
using a FluoStar Optimax Spectrofluorometer with an excita-
tion wavelength of 530 nm and an emission wavelength of

590 nm. Cell numbers were calculated by converting fluo-
rescence values using corresponding standard curves.

In vitro differentiation
Primary bone marrow derived MSCs were seeded at a den-
sity of 60,000 cells per scaffold. Total RNA was harvested at
day 21 using TRIzol reagent (Sigma Aldrich). RNA was
quantified using a Nanodrop (Thermo Scientific). RNA was
reverse transcribed and gene expression analysed quantita-
tively using Sigma mastermix with primers and FAM-BHQ1
probes, with a StepOnePlus Real-Time PCR System (Thermo-
Fisher Scientific). Data were analyzed using the 2–DD Ct
method, normalizing expression to two housekeeping genes
(MRPL19 and GAPDH).16 Cells cultured on TCP for 21 days
were used as controls.

Statistical analysis
Statistical analysis in all cases was performed using Graph-
Pad Prism 7.0 software. Data were assessed with one-way

FIGURE 1. XPS analysis of electrospun scaffolds containing lecithin. A: Chemical structure of PCL. B: Chemical structure of lecithin. C,D: High

resolution XPS scans showing relative intensities of phosphorous (C) and nitrogen (D) on PCL scaffolds containing 1, 2, 5, and 20% lecithin.
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analysis of variance (ANOVA) and Turkey post hoc test for
comparison of groups. p values < 0.05 were considered
statistically significant. Data are expressed as means 6 one
standard deviation.

RESULTS

Confirmation of lecithin presence with XPS
Observation of the chemical structures of PCL and lecithin
[Fig. 1(A,B)] reveals key differences in their chemical com-
position. PCL contains only carbon, hydrogen and oxygen,
whilst lecithin additionally contains a small amount of phos-
phorous and nitrogen. Phosphorous and nitrogen residues
are clearly evident in all lecithin-containing samples, indicat-
ing the surfactant has been successfully incorporated into
electrospun fibers [Fig. 1(C,D)]. Importantly, the high-
resolution spectra for both phosphorous and nitrogen show
an increase in peak intensity and breadth, corresponding
with increasing lecithin concentration. Theoretical composi-
tions of both phosphorous and nitrogen, detailed in Table I,
were similar to values determined through XPS analysis.

Water contact angle
PCL scaffolds were the most hydrophobic producing a con-
tact angle of 121.78 [Fig. 2(A,B)]. Conversely, lecithin-
containing scaffolds had significantly reduced contact angles.
1% lecithin was found to reduce the contact angle to 59.08

whilst the highest concentration of lecithin, 20%, produced
the smallest contact angle of 16.48 [Fig. 2(A,F)] illustrating
that lecithin acts in a dose dependent manner on the hydro-
phobicity of PCL scaffolds. In all lecithin-containing scaf-
folds, the water droplet was completely absorbed moments
after impact, highlighting increased hydrophilicity of the
modified scaffolds. TCP produced a significantly reduced
contact angle compared to PCL (56.48).

Mechanical properties
Addition of 2% lecithin to the PCL resulted in an increase
of around 30% in specific elastic modulus. Importantly,
increasing the lecithin content to 20% yielded a significantly
reduced specific elastic modulus compared to both pure
PCL and 2% lecithin scaffolds [Fig. 3(A)].

The modulus of the polymer was carried out via nanoin-
dentation of spin cast films mounted on glass slides. No sig-
nificant difference was observed between PCL films and
those containing 2% lecithin, although the Young’s modulus
of films containing 20% lecithin is markedly lower [Fig.

3(B)]. We expect these properties of films to correspond to
those of the constituent fibers of electrospun scaffolds; the
effects on the modulus of scaffolds, as shown in Figure 3
are the subject of our subsequent discussion.

Fibermetrics and pore diameters
PCL scaffolds show a distribution of fiber diameters ranging
from 0.4 to 2.2 mm with a mean diameter of 1.3 mm [Fig.
4(A,B)]. The majority of fibers also exhibit significant curva-
ture. Upon the addition of both 2 and 20% lecithin to PCL,
this fiber diameter distribution was reduced, to a minimum
size of 0.4 mm and a maximum size of 1.8 mm, with an addi-
tional reduction in mean fiber diameter to 1.0 mm [Fig.
4(A,B)]. Importantly, increasing lecithin concentration also
reduced the curvature of fibers [Fig. 4(D)]. Despite the reduc-
tions in diameter distribution and mean fiber diameter, the
coefficient of variation of fibers within these scaffolds was
similar: 21% for PCL scaffolds and 18% for scaffolds

TABLE I. Theoretical and Actual Composition of Phosphorus

and Nitrogen in PCL Scaffolds Containing 0, 2, and 20%

Lecithin

Theoretical
Composition

Actual
Composition

P % N % p % N %

0% 0.00 0.00 0.00 0.03
2% 0.22 0.22 0.46 0.47
20% 1.09 1.09 0.97 0.78

FIGURE 2. Water contact angle analysis. A: Bar graph showing water

contact angle from a 20 mL drop of dH2O on lecithin containing scaf-

folds. TCP control is marked by the dotted line. B–G: Images of water

droplets immediately following droplet impact on PCL, 1, 2, 5, 20, and

TCP. n 5 10. ***p < 0.001. All values compared to PCL scaffolds.

Scale bar 1 mm.
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containing 20% lecithin. Thus, although the addition of leci-
thin reduces fiber diameters, the range of observed values is
similar, when normalized by the mean. The reduction in
mean fiber diameter caused by the addition of lecithin was
calculated to reduce the specific surface area of electrospun
scaffolds. Following Eichhorn and Sampson, specific surface
area was calculated using Eq. (3), where qp is the density of
the polymer (kg m23) and x0 is mean fiber diameter (mm).

Sf5
4

qpx0

� � (3)

Scaffolds with no lecithin, with a mean diameter of
1.3 mm were found to have a specific surface area of
2630 m2/kg whereas 20% lecithin scaffolds with a mean
diameter of 1.0 mm presented more available specific sur-
face area, 3500 m2/kg.

From statistical considerations, Eichhorn and Sampson15

show that the mean equivalent diameter, �d , is related to the
fiber diameter, x, and network porosity, E, by:

�d5
2x

log 1=Eð Þ (4)

such that, in a network of given porosity, the pore dimen-
sion is directly proportional to the width of fibers. From
inspection of the micrographs in Figure 4, it is evident that
fibers partition the network into voids through the depth of
the scaffold making it difficult to directly measure void
dimensions in any specific plane. Pore areas were measured
from micrographs using the image-analysis software, ImageJ.
In order to measure pore areas, it was necessary to apply a
threshold to separate fibers from voids. From gravimetric
analysis, we estimate the porosity of the PCL network to be

of order 0.85; when a threshold was applied to a micro-
graph such that this fraction of the image represented voids,
it was difficult to identify individual voids to the contribu-
tion of fibers in different layers. Accordingly, we chose
instead to measure void areas at a range of threshold values
such that different values were obtained from the image
corresponding to different porosities. From these pore areas,
equivalent pore diameters were calculated using Eq. (1).
The resultant data are plotted in Figure 5, along with the
predicted relationship given by Eq. (4) and represented as a
solid line. Note that pore diameters have been normalized
by fiber width, aiding comparison for our scaffolds with dif-
ferent fiber width. Porosities of <0.5 have not been
included in our analysis, since these are not representative
of the range seen in electrospun networks. Instead, for cases
where the image is overwhelmingly voids (i.e., E > 0.5)
pore sizes have been extracted and pore diameters calcu-
lated. Measurements for PCL scaffolds at porosities >0.5 fol-
low the model very closely (Fig. 5) confirming that pore
size in our scaffolds is directly related to fiber diameter. The
addition of lecithin has no effect on this relationship. Data
for both 2 and 20% lecithin scaffolds overlay those of PCL,
indicating that even with the addition of lecithin the rela-
tionship between pore size and fiber diameter is unaffected
(Fig. 5), as predicted by Eq. (4). For porosities >0.75,
thresholding yielded interconnected voids that did not permit
meaningful measurement of pore diameters. However, given
our confidence in the predictions of Eq. (4) arising from the
analysis presented here, theoretical values for pore diameters
of each scaffold have been calculated using scaffold porosities
determined gravimetrically (Table II). Additionally it is impor-
tant to consider pore diameters have been calculated through
in-plane pore dimensions. In fibrous networks such as these,

FIGURE 3. Mechanical properties of scaffolds containing lecithin. A: Scaffold specific elastic modulus of electrospun scaffolds. n 5 6. B: Polymer

Young’s modulus of spin cast films, n 5 20. ***p < 0.001.
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pore height, in the perpendicular plane, is expected to be at
most half that of the in-plane pore diameter.

Cellular proliferation and attachment with Saos-2
osteoblasts
Following an initial seeding density of 60,000 cells per well,
all scaffolds showed a significant increase in cell number at
each time point up to 14 days in culture [Fig. 6(A)]. As
expected, the control sample, TCP, exhibited increasing cell
numbers at each time point. PCL as well as 2 and 20% leci-
thin scaffolds exhibited very similar trends in both growth
rates and final cell numbers. Following 14 days, both PCL
and 20% lecithin scaffolds had given rise to almost 750,000
cells per well, whilst 2% scaffolds had produced over
650,000 per well [Fig. 6(A)].

Cellular attachment was assessed to determine whether
the increased hydrophilicity of lecithin containing scaffolds
could be related to enhanced cellular adherence. The

addition of lecithin stimulated increased cellular attachment
compared to PCL scaffolds and TCP [Fig. 6(B)]. Both 2 and
20% lecithin scaffolds enabled the attachment of over
20,000 more cells than PCL scaffolds, and over 35,000 more
than TCP (p < 0.05).

Osteogenic effects of lecithin on PCL scaffolds with
bmMSCs
Scaffolds functionalized with 2% lecithin gave rise to a sig-
nificant upregulation of gene expression for alkaline phos-
phatase, collagen 1, osteocalcin and Runx2 when compared
to PCL scaffolds. There was no significant difference in
expression between PCL and 2% scaffolds for osteopontin,
despite 2% scaffolds showing enhanced upregulation (Fig.
7). Conversely, high concentrations of lecithin generally did
not elicit upregulation of osteogenic genes when compared
to PCL scaffolds as no significant differences were observed.
20% scaffolds however did show a significant increase in
expression of collagen 1.

FIGURE 4. Electrospun fiber diameter analysis. A: Histogram of fiber diameter distribution comparing PCL 2 and 20% lecithin scaffolds. B: Box

and whisker plot of fiber diameters showing maximum, minimum, mean and interquartile range of PCL 2 and 20% lecithin scaffolds. C–E: SEM

of PCL scaffolds containing 0, 2, and 20% lecithin. ***p < 0.001. Scale bar 20 mm.
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DISCUSSION

Reducing scaffold hydrophobicity has become paramount in
order to create scaffolds that can support increased cellular
proliferation and adhesion. Here, we show how lecithin, a
naturally occurring phospholipid, was successfully incorpo-
rated into electrospun PCL fibers through its addition to the
electrospinning solution. XPS analysis clearly shows a dose
dependent increase in peak intensity for phosphorous and
nitrogen residues as lecithin concentration is increased, con-
firming incorporation into the scaffold (Fig. 1). Composi-
tions of phosphorous and nitrogen, recorded at the surface
of the fibers, were similar to theoretical estimations indicating
incorporation throughout the scaffold. If lecithin were local-
ized to the core or shell of the fibers, the theoretical concen-
trations would have been respectively lower or higher than
anticipated. Since this outcome was not observed, uniform
incorporation must have occurred. This is especially impor-
tant with biodegradable polymers, as modifications must be
available throughout the lifetime of the scaffold. Surface alter-
ations such as plasma treatment, ozone induced grafting and
surface coatings provide temporary improvements to scaf-
folds,1,17,18 however they will be lost as the scaffold degrades.

Despite lecithin being incorporated into PCL scaffolds,
surface effects could still clearly be seen following water con-
tact angle analysis (Fig. 2). Lecithin acts in a dose-dependent
manner, reducing the contact angle of PCL fibers from 121.78

to 16.48 with the incorporation of 20% lecithin demonstrat-
ing that isolating factors to the surface of electrospun scaf-
folds is not advantageous over incorporation as the effects
are still evident. Coating methods such as those shown by
Bassi et al.1 deliver a single change in surface properties, but

incorporation of factors, such as lecithin can provide a range
of contact angles which can be tailored for a specific need.

The addition of 2% lecithin allowed for a significantly
increased scaffold specific elastic modulus compared to PCL
scaffolds [Fig. 3(A)]. On inspection of micrographs, it is clear
that addition of lecithin greatly reduces fiber curvature.
Intuitively, we expect that the first effect of applying a strain
to a network of curved fibers, such as those in the pure PCL
scaffold, is to straighten those fibers before they begin to
actively bear load. In contrast, the straighter fibers of the
networks containing 2% lecithin will bear load more rap-
idly, resulting in the higher specific elastic modulus of the
scaffold, despite the polymer modulus being slightly lower
[Fig. 3(A,B)]. Fibers are further straightened with the addi-
tion of 20% lecithin, so the reduction in scaffold specific
elastic modulus for the networks containing 20% lecithin
can be attributed to the reduction in polymer modulus. The
results demonstrate that through careful addition of addi-
tives, the effects of polymer modulus and network modulus
can be decoupled, permitting manufacture of structures
with targeted mechanical properties.

Fiber diameter distribution was reduced with the addition
of lecithin. PCL scaffolds have a larger mean fiber diameter

TABLE II. Table Expressing Gravimetrically Calculated Poros-

ities and Equivalent Pore Diameters as Determined by Eq. (4)

Scaffold
Fiber

Diameter (mm)
Gravimetric
Porosity (%)

Calculated Mean
Pore Diameter (mm)

0% 1.3 86 17.0
2% 1.0 81 9.9
20% 1.0 79 8.8

FIGURE 6. Cellular attachment and proliferation. A: Metabolic increase

of Saos-2 osteoblasts cultured on electrospun PCL scaffolds contain-

ing lecithin over 14 days of culture. All cell number increases for each

concentration are significant at each time point. n 5 9. (***p < 0.001).

B: Initial cellular attachment of Saos-2 osteoblasts on electrospun PCL

scaffolds functionalized with lecithin after 3 h of incubation. n 5 9.

*p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 5. Scaffold fibermetrics. Mean pore dimensions normalized to

fiber diameter plotted against porosity, as varied by image analysis.
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(1.3 mm) than those containing lecithin, though the distribu-
tion of fiber diameter relative to the mean, as characterized by
the coefficient of variation, is unaffected. It is understood that
stem cells can respond to slight changes in surface topogra-
phy19,20 therefore producing scaffolds which are as regular as
possible will allow for greater control of cellular proliferation,
migration and most importantly differentiation of a variety of
cell types. Other studies incorporating factors, such as nano-
clay into scaffolds to enhance biocompatibility lack this regu-
larity, becoming beaded and inconsistent with the additions.9

Reduction in fiber size also reduces pore diameter. Eichhorn
and Sampson have shown that in a network of known porosity,
mean pore size is directly proportional to mean fiber width.13 A
reduction in fiber diameter will therefore also reduce mean
pore size of the scaffold. Lecithin addition to PCL scaffolds

clearly had no effect on the pore and fiber size relationship as
can be seen from both the extracted and gravimetric porosities.
All values lie close to the theoretical model, indicating as lecithin
reduces fiber diameter, the pore sizes of the scaffold will be pro-
portionally smaller. However although lecithin would appear to
make scaffolds more uniform, this is not the case. Large fibers
give rise to large pores, but both fiber diameter and pore size
reduce relative to one another upon the addition of lecithin.
Confirmed by the constant coefficients of variation of fiber
diameters, lecithin acts to control scaling of the scaffolds instead
of the regularity of fibers and pores.

It is known that a reduction in scaffold pore size
restricts cellular ingression;12 however, this reduction leads
to increased specific surface area of scaffolds providing
more available sites for cellular attachment.11 In this study,

FIGURE 7. Quantitative real-time PCR analysis of gene expression in response to scaffolds containing various concentrations of lecithin after

21 days of incubation. Relative gene expression was normalized to mean housekeeping genes (GAPDH and MRPL19) Cells cultured on tissue

culture plastic for 21 days were used as controls. n 5 3. *p < 0.05, **p < 0.01, ***p < 0.001.
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20% lecithin scaffolds produced a 33% increase in specific
surface area compared to PCL scaffolds. This increased sur-
face area combined with reduced hydrophobicity led to a
significant increase in cellular attachment on lecithin con-
taining scaffolds. After 3 h, both 2 and 20% lecithin scaf-
folds had significantly more attached cells than both PCL
scaffolds and TCP. The addition of lecithin therefore dramat-
ically improved the seeding efficiency of PCL. All scaffolds
allowed sustained cell growth over 14 days of culture, how-
ever neither concentration of lecithin allowed for enhanced
proliferation over PCL, as was suggested by the aforemen-
tioned attachment assay. Whilst increased surface area can
augment initial attachment, scaffolds with large pore diame-
ters have been shown to support increased cell growth over
longer periods.21 Although PCL is hydrophobic, it is possible
the larger pore diameters enabled proliferation into the
scaffold, giving rise to higher than expected cell numbers.

Additionally, 2% lecithin scaffolds showed significant
upregulation of expression for alkaline phosphatase, collagen
1, osteopontin, and Runx2 when compared with controls, indi-
cating osteoinduction had occurred. Although 20% lecithin
scaffolds elicited an increase in collagen 1 expression, no
other increases were observed, suggesting high concentrations
of lecithin restrict osteogenic differentiation. It is likely this
observation is due to reduced scaffold stiffness22 since high
concentrations of lecithin have been shown to hinder the
mechanical properties of these networks. These results how-
ever indicate that in small doses, lecithin can transform elec-
trospun PCL into an osteoinductive scaffold. Blending lecithin
throughout the entire fiber, extends osteoinductive properties
of the scaffold throughout its degradation. This method is
preferable to other functionalization methods that add factors
such as hydroxyapatite and BMPs to the scaffold surface,23

which can easily be exhausted.

CONCLUSIONS

We describe an electrospun PCL scaffold blended with natu-
rally occurring lecithin that enhances scaffold biocompatibility,
mechanical properties, cell-seeding efficiency, and osteoinduc-
tion. Lecithin acts to reduce scaling of electrospun scaffolds
that previously led to large variations in fiber diameters
whilst also reducing scaffold hydrophobicity. Reduced fiber
curvature also appears to increase scaffold specific elastic
modulus, despite a reduction in polymer modulus. Although
fiber and pore sizes were reduced through the addition of lec-
ithin, electrospun scaffolds such as these can easily be altered
to accommodate many tissue engineering needs such as large
surface areas for cellular attachment or larger pores to
develop cellular ingression into scaffolds. Moreover, we show
how lecithin increases osteoinductive properties of electrospun
PCL scaffolds, enhancing osteogenic gene expression. Integra-
tion of lecithin throughout the scaffold ensures these beneficial
properties are maintained throughout the degradation of the
scaffold and not simply isolated to the scaffold surface.
Enhanced biocompatibility of such a widely used polymer,
PCL, could allow more efficient and tailored scaffolds for use
in tissue engineering.
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