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Abstract
Control of the properties of electrospun polycaprolactone can be achieved by adjusting the acetic acid:water ratio used to dissolve
and electrospin the polymer. In this work, we studied the effect of using up to 15 wt% water in the solvent mixture. Solution
conductivity and viscosity and fibre morphology vary dramatically with water content and solution age. Two days after initial
solution preparation, electrospinning yields regular fibres for a water content of 0 wt% and 5 wt%, irregular fibres for a 10 wt%
water content and irregular and fused fibres for a 15 wt% water content. Fibres with the highest crystallinity (60%) were obtained
from solutions containing 5 wt% water while the highest elastic modulus (8.6 ± 1.4 MPa) and tensile stress (4.3 ± 0.3 MPa)
pertain to fibres obtained from solutions containing 10 wt% water. Enzymatic fibre degradation is faster the higher the water
content in the precursor solution. Adhesion ratio of human foetal fibroblasts was highest on scaffolds obtained from precursor
solutions containing 0 wt% water. Cell population increases for all scaffolds and populations quickly become equivalent, with no
statistically significant differences between them. Cells exhibit a more extended morphology on the 5 wt% scaffold and a more
compact morphology on the 0 wt% scaffold. In summary, a small water content in the solvent allows a significant control over
fibre diameter, scaffold properties and the production of scaffolds that support cell adhesion and proliferation. This strategy can
be used in soft tissue engineering to influence cell behaviour and the degradation rate of the scaffolds.

Keywords Electrospinning . Polycaprolactone . Acetic acid:Water solvent mixture . Fibre morphology . Cell adhesion . Tissue
engineering

Introduction

Electrospinning is a simple and efficient technique for the
fabrication of polymeric fibres, ranging in diameter from a
few microns down to tens of nanometres [1]. These structures
have gained importance in the field of tissue engineering as
biodegradable scaffolds mainly because of their high surface

to volume ratio, high porosity and resemblance with the mor-
phology of the native extracellular matrix [2, 3]. The scaf-
fold’s morphology and the chemical nature of the constituent
materials are two factors affecting the overall physical and
chemical properties of the scaffold and the way cells interact
with it during adhesion, migration and differentiation, which
are important processes in tissue regeneration [4, 5]. Scaffolds
with different mechanical properties are required for the re-
generation of different tissues such as bone, cartilage, blood
vessels, nerves and tendons. The ability to process materials of
natural and synthetic origin by electrospinning has been
exploited to achieve such particular requirements [6, 7].

Among the various biodegradable materials available,
polycaprolactone (PCL), a semi-crystalline poly(α-hydroxy
ester), presents excellent biocompatibility, low cost, accept-
able degradation kinetics and good mechanical properties for
many biological applications [8–14]. Electrospun PCL fibres
are widely known for their potential in biomedical and tissue
engineering applications, being able to support adhesion,
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proliferation and differentiation of stem cells [15, 16]. Due to
PCL’s hydrophobic nature and the absence of enzymes capa-
ble of efficiently degrading it in vivo, degradation of bulk PCL
in vivo is a slow process that lasts years and begins with chain
scission by hydrolytic cleavage of ester groups [17].When the
particle size of the implant decreases due to fragmentation or
when powdered samples are implanted, PCL is rapidly de-
graded in a few days inside the phagosomes of macrophages
and giant cells [18]. Therefore, the characteristic size of im-
planted scaffolds plays a critical role on their degradation rate
and fibre diameter can be used to control the permanence time
of electrospun scaffolds in vivo.

The structure of electrospun mats depends on several var-
iables, including polymeric solution properties (viscosity, sur-
face tension and conductivity), process parameters (applied
voltage, flow rate, tip to collector distance), and environmen-
tal conditions (temperature, humidity) [19]. There are different
solvent systems reported for the dissolution of PCL that have a
direct effect on the properties of fibre mats electrospun from
the corresponding solutions [20–24]. Among these solvents,
acetic acid may be the most convenient when a blend of PCL
with hydrophilic polymers, such as chitosan, is to be achieved
[25, 26]. However, there is a lack of information relating the
effect of using acetic acid as a pure solvent or mixed with
water on the morphology, crystallinity and mechanical prop-
erties of nonwoven PCL fibres, despite their importance in
defining the properties of an engineered scaffold. The me-
chanical properties of polymers are strongly influenced by
the molecular orientation and crystallinity of electrospun fi-
bres and play an important role in stem cell differentiation
[27]. Crystalline domains in electrospun PCL micro- and
nanofibres have been shown to assume a plate-like lamellar
shape oriented more or less perpendicularly to the long fibre
axis [28].

In order to understand the effect of dissolving PCL in mix-
tures of acetic acid with water on the outcome of the
electrospinning process and on the properties of the resulting
fibre mats, in this work we prepared four PCL solutions using
solvents with different acetic acid:water ratios. Recently, Li
et al. [24] performed an optimization of the system PCL dis-
solved in acetic acid and water and studied fibre diameter and
crystallinity from XRD diffractograms. Ultrafine PCL nanofi-
bers with average diameters around 200 nm were produced
using a water concentration of 9 vol% and a PCL concentra-
tion in the range 17% to 20%. Here, we extend the work of Li
et al. [24] by determining additional properties of the fibre
mats: physical (thermal and mechanical properties), chemical
(enzymatic degradation tests) and biological (cell adhesion,
proliferation and morphology). The concentration of PCL
was fixed at 23%, based on our previous study of PCL
electrospinning using glacial acetic acid as solvent [23], and
the water content in the solvent varied from 0% to 15%. These
solutions were successfully electrospun and the resulting fibre

mats were then characterized using: scanning electron micros-
copy (SEM) to observe fibre morphology and arrangement
and to obtain the fibre diameter distribution; differential scan-
ning calorimetry (DSC) to determine the melting temperature
and enthalpy as well as the crystallinity; tensile tests to obtain
the elastic modulus; and degradation studies with microbial
lipase to assess and compare the susceptibility of scaffolds to
enzymatic degradation if implanted in vivo. Finally, an in vitro
study was performed to relate those properties with potential
differences in adhesion, proliferation and morphology of cells
seeded on these scaffolds.

Materials and methods

Polymeric solutions

The solutions were made with PCL (Mn 80 kg·mol−1) from
Sigma-Aldrich and glacial acetic acid (purity 99.8%) from
Pronolab. All materials were used as received.

Four different solutions were prepared, all with a polymer
concentration of 23wt%, in glass flasks with air-tight lids. The
solvents were prepared by mixing glacial acetic acid with
distilled water with the mass ratios 100:0, 95:5, 90:10 and
85:15. PCL would no longer dissolve when the water content
was further increased to 20 wt%. As a general rule, solutions
were magnetically stirred for about 48 h and placed in an ultra-
sound bath for 10min to achieve complete dissolution of PCL.
For the analysis of solution properties and fibre morphology
as a function of time elapsed since initial solution preparation,
solutions were kept in the magnetic stirrer for 4, 9 and 13 days.

Surface tension was measured using the pendant drop
method in a CAM101 tensiometer from KSV. Electrical con-
ductivity was measured using a conductivity meter HI 4521
model fromHanna Instruments. Shear viscosity was measured
at 25 °C using a Bohlin Gemini HRnano rotational rheometer
fromMalvern Instruments equippedwith 40mm, 2°, cone and
plate fixtures.

Electrospinning

PCL fibre mats were obtained by electrospinning the four
solutions. The electrospinning apparatus was set up horizon-
tally and a grounded 20 cm × 20 cm aluminium plate covered
with aluminium foil was used to collect the fibres. The collec-
tor had translational and rotational movements in its plane in
order to achieve the production of fibre mats with a more
uniform thickness. A syringe pump (New Era Pump
Systems) was used to control the polymer solution flow rate
and a high voltage DC power supply (Iseg) was used to charge
the solution and create the electric field between the needle
and the collector. All solutions were electrospun at a room
temperature between 22 °C and 24 °C and a relative humidity
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between 40% and of 50% using the following parameters: a
high voltage of 8.0 kV, a needle-collector distance of 10 cm
and a feed rate of 0.3 ml·h−1. The solution was ejected from a
blunt stainless-steal needle (23G).

Fibre mat characterization

The electrospun fibre mat’s morphology was analyzed by
scanning electron microscopy (SEM). Samples were mounted
on stubs using a double-side conductive tape and sputter coat-
ed with gold before SEM observation. The SEM images were
acquired with a Zeiss DSM 902 Scanning Electron
Microscope operating in high vacuum at 5 kV with different
magnifications.

The melting point and the melting enthalpy of each fibre
mat were measured using a SETARAM-DSC92 differential
scanning calorimeter. The samples were heated at a rate of
10 °C·min−1 under a nitrogen atmosphere from −30 °C up to
100 °C. The crystallinity of the fibres was then estimated from
the ratio between the melting enthalpy of each fibre mat and
the melting enthalpy of the 100% crystalline PCL, which has
an estimated value of 139.5 J·g−1 [29].

Mechanical properties of the four different fibre mats were
measured with a uniaxial tensile testing machine from
Rheometric Scientific equipped with a 20 N load cell. Ten
replicas from two mats obtained with each solvent were tested
at a speed of 5 mm·s−1. Rectangular samples were cut with a
surface area of 10 mm× 30 mm and mounted on the testing
machine such that the pulled length was 10 mm. Thickness of
the samples was measured using a digital micrometer
(Mitutoyo, Japan).

Enzymatic degradation tests were performed using an es-
terase, Lipase PS “Amano” SD, a generous gift of Amano
Enzyme Europe. This lipase is produced by a selected strain
of Burkholderia cepacia and has an activity (FIP method) of
not less than 23,000 U/g. Samples were cut with an approxi-
mately square shape from at least two different depositions
and placed in glass vials. Triplicates with roughly the same
mass were prepared for each of the four fibre mats. Lipase was
dissolved in distilled water at a concentration of 1 mg/ml. To
each vial, 2 ml lipase solution were added. The vials were first
placed in a vacuum desiccator in order to remove air from the
mat’s interior and then placed in an incubator at 37 °C under
mild orbital rotation. After a total of 1, 2, 4, 6 and 9 h, the
lipase solution was removed, the samples were washed with
distilled water, dried in an oven at 37 °C and weighed. The
degradation tests were performed a total of 4 times.

Experimental values for average fibre diameter and
Young’s modulus are presented as mean ± experimental stan-
dard deviation. The crystallinity values are presented as value
± standard combined uncertainty. Results of the degradation
tests are presented as mean ± standard deviation of the mean.

Statistical significance of the differences between results was
evaluated using Student’s t test.

Cell seeding and culture

Five samples of each mat were sterilized by immersion in
ethanol 70% for 10 min and then washed twice with sterile
PBS to remove ethanol. Fibres were then irradiated with UV
light for 30 min, transferred to individual teflon inserts that
delimit an 8 mm diameter seeding surface and placed in a 24-
well tissue culture plate.

HFFF2 cells (Human Foetal Foreskin Fibroblast cells, ac-
quired from the European Collection of Cell Cultures, UK)
were cultured with DMEM + GlutaMAX, supplemented with
Fetal Bovine Serum (10% v/v), penicillin G (100 units·mL−1)
and streptomycin (100 μg·mL−1), all from Invitrogen, and
maintained at 37 °C in a 5% CO2 humidified atmosphere.
Cells in their passage 9 were seeded in 25 cm3 T-flasks.
While sub-confluent, cells were detached using Tryple
(Invitrogen), counted and seeded over the fibre mats at a den-
sity of 2 × 104 cells·cm−2. Control wells were set by seeding
cells directly on the polystyrene tissue culture plates using the
same seeding density.

Cell adhesion, proliferation and morphology

Adhesion and proliferation of cells seeded on the mats were
evaluated using the resazurin cell viability assay. The cell
population was monitored 1, 3, 5, and 7 days after cell
seeding. Cultures were inspected during the experiment under
an inverted light phase contrast microscope (Nikon Eclipse Ti-
S) to confirm cell growth in the controls and sterility.

For the resazurin assay, the medium of each well was re-
moved and replaced by a mixture of 200 μL of fresh culture
medium and 10% (v/v) resazurin reagent solution. After incu-
bating cells for 2 h, a fixed volume of cell supernatant was
transferred from each insert to a 96-well plate and the optical
density was read at 570 nm and 600 nm in a plate reader
(BioTek ELX800UV). Appropriate medium controls – wells
containing only culture medium and the resazurin solution -
were also set up.

Cell adhesion was obtained by comparing the absorbance
of the supernatant of cells cultured on the fibre mats to that of
the cell control 24 h after cell seeding. Cell adhesion assays
were performed in triplicate and the results presented as
(mean ± experimental standard deviation).

Cell culture proceeded in order to evaluate cell proliferation
following a procedure similar to that used for cell adhesion
determination, measuring the absorbance of the supernatant of
cultured cells on the fibre mats every two subsequent days.
The results are expressed as mean ± experimental standard
deviation.
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Student’s t test was used to evaluate significance of the
differences between cell adhesion rates and cell populations
on the last day (day 7) on the 4 scaffolds under analysis.

To evaluate cell morphology, HFFF2 cells were seeded on
the fibre mats as previously described. After 2 and 10 days of
culture, the samples were fixed with 3.7% paraformaldehyde
in PBS at room temperature for 15 min. Then, samples were
rinsed twice with PBS and stained with Acti-stain 555
Fluorescent Phalloidin from Cytoskeleton, Inc., for the fluo-
rescent visualization of actin filaments and counterstained
with DAPI for nuclei visualization. Cells were then imaged
using a Nikon Eclipse Ti-S microscope with epifluorescence
attachment. Images were acquired with a Nikon D610 camera
and processed using the ImageJ software [30]. Where neces-
sary, contrast and brightness of the original images were min-
imally adjusted within the linear range to improve visual
clarity.

Results and discussion

Solution properties

The properties of the four PCL solutions are listed in Table 1
as a function of solution age (days elapsed since initial prep-
aration). Solution properties were measured on days 2 and 4
and, for the 100:0 solution, on days 9 and 13 as well.

The surface tension of all solutions was found to be around
32 mN·m−1, irrespective of the water content in the solvent
and solution age and roughly 5 mN·m−1 above the surface
tension of glacial acetic acid (27.12 mN·m−1, at 25 °C) [31].
Álvarez et al found that the surface tension of organic
acid:water mixtures varies slowly when the concentration of
the organic acid is high: for acetic acid, the surface tension at
25 °C increased by only 25% (6.7 mN·m−1) when the molar
fraction of water went from 0% to 59% [31]. In our case, a
constant surface tension implies that the different outputs of

the electrospinning process are not caused by a variation of the
solution’s surface tension but rather by changes in viscosity
and conductivity.

The conductivity of the solutions increased by two or-
ders of magnitude when the water content changed from
0% to a mere 15%. The conductivity of the 100:0 solution
is very small due to the low degree of ionization of acetic
acid caused by the near absence of water molecules in the
solution. When the concentration of water increases, the
increased availability of proton acceptors leads to a sig-
nificant ionization of acetic acid and a concomitant in-
crease of charge carriers and therefore of conductivity. A
higher conductivity facilitates the stretching of the poly-
mer jet during electrospinning due to the increased num-
ber of charges transported and repulsion forces between
these [32]. The conductivity didn’t show any dependence
on time elapsed since solution preparation.

The viscosity of the solutions decreases drastically with
both water content and solution age. This fact has important
consequences regarding the ability to electrospin the solutions
for a decreased viscosity facilitates the stretching of the poly-
mer jet by the repulsive forces between the charges
transported by the jet, leading to thinner fibres [19].
However, a low viscosity leads to a rapid and pronounced
thinning of the jet, which may be detrimental to the uniformity
of the electrospun fibres due to the increased influence of
surface tension that causes the appearance of beaded fibres
[24]. The decrease in solution viscosity with age is due to
the degradation of PCL: the acid environment catalysis the
hydrolytic degradation of ester linkages leading to a decrease
in average molar mass and solution viscosity [33].

Fibre morphology

Figure 1 shows the morphology and arrangement of the
electrospun fibres obtained from the 100:0, 95:5, 90:10 and
85:5 solutions, respectively, for different solution ages. Fibres

Table 1 Properties of solutions
with 23 wt% PCL and different
acetic acid:water mixtures as a
function of solution age (days
elapsed since initial preparation)

Acetic acid:water

(wt% ratio)

Solution age

t / days

Surface tension

γ / (mN m−1)

Conductivity

σ / (μS cm−1)

Zero shear viscosity

η / (Pa s)

100:0 2 32.6 ± 0.5 0.057 ± 0.006 42 ± 4

4 31.8 ± 0.7 0.059 ± 0.007 27 ± 4

9 32.1 ± 0.5 0.063 ± 0.007 11 ± 1

13 31.8 ± 0.4 0.061 ± 0.006 5.9 ± 0.8

95:5 2 32.6 ± 0.3 0.50 ± 0.05 4.6 ± 0.5

4 32.5 ± 0.4 0.53 ± 0.06 2.9 ± 0.2

90:10 2 33.7 ± 0.4 1.9 ± 0.2 1.2 ± 0.2

4 32.0 ± 0.3 2.0 ± 0.2 0.6 ± 0.1

85:15 2 33.5 ± 0.3 5.6 ± 0.6 0.5 ± 0.2

4 32.0 ± 0.3 5.8 ± 0.6 0.24 ± 0.03
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obtained from the 100:0 solutions 2 days after solution prep-
aration (Fig. 1 (a)) are the thickest of all, with an average
diameter of (2520 ± 414) nm. These values are similar to those
reported by Kanani et al. for 20% PCL solutions in glacial
acetic acid [34]. For PCL dissolved in chloroform, reported

average diameters vary significantly, from 400 nm up to 8 μm,
as a function of polymer concentration and processing condi-
tions [8, 23, 35, 36]. As solution ages, the average fibre diam-
eter decreases, reaching (1181 ± 429) nm 13 days after prepa-
ration. This decrease is due to the decrease in solution

Fig. 1 Morphology of the PCL
electrospun fibres obtained from
the (a), (b), (c) and (d) 100:0
solution; (e) and (f) 95:5 solution;
(g) and (h) 90:10 solution; (i) and
(j) 85:15 solution. Days elapsed
since initial solution preparation
are indicated on the SEM images.
Measurements are average fibre
diameter ± standard deviation of
fibre diameter distribution.
Magnifications and scale bars are
1000X and 20 μm in images (a)-
(d) and 3000X and 10 μm in
images (e)-(j)
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viscosity, as previously discussed. After 13 days, the fibres
began showing significant defects (images not shown).

The effect of water content on fibre morphology and
diameter can be seen in Fig. 1 a), e), g) and i) that corre-
spond to fibres obtained from solutions containing 0%,
5%, 10% and 15% water 2 days after solution preparation.
Fibre diameter diminishes markedly, from (2520 ± 414)
nm for the 0% water content to (1131 ± 194) nm for 5%
water and (412 ± 287) nm for 10% water. Fibres obtained
from the 85:15 solution are very thin but irregular and
fused; as such, their diameter was not measured. As the
water content in the precursor solutions increases, so does
conductivity, whereas viscosity decreases. Both of these
variations favour the rapid elongation and thinning of the
polymer jet. Jet elongation causes a separation of the
electrical charge transported by the jet and consequently
the decrease of the repulsive forces between charges. If
this repulsion relaxes before jet solidification, then sur-
face tension may cause the appearance of beads, which
correspond to local minima of the surface area to vol-
ume ratio, along the fibres [19].

For fibres obtained from the 95:5 solution 4 days after
preparation (Fig. 1 f) the standard deviation of the fibre
diameter distribution is large, denoting a somewhat unsta-
ble process, with the thinnest fibres having less than
100 nm diameter and the thickest fibres having around
1.2 μm diameter. Fibres obtained from the 90:10 and
85:15 solutions at 4 days of age (Fig. 1 h and j) display
a large number of spherical beads.

Thermal properties

The DSC thermograms of the four PCLmembranes are shown
in Fig. 2 while the melting temperature, melting enthalpy and
crystallinity are listed in Table 2. All membranes display a
single endothermic peak in the interval [0; 100] °C. This peak,
located around 64 °C, corresponds to the melting temperature
of PCL [29]. The different peak shapes observed may be ar-
tefacts caused by different rates of heat transfer in the samples
caused by their porous structure. The melting enthalpy is ob-
tained from the area beneath the peaks. Values range from
67.1 J/g for the 100:0 membrane to 83.5 J/g for the 95:5
membrane. Accordingly, the crystallinity, calculated from
the ratio between the melting enthalpy of each fibre mat and
the melting enthalpy of the 100% crystalline PCL is the
highest for the 95:5 membrane: 60%, versus 48% for the
100:0 membrane. The 90:10 and the 85:15 membranes have
crystallinities in between: 52% and 49%, respectively.

For PCL dissolved in chloroform, Hsu and Shivkumar re-
port crystallinities in the range 30–35%, for different process-
ing conditions [37], whereas Lowery et al. obtained 47% [36].
For PCL dissolved in dimethylformamide:chloroform mix-
ture, Wong et al. obtained crystallinities ranging from 42%
to 50% as the dimethylformamide content increased [38].
The lower volatility of DMF led to the production of thinner
and more crystalline fibres due to slower solvent evaporation
which allowed for a greater thinning of the polymer jet and an
increased arrangement of the polymer chains into crystalline
domains. In Wong et al.’s work, thinner fibres are more

Fig. 2 DSC curves of PCL non-
woven mats obtained using
different acetic acid:water ratios
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crystalline: the same trend was observed in our work. Fibres
obtained from the 95:5 solution display the same morphology
and arrangement as those obtained from the 100:0 solution but
their average diameter is less than half. While fibres obtained
from the 90:10 solution have an even smaller average diame-
ter, their morphology is irregular, a feature that worsens for
fibres obtained from the 85:15 solution. This suggests that
fibre diameter is not the only factor affecting crystallinity but
the addition of a small amount of a non-solvent like water may
also be beneficial for crystalline domain development.
However, as the water content in solution is further increased
to 10 wt% and 15 wt%, fibre crystallinity decreases.

Mechanical properties

Values of elastic modulus of PCL non-wovens reported in the
literature for PCL electrospun using different solvents and at
different concentrations lie typically within the range 2 to

10 MPa [39, 40]. Mechanical properties of individual PCL
fibres have also been reported in the literature. Tensile testing
of individual PCL fibres yielded an elastic modulus of (120 ±
30) MPa for (1.4 ± 0.3) μm fibres when PCL was dissolved at
a concentration of 7.5% using chloroform:methanol 3:1 as a
solvent [41], and of 0.5 GPa for fibres with a diameter in the
range 200 nm to 2500 nm electrospun from a 10 wt% PCL
solution using a dichloromethane: N,N-dimethylformamide
4:1 solvent mixture [42]. Using a three-point bending method,
Croisier et al. obtained a mean value of (3.7 ± 0.7) GPa for the
Young’s modulus of individual fibres obtained from a 15 wt%
solution of PCL dissolved in 1:1 tetrahydrofurane/N,N-
dimethylformamide [4]. The difference between the elastic
modulus of non-woven mats and that of individual fibres
can be explained by the high porosity and random orientation
of the fibres in the non-woven mats.

The results of the tensile tests performed on the four types
of membranes are displayed in Fig. 3 that shows typical stress-
strain curves and in Table 3 that lists the elastic modulus, the
tensile stress and the tensile strain obtained. In spite of the very
different average fibre diameter, the 100:0 and 95:5 mem-
branes display similar stress-strain curves that reveal a ductile
behaviour. The similarity between the 100:0 and 95:5 mem-
branes also shows up in the elastic modulus obtained: (4.7 ±
0.7) MPa and (5.4 ± 0.8) MPa, respectively. The 90:10 mem-
brane has the highest elastic modulus: (8.6 ± 1.4) MPa. Since
the 90:10 membrane is less crystalline than the 95:5 mem-
brane, the higher elastic modulus may be due to differences
in fibre morphology, diameter and bonding between fibres.
The higher water content used in the preparation of the

Table 2 DSC results for melting point, enthalpy and crystallinity of
PCL fibre mats obtained from 23 wt% PCL solutions using different
acetic acid:water mixtures

Acetic acid:water
(wt% ratio)

Melting point
Tm / °C

Melting enthalpy
ΔHm / (J·g−1)

Crystallinity
wc,x / %

100:0 63.4 67.1 48

95:5 63.5 83.5 60

90:10 63.4 72.2 52

85:15 64.2 68.5 49

Fig. 3 Typical stress-strain curves
of the four PCL fibre mats on day
2. The 100:0 and the 95:5 mem-
branes display identical stress/
strain behaviour. The 90:10
membrane has the highest tensile
strength and the 85:15 the
smallest tensile strain
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90:10 membrane leads to a smaller evaporation rate of the
solvent (the evaporation rate of water relative to butyl acetate
is 0.3 while that of acetic acid is 0.97) which may lead to
incomplete solvent evaporation when the fibres reach the col-
lector and fibre bonding at their contact points. This phenom-
enon, which can be seen for the 90:10 membrane, is even
more pronounced for the 85:15 membrane. While differences
in fibre morphology between the 95:5 and the 90:10 mem-
branes are not significant, fibre diameter is much smaller and
diameter distribution much wider for the 90:10 membrane.
Tensile testing of single electrospun PCL nanofibres revealed
a significant increase in tensile modulus and strength as the
diameter of individual electrospun PCL fibres decreased be-
low 600–700 nm [38, 43, 44]. These results may explain why
the 90:10 membrane, composed of fibres with diameters in the

interval (412 ± 287) nm, possesses the highest elastic modulus
of all 4 membranes.

Silver et al. determined that the elastic modulus of human
skin and dermis for strains up to 0.4 is 0.10 MPa and that the
modulus increases above a strain of 0.4 to 18.8 MPa [45].
Although the stress-strain curves of skin and of the mats pro-
duced in the current work are different, the range of elastic
modulus reported for skin contains the values determined for
our PCL non-woven mats, which suggests their mechanical
behaviour is adequate for soft tissue engineering applications.

Degradation tests

Degradation tests were performed using lipase produced by
Burkholderia cepacia that is known to catalyse the hydrolytic
degradation of PCL [46, 47]. Chain scission causes a decrease
of molecule mass, eventually leading to soluble oligomers.
The concentration used in this study, 23,000 U/L, is about
200 times higher than that found in the serum of healthy adults
[48]. This led to a total degradation of all mats in under 10 h.
When implanted in vivo, PCL may take several years to de-
grade but micrometre-sized structures degrade in a few days
[17, 18]. The results of the present degradation study are
shown in Fig. 4 where the remaining scaffold’s mass, relative
to the initial mass, is plotted against time. The higher the water
concentration in the precursor solutions of the fibre mats, the
faster mass loss occurred. This is attributed to the degradation
of PCL that occurred in solution before electrospinning com-
menced. Lowering of molecular mass caused by hydrolytic
scission of ester bonds also caused a decrease of solution
viscosity with increasing water content. These results show
that the in vivo permanence of PCL electrospun scaffolds
can be controlled through a preceding polymer degradation.
This is equivalent to using different PCL molar masses in
scaffold production.

Fig. 4 Degradation of PCL
scaffolds by lipase in accelerated
conditions using a 1 mg/ml lipase
concentration. Scaffolds obtained
using solutions with a higher wa-
ter concentration suffer a faster
degradation as revealed by re-
maining mass measurements.
This fact may be used to tune
scaffold permanence when im-
planted in vivo

Table 3 Mechanical properties of the PCL membranes obtained from
23 wt% PCL solutions using different acetic acid:water mixtures.
Young’s modulus (E), tensile stress (σ) and tensile strain (ε) for different
times elapsed since initial solution preparation

Acetic acid:water
(wt% ratio)

Day Young’s modulus
E / MPa

Tensile stress
σ / MPa

Tensile strain
ε / %

100:0 2 4.7 ± 0.7 * >500

4 6.9 ± 1.4 * >500

9 5.2 ± 1.1 * >500

13 5.6 ± 1.1 * >500

95:5 2 5.4 ± 0.8 * >500

4 4.3 ± 1.3 1.5 ± 0.2 80 ± 8

90:10 2 8.6 ± 1.4 4.3 ± 0.3 88 ± 5

4 4.0 ± 0.8 1.8 ± 0.2 59 ± 4

85:15 2 6.5 ± 0.6 2.2 ± 0.2 73 ± 3

*Tensile stress and strain could not be determined since the membranes
did not rupture during the test
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HFFF2 adhesion and proliferation

Figure 5 plots the absorbance values of the culture media to
which resazurin was added, part of which was reduced into
resorufin by the viable cells. All absorbances are normalized
to the cell control (CC) day 1 results. The absorbance values
measured on day 1 can be used to establish an adhesion effi-
cacy by calculating the ratio between the values measured for
the wells containing cells seeded on the PCL scaffolds and
those obtained for the cell control, for which adhesion efficacy
is assumed to be 100%. Table 4 presents the adhesion ratios
and the statistical significance of the differences. The adhesion
ratio is (65 ± 6) % for the 100:0 membrane, about 10% higher
than for the remaining membranes, with the differences being
all statistically significant. When comparing the adhesion ra-
tios of the 95:5, 90:10 and 85:15 membranes, which lie in the
interval 54% to 57%, the conclusion is that the differences are
not statistically different.

As time progresses, cell populations increase and quickly
become similar, with the differences between membranes

losing statistical significance on day 5. This means that, inde-
pendently of initial cell adhesion ratio and membrane mor-
phology, HFFF2 cells are able to proliferate on and populate
all scaffolds.

To evaluate cell morphology, cells were fixed 2 and 10 days
after seeding and stained with fluorescent dyes for F-actin and
nuclei (see Fig. 6). Two days after seeding, most cells exhibit
an extended morphology that suggests the establishment of
several adhesion contacts with the scaffold. Cells appear to
adopt a more extended morphology on the 95:5 scaffold and
a more compact morphology on the 100:0 scaffold. This dif-
ference seems to be related with fibre diameter suggesting an
easier spreading of HFFF2 fibroblasts on PCL scaffolds hav-
ing thinner fibres and that cells established adhesions with
fewer fibres on the 100:0 scaffold. On day 10, cells are seen
populating most of the scaffold’s surface on all four cases but
the more compact morphology of cells on the 100:0 scaffold
seems to persist.

Cell adhesion to pure PCL scaffolds has been shown to
occur at a reasonable level in comparison to controls and other
polymers or PCL blends [7, 8, 49]. A partial explanation to
this fact may be the enhanced protein adhesion to nanofibrous
scaffolds that compensates for the hydrophobicity and lack of
cell recognition sites of PCL [50]. Mean fibre diameter and
fibre uniformity may also play an important role in modulat-
ing cell attachment and proliferation. As Chen et al. pointed
out [51], fibroblast adhesion to PCL electrospun fibres with
diameters in the range [117–1647] nm was lowest to the thin-
ner and beaded fibres as we found in our study. Additionally,
Washburn et al. concluded from an investigation of osteoblast
response to different polymer crystallinities that cells are ex-
quisitely sensitive to variations in nanometre-scale topogra-
phy that results from variations in crystallinity [52].

Table 4 Adhesion ratio of HFFF2 cells seeded on the four PCL
scaffolds relative to the cell control and result of statistical significance
test. Ratios calculated from absorbances measured 24h after seeding.
Y=Yes (p < 0.01) and N=No (p ≥ 0.01)

Scaffold Adhesion ratio / % CC 100:0 95:5 90:10 85:15

CC 100 ± 3 – Y Y Y Y

100:0 65 ± 6 <0.001 – Y Y Y

95:5 56 ± 7 <0.001 <0.001 – N N

90:10 54 ± 6 <0.001 <0.001 0.321 – N

85:15 57 ± 6 <0.001 <0.001 0.323 0.027 –

Fig. 5 Results of the resazurin
viability assay performed on four
time points after cell seeding. CC
is cell control. All absorbances are
normalized to day 1 CC value.
Vertical bars represent the
standard deviation of the mean
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Conclusions

Results of the present study show that PCL non-woven mats
obtained by electrospinning the polymer dissolved in a solvent
system consisting of an acetic acid:water mixture containing 5

or 10 wt% of water display the best overall properties as scaf-
folds for soft Tissue Engineering applications. Additionally, in
view of the importance of matching the rates of scaffold deg-
radation and tissue regeneration, adjusting acetic acid:water
ratio is an interesting strategy to vary molar mass as a means

Fig. 6 Fluorescence images of
HFFF2 cells grown on the four
PCL membranes, fixed with
paraformaldehyde and stained
with DAPI (blue) and acti-stain
555 phalloidin (red) to reveal the
nuclei and F-actin, respectively.
First column shows day 2 results,
whereas column 2 shows day 10
results. First row: 100:0; second
row: 95:5; third row: 90:10;
fourth row: 85:15; fifth row: cell
control, imaged only on day 2
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of tailoring the resorption rate of PCL scaffolds. This strategy
can be applied, with the necessary adaptations regarding the
degradation mechanism, to other polymers or even to blends.
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