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a b s t r a c t

Poly(e-caprolactone) (PCL) fibers ranging from 250 to 700 nm in diameter were produced by electrospin-
ning a polymer tetrahydrofuran/N,N-dimethylformamide solution. The mechanical properties of the
fibrous scaffolds and individual fibers were measured by different methods. The Young’s moduli of the
scaffolds were determined using macro-tensile testing equipment, whereas single fibers were mechani-
cally tested using a nanoscale three-point bending method, based on atomic force microscopy and force
spectroscopy analyses. The modulus obtained by tensile-testing eight different fiber scaffolds was
3.8 ± 0.8 MPa. Assuming that PCL fibers can be described by the bending model of isotropic materials,
a Young’s modulus of 3.7 ± 0.7 GPa was determined for single fibers. The difference of three orders of
magnitude observed in the moduli of fiber scaffolds vs. single fibers can be explained by the lacunar
and random structure of the scaffolds.

� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction [12]. In this regard, the mechanical properties of both the nanofi-
Aliphatic polyesters such as poly(e-caprolactone) (PCL), poly(lac-
tide)s, poly(glycolide) and their copolymers are well-known materi-
als, extensively investigated for biomedical and pharmaceutical
applications. These polymers are hydrolytically and enzymatically
degraded in a physiological environment into non-toxic products,
which make them outstanding candidates for short- to medium-
term applications [1–3]. These biomaterials are biocompatible [4–
7] and may be applied in the field of tissue engineering or tissue
regeneration as scaffold materials. In this respect especially, nano-
sized fibers are highly interesting in that they may mimic the func-
tion of collagen fibrils in the extracellular matrix. Assemblies of
nanometer-sized fibers, which can be prepared by electrospinning
of polymeric solutions, are potential scaffolds which can be applied
as a temporary artificial extracellular matrix [8].

A prerequisite to the use of electrospun nanofibrous scaffolds in
biomedical applications is their adequate mechanical properties.
Indeed, the strength and deformability of nanofibers have been
demonstrated to influence in vitro cell migration, proliferation
and differentiation, along with cell morphology [9–11].

The structural integrity and the mechanical strength of the scaf-
fold are thus very important in the formation of the new tissue
ia Inc. Published by Elsevier Ltd. A
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brous scaffold and its constituent fibers are relevant in the in-
tended application of the material for tissue regeneration.

Non-woven nanofibrous scaffolds can be tested by common
macro-tensile techniques [13–16]. However, the mechanical testing
of fibers with diameters <1 lm using conventional measurement
methods is not possible. This requires alternative technologies able
to handle individual fibers and to measure nanometer-sized defor-
mation and forces with nN accuracy. Techniques that circumvent
the aforementioned difficulties are, on the one hand, the micro-
and nano-tensile testing systems [11,17,18] and, on the other hand,
methods based on force microscopy measurements.

Atomic force microscopy (AFM) has proved to be a powerful
tool for determining the morphology of nanometer-sized struc-
tures. This technique can also be used for the mechanical charac-
terization of individual fibers when used in force spectroscopy
mode [19]. In this respect, AFM-based nanoindentation has been
increasingly applied for this purpose [15,20,21]. In this method, a
sharp probe tip is pressed into a sample with a known load (force)
and retracted sequentially, which generates a force–displacement
curve [22]. Fitting the data with appropriate indentation models
such as those proposed by Hertz [22,23], enables one to determine
the elastic modulus of the fiber.

In recent years, the micro-manipulation capabilities of the AFM
combined with its force–measurement efficacy were used to eval-
uate the response of single type I collagen fibrils with diameters
ranging from 100 to 500 nm [24,25]. The Young’s modulus of these
ll rights reserved.
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fibrils ranges from 2 to 7 GPa in the dry state (0.2 to 0.8 GPa in the
wet state; phosphate buffered saline buffer), and these values
resemble those of collagen fibers present in tissues.

Although successful, the tensile testing technique employed for
these fibers is relatively elaborate. Therefore, a novel method was
recently developed to assess the mechanical properties of single fi-
bers by a three-point bending technique. In this approach, an indi-
vidual fiber is suspended over a micro-fabricated channel (usually
in glass, polydimethylsiloxane or silicon [26–30]), and a tipless
cantilever is used to bend the fiber at the center of its suspended
length.

In the present study, macro- and micro-mechanical measure-
ments techniques were applied to scaffolds and individual PCL fi-
bers, respectively, that had been produced by electrospinning
[8,31]. Fiber diameters were typically a few hundred nanometers.
By conventional macro-tensile measurements using an Instron
tensile testing machine, the mechanical properties of the electro-
spun fiber scaffolds which can be used in tissue engineering appli-
cations were determined. The mechanical properties of individual
PCL fibers (as these are important for the cellular behavior in a tis-
sue engineering application) were obtained using an AFM-based
nano-scale three-point bending technique. The advantages and
complementarities of these techniques are discussed with regard
to their applicability to other fibrous systems.
2. Materials and methods

2.1. Preparation of PCL fibers by electrospinning

PCL with a molecular weight of 80,000 g mol�1 was purchased
from Sigma Aldrich (USA). PCL was dissolved in 1:1 tetrahydrofu-
rane (THF)/N,N-dimethylformamide (DMF) (w/w) at a concentra-
tion of 15 wt.%. The electrospinning process was conducted as
follows: the polymer solution was transferred into a 5 ml glass syr-
inge (Fortuna Optima with Luer-lock tip, Poulten & Graf, Wertheim,
Germany) with an orthogonally cut-ended needle (G 21 1½ in., K51
Luer-lock, Italy). A syringe driver (Kd Scientific, Massachusetts,
USA) was used to control the solution flow rate at 1 ml h�1. To pro-
duce PCL fibers, a voltage of 12 kV was applied between the syringe
needle and the collector (Series FC, Glassman High Voltage, Inc., NJ,
USA). Fibers were collected on a grounded piece of aluminum foil
(16 � 16 cm) which was placed on the collector plate 18 cm from
the needle-end. The electrospinning set-up is schematically de-
picted in Fig. 1a. Platinum coating was applied to the fibers for
scanning electron microscopy analysis (SEM; Jeol JSM-840A, To-
kyo, Japan).
Fig. 1. (a) Schematic representation of the electrospinning set-up
2.2. Macro-tensile measurement on PCL fiber scaffolds

Electrospinning of the PCL solution for 25 min afforded fiber
scaffolds which for further analysis were cut with scissors into
3 � 0.5 cm rectangular samples, following a cardboard pattern of
the same dimensions. Sample thickness was measured with a Kafer
Mechanical Thickness Gauge. The porosity of the fibrous scaffold
was thus not taken into account during tensile measurements,
but later on. Conventional macro-tensile measurements were per-
formed using an electromechanical tensile tester (Instron 5566,
Elancourt, France). All samples were mounted between holders at
a distance of 1 cm (Pneumatic Action grips, Elancourt, France). Ten-
sile testing was conducted at a rate of 5 mm min�1 at room tem-
perature (21 �C). Young’s modulus (in MPa) and strain at break
(%) were automatically calculated by the Instron software (Bluehill
2, Elancourt, France). To obtain Young’s modulus, the software cal-
culates the slope of each stress–strain curve in its elastic deforma-
tion region (the elastic deformation region of each curve was
manually delimitated by moving cursors). Photographs of the
experimental set-up are shown in Fig. 1b and c.

The porosity of PCL fiber scaffolds was estimated by combining
mercury pycnometry and mercury porosimetry. Mercury (Hg) pyc-
nometry was used to determine the apparent density of PCL fiber
scaffolds. This technique allows the determination of the volume
of a given mass of sample. It is based on weight differences be-
tween a calibrated cell totally filled with Hg and the same cell con-
taining the sample, completed with mercury. Hg porosimetry
(Thermo Scientific Pascal 140 and 240) was used to determine
average pore size as well as the percentage of porosity (by volume)
of PCL fiber scaffolds. This technique is based on the measurement
of the volume of Hg intruded in the sample (the sample was placed
under vacuum at ambient temperature prior to the analysis) upon
application of a pressure ramp up to 200 MPa. According to the
Washburn equation [32], the pressure necessary for mercury intru-
sion is inversely related to the pore size. The graph representing
the cumulative volume of Hg intruded as a function of applied
pressure gives an intrusion curve from which a pore size distribu-
tion can be calculated. In addition to the average pore size, the pore
volume was determined and, knowing the apparent density of PCL
fiber scaffolds, the percentage of porosity was calculated.

2.3. Three-point bending measurement on single PCL fibers

Glass substrates with parallel micro-channels were prepared
using a reactive ion etching system (Electrotech Twin PF 340, Bris-
tol, UK). The glass surface (next to the channels), owing to its high
elastic modulus, was used to calibrate the deflection sensitivity of
. (b) and (c) Photographs of the Instron experimental set-up.



Fig. 2. (a) Schematic representation of bending experiment on a PCL electrospun fiber crossing a micrometer-sized glass channel. Deflection vs. piezo displacement curves are
recorded in multiple points along the fiber. (b) Schematic representation of the distance (z), the piezo displacement (A) and the deflection of the AFM cantilever beam (D).
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the AFM system. The width (7 or 10 lm) and depth (450 nm) of the
channels were determined by high-resolution SEM (HR-SEM; LEO
1550, Carl Zeiss, Munich, Germany) measurements. Electrospun
PCL fibers were extracted from electrospun scaffolds (aluminum
foil) by gently pressing the glass substrates directly on the electro-
spun foil. The presence of fibers on the glass substrate was then
confirmed by optical microscopy. Si tips (NSC36/Cr–Au, Mikro-
Masch, San Jose, CA, USA) were used for imaging the topography
of the PCL fibers. Modified triangular silicon nitride cantilevers
(coated sharp microlevers MSCT-AUHW, type F, spring constant
k = 0.5 N m�1, Veeco, Cambridge, UK) were used in the bending
tests. The tip on the AFM cantilever was removed using a focused
ion beam (FIB; Nova NanoLab 600, FEI Company, Eindhoven, The
Netherlands) to avoid damage to the fiber surface during the bend-
ing measurements and to reduce the amount of indentation into
the fibrous material. The spring constant of the FIB-treated cantile-
ver was calibrated (1 N m�1) using the thermal tune method
(Veeco).

By means of an optical microscope coupled to a commercial
AFM (Bioscope II and Nanoscope V, Veeco, Cambridge, UK), individ-
ual PCL fibers suspended over the channels were selected and em-
ployed in the bending measurements. Deflection vs. piezo
displacement curves were recorded at different positions along
the fiber suspended across the channel, as depicted in Fig. 2. The
AFM cantilever was displaced over a range of 1–3 lm at a fre-
quency of 1.03 Hz in the bending tests.
3. Results and discussion

3.1. Preparation of PCL fibers by electrospinning

PCL fibers and non-woven fiber scaffolds were produced by
electrospinning [31]. A solution with the appropriate viscosity for
Fig. 3. SEM images of PCL electrospun fibers collected on al
electrospinning was made by dissolving PCL with a molecular
weight of 80,000 g mol�1 in a THF/DMF mixture (1:1 w/w). The
electrospinning conditions were optimized (solution containing
15% by weight of PCL, applied voltage 12 kV, distance 18 cm and
flow rate 1 ml h�1) in order to obtain continuous fibers exempt
of beads or other defects with diameters <1 lm, as these are
well-suited for application in biomedical scaffolds [8]. The result-
ing PCL fibers had a smooth surface free of any beaded defects.

Representative SEM images of PCL electrospun fibers collected
on aluminum foil are presented in Fig. 3. The diameters of the fi-
bers as measured from the images range from 250 to 700 nm.
3.2. Macro-tensile measurement on PCL fiber scaffolds

PCL fibers scaffolds were mounted in the Instron tensile tester
and stretched in order to determine their Young’s modulus and
strain at break. Eight different samples were tested. The results
are reported in Table 1, and the stress–strain curves are presented
in Fig. 4. The mean value of the Young’s modulus was
3.8 ± 0.8 MPa, and the average value of strain at break was
170 ± 10%. These values are consistent with those reported in liter-
ature for non-woven and oriented PCL fiber scaffolds composed of
fibers with a similar diameter range [15,16].

In comparison, the Young’s modulus of extruded PCL films (with
molecular weight 80,000 g mol�1), determined by macro-tensile
testing (Instron), is 190 ± 6 MPa [33].

The differences between the Young’s modulus of PCL fiber scaf-
folds and that of extruded films might originate from the porosity
of fiber scaffolds, interactions between fibers (slip of fibers over
one another, point bonding, crosslinking) and fiber orientation
[13,34,35].

SEM images (Fig. 3) show no particular orientation of the fibers
(random fibers) and no noticeable point bonding—though this does
uminum foil and metal coated with Pt before analysis.



Table 1
Results of Instron macro-tensile testing on PCL fibers scaffolds (Note: The standard
deviation in the modulus is 0.8 MPa and in the strain at break 10%).

PCL fibers sample Young’s modulus (MPa) Strain at break (%)

1 5.200 170
2 4.100 170
3 3.100 170
4 3.200 190
5 4.500 170
6 3.700 170
7 2.900 180
8 3.700 160
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Fig. 4. Stress–strain curves obtained for eight different samples of PCL electrospun
fiber mats.
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not prove that it does not exist within the fiber mat. Moreover, no
preliminary crosslinking of the fibers was realized. The differences
between the mechanical properties of fiber scaffolds and films are
thus most likely due to porosity. In fact, fiber scaffolds prepared by
electrospinning present a high percentage of porosity. It typically
ranges from 70% to 90% (v/v) [36]. Mercury pycnometry and poros-
imetry were used to determine the porosity of the PCL fiber scaf-
folds. By the pycnometry technique, an apparent density of
0.349 ± 0.001 g cm�3 was calculated for PCL fiber scaffolds. Aver-
age pore size was determined by Hg porosimetry and was equal
to 1300 ± 500 nm. However, this value should be considered with
caution, as it was calculated using the Washburn model under
the approximation of cylindrical pores that are hardly intercon-
Fig. 5. (a) and (b) AFM height images of a PCL electrospun fiber perpendi
nected [32,37]. The calculated percentage of porosity (v/v) of PCL
fiber scaffolds is 87.1 ± 4.4% v/v, which corresponds to the value re-
ported in the literature [36].

This extremely high percentage of porosity could certainly ex-
plain the lower Young’s modulus obtained for PCL fiber scaffolds.
A quantitative relationship between the porosity of the sample
and its Young’s modulus would require a more detailed study, with
samples of various porosities.

Nevertheless, the Young’s modulus measured on the fiber scaf-
folds remains relevant, to judge from the interest in the potential
biomedical applications of such constructs, as they predict the
mechanical response of non-woven scaffolds in contact with adja-
cent tissues; varying the sample porosity might be a way to adjust
the mechanical resistance of the scaffold.

The mechanical properties of single nanofibers within the scaf-
folds are also important in the understanding of the behavior of
cells that will attach to the fiber as they are developing new tissue.
A technique to determine the mechanical properties of the single
electrospun fibers is described in the following section.

3.3. Three-point bending measurement on single PCL fibers

Individual PCL fibers perpendicularly spanning the micro-fabri-
cated channels were selected using an optical microscope integrated
with an AFM microscope. The AFM topography image of such a PCL
fiber using a Si tip is shown in Fig. 5a and b. For the bending test, this
tip was replaced by a tipless cantilever to prevent local indentation
of the fiber. Bending was conducted at different positions along the
fiber and the glass substrate, as depicted in Fig. 2.

Using commercial AFM software (Nanoscope, Veeco), 100
deflection–piezo displacement curves were recorded along the sus-
pended fiber, including the parts where it was supported by the
glass rims. It is important to mention that no difference was found
in the deflection–piezo displacement curves recorded when bend-
ing was performed at the same position several times, which indi-
cates that no permanent deformation of the fiber occurred during
the bending test.

Force–distance (F–z) curves for every bending experiment were
calculated from the deflection–piezo displacement curves using
the following equations [29]:

Z ¼ A� D ð1Þ
F ¼ D� k ð2Þ

in which A is the piezo displacement, D the deflection of the AFM
cantilever beam, and k is the spring constant of the cantilever.
Parameters A, D and z are schematized in Fig. 2b.
cularly suspended over glass channels (two different magnifications).
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Seven F–z curves are presented in Fig. 6. Only the part of the
curves in which the tip is in contact with the fiber is depicted.
The slope (dF/dz) of each force–distance curve was determined
by a linear curve-fit of this part of the curves. No significant slope
difference was found when curves were recorded directly on the
glass substrate (Fig. 6, curve 1) or on a PCL fiber deposited on this
glass surface (Fig. 6, curve 2).

However, a decrease in the slope of the F–z curves was observed
when the suspended part of the fiber was recorded as result of the
bending (Fig. 6, curves 3–7). As expected, a minimum in the slope—
which corresponds to the largest bending amplitude—is found for
the fiber portion located at the center of the channel (Fig. 6, curve
7).

Fig. 7 is a figure showing the slope of the F–z curves as a func-
tion of the position on the fiber where the bending was performed.

Profiles similar to that presented in Fig. 7 have been observed
for 12 different PCL fibers. Three of them, being perpendicular to
more than one channel (as illustrated in Fig. 5a), could be mea-
sured at several locations.
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The gradient (dF/dz) of the force–distance curve, obtained from
bending the suspended fiber at its mid-point, was plotted as a
function of the radius of the PCL fiber (Fig. 8). The diameters of
all fibers were determined by HR-SEM measurements. As expected,
the effective spring constant (dF/dz) appears to increase with the
radius of the tested fibers.

The fiber bending modulus was derived from force–distance
curves according to the following expression [38]:

E ¼ l3

1921
� dF

dz
ð3Þ

in which I is the surface moment of inertia and is equal to 1=4pR4 (the
fiber is considered as a rod with a circular cross-section of radius R),
l is the length of the PCL electrospun fiber suspended across the
channel, and dF/dz is the slope of the force–distance curve obtained
from bending the mid-point of the PCL fiber spanning the channel.

During imaging [39] (with various angles between fiber axis
and fast scan direction) and during the bending tests, the PCL fibers
did not show any movement. The interactions between the PCL fi-
ber and the glass surface are expected to be able to withstand the
forces applied to it by bending. This implies that Eq. (3) (corre-
sponding to a clamped beam bending model [39]) could be used
in the calculation of the bending modulus of the PCL fibers.

The mean value obtained for PCL electrospun fibers was
3.7 ± 0.7 GPa. The bending modulus as a function of the PCL fiber
radius is illustrated in Fig. 9.

The bending modulus of the PCL fibers can also be obtained by
fitting the measured slope of the force–distance (F–z) curves at all
bending positions to Eq. (4) [38]:

dF
dz
¼ 3� l3 � E� l

ð1� xÞ3 � x3
ð4Þ

in which dF/dz is the slope of the force–distance curve, l is the
length of the PCL electrospun fiber suspended across the channel,
E is the bending modulus, I is the surface moment of inertia and
is equal to 1=4pR4 (the fiber is considered as a rod with a circular
cross-section of radius R), and x is the bending position (0 6 x 6 l).

Fig. 7 shows that the dF/dz data fit Eq. (4). Two different fits
were realized, on the left and on the right half of the fiber. Similar
results to those obtained via Eq. (3). are achieved.
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For isotropic materials or rods with a high length-to-diameter
ratio, the Young’s modulus is identical to the bending modulus.
Only in the case where the modulus depends on the diameter, a
shear contribution in the deflection of the fiber or fibril has to be
taken in account in order to calculate the Young’s modulus [38].
In the present case, the suspended length of PCL electrospun fibers
is �10 lm, whereas the fiber diameter ranges from 250 to 700 nm.
Moreover, the bending modulus does not seem to be influenced by
the fiber radius—at least for the measured range—as illustrated in
Fig. 9. The Young’s modulus is therefore taken as equal to the ob-
tained bending modulus.

The macro-tensile measurements performed on PCL fiber scaf-
folds lead to a Young’s modulus of 3.8 ± 0.8 MPa. The Young’s mod-
ulus found for the individual PCL fibers was only 3.7 ± 0.7 GPa,
which is three orders of magnitude higher. This difference can be
explained by the lacunar structure (high porosity) of the fiber scaf-
folds and the random orientation of its constituting fibers [15].
Both Young’s moduli are very relevant, as they provide information
on mechanical properties either at tissue or cellular scale.
4. Conclusions

Two approaches are reported for the evaluation of fiber
mechanical properties. To the authors’ knowledge, this is the first
study applying a nanoscale three-point bending method to PCL
electrospun fibers. This AFM-based technique is versatile and
might now be applied to other fiber types.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figures 1, 2 and 5, are
difficult to interpret in black and white. The full colour images can
be found in the on-line version, at doi:10.1016/
j.actbio.2011.08.015).
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