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Abstract
We proposed a method to determine the mechanical properties of electrospun nanofibers intended for use in vascular tissue 
engineering. Mechanical properties of poly(l-lactide) and poly(ε-caprolactone) copolymers and blends which are in fiber 
form were tested using the nanoindentation technique. Individual nanofibers were prone to give overweighed distributions 
in terms of E moduli in indentation testing. An increased compressive elastic modulus of 17 MPa was obtained in case of 
an increasing amount of poly(ε-caprolactone) in the fibers. It has also been found that the Hertzian model of compression 
is not adequate to model the elastic deformation of individual fibers.
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Introduction

The efficacy of vascular scaffolds used in tissue engineering 
depends on biocompatibility and the mechanical properties 
approaching natural veins (Gao et al. 2019; Mitchell and 
Niklason 2003). A vascular scaffold should ensure optimal 
adaptation to the mechanical behavior of tissue and should 
not interfere with normal changes in surrounding tissues by 
producing undesirable reactions (inflammation, clot forma-
tion, etc.) in the tissue (Fraser et al. 2006). Mechanical prop-
erties of a vascular scaffold must be strong enough to per-
form mechanical functions, even if they are not the same as 
the replacement tissue. In addition, the scaffold must resist 
the loading forces until the primary tissue matures (Hollister 
et al. 2005; Hutmacher 2000).

Mechanical properties of the vascular grafts, such as elas-
tic modulus, have the potential to affect long-term vessel 

patency and determine the strength of the graft in the tissue 
(Qiu and Tarbell 1996). It has been reported that, due to the 
sudden variations in blood pressure, a vascular graft should 
withstand cyclic loadings and has a burst strength above 
260 kPa (L’Heureux et al. 2007). Reported uniaxial tensile 
elastic moduli for human blood vessels are between 5 and 
100 MPa (Hasan et al. 2014).

Poly L-lactic acid (PLLA) and poly ε-caprolactone (PLC) 
have been widely used in the fabrication of vascular grafts 
(Janmohammadi and Nourbakhsh 2019; Zhang et al. 2014). 
Especially nano/microfibers of these polymers and their 
copolymers have been preferred due to their unique advan-
tages in vascular graft production (Ekaputra et al. 2008; He 
et al. 2009; Ju et al. 2010). The electrospinning process is 
based on the high electrostatic force spinning to produce 
nano/microfibers from viscoelastic solutions of polymers/
copolymers (Agarwal et al. 2008). Electrospun fibers can be 
produced in many morphological combinations by chang-
ing the affecting parameters such as electrical conductivity, 
viscosity and flow rate of the polymer solution, as well as 
environmental and physicochemical factors (Ferrari et al. 
2017; Soliman et al. 2011). For example, an increase in 
solute concentration or viscosity results with an increase 
in the fiber diameter, as well as a decrease in the porosity. 
Electrospinning has become a key production method for 
PLLA- and PCL-based vascular grafts since it has dozens 
of controllable production parameters and results in almost 
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uniform final nano/microfibrous product (Ferrari et al. 2017; 
Vurugonda et al. 2018; Weijie et al. 2016).

In the relevant literature, there is a limited number of 
studies on the mechanical properties of biomaterials used in 
vascular applications. The studies, in which mechanical tests 
were performed on woven vascular grafts such as woven PU 
(Li et al. 2007) and PLA (Li et al. 2017) with universal test 
devices, can be found in the literature. Mechanical prop-
erties of nanofibrous vascular grafts made of PLLA/PCL 
blend have been determined by conventional tensile testing, 
and it was reported that the elastic modulus (100% PLLA, 
170 MPa) decreased to 33 MPa by increasing the amount of 
PCL to 10% (Henry et al. 2017). It has been reported that the 
ultimate strength of the electrospun ε-caprolactone heparin-
coated matrices (1–2.5 MPa) has been determined only by 
macro-mechanical tests (Gong et al. 2016). However, no 
work has been found reporting the comparative nanome-
chanical characterization of electrospun vascular grafts 
made of PLLA, PCL, their blends and their copolymers.

There are various studies related to vascular grafts. For 
instance, by using electrospun polyethylene glycol dimeth-
acrylate (PEGDMA), the mechanical behavior of dry and 
hydrated grafts has been investigated and authors stated that 
the elastic modulus which was initially 350 kPa decreased 
in the hydrated state between 2 and 18 kPa (Wingate et al. 
2012). In another vascular scaffold application, authors 
reported that the strength of the cellulose acetate propion-
ate matrix, which contained cellulose nanocrystals (3% by 
mass), had been increased (Pooyan et al. 2012). Biomechani-
cal behavior of the aortic wall (E approx. 100–150 kPa) has 
also been investigated by using a semi-linear viscoelastic 
modeling approach in three dimensions (Kermani et al. 
2017). Elastic properties of arteriovenous fistula in mice 
have been determined using AFM nanoindentation (Lau-
rito et al. 2016). The authors stated that the elastic modu-
lus of the mouse vein varied between 4.4 and 17.7 kPa and 
the hardness of the arteries could be determined in various 
regions. In another nanomechanical test performed using 
AFM, the mechanical properties of the subendothelial 
matrix of the bovine carotid artery have been investigated 
and the elastic modulus of 2.7 kPa was reported (Peloquin 
et al. 2011). Mechanical properties of various electrospun 
scaffolds for vascular grafts have been collected and reported 
in a review paper (Hasan et al. 2014).

In this study, a method for the investigation of the 
mechanical properties of the vascular biomaterial obtained 
by the electrospinning method is presented. So far, nanoin-
dentation and its modified counterparts have not been used 
for the determination of mechanical properties of indi-
vidual nanofibers. We proposed a Hertzian contact model 
and suggested some modifications as an alternative to the 
macro-mechanical tests in determining the mechanical 

strength of the submicron-sized individual fibers obtained 
by electrospinning.

Experimental

General

ε-Caprolactone monomer was purchased from Merck (Ger-
many) and used as received. l-lactide (Purasorb L®) dimer 
was purchased from Corbion (The Netherlands) and used 
after recrystallization in toluene. Stannous octoate (SnOct2) 
was purchased from Sigma-Aldrich (USA) and used as 
received for catalysis of polymerization reactions. All other 
chemicals that were used are analytical grade and were 
purchased from the local representative of Sigma-Aldrich 
(USA) company. In all stages, deionized pure water was used 
for washing and rinsing purposes. All water solutions have 
been prepared by using ultrapure water. AFM cantilevers 
have been purchased from a local representative of Park 
Systems Company (Korea), and specifications stated by the 
manufacturer were used in modulus calculations.

Polymerization

The first stage of polymerization was carried out at 115 °C 
by purging the dimer-monomer mixture with N2. The cata-
lyst (Sn(Oct)2, 0.1% by weight) was added to the reaction 
medium, then the medium was held at constant reaction 
temperature (120 °C) for 24 h. After the reaction complete, 
the medium was then dissolved with chloroform. Methanol 
at − 20 °C was used to precipitate the solubilized fraction. 
After the precipitation in methanol, the product was dried 
under vacuum at 30 °C to remove methanol and residual 
chloroform. The product obtained was stored at − 20 °C. 
Depending on the PLA/PCL proportions of the polymer, 
produced blends were labeled as B1 (70/30), B2 (60/40) and 
B3 (50/50), and copolymers produced were labeled as C1 
(70/30), C2 (60/40) and C3 (50/50).

Electrospinning

New Era Systems NE-300 model electrospinning device was 
used. Optimal parameters have been selected according to 
optimization results, such as the distance between the collec-
tor and syringe tip (130 mm), polymer/solution ratio (10% 
(g/mL)), the applied voltage (20 kV), the syringe size and 
injection rate (20 gauge and 3 mL/h). Polymer fibers were 
deposited on a rotary collector arranged as horizontal assem-
bly, under the specified conditions. Electrospun fibers were 
maintained at − 20 °C for nanomechanical tests. Molecular 
weights of the polymers were determined using the Ostwald 
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viscometer at 25 °C, according to Mark Houwink’s relation 
(Rolf 2004; Wang et al. 1998).

FTIR and SEM analysis

Attenuated total reflection-Fourier transform infrared spec-
trometer (ATR-FTIR) analyses of the produced copolymers 
were carried out using the Bruker Eco ATR model FTIR 
instrument. For ATR-FTIR measurements, ZnSe prism 
was used, and the spectrum was recorded between 400 and 
4000 cm−1. Electron microscopy images were taken by 
MIRA3 TESCAN instrument. For this purpose, electro-
spun specimens were placed on a sample disk and dried at 
45 °C in a vacuum environment. Subsequently, specimens 
were coated with Au (approx. 15 nm) under vacuum. SEM 
images were obtained at between 2 and 50 kX magnifica-
tion. The relative standard deviation (RSD%) value for the 
mean particle size and size distribution was determined by 
the evaluation of SEM graphs with open-source image pro-
cessing software.

Nanomechanical tests with AFM

Nanomechanical tests were conducted using the ParkSystem 
XE-100 model AFM device which was placed in a climate-
controlled room held at 21 °C. Electrospun specimens and 
AFM tips have been used as-is. In this study, the Hertz-
ian contact model was used, in which the polymer fiber has 
been compressed by an external mechanical load with the 
AFM tip. In order to reduce the complexity of modeling 
the contact behavior between the AFM tip and the micro-
fiber, indentation data acquired from the upper part of the 
microfiber were used. The load applied in this way results 
in uniaxial compression. In addition, it was assumed that 
the particle volume did not change because of the extent 
of the compression load and the depth of the indentation. 
The Hertzian contact model takes into account the contact 
deformation of elastic materials under normal loads in the 
absence of adhesion and friction and is also widely used in 
nanostructure tests (Sánchez-Arévalo et al. 2017). The elas-
tic modulus, Poisson’s ratio, arc constant, tip diameter and a 
cone angle of the AFM tip used in all experiments were 130 
GPa, 0.27, 0.6 N/m, 8 nm and 40°, respectively.

Results and discussion

Molecular weight and FTIR characterization

Molecular weights of PLA and PCL were in the range of 
70–80 kDa. While the caprolactone monomer ratio in the 
reaction content increased from 30 to 50% by weight, the 
molecular weights of copolymers decreased gradually 

from 40 to 20 kDa (See section S.1 in the Supplementary 
document).

C-H stretching peaks of PLA were observed around 
wavenumbers 2996 cm−1 and 2945 cm−1, and C–H bending 
bands were observed around wavenumbers 1455 cm−1 and 
1360 cm−1. Stretching bands of C–O in ester bonding were 
resident around wavenumbers 1180 cm−1 and 1081 cm−1. 
The peak observed at 1749 cm−1 belongs to C=O stretch-
ing of the carbonyl group in the neighborhood of the ester 
bonding between repeating units. C–H stretching peaks 
of PCL were observed at 2941 cm−1 and 2865 cm−1, and 
C–H bending bands were observed around wavenumbers 
1455 cm−1 and 1354 cm−1. C=O stretching of the carbonyl 
group was observed at 1720 cm−1. The main indicator in the 
FTIR spectra for successful polymerization of both PLA and 
PCL is the C=O stretching peaks (1749 cm−1 for PLA and 
1721 cm−1 for PCL) observed for carbonyl group resident in 
the ester bonding. Comparing the copolymers using differ-
ent ratios of lactide dimer to caprolactone monomer, as this 
ratio increased in the favor of lactide a broader peak laying 
between 1749 and 1721 cm−1. C–H stretching peaks were 
weaker in intensity for the PLA, and stronger for PCL. As 
the dimer ratio increased, the intensity of the C–H stretching 
bands of the copolymers observed to be weakened. Accord-
ing to FTIR results, polymerizations for PLA and PCL and 
copolymerizations with indicative ratios of lactide and cap-
rolactone were confirmed.

SEM characterization

SEM images of PLA, PCL, polymer blends and copolymers 
are given in Fig. 1. It can be said that PLA fibers were uni-
form and did not contain electrospinning defects such as 
agglomeration. PLA fiber diameter distribution was between 
0.5 and 1.5 µm (see section S.3 in the Supplementary docu-
ment). According to the image analysis, the non-normalized 
orientation distribution was in two directions, but the dis-
tribution of these directions wasn’t dominant compared to 
the other directions (see section S.4 in the Supplementary 
document). In PCL images, the size distribution was smaller 
than PLA and the uniformity of the diameter on the single 
fiber was slightly lower. PCL fibers have had a smaller and 
rather narrow size distribution. The mean diameter of the 
PCL fibers was about 120–150 nm and the overall distribu-
tion was between 50 and 300 nm. Moreover, it can be said 
that there is a concentrated orientation in two directions. The 
diameter distribution of B1 was around 700 nm due to co-
spinning, and also caused a slight distribution below 500 nm 
depending on the amount of PCL in the polymer, which may 
be evidence of phase separation or flaws in co-spinning. Fur-
thermore, unlike PLA and PCL, large-diameter fibers reach-
ing 2 µm were also observed. Nanofiber structures formed 
with different diameters for B2 are shown in Fig. 1. It can be 
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seen that large-diameter fibers having surface defects. The 
size analysis of B2 showed a significant size distribution 
ranging from 1 to 2 µm due to the wider fibers with surface 
flaws, and a very large-diameter distribution between 1000 
and 500 nm, similar to the B1 mixture. The orientation dis-
tribution analysis of B2 fibers revealed that the orientation 
was random. The B3 fibers were produced with a relatively 
more uniform diameter compared to the B2 fibers. Particu-
larly large and porous fibers that have been observed in B2 
fibers were not found in this sample. A uniform diameter 
distribution obtained for B3 was very similar to B1 fibers. 
The distribution of fiber diameters was below 1000 nm as 
in the B1 and B2. In addition, large-diameter fibers up to 
1.6 µm were found. The orientation distribution of the B3 
samples was approximately similar to B1.

Unlike polymer blends, junction zones were observed 
for C1 in the regions where the fibers overlap. The stresses 
caused by the connection between the fibers emerge from 
the curved junctions. The individual fibers have had higher 
diameters at connection points with other fibers. The C1 
nanofiber size distribution gave two overweighed zones at 
approximately 400 nm and 800 nm. Similarly, the distribu-
tion of large-diameter (> 1.5 µm) fibers obtained in the B2 
and B3 fibers was more pronounced in the C1 fibers. Consid-
ering the orientation frequency, a more frequent distribution 
was observed in three directions, but a high frequency and 
continuous distribution were obtained in the intermediate 
directions. Therefore, it can be said that the fibers having 
two orientations result in a very wide orientation due to the 
curvature of the regions in which they form connections. It 

is seen that the fibers of the C2 form a connection with each 
other and that the fiber diameters increased at these connec-
tion points, and that the tension of the fibers at the connec-
tion points leads to arcuate connections. However, due to 
the small number of connection points, the size distribution 
was quite uniform. Unlike the B1–B3 and C1 samples, the 
size distribution of less than 900 nm was particularly con-
centrated in the 200–300 nm band. Similar to the other sam-
ples, the size distribution was about 600 nm. In the direction 
distribution, there were three different direction distributions 
which were especially narrow. Similar to C1, the presence of 
anchor points and therefore the formation of curved forms 
led to a large direction distribution. Considering the SEM 
images of the C3 fibers, they have had more than one anchor 
point resulting in a network like formation. As in the case 
of C2 fibers, nodes were formed in the connection points of 
the fibers. These nodes were not porous, as seen in C2 fibers. 
Fiber diameters were found to be lower. The size distribu-
tion of copolymer C3 was 0–300 nm and relatively uniform. 
In particular, fibers having a diameter of less than 100 nm 
were dominant in the distribution. The C3 copolymer shows 
a high orientation in two directions. Although there was a 
large frequency distribution in other directions due to the 
connection points, there were also large diameters of fibers 
with a bi-directional distribution.

Nanoindentation

In the 5 µm × 5 µm scan areas, a minimum of 15 rand-
omized indentations was performed. The compression 

Fig. 1   SEM images for electrospun a PLA, b PCL, c–e polymer blends and f–h copolymers
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elastic modulus was calculated according to the Hertzian 
contact model, using the characteristic mechanical proper-
ties of the AFM tip declared by the manufacturer. Because 
of the extremely soft and flexible structure of the samples, 
AFM topography images were noisy, so it was not possi-
ble to evaluate the surface properties (particle distribution, 
roughness, etc.).

Compression elastic modulus results obtained from mul-
tiple points and different regions of the sample are presented 
as distribution histograms. As expected, fibers of different 
diameters that were in contact with each other randomly 
distributed multiple support points, transmitted and distrib-
uted the applied load. Therefore, a compression module with 
a much wider distribution was obtained when it was com-
pared with the bulk material results using AFM (Caglayan 
2017). The compression elastic modulus (E) is presented 
in the logarithmic axis so that the distribution can be seen 
clearly (Fig. 2).

E modulus of PCL was in between 0.3 and 10 MPa, 
with two main distribution regions at 300–1000 kPa and 
3–10 MPa. E modulus of PLA fibers up to 100 kPa has had 
a distribution with a central logE of 1.5, which corresponds 
to a compression module of about 30 kPa. The compression 
elastic modulus distribution of the fibers of the B1 mixture 
was in between the logE 2.0–3.0 (300 kPa–1 MPa). There 
was also a lower-frequency distribution around 2–3 kPa. The 
nanomechanical test result of the fibers of the B2 blend gave 
logE between 3.0 and 4.5 (1–30 MPa). The B3 specimen 
has had a very narrow distribution between log E 2.5–3.0 
(300 kPa–1 MPa). Similar to the results of the B1 and B2 
blends, there was also a very low-frequency distribution at 
3–30 kPa compared to the overall modulus distribution. The 
compression modulus distribution of the C1 specimen was 
in the range of 5–10 MPa. When C2 copolymer fibers were 
examined, a high-frequency distribution around 500 kPa 
as well as a low-frequency distribution around 5 kPa was 
observed. The compression elastic modulus of C3 shows a 
narrower distribution compared to the other copolymer sam-
ples (10–22 MPa with a peak maximum of 16 MPa). Since 
the diameter distributions of the nanofibers have been wide 
in most cases in this study, frequency comparisons were 
statistically performed using distribution graphs to discuss 
and compare the specimens. Morphological and mechanical 
properties of specimens are given in Fig. 3 as the mid-fre-
quency data according to the distribution frequency analysis.

The average diameter of PLA and PCL fibers was 
830 nm and 135 nm, respectively, B1 and B2 have had 
approximately the same diameter in the polymer blends. 
The average size of B3 blend with a high PCL ratio was 
slightly smaller than B1 and B2 (625 nm). Radical size 
changes occurred in copolymers. All copolymers gave two 
distinct diameter distributions observed at a distribution 
frequency of 30% or more. As the PCL ratio increased, 

the diameters of the copolymer fibers gradually decreased 
from 875 to 175 nm (about PCL diameter). The second 
diameter distribution region was 225 nm for C1 and 55 nm 
for the C3 sample.

The compression elastic modulus of the produced fib-
ers was compared by taking the peak value of the weighted 
frequency distribution (Fig. 3b). PLA fibers have had a 
lower compression module than PCL (42 kPa and 458 kPa 
respectively), in contrary to bulk material results (Henry 
et al. 2017). It was determined that PCL has behaved as a 
stiff component in the electrospun scaffold material. Surpris-
ingly, the compression modulus of C1–C3 samples increased 
with the increasing amount of PCL in the copolymer. The 
C1 specimen had a low modulus compared to its precur-
sor PLA and PCL. In the copolymers C2 and C3, the PCL 
ratio increased to 40% and the compression elastic modulus 
increased exponentially and reached about 900 kPa for C2 
and 17 MPa for C3. Although it is clear that the increase in 
PCL content in the copolymer increases the strength of the 
electrospun material, which in turn a rapid increase in C2 
and C3 might be as a result of the interconnected structure 
in the polymer fibers.

In order to ensure the suitability of the Hertzian model, 
the maximum force exerted by the indentation tip was lim-
ited so that the nanofiber would be subjected to elastic defor-
mation only at the point where the force has been applied. 
In this ideal case, the reliability of the indentation meas-
urements would be increased. However, according to given 
results (especially for C1–C3), network formation between 
nanofibers gave a much higher elastic modulus, which in 
turn suggests that the deformation resistance measured dur-
ing the indentation process can be expressed by the modi-
fied version of the Hertzian model. As seen in Fig. 4, the 
Hertzian model for elastic deformation of a specimen can be 
explained as two resistances connected in series with elastic 
deformation of the AFM tip. However, in addition to the 
elastic deformation of interconnected fibers, there was an 
additional E3 module that represents the elastic bending of 
the fibers between the contact points.

Elastic deformation occurring on the sample surface 
when pressure is applied with the AFM tip includes both 
the elastic deformation of the surface and the elastic bend-
ing of the beam formed by the nanofiber between two or 
more anchor points. The system can, therefore, be modeled 
in series with an elastic deformation resistance E2, which 
is connected in parallel to an elastic flexural stiffness (E3) 
in the direction of the force. However, since the distance 
between the tip and each attachment point of each fiber is 
not known, the amount and the resistance of the bending due 
to the applied force cannot be determined. Consequently, 
the compression elastic modulus presented for the C2 and 
C3 nanofibers also includes an unknown amount of elastic 
flexural stiffness.
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Fig. 2   Compression elastic modulus (E) histograms for PLA, PCL, polymer blends and copolymers
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Conclusions

The method proposed in this study gave repeatable and 
reliable but not exact compressive modulus results in the 
determination of the mechanical properties of electrospun 
nanofibers in tissue engineering. The compression elastic 
modulus that is lower than the bulk material is the result 
of the crystallization of the material associated with the 
production method and known/accepted by the researchers 
in this field. In the case of materials with large size distri-
bution and uniformity, limiting the depth of indentation 
may reduce the systematic error in determining the nano-
mechanical behavior of the material. However, except for 
the shape change which can be expressed by the Poisson’s 
ratio, additional elastic deformation resistances together 
with the change in shape make it difficult to make the 
results comparable. Also, in our case, beams produced by 
hanging fiber parts between contact points alter the results, 
due to additional elastic flexural deformation.
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