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Solvent Influences the Morphology and Mechanical
Properties of Electrospun Poly(L-lactic acid) Scaffold
for Tissue Engineering Applications

A.Sh. Asran,*'? M. Salama,*> C. Popescu,3 G.H. Michler'

Summary: Electrospun micro- and nanofiber scaffolds have gained interest in
biomedical applications, especially in tissue engineering, because they can be used
to reproduce the structure of the extracellular matrix (ECM) of natural tissue. The
selection of the solvent is an important factor which affects the diameter, the surface
morphology and the crystallinity of the electrospun fibers, and, accordingly, their
mechanical properties as well as their degradation kinetics. Furthermore, the surface
morphology of the electrospun fibres can be controlled by solvent vapour pressure to
produce porous structures which might be helpful for cell adhesion and proliferation.
In the present work, poly (L-lactic acid) (PLLA) has been electrospun using solvents
with different vapour pressures to investigate the influences of the solvent vapour
pressure on morphology, diameter, crystallinity and mechanical properties of the
electrospun fiber scaffolds. The results show that the vapour pressure of the solvents
(or solvent mixtures) play an important role in the fiber diameter and crystallinity.
Furthermore, the crystallinity of the fibers is increased by lowering the vapour
pressure of the used solvent. In addition, the mechanical properties (e.g., tensile
strength and Young’s modulus) are strongly dependent on morphological features
such average fibers diameter. The smaller the average diameter, the higher the tensile
strength and Young’s modulus.

Keywords: crystallinity; electrospinning; fibrous scaffold; mechanical properties; poly(L-
lactide); solvent vapour pressure

Introduction

Bioresorbable synthetic polyesters are
attractive materials in biomedical applica-
tions, since they offer a wide range of
physical, chemical, and mechanical proper-
ties. Degradation rates can be better con-
trolled than for natural bioresorbable poly-
mers.'?! Poly (lactic acid) (PLA), poly
(glycolic acid) (PGA) and their copolymers
are among the few synthetic polymers which
have been shown to be biocompatible,
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biodegradable, easy to process and conse-
quently approved for human clinical uses.
Furthermore, the main advantage of PLA
and PGA is their degradation by simple
hydrolysis of the ester backbone in aqueous
environments such as body fluids. The
degradation products are finally metabo-
lized to carbon dioxide and water or
excreted via the kidneys, so it is not
necessary to remove the device from the
implantation site after tissue healing.[*! Vert
et al. found that no significant amounts of
PLLA degradation products accumulated
in any of the vital organs,”! which makes
it very convenient for devices with a
temporary function. As a result, PLA has
found numerous biomedical applications
such as surgical sutures,’! materials for
tissue repair and regg‘neration,[6J bone tissue
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engineering,”) and carriers for drug and
gene delivery.®!

Electrospinning technique has proven to
be a relatively simple and versatile method
for forming non-woven fibrous scaffolds
with fiber diameters ranging from few
nanometers to several micrometers, a size
range that is otherwise difficult to access by
conventional non-woven fiber fabrication
techniques.”'°l The fibers are formed
using an electrically driven charged jet of
polymer solution (or polymer melt) emitted
from the apex of a cone formed on the
surface of a droplet of polymer solution.
As this jet travels through the air, it
solidifies leaving behind a polymer fiber
to be collected on an electrically grounded
target as a nonwoven fabric.!''4 The
electrospun nano and/or micro fibers are
investigated in view of various biomedical
applications such as tissue engineering,!'”!
wound dressing,[“’] and manufacture of
artificial blood vessels!'”!  since they
mimic the structures properties of native
extracellular matrix (ECM) of natural
tissue!® 21 and they possess a high
surface area to volume ratio which may
provide more appropriate substrates for
cell attachment.*!}

It is well known that the electrospin-
ning technique depends on various pro-
cessing parameters such as solution prop-
erties, and choice of the solvent which
affect the solution properties, (e.g., visc-
osity, surface tension and conductivity)
which in turn, influences the electro-
spinnability, surface morphology and
diameter of the electrospun fibers.[2272]
Recently, many researchers showed
that surface morphology of the biomater-
ial scaffolds play a vital role in controlling
cell adhesion, proliferation, shape, and
function.’*?” Wannatong et al. investi-
gated the effect of six solvents on
morphology and size of the electrospun
polystyrene fibers/?®! Although several
papers reported the effect of processing
variables on the fiber shape and distribu-
tion,[zgl to our knowledge there are
no publications on the relation of
solvent vapor pressure and morphology,
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crystallinity and mechanical properties of
the electrospun fibers.

Herein, our main objective is to manu-
facture non-woven PLLA scaffolds using
various solvents with different vapor pres-
sures and to study systematically the effect of
the solvent system on morphology, diameters
and crystallinity of the electrospun PLLA
fibers. The fibers were characterized mainly
by scanning electron microscopy (SEM), and
thermal analyses (DSC, TGA and DTGA)
have been used to study the crystallinity of
the electrospun fibers and the mechanical
properties of the resulting PLLA scaffolds.

Materials and Methods

Materials

PLLA (Cargill, M, =200 kg/mol) was pur-
chased from Dow Chemical, Germany, and
used without further treatment or purifica-
tion. Chloroform (CHCl3), Dichloromethane
(DCM), and Ethanol (EtOH) were pur-
chased from Carl Roth GmbH, Germany.

Electrospinning of PLLA

To obtain electrospinnable solutions, PLLA
was dissolved in different solvents or solven
mixtures, as there are CHCl;, DCM, CHCl/
DCM (50:50), CHCI;/EtOH (80:20), DCM/
EtOH (80:20), to prepare 10 wt% solutions.
These solutions were vigorously stirred
using a magnetic stir bar for at least 24h
at room temperature to ensure homogeneity.
Electrospinning was carried out at room
temperature in a vertical spinning config-
uration, using a 1 mm inner diameter flat-end
needle with a 15 cm working distance and a
flow rate of 0.1 ml/h. The applied voltages
were in the range of 3 to 20kV, driven by a
high voltage power supply (Heinzinger PNC
30000, Germany). The electrospun fibers
were collected directly on a grounded metal
grid, and the deposited nonwoven electro-
spun fibers were carefully peeled out for
further investigations.

Scanning Electron Microscopy (SEM)
To image the morphology of the as-spun

fibers by scanning electron microscopy
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(JSM 6300, JEOL), the specimens were
collected on glass slides and gold sputtered
to 20nm thickness for better conductivity
during imaging. The diameters of the fibers
and their size distributions were analyzed
using image analysis software (AnalySIS,
Soft Imaging System Co., Germany).

Differential Scanning Calorimetry (DSC)

and Thermo gravimetric Analysis (TGA)

A NETZSCH DSC 204 with nitrogen as
purge gas was used to investigate the
crystallization behavior of PLLA scaffolds.
About 5mg of sample was sealed in
aluminum pans, heated from 25 to 250°C
and kept at 250°C for 2min in order to
eliminate the thermal history. Then the
sample was cooled down with 10 K/min to
the 25 °C, for complete crystallization of the
matrix. The heat evolved during non-
isothermal crystallization was recorded as
a function of time. Then the specimens
were heated again with 10 K/min to record
the melting. The melting temperature was
taken as the peak temperature of the fusion
process. The DSC curve puts into evidence
the glass-transition temperatures (Tg), the
melting temperature (Tm) and allows
calculating the crystalinity. The crystallinity
(Xc) is estimated from the area of the
endotherm by equation (1)

%X = AHy/AH? x 100 (1)

Where AH; is the measured enthalpy of
fusion from DSC thermograms and AHY is
the enthalpy of fusion for 100% crystalline
PLLA (93,6 J/g).?%

A NETZSCH TG 209C was used for
gravimetric analysis (TGA) of PLLA scaf-
folds. About 5mg of sample was weighted
in AlLO; pan and then heated from room
temperature to 750 °C at a heating rate of
10°C/min under a nitrogen flow. All the
graphs were analysed by using the
NETZSCH software.

Mechanical Properties

Mechanical properties of electrospun scaf-
folds were measured on a Dia-Stron MTT
675 miniature tensile tester (Dia-Stron Ltd.
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Andover, UK) using a 10N load cell under
a constant tensile rate of 10mm.min~" at
25°C. All samples were cut into rectangle
shapes with dimensions of 20 mm x 5 mm.
At least seven samples were tested for each
type of electrospun fibrous scaffold.

Results and Discussion

Effect of Solvent Vapour Pressure on
Morphology and Diameters of the As-Spun
PLLA Fibrous Scaffolds

In our present work, three solvents
obtained to get five solutions with different
vapor pressures have been used to dissolve
PLLA for the solutions preparation. The
vapor pressure of binary solution can be
calculated according to Raoult’s law, using
the example of a solution of two liquids, A
and B, the total vapor pressure (P ) for
the solution is equal to the sum of the vapor
pressures of the two components, (P ») and
(P ) (See equation 2)1*!!

Piot = (PA)pureXA + (PB)pureXB (2)

The individual vapor pressure for each
component is

Piot = (PA)pureXA (3)

Where (Pa)pure is the vapor pressure of
the pure component and X, is the mole
fraction of the component in solution. 1

Figure 1 shows the influence of the
selection of the pure solvent or the
composition of solvent mixtures, respec-
tively, on the surface morphology and
diameter distribution of PLLA fibers. The
micrographs indicate that the composition
of the solvent and their vapour pressure

Table 1.
Vapor pressure of the solvent and mixture solvents.

Solvent Vapor pressure
at 20 °C [mmHg]
Dichloromethane (Solvent 1) 350
DCM/EtOH (Solvent I1) 288.7
DCM/CHCl, (Solvent 111) 253
Chloroform (Solvent 1V) 156
CHCI,/EtOH (Solvent V) 133.6
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Figure 1.
Scanning electron micrographs for electrospun PLLA fibers and their diameter distributions using solvents with
different vapor pressures. Fibers I, Il, lll, IV and V are the electrospun PLLA fibers using solvent I, II, Ill, IV and V,

respectively.
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cause significant changes of the fiber size
distribution, shape and overall morphology
due to the evaporation of the solvent and
the variation of the viscosity.

It is observed that, using solvent I (high
vapor pressure), one obtains a broad
diameter distribution (420 nm—4.5 pm) of
the fibers, which have a porous surface and
a mean diameter of 2.4 um. This porous
morphology may support the exchange of
gas and metabolites from the tissue and
may favor a cell adhesion distributed
throughout the biomedical device, allow-
ing the formation of an organized network
of the tissue constituents. In contrast to
this result, no pores on the surface have
been found when using solvent II. The
fibers have a smooth surface morphology
and a narrow diameter distribution
(600nm to 2.2 um), with mean diameter
of 1.2 um. Using solvent III one obtains
fibers with diameter distribution in the
range of 870nm to 4.7 um, with a regular
arrangement of surface pores and a mean
fiber diameter of 2.65 pm. The number of
surface pores is decreased when using
solvent IV. The obtained fibers have
diameters bigger than for the case of
using the other solvents, and the diameter
distribution is broad, ranging from 700 nm
to 4.6 pm. The mean diameter is 1.93 pm.
Solvent V produces uniform fibers

without pores but with a broad diameter
distribution (400 nm—4.8 .m) and a mean
diameter of 2.9 pm.

As it appears, the value of vapour
pressure allows controlling the mean fibre
diameter and the diameter distribution
broadness. The vapour pressure affects also
the surface morphology of PLLA scaffolds
by inducing or stopping the formation of
pores.

Thermal Analysis (DSC & TGA)

The glass transition temperature (Ty),
crystallization temperature (7.), melting
temperature (7T,), and crystallinity (X.)
were determined from the second heating
run. DSC thermograms are shown in
Figure 2, and the numerical data are given
in Table 2.

Like any semi crystalline polymer,
PLLA has an amorphous phase, with
randomly arranged macromolecules, and
crystalline phase with a regular structure.
When the polymer solution is electrospun,
the jet ejects from the needle tip and
polymer chains are stretched in the direc-
tion of the electrostatic field (along the fiber
direction). The solvent starts evaporating
within a very short time scale that generally
leads to a lowering of the temperature (like
quenching).®?! The solidification process
reduces the mobility of the macromole-

—— Pure PLLA
—— Fiber |
——Fiber Il
—— Fiber Il
——Fiber IV
—— Fiber V

Exothermic

T
50 100

T
150 200

Temperature °C

Figure 2.

DSC thermograms for electrospun PLLA fibrous scaffolds obtained by using different solvents.
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Table 2.
DSC characteristics of PLLA scaffolds manufactured
using different solutions.

Ty Tm Te AH, X
Bulk PLLA  80.7 164.8 - 31.6 33.7
Fiber | 56.5 158.4 118.5 29.7 317
Fiber Il 56.7 158.1 120.2 28.3 30.2
Fiber Il 55.4 158.4 121.8 27.0 28.8
Fiber IV 54.7 157.6 120.8 30.7 32.8
Fiber v 57.1 160.4 17.6 31.3 33.5

cules, and the degree of crystallinity of the
electrospun fibers is lower than that of the
initial bulk materials (see Table 2). In
addition, one also observes the decrease of
the glass transition temperature (T,) of
the electrospun fibers. Furthermore, it is
noticeable that the melting temperature for
the spun PLLA fibrous scaffolds does not
change significantly, which indicates
that the solvent vapor pressure does not
influence it.

When using a solvent with high vapor
pressure (solvent I), the time for the crystal
growth is not sufficient, and the electrospun
fibers will exhibit a crystallinity lower than
in the bulk material. In case of using solvent
(1), the crystallinity of the PLLA fibers is
31.7%, compared to a crystallinity of 33.7%
for bulk PLLA. In addition, using solvents
with lower vapor pressure (solvent II and
III), the rate of jet solidification is

decreased and thereby the evaporation of
the solvent occurs during the arrangement
of macromolecules. Thus, the development
of more perfect crystalline structures is
hindered. As a consequence, fibers II and
IIT exhibit degree of crystallinity of 30.2%
and 28.8%, respectively. On the contrary,
solvents with a slower evaporation rate
(solvent IV and V), give more time for the
crystals rearrangement and facilitate the
development of a highly crystalline struc-
ture. As a result, the electrospun fibers IV
and V exhibit crystallinities of 32.8% and
33.5%, respectively (see Figure 2). The
previous results indicate that the choice
of the solvent with a suitable vapor pressure
is an important issue which will affect the
crystallinity of the electrospun nanofibers.
H. Tsuji et al. have studied the effects of
annealing on the thermal properties,
morphologies and mechanical properties
of poly(L-lactide) (PLLA) and they eva-
porated the solvent rapidly to avoid
formation of a highly ordered structure.*!

TGA and first derivatives of TGA
(DTGA) for electrospun PLLA with dif-
ferent solvents (Figures 4 and 5) showed
that all samples exhibited a distinct weight
loss stage at 283-390°C (wt % loss of
~98%), corresponding to the pyrolysis of
the PLLA chains. The temperature of the

Solidification rate
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£ 1
E 314
4 ] Solvent Il
2
O 304
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350 300 250 200 150 100
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Figure 3.
Effect of the solvent vapor pressure of the solutions

on the crystallinity of spun PLLA scaffolds.
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TGA of PLLA scaffolds by using different solutions.

maximum mass loss rate is ~369 °C for the
bulk PLLA and ~362°C for the electro-
spun fibers of PLLA using different sol-
vents, which may be due to shorter chains in
case of the fibers. Since the thermal
decomposition range of all electrospun
fibers of PLLA is almost the same, we
assume that the solvent vapor pressure has
no significant influence on thermal proper-
ties of the electrospun PLLA.

Mechanical Properties (Young’s Modulus

and Tensile Strength)

Mechanical properties of the electrospun
PLLA scaffold with different solution were
discovered. Values of Young’s modulus and
tensile strength are plotted against the
average fiber diameter for the electrospun
PLLA scaffolds using different solvents
(Figures 6 and 7). The results showed that

-35
—FPure PLLA
-304 —Fiber |
Fiber Il
-25 ——Fiber Il
Fiber IV
5 204 —Fiber V
=
? 151
-104
-5
0 4
T T T T T T T T T
0 100 200 300 400 500 600 700 800
Temperature®C
Figure 5.

DTGA of PLLA scaffolds by using different solutions.
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Figure 6.
Effect of average fiber diameters on the Young’s
modulus (MPa).

Young’s modulus and tensile strength
of the as-spun fiber scaffolds decrease
markedly by increasing the average fiber
diameters, which can be attributed to the
better molecular orientation in smaller
nanofibers. Similar results are discussed
independently by Wong et al.**! This leads
to the conclusion that Young’s modulus and
tensile strength of the as-spun fibers are
relatively dependent of the solvent vapor
pressure, which has a great effect on the
final morphology and diameter of the
electrospun fibers. According to Arinstein
and Zussman, the relaxation process which
is generated by the evaporation of solvent
within electrospun fibers, can significantly
affect the mechanical properties of poly-
meric nanofibers.”
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Figure 7.

Effect of average fiber diameters on the tensile
strength (MPa).
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Effect of fiber crystallinity on the break strain %.

Since the mechanical properties of
electrospun fibers are closely related to
crystalline morphology and molecular
orientation, the increase in crystalline
morphology and its orientation are other
important issues. In other words, higher
the crystallinity is, higher the fiber
modulus. Furthermore, the crystallinity
of the as spun fibers is influenced by
the rate of evaporation of the solvent
during the electrospinning jet reaches the
collector. Thus, the electrospun PLLA
fibrous scaffolds that are produced from
polymer solutions using solvent with lower
evaporation rate have higher degree of
molecular orientation and crystallinity,
and consequently a larger strain at break,
as shown in Figure 8.

Conclusion

In this work, we have investigated the
effects of solvent vapour pressure on the
morphology, diameters, crystallinity and
mechanical properties of electrospun
PLLA fiber scaffolds. The results indicate
that the mechanical properties, discussed
in terms of tensile strength and Young’s
modulus, are strongly dependent on mor-
phological features such average fibers
diameter. The lower the diameters average
the higher the tensile strength and young’s
modulus. It has been revealed that the
vapour pressure of the solvent is a vital

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

factor which affects the fiber morphology
(the degree of the crystallinity), diameter
and consequently influences also the
mechanical properties. Solvents with a
low evaporation rate (low vapor pressure)
allow enough time for the crystals forma-
tion and facilitate their growth during
the fiber solidification. Following these
results we consider that the elasticity
(breaking strain) of the electrospun PLLA
scaffolds is controllable by the solvent
vapor pressure.
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