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ABSTRACT: Poly(L-lactic acid) (PLLA)-aligned fibers with diameters in the nano- to micrometer size scale are successfully prepared
using the electrospinning technique from two types of solutions, different material parameters and working conditions. The fiber
quality is evaluated using scanning electron microscopy (SEM) to judge fiber diameter, diameter uniformity, orientation, and appear-
ance of defects or beads. The smoothest fibers, most uniform in diameter and defect free, were found to be produced from 10% w/v
chloroform/dimethylformamide solution using an accelerating voltage from 10-20 kV. Addition of 1.0% multiwalled carbon nano-
tubes (MWCNT) into the electrospinning solution decreases fiber diameter, improves diameter uniformity, and slightly increases
molecular chain alignment. The fibers were cold crystallized at 120°C and compared with their as-spun counterparts. The influences
of the crystalline phase and/or MWCNT addition were examined using fiber shrinkage, temperature-modulated calorimetry, X-ray dif-
fraction, and dynamic mechanical analysis. Crystallization increases the glass transition temperature, T, slightly, but decreases the
overall fiber alignment through shrinkage-induced buckling of the fibers when heated above T,, MWCNT addition has little impact
on Tg, but significantly increases the orientation of crystallites. MWCNT addition slightly reduces the dynamic modulus, whereas
crystallization increases the modulus in both neat- and MWCNT-containing fibers. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015,
132, 41779.
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INTRODUCTION mimic a repair process that should be performed by the human
body. The advantage of using electrospinning is attributed to
the fact that fiber diameter and alignment can be controlled by
the following: (1) material conditions, such as polymer molecu-
lar weight, and solution concentration, and polarity; and (2)
working conditions, such as flow rate, needle to collector dis-
tance, voltage, humidity, and collector type. Positive results of
growth of C17.2 cells on aligned poly(L-lactic acid), PLLA, elec-
trospun nanofibrous scaffold were reported in the literature."!

Within the last two decades, electrospinning has become recog-
nized as a highly versatile method to produce submicro and
nanosized polymer fibers.'™ The fiber preparation occurs when
a small diameter stream is drawn from a stock solution by an
electrical force. Dry solid fibers will form after solvent evapo-
rates from the stream.*” The produced polymer fibers have
been used as drug delivery carriers,’ wound dressing, ” in pro-
tective clothing, ® and as chemical sensors.”'® Recently, electro-
spun polymer fibers have been proposed for new applications in ~ PLLA is a crystallizable thermoplastic polyester that is both bio-
conjunction with biomedical research in which they can be used ~ degradable and biocompatible.'"*'* PLLA is the left-handed opti-
as scaffolds for neural tissue engineering11 and bioabsorbable  cal isomer of poly(lactic acid), PLA. It is made from renewable
membranes.'” Biodegradable polymers have played a major role  resources, such as corn or sugar cane. PLLA can be blended, e
in biomedical applications, as these polymers are harmless to copolymerized,”'* or made into composites by addition of fill-
the environment and could have potential application within ers'®* to improve its properties. Its glass transition temperature,
the human body. The objective of introducing polymer fibers as T is about 55-60°C,”* and its melting temperature is about
candidates for medical applications, such as simulating the  150°C. Crystallization occurs by cooling from the melt or by
directional growth of neurons, is that they can more precisely ~ heating the glass above T, ** though crystallization from the
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melt can be slow enough that amorphous samples are readily
obtained by fast cooling.”® The slow crystallization of PLLA has
the impact that fibers prepared from solution during electrospin-
ning can solidify without crystallization.'® In this study, we dem-
onstrate the successful production of PLLA fibers with high
alignment and smoothness, with the fiber morphological quality
evaluated using scanning electron microscopy (SEM). The effects
of existence of crystalline phase and/or addition of multiwalled
carbon nanotubes (MWCNTSs) are evaluated for their impact on
fiber structure (diameter, orientation, and elastic shrirlkage),so*35
on thermal properties, using modulated differential scanning cal-
orimetry (MDSC), and for mechanical reinforcement by dynamic
mechanical analysis (DMA). It is known that addition of MWCNTs
into electrospun fibers changes the fiber dielectric constant®® and
conductivity’”” which could be important for controlling the fiber’s
diameter’®and for the use of electrical triggers to stimulate cell
growth when the fibers are used as supporting scaffolds.

The crystal formation and orientation are studied using X-ray
diffraction showing development of crystal diffraction peaks,
which have been studied previously and indentified as PLLA o-
phase crystals.”>™ The results of this study will present us with
more detailed properties of aligned PLLA electrospun fibers
with and without carbon nanotubes and give guidelines for
picking suitable fibers for potential use in guiding growth of
neurons or other cell types and for biomaterial applications.
The results obtained are expected to help our understanding of
the relationship between the structure and properties of poly-
mer composites reinforced with nanoparticles. In particular,
here, we show that PLLA fiber diameter and diameter distribu-
tion, fiber alignment, crystallite alignment, fiber shrinkage, and
thermal properties can be quantified and related to the inclu-
sion of MWCNTs into the electrospinning solution.

EXPERIMENTAL

Materials

Poly(L-lactide acid) 3051D was purchased from NatureWorks
and used as received in pellet form. The pellets show white
color, indicating existence of crystals, which is also specified by
the manufacturer’s online document.** To prepare polymer sol-
utions for electrospinning, we tested two types of solvent. Hexa-
fluoroisopropanol (HFIP) was obtained from Oakwood
Chemical, and was used as the first solvent. Solutions with 5,
10, and 15 w/v % concentration were prepared after stirring for
24 h at room temperature to dissolve as much polymer as pos-
sible before electrospinning. All solutions prepared using HFIP
were cloudy, and the solution did not clarify even after several
days of stirring. Increasing the temperature of the stirred solu-
tion did not reduce the turbidity. This suggests HFIP is incapa-
ble of completely dissolving the crystals in the PLLA pellets.
This problem is solved by introducing the second solvent sys-
tem: chloroform and dimethylformamide (DMF). Both of them
were obtained from Aldrich and used in a 3:1 v/v ratio and
both 10 and 15 w/v % solutions were prepared. For this
second-type solvent (which we will refer to as C/D), we dis-
solved PLLA in chloroform first with overnight stirring and
then added DMF to reach the desired volume. All polymers in
C/D solvent mixtures were stirred overnight at room temperature
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to create uniform transparent solutions. In order to show the
comparison between PLLA fibers with or without MWCNT;,
another set of solutions and electrospun fibers were made using
the exact same solution concentration as the second-type samples
(in chloroform/DMF 3:1 v/v) but with 1.0% by weight of
MWCNT added (referenced to the polymer weight). For polymer
solutions with 1.0% MWCNT, 15 minutes of ultrasonication was
conducted to separate CNTs from their bundles and disperse
them evenly before electrospinning.

Electrospinning Process

A glass syringe (inner diameter 14.6 mm) with an 18 gauge stain-
less steel needle was locked onto a syringe pump (Braintree Sci-
entific, Inc. BS-8000), loaded with about 5 ml of solution. A
fixed feeding rate of 2 mL/h was set for all electrospun samples
in this study. A rotating drum, covered by grounded copper con-
ductive tape, is used to collect fibers with default rotating speed
of 2000 rpm. A high-voltage power supply (Gamma High Voltage
Research Inc. Model No. ES30P-5w) is used to charge the solu-
tion, providing applied voltage of 10 to 25 kV for this study.
Aligned fibers were created successfully at room temperature for
most electrospinning working conditions (with some exceptions
mentioned in the Results and Discussion section). Our electro-
spinning chamber is an open one and operates at the relative
humidity of the laboratory. We are not able to control humidity
separately, though this variable is known to affect electrospinning
results.*>*® The as-spun fibers are peeled off from the rotating
drum collector and dried of residual solvent by keeping in a vac-
uum oven at room temperature for 24 h before use. To prepare
crystallized fiber mats for further testing, samples were held at
120°C in a Mettler hot stage for 1 h to crystallize the PLLA.

Scanning Electron Microscopy

SEM imaging is conducted using a Phenom Pure SEM at Tufts
University. PLLA electrospun fiber samples were adhered onto
the sample holder with double-sided carbon-conductive tape
and precoated with gold using a sputter coater (Cressington Sci-
entific sputter coater 108) for 40 s at 20 mA within an 0.8 psi
argon gas environment, which add a dark gray-colored layer
onto the fiber surface. During the SEM imaging, the voltage for
SEM was 5 kV, while proper magnifications (2000 to 10,000)
are used to insure we could measure the fiber diameter easily
for both as-spun and crystallized samples. To ensure the accu-
racy of the statistical value of the fiber diameter, seven to 10
images were taken from different locations on each sample to
obtain a reasonable estimation of the average fiber diameter.

Fiber orientation distribution was determined from analysis of
SEM images of amorphous fibers with Image] using the plug-in
application, Orientation]. Two to three images were examined
for each fiber type. If fibers were perfectly aligned with one
another, they would be parallel along the circumference of the
collector wheel and would lie perpendicular to the angular
velocity of the wheel. Orientation] allows us to evaluate the
degree of misalignment of imperfectly deposited fibers.

Molecular Retraction

Polymer chains in electrospun fibers have been stretched by the
electrical force when fibers are traveling from the needle tip to
the collector and further stretched by the mechanical force of
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Figure 1. Sketch of mounting the fiber mat sample into the X-ray diffrac-
tometer, showing the incident and scattered k-vectors (k; k), sample nor-
mal (n), and fiber alignment direction. The projection k; cosA is parallel
to the fiber direction, and n, k;, k, are coplanar.

the rotating drum electrode.'” These partially aligned chains can
show significantly different phenomenon such as polymer chain
confinement and aligned lamella crystal formation. However,
although it can be easily indentified, the alignment is hard to
compare among different fibers. The method that we used is an
indirect measurement. We use fiber elastic shrinkage ratio to
investigate the polymer chain relaxation mechanism. The test is
performed using an oil bath to heat samples to 160°C by
submerging them in silicon oil. The length and width reduc-
tions are obtained using a digital caliper to measure sample
dimensions before and after heat treatment. Four samples of
each preparation were tested.

Wide-Angle X-ray Scattering (WAXS)

One-dimensional X-ray diffraction was performed in reflection
mode (Figure 1) using a Philips PW 1830 powder diffractome-
ter. The generator produced X-rays of wavelength 1=0.1542nm
(Copper K, radiation) and was operated at 40 kV and 45 mA.
Samples were examined in 0/20 reflection mode (for 6 the half
scattering angle) using a step scan interval of 0.02°/step and
scanning rate of 0.01°/s from 20=5°—35°. A piece of ES fiber
mat was cut and attached to a rectangular sample holder. The
samples were positioned so that the incident and diffracted
k-vectors k;, ks, and the sample normal, n, were coplanar. The
projections into the plane of the sample mat, k; cosA and k
cosA, were parallel to the fiber direction, as shown for the inci-
dent beam in Figure 1.

Collection of two-dimensional diffracted intensity was per-
formed in transmission mode at the Brookhaven National Syn-
chrotron Light Source, beam line X27C. Fibers were mounted
with fiber direction perpendicular to k; Wavelength was
0.1371 nm, and the sample-to-detector distance was 15.94 cm,
calibrated with Al,O; reference powder. Intensity was collected
for 30 s with a MAR CCD detector and corrected for air
background. To estimate the crystallite orientation, an annular
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region centered on the origin of reciprocal space was selected,
which contained the most intense 110/200 arc-like reflection of
PLLA crystals.’®™* WAXS intensity was first integrated along
the radius direction (width) of the annulus, and then, the inten-
sity variation around the annulus was analyzed. The full width
at half maximum of the 110/200 arc allowed a rough estimate
of the crystallite orientation for comparison of differently
treated fiber samples.

Differential Scanning Calorimetry (DSC)

Thermal analysis is carried out using a TA Instruments Q100
temperature modulated DSC (MDSC), which was calibrated
using indium and sapphire standards and used with 50 mL/min
nitrogen gas flow in the chamber. The mass difference of sample
and reference lid/pan was controlled within 0.03 mg. The sam-
ples were made from folded electrospun fiber mat, which was
then confined between an aluminum pan and lid with mild
pressure, therefore allowing free fiber shrinkage.'® Samples were
heated from room temperature to 70°C to relax the fiber above
T, (Ty =~ 60°C). Then, the samples were cooled to 30°C and
heated to 180°C. During heating from 30°C, a rate of 5°C/min
was used, with temperature oscillation amplitude of 0.796°C
and period of 60 s.

Dynamic Mechanical Analysis (DMA)

TA Instruments RSA III was employed to perform dynamic
mechanical analysis for both as-spun and crystallized fibers.
Fiber mat was attached to a rectangular “picture frame” card-
board (which has a rectangular hole in the middle) and the two
ends fixed using Kapton™ high-temperature tape. The card-
board frame helped the mounting of the fiber mat onto the ten-
sile grips of the transducers, with direction of the fiber mat
vertical and parallel to the direction of applied stress, and the
frame was cut before testing. Samples were heated from 30°C
to 100°C with a 3°C increment and tested under 0.1, 1, 10, and
50 Hz oscillation frequency.

RESULTS AND DISCUSSION

Fiber Morphology

SEM imaging of electrospun fibers gives us evidence to evaluate
fiber quality, judging by the fiber alignment, diameter and
diameter uniformity, surface smoothness, and the presence of
defects or beads. The results of the fibers produced from HFIP
10% and 15% solutions are surprisingly good. Even with some
of the undissolvable crystalline polymer remaining in the turbid
solution, electrospun fibers still show smooth surfaces without
any noticeable fracture, and only a few beads can be observed
in the as-spun fiber. Electrospun fibers from 10% HFIP solution
spun using different high voltages are shown in Figure 2(a—c).
Compared to PLLA fibers used in a previous study for neuron
growth,'' the appearance of ES fibers from HFIP are already
qualified as nanoscaffolds for neuron growth. In contrast to the
10% HFIP solution, the 5% HFIP solutions can hardly be elec-
trospun into fibers at any of the voltages used. Fibers from 5%
HFIP solution had many beads, showing the solution is too
dilute to produce good fibers.*” Despite the use of HFIP which
is volatile and evaporates at low temperature (about 60°C), we
did not observe pore formation on the fiber surface, such as
that observed by Bognitski et al.*®
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Figure 2. SEM images of PLLA fibers from 10% HFIP solution using 10, 15, or 20 kV as indicated. (a—c) as-spun amorphous fibers; (d—f) fibers crystal-
lized at 120°C for 1 h. Scale bar is 20 um in part (d), and 10 um in all other figure parts.

It is well known that the crystal fraction of polymer has signifi-
cant impact on polymer properties. Our heat treatment involves
the isothermal crystallization of as-spun fiber at a temperature
of 120°C for 1 h. Changes of fibers are observed using SEM as
they no longer retain their original morphology: stretched
aligned fibers become curved due to molecular retraction; more
clumps are formed by several neighboring fibers sticking
together [Figure 2(d—f)]. This part of the experiment shows the
overall trend, leading to fiber deformation that occurs when
temperature increase above T,, which allows the polymer chains
to retract freely. After molecular retraction and crystallization,
curved fibers with more thick fibers and formation of beads or
spindles are shown to occur. Curved fibers and gigantic beads
or spindles are clear indication of improper surface environ-
ment for directed neuron growth.

The problem that HFIP could not fully dissolve the crystallized
PLLA pellets is solved using the second type of solvent that is
the mixture of chloroform/DMF in 3:1 volume ratio. In C/D
solutions prepared with 10 and 15 w/v % PLLA, crystals have
been dissolved as supported by the evidence of clear transparent
solutions. Similar to the 5% HFIP solution, we found 5% C/D
solution proved too dilute and difficult for electrospinning. The
15% solution is too thick, yielding only micron-sized fibers.
With electrospun fibers from 10% solution, the best among
them is the fiber prepared using 10-20 kV. SEM images
are shown in Figure 3(a—d) along with the histograms [Figure
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3(e-h)] showing the fiber diameter distribution. SEM images of
crystallized PLLA fibers from C/D solvent (images not shown)
had trends similar to fibers from HFIP solvent. Crystallization
caused fibers to stick together, lose orientation, and buckle
because of shrinkage during heating above the glass transition
temperature (T).

A clear improvement is found for all fibers produced when
1.0% MWCNTs are added into the ES solution (Figure 4). The
smoothness of the ES fiber surface indicates the MWCNTs only
exist inside the fiber and presumably will not be toxic to living
cells grown on the fiber surface. While the MWCNTs cannot be
observed inside the fibers (transmission electron microscopy
(TEM) would be needed for direct observation®), previously,
we demonstrated their existence using ultracentrifugation to
collect the MWCNTs from fibers after dissolution.”® The line
histogram of the as-spun fibers (Figure 4d) shows thinner fibers
and narrower diameter distribution with added MWCNTs. Most
fibers with 1.0% MWCNTs show diameters from 0.6 to 1.2 um,
which could be another effective controllable parameter for
smaller diameter fiber preparation, in addition to the method
found by Zong et al.'> who used ionic salts in the ES solution
for diameter control. From Figure 4(a—c), we observe that there
is a general tendency for the fibers containing MWCNTs to be
less well oriented. We surmise that the thinner, and hence
lighter, fibers may undergo more whipping action in the Taylor
cone region, and land on the collector wheel in a more
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Figure 3. SEM results of as-spun PLLA fibers from chloroform/DMF solution 10% (a—c), or 15% (d), using different electrospinning voltages of 10, 15,
20, or 25 kV, as indicated. Scale bar is 30 um in (b) and 20 um in all other figure parts. The 15% solution shows high viscosity, yielding micron-sized

fibers which could only be obtained after increasing the voltage to 25 kV (d). Histograms of each ES fiber type are shown below in e-h.
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Figure 4. PLLA fibers from 10% C/D solution with 1.0% MWCNTs. (a—c): SEM images using: 10, 15, or 20 kV, as indicated. Scale bars are 8, 10, and 10
um, respectively. (d) Line histogram enabling comparison of fibers prepared using accelerating voltage of 10 kV (solid), 15 kV (dashed), or 20 kV (dot
dashed).
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Figure 5. (a) Normalized orientation distribution versus angle from SEM
images of amorphous PLLA fibers determined from Orientation]. Fibers
are from 10% C/D solution spun at 20 kV: neat PLLA (red), with 1%
MWCNT (black). The angles are referenced to the vertical of the SEM
image (set to 90°) and normalized to the maximum of the distribution.
(b) The full width at half maximum of fiber distributions for HFIP
(blue), C/D neat (red), C/D with 1% CNT (yellow), 10% solutions, at the
indicated voltages. Error bars reflect the standard deviations. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

disorganized manner. Fiber orientation is quantitatively assessed
in the following section.

Fiber Orientation and Shrinkage

During spinning, the fibers land on the rotating collector wheel,
and if they were perfectly aligned with one another, the long
fiber axis would lie circumferentially on the wheel and perpen-
dicular to the angular velocity of the wheel. However, due to
instability of the fibers in flight, they may land in a somewhat
disorganized manner on the wheel, which can be appreciated
from the images in Figures 2—4. Average fiber orientation (align-
ment) was determined from analysis of the SEM images of
amorphous fibers. Orientation] software allows the distribution
of the fiber orientation angles to be analyzed with respect to the
image vertical direction and then presented as an angular distri-
bution function, such as that shown in Figure 5a for fibers
from 10% C/D solution spun at 20 kV. In the normalized distri-
bution, neat fibers (red) have a single peak in the distribution
of fiber orientation angles, whereas fibers containing MWCNTs
(black) show (by the smaller secondary maxima) that there are
some fibers misaligned at other angles. Figure 5b shows a plot
of the full width at half maximum (FWHM) of the angular
spread of the major peak in the fiber orientation distribution
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function, for 10% solutions of neat PLLA fibers from HFIP or
C/D solvent, and PLLA fibers containing 1% MWCNT as a
function of the accelerating voltage.

The greater the FWHM in Figure 5, the less well oriented are
the fibers. PLLA fibers from HFIP (blue) are the best oriented
fibers, with FWHM always below 20°. As voltage increases, the
fibers from HFIP solvent become more oriented. Neat PLLA
fibers from C/D solvent are better oriented than their MWCNT-
containing counterparts at 10 kV or 15 kV. The MWCNT-
containing PLLA fibers had poor orientation at low accelerating
voltages. It is likely that these thinner fibers experienced more
chaotic motion during flight and landed on the collector wheel
in a more disordered manner. As with the PLLA neat fibers
from HFIP, the fibers containing MWCNTs had improvement
in orientation as voltage increased.

As a direct phenomenon showing molecular retraction, fiber
shrinkage occurs when samples are heated above T, as polymer
chains gain conformational mobility. We have wused this
approach in the past to characterize isotropic electrospun mats
collected onto a static plate,”® rather than the rotating drum
used here. In that work, on PET electrospun with and without
MWCNTs, we showed that mats containing MWCNTs under-
retraction, suggesting that the presence of
MWCNT caused a greater initial molecular chain alignment
during electrospinning.”® We apply the same approach here to
ES fibers collected on the rotating drum, which causes overall
orientation of molecular chains along the direction of the fiber
axis (tangent to the drum). The amount of reduction in fiber
length or width shows the polymer chain’s elastic relaxation
from stretching by the electrical and mechanical forces, reflect-
ing the internal stress level for as-spun fibers. The elastic shrink-
age, S, is calculated as follows:

Se=(1—(Final dimension /Initial dimension)) X 100%

went greater

Results of the molecular retraction test are shown in Figure 6
where width and length shrinkage of the fiber tapes are com-
pared. Width shrinkage ranges from about 15% to 38%, which
is less than the length shrinkage that ranges from about 49% to
60%. Shrinkage of fiber tapes prepared from HFIP was some-
what erratic most likely due to the presence of beads. We pre-
sume that the polymer molecules within the beads are less well
oriented than those within the fibers. Comparing among the
fibers prepared from C/D solution, fibers containing carbon
nanotubes have greater width and length shrinkage than neat
fibers. Surprisingly, an increase in the accelerating voltage did
not result in an increase in the elastic shrinkage. If anything, a
slight decrease in shrinkage was observed at 20 kV compared to
10 kV and 15 kV. This could indicate that the larger accelerating
voltage causes more chain disentanglement during the fiber
flight, which resulted in smaller elastic retraction.

Fiber Crystal Orientation

Crystal fraction is an important factor that will influence poly-
mer thermal and mechanical properties. The crystal formation
during isothermal crystallization is confirmed using one dimen-
sional X-ray diffraction (Figure 7). Compared to as-spun fibers,
crystallized PLLA fibers clearly show four diffraction peaks,
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Figure 6. Shrinkage of ES fiber width (a) and length (b). Neat fibers pre-
pared from HFIP (blue). Fibers prepared from C/D: Neat (red) or con-
taining 1.0% MWCNTs (yellow). The same three fiber types are shown as

a function of accelerating voltages: 10 kV, 15 kV, or 20 kV. Three samples
of each type were tested, and error bars reflect the standard deviations.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

which is evidence of crystal formation, resulting in the forma-
tion of a crystals.”*™*

Two-dimensional images are presented in Figure 8(a,b), for
neat, crystalline PLLA fibers prepared from 10% solution con-
centration, using accelerating voltage of 15 kV, but prepared
from either HFIP (Figure 8a) or chloroform/DMF (Figure 8b)
solvent. Crystals prepared from HFIP are more ordered than
those from chloroform/DMF, as shown from the narrower
spread of the 110/200 intensity arc in panel (a). The normalized
intensity (i.e., normalized to a maximum of unity and mini-
mum of zero) around 180° of the azimuth is presented in Fig-
ure 8¢, for neat PLLA (blue) and for PLLA containing 1% of
MWCNT (red), showing that improved orientation of crystalli-
tes (narrowing of peak intensity) is brought about by the addi-
tion of carbon nanotubes.

Figure 8d compares the full width at half maximum of the nor-
malized semiazimuthal intensity for a variety of treatments. We
can make the following general observations: Fibers prepared
from HFIP solvent have better crystallite orientation at all vol-
tages than fibers from CD solvent. PLLA fibers containing 1.0%
of MWCNTs have better crystallite orientation than their neat
counterparts, despite the occurrence of some beads in the sam-

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1

41779 (7 of 12)

Applied Polymer

SCIENCE

ples from HFIP. Orientation improves (FWHM decreases) the
most as voltage increases from 10 to 15 kV; only a modest
improvement in orientation is brought by the change from 15
to 20 kV. Solutions made with C/D solvent have worse orienta-
tion at 15% solids content than at 10% solids. The 15% solu-
tions were very viscous and could only be spun at 25 kV.

In all cases, the angular FWHM measured for the crystalline
110/200 peak is greater than the FWHM of the fiber orientation
distribution function, which means the crystallites in disordered
fibers are more misoriented on average than just the fibers. For
example, for fibers containing 1% MWCNTs, the fiber orienta-
tion in Figure 5b ranges from about 28 to 40° (at 10 to 20 kV),
whereas the crystallite orientation from Figure 8d varies from
44 to 52° over the same range of accelerating voltages. We can-
not separately evaluate the crystallite orientation, since it is a
function of the fiber orientation. However, this method does
allow the qualitative comparison of fiber orientation and crys-
tallite orientation among the various fiber preparations.

Fiber Thermal Properties and Crystallinity

Most cells are sensitive to temperature and can only survive
within strictly controlled environment under physiological con-
ditions of pH and temperature. However, for other applications
of ES fibers, the higher temperature thermal properties are
important factors for their application. Thermal behavior
changes of as-spun PLLA ES fibers are shown in the MDSC
heat flow rate versus temperature plot (Figure 9). In the total
heat flow curve (dashed curves), the glass transition is interfered
with by fiber shrinkage, a nonreversing event, shown by an
endothermic peak as the polymer chains transit from a
stretched state of lower entropy to one of higher entropy. Ini-
tially, amorphous fibers undergo cold crystallization at T, fol-
lowed by melting at T,,. Thermal data for T, T, and T,, are
summarized in Table I. One change for the electrospun fiber,
obtained from the reversing heat flow (solid curves), is that the
glass transition temperature (T,) increases 2—4°C for crystallized
fiber compared to as-spun fiber. In addition, the table lists the
area of the cold crystallization exotherm and melting endotherm

110/200
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e 010 203 015

2
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w
5 1I0 1I5 I 2l5 30 35
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Figure 7. Typical 1D X-ray diffraction of neat PLLA ES fibers from 10%
chloroform/DMF solution using 10 kV; as-spun amorphous fiber (gray)
and the same sample after isothermal crystallization at 120°C for 1 h

(black). The Miller indices are shown above the crystalline reflections.>*™*
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Figure 8. PLLA prepared from 10% solution at 15 kV and crystallized at 120°C for 1 h. Two-dimensional WAXS images of neat PLLA from: HFIP solu-
tion (a) or chloroform/DMF solution (b). (c) Comparison of normalized semicircumferential intensity versus relative azimuthal angle, for the sample
shown in (b) (blue) and the same type of sample but containing 1% of MWCNT (red). The FWHM angular spread is indicated. (d) Comparison of the
FWHM versus accelerating voltage, for neat PLLA (open symbols) or PLLA containing 1% of MWCNT (filled symbols). PLLA prepared from 10%
(blue) or 15% (black) chloroform/DME, or 10% HFIP (red). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

determined from the total heat flow rate scan. The area of the
crystallization exotherm is always less than that of the corre-
sponding endotherm, even after correction of the heat of fusion
for degree of undercooling by the factor, f;>' using the relation-

A

—_— 5]
S <
2 T
3 (1]
© 2
o \ m
= T o X Q
c| o N E
= = T, \ 2
3| \ 3
T 4 £

50 100 150

Temperature (°C)

Figure 9. Typical MDSC scans showing the heat flow rate (dashed) and
reversing heat flow rate (solid) of as-spun ES fibers prepared from a 10%
chloroform/DMF solution using 10 kV, heated from 0°C to 180°C. Neat
PLLA is depicted with heavy curves; PLLA with 1.0% carbon nanotubes is
depicted with light curves. The glass transition, Ty, cold crystallization, T,
and melting, T,, are marked. Curves have been displaced vertically for
clarity.
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ship f= 2T/(T+T,°). The small variation between AH; and
AH, results in an assumption that the degree of crystallinity
might not be zero at the start of the scan for as-spun samples.
The apparent degree of crystallinity, ¢, is shown in the last col-
umn of Table I, and for as-spun fibers ranges from 0.01-0.05.
However, no crystallinity was observed in X-ray diffraction for
the as-spun samples. This disparity may possibly result from
inability to determine clearly the start of the exotherm due to
interference from the fiber shrinkage that occurs in the same
temperature range. After crystallization at 120°C for 1 h, ¢,
ranges from 0.30-0.35 and is unaffected by the presence of car-
bon nanotubes. In making the calculation of the degree of crys-
tallinity, we use the heat of fusion from Pyda et al.”®> 91 J/g,
rather than the slightly larger value reported earlier by Fischer
et al>*> Unlike Pan et al,”® we did not observe any multiple
melting behavior in the cold crystallized samples.

Interestingly, despite both theoretical and experimental approaches
appearing in the literature suggesting a decrease in Tg,zo’24 judging
by reversing the heat flow curves in Figure 9, the addition of 1%
MWCNTs does not have a strong influence on T, of as-spun PLLA
fibers. Our result is consistent with that of Papageorgiou et al.*'
who also found MWCNT had no effect on the glass transition.

Mechanical Properties
Young’s modulus data are presented to show the fiber modulus
in the overall direction of alignment of the fibrous tape. Due to
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Table I. Thermal Properties of Various PLLA Fibers® from DSC: Glass Transition, Crystallization and Melting Temperatures, Heats of Crystallization and

Fusion, and Crystallinity

AH,, AHgerre AHe
Voltage (kV)  PLLA®P TLC+05  TeCe=05  Jlg=05  Jlg+=05 T,°Cx05 Jlg+=05 ¢.L,+0.02
10 neat - as-spun 59.6 74.0 181 211 151.7 24.7 0.04
15 neat - as-spun 58.1 73.1 19.1 22.3 150.8 26.6 0.05
20 neat - as-spun 58.9 73.0 19.8 23.1 150.9 24.3 0.01
10 neat - crystal 61.8 - 0 0 153.1 27.6 0.30
15 neat - crystal 61.7 = 0 0 1521 L& 0.35
20 neat - crystal 61.1 - 0 0 153.6 28.6 0.31
10 1% CNT - as-spun  58.6 72.0 19.0 22.2 151.1 25.8 0.03
15 1% CNT - as-spun  59.4 73.2 18.4 21.5 152.0 26.4 0.05
20 1% CNT - as-spun  59.3 73.1 19.6 22.9 1513 24.6 0.02
10 1% CNT - crystal 63.6 - 0 0 152.6 28.1 0.31
15 1% CNT - crystal 61.7 - 0 0 153.2 29.5 0.32
20 1% CNT - crystal 61.8 - 0 0 150.9 324 0.36

@Prepared from 10% solutions of chloroform/dimethylformamide.

b Prepared neat, or with 1.0% MWCNTSs, either as-spun or crystallized for 1 h at 120°C.

¢Peak temperature of the exotherm during nonisothermal heating.

9Heat of crystallization, corrected for degree of under cooling by f=0.86 52.

e Crystallinity at the start of the DSC scan found using (AHg — AH.2™)/91 J/g 5.

the limitation of conventional thickness measurement (which
involves simply measuring the thickness of the fiber mat using a
micrometer and will necessarily include the air gaps between
fibers), a method is employed here to estimate the effective
thickness of polymer alone, that is, effective thickness, d. First,
we assume that the fiber mat has uniform thickness, . The
mass, m, of a rectangular mat is measured and used to calculate
the total volume of the material V = m/p,, where p, is the
known density of amorphous PLLA (p,=1.248 g/cm3 52y,
Here, we neglect the difference between the amorphous and
crystalline densities (p.= 1.283 g/cm® *), contributing less than
3% error. The effective thickness is obtained as d = V/(WL)
where L and W are the length and width of the fiber mat,
respectively. The meaning of the effective thickness, 4, is that it
is the thickness which the fiber mat would have, if all the air
were removed, and length, L, and width, W, were the same, as

@ 9%

)0

AR
4

d

ES Fiber Mat

Figure 10. The cross-section sketch (left) shows an electrospun fiber mat,

Polymer Film

end on, with air gaps between fibers. The effective thickness, d, represents
a polymer film (right) of the same length and width as the fiber mat,
which has the same amount of polymer.
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shown in Figure 10. Fiber consolidation and removal of air gaps
when heating above T, causes a decrease in thickness.

Dynamic mechanical data of storage modulus, E; and tan(d) =
E"/E' (where E” is the loss modulus) of as-spun fibers (circle
symbols) and crystallized fibers (square symbols) are shown in
Figure 11(a,b), respectively. The cross-sectional area used in the
modulus calculation is A = WXd. The interpretation of DMA
data for PLLA electrospun fibers shows several stages of Young’s
modulus change in Figure 1la when fibers are heated from
30°C to 100°C. At the beginning, T'< T, the fibers are in the
solid state giving a relatively higher modulus. When the temper-
ature increases to the glass transition, the as-spun fibers (circle
symbols) experience retraction. The shrinkage provides intense
force on the DMA transducer giving a dramatic increase in the
(apparent) modulus value. This point is supported by the
absence of the intense peak during measurement of crystallized
fiber (square symbols). After the shrinkage is completed, the
temperature is higher than T,, putting the fiber into the rubbery
state, which is characterized by a decreased modulus compared
to the glassy solid state. The system remained in this state until
cold crystallization occurs when temperature increases above
70°C. The as-spun and crystallized fibers have the same value of
rubbery modulus above 85°C, as both types are crystalline
materials at this point. The tan(d) data in Figure 11b show a
strong peak caused by shrinkage in the as-spun fibers, and a
smaller broad peak for the crystalline fibers. The glass transition
assigned to the peak of tan(0) is at a higher temperature for the
crystalline fibers, which trend was also seen in the MDSC ther-
mal data.

Several research groups have reported the Young’s modulus of
PLA. Garlotta"® reports E less than 3 GPa. Lin et al** found
that in melt-blended, compression-molded PLA containing up

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41779
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Figure 11. Mechanical properties of electrospun PLLA fibers from 10% C/
D solutions, spun at 20 kV, and tested at 1 Hz. As-spun fibers (circles),
crystalline fibers (squares), neat fibers (open symbols), fibers containing
1% MWCNT (filled symbols). Modulus (a) and Tand (b) versus
temperature.

to 3 wt % of MWCNTs, the addition of nanotubes increased E/,
giving values from 2-3 GPa. Papageorgiou et al.*' used three-
point bending tests and found a glassy modulus of 3 GPa for
PLA/MWCNT composites. Picciochi et al.>® reported on semi-
crystalline PLLA but only relative dynamic moduli were
reported. In a review of PLLA properties, Gupta et al."> report
that hot drawn fibers could have tensile moduli as high as 9.2
GPa, a result supported by theoretical calculations of Montes de
Oca and Ward® for highly crystalline PLLA fibers in the direc-
tion transverse to the molecular chain. (Much higher crystalline
modulus, E' = 36 GPa, was predicted along the molecular chain
direction.”®) While the trends observed in our data agree with
the prior literature, the glassy moduli measured are lower than
the reported values. This could be a result of lack of interfiber
entanglements in these nonwoven mats, causing poor stress
transfer through the specimen.

Despite the common use of MWCNTS as a reinforcement nano-
filler material reported in the literature and for commercial
application,” in our study, the addition of MWCNT shows clear
signs of weakening the fiber modulus in the fiber axis direction.
There could be several possible reasons for this change. First,
MWCNTs may have poor interaction with the PLLA polymer
chains, also weakening the structure due to ineffective stress
transfer. In this situation, the carbon nanotubes would act more
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like a void, reducing the effective cross-sectional area of the
sample for stress transfer. Second, adding MWCNTs into the
solution yields fibers with diameter between about 0.6 and 1.2
um, but fibers with larger or smaller diameters are missing,
which may be bigger contributors to overall strength. Aggrega-
tion of MWCNTs in the electrospinning solution has been not
taken into consideration, and the ultrasonication method has
not been not quantitatively evaluated for efficiency, possibly
leaving unseparated nanotubes bundles or breakage of the car-
bon nanotubes. Finally, the addition of MWCNTs may result in
more fiber disentanglement, causing weaker stress transfer com-
pared to the neat fibers.

We need to reiterate that the electrospun fibers undergo sub-
stantial shrinkage during testing and may have significant errors
associated with the cross-sectional area determination as tem-
perature increases. While the trends in the modulus are similar
across the various fiber preparations, still the DMA data should
be considered as qualitative with regard to the numerical values
of the moduli. However, the general trend of lower elastic mod-
ulus in fibers containing MWCNTs has been verified by mea-
surement of the elastic moduli of single PLA fibers using
atomic force microscopy, in collaboration with the group of
Prof. C. Staii and coworkers at Tufts.”®

CONCLUSIONS

Aligned PLLA ES fibers are successfully prepared using elec-
trospinning from both HFIP and chloroform/DMF solution.
Although HFIP could not completely dissolve the crystal from
PLLA pellets, fiber quality is promising, with smooth surface,
good alignment, and few beads. The best ES parameters for
PLLA from chloroform/DMF solution are found using 10 w/v
% solution, and electrospinning at 10 kV, while holding con-
stant the 12-cm needle to collector distance and rotating
drum collector speed of 2000 rpm. We have used analytical
techniques that are well known in polymer science to study
electrospun fibers. These include assessment of the molecular
retraction, fiber orientation, and crystallite orientation. Addi-
tion of carbon nanotubes results in reduced fiber diameter,
and narrower diameter distribution, slightly reduced dynamic
modulus, and larger fiber misalignment. The latter is possibly
due to the lighter weight of the thinner MWCNT-containing
fibers that land more chaotically on the collector wheel.
Despite the larger fiber misalignment, MWCNT-containing
fibers have a narrower crystallite orientation distribution than
their neat counterparts at all accelerating voltages. Cold crys-
tallization of neat and MWCNT-containing fibers increased
the glass transition and the dynamic modulus but contributed
to increased fiber disorder after shrinkage. In future work, we
suggest to cold crystallize the fibers with ends fixed to prevent
or at least minimize this disorder. With the exception of the
fibers spun from 15% solutions, all other as-spun fibers can
be considered as
applications.
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