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Electrospinning has become a widely-used method for fabricating polymer nanofibers for various ap-
plications including filtration, drug delivery, and tissue engineering. Due to the high extensional forces
during the electrospinning process, and the rapid crystallization and solidification during solvent
evaporation, molecular orientation may develop within the resulting fibers. The properties of electro-
spun fibers are expected to be sensitive to level of orientation in the fibers. Various reports have shown
an increased modulus with decreased fiber diameter, and molecular orientation has been used to explain
this trend. However, there have been relatively few studies of the detailed relationship between fiber
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Efgc‘/:gs;inmng diameter and molecular orientation, especially at the single fiber level. Here we report a quantitative
Nanofiber study of the orientation in individual electrospun poly(caprolactone) (PCL) and poly(i-lactic acid) (PLLA)

fibers using low-dose electron microscopy and diffraction techniques. Our results confirmed that for
electrospun fibers of PCL and PLLA processed under similar experimental conditions, the molecular
orientation decreased as the fiber diameter increased. The extent of orientation remained high for quite
large fiber diameters, with azimuthal orientation of 20° seen up to ~500 nm for PCL and ~2000 nm for
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PLLA.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Electrospinning has generated intense recent interest because of
its ability to fabricate polymer fibers with nominal diameters
(~3 nm—1 pm) about two to three orders of magnitude smaller than
fibers manufactured via typical drawing, melt spinning, dry and
wet jet spinning methods (10 um—100 pm) [1,2]. In the common
electrospinning process, electrostatic forces are used to distort a
pendant droplet of polymer solution into a fine filament onto a
conducting substrate. A wide variety of polymer fibers including
polyethylene, polystyrene, polylactides, poly(vinylidene fluoride),
and polyamides have been generated by electrospinning over the
years [3]. The ability of this process to produce extremely fine fi-
bers, as well as a number of interesting fiber morphologies has
made it an attractive area of research for a number of different
applications including protective clothing systems, separation
membranes [4], and tissue scaffolds [5,6]. Modified collectors
including rotating disks or gapped substrates have been employed
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to prepare macroscopically aligned electrospun fibers for specific
uses including directed neural regeneration [7—9].

The strong elongation forces and rapid solidification during the
electrospinning process leads to distinct crystallization behavior in
electrospun fibers when compared with polymers in larger fibers.
Considerable effort has been invested in analyzing the structure
and properties of electrospun fibers [10], but a number of impor-
tant questions remain. Recent studies of the thermal and me-
chanical properties of single electrospun fibers showed a close
relationship between fiber diameter and their thermal and me-
chanical properties. Several studies have shown increased me-
chanical properties with decreased fiber diameter [11—13]. Tan
et al. [11] confirmed the significantly increased Young's modulus
for electrospun poly(i-lactic acid) (PLLA) fibers with decreased di-
ameters. Shin et al. [12] and Dzenis et al. [13] confirmed the same
trend for poly(2-acrylamido-2-methyl-1-propanesulfonic acid) and
polyacrylonitrile electrospun fibers.

The intrinsic orientational order developed during electro-
spinning is expected to be a key factor determining the properties
of electrospun fibers, and has been suspected as a primary reason
for the fiber diameter dependent thermal and mechanical
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properties [10]. Various molecular orientation studies at the elec-
trospun fiber mat level have revealed preferred orientation be-
tween the polymer backbone and the nanofiber axis. However,
these results are usually not able to determine the orientation
within single filaments, due to complexities from the unavoidable
relative misalignment of electrospun fibers within a given bundle.

Molecular orientation studies of electrospun fibers at the single
fiber level using advanced characterization techniques have been a
promising means for targeting this problem. Selected area electron
diffraction (ED) is a powerful tool for resolving orientation at the
single fiber level. Huang et al. [14] confirmed a high level of mo-
lecular orientation in random nylon-4,6 electrospun fibers. Yosh-
ioka et al. [15] did a systematic study confirming that smaller fibers
showed higher level of molecular orientation for electrospun
polyethylene (PE) fibers on aluminum foil collectors. Ma et al.
[16,17] further investigated the effect of a gapped collector on the
molecular orientation of electrospun PVDF fibers. They concluded
that aligned fibers in air gap showed a much higher level of mo-
lecular orientation than fibers deposited in random mats, and the
molecular orientation level increased with larger gap width.
Reneker et al. [18,19] reported the molecular imaging of single
electrospun PVDF fibers and confirmed the same molecular
orientation that polymer chains were parallel to fiber axis, and
further atomic scale features of PVDF in electrospun nanofibers
were explored via high-resolution imaging by aberration corrected
transmission electron microscopy. Gong et al. [20] investigated the
influence of collecting method on the polymorphism and molecular
orientation within electrospun poly[(R)-3-hydroxybutyrate-co-(R)-
3-hydroxyhexanoate] (PHBHx) nanofibers using both electron
diffraction and nanoscale AFM-IR techniques, and reported the
strain-induced metastable -form crystal structure and enhanced
molecular orientation within macroscopically aligned fibers from
modified collectors. Pellerin et al. [21] recently studied the orien-
tation and partial disentanglement in individual electrospun atactic
polystyrene (PS) fibers using polarized Raman spectroscopy.
Despite these few studies on the single fiber molecular orientation,
there is still a large deficiency in the understanding of the depen-
dence between molecular orientation levels with fiber diameter for
various electrospinning systems.

Aliphatic polyesters like PLLA and PCL have received consider-
able interest as one of the most promising biodegradable polymers.
Their mechanical properties, thermoplastic processability, biode-
gradability and biocompatibility within the human body have
made them attractive materials for a number of different applica-
tions [22—25]. However, despite the wide interest and confirmed
increase in mechanical properties with decreased fiber diameters
for these materials, no experimental data has yet confirmed the
hypothesis that increased molecular orientation exists with
decreased fiber diameters. The limited amount of systematic mo-
lecular orientation studies of PLLA and PCL electrospun fibers at
single fiber level is presumably due to experimental difficulties.
Both PLLA and PCL are extremely sensitive to the electron beam,
requiring careful use of low dose techniques to extract information
about the orientation of single filaments [26]. Specifically, the beam
sensitivity of PLLA, as estimated by the critical dose required to
cause fading of the predominant equatorial Bragg reflections cor-
responding to lateral packing distances between chains, has been
estimated as 0.0002—0.0006 C/cm? or about 20—50 times smaller
than polyethylene used in Yoshioka's study [15]. We have estab-
lished that the beam sensitivity of PCL is about 0.002 C/cm?, which
is still about 5 times more sensitive than polyethylene. Here we
quantitatively examine the relationship between the fiber diameter
and the local degree of molecular orientation in single electrospun
PLLA and PCL filaments using low dose electron microscopy and
diffraction techniques.

2. Materials and methonds
2.1. Materials

Poly(i-lactide) (PLLA) was purchased from Boehringer Ingel-
heim GmbH & Co. KG Fine Chemicals under the trade name
Resomer® 1210 (inherent viscosity: 3.3—4.3 dl/g, corresponding to
an estimated molecular weight of 240,000—320,000 from the
Mark-Houwink relationship). Poly(caprolactone) (PCL) (estimated
molecular weight of 70,000—90,000) and 2,2,2-trifluoroethanol
were purchased from Sigma-Aldrich. All chemicals were used as
received unless otherwise specified.

2.2. Electrospinning

PLLA powders were stirred in chloroform at 50—60 °C for 3—8 h
to make a 3.0 wt % polymer solution suitable for electrospinning.
The polymer solution was drawn into a 3 ml plastic syringe from
Becton-Dickinson, and Co. and a #15 GP (1.37 mm diameter) needle
tip from EFD, Inc. was attached to the syringe. The polymer solution
supply rate was controlled at 0.15—0.75 ml/h using a syringe pump
model KDS 100 from KD Scientific. The electrospinning voltage
was +8.0 kV generated by a Hipotronics R10B HV DC power supply
and the distance from the tip of the syringe to the edge of the
spinning wheel was 7 cm. One end of the electrode from the power
supply was attached to the needle tip, while the other end was
connected to a spinning aluminum wheel. PLLA fibers were elec-
trospun onto rectangular pieces of carbon-coated mica sheets that
were mounted at the edge of the wheel. The wheel was spinning at
650 rpm, which is approximately 8.67 m/sec in linear speed, during
electrospinning. After electrospinning, the samples were floated off
onto deionized water and collected onto copper grids. Then, 10 nm
of gold was sputtered coated onto the samples to improve contrast
and provide an internal calibration standard for transmission
electron microscopy (TEM) analysis. These samples were then
annealed at 130 °C for 20 h to improve their crystallinity before
further investigation.

PCL was stirred in 2,2,2-trifluoroethanol at room temperature
overnight to make an 8.0 wt% polymer solution for electrospinning.
The solution was drawn into a 3 mL syringe with a 14 gauge needle.
The polymer solution supply rate was controlled at 0.5 mL/h with a
syringe pump, and the working distance was set to 15 cm. An
electrospinning voltage of +8.0 kV on the needle tip and —4 kV on
the collector was applied, and modified collector with air gap
(40 mm x 10 mm) was used to collect the resulting aligned PCL
fibers.

2.3. Characterization

Wide-angle x-ray scattering (WAXS) patterns were obtained
using a Rigaku Geigerflex 2D X-ray diffraction facility with Ni-
filtered Cu Ko radiation (A = 0.154 nm) with pinhole collimation
and a 2-D wire-detector. Well-aligned PLLA fiber bundles were
mounted at the exit of the collimator and WAXS patterns were
generated at 40 kV and 20 mA.

TEM and ED analysis of PLLA fibers were conducted using a
Philips CM12 Analytical Electron Microscope. Low dose TEM tech-
niques were employed because of the high electron beam sensi-
tivity of PLLA electrospun fibers. Bright field (BF) images and
electron diffraction patterns were captured under conditions well
below the measured Total End Point Dose (TEPD) of
0.0002—0.0006 C/cm? (estimated at 300 kV using a JEOL 3011 High
Resolution Electron Microscope). In this study, searching for sec-
tions of the sample suitable for imaging was typically done using a
spot size of 11 under Diffraction Mode. When a section of interest
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was found, it was translated a small amount away from the beam
and conditions appropriate for imaging were set. The sample was
then translated back and the photos and diffraction patterns were
acquired.

For electrospun PCL fibers, both bright field (BF) images and ED
patterns were acquired with a JEOL JEM-2010F FasTEM with 200 kV
accelerating voltage. The TEPD of electrospun PCL fibers was esti-
mated at ~0.002 C/cm?. Digital images were analyzed with Image]
(National Institute of Health) software.

3. Results and discussion

3.1. Molecular orientation within aligned electrospun PLLA fiber
bundles

Various reports have examined the crystallization and orienta-
tion within electrospun PLLA fibers and conclusions differed
depending on the specific system for preparing the fibers [27—32].
Generally, less volatile solvents like chloroform [28] allowed the
polymer jets to be stretched and extended more significantly before
deposition than more volatile solvents like dichloromethane [33].
Therefore, the fibers electrospun from chloroform were more likely
to experience significant shear and developed higher orientational
order during electrospinning. In addition, aligned fibers collected
on a rotating wheel [27] experienced further elongation and
shearing and tended to develop higher orientational order.

In this study, the molecular orientational order that developed
in electrospun PLLA fibers during electrospinning was first explored
at fiber bundle level from Wide-angle X-ray Scattering (WAXS)
(Fig. 1). As shown in Fig. 1a, the as-received PLLA powder displayed
a nearly homogeneous azimuthal intensity distribution, indicating
a lack of orientational order on a local scale. The more intense ring
had a d-spacing of 0.52 nm, which corresponded to (110) d-spacing.
The less intense ring had a d-spacing of 0.45 nm, which corre-
sponded to the (111) d-spacing. After electrospinning, the aligned
PLLA fibers began to show some orientational order as shown in
Fig. 1b. The equatorial arcs of the more intense 0.52 nm (110) ring
exhibited a significantly higher intensity than the meridional arcs.
The fiber orientation was seen even more clearly after annealing
the aligned, electrospun PLLA fibers. In addition to the 0.52 nm
(110) reflection, reflections on the second (102) and third (103)
layer lines with d-spacings of 0.40 and 0.29 nm were also observed.
Another reflection that was observed was the set of arcs with a
spacing of 0.46 nm (111), next to the (110) arc in the equatorial
direction.

The WAXS results confirmed the existence of molecular orien-
tation within the electrospun PLLA fibers, with a clearer trend
observed for fibers after annealing. But these reflections were
spread out largely due to the misalignment of different fibers in the
fiber bundle. Because of the relatively large cross-section of the
collimated beam (~300 pm), WAXS could not provide more detailed
information about degree of the actual orientational order within
the individual nanofibers.

3.2. Molecular orientation within single electrospun PLLA fibers

To further investigate the molecular orientation within elec-
trospun fibers, electron diffraction of single electrospun PLLA fibers
was performed to eliminate the influence of misalignment between
different fibers in the bundles needed to obtain WAXS results. To
successfully acquire electron diffraction patterns of PLLA fibers with
TEM, low dose techniques were used to minimize the exposure of
the sample to the electron beam in order to preserve the features
for analysis due to the high electron beam sensitivity of PLLA.

Electron diffraction patterns of individual electrospun PLLA fi-
bers are shown in Fig. 2. Electron diffraction patterns of the elec-
trospun PLLA fibers showed much narrower and sharper reflections
than WAXS. By comparing the ED patterns and BF field images of
individual fibers, it was confirmed that polymer chains were ori-
ented parallel to fiber axis. We also found that the orientation of the
chains were systematically higher in fibers with smaller diameters.
As an example, Fig. 2c shows a diffraction pattern with two PLLA
fibers that were about 45° imaged at the same time. The smaller
fiber (350 nm in diameter) produced a sharper reflection
(¢ = 10.5°) compared to the larger one (1000 nm in diameter)
which had a reflection angle « of 14.2°.

As the diameter of the nanofibers increased, the resulting ED
patterns systematically changed from sharp spots to diffuse arcs as
shown in Fig. 3. Electron diffraction patterns of various single
electrospun PLLA fibers with a wide range of different diameters
were taken and compared with their fiber diameter. To quantify the
degree of orientation, the azimuthal angle (&) of the equatorial
(110) diffraction peak was determined from the ED pattern, using
the full width at half maximum intensity. A smaller value of o
means a higher degree of molecular orientation within the fiber.
The experiments results were compiled for more than 16 different
fibers and are plotted in Fig. 4a. It is evident that as the fiber
diameter decreased, the tangential spread decreased significantly,
leading to systematically increased molecular orientation of the
crystalline regions.

Fig. 1. WAXS data of: (a) PLLA powder as-received showing homogeneous azimuthal intensity distribution of (110) and (111); (b) electrospun PLLA fibers aligned by the spinning
wheel substrate showing more intense equatorial arcs of the 0.52 nm (110) ring than the meridional arcs; and (c) after annealing the electrospun fibers at 100 °C for 10 min showing

clearer orientational order.
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Fig. 2. (a) Electron diffraction pattern of well aligned electrospun PLLA fibers with fiber diameters ranging from 150 to 1000 nm; (b) schematic drawing of this ED pattern showing
the azimuthal angle «; (c) two sets of ED fiber patterns from two distinctly oriented electrospun PLLA fibers (labeled as 1, 2). The smaller fiber shows a higher degree of orientation

(350 nm, 10.5°) than the larger one (1000 nm diameter, 14.2°).

Fig. 3. ED fiber patterns from single electrospun PLLA nanofibers with various diameters: (a) 1000 nm; (b) 1750 nm; (c) 3500 nm; and (d) 4500 nm.

3.3. Molecular orientation within single electrospun PCL fibers

We have analyzed the relationship between molecular orien-
tation and fiber diameter for electrospun PLLA fibers aligned with a
rotating wheel. As a comparison, we also prepared macroscopically
aligned PCL fibers by introducing an air gap in the substrate and
analyzed the ED patterns from individual aligned PCL fibers (Fig. 5).
By comparing the ED pattern and the BF images, it was revealed
that polymer chains were preferentially oriented parallel to fiber
axis for the PCL fibers, similar to the orientation within PLLA fibers.
Fig. 5 shows ED patterns from different individual electrospun PCL
fibers. With increasing fiber diameters, the ED patterns changed to
more diffuse arcs, again indicating a larger degree of polymer chain

misalignment. By quantitatively measuring the azimuthal angle (o)
of the strongest equatorial arc-shaped (110) diffraction peak from
the ED pattern, there was again a clear trend of increased molecular
orientation for decreased fiber diameters. This trend of decreased
molecular orientation with increased fiber diameter correlated well
with the similar relationship determined for PLLA fibers (Fig. 4a).

3.4. Molecular orientation within single electrospun fibers

We have confirmed that for both electrospun PLLA and PCL fi-
bers, molecular orientation increased as fiber diameter decreased.
When we plotted the azimuthal angle of the first strongest reflec-
tion from the ED pattern as a function of fiber diameter, the trends
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Fig. 5. ED fiber patterns from electrospun PCL fiber with widths of: (a) 240 nm; (b) 320 nm; (c) 1150 nm.

for both fibers were similar (Fig. 4a). The electrospun PLLA and PCL
fibers maintained a relatively high orientation even at fairly large
diameters, with an orientation of ~20° still seen at ~2000 nm for
PLLA, and ~500 nm for PCL.

The overall trend of increased molecular orientation with
decreased fiber diameters was similar to that seen in Yoshioka's
previous investigation on electrospun PE fibers [15], but the degree
of orientation was substantially different (Fig. 4b). For the PE fibers,
a similar high degree of orientation was only observed for the
smallest nanofibers (~200 nm), and the larger fibers (above
~1000 nm) were essentially randomly oriented. Possible reasons
might be the difference in the chain flexibility and variations in the
details of the electrospinning setup. PLLA and PCL chains are not as
flexible as PE, and thus would not be able to relax as much as PE
before solidification into the final fiber. In addition, room temper-
ature electrospinning was used for the PLLA and PCL fibers studied
in this report, whereas a high temperature solution was used for
electrospinning PE in Yoshioka's study. Furthermore, a rotating
wheel or air gap was used to macroscopically align the fibers. Both
the difference in processing temperature and the fiber collecting
method would be expected to result in extra stretching force for
PCL and PLLA fibers, leading to better molecular orientation.

The trends of increased molecular orientation with decreased
fiber diameter we have confirmed experimentally here correspond
well with the previous reports showing significantly enhanced
mechanical properties with decreased nanofiber diameter. Tan re-
ported an enhanced Young's modulus for single electrospun PLLA

fibers with diameters smaller than 350 nm [11]. Dzenis reported
the simultaneously enhanced modulus, strength and toughness of
single electrospun polyacrylonitrile nanofibers with decreased fi-
ber diameter, and the most dramatic increases were recorded for
fibers with diameters less than 250 nm [13].

To estimate the length scales over which the effect of surface
induced alignment was felt, we examined a simple confinement
model of the orientation, assuming that the responding elements
were rigid, linear entities. If the induced orientation was due only to
the surface confinement of a rigid element of some length 1 into a
fiber with diameter of d (Fig. 6a), the expected azimuthal orienta-
tion angle could be calculated as o = 2 ArcSin[d/l]. An estimate of 1
(1 =3200 nm for PLLA and 1 = 1200 nm for PCL) was acquired for
both fibers from the plot. The model was a better fit for fibers with
smaller diameters (less than 200—400 nm), where the mechanical
properties were typically significantly higher [11,13].

The fact that the length scales 1 determined by this analysis
(1000—3000 nm) are much larger than the molecular dimensions
of individual chains (10—20 nm) indicates that the electrospinning
is influencing the relative orientation of the polymers in the
nanofiber over these relatively large dimensions. This simple sur-
face confinement model does not fit as well at larger diameters
(Fig. 6b), indicating that the actual process of molecular alignment
was much more complicated than mere surface confinement,
especially for these larger fibers. The strong elongation forces
during the electrospinning and drawing processes would likely
lead to a high degree of alignment for only a few chains, leaving the
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Fig. 6. (a): Model for confinement of rigid element of length 1 and fiber diameter d. (b): Estimate of 1 for both PLLA and PCL electrospun fibers.

rest of them fall into place as the fiber solidified during evaporation,
similar to the shish-kebab model for polymers crystallizing from an
oriented melt under shear.

Our experimental results provide insights about the relationship
between local nanofiber orientation and diameter in two different
polymer systems (PLLA and PCL). However there are many issues
that are still unknown. The detailed relationship between pro-
cessing variables, fiber diameter, and degree of orientation will
require a systematic study of the alignment, extension, and solid-
ification of the chains during solvent evaporation. Future studies
would benefit from improvements in instrumentation that would
allow for direct measurements on single nanofibers during solvent
evaporation, perhaps using synchroton X-ray scattering or suitably
modified in-situ stages that are now available for the TEM [34].

4. Conclusions

Macroscopically aligned PLLA and PCL electrospun fibers were
prepared with a rotating wheel and an air-gap modified collector.
WAXS patterns confirmed the existence of an overall degree of
molecular orientation within bundles of PLLA fibers. Low dose
electron diffraction confirmed preferred molecular orientation at
the single fiber level for both PLLA and PCL electrospun nanofibers.
Using the intensity profile of the strongest reflection from the ED
pattern, the orientational order of electrospun PLLA and PCL fibers
was shown to be a function of fiber diameter. A clear trend of
smaller arc angles (higher orientation) was confirmed for fibers
with thinner diameters. Our results showed that for electrospun
PLLA and PCL fibers, molecular orientation with single fiber
increased with decreased fiber diameter. Possible mechanisms for
the increased orientation during electrospinning and their corre-
spondence with known trends of increased mechanical properties
with decreased fiber diameters were discussed.
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