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ABSTRACT: Regenerated silk fibroin (SF) fiber is a multifaceted
protein matrix suitable for engineering a wide variety of biological
materials. Numerous artificial spinning systems have been
developed to mimic the molecular structure and hierarchical
properties found in native silks. Here, we show a bioinspired
technique that can readily form nanofibers and induce both
orientation and structure formation of crystalline β-sheet
assemblies seen in natural silk. In this study, electrospun postdrawn
SF nanofibers were fabricated using an automated track-drawing
(TD) approach for the continuous production of highly aligned
protein nanofibers. This one-step postdrawing process simulates
the dominant pulling force seen in natural spinning. The
mechanical performance of the postdrawn SF nanofibers with a
draw ratio of 2 (DR2) via TD exhibited a 115% increase in Young’s modulus and an 80% increase in ultimate tensile strength,
compared with the undrawn SF fibers after water treatment. It was also determined that the intermolecular β-sheet content in DR2
nanofibers increased by 75%. This contribution led to higher glass-transition and degradation temperatures. These biomimetic fibers
with structural hierarchy and mechanical properties may be used to build high-performance load-bearing and directionally
propagating structures relevant in biomaterial and sustainable material applications.
KEYWORDS: silk, electrospinning, fibroin, postdrawing, nanofiber, β-sheet

1. INTRODUCTION

The ability to spin and pull highly aligned silk fibroin
nanofibers has great commercial, industrial, and scientific
applications. Silk is a natural biomaterial possessing an
exclusive combination of mechanical and physical properties
such as high tensile strength, thermal stability, and high strain
at breaking.1 It is also considered one of the most promising
green materials being biodegradable, biocompatible, bioinert,
and renewable. Applications could range from super-thin
sutures and scaffolds for surgery and wound dressings in
biomedical engineering to fiber-reinforced composite materials
in material and polymer engineering.2,3 Efforts have been made
to understand the flow conditions in natural silk spinning,
which occurs at low temperatures and pressures, and to design
the large-scale manufacturing of these natural fibers.4

Currently, artificial silk fibers are made by traditional wet-
spinning, which involves dissolving recombinant silk proteins
in N-methyl morpholine N-oxide (NMMO), 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP), trifluoroacetic acid (TFA),
hexafluoroacetone (HFA), or 1-ethyl-3-methylimidazolium
chloride and forcing the liquid feedstock through a die and
exposing it in a coagulation bath to induce conformation
transition and solidification.5,6 Methanol and acetone baths
have also been suggested as greener, cost-effective substitutes.

However, these safer coagulants still severely degrade the silk
fibroin (SF) and are toxic for use in cell-based applications. In
addition, the coagulation rate at which SF forms is crucial to
the behavior of the fiber during the drawing process, which will
influence the mechanical properties of the fibers.5 If the rate of
transition is very slow, the fibers are not formed at all or form
irregularly. On the other hand, if the coagulation rate is very
rapid, such as in alcohols like ethanol, isopropanol, and
methanol, the resulting fiber can become very brittle. In
contrast, silkworms can solidify silk fibroin and sericin into a
fiber at room temperature, leaving behind just water, causing
less environmental damage. It has been suggested that if this
process can be replicated in an industrial setting, it could
improve how bioinspired and natural materials are processed
and offer a more environmentally friendly alternative. In a
recent study, Holland et al. have offered new insights into how
Bombyx mori silkworm spin silk by exploring the effect of the
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internal pressure of the silkworm during fiber production.7

They concluded that the silkworm’s body would not be able to
contain the high pressure needed to squeeze itself hard enough
to spin silk through extrusion alone. The study found that
rather than being a conventional extrusion-based system where
the material is forced through a die (a pushing mechanism),
the silkworms predominantly spin their liquid silk feedstock
dominated by a pultrusion effect (a pulling mechanism).7

Understanding how natural silks are spun in nature can lead
to the unlocking of large-scale manufacturing of bioinspired
products. To overcome current manufacturing difficulties and
better mimic the mechanics of natural silk fabrication, we
developed an automated track-drawing (TD) technique. This
highly versatile spinning apparatus can produce highly aligned
silk nanofibers with uniform sizes under ambient conditions.
The automated TD design combines the discrete dry-spinning
process with the vital postdrawing (pulling) process to mimic
the pultrusion capability of the silkworm to pull fiber. In
contrast to conventional wet-spinning approaches, the
automated TD system is a first-stage, one-step drawing
process. At the manufacturing level, the reduction of

processing steps allows for easier fabrication and implementa-
tion of SF fibers in numerous applications that require tunable
thermal and mechanical properties. The purpose of this study
is to attain a better understanding of the silk postdrawing
mechanism with respect to the β-sheet orientation behavior
and to evaluate the differences between SF film, random,
undrawn, and postdrawn nanofibers. Having increases in
crystalline β-sheets within polymers is an advantageous trait for
many applications, as it results in enhanced mechanical and
thermal properties in the polymeric materials.8 Understanding
the orientation behavior of the β-sheet structure in highly
aligned SF nanofibers is essential to revealing the micro-
structural change of silk during postdrawing that can offer
remarkable material property enhancements in high-perform-
ance fibers (Figure 1D).

2. RESULTS
2.1. Preparation and Characterization. 2.1.1. Auto-

mated Track-Drawing System. An automated TD process
was developed and tested as a biomimetic approach to
fabricate highly aligned SF nanofibers (Figure 1). The

Figure 1. (A) Schematic illustration of the automated track-drawing (TD) apparatus. (B) Photograph of the automated TD system coupled with a
parallel collection rack for producing highly aligned postdrawn silk fibroin (SF) nanofibers in ambient air. The draw ratio can be adjusted by
modifying the track angle. (C) Diagram of the electrospinning postdrawing process. The automated TD system allows for the continuous
postdrawing and collection of individual SF nanofibers. Electrospun nanofibers suspended over the top, initial gap of length (L1) between the
rotating tracks were then postdrawn to a final length (L2) at the bottom of the tracks. As the uniaxially aligned nanofibers reach the bottom, a
stationary rack or transparency sheet is present to collect the fibers in tension. Varying draw ratios of nanofibers can be obtained by simply changing
the angle of the tracks. (D) Schematic illustration of the macromolecular alignment of postdrawn nanofibers during polymer−solvent evaporation
and water annealing.
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schematic illustration of track-drawing and a photograph of the
automated TD apparatus can be seen in Figure 1A−C.
Positively charged electrospun fibers are deposited perpendic-
ular to the two surfaces at the top of the track due to the
electric field produced by a parallel plate style collector.9 As the
angled tracks rotate and move collected fibers away from the
deposition area, the fibers are postdrawn and then collected.
Through track-drawing, hundreds of individual electrospun
nanofibers can be postdrawn simultaneously and collected
onto a static collection rack, sheet, or fixture for analysis
(Figure 2A,B). The TD apparatus consists of two rotating
tracks that were angled at the top for the function of drawing
nanofibers as they proceed down the widening bottom
tracks.10 Two stepper motors were employed to rotate the
two grounded, stainless steel mesh tracks (Figure 1A−C). In
this study, the draw ratio (DR = final fiber length/initial fiber
length) between the bottom and the top tracks was set as 1:1,
1:1.5, and 1:2, designated as DR1 (undrawn), DR1.5, and
DR2, respectively. At a draw ratio DR3, fiber breakage was
observed. Optimization of parameters may facilitate higher
draw ratios prior to breakage in future work. For all TD
collections, the initial track gap length was fixed at 5 cm and
the final track gap length was adjustable to 10 cm to examine

the structural changes for a broad range of draw ratio (DR1 = 5
cm, DR1.5 = 7.5 cm, and DR2 = 10 cm). The effect of
postdrawing conditions on the structure and properties of
electrospun SF nanofibers was investigated by varying the first-
stage draw ratio during the semisolid state before complete
solvent evaporation and collection. Five samples (n = 5) of
each condition were collected and mounted on plastic frames
measuring 1 cm by 1 cm for structural analysis, which included
random mesh (control), draw ratio = 1 (DR1, undrawn), draw
ratio = 1.5 (DR1.5), draw ratio = 2 (DR2) nanofibers, and film
samples. For this study, the stepper driver was set to a 1.8°
stepper with a 1/8 microstepping, which equates to 1280
steps/mm, and the stepper motor was mounted directly to an
M8 aluminum rod using a 5−8 mm aluminum collar. The track
speed (mm/s) was adjusted using a programmable stepper
motor controller to fix the linear silk fiber draw rate at 4.22
mm/s.

2.1.2. Structure and Appearance of Highly Aligned
Postdrawn Nanofibers. Morphological changes of the as-
spun and postdrawn SF nanofibers were observed by SEM.
The scanning electron micrographs of electrospun random
(control), DR1 (undrawn), DR1.5, and DR2 SF nanofibers are
shown in Figure 2D. From the SEM images, all electrospun SF

Figure 2. (A) Photograph of individual electrospun SF postdrawn nanofibers suspended across two rotating tracks being stretched and drawn down
the tracks for collection. (B) Photograph of thousands of uniaxially aligned nanofibers being continuously collected on a black sheet for contrast.
(C) Photograph of highly aligned postdrawn SF nanofiber DR2 mat collected on a collection rack with the ability to control mesh size for tissue
engineering and filtration applications. Nanofibers can be continuously postdrawn and deposited onto various collection frames or spools of
complicated shapes and structures by tilting or angling the collection geometries. (D) SEM images show electrospun SF nanofiber morphology
collected with the automated TD system for a draw ratio of 1 (undrawn), DR1.5, DR2, and random (control sample collected on a flat plate). (E)
The table shows the postdrawn fiber lengths at the initial and final and the average fiber diameter per sample with the standard deviation (n = 5
independent fiber array samples). All scale bars = 10 μm.
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nanofibers exhibited a uniform and smooth fiber structure
without beading or necking. Nanofibers collected with the
automated TD apparatus demonstrated a predominantly well-
aligned orientation, while nanofibers obtained on a static
aluminum plate had large variations of orientation in all
directions. The SF random nanofibers showed a slight
undulating (wavelike) shape, with no beading or pitting. For
the parallel spun nanofibers, SEM images showed predom-
inantly smoother and straighter fiber structures than the
random as-spun nanofibers. Postdrawing nanofibers, especially
at high draw ratios, did seem to improve the overall fiber
alignment and structure. No apparent cracks, granules, or
irregular voids on the fiber surface were found in all of the
postdrawn nanofibers. The average fiber diameters of the
electrospun SF nanofibers are shown in Figure 2E. As the fibers
are drawn from DR1 to DR2, the average diameter of the fiber
showed an overall reduction from 626 to 502 nm. The
diameter reduction resulting from fiber thinning with fiber
elongation followed the predicted conservation of volume
model closely.
With the continuous mechanized collection and in-line

stretching of electrospun nanofibers, the automated TD allows
for thousands of fibers to be postdrawn simultaneously with
high consistency. Generally, as the fibers are lengthened to
higher DR, the surface of the drawn fibers became smoother, as
the rough and bumpy surfaces disappear. The influence of
drawing and the plasticization (molecular mobility) by CaCl2
allow the entangled globular and fibrillar physical structures in
the postdrawn SF fiber to straighten, resulting in more uniform
fibers. Subsequently, to remove the calcium and chloride ions
in the regenerated SF nanofiber, which inhibits the assembly of
β-sheets, nanofibers were soaked in DI water. Established in
previous studies, the immersion of SF in water or alcohol-
based coagulants has shown to increase the β-sheet content in
the nanofiber.11−13 During this annealing (soaking) process,
protein molecules can reorient and reassemble. With improved

realignment and intermolecular interaction of the interback-
bone hydrogen-bonding networks, major improvements can be
seen in the material rigidity and mechanical properties.

2.2. Mechanical Properties. The mechanical properties of
as-spun and postdrawn SF nanofibers with increasing draw
ratios were tested. Figure 3B plots the typical strain−stress
curves of the drawn and undrawn SF nanofibers. Figure 3C,D
shows the tensile strength, Young’s modulus, yield stress, and
breaking elongation derived from stress−extension curves. The
results indicate that tensile moduli and strengths are increased
as fibers are drawn at greater lengths using the TD system. A
tensile strength value of 0.64 GPa obtained for the DR2 sample
was markedly higher than those obtained by DR1.5 and DR1
(undrawn). Between the undrawn samples, as-spun random SF
nanofibers showed the lowest tensile strength with 0.12 GPa.
On comparing DR1 to DR2, there was a 115% increase in
Young’s modulus from 1.05 to 2.27 GPa and an 80% increase
in the ultimate tensile strength from 0.36 to 0.65 GPa. In a
similar manner, an overall 85% increase in yield stress was also
observed from DR1 (0.30 GPa) to DR2 (0.56 GPa) samples. It
should be noted that there is a trade-off between tensile
strength and elongation at break with an overall reduction in
elongation at failure from random to DR2 at values of 40 and
28%, respectively. The mechanical properties of drawn fibers
are greater than those of undrawn fibers, which can be
attributed to the degree of molecular orientation and parallel
arrangement of aggregated secondary structures, which leads to
less slippage of chains under loading. As the fiber is drawn
down and lengthened, the physical arrangements of the
amorphous and crystalline regions become more ordered,
and the physical interactions among polymer chains and
secondary structures become untangled and more closely
arranged.

2.3. FTIR Analysis. Infrared spectroscopy was used to
characterize the conformational transitions in the secondary
structures of SF after postdrawing. FTIR absorbance spectra

Figure 3. Mechanical properties of electrospun and postdrawn SF nanofibers. (A) Photograph of DR1, DR1.5, and DR2 electrospun SF nanofiber
mats. (B) Stress−strain curves for random mesh (control), DR1 (undrawn), DR1.5, and DR2 SF nanofibers. (C−F) Ultimate tensile stress,
elongation at break, modulus of elasticity, and yield stress were calculated from the stress−strain curves (n = 5). The connected lines denote
statistically significant differences obtained from the Mann−Whitney analysis of all group-to-group comparison, P < 0.05.
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were analyzed as a function of draw ratio in the frequency
range 1800−1400 cm−1 for electrospun DR1, DR1.5, and DR2
nanofiber samples shown in Figure 4 using previously
described methods.14−16 In addition, the infrared spectra of
SF film and random mesh samples are also shown. According
to numerous studies, the FTIR spectrum of SF has strong
absorption bands between 1700 and 1500 cm−1 that refer to
the absorption of the peptide backbones in the region 1700−
1600 cm−1 for amide I and 1600−1500 cm−1 for amide II.17−19

Generally, the amide I peak positions at 1610−1623 cm−1 (β-
sheet conformation) and 1640−1654 cm−1 (random coil
conformation) corresponds to the CO stretching vibrations
of the protein backbones. In contrast, the amide II absorption
bands at 1510−1520 cm−1 (β-sheet conformation) and 1535−
1545 cm−1 (random coil conformation) are attributed to the
side-chain groups and out-of-phase vibrations from the C−N
stretching and the N−H in-plane bending.20,21 These two
major regions are typically used for the structural and
quantitative analyses of silk I and silk II secondary structures.
After post-treatment with water annealing, electrospun SF

DR1.5 and DR2 nanofibers and film samples showed high
absorption intensities in the amide I and amide II regions,
indicating the presence of secondary protein structures (Figure
4A), while electrospun SF DR1 and random mesh nanofibers
showed more broadening peaks. For the water-treated SF film
in the amide I region, the peak position has shifted to 1620
cm−1 (from 1640 cm−1), while for SF nanofibers, the peak was
centered around 1626 cm−1 indicating the presence of an
intermolecular β-sheet crystal structure. Whereas the water-
treated SF film in the amide II region was shifted to 1513 cm−1

(from 1520 cm−1), the SF nanofibers were centered around

1523 cm−1. To find the percentage secondary structure in
regenerated SF samples, a quantitative analysis of the amide I
band was calculated using the FSD fitting method. To clarify,
an example of the FSD curve-fitting method on the amide I
region of DR2 (drawn) nanofiber is shown in Figure 4B. FSD
curve-fitting examples for SF random (control), DR1
(undrawn), DR1.5 (drawn), and film (casted) samples are
shown in Figure S2. In Figure 4C, the table shows the
percentages of secondary structures in SF film and nanofiber
samples calculated from the second derivative and the area of
each fitted peak in the amide I spectra. A significant increase in
intermolecular β-sheets from 17.4% DR1 (undrawn) to 30.5%
postdrawn DR2 was observed, as well as a slight increase in
intramolecular β-sheets from 17.2 to 22.0%, respectively.
Meanwhile, the random coil content of undrawn DR1 SF
nanofibers showed a decrease from 32.0 to 18.0% postdrawn
DR2 during the postdrawing and FA regeneration (annealing)
process. Postdrawn DR1.5 SF nanofibers also followed a
similar pattern, with improvements in intermolecular and
intramolecular β-sheet contents. No significant differences
between the random mesh (control) and DR1 (undrawn) SF
nanofibers were observed in the intermolecular β-sheet
content, except for a minor variation in the intramolecular β-
sheet content.
The characteristic FTIR absorbance spectra of the amide I

and amide II bands allow us to follow the crystalline phase
conformational transitions and determine the secondary
structure content induced mechanically and by dehydration
process in the SF nanofiber and film samples. Using the FTIR
deconvolution method, SF DR2 nanofibers showed relatively
higher crystallinity and crystalline orientation, while random

Figure 4. (A) FTIR absorbance spectra of electrospun DR1- (undrawn), DR1.5-, DR2-, random-, and film-regenerated SF samples. (B) Fourier
self-deconvolution (FSD) amide I spectra with curve fitting for postdrawn DR2 SF nanofibers. The dashed lines represent the fitted peaks, the red
dashed curve represents the summed peaks, and the black solid curve represents the original spectra. (C) The table shows the percentages of
secondary structures in various regenerated SF nanofibers and film samples calculated by an FTIR deconvolution method.
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mesh nanofibers were more amorphous. A detailed structure
assessment can be found in Figure 4C, listing the contents of
secondary structures. From the table, the β-sheet content of
postdrawn DR2 was 52% higher compared to that of DR1
(undrawn) SF nanofibers. In comparison, the total β-sheet
content of random mesh (control) and DR1 (undrawn) SF
nanofibers does not have noticeable changes. Also, the
intermolecular β-sheet content of postdrawn DR1.5 was
equally as high as that of DR2 compared to undrawn
nanofibers. As the automated tracks draw down electrospun
nanofibers, shearing and elongational forces cause strands of
protein to come in close proximity, leading to the orientation
of crystalline and molecular structures along the stretched
direction. This molecular movement of the amorphous regions
allows for the formation and generation of silk II structure (β-
sheet secondary structure) and reorganization of intermolec-
ular hydrogen bonds in the fibril bundles of drawn silk fibers
after water treatment. Therefore, the automated TD approach
can promote the formation of oriented β-sheets. Thus, these
microstructure changes result in the construction of more rigid
nanofibers, which also correspond to the mechanical analysis.
2.4. Structural and Orientation Changes Induced by

Postdrawn Treatments of Fibers. To evaluate the changes
in polymer backbone orientation with postdrawing, polarized
Fourier transform infrared spectroscopy (FTIR) was used to
examine the amide groups of the SF nanofibers. Polarized
FTIR provided an effective way to study the orientation
behavior of β-sheet crystallites. The schematic diagram for the
acquisition of 0 and 90° spectra is shown in Figure S1. For
degummed silk, it is mainly composed of fibroin, which mostly
consists of antiparallel β-sheet crystallites and random coil
(amorphous) regions.22 The β-sheet crystallites of fiber are
recognized as an orthorhombic or monoclinic unit cell (γ =

86°), with a = 0.944 nm for the interchain direction (hydrogen
bonding), b = 0.895 nm for the intersheet direction, and c =
0.700 nm for the fiber axis direction.23,24 β-Sheet crystallites
are highly organized and predominantly orientated parallel to
the natural silk fiber axis.25 The β-sheet crystallites are
generally formed by the alanine-rich and glycine-rich
polypeptide chains, while hydrogen bonds assemble the chains
in an antiparallel arrangement.26,27 There are amide groups in
the backbone of β-sheets that contribute to amide bands in
infrared spectroscopy. The amide I band is dominated by the
CO stretching vibration, and its transition moment is nearly
perpendicular along the β-sheet backbone,23 while the amide II
band is predominated by the N−H in-plane bending and C−N
stretching vibrations (C−N−H vibrations for short) and both
approximately parallel to the β-sheets (Figure S1). By
differentiating between amide I and amide II bands, the
orientation behavior of the β-sheets can be obtained by
investigating the orientation degree of CO and C−N−H
transition moments.23 The molecular order parameter of β-
sheet precursors in amide II (approximately at 1515 cm−1)28

and the molecular orientation component of β-sheet crystalline
in amide I at 1616 cm−1 could be markers to reveal the
molecular evolution associated with the postdrawing of SF.
From the polarized FTIR spectra (Figure 5A−E), the most

intense bands with dichroic properties are the amide I and II
vibrations with absorption bands between 1700 and 1500
cm−1. Changes in the dichroic ratio for the carbonyl (CO)
stretching vibration of the β-sheets at wavelength 1620 cm−1

were observed with an increasing draw ratio. The carbonyl
absorption intensities for SF nanofibers collected on the TD
apparatus were greater when the FTIR beam was polarized
perpendicular to the fiber axis, suggesting that the carbonyl is
more aligned normally with the direction of the silk fiber axis at

Figure 5. (A−C) Polarized FTIR spectra of electrospun DR1- (undrawn), DR1.5-, and DR2-regenerated SF nanofibers obtained with the electric
field at different angles with respect to the fibers, 0 (electric field is parallel to the fiber), 15, 30, 45, 60, 75, and 90° (electric field is perpendicular to
the fiber). (D, E) A joint amide I and II curve-fitting example for the polarized FTIR spectra of postdrawn DR2 SF nanofibers from 1725 to 1425
cm−1 recorded at 0 and 90°. The black solid curve represents the original spectra, the colored solid lines represent the fitted peaks, and the red
dashed curve represents the summed peaks. (F) Plot of polarized FTIR-derived molecular order parameters ⟨P2⟩ of 1698.5 ± 1, 1643 ± 4, 1618 ±
2, 1536 ± 1, 1512 ± 3, 1437 ± 1, and 1406 ± 1 cm−1 components for DR1, DR1.5, and DR2 SF nanofibers.
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90°. While the peak at 1510 cm−1 related to the vibrations of
N−H bending and C−N stretching of the β-sheets showed
greater absorption intensities at 0°, indicating that the C−N−
H is more aligned parallel to the silk fiber axis with maximum
absorbance at the parallel absorption. Since the transition
moment of CO is rigid and perfectly aligned perpendicular
to the polymer chain backbone at a right angle (90°), a
correction is not needed to determine the dichroic ratio for a
polymer backbone with optimal orientation in the direction of
the fiber axis. An example of the decomposition of both amide
bands was employed to obtain quantitative information on the
orientation structure of silk nanofiber.23,29,30 The spectra
deconvolution results of postdrawn DR2 SF nanofibers at 0
and 90° are shown in Figure 5A−E. For joint amide I and II,
curve-fitting examples of undrawn DR1 and postdrawn DR1.5
SF nanofibers from 1725 to 1425 cm−1 recorded at 0 and 90°
can be found in Figure S3. More details about the position,
assignment, and the value of the molecular order parameter
⟨P2⟩ of the individual band are given in Table 1.
The component within 1620−1616 cm−1 was assigned to β-

sheets, and 1513−1511 cm−1 was considered to be the
combination of water-inaccessible and water-accessible β-
sheets (interphase β-sheets).23,31 The peaks at 1647−1639
and 1536 cm−1 belong to the random coils, and the peaks at
1437 and 1406 cm−1 belong to the side chain in previous
studies.32 Additionally, the 1699−1698 cm−1 component was
assigned to weak β-sheets and β-strands. From Table 1, the
crystalline β-sheets of drawn DR2 nanofibers have shown to be
slightly more orientated along the fiber axis, with ⟨P2⟩ value of
−0.25 for 1620−1616 cm−1 component and the amorphous
region (random coil) with ⟨P2⟩ close to zero showed no
orientation. The molecular order parameter of the 1513−1511
cm−1 band is also slightly higher, with a value of 0.24 compared

to the undrawn of 0.16. After drawing, the ⟨P2⟩ for amide I
(1513−1511 cm−1) exhibited a more positive value indicating
an increase in parallel alignment along the fiber axis, while the
⟨P2⟩ for amide II (1620−1616 cm−1) showed a more negative
value indicating that the polymer side chains were oriented
toward the perpendicular direction of the fiber axis, suggesting
an overall improvement in the alignment of crystalline β-
sheets. The ⟨P2⟩ value calculated from 1699 to 1698 cm−1

presented a higher value from 0.05 (DR1) to 0.15 (DR2),
which indicated a higher degree of orientation parallel to the
fiber axis. To help visualize the details, the assignment and the
value of molecular order parameter ⟨P2⟩ of each band are
plotted against the draw ratio in Figure 5F. Given the results of
the crystalline β-sheet content and changes in dichroic ratio,
this indicates that the orientation of the molecular protein
chains of DR2 is promoting the formation of ordered β-sheet
structures along the fiber axis. While the effect is limited, the
orientation of molecular chains evidently showed increases for
drawn nanofibers.

2.5. Thermal Analysis. In addition to enhanced
mechanical properties, the postdrawing process has led to
remarkable changes in the formation of hierarchical structures
in the SF nanofibers, which directly affects the thermal
behavior of the fiber. Standard DSC and temperature-
modulated DSC (TMDSC) measurements were performed
to evaluate the phase behavior and influence of TD on the
thermal properties of the postdrawn SF nanofibers. The
melting endotherms obtained for the various SF nanofibers at
different draw ratios and film samples are shown in Figure 6.
During the initial heating scans, DSC thermograms of SF film,
random, DR1 (undrawn), and DR1.5 (drawn) nanofibers
displayed a noticeable single endothermic peak associated with
the typical low-boiling bound solvent evaporation peak (Td1)

Table 1. Assignment, Percentage, Preferential Orientation, and Conformational Transition in the Secondary Structure of SF
Obtained from Joint Amide I and II Curve Fitting of the Polarized ATR Spectraa

wavenumber (cm−1) conformation structure FWHM (cm−1) relative area (%) preferential orientation ⟨P2⟩

DR1 0 90° 0° 90° 0° 90°
1699 1698 β-sheets 60 47 13.19 11.52 ∥ 0.05
1639 1647 random coil 44 42 24.14 21.82 0.03
1616 1620 β-sheets 25 29 12.25 24.69 ⊥ −0.20
1536 1536 random coilμ 40 45 12.60 16.03 −0.08
1513 1511 β-sheetsω 43 41 29.90 19.17 ∥ 0.16
1437 1437 side chain 33 30 4.38 4.06 ⊥ 0.03
1406 1406 side chain 47 42 3.53 2.71 ∥ 0.09

DR1.5 0° 90° 0° 90° 0° 90°
1699 1698 β-sheets 61 43 14.56 9.63 ∥ 0.10
1639 1647 random coil 42 43 22.92 22.67 0.00
1616 1620 β-sheets 25 29 12.52 26.96 ⊥ −0.22
1536 1536 random coilμ 40 46 13.11 16.74 −0.08
1513 1511 β-sheetsω 43 41 29.08 17.31 ∥ 0.18
1437 1437 side chain 33 29 4.30 4.02 ⊥ 0.02
1406 1406 side chain 48 43 3.52 2.66 ∥ 0.10

DR2 0° 90° 0° 90° 0° 90°
1699 1698 β-sheets 61 41 13.96 9.02 ∥ 0.15
1639 1647 random coil 43 41 23.39 22.57 0.01
1616 1620 β-sheets 25 29 12.50 28.82 ⊥ −0.25
1536 1536 random coilω 40 46 13.02 16.39 −0.09
1513 1511 β-sheetsω 43 39 29.14 14.84 ∥ 0.24
1437 1437 side chain 34 29 4.38 3.93 ⊥ 0.04
1406 1406 side chain 48 43 3.61 2.43 ∥ 0.14

aAbbreviations: μ, amide II unordered (amorphous); ω, β-sheet related, water-inaccessible (C−C) stretching and (CH) bending, tyrosine.
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in the 60−100 °C (333−373 K) temperature range. For
temperatures after the Td1 region, the baseline in all DSC scans
remains relatively flat until reaching the glass-transition
temperature (Tg) region and, lastly, the degradation temper-
ature (Td2) region as depicted in Figure 6A. To investigate the
reversible thermal properties of the SF materials near the Tg
regions, the heat capacity increases (ΔCp) were determined
from their respected TMDSC curves in Figure 6B. From the
TMDSC curves, all SF samples showed clear ΔCp relative to
their Tg regions. The results (Tg and ΔCp) obtained from the
DSC thermograms are listed in Figure 6E. Subtle changes were
found in the glass-transition temperature of drawn and

undrawn SF samples, with increases in draw ratio showing a
Tg trend of random < DR1 < film < DR1.5 < DR2. It should be
noted that the Tg value of the SF film was slightly higher than
those of SF random and DR1 (undrawn) samples. Con-
sequently, the heat capacity increments ΔCp at Tg of drawn SF
nanofibers are also higher than those of undrawn nanofibers
and film samples, with a ΔCp trend of DR1 < random < film <
DR1.5 < DR2. The ΔCp is inferred as the average chain
mobility of the SF protein secondary structures that gives an
indirect measurement reflecting the number of freely rotating
bonds on the chain conformation.22 From the DSC results, the
effect of draw ratio on the thermal behavior suggests that the

Figure 6. (A) Standard DSC scans of electrospun DR1- (undrawn), DR1.5-, DR2-, random-, and film-regenerated SF samples, with temperatures
corresponding to bound solvent evaporations (Td1), glass transitions (Tg), and sample degradations (Td2). (B) TMDSC measurement for the
reversing heat capacities of the SF fibers and film samples. (C) Thermogravimetric analysis curve representing the percent mass remaining of
electrospun DR1- (undrawn), DR1.5-, DR2-, random-, and film-regenerated SF samples. (D) The first derivative of the TGA curve (DTG)
representing the degradation rates of the SF fibers and film samples with temperature degradations (Td) and temperature water evaporations (Tw).
(E) The table shows the Tg, ΔCp at Tg, Td1, and Td2 by DSC and TMDSC analyses and the onset temperature, Tdm, percentage of bound solvent,
and mass remaining by TGA and DTG for random, DR1, DR1.5, DR2, and film SF samples.
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postdrawing SF nanofibers could alter the protein chain
arrangement into a more ordered structure, such as an
intramolecular β-sheet structure. The table also summarizes
the Td2 values of all SF nanofibers and film samples, with an
order of random < DR1 < film < DR1.5 < DR2. The Td2 values
of SF DR1.5 and DR2 nanofibers (273.15 and 273.65 °C,
respectively) were found to be significantly higher than those
of SF random and DR1 nanofibers, indicating that drawn
nanofibers were more thermally stable than undrawn nano-
fibers, which is consistent with previous wet-spinning studies.33

Thermogravimetric analysis measurements were also con-
ducted on the various SF nanofibers and film samples to
evaluate how thermal stability can be affected by structural
intermolecular interactions. The mass percentage changes and
the first derivative thermogravimetry (DTG) curves are shown
in Figure 6C,D. The thermal transition temperatures under
increasing draw ratios are summarized in Figure 6E. The TGA
and DTG curves can be divided into three subsequent regions
characterized by their respective mass loss rates. From Figure
6C, there was no significant weight loss when the temperature
was increased from 50 to 150 °C that is attributed to the
solvent/water evaporation of bound molecules for all samples,
as similar results were observed in the above DSC study (Td1).
After that, no significant mass losses between 150 and 280 °C

were detected. At 280 °C, a fast decrease in mass was recorded
for all samples until 400 °C, which is associated with thermal
fibroin degradation. The bound solvent/water content (Tw),
onset temperature of decomposition (Td), middle degradation
temperatures (Tdm), and remaining mass at 400 °C are shown
in Figure 6D. A weight loss of about 9.8 ± 0.2% was detected
around 50−150 °C for all samples associated with the
evaporation of bound solvent/water. At 300 °C, the maximum
weight loss for all samples was observed, with a difference of 15
°C between them. From Figure 6E, SF random samples had an
earlier mass loss during the maximum degradation stages,
compared to the aligned SF nanofibers (DR1) and film sample,
with a Tdm trend of random < DR1 < film < DR1.5 < DR2. As
the temperature is increased further to 400 °C, the mass
residue started to level off, giving the remaining mass (%). At
400 °C, the SF random mesh samples had a remaining mass of
about 24.58%, which was lower than the 26.71% mass residue
content of the postdrawn SF nanofibers (DR2). Therefore, it
was found that the SF-drawn nanofibers had higher thermal
degradation temperatures and more remaining mass contents
than undrawn samples. This implies that the SF intermolecular
and intramolecular β-sheet contents can be induced and
oriented through the postdrawing process, leading to higher
thermal stability.

Figure 7. Proposed structure models of postdrawn SF nanofibers. (A) As the electrospun SF fibers are anchored on both ends and postdrawn, the
reduction in diameter causes the amorphous and crystalline regions to arrange in parallel, such that large amounts of intramolecular β-sheets and
small amounts of intermolecular β-sheets (crystals) are packed closely with connecting random coils that extended, leading to a higher degree of
molecular orientation. (B) By removing CaCl2 in water, the closely organized intramolecular β-sheets are induced into large amounts of
intermolecular β-sheets (crystals) that form stable molecular interactions, causing a decrease in the mobility that results in a higher strength fiber.
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3. DISCUSSION

3.1. Fabrication Process. Recent efforts in tissue
engineering, drug delivery, and short-term sensors and medical
devices have drawn considerable attention toward new protein-
based materials by taking advantage of silk’s biocompatibility
and biodegradability. Various bioinspired spinning approaches
have been proposed, with priority on replicating the natural
spinning system. The artificial spinning processes can be
grouped into three categories: wet-spinning, drying spinning,
and electrospinning. The most common technique to generate
fibers is wet-spinning that initiate solidification via precip-
itation in a coagulation bath.34 However, this preparation
process is rather time- and energy-intensive and requires
additional post-treatment processes that require large quanti-
ties of solvents that are expensive and highly toxic. In wet-
spinning SF, a rapid conformation transition occurs as the
concentrated fibroin solution enters the coagulating bath.
While these fibers can be easily spun, the instantaneous
assembly of the silk proteins can result in the formation of
premature β-sheets and microvoids in the fibers when solvent
molecules and salts are rapidly removed, resulting in lowered
strength and toughness.35 In addition, solutions pumped out
by ejection from a glass capillary, hypodermic syringe, or
microfluidic device will experience increased die swell, as
increased extrusion pressure is needed to force the viscous
fibroin solution through the spinneret, which can lead to
defects and result in larger diameter fibers.36 In contrast, dry
spinning, a variation of the wet-spinning, is the process by
which solidification of fibers occurs during the evaporation of
the volatile solvent to a gaseous environment. The process is
relatively low cost and simple to operate, resembling the
natural spinning process in air. For example, high-performance
regenerated silk fibers have been produced from highly
concentrated nematic silk microfibril solutions and regenerated
SF solutions, with direct extrusion into an open environment
atmosphere.37 With continuous extrusion, highly oriented
uniform fibers can be collected. However, dry spinning is
usually limited in the microscale and slow since the roller-
reeling and winding apparatus used for the collections have
reeling speeds of only 4−14 mm/s.37 To produce artificial silk
fibers in the nanoscale, electrospinning is a commonly used
technique.38 Protein-based nanofibers have good biocompat-
ibility and minimal inflammatory responses. However, electro-
spun nanofibers possess weak mechanical properties, limiting
applications for higher-performance structural materials. By
implementing the automated TD technology in conjunction
with electrospinning, SF nanofiber can be postdrawn
simultaneously to enhance its mechanical properties. In
addition, all processes can be implemented under physiological
and ambient environmental conditions.
3.2. Postdrawing Mechanism. To explain the mechanical

and thermal improvements of postdrawn SF nanofibers, a
possible model was proposed in Figure 7 based on the
experimental results. For this study, a calcium chloride and
formic acid (CaCl2−FA) solvent system has been used to
produce regenerated SF solutions for electrospinning. Based
on previous studies and investigations, it has been reported
that the Ca2+ ions in the FA solution can directly disrupt and
prevent the intermolecular hydrogen bonding in the
intermolecular β-sheet crystals found in SF materials. The
CaCl2 molecules act as a plasticizer, which prevents hydrogen
bonding and stacking of multilayer intermolecular β-sheet

crystals, resulting in single-layer intramolecular β-sheets and
increases in random coils.17 As shown in Figure 7A, SF
nanofibers regenerated from degummed silk fibers are
intramolecular β-sheets dominated, with lesser amounts of
intermolecular β-sheets. As the SF fibers are postdrawn (Figure
7B), the diameter decreases as large amounts of intramolecular
β-sheets and small amounts of intermolecular β-sheets
(crystals) linked by random coils come into close proximity
and are aligned (bridged) as the fiber is extended. Since the
presence of Ca2+ ions strongly disrupts the cross-linking and
formation of intermolecular β-sheet crystals, the SF samples
were water-treated to remove CaCl2 and formic acid residues
(after the drying process). Studies have shown that upon
annealing in methanol/water solution, the structures of the
organized intramolecular β-sheets are induced and transferred
into large amounts of intermolecular β-sheets (crystals) to
form stable molecular interactions resulting in a stronger
fiber.12,17,39

3.3. Applications. The automated TD system has been
made to imitate the natural pultrusion spinning of silkworms
and translate the mechanism for guiding molecular assembly
into high-performance materials. This new method has fewer
processing steps, lower cost, and sustainable manufacturing of
ultrathin SF fibers with controllable thickness, morphology,
and molecular alignment. This offers new avenues of
opportunity in the biomedical field, where tunable structural
materials are needed for potential applications in tissue
engineering and drug delivery.40,41 These highly aligned silk
nanofibers can be loaded with a variety of functional molecules,
such as antibiotics, drugs, and enzymes, and be incorporated
into a wide variety of fiber composite forms, such as films,
sponges, tubes, and hydrogels, for unique applications such as
high-performance and highly functional scaffolds, skin grafts,
and composite devices. With this artificial spinning approach,
polymorphic hierarchical SF-reinforced scaffolds can be built
into complex 3D architectures via a layer-by-layer (LBL)
approach.42,43 In fiber-reinforced hydrogels, the embedded
nanofibers can help retain and maintain the porous 3D
hydrogel structure crucial for stem cell growth and differ-
entiation.44 In addition, SF nanofiber grafts and mats have
shown to be a suitable temporary space for the retention and
survival of adipose-derived MSCs.45 Efforts in peripheral nerve
regeneration have been made toward the development of nerve
guide conduits (NGCs) for the attachment, growth, and
contact guidance of nerve cells.46,47

4. CONCLUSIONS
In this work, it is demonstrated that the addition of a
postdrawing stage with an automated track collector to the
electrospinning process is a versatile and robust nano-
manufacturing technique for the production of electrospun
postdrawn protein nanofibers. Consequently, the postdrawing
step resulted in the altered chemical bond composition and
macromolecular alignment of fibrous protein chains and
crystalline β-sheets, which improved the molecular orientation
and mechanical properties of electrospun SF nanofibers.
Analysis of polarized FTIR indicates that the CO and C−
N−H transition moments of drawn automated track SF fibers
are more organized in the draw direction aligned to the fiber
axis. With increasing draw ratio, the β-sheet crystallites were
pulled and extended in the draw direction, illustrated by a
systematic increase in molecular order parameter ⟨P2⟩,
increases in glass-transition decomposition temperatures,
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increases in modulus, and reduction of max elongation.
Young’s modulus of SF nanofibers increased by 115%, and
the ultimate tensile strength increased by 80% as a result of
increased orientation via postdrawing up to a DR2. It is shown
that the postdraw processing of electrospun regenerated fibers
can lead to the production of enhanced tensile behavior of SF
nanofibers in terms of increasing draw ratios, similar to wet-
spinning, ascribed by the improved macromolecular and crystal
alignment. In contrast to wet-stretching, postdrawing with an
automated track collector has the ability to postdraw individual
SF fibers in the nanoscale continuously, addressing disadvan-
tages seen in electrospinning across a static parallel plate and
conventional wet-spinning of silk microfiber production. We
expect that the automated track design is compatible with
other SF silkworm species, such as Thai, Eri, Muga, and
Tussah, as well as other spider silks and fibrous proteins, which
can be used in a wide variety of biomedical applications from
regenerative wound dressing to flexible bioelectronic devi-
ces.12,40 Furthermore, silks possess other useful material
properties, such as high thermal conductivity for heat
dissipation in smart textiles, optical transparency for
applications in bio-optics, and enhanced mechanical strength
for the 3D printing of monolithic structures in nanofiber-
reinforced polymer composites. By offering an evolution-based
manufacturing strategy for industrial protein manufacturing,
silk can be artificially transformed into next-generation
materials.

5. EXPERIMENTAL SECTION
5.1. Fabrication of Regenerated SF Nanofiber and Electro-

spinning Parameters. Raw B. mori silkworm cocoons were
purchased from Treenway Silks (Lakewood, CO). In this work, the
raw silk cocoons were first cut into pieces and degummed (boiled)
two times in 0.02 M sodium bicarbonate (NaHCO3) (Sigma-Aldrich)
solution at 100 °C for 20 min and washed (rinsed) with Milli-Q water
to remove (dissolved) the sericin coating from the surface of the silk
fibers. The degummed SF fibers were then collected and air-dried for
48 h. After drying, the SF fibers were solubilized in a binary solvent
system of formic acid (FA) (98%, Millipore Sigma-Aldrich) and 4%
(w/w) calcium chloride (CaCl2) (Sigma-Aldrich) with vigorous
mixing (on a Vortex shaker) for 20 min, which yielded a final SF
concentration of 15% (w/v). Before electrospinning, the regenerated
SF solutions were centrifuged at 1000 rpm for 15 min to remove
excess air bubbles from the previous shaking and loaded into a 5 mL
syringe. For the spinning parameters, the solutions were then spun
from a 21-gauge needle at an applied voltage of 13 kV, a needle-to-
target distance of 12 cm (from the tip of the syringe to the top of the
tracks), and a 0.05 mL/h feed speed. All as-spun and postdrawn SF
nanofibers were electrospun in a custom, closed acrylic chamber
housed in a fume hood. The environment inside the chamber had a
temperature and relative humidity of 25 °C and 50%, respectively.
Following previously established methods,17,48,49 the SF samples were
vacuum-dried at room temperature for 48 h to evaporate the residual
solvent (formic acid) before water annealing treatment. To remove
the CaCl2 and any additional residual FA,50 the SF samples were
washed twice for 3 h and soaked in Milli-Q water for 24 h and dried
again before analysis. Films were fabricated from the same solutions as
electrospun nanofibers.
5.2. Morphological and Mechanical Characterization. The

morphology of the SF nanofibers was observed using a Phenom Pure
SEM instrument (Nanoscience Instruments, AZ). Images were
analyzed using ImageJ software to determine fiber diameters. The
surface morphology of post-treated regenerated SF nanofibers was
observed using a Phenom Pure scanning electron microscopy (SEM:
Nanoscience Instruments) at a 5 kV accelerating voltage. To improve
the resolution of the images, all SF nanofibers were made electrically
conductive by sputter coating a thin layer (covering) of gold using a

Cressington 108 Auto Sputter Coater (Watford, England). Silk
nanofiber samples were mounted on plastic film frames with a length
of 10 mm in the fiber axis direction. The average number of fibers/
sample perpendicular to the fiber axis and the average fiber diameter
were measured from SEM images using ImageJ to calculate the
estimated cross section of each individual sample. Thus, each sample
used an independent cross section for stress calculations. The
mechanical properties of the silk nanofibers and films were measured
using a Shimadzu EZ-SX universal tensile tester (Kyoto, Japan) with a
2 N load cell at room temperature. The sides of the frame were cut
after sample clamping and prior to tensile testing so that the silk fiber
array resisted load independently. The gauge length and extension
(cross-head) speed were fixed and set at 10 mm and 3 mm/min,
respectively, for all measurements. Five independent measurements
from each SF type were tested until sample failure, and the reported
values were averaged. From the resultant stress−strain curves, the
maximum load, Young’s modulus, percentage extension at break, and
yield stress were determined. Young’s modulus was measured from
the initial linear portion of the stress−strain curve.

5.3. Fourier Transform Infrared (FTIR) Spectroscopy. A
Scientific IS50 Nicolet FTIR spectrometer (MA) was equipped with a
standard KBr beamsplitter and an infrared ZeSe wire grid polarizer.
The polarized FTIR was operated in transmission mode with 128
scans at a resolution of 4 cm−1 in the wavenumber range between
4000 and 400 cm−1. For the polarization experiments, various
collected mats of aligned SF nanofibers were irradiated with a
polarized infrared beam parallel (0°) and perpendicular (90°) to the
fiber axis.51 The IR transmission spectra of the two polarization
conditions were recorded, where parallel absorption (A∥) was
obtained by the electric vector direction of the polarized parallel
(0°) IR beam and perpendicular absorption (A⊥) was obtained by the
electric vector direction of the polarized parallel (90°) IR beam.
When the polarized electric field contacts the material, the peak
intensity reaches its maximum when the chemical bonds reside or are
oriented in the same direction.51 Omnic spectra software (Thermo
Fisher Scientific) was used to record the spectra and analyze the peak
intensity of absorbance, after baseline correction and normalization, to
determine the degree of macromolecular (polymer chain) orientation
with the effect of postdrawing treatment at changing draw ratios. To
find the degree of molecular orientation, dichroic ratios (R) of each
band were calculated according to the following equation23,52

R A A/= ⊥ (1)

where A∥ and A⊥ are the integrated absorbance of parallel (0°) and
perpendicular (90°) peak intensities, respectively. As such, the values
of R > 1 represent chemical bond absorbance oriented parallel to the
fiber axis (or draw direction), and the values R < 1 represent chemical
bond absorbance oriented perpendicular to the fiber axis, while the
value of R = 1 reflects an isotropic material. The molecular order
parameter ⟨P2⟩, or the orientation factor, was then calculated using R
to determine the orientation correlation of the polymer chain
backbone to the fiber axis (eq 2)23,31

P R R( 1)/( 2)2⟨ ⟩ = − + (2)

For an isotropic material with no orientation, ⟨P2⟩ = 0. While values
close to ⟨P2⟩ = 1 represent β-sheets that align perfectly parallel with
polymer chain backbones with the fiber axis, such that the angle
between the fiber axis and the C−N−H transition moment is near
zero (σ = 0°). For values close to ⟨P2⟩ = −0.5, β-sheets with polymer
side chains reside perfectly perpendicular to the fiber axis, such that
the angle between the fiber axis and the CO transition moment is
near σ = 90°.

5.4. Differential Scanning Calorimetry (DSC). Differential
scanning calorimetry (DSC) measurements were performed on a TA
Instruments DSC Q100 (TA Instruments, DE) with a refrigerated
cooling system to examine the thermal behavior of SF nanofiber and
film samples. Samples of 6 mg were cut (from fibers and films),
encapsulated in an aluminum pan, and heated from −25 to 400 °C at
a heating rate of 2 °C/min for standard mode DSC measurements
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under a nitrogen atmosphere with a flow rate of 50 mL/min, while
temperature-modulated differential scanning calorimetry (TMDSC)
tests were heated at an underlying heating rate of 2 °C/min with a
modulation amplitude of 0.318 °C and a period of 60 s. The
equipment was calibrated with an empty cell to form a baseline, an
indium standard to characterize the temperature, and a sapphire
reference standard to characterize the heat flow and heat capacity of
the system.
5.5. Thermal Gravimetric Analysis (TGA). Thermogravimetric

analysis (TGA) was carried out on a TA Instruments TGA Q600
(DE) to analyze the thermal stability of the SF nanofibers and film
samples. The SF samples were cut, and weights of 12 mg were placed
into ceramic pans before loading. The analysis was conducted under a
continuous nitrogen purge of 50 mL/min from 25 to 600 °C with a
heating rate of 5 °C/min. Universal Analysis software was used for
data acquisition and processing.
5.6. Statistical Analysis. All reported standard deviations have

been averaged over five (n = 5) independent measurements. The data
are expressed as means ± standard errors of the mean, and statistical
analysis was performed using statistical software OriginPro 8
(Originlab Corporation). Pairwise comparisons between groups and
within groups were conducted using Mann−Whitney tests. A value of
P < 0.05 was considered statistically significant.
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