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Abstract

A method was developed for generating crimped features in uniaxially aligned electrospun
nanofibers to mimic the anatomic structure of collagen fibrils in tendon tissues. We demonstrated
that nanofibers comprised of poly(lactic acid) (PLA) and its copolymers or blends would shrink to
generate crimped features along the fiber axis when the sample was treated with ethanol. The
degree of crimping could be readily controlled by pre-setting the extent of shrinkage allowed for
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the fibers. As indicated by results from both Raman spectroscopy and differential scanning
calorimetry, the crimping was a result of the energy released from the residual stress contained in
the electrospun nanofibers. Tensile testing indicates that the crimped nanofibers had a non-linear
stiffening behavior with increasing strain, resembling the mechanical behavior of native tendon. In
addition, the crimped nanofibers were able to provide better protection to the attached tendon
fibroblasts under uniaxial strains when compared to their straight counterparts. Taken together, the
crimped nanofibers present a promising new platform for tendon tissue engineering.
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Tendon is a highly anisotropic tissue in which collagen fibrils are assembled into parallel
bundles and aligned along the long axis of muscle loading.[*] This anatomic structure serves
to transmit energy effectively.[?] The collagen fibrils also contain a characteristic crimp
structure to facilitate non-linear stiffening of the tissue under increasing tensile strains.[3]
The fibrils with a crimping morphology is capable of absorbing more strain than their
straight counterparts and consequently serves to buffer mechanical loads generated by the
attached muscles or bones. Furthermore, the spring-like behavior of a crimp structure can
protect the muscle from tearing during contraction.[4] Like many other types of tissues,
tendons do not regenerate after injury,®] so there is a major effort in developing scaffolds
capable of enhancing the healing process.[6-9] Although great progress has been made
toward the fabrication of scaffolds that match the strength and stiffness of native tendons,
there is little advancement in reproducing their non-linear stiffening behavior, which is
mainly derived from the crimp structure of the collagen fibrils.

Electrospinning is a simple and versatile technique that has been actively explored to
produce nanofibers with thickness comparable to that of the collagen fibrils in
tendons.[19-14] Moreover, electrospun nanofibers can be readily collected as uniaxially
aligned arrays to mimic the highly anisotropic structure of a tendon tissue.[516] As such,
aligned nanofibers have been extensively exploited as a platform of scaffolding materials for
tendon tissue engineering. The inclusion of a crimp structure in the aligned electrospun
nanofibers would greatly augment tendon repair and possibly accelerate tendon healing. To
this end, several methods have recently been developed for generating electrospun
nanofibers with a crimp morphology.[17-211 For example, Yang et al. found that electrospun
nanofibers would develop a wavy structure when a magnetic collector was used and the flow
rate of the solution was sufficiently high.[17] Amsden er a/. demonstrated that electrospun
nanofibers could be induced to crimp when they were released from a collector at a
temperature higher than the polymer’s glass-transition temperature (Tg).[18'19] Lin et al.
electrospun two solutions containing different polymers from a side-by-side spinneret to
generate bi-component nanofibers.[20] When the fibers were relatively thick, they tended to
develop a wavy morphology due to uneven stretching of the two polymers during
electrospinning. Tonin et a/. obtained nanofibers with a crimp feature by manipulating the
trajectory of electrospun fibers with tangential air flow fed from the top of a cylinder placed
between the spinneret and the collector.[2] Although these methods have been used to
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generate crimped nanofibers for various applications, it is difficult to control the degree of
crimping and thus realize the full potential of electrospun nanofibers for tendon repair.

Here we report a simple and versatile method for generating electrospun nanofibers with
controllable degrees of crimping by exploiting the interaction between the polymer and a
plasticizer. Specifically, ethanol was used as a plasticizer to treat electrospun nanofibers and
thus induce the formation of a crimp structure along each nanofiber. In one example, we
focused on poly(lactic acid) (PLA), a material that has been approved by the FDA for tissue
engineering applications because of its excellent biocompatibility and inherent
biodegradability.[22]1 The PLA nanofibers were collected as uniaxially aligned arrays to
mimic the highly anisotropic structure of tendon tissues.[] During electrospinning, the
nanofibers were stretched by a combination of several forces, including the electrostatic
force exerted by the external electric field and the repulsion force among the charges
accumulated on the surface of each fiber. These forces led to the elongation of polymer
chains along the long axis of each fiber and thus the generation of a significant residual
stress within the fiber.[23.24] Upon contact with a plasticizer such as ethanol, the polymer
chains are forced to release the residual stress and return to a conformation in lower energy,
leading to the generation of a crimp structure along the fiber.

In a typical experiment, we electrospun PLA onto a rotating mandrel to obtain a mat of
uniaxially aligned nanofibers. The mat was then cut into strips with dimensions 5x1 cm?,
with the fibers aligned along the long axis of the strip (see the illustration in Fig. 1). The
initial length of the strips was defined as “Lq”. Prior to ethanol treatment, the two edges
perpendicular to the alignment were fixed onto a solid support at different separations
denoted by “L”. When L was set to be the same as L, the strip maintained its initial length
during ethanol treatment. In contrast, when L was set to be shorter than L, the nanofibers
were initially in a loose state and crimping would be observed along each fiber after ethanol
treatment. The crimping of nanofibers forced the strip to shrink along its long axis (Video
S1). The degree of crimping could be readily controlled by varying the magnitude of
shrinkage pre-assigned to the strip (7.¢., the L/L, ratio).

Figure 2A shows a scanning electron microscopy (SEM) image of the pristine PLA
nanofibers. Figure 2, B-E, shows SEM images of the same batch of samples after treatment
with ethanol at L/Ly=100%, 75%, 50%, and 25%, respectively. The sample obtained at L/
Lo=100% showed no crimping whereas the sample obtained at L/Ly=25% exhibited a
substantial degree of crimping. A decrease in wavelength (/.e., an increase in the degree of
crimping) was observed with decrease in L/L. For the PLA nanofibers, a maximum
shrinkage to ca. 10% of its initial length could be achieved when treated with ethanol. In
Figure 2, F and G, the wavelength and amplitude of the crimped fibers are plotted as a
function of L/Ly. Depending on the value of L/Lg, the wavelengths of the crimped fibers
could dropped from ca. 100 pm to ca. 10 um while the amplitudes remained roughly the
same in the range of 3—-10 um. The thickness of the fibers also increased as the degree of
crimping was increased. As shown in Figure 2G, the diameter of the fibers increased from
ca. 350 nm for the pristine sample to over 1 pm after the ethanol treatment at L/Ly=25%.
This observation supports our initial hypothesis that the crimping was a result of retraction
for the elongated polymer chains in each fiber.
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The ethanol treatment was also effective in crimping nanofibers made of a copolymer or a
polymer blend with PLA. As shown in Figure S1, A and B, fibers electrospun from
poly(lactic-co-glycolic) acid (PLGA, a copolymer of PLA) and a blend of poly(&-
caprolactone) (PCL) and PLA both showed a crimp morphology upon treatment with
ethanol. Crimping was also observed when other combinations of polymers and plasticizers
were involved, including poly(vinylidene fluoride) (PVDF) and dimethylformamide (DMF).
Figure S1C indicates that PVVDF fibers would become crimped after the sample had been
treated with DMF.

To detect any possible structural changes to the polymer chains caused by ethanol treatment,
we analyzed the samples by Raman spectroscopy and differential scanning calorimetry
(DSC). Figure 3A shows the Raman spectra recorded from the pristine nanofibers, an
ethanol-treated sample at L/Ly=50%, and an ethanol-treated sample at L/Ly=100%. Many
characteristic peaks were observed, and their assignments can be found in the literature.[2%]
The spectra for samples obtained at L/Ly=100% and 50% differed most drastically in the
region around 400 cm™1 (the boxed region). These differences were caused by changes to the
polymer chain conformation. Specifically, the peaks between 415 and 397 cm™1 represent
the in-plane bending mode of the carbon-carbonyl backbone. The band at 410 cm™1 is
strongly affected by chain conformation whereas the band at 397 cm™1 is not.[26] The
intensity of the band at 410 cm~1 increases with increasing crystallinity and can therefore be
assigned to the crystalline phase while the intensity of the band at 397 cm™1 is not dependent
on crystallinity. The ratio between the intensities of these two bands indicates the level of
crystallinity. Figure 3A shows that the intensity of the 397 cm~ band did not change when
comparing the pristine sample to the two ethanol-treated samples. However, the intensity of
the band at 410 cm™1 was higher for the sample obtained at L/Ly=100% and lower for the
sample obtained at L/Ly=50% relative to the pristine sample. These results indicate that the
crystallinity of the sample was increased when treated with ethanol at L/Ly=100% while it
decreased for the sample treated at L/Ly=50%. These observations support a mechanism by
which PLA polymer chains released the residual stress during ethanol treatment and thereby
increased the crystallinity if the length of the stripe was retained or induced the formation of
crimped features if the length was allowed to shrink.

Was also analyzed the chain conformation or crystallinity of the sample using the intensity
of cold crystallization peak measured from DSC. A cold crystallization peak appears when
an amorphous polymer sample is heated slowly to a temperature above its T4. This occurs
because crystalline structures will be formed when the polymer chains have sufficient kinetic
energy to initiate crystal growth.[27.28] This phenomenon occurs in the range of temperature
between Tq and the melting point (Try). The degree of crystallinity, x, can be calculated as
the following:

_ AH;—AH,

X= T}I‘? X 100%

where AHfris the heat of fusion, AH, is the heat of cold crystallization, and AH is the heat
of fusion for 100% crystalline PLA, which is 93 J/g.[2%] The intensity of the cold
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crystallization peak is therefore negatively correlated with the crystallinity of the sample.
Three major peaks were observed in the DSC curves recorded for the pristine PLA
nanofibers, the samples obtained at L/Ly=50%, and the samples obtained at L/L=100%
(Fig. 3B), corresponding to the T, cold crystallization temperature (T¢), and Tr, from left to
right, respectively. The samples obtained at L/Ly=50% showed a large cold crystallization
peak at 85.3 °C. The crystallinity for the pristine nanofibers, the sample obtained at L/
Lo=50%, and the sample obtained at L/Ly=100% were around 8.8%, 1.7%, and 32.2%,
respectively. Not surprisingly, the nanofibers treated with ethanol at L/L;=100% showed the
highest crystallinity because the polymer chains released their residual stress but were not
allowed to retract. In other words, when the length of the nanofiber strip was retained, the
energy released from the fibers during ethanol treatment was used to increase the
crystallinity, a process comparable to annealing. In contrast, when the length shrinkage was
involved, the energy released from the fibers during ethanol treatment was used to retract the
fibers and generate a crimp morphology.

To further examine the energy released from the fibers upon treatment with ethanol, we
measured the forces generated when the as-prepared samples of fibers were immersed in
ethanol and deionized water (Fig. S2). A rise in force was observed when ethanol was
added, plateauing approximately 1 min after an initial peak. The maximum force was
reached rapidly after ethanol was added (9.8 + 2.5 s) and a value of 0.13 + 0.05 N was
obtained. The stress produced during ethanol treatment was ca. 16% of the ultimate tensile
stress of the pristine nanofibers. In contrast, no change in force was observed for the same
batch of sample submerged in deionized water.

The crimped nanofibers exhibited many of the mechanical characteristics of native tendon
tissues. Specifically, the crimped nanofibers obtained by ethanol treatment at L/Ly=50%
showed a stress-strain curve that included a non-linear toe region, followed by a linear
region prior to yield. The toe region in these samples ended at a strain of ca. 7.5% (Fig. 4A).
In contrast, the pristine nanofibers and the straight nanofibers obtained by ethanol treatment
at L/Ly=100% only showed toe regions that ended at strains of ca. 2% and 0.5%,
respectively. The stress-strain curves of these three samples were also distinct from each
other. Figure 4, B-E compares the mechanical properties of the pristine nanofibers with
those obtained with ethanol treatment at L/Ly=50% and 100%. The samples treated at L/
Lo=100% had the highest modulus and strength, but the lowest yield strain (Fig. 4, B and C).
The significantly higher modulus for the samples obtained at L/Ly=100% is consistent with
an increase in crystallinity because modulus and crystallinity are positively correlated (Fig.
4B).13% In contrast, the crimped nanofibers obtained at L/Ly=50% had the lowest modulus
but the highest yield strain, which is defined as the maximum strain a sample can reach
before deforming plastically. Prior to the yield point, material deformation is reversible; a
deformed material will return to its original shape when the applied stress or strain is
removed. Figure 4C shows that the yield strains were 5%, 4%, and 11% for the pristine
nanofibers, the samples obtained at L/Ly=100%, and the samples obtained at L/Ly=50%,
respectively. As shown in Figure 4, D and E, the samples obtained at L/Ly=100% also had
the highest toughness and ultimate stress when compared to the pristine nanofibers and the
samples treated at L/Ly=50%.
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The higher yield strain for the samples obtained at L/Ly=50% was likely a result of the
crimp structure in the nanofibers. The non-linear toe region observed for the crimped fibers
resembles the behavior of a native tendon tissue under tension, and is an important
mechanical feature of soft connective tissues.[31:32] A relatively low yield strain, as seen in
the pristine nanofibers and the straight nanofibers obtained at L/Ly=100%, may predispose
scaffolds to pre-mature rupture in the 7n vivo setting. The scaffolds consisting of crimped
nanofibers, on the other hand, have a yield strain comparable to native tendon, and may
therefore be a better choice for repairing soft connective tissues. The toughness and ultimate
stress of the samples obtained at L/Ly=100% were also the highest among the three groups
due to the increase in crystallinity. On the other hand, no significant difference in toughness
and ultimate stress was observed between the pristine nanofibers and the samples obtained at
L/L¢=50%.

To further demonstrate the advantages of using crimped nanofibers to repair soft connective
tissues such as tendons, tendon fibroblasts (TFBs) were cultured on both the pristine
nanofibers and crimped nanofibers obtained at L/Ly=50%. After allowing attachment for 48
h, the samples in both groups were subjected to static tensile stretching for 24 h. Live/dead
staining was then performed to evaluate the viability of the cells under uniaxial stretching.
Initially, all TFBs were alive, as shown in Figure 5, A and D. In the pristine group, ca. 87%
of the cells remained viable after the samples had been subjected to 10% strain (Fig. 5B) and
this number dropped to ca. 7% when the strain was increased to 20% (Fig. 5C). A large
number of the TFBs were detached from the scaffolds when the pristine nanofibers were
ruptured at 20% strain. For the L/Ly=50% group, the TFBs assumed a more polar
morphology at 10% strain with ca. 91% of them remaining viable (Fig. 5E). When the strain
was increased to 20%, ca. 80% of the TFBs still remained alive, without any evidence of
detached cells. For the scaffolds based on crimped fibers, the externally applied strain was
used to unfold the crimped features, resulting in a lower strain experienced by the cells. For
the pristine and straight nanofibers obtained at L/Ly=100%, the scaffold-level strain was
translated to local strains directly exerted on the cells. These results indicate that TFBs
cultured on crimped nanofibers have a higher level of tolerance toward the scaffold-level
strain.

In summary, we have demonstrated the use of ethanol treatment to generate crimped features
in electrospun nanofibers. By controlling the degree of shrinkage during ethanol treatment,
the residual stress was converted either into increased crystallinity (leading to increased
modulus for the nanofibers) or into longitudinal contraction (leading to crimped features).
The TFBs cultured on crimped nanofibers showed a higher level of tolerance toward the
externally applied strain than those cultured on the straight nanofibers. Taken together, the
crimping feature constitutes a major improvement to nanofiber-based scaffolds for tendon
and soft connective tissue repair.

Experimental Section

Electrospinning

The polymer solution for electrospinning was prepared by dissolving 1.25 g PLA
(Mw~:75,000) in 10 mL of hexafluoro-2-propanol (HFIP). The solution was loaded into a 5
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mL plastic syringe with a 23%-gauge needle attached, and dispensed using a syringe pump.
The injection rate was 0.5 mL/h. The fibers were collected using a rotating mandrel at a
speed of 2 m/s. The distance between the tip of the needle and the collector was about 20
cm, and a voltage of 15 kV was used. All the samples were imaged using a Zeiss Ultra-60
FE-SEM at an accelerating voltage of 5 kV.

Raman Spectroscopy and DSC Analysis

The Raman spectra were recorded using a Thermo Almega XR Micro and Macro Raman
Analysis System. The excitation wavelength was 488 nm. Backscattered Raman signals
were collected on a CCD detector. The power of the laser was 20 mW, and the acquisition
time was 2 s. The thermal behavior of the nanofibers was characterized by DSC (Q2000, TA
instrument) in a temperature range of 0-200 °C at a heating rate of 20 °C/min. All
experiments were repeated three times.

Mechanical Testing

Uniaxial tensile tests were performed using an Instron Electropuls E1000 with custom grips,
and analyzed using custom code written in Matlab. Samples from all three groups were cut
into testing strips of approximately 0.3x1.2 cm?, with the nanofibers aligned parallel to the
long axis. The thickness of the scaffolds was measured with a Keyence LK-081 laser
micrometer, and width and length were measured from analysis of high-resolution video
stills. Samples were tested under uniaxial tension at quasi-static conditions, with a constant
strain rate of 0.1% per second along the direction of alignment.

Testing of Force Generation during Ethanol Treatment

To measure the force produced during ethanol treatment, PLA nanofiber scaffolds were
immersed in ethanol or de-ionized water (as a control). All the testing strips were held at
their original length during the testing. Samples were first placed between magnetic frames
for the preservation of their initial dimensions during handling and mounting. The frames
were mounted onto thin film grips and placed in a container mounted to an Instron
Electropuls E1000 materials testing frame. De-ionized water was then quickly added into the
container, and force was measured for 50 s, with the grips held stationary. The water was
then drained, and then ethanol was added, again measuring the force for 50 s. The force data
was analyzed after low-pass filtering.

Cell Culture and Live/dead Staining

TFBs were maintained in Dulbecco’s modified eagle medium (DMEM) (Invitrogen)
supplemented with 10 vol% FBS (Invitrogen) and 1 vol% P/S (Invitrogen) until 80%
confluence. Scaffolds were prepared as 5x1 cm? strips with the alignment parallel to the
short axis, and attached to 90 mm petri dishes using a medical adhesive (A4100, Corning).
Scaffolds were sterilized under UV for 30 min prior to cell seeding. The cultures were kept
in an incubator at 37 °C under a humidified atmosphere containing 5% CO, for 48 h for cell
adhesion. The scaffolds were then mounted onto a custom device to apply 10% or 20%
strain to the scaffold. The cells were maintained under static tension for 24 h prior to live/
dead staining.
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A live/dead assay kit (Invitrogen), consisting of calcein AM and ethidium homodimer-1
(EthD-1), was used to assess cell viability and cell distribution. The intracellular esterase
present in live cells converts calcein AM, a cell permeable dye, to calcein, resulting in a
bright green fluorescence. EthD-1 can only penetrate the damaged membranes of dead cells
where it binds to nucleic acids, producing intense red fluorescence. Briefly, the cells were
incubated for 30 min with regular culture medium supplemented with 2 uM calcein AM and
4 UM EthD-1, and analyzed via fluorescent microscopy (Leica DMI16000, Buffalo Grove,
IL). Three samples from each group were analyzed at each time point.

Results are presented in the form of mean + standard deviation, with “N” indicating the
number of samples per group. Comparison between groups was performed using one-way
ANOVAs, followed by Tukey’s post-hoc tests for all pair-wise comparisons. Significance
was set to p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A schematic illustration of the procedure for generating nanofibers with controllable degrees
of crimping. The initial length of the strip was defined as L while the distance between the
two ends after ethanol treatment was denoted as L. For L=Lg, the strips were treated with the
two ends fixed at a distance equal to the original length. When L<L g, the strip initially at
slack would shrink to a length of L during ethanol treatment.
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Figure 2.

50%

75% 100%

SEM images showing (A) the pristine PLA nanofibers, (B-E) the same batch of PLA
nanofibers after treating with ethanol at L/Ly= (B) 100%, (C) 75%, (D) 50%, and (E) 25%.
The degree of crimping was found to depend on the value of L/Lg. (F) Plot showing the
relationship between wavelength/amplitude of the crimps and L/Lg. The wavelength showed
a positively correlation with the value of L/Ly while the amplitude of the crimp remained
essentially the same. (G) Plot showing the relationship between the diameter of crimped
fibers and L/Lg. The diameter was negatively correlated with the value of L/Lg. Roughly one
hundred fibers were randomly selected from each sample for analysis, and the data are

presented as mean + standard deviation.
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Representative Raman spectra (A) and DSC curves (B) of the pristine PLA nanofibers
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(sample-a) and the samples treated at L/Ly=50% (b) and L/L¢=100% (c), respectively. The

box in (A) indicates the Raman peaks sensitive to the conformation of polymer chains.
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Figure 4.

A comparison of the tensile mechanical tests involving (A) stress-strain behavior, (B)
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Young’s modulus, (C) yield strain, (D) toughness, and (E) ultimate stress for the pristine
PLA nanofibers and those treated at L/Ly=50% and L/L¢=100%, respectively. N = 12 for

each group; the data are presented as mean =+ standard deviation; the * above the bars
indicates significant difference as compared with the pristine nanofibers (p<0.05).
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pristine

= 50 pm

Figureb.
Live/dead staining of TFBs cultured on (A-C) pristine and (D-F) L/Ly=50% crimped PLA

nanofibers. TFBs in (B) and (E) subjected to 10% strain, while those in (C) and (F)
subjected to 20% strain. The arrow in (A) indicates the alignment of the nanofibers and the
direction of uniaxial strain externally applied.
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