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The assembly of natural and synthetic polymers into fibrous nanomaterials has applications
ranging from textiles, tissue engineering, photonics, and catalysis. However, rapid manufac-
turing of these materials is challenging, as the state of the art in nanofiber assembly remains
limited by factors such as solution polarity, production rate, applied electric fields, or temper-
ature. Here, the design and development of a rapid nanofiber

manufacturing system termed pull spinning is described. Pull
spinning is compact and portable, consisting of a high-speed
rotating bristle that dips into a polymer or protein reservoir
and pulls a droplet from solution into a nanofiber. When mul-
tiple layers of nanofibers are collected, they form a nonwoven
network whose composition, orientation, and function can be
adapted to multiple applications. The capability of pull spin-
ning to function as a rapid, point-of-use fiber manufacturing
platform is demonstrated for both muscle tissue engineering

and textile design.

1. Introduction

Nanoscale fibers exhibit unique features such as a high
surface area-to-volume ratio and tunable stiffness. These
characteristics are important design parameters for engi-
neering materials where nano- and microscale topology
informs the fabrication of tissue engineering!® and drug
delivery>>¢l scaffolds, fabrics,”! filters,®] sensors,[%91]
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catalysts,'? and optical devices.'>**] Such a broad scope
of applications demands versatile manufacturing tech-
niques amenable to multiple materials processing and
collection conditions. Currently, fiber-fabrication systems
can be characterized as melt,[16718] dry,[1920] wet,[?123] or
electrospinningl?#?*l—all of which produce nanofibers
using high temperature and pressure (melt, dry, and wet
spinning) or electric fields (5-20 kV, electrospinning).l?427]
Once formed, the fibers can be collected and processed
using external pumps, alternating applied electric fields,
spinnerets, coagulation, and wash chambers, or heated
drum rolls to form aligned functional materials.[1824726:2829]
Several electrospinning techniques have been developed
to further control fiber deposition and structure, producing
aligned fibrous nanostructures by minimizing the distance
between a charged nozzle and grounded collector.30-3"]
While these modifications enable geometries which
were previously unattainable for electrospun fibers, the
technique remains limited in both speed and the range of
materials used. Furthermore, harsh reaction environments,
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low production rates, and lengthy postprocessing steps,
challenge existing systems to rapidly produce point-of-use
fibrous materials.

Advanced manufacturing of fiber constructs requires
the ability to tune network composition, orientation,
and structure under ambient conditions using minimal
processing parameters. To meet these demands, tech-
niques incorporating extrusion-based spinning, such as
spinneret-based tunable engineered parameters tech-
nique (STEP),3%%7] rotary jet-spinning (RJS),2838-% and
touch-spinning!*!! have emerged as alternatives to the
established voltage- or temperature-dependent fiber man-
ufacturing. These systems extrude polymer solutions to
form nanofibers either via axial stretching and capillarity
(STEP, touch-spinning) or viscous and centrifugal forces
(RIS). While STEP and touch-spinning have been optimized
to control the deposition and formation of high aspect
ratio fibers, they do so at low production rates (550 rpm
in STEP and 2500 rpm in touch-spinning). Also, the pro-
duction of free-standing fibers using these techniques
is difficult, as nanofibers are generally suspended along
or collected on a fixed substrate. Previously, we devel-
oped a rotary jet-spinning system as a high-throughput
nanofiber fabrication technique.l?#384042] Unlike STEP or
touch-spinning, RJS uses a high-speed (up to 75 000 rpm)
rotating motor to extrude a nonwoven nanofiber network
from a micrometer-sized orifice. This method produces
circumferentially aligned fiber networks and is amenable
to a range of solvents and materials previously unex-
plored in fiber manufacturing.[?8384% However, a portable
system is required for point-of-use nanofiber production.

We asked whether we could build a portable nanofiber
manufacturing device that enables both high-speed fiber
production and precise control of fiber orientation. In this
report, we describe the design and utility of a nanofiber
fabrication system termed pull spinning, which incor-
porates a high-speed (up to 45 000 rpm) rotating bristle
that pulls a polymer solution from a static droplet to
a nanofiber. The dependence of fiber radius and mor-
phology on system parameters such as rotational speed,
collector distance, and solution viscosity are investigated.
Our data reveal that this technique is capable of rapidly
generating both natural and synthetic polymer nanofibers
under ambient conditions. Ease of use and functionality
are demonstrated for two proof-of-concept applications in
muscle tissue engineering and point-of-wear apparel.

2. Experimental Section

2.1. Materials

Combinations of polymers polycaprolactone (M,, 70 000-90 000;
Sigma-Aldrich, St. Louis, MO), gelatin Type A (=300 bloom; Sigma-
Aldrich, St. Louis, MO), polyurethane (McMaster-Carr, Princeton,
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NJ), nylon (Nylon 6, Sigma-Aldrich, St. Louis, MO), and solvent
1,1,1,3,3,3-hexafluoro-2-propanol (Sigma-Aldrich, St. Louis, MO)
were used in the fiber manufacturing experiments.

2.2. Pull Spinning Apparatus

The pull spinning apparatus consists of a high-speed air-powered
grinder (McMaster-Carr, Elmhurst, IL) with calibrated speeds up
to 45 000 rpm. The pneumatic motor was regulated through a
pressure gauge that enabled the direct read-out and calibration
of the system under variable pressure. The collector may be, for
example, two static posts fixed to a static base board or a rotating
cylinder that functions as a spool to collect the fibers projected
from the reservoir. The collector was connected to a DeWALT DC
720 1/2” cordless drill driver, operating at 1700 rpm.

2.3. Fiber Image Analysis

Varying concentrations of polymers and proteins were spun
onto fixed scanning electron microscopy stubs and imaged
using a field emission scanning electron microscope (Carl Zeiss,
Dresden, Germany). Samples were sputter coated using an Au
target (Denton Vacuum, Moorestown, NJ) prior to imaging.
All image analysis was done using Image] software (National
Institutes of Health, Bethesda, MD). Between 150 and 450 fibers
were analyzed (4—7 random fields of view per sample, 2—4 sam-
ples per condition). Percent beading was calculated by manually
identified beads as individual regions of interest (ROIs). The area
associated with the identified ROIs was then summed and the
collective area was calculated as a function of total fiber area
within a field of view. 2D fast Fourier transform (FFT) analysis
for nanofiber alignment was measured using the Directionality
plug-in for Fiji (http://fiji.sc/Fiji, Ashburn, VA), according to pre-
viously established methods.[*344 The Directionality plug-in
calculates the spatial frequencies within an image given a set
of radial directions. The method generated normalized histo-
grams revealing the amount of fibers present between 0° and
180° with a bin size of 1°. Orientation order parameter (OOP) was
calculated using a custom MATLAB plugin, according to previous
studies.*’] A normalized OOP value of 0 represents an isotropic,
random fiber network, and a value of 1 indicates a fully aligned,
anisotropic fiber sheet.

2.4. Viscosity Measurements

Rheological measurements of varying solutions of polycaprolac-
tone (PCL) were recorded using a viscometer (Model AR-G2, TA
instruments, New Castle, DE) using a standard-size 40 mm cone
and plate geometry. Measured viscosities were derived under
steady state shear rates from 0.1 to 1000 s~%.

2.5. Mechanical Characterization of Fibers

Tensile properties of the fiber samples were measured in air
using a uniaxial tension test (Instron 5566 mechanical tester,
Norwood, MA). Before each measurement, the thickness, width,
and original length of the fiber sample were measured using a
micrometer.
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2.6. Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectra of nanofiber samples were measured in air
using Fourier transform infrared spectroscopy (Bruker Lumos
FTIR microscope, Billerica, MA) in attenuated total reflectance
(ATR) mode. A resolution of 4 cm~ and 16 scans was used.

2.7. Fabrication of Fiber Muscular Thin Films (fMTF)

fMTFs were fabricated from the following procedure: (1) thin
semicured polydimethylsiloxane (PDMS) films were depos-
ited on two ends of a glass coverslip, (2) PCL:gelatin (75:25,
6 wt%/vol%) nanofibers were spun and collected on the cover-
slip, (3) fMTF cantilevers were cut using a CO, laser prototyping
system (Epilog Laser, Golden, CO) with 3% power and 6% speed
settings, (4) muscle cells were cultured for a desired time, and
finally (5) fMTFs were released and electrically stimulated. Thick-
ness of fMTFs was measured using an optical profiler (Veeco
Wyko NT1100, Edina, MN).

2.8. fMTF Cell Seeding and Culture

Mouse myoblast cell line (C2C12) (CRL-1772, ATCC, Manassas, VA)
were seeded at 50 000 cm™ and cultured in a growth medium
of Dulbecco’s Modified Eagle’s Medium (DMEM, 11995-065,
GIBCO, Carlsbad, CA) supplemented with 15% fetal bovine serum
(Invitrogen, Carlsbad, CA) until confluence. The C2C12s were then
cultured for 4 d in an initial differentiation medium consisting of
DMEM/F-12 culture medium (12-719F, Lonza, Walkersville, MD)
supplemented with 1% horse serum (Gibco, Carlsbad, CA). Next,
they were cultured for 6 d in a second differentiation medium
consisting of DMEM/F-12 supplemented with 5% horse serum.
Only passage numbers from 4 to 15 were used. For the human
vascular smooth muscle studies, primary human pulmonary
artery vascular smooth muscle cells (Lonza, Walkersville, MD)
were cultured for 2 d in M199 culture medium (GIBCO, Carlsbad,
CA) supplemented with 10% heat inactivated fetal bovine serum,
10 x 103 m HEPES (4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid), 0.1 x 10 m minimum essential medium (MEM)
nonessential amino acids, 20 x 10 m glucose, 1.5 x 10° m
vitamin B-12, 50 U mL™? penicillin, and 50 U mL! streptomycin
(GIBCO, Carlsbad, CA). After 2 d, the medium was switched to
a serum-free version of the growth media in order to induce a
contractile phenotype for 24 h prior to experimentation.

2.9. Contractility Assay and Analysis

The contractility assays were performed at desired time points on
a stereomicroscope (Model MZ6, Leica Microsystems Inc., Wetzlar,
Germany) outside the incubator connected to a National Instru-
ments LabVIEW data acquisition board. A heating platform was set
up on the microscope to replicate culture temperature (37 °C) and
electrical stimulation was performed using electrodes immersed
in the well, connected to an external field stimulator (Myopacer,
IonOptix Corp., Milton, MA). During the contractility experiments,
the samples were put in a custom Tyrode’s solution developed in
the lab (1.198 g L~ HEPES, 0.040 g L-! NaH,PO,, 0.901 g L glu-
cose, 0.265 g L1 CaCl,, 0.203 g L MgCl,, 0.403 g L' KCl, 7.889 g L !
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NaCl, pH 7.4, all chemicals from Sigma-Aldrich, St. Louis, MO).
The stimulation was set at high voltage (40 V) to obtain strongest
force-frequency curve. For the human vascular smooth muscle,
the vasoconstrictors acetylcholine and endothelin (Sigma-Aldrich,
St. Louis, MO) were utilized to induce contraction, while the vaso-
dilator HA1077 (Sigma-Aldrich, St. Louis, MO) was used to induce
relaxation. Drugs were dosed serially after 10, 20, and 30 min,
respectively. To capture the slow contraction of the smooth muscle,
images were taken once every 30 s.

2.10. fMTF Stress Quantification

The horizontal projections of the cantilevers were tracked using
custom ImageJ (NIH, Bethesda, MD) software and the radius of
curvature was determined using a custom MATLAB script (Math-
works, Natick, MA). The existing MTF model assumes a cell layer
at the surface of the film and calculates the stress derived from
the radius of curvature using a modified version of Stoney’s
equation.*647] The fMTF model was modified to account for cel-
lular infiltration based on immunostained cryosections.

2.11. Immunostaining and Image Analysis

Engineered tissues were fixed using 4% paraformaldehyde (Electron
Microscopy Sciences, Hartfield, PA) and 0.5% Triton-X (Sigma-
Aldrich, St. Louis, MO) for 5 min. Murine skeletal muscle tissues
were labeled with primary antibodies against sarcomeric a-actinin
(Sigma-Aldrich, St. Louis, MO), phalloidin (Life Technologies, Grand
Island, NY), and 4’,6-diamidino-2-phenylindole (DAPI) (Invitrogen,
Carlsbad, CA). Human vascular smooth muscle tissues were stained
using phalloidin and DAPIL Immunostained samples were imaged
using a Zeiss LSM 510 laser scanning confocal microscope.

2.12. Statistical Analysis

All error was reported as standard error of the mean (SEM). Analysis
of variance (ANOVA) tests were used during statistical comparisons.
For data that were not normally distributed, ANOVA on ranks fol-
lowed by Dunn’s or Tukey’s pairwise comparison was used. P-values
of less than 0.05 were used to measure statistical significance.

3. Results and Discussion

3.1. Manufacturing Nanofibers Using Pull Spinning

The pull spinning system incorporates two components
that work together to initiate nanofiber formation: a
fixed polymer reservoir and a rotating bristle attached to
a calibrated pneumatic motor (Figure 1a and Figure S1,
Supporting Information). When the mandrel is rotated
about its axis of symmetry and the bristle is in close
proximity (=0.050 cm) to the reservoir, it dips and pulls
an ejected polymer droplet into an elongated nanofiber
(Movie S1, Supporting Information). High-speed imaging
captured during fiber formation suggests four stages:
(1) initiation as the bristle contacts the polymer droplet,
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Figure 1. Design and function of the pull spinning system. a) Schematic of the pull spinning apparatus with a side view illustration of a fiber
being pulled from the polymer reservoir. The pull spinning system consists of a rotating bristle that dips and pulls a polymer jet in a spiral
trajectory. Scale bar: 100 mm. b) High-speed images capture the jet initiation as the bristle dips into a polymer droplet, jet elongation as
the bristle pulls the droplet, solvent evaporation as the polymer jet solidifies, and fiber detachment from the bristle as the process begins
again. The red arrow denotes the location of the bristle/fiber interface, the green arrow represents the location of the nozzle, and the
dashed white line denotes a fiber formed throughout one revolution. Scale bar: 1 mm. c) Scanning electron microscopy images of various
6 wt%/vol% PCL:gelatin (3:1) scaffold structures and fiber alignments:aligned sheets (scale bars: 100 um), laser cut cantilevers (scale bars:
200 um), multilayered woven configurations (scale bars: 50 um), and threads (scale bars: 50 um).

(2) elongation when the bristle pulls the polymer droplet
into a jet, (3) solvent evaporation as the fiber solidifies
during one revolution, and (4) detachment of the fiber
from the bristle (Figure 1a,b). When the bristle is rotated at
an angular speed (Q) of 45 000 rpm, a polymer jet forms
within 35 ms (Figure 1b). The extension of the jet as it is
pulled by the rotating bristle is the most crucial stage
of the process, without which fiber formation cannot be
completed. This jet travels around the bristle holder in a
spiral trajectory until one rotation is complete at 60 ms.
Both ends of the fiber detach from the bristle at 60 ms as it
draws a new droplet from the reservoir. The leading end of
the fiber attaches to the reservoir below the droplet, while
the trailing end continues rotating around the bristle
holder until it travels toward the collector (Figure 1a,b and
Movie S2, Supporting Information). The resulting fibers
can be collected across static posts or directly onto glass
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coverslips as aligned or threaded scaffolds, laser cut into
custom configurations, or assembled as woven multilay-
ered structures, illustrating the versatility of fibers gener-
ated using this process (Figure 1c).

The pull spinning apparatus consists of a bristle (length
0.531 cm, diameter 0.1 cm) that is fixed perpendicularly
onto a rotating disk (radius 0.877 cm, S, Figure 2a). An
external syringe pump fills the polymer reservoir at a
constant rate of 0.2 mL min™. In this configuration, three
variables dominate nanofiber formation: collector dis-
tance (R, angular speed of the bristle (Q), and kin-
ematic viscosity of the polymer solution (v). We asked
how these system parameters influence fiber radius (r)
and morphology (% beading). First, R. was varied on a
log, scale from 4 to 16 cm using a 6 wt%/vol% PCL solu-
tion in hexafluoro-2-propanol (HFIP), and fiber radius was
measured at a constant Q of 45 000 rpm (Figure 2b). Next,
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Figure 2. Characterizing structural properties of pull spun nanofibers and manufacturing system parameters. a) Side view of fiber being
pulled using bristle rotating at speed Q. R. is collector distance (=10 cm), and S, is the radius (0.877 cm) of the bristle holder. b) Radius of
6 wt%/vol% PCL fibers measured as a function of the distance to the collector (cm). Fibers were produced at a constant Q of 45 ooo rpm.
¢) Radius of 6 wt%/vol% PCL fibers measured as a function of the motor rotation speed (rpm). Fibers were spun at a constant R, of 10 cm.
d) Percent beading as a function of concentration of PCL in HFIP. e) Fiber radius as a function of polymer concentration. f) Identifying
system parameters with varying concentrations of PCL in HFIP (2—15 wt%/vol%). Fiber radius measured as a function of viscosity and best
fit by =~Cv"2, where C =1050.4 m? s™. g) Scanning electron images of nanofibers from PCL spun at 2 wt%/vol% in HFIP, 6 wt%/vol% in HFIP,
and 15 wt%/vol% HFIP, respectively. Scale bars: 1000 nm. In all graphs, N is at least 200 fibers across four samples for each condition. Error

reported as SEM. * indicates p < 0.05.

Q was varied on a log, scale from 8000 to 32 000 rpm
using the same 6 wt%/vol% PCL solution at fixed R. of
10 cm (Figure 2c). We observe no significant differences
in fiber radii under the various conditions, suggesting
minimal dependence of fiber radius on collector dis-
tance and rotational speed within the specified ranges.
The experiments were repeated using a 10 wt%/vol%
nylon-6 solution in HFIP, and the same trend was observed
(Figure S2, Supporting Information). Solution viscosity of
PCL was varied, and fiber radius was measured at constant
R.of 10 cm and Q of 45 000 rpm (Figure 2d,e). We observed
that fiber radius increases significantly as a function of
polymer concentration (Figure 2e). In spite of these trends,
fibers exhibited less than 20% surface defects as evidenced
by % beading along the fibers (Figure 2d). These findings
were independent of collection time or polymer composi-
tion. We observed no significant changes in average fiber
radius or % beading in 6 wt%/vol% PCL nanofiber samples
collected after 1, 5, or 10 min of continuous fabrication
(Figure S3a,b, Supporting Information). Examination of
nanofibers fabricated from a 6 wt%/vol% solution of PCL,
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polyurethane, or nylon further revealed fiber morphology
to be smooth and uniform, without visible pores or defects
at the sub-micrometer scale (Figure S4a—c, Supporting
Information). Collectively, these data suggest that while
increasing solution concentration significantly increases
fiber radius, variations in rotational speed, collector dis-
tance, or collection time do not over the ranges we tested.

3.2. Mechanism behind Fiber Formation

A previously reported scaling law describing jet exten-
sion using the RIS system elucidated how fiber formation
is governed by a balance between viscous and centrifugal
forces, where fiber radius scales with kinematic viscosity.
Equation (1) describes this relation as(!

1

1
aU?*v?

v~

d o)
R:Q

In this expression, a is the initial jet radius, Urepresents
the angular jet velocity, v is the kinematic viscosity of the
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solution, R, is the collector distance, and Q represents
the angular speed of the RIS polymer reservoir. We asked
whether similar parameters can be applied to describe
the pull spinning process. Pull spinning propels a polymer
jet in a linear trajectory from a reservoir to a collector.
Under these conditions, a, U, R, and Q are fixed param-
eters. However, the reservoir is static, unlike the rotating
one used in RJS. In this configuration, the jet is pulled and
projected toward one primary direction, and fiber forma-
tion occurs within a narrow time frame as centrifugal
force is applied (0-60 ms at Q = 45 000 rpm). In this time
scale, centrifugal force is proportional to the bristle radius
but vanishes beyond one rotation cycle because the fiber
detaches from the bristle (Figure la,b and Movie S1,
Supporting Information). This suggests that the fiber
thinning process ceases before the nanofiber is projected
toward the collector. Experimentally, we observed that
the maximum collector distance at which 6 wt%/vol% PCL
nanofibers could be spun was 29 cm. ANOVA indicated
that the average radius of these fibers (125.01 + 7.22 nm)
was not statistically different from that of fibers tested
at closer ranges (Figure 2b). Thus, the distance between
pull spinner and collector has a negligible effect on fiber
radius for the given polymer concentration (Figure 2b).

Increasing solidification speed has been shown to
increase fiber radius and to mitigate bead formation in
the RIS system.[) The use of a pneumatic motor in the
pull spinning system introduces an external airflow
to facilitate the fiber solidification process. Increasing
angular velocity of the bristle results in two competing
effects: a larger centrifugal force that accelerates fiber
thinning and a higher airflow that hastens fiber solidifi-
cation rates, thus slowing fiber thinning. These two pro-
cesses cancel each other, and the change in fiber radius as
a function of angular speed is negligibly small, even as Q
increases fourfold (Figure 2c). One factor that does directly
correlate with fiber radius is solution viscosity, which
reduces the rate of fiber thinning and increases with
polymer concentration (Figure S5, Supporting Informa-
tion and Figure 2e). The scaling relation between the fiber
radius and the kinematic viscosity has been derived in
the previous model for the RIS system as r = C v'/2, where
C is a dimensional constant with units of (m?2 s71).38] The
constant C for the pull spinning system can be fit from
the experimental relation between radius and viscosity
(Figure 2f and Figure S5, Supporting Information), dem-
onstrating that increasing solution viscosities contribute
to larger nanofiber radii (Figure 2g) reported within the
specified range.

3.3. Quantifying Anisotropy of Pull Spun Nanofibers

Point-of-use fiber production for biomedical and textile
applications requires the capability to control nanofiber
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orientation. Previous force spinning methods utilized
centrifugal force to regulate fiber orientation and anisot-
ropy.[*] Electrospinning techniques decrease jet instability
and control deposition by adjusting the electrode setup,
collecting fibers between fixed plates, or minimizing dis-
tance between spinneret and collector.[3148-5%] However,
significant decreases in throughput or disruption of fiber
morphology can occur due to residual charge buildup, low
collection speed, insufficient solvent evaporation, applied
voltage, or polymer flow rate.’>*%51 A comparison of
these techniques, along with other nanofiber fabrication
systems, is further summarized in Table 1.

We asked whether pull spinning is capable of gener-
ating free-standing anisotropic nanofibers in the absence
of an underlying substrate or rotational collector. PCL
nanofibers of various concentrations (6, 8, and 10 wt%/
vol% in HFIP) were collected in air at a distance of 10 cm
from the bristle. Network fiber anisotropy was quantified
by calculating OOP using a custom MATLAB script; OOP
is a normalized parameter, in which 0 represents an iso-
tropic network and 1 indicates a fully aligned sheet.[*547]
Nanofibers of all three polymer concentrations displayed
OOP values above 0.96, indicating the formation of free-
standing, highly aligned nanofiber networks (Figure S2,
Supporting Information). While certain near-field3°°2°3]
or capillary force-based*®3”4! fiber manufacturing
methods also provide control of nanofiber spacing and
deposition, pull spinning generates highly aligned fiber
scaffolds with increased throughput and scalability
(details listed in Table 1). Although the production rate of
pull spun nanofibers (0.15 g h™! for 6 wt%/vol% PCL/HFIP)
does not equal that of previously established gyratory
(6000 g h™)[54°51 or centrifugal force-based (60 g h™1)[28¢]
methods, fibers produced using this technique demon-
strate greater alignment. Thus, pull spinning represents a
balance between fiber production rate and precise control
of fiber anisotropy.

3.4. Fiber Muscular Thin Films Support
Contractility Measurements

Given the capability of the pull spinning system to rap-
idly manufacture anisotropic fiber scaffolds, we asked
whether these fibers could be used to build a functional
in vitro contractility assay to direct muscle formation and
to support function of smooth and skeletal muscle. Pre-
viously reported MTFs have demonstrated the ability to
model the structural and functional changes that occur
in cardiomyopathy and allergic asthma, using hiPSCs and
human-derived primary airway smooth muscle, respec-
tively, and expand capabilities for drug evaluation.[4757,58]
However, these models are limited to formation of mon-
olayer tissues on 2D polymeric thin films. Quantification of
skeletal muscle contractility on a biomimetic nanofibrous
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substrate has not yet been demonstrated. Using the pull
spinning system, we built anisotropic scaffolds (OOP, 0.95)
composed of 6 wt%/vol% PCL:gelatin (75:25 in HFIP), a
polymer:protein biohybrid known to promote proliferation
and maturation of muscle tissue.[!] The scaffolds, termed
fMTFs, were collected on 22 x 22 mm? glass coverslips,
bound to the edges of the coverslip surface with PDMS,
and laser engraved into cantilevers. In this configuration,
one end of the cantilever remains anchored to the glass
coverslip while the other end is free such that muscle con-
traction elicits film bending (Figure 3a,b). Seeded with a
murine myoblast cell line (C2C12), the fMTFs supported
myoblast fusion and maturation into functional muscle
tissue, enabling measurable dynamic stress values with
quantifiable twitch and tetanus curves (Figure 3c—e and
Figure S6, Supporting Information). Immunofluorescence
staining of o-actinin further confirmed the contractile
phenotype of the engineered muscle tissue (Figure 3d).
Next, we asked whether the fMTFs could also be uti-
lized to quantify the slow, sustained contraction, and
relaxation of primary human vascular smooth muscle.
Nanofiber scaffolds were seeded with human vascular

(a) Lasercut fMTFs on glass coverslip (c)

PR AT T
(b) Culture myoblasts
on fMTF:

Release fMTFs and

stimulate electrically

[Eﬁl\ﬂ(ﬁiflillh’li!i\\’zll‘ihlll’il’!iﬂl‘(‘ii}'ﬁﬂ‘fil‘;
]

hil
i
il 7

Stereomicroscopy image of fMTFs
L
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smooth muscle and monitored over 4 d in vitro (Figure 3d
and Movie S3, Supporting Information). Our results indi-
cated an increase in contractile stress when treated
with the known vasoconstrictors acetylcholine and
endothelin-1. Additionally, the engineered human vas-
cular smooth muscle relaxed in response to rho kinase
inhibitor HA1077 (Figure 3f). Both muscle cell types
exhibited an extended morphology, proliferating along
the fiber axis (Figure 3d). Collectively, these data demon-
strate the ability of pull spinning to manufacture highly
anisotropic, biocompatible fibrous scaffolds that recapit-
ulate native muscle structure and function by supporting
and directing the formation of engineered smooth and
striated muscle.

3.5. Nanofiber Anisotropy Influences
Material Performance

Having demonstrated the capability of the pull spinning
system to produce anisotropic nanofibers for tissue engi-
neering, we asked whether fiber orientation impacts mate-
rial properties in the context of apparel design. To test

e 29.0
( ) — C2C12 at 2Hz
E 28.5
=3
» 28.04
173

o
& 2754

27.04
29.0-
—— C2C12 at 4Hz
=285
o

=
~ 28.0
8
£ 275
«n

27.0

29.0

© 28.5

=— C2C12 at 8Hz

28.0
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275
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Time (s)
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e Human VSM
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o Endothelin-1
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Time (min)

Figure 3. Proof-of-concept use of fiber muscular thin films (fMTFs) for in vitro functional testing of muscle tissue. a) Stereomicroscopy
image of laser cut 6 wt%/vol% PCL:gelatin (75:25) fMTFs on a glass coverslip. Scale bar: 4 mm. b) Schematic of myoblasts cultured on fMTFs,
subsequently released and stimulated electrically. Muscle contraction bends the cantilevers. c) Stereomicroscopy image of fMTF cantilevers.
Blue lines indicate fMTF borders prior to their release from the glass coverslip. Horizontal red lines indicate the leading edge positions of the
fMTFs during contraction. Scale bar: 500 um. d) Immunofluorescence staining of murine skeletal muscle (left) and human vascular smooth
muscle (right), cultured on fMTFs. Nuclei are stained blue (DAPI) and F-actin is stained green (Phalloidin 488) in both tissues. In murine
skeletal muscle tissue, o-actinin is also stained red. Scale bars: 5o um. e) Stress readouts from an fMTF cultured for 10 d in DMEM at various
pacing frequencies: 2, 4, and 8 Hz. f) Stress trace of human vascular smooth muscle fMTFs serially treated with 10 x 1076 m Acetylcholine
after 10 min, 500 x 1072 m Endothelin-1 after 20 min and 100 x 107 m HA1077 after 30 min. N =1 chip, 6 films. All errors are reported as SEM.
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this, we built nonwoven nanofiber networks composed of
10 wt%/vol% nylon-6, 10 wt%/vol% polyurethane (PU), and
a 5:5 wt%/vol% PU:nylon blend along a rotating collector
(Figure 4a). Polyurethane and nylon were selected based
on their widespread use in performance athletic wear.[5¢!
The collector consisted of a drill driver attached to a metal
rod terminated by a glass slide. The glass slide permitted
continuous collection and facilitated control over fiber
orientation, yielding reproducible network thicknesses of
220£29 um (N=17). After a 15 min pull-spinning cycle, net-
works of nonwoven fibers were removed from the mandrel
and analyzed using bright field (Figure 4a) and scanning
electron microscopy (SEM, Figure 4b). Network isotropy
of 5:5 wt%/vol% PU:nylon samples was manually varied
by adjusting collection angles to produce anisotropic and
crosshatched patterns (Figure 4b). Fiber alignment in the
networks was quantified using FFT to measure preferred
orientation of structures across multiple fields of view in
both x and y directions.[®”%8] FFT is a metric for anisotropy,
wherein a histogram with a narrow, unimodal peak repre-
sents perfectly aligned fibers, and the abundance or lack
of peaks represents a completely isotropic sample. In our

12 cm

(b)

Fréquency of
Fiber Angle

00
0 40 80
Direction (Degrees)

140 160 }

Frequency of
Fiber Angle

0 40 80

140 160
Direction (Degrees)

L.F. Deravi et al.

analysis, fibers that are collected as aligned networks have
a unimodal histogram; whereas, samples collected in the
crosshatched configuration display a bimodal distribution,
representing two directions of fiber orientation (Figure 4b).
These data suggest that pull spinning onto an adjustable
collector at different angles can produce fibrous networks
with distinct orientations. Unlike previous electrospinning
techniques that have been used to control nanofiber orien-
tation, pull spinning does not require additional devices
such as auxiliary®" or parallell®®! electrodes, perforated col-
lectors,”%! or controlled electrode geometries!’!! to induce
fiber alignment during deposition.

We then asked how fiber orientation and composi-
tion affect the bulk mechanical properties of nanofiber
networks. Fiber networks were uniaxially loaded at a
constant rate of 8 mm min until failure. The ultimate
tensile strength (UTS, Figure 5a) and strain at failure
(Figure 5b) for each of the four conditions are reported
under tensile load (Figure S7, Supporting Information).
5:5 wt%/vol% PU:nylon was the strongest material tested,
exhibiting a UTS of 2.63 £+ 0.19 MPa and strain at failure
of 0.73 £ 0.06. The cross-hatched 5:5 wt%/vol% PU:nylon

©0.04

c0.03
< 0.02
o

<20.01

Vi
Frequency of

0.00:
0

40 80 140 160
Direction (Degrees)

Fréquency of

0 40 80 140 160
Direction (Degrees)

Figure 4. Pull spun nanofibers for proof-of-principle apparel design. a) Schematic of collection scheme and sample of 5:5 wt%/vol% poly-
urethane (PU):nylon (1:1) nanofiber swatches collected after pull spinning. b) Scanning electron images and histograms representing the
fiber angle (alignment) as a function of the frequency of the angle of 10 wt%/vol% nylon (gray), 10 wt%/vol% PU (black), 5:5 wt%/vol%
anisotropic PU:nylon (green), and 5:5 wt%/vol% PU:nylon crosshatched nanofibers (blue). A multimodal distribution denotes an isotropic
mesh, whereas a unimodal distribution indicates uniaxial fiber alignment (N = 3-5 fields of view over two samples). Scale bar: 20 um.
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Figure 5. a) The ultimate tensile strength and b) strain at failure of each nanofiber network measured under tension. c) Fiber radius meas-
ured directly from SEM images (N = 200 fibers over four samples). d) Solution cast polymer films and pull spun nanofibers analyzed using
FTIR: 10 w/vol% nylon, 10 w/vol% PU, and 5:5 wt%/vol% PU:nylon films. Red lines represent ATR spectra of drop cast films. Black lines rep-
resent ATR spectra of nanofibers collected using pull spinning. In each case, frequency downshifts and broadening of amide |, amide II, and
carbonyl vibration modes signify the formation of hydrogen bonds in nylon/PU blend nanofibers. Data are averaged for n = 2 production
runs per composition, with four to six FOVs per sample. e) A proof of concept to demonstrate the fabrication of point-of-use apparel using
pull spinning. 5:5 wt%/vol% PU:nylon fiber network directly onto the knee joint of a 30 cm doll. Scale bars: 1 cm. All error is reported as

SEM. * indicates p < 0.05.

nanofabric displayed significantly lower ultimate tensile
strength than the anisotropic 5:5 wt%/vol% PU:nylon
sample. In contrast, low UTS (0.19 + 0.01 MPa) and strain
at failure (0.18 + 0.02) values for the 10 wt%/vol% nylon
networks suggest that nylon is the least resistant of the
tested networks to mechanical load. The nylon fibers are
also the thinnest, with an average radius that is nearly
40% less than that of the other samples (Figure 5c), sug-
gesting that fiber structure and composition may con-
tribute to bulk mechanical properties.

To further understand the role of molecular structure
in bulk tensile strength, we used ATR-FTIR spectroscopy to
examine the structural changes in the fiber networks as a
function of polymer composition (Figure 5d). Characteristic
vibration modes of both nylon and PU are evident in the
spectra (Table S1, Supporting Information). Our analysis
focused on the vibration peaks indicative of hydrogen bond
formation—a sign of intrachain bonding. These peaks are
represented by amide and carbonyl stretches: 1637 cm™
(amide I), 1547 cm™ (amide II), 1729 cm™ (carbonyl), and
3300 cm™ (amide). Hydrogen bonding between amide
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groups of nylon and urethane linkages of PU increases
bulk tensile strength by reducing slippage between the
anisotropic polymer chains. The increase in hydrogen
bond formation is indicated by amide and carbonyl peak
broadening and a downshift of N—H and C=0 stretching
(Figure 5d, black lines). Overall, the frequency peak posi-
tions of the IR data for the three polymer compositions
suggest that blending PU and nylon increases hydrogen
bonding within the formed fibers. These interactions man-
ifest on the macroscale through stronger tensile strength
for the anisotropic 5:5 wt%/vol% PU:nylon blend. These
data are compared against drop cast films of similar com-
positions (Figure 5d, red lines). Comparing the vibration
modes of the cast films to those of the polymerized pull
spun nanofibers reveals significant increases in hydrogen
bonding after pull spinning (Figure 5d), further suggesting
the role of this process in forming intrachain bonds.
Collectively, these data suggest that pull spinning
can be used to fabricate point-of-use nanofibers whose
mechanical performance can be customized according to
the composition and structural properties of the starting
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material. This capability will enable us to tune fiber per-
formance specific to a final material application.

3.6. Point-of-Use Apparel Fabrication

A simple proof-of-principle application of the pull spin-
ning system for apparel was demonstrated using the
strongest tested polymer material, the 5:5 wt%/vol%
PU:nylon blend, spun directly onto the knee joint of a
30 cm doll (Figure 5e). The knee was selected as an ideal
trial area based on its high range of motion and nonuni-
form topography. We found that the nanofibrous textile
conformed to the shape of the joint during pull spinning,
demonstrating no delamination following fiber forma-
tion. The joint was extended from 0° to 135° through the
full range of motion. The rate at which the knee is flexed
was varied from 1 to 200 extensions min-! (Movie S4, Sup-
porting Information). Regardless of the rate of deforma-
tion, the nanofiber network remained intact during joint
movement, exhibiting no tearing (Figure 5e). This prelimi-
nary trial suggests that pull spinning is a viable fabrication
tool for point-of-wear manufacturing.

4. Conclusions

We have built a compact nanofiber fabrication system that
rapidly generates continuous nonwoven nanofibers inde-
pendent of external system parameters. Like other well-
established techniques, pull spinning works by extruding
a polymer or protein droplet into a solid nanofiber that can
be collected as single fiber-thick layers or as a multilayered
network on a static or rotating substrate. Unlike other pro-
cesses, pull spinning is a “point-and-shoot” method that
facilitates high-speed nanofiber fabrication while main-
taining control of fiber orientation (OOP > 0.96) and depo-
sition. In this study, we examined the effect of rotational
speed, collection time, collector distance, polymer concen-
tration, and composition on the radius and morphology of
pull spun polymer nanofibers. We adapted a scaling law
to describe how centrifugal force and kinematic viscosity
influence nanofiber formation and nanofiber radius. Of
these two parameters, we concluded that the kinematic
viscosity of the initial polymer solution governs the radius
of the formed fiber. The upper and lower limits for fiber
radius were defined by the maximum and minimum solu-
tion viscosities of a given polymer for which fiber thinning
can occur. Future studies will address the role of other
environmental parameters (e.g., humidity, temperature,
and solvent volatility) that may similarly influence fiber
morphology and production quality.

We also present two proof-of-concept applications for
tissue engineering and textile design, illustrating the
versatility of the pull spinning system for nanomaterials

Macromol. Mater. Eng. 2017, DOI: 10.1002/mame.201600404
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manufacturing. In the first case, we show how pull spin-
ning can be used to fabricate fMTFs, a new nanofiber-
based platform that can recapitulate the anisotropy and
nanostructure of skeletal and smooth muscle tissue.
We show that fMTFs support functional measurement
of twitch and tetanus curves (murine skeletal muscle)
and changes in contractile stress in response to vaso-
constrictors and a rho kinase inhibitor (human vascular
smooth muscle). In a separate study, we demonstrate
that the pull spinning system can be adapted to point-
of-wear apparel. We show how nanofibrous textiles can
be spun directly onto the knee joint of a doll without
delamination as the joint was flexed and relaxed over
multiple cycles. This simple, proof-of-concept study
demonstrates the utility of this system for point-of-use
textile manufacturing. Future applications for directed
production of customizable nanotextiles could extend
to spray-on sportswear that gradually heats or cools an
athlete's body, sterile bandages deposited directly onto
a wound, and fabrics with locally varying mechanical
properties.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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