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Nanofiber production platforms commonly rely on volatile carrier solvents or high voltages.
Production of nanofibers comprised of charged polymers or polymers requiring nonvolatile
solvents thus typically requires customization of spinning setup and polymer dope. In severe
cases, these challenges can hinder fiber formation entirely. Here, a versatile system is presented
which addresses these challenges by employing centrifugal force to extrude polymer dope jet
through an air gap, into a flowing precipitation bath. This voltage-free approach ensures that
nanofiber solidification occurs in liquid, minimizing surface tension instability that results in
jet breakup and fiber defects. In addition, nanofibers of controlled size and morphology can be
fabricated by tuning spinning parameters including air gap length, spinning speed, polymer
concentration, and bath composition. To demonstrate the
versatility of our platform, para-aramid (e.g., Kevlar) and
biopolymer (e.g., DNA, alginate) nanofibers are produced that
cannot be readily produced using standard nanofiber produc-
tion methods.
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1. Introduction

Fibrous materials possess unique combinations of prop-
erties, such as pliability, toughness, and durability that
make them an attractive material for various applica-
tions. Synthetic fiber production emerged in the 19th
century and high-strength synthetic fibers such as nylon

G. M. Gonzalez, Dr. L. A. MacQueen, Dr. J. U. Lind,

S. A. Fitzgibbons, C. O. Chantre, I. Huggler, H. M. Golecki,

J. A. Goss, Prof. K. K. Parker

Disease Biophysics Group

Wyss Institute for Biologically Inspired Engineering

John A. Paulson School of Engineering and Applied Sciences
Harvard University

Cambridge, MA 02138, USA

E-mail: kkparker@seas.harvard.edu

Macromol. Mater. Eng. 2017, 302,1600365
© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and Kevlar were commercialized in the 1930s and 1970s,
respectively.?l Today, synthetic fibers are widely used
to reinforce composite building materials, tires, sporting
equipment, and armor.>4 High porosity fibrous scaf-
folds are used for filtration, sensors, and catalysis[Sl as
well as for tissue engineering and regenerative medicine
research.>8 Since unique properties of fibrous materials
derive from the high aspect ratios of fibers,®* recent
efforts have focused on developing techniques for pro-
ducing nanofibers with diameters less than 1 pm. Exam-
ples of commonly used nanofiber production techniques
include self-assembly,[*>'3! phase separation,l**! template
synthesis,**! touch spinning,*®! magnetospinning,*”]
fluidic spinning,'#2°] electrospinning (ES),?! and rotary
jet-spinning (RJS).2124

ES is a popular and versatile method for manufacturing
polymer nanofibers.>?’] However, producing nanofibers
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using highly charged polymers jets can be challenging
due to electric field interference. For instance, ES of
pure alginatel?6-28] or DNAP®®! dissolved in water, even
into a precipitation bath, is hampered by interference
from their polyelectrolyte backbones.[?526:2830 Addition-
ally, some non-charged polymers cannot be spun using
common volatile solvents such as hexafluoroisopropanol
(HFIP), requiring additives to facilitate fiber formation.
For instance, the addition of salts has been critical to
spin meta-aramid dopes.[**3] Moreover, polymer solu-
tion viscosity and solvent evaporation rate must be care-
fully balanced in order to overcome instabilities caused
by surface tension. Unless these spinning conditions are
nominal, the dominance of surface tension can create a
high-energy Raleigh—Plateau instability that forces the
polymer-jet to bead or break apart.[?1:3637]

To facilitate fiber production from nonvolatile solvents
and from polymers with charged groups, we developed
immersion rotary jet-spinning (iRJS), a centrifugal dry-
jet wet spinning platform. The iRJS is an evolution of
our previously reported RIS platform wherein high cen-
trifugal forces are applied to extrude polymer dopes into
nanofiber forming jets.[?*?4 While the RJS relies on carrier
solvent evaporation, the iRJS contains a vortex-controlled
precipitation bath in which fiber solidification occurs. The
precipitation bath chemically crosslinks or precipitates
polymer nanofibers, removing the need for using vola-
tile carrier solvents. By utilizing precipitation instead of
evaporation, the iRJS allows the fabrication of a variety of
polymer nanofibers that cannot be readily formed using
conventional RIS and ES techniques. To demonstrate
the broad applicability of the iRJS, we spun nanofibers
using diverse material precursors that included poly
(para-phenylene terephthalamide) (PPTA, brand names:
Kevlar, Twaron), nylon, DNA, and alginate. For biological
applications, we developed pure alginate and blended alg-
inate—gelatin nanofibers for use as tissue scaffolds. Using
Kevlar as a model high-strength material precursor, we
controlled the mechanical properties of PPTA nanofiber
sheets for future use in composite materials.

2. Results and Discussion

Nanofibers are produced by the iRJS platform by extruding
a polymer solution through an orifice of a rotating reservoir
by centrifugal forces (Figure 1a). During extrusion, the solu-
tion forms a jet and undergoes jet-elongation and polymer
alignment as it travels through an adjustable air gap (Movie
S1, Supporting Information). At the end of the air gap, the
polymer jet enters a precipitating vortex bath where the
carrier solvent diffuses out, nanofiber solidification occurs
(Figure 1b), and nanofibers are collected, for instance, onto a
rotating collector in the form of oriented sheets (Figure 1c—f).
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The selection of an appropriate liquid for the precipi-
tating bath is critical, as it must dissolve jet carrier solvent
while simultaneously precipitating or crosslinking the
fiber polymer. For example, we spun PPTA or nylon into
water, DNA into ethanol, and alginate into an aqueous
CaCl, solution (Figure 1g—i). The use of a precipitation
bath reduces the tendency towards extruded polymer
jet beading driven by the Raleigh-Plateau instability,[*®!
which limits the parameter space of dry RIS[?! or ES.[237]
Before skin formation or phase speration suppresses this
hydrodynamic instability, the timescale of fiber beading
(Figure 2a) is governed by 7 ~&y, where u is the solvent
viscosity, yis the surface tension, and r is the jet radius.
By spinning into a bath which is miscible with the car-
rier solvent but precipitates the polymer, the surface ten-
sion of the interface approaches zero, y— o, increasing
the timescale of bead formation, 7 —<, (Figure 2b). As a
result, iRJS fibers are bead-free (Figure 2b), provided that
the air gap is sufficiently small, such that the polymer
solution reaches the precipitating bath before beading
occurs. To verify this mechanism, we compared the for-
mation of nylon fibers in the RIS platform, which con-
tains no precipitant liquid, to fibers spun into a variety
of precipitant baths using the iRJS platform (Figure 2a).
Using the RIS platform, we dissolved nylon in volatile
hexafluoroisopropanol (HFIP) and spun fibers at 30k
RPM. Under these conditions, nylon fibers formed solely
through the evaporation of the volatile solvent showed
significant beading (Figure 2a). In contrast, beading was
not observed in fibers produced with the iRJS platform
when a water precipitation bath was used (Figure 2b).
Water was chosen for the precipitation bath because it is
miscible with HFIP, resulting in negligible interfacial ten-
sion between the jet-bath interface. Notably, after adding
25% vol. ethanol to the water precipitation bath, beading
was observed, as ethanol is non-miscible with HFIP, and
thus increased interfacial tension. By further increasing
ethanol content to 50%, severe beading and further defec-
tive morphologies were observed (Figure S1, Supporting
Information).

While the precipitant bath influences fiber morphology,
varying iRJS system parameters (speed, concentration,
air-gap length) enables the production of fibers with tun-
able diameters. For the case of nylon fibers, average fiber
diameter decreased with increasing air gap distance
(2 cm < d < 6 cm) and extruder rotation speed (15 kRPM <
® < 45 kRPM). In contrast, fiber diameter increased with
increasing weight per volume solution concentration
(5% w/v < C < 20% w/v). Within this parameter space,
average nylon fiber diameters of 250 nm to 2.75 um were
produced (Figure 2c—e, Figure S2, Supporting Information).

Reconfiguration of the precipitating bath vortex and
fiber collector allows production of nanofiber constructs
in a variety of structural arrangements. For instance,

(2 of 11) 1600365



Macromolecular
Materials and Engineering

G. M. Gonzalez et al.

1600365 (3 of 11)

www.mme-journal.de

b Extrusion Jet Elongation and Fiber
" Polymer Extension Forrmation
Motor____ A2
Reservoir
o
Vortex T — =
Precipitafi —— Air Gap——| § il
B:;'ﬁlpl e Reservoir
Precipitating Bath ——
@ Solvent Polymer — g
Chains Fiber
Fiber Collection
c

Alginate

Figure 1. The immersion Rotary Jet-Spinning System (iRJS). a) The iRJS system controls the manufacturing of nanofibers by controlling the
nanoscale properties, microscale assembly, and macroscale functionality. The iRJS spins a nanofiber solution through an orifice of a rotating
reservoir. b) In an air gap, the polymer solution undergoes jet elongation, thinning while polymer chains align. After jet-elongation, the
polymer solution enters the precipitating or crosslinking bath to form nanofibers. c) The streamlines of the vortex pull and collect the fibers
onto the rotating collector. d) The iRJS system fabricates bulk nanofiber sheets around e) the collector with f) a removable sleeve. g) The
polymer sheets were fabricated from nylon, biopolymers DNA and hydrated alginate in addition to synthetic PPTA after 30 s of spinning.
These bulk sheets are comprised of h) nanofibers (scale bar = 40 um) made from the i) following materials: nylon (scale bar =500 nm), DNA
(scale bar = 250 nm), alginate (scale bar =1um), and PPTA (scale bar =1um) as revealed by SEM images.

highly aligned anisotropic sheets are obtained by
using a rotating drum collector (Figure 2d). We quanti-
fied the anisotropy of such sheets using an orientation
order parameter!8] (OOP) metric (0 < OOP < 1) with
perfect alignment normalized to a value of one. The
iRJS nanofiber sheets had OOP values approaching 1
(OOP > 0.95), indicating near perfect alignment
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(Figure 2f—i). Nanofiber yarns can also be produced using
a funnel collection method in place of a rotating col-
lector (Figure S3, Supporting Information), applying a
similar practice used in ES yarn collection systems.3%-41]
Finally, randomly oriented nanofibers can be achieved by
adjusting the vortex to wrap the fibers above the collector
(Figure S1, Supporting Information).
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Figure 2. iRJS control over the morphology, diameter, and alignment of sheets. a) Traditional nanofiber spinning systems relying on volatile
solvents cause beading as described by the Raleigh—Plateau instability and revealed in SEM images of nylon (left scale bar = 20 um, right
scale bar = 5 um). b) Fibers spun with the iRJS system minimizes surface tension due to the precipitating bath, delaying Raleigh—Plateau
instability to produce bead-free fibers as revealed by SEM images (left scale bar = 20 um; right scale bar = 5 um). In addition to control-
ling fiber morphology, the iRJS controls fiber diameter by c) varying air-gap distance, d) rotation speed, and e) solution concentration
(n = 3 production runs for each condition). For each mean fiber diameter, their corresponding distribution is plotted and denoted with
roman numerals. The iRJS creates aligned sheets of these fibers by using the f) streamlines of the vortex to wrap the fibers around the
collector. g) These resulting nanofiber sheets (scale bar =100 pm) h) were measured by OOP corresponding angle-color image algorithms
(scale bar =100 um). Across multiple spinning conditions, the iRJS nanofiber sheets are highly aligned as quantified in i) where o marks
random order and 1 marks complete alignment. (n = 3 field of view for each spinning condition). Error bars are s.e.m., *p < 0.05.

The fabrication of biopolymer nanofibers for biomed-  such as ethanol in the iRJS, DNA biopolymer nanofibers
ical applications often requires the use of a nonvolatile are produced using distilled water as a carrier solvent
aqueous carrier solvent. Using a precipitating solvent, (Figure 1g—i). Additionally, aqueous precipitation baths
SC'ENCE NEWS Macromol. Mater. Eng. 2017, 302, 1600365
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Figure 3. iRJS alginate—gelatin nanofiber scaffolds cultured with C2C12 myoblasts. a) Alginate nanofiber diameter depends on solution
concentration (n = 3 production runs). b) Alginate nanofiber sheet mechanical strength depends on precipitation bath ion concentration
(n =3 for each condition). c) The cellular scaffolding Young’s modulus depends on alginate—gelatin ratio (n = 3 for each condition). d) C2C12
myoblasts in 3D alginate—gelatin scaffolds with anisotropic orientation (scale bar = 20 um). e) C2C12 maturation induced by culture in
media supplemented with horse serum (HS) (scale bar = 20 um). f) Long-term (64 d) C2C12 proliferation in an immature state using high
concentration fetal bovine serum (15% FBS) (scale bars = 20 um). DAPI and F-actin stains are shown with an inverted color-map to improve

contrast. Error bars are s.e.m., *p < 0.05.

can be used by applying crosslinking agents to generate
stable fibers. As an example, we used the iRJS to pro-
duce nanofibrous alginate scaffolds crosslinked in an
aqueous CaCl, bath. Alginates are naturally occurring
polysaccharides used in food products!*>#3! and for bio-
medical applications that benefit from alginate’s biocom-
patibility, low toxicity, and mild gelation conditions.[”]
Medical uses of alginates include drug delivery vehi-
cles*4%5 and tissue engineering scaffolds,!*¢4”] where cell-
adhesive molecules are bound to alginate hydrogels to
promote cell attachment.[*’] Although alginate nanofibers
can be produced by ES, interference between the electric
field and the alginate polyelectrolyte backbones[?>26:28:30]
must be overcome, for example, by spinning in a mixed
glycerol-water solvent!*®] or by using a carrier polymer
such as poly(ethylene oxide).26-2849-52] Leveraging the
ability of the iRJS to fabricate aligned nanofiber sheets,
we produced alginate and blended alginate—biopro-
tein nanofibers, and explored their potential for skeletal
muscle tissue engineering with tunable size and modulus
(Figure 3a,b).

Tissue engineering scaffolds are designed to mimic
properties of the extra cellular matrix in order to promote
cell adhesion and guide tissue morphogenesis. Biocom-
patibility of naturally derived materials produced using
nontoxic methods are advantageous because they can be
more readily translated to clinical applications.I”#! Thus,
we produced anisotropic nanofibrous scaffolds based on
alginate blended with gelatin to promote cell adhesion.
Gelation in CacCl, proved sufficient to produce nanofibers
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from solutions in which the gelatin concentration was
as high as 50%. By varying alginate—gelatin concentra-
tions and subsequent gelatin crosslinking conditions, we
produced scaffolds with elastic modulus values ranging
between 5 and 60 kPa (Figure 3c). These values are compa-
rable to native skeletal muscle (Supporting Information).
In addition, our scaffolds were anisotropic (Figure 2f) and
guided anisotropic cell assembly (Figure 3d—f). We seeded
these scaffolds with C2C12 myoblasts and verified the
scaffold’s support of cell attachment, proliferation, and
differentiation. C2C12 myoblasts could either be matured
in situ, following =1 week of culture in differentiation
media (Figure 3e), or could be maintained in their imma-
ture single nucleated state within these scaffolds for up
to 2 months (Figure 3f). These experiments demonstrate
that co-spinning alginate with cell-adhesive bioproteins
(e.g., gelatin) provides a simple and effective means of
producing blended alginate—bioprotein nanofibers. Simi-
larly, through the inclusion of nutritional proteins in
these nanofibers (Figure S4, Supporting Information),
fibrous alginate scaffolds may achieve nutritional and
medical goals while simultaneously enabling engineering
of texture and taste, for future applications such as
synthetic and cultured foods.[>3-5>7°]

Beyond nanofiber production based on common car-
rier or aqueous solvents, the iRJS platform is well suited
for the fabrication of polymer nanofibers that require
the use of highly protic nonvolatile solvents. To demon-
strate this, we applied the iRJS capabilities for spinning
Kevlar-based para-aramid nanofibers, which mandates
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that concentrated sulfuric acid is used as a carrier sol-
vent. Poly(para-phenylene terephthalamide) (PPTA, the
polymeric material of commercial Kevlar and Twaron)
is a class of ultrastrong temperature-resistant para-
aramids with broad uses that include ballistic apparel,
brake and transmission friction parts, ropes and cables,
and reinforcement of rubbers and other composites.[46]
Commercial PPTA fiber diameters are on the order of
=10 um and possess an inhomogeneous core-skin mor-
phology that depends on proprietary production pro-
cesses.577%% Reducing fiber diameter will be of interest
for use in composites, where the surface area-to-volume
ratio of nanofibers can lead to improved adhesion to the
matrix and strengthening of the composite.[*%62] Produc-
tion of PPTA nanofibers using ES has been described.[364
However, complications with low and unreliable pro-
duction yields have been reported.4656¢] Alternative
approaches to fabricate para-aramid nanofibers include
chemical cross-linking of hydrolyzed or monomeric PPTA
into short micron-long nanofibrils.l”.68] In contrast, the
iRJS is capable of higher throughput production of PPTA
nanofibers with intact chemical structure.

Using the iRJS, we spun Kevlar dissolved in sulfuric
acid at various concentrations into an aqueous precipita-
tion bath. In the bath, sulfuric acid is diluted =1000 times
and fibers solidified. To ensure that residue sulfuric acid
did not degrade the nanofibers over time, we addition-
ally washed the nanofiber fabrics with distilled water
for 30 s followed by a 1 h drying step at 100 °C: The suc-
cessful removal of sulfuric acid impurities was confirmed
by energy-dispersive X-ray spectroscopy (EDS) (Figure S5,
Supporting Information). Applying this procedure, we
fabricated PPTA nanofibers with various diameters and
tensile strength. Fiber diameter was controlled in the iRJS
by adjusting polymer concentration and the shear forces
applied via variable rotational speed. For 3% (wt/v%)
polymer solutions, increasing spinning speed from
45 k RPM to 65k RPM decreased nanofiber diameter from
1300 to 800 nm (Figure 4a). On the contrary, increasing
concentration increased nanofiber diameter. Spun at 65k
RPM, PPTA concentrations of 1, 3, 5, or 10% (wt/v%) pro-
duced sheets of nanofibers with mean diameters of =500,
800, 850, or 900 nm, respectively (Figure 4a—d).

To determine the mechanical properties of the PPTA
nanofibers, we performed uniaxial tensile testing of
macroscopic nanofiber sheets, spun at 65k RPM at varying
PPTA concentrations (Figure 4e—h). The 10% PPTA fiber
sheets displayed the highest Young’s modulus (Figure 4f).
However, the 10% sample displayed lower ultimate tensile
stress compared to the 5% sample (Figure 4g). Also, com-
pared to higher PPTA concentrations, the PPTA nanofiber
sheets spun from 3% precursor solutions had lower ulti-
mate tensile stress and Young’'s modulus (Figure 4d).
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All the macroscopic PPTA nanofiber sheets had lower
Young’s modulus and ultimate tensile stress compared to
the reported values for Kevlar types 29 and 49.[°6671 How-
ever, this apparent difference may be caused by uneven
load distribution in the nanofibrous network.[®70] For
instance, a 1000-fold difference in apparent Young's
modulus has been reported for single PCL nanofibers,
compared to values measured for macroscopic sheets
composed of the same fibers.[*?] Assuming that the fibers
of the anisotropic sheets span the entire sheet length,
the toughness, the total amount of energy required to
fracture all the fibers in the sample, whether in concert
or one by one, will be less influenced by disorganization
of the nanofiber sheets.”>72 To this point, the tensile
toughness of the highly crystalline 5 and 10% nanofiber
sheets were 81 + 20 MPa and 33 + 14 MPa, respec-
tively (Figure 4h), which is comparable to that of com-
mercially available microfibers reported at 50 MPa.[”3]
These findings are promising because high toughness
is central to a wide range of high-performance material
applications.[*673]

For commercial PPTA fibers, Young's modulus
increases with increasing crystallinity while toughness
decreases.’*#74 To determine the relationship of PPTA
nanofiber mechanics with crystallinity, we evaluated
the local crystallinity of single PPTA nanofibers using
transmission electron microscopy (TEM) (Figure 4i-l).
The 3, 5, and 10% (wt/v%) precursor solutions spun
at 65k RPM all produced semicrystalline PPTA nanofibers
(Figure 4m,n, Figure S6-12, Tables S1-4, Supporting
Information) without a loss in the PPTA polymer bond
chemistry (Figure S6, Supporting Information). For the
3% fibers, amorphous ring diffraction caused by ran-
domly aligned polymer chains was dominant (Figure
4j), while for the 5 and 10% samples, discrete diffraction
with high local band intensity was seen (Figure 4k,l),
indicative of aligned polymer chains and crystalline
domains. Furthermore, for the 10% sample, the meridial
(002, 004, 006) and equatorial (010, 200, 210) diffraction
bands along with a crystalline core and amorphous skin
were observed (Figure S7iii,ix, Supporting Information).
These variations follow the trend in Young’s moduli
observed in the mechanical tests of the 3, 5, and 10%
samples, as increased crystalline morphology should
lead to stiffer, more brittle fiber materials. Nevertheless,
when investigating the bulk crystallinity of macroscopic
fibrous sheets using Raman (Figure 4m,n) and FT-IR
spectroscopy, we observed no quantifiable differences
between the nanofibrous samples (Figure S7-12, Sup-
porting Information). In these tests, all three nanofiber
samples had comparable degrees of crystallinities which
were higher than a cast film comparison, but signifi-
cantly lower than that of a commercial Kevlar microfiber
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Figure 4. iRJS PPTA nanofiber sheets with control over nanofiber size and mechanical strength. a) PPTA sheets are composed of b) nanofibers
(scale bar = 20 um) with an average diameter dependent on c) spinning speed and d) polymer concentration. (n = 3 production runs).
e) Uniaxial tensile testing was performed to determine the mechanics of fabricated PPTA sheets including f) Young’s modulus, g) tensile
stress, and h) toughness (n = 3 production runs). i) TEM imaging of the nanofibers (scale bar = 150 nm) allows for imaging of the selected
area diffraction of the j) 3%, k) 5%, ) 10% PPTA nanofibers and designation of Miller Indices (scale bars = 5 nm™). m) Representative Raman
spectrum of commercial Kevlar microfibers, cast film, and nanofiber sheets are graphed for comparison in addition to n) 3%, 5%, 10% PPTA
nanofiber sheets spectrums. Error bars are s.e.m., *p < 0.05.
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reference (Figure S12, Supporting Information). This
inconsistency between the local crystallinity as observed
by TEM and the bulk measurements relying on Raman
and FTIR spectroscopy, might arise from TEM imaging
relying on fibers of diameters smaller than the average of
the production run. It might also indicate that only local
areas of increased crystallinity are present in the high
concentration samples.

Nevertheless, the iRJS PPTA nanofibers possess poten-
tials due to their small diameter. While commercial
fiber diameters typically range from 10 to 20 um,®¢ the
significantly smaller diameter of the iRJS PPTA nanofibers
(500-1000 nm) provides a 10-20 times increase in sur-
face area-to-volume ratio. For composite materials, the
smaller diameter PPTA nanofibers may enhance fiber dis-
persion within matrix materials, increasing uniformity,
minimizing local stress concentrations, and increasing
the number of fibers available for bridging crack for-
mations.l””! Furthermore, the higher surface area-to-
volume ratio of nanofibers can improve adhesion to the
matrix, strengthening the compositel®’ as seen with
other nanofiber composites[®! with possible application
towards composite materials for ballistic protection such
as helmets.

3. Conclusions

The iRJS platform described here minimizes surface ten-
sion and fiber beading by spinning a polymer solution
into a liquid bath. The bath chemically crosslinks or pre-
cipitates the polymer without the need for a volatile
solvent. Adjusting the iRJS system parameters (air gap
distance, rotational speeds, and solution concentration)
enables control over nanofiber diameter. By avoiding the
need for solvent evaporation and electric charge, the iRJS
enables straightforward production of PPTA, nylon, DNA,
and pure or blended alginate nanofiber sheets. Struc-
tural, mechanical, and biochemical properties of these
nanofiber materials were controlled within the broad iRJS
parameter space. Significantly, this wide range of nanofi-
brous materials was achieved without limiting production
throughput.

4. Experimental Section

4.1. Design and Assembly of the iRJS

The iRJS system was custom built with the following parts: a
250 watt DC motor (35114, Maxon Percision Motors Inc., Fall River,
MA) with variable speeds from 1000 to 80 000 RPMs, a motor con-
trol board (306089, Maxon Precision Motors Inc., Fall River, MA), a
microcontroller (Arduino Due, Arduino LLC), and a potentiometer.
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Changing the resistance of potentiometer changed the voltage
supplied to and the speed of the motor. The rotating reservoir
was custom manufactured from polysulfone or aluminum and
included one 175 or 375 pm diameter orifice. The precipitating
bath was contained in a 2L beaker or a custom-built polycar-
bonate container. A stir plate with variable power drove the stir
bar and collector. The speed of the spinning reservoir ranged from
15 000 to 65 000 RPM, while collector speed was 350 RPM. The col-
lector was machined from a rod of polytetrafluoroethylene (PTFE)
into a cylinder with an opening for the stir bar. For the funnel col-
lection system, precipitant was pumped into a funnel to create a
vortex. For both collection methods, the air gap distance may be
controlled independently by changing the height of reservoir rel-
ative to the vortex. The precipitating bath used is a miscible liquid
to the solution solvent while not having the ability to solubilize
the polymer. For example, nylon dissolved in hexafluoroisopro-
panol was spun into water, DNA dissolved in water into ethanol,
alginate dissolved in water into calcium chloride solution, and
PPTA dissolved in sulfuric acid into water.

4.2. Solution Preparation and Spinning

To make solutions of PPTA-sulfuric acid, PPTA (339741,
McMaster-Carr, Elmhurst, IL) was dissolved into 99.999% sul-
furic acid (339741, Sigma Aldrich, St. Louis, MO) and heated at
70 °C for 24 h or until dissolved. The PPTA—sulfuric acid solutions
were spun at 70 °C and at variable speeds. Low viscosity alginate
(A0682, Sigma Aldrich, St. Louis, MO) was used for measuring the
effect of Ca%* ion concentration on mechanical strength and alg-
inic acid sodium salt (180947, Sigma Aldrich, St. Louis, MO) was
used for cellular scaffolding to increase the mechanical strength
of the alginate to more closely approximate skeletal muscle. To
avoid gelation, alginate—gelatin solutions were spun at 60 °C
and at 30k RPMs. Experimental procedures were carried out in
a chemical hood to limit exposure to hazardous materials used
in the fiber spinning process. If increasing concentration of car-
rier solvent diffusing into the bath hinders fiber formation, it is
recommended to change the bath or utilize the funnel collection
system to ensure fresh precipitant is used.

4.3. Scanning Electron Microscopy and Energy-Dispersive
X-Ray Spectroscopy

A field emitting electron microscope (FESEM Supra 55VP, Zeiss,
Oberkochen, Germany) was used at a voltage of 3kV to measure
the diameter and to reveal the microscale assembly of the
nanofibers. For sample preparation, 8 mm diameter samples
were cut and adhered via carbon tape to 12 mm aluminum
SEM stubs and then plated with a 10 nm coating of platinum/
palladium (Pt/Pd) using a Quorum Sputter Coater (EMS 300T D,
Quorum Technologies, Sussex, United Kingdom) to avoid charge
build-up during imaging. Diameter measurements of nanofibers
were done manually with Image]J. Energy-dispersive X-ray spec-
troscopy (EDS) in the Zeiss SEM was performed in order to detect
sulfuric acid impurities in the final nanofiber PPTA fabric. For
EDS analysis, we used the same method as above for the SEM
preparation minus the Pt/Pd coating. EDS was performed at 15kV
energy to produce enough signal for detection.
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4.4. Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used to view the
nanoscale features and crystallinity of the PPTA nanofibers. All
TEM imaging was performed on a JEOL 2100 TEM (JEOL, Peabody,
MA). Due to the small size of the fibers and the carbon content of
the PPTA polymers, the PPTA nanofibers were imaged directly on
a TEM sample grid at 80 kV. Miller Indexing of the diffraction pat-
terns was determined using known lattice parameters (a =.78 nm,
b=.519 nm, c=1.29 nm) and crystal structure (orthorhombic).[56.7¢]
To ensure accuracy of measurements, the 80 kV diffraction
patterns were calibrated using a known aluminum sample.

4.5. Tensile Testing

Uniaxial tensile testing was performed with a mechanical tester
(5566, Instron, Norwood, MA). The end of PPTA nanofiber sheets
was embed in epoxy and taped to avoid stress concentrations at
the location of the clamp and sample interaction. Tests were per-
formed under a constant strain rate of 500 mm min' at a gauge
length of 2 cm. The maximum strain rate was chosen to most
closely replicate the mechanical environment of high perfor-
mance applications. Young’s modulus was calculated as the slope
of stress—strain curve, ultimate tensile stress was calculated as
the maximum value of the stress—strain curve, and toughness
was calculated as the area underneath the stress—strain curve.
The area occupied by the nanofibers in the sheets was calcu-
lated by measuring the area of the sheet and then subtracting
the void space of the fibers based on density difference between
the sheet and a single fiber. For PPTA nanofibers tested mechani-
cally, fiber diameters ranged from 750 to 900 nm, density was
43 gm cm~3, and OOP values were .95 or greater. Mechanical
testing of alginate—gelatin nanofibers after transglutaminase
crosslinking (Modernist Pantry, Portsmouth, NH) crosslinking
was obtained with a biaxial tension test (CellScale BioTester,
Waterloo, Canada). For alginate nanofibers tested mechani-
cally, fiber diameters ranged from 600 to 800 nm, density was
1.02 gm cm~3, and OOP values were .95 or greater.

4.6. Skeletal Muscle Cell Seeding and Culture

Alginate—gelatin produced scaffolding with post-processing
transglutaminase (Modernist Pantry, Portsmouth, NH) was used
as a cellular scaffolding. Mouse myoblast cell lines (C2C12, ATCC
CRL-1772) were seeded at 50 000 cm2 and cultured in a growth
medium of DMEM culture medium (11995-065, Gibco, Carlsbad,
CA) supplemented with 15% fetal bovine serum (Invitrogen,
Carlsbed, CA). C2C12 maturation medium was DMEM/F-12
(12-719F, Lonza, Walkersville, MD) supplemented with 5% horse
serum (Gibco, Carlsbad, CA).

4.7. Fourier Transform Infrared (FT-IR) and Raman
Spectroscopy

A Bruker FT-IR Microscope (Lumos, Bruker, Billerica, MA) was
used in attenuated total reflection (ATR) mode to measure the
infrared spectra of the nanofibers. Horiba Multiline Raman Spec-
trometer was used with a 633 nm laser and 1800 mm grating.
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LabSpec 6 from Horiba was used to perform peak analysis and
fitted to literature values.[”7.7]

4.8. Statistical Analysis

Nanofiber diameter and mechanical properties were evaluated
using SigmaPlot software (v12.5, Systat Software Inc., SanJose, CA).
Nylon size dependence (Figure 2c), fiber diameter versus polymer
weight concentration (Figure 3a, Figure 4b) and fiber diameter
versus rotations per minute (Figure 4a) failed the Shapiro-Wilk
normality test, and thus were evaluated using Kruskal-Wallis
one way analysis of variance on ranks using the Dunn’s test
for post hoc analyses. Mechanical data (Figure 3b,c, Figure 4d)
passed the Shapiro-Wilk normality test and were thus compared
using one-way ANOVA, and the Tukey test for post-hoc analysis.
For all statistical analyses, p-values less than 0.05 were consid-
ered statistically significant.
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