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Touch- and Brush-Spinning of Nanofibers

Alexander Tokarev, Darya Asheghali, lan M. Griffiths, Oleksandr Trotsenko, Alexey Gruzd,

Xin Lin, Howard A. Stone, and Sergiy Minko*

Polymer nanofibers are used in numerous applications ranging
from the design of new composite materials to the fabrication
of nanostructured biomimetic scaffolds for artificial bones and
organs for regenerative medicine. Here, we describe a simple
controllable setup for drawing single filament nanofibers from
polymer solutions or melts using a rotating rod or a set of rods
(round brush). The setup can be assembled in a few minutes
and applied to fabricate customized nanofiber scaffolds and
meshes for various applications. The resulting fiber diameter
is controlled precisely in the range 40 nm to 5 pm by adjusting
the rotational speed and polymer concentration. Owing to the
simple design and capability to manipulate single nanofibers,
the spinning setup can be used to wind a single filament into
unidirectional, orthogonal, or randomly oriented 2D and 3D
meshes with controlled density, thickness, and combinations
of different fibers and materials in the scaffolds. The method
is scalable and can be implemented easily for laboratory and
industrial manufacturing.

In the past decade polymer nanofibers have found applica-
tions in many different areas such as bone and tissue regen-
eration,!!l' biosensors,? fuel cells,’! design of composites,*
and polymer nanofiber films.’! Water/air purification systems,
personal care products, and membranes utilize the high sur-
face area of nanofibers to enhance transport and filtration
properties,® while nanofibers with tunable conductivity and
structural memory are promising building blocks for miniatur-
ized devices.”] Currently, electrospinning is the most popular
method for nanofiber production.l® In this method, a droplet of
polymer solution is stretched to form a fiber by a high-voltage
electric field. Electrospinning requires high voltages (20-30 kV)
and depends strongly on the dielectric properties of materials®
that call for adjustment of spinning solutions and experienced
operators of the spinning setup. Fibers are deposited on col-
lectors (plane electrodes or frames) or rotating electrodes of a
cylindrical shape for the fabrication of 2D and 3D fibrous non-
woven structures.’)
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The recent discovery of the ability of nanofibers to help to
form bones and tissues in combination with stem cells!'! has
resulted in a significantly increased interest in the develop-
ment of simple methods for nanofiber fabrication that can be
conducted in biological and biomedical laboratories. However,
problems of antigenicity and immunogenicity of a donor’s
biological materials, as well as specific needs in the shapes,
dimensions, and morphologies of tissue implants call for the
fabrication of customized scaffolds!!'!] that can be engineered
and fabricated at a health-provider facility.

The simplest method of nanofiber fabrication is direct
drawing from a polymer solution using a glass micropipette.['!
This method, however, was not scaled up and thus did not find
practical applications.!*] Here, we introduce a scalable method
of nanofiber spinning named touch-spinning. A glass rod
(0.3 mm to a few mm in diameter) is glued to a rotating stage,
whose diameter can be chosen over a wide range of a few centi-
meters to more than one meter (Figure 1a). A polymer solution
is supplied, for example, from a needle of a syringe pump that
faces the glass rod. The distance between the droplet of polymer
solution and the tip of the glass rod is adjusted so that the
glass rod contacts the polymer droplet as it rotates (Figure 1b).
Following the initial “touch,” the polymer droplet forms a liquid
bridge. As the stage rotates, the bridge stretches and fiber length
increases, with the diameter decreasing due to mass conserva-
tion (Figure 1c). The surface area of the liquid thread increases
with its elongation and thus generates a larger surface area for
eventual solvent evaporation from the thread. For a polymer
melt, the fiber drawing is followed by cooling of the polymer.

The touch-spinning setup was used for drawing polyethylene
oxide (PEO) fibers from aqueous solutions. However, after
several revolutions, a large amount of dried polymer accu-
mulated on the surface of the glass rod due to wetting of the
rod by the PEO solutions and its subsequent spreading; as the
PEO droplets solidify on the glass rod, fiber drawing becomes
impossible. In order to avoid this problem, we coated the rod
with 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFSTEOS).
For the fluorosilane surface-modified rod, the advancing
contact angle was measured to be ©, = 118° for water and
0, = 107° for a 3.5 wt% PEO solution, while the receding con-
tact angles were O, = 98° and O, = 75°, respectively, indicating
wetting hysteresis (Figures S1 and S2, Supporting Information).
Even though the modified glass rod repelled water, the setup
produced nanofibers because the modified surface adhered to
the polymer solution droplet due to the wetting hysteresis. The
modification with PFSTEOS aids in avoiding accumulation of
the polymer on the glass rod surfaces due to nonwetting or par-
tial wetting, thus providing conditions for excellent reproduc-
ibility of fiber drawing due to the self-cleaning properties of
the rod. The same results were obtained for superoleophobic
coatings of the rod surface that provides coating morphology
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Figure 1. Touch-spinning of nanofibers. a) A glass rod is glued to a rotating stage and a droplet of the polymer solution is pushed through the needle
with an automated pump. b) The rotating glass rod touches the droplet of the polymer solution. c) The glass rod continues rotation, and a liquid bridge
is formed between the glass rod and the needle tip. The liquid bridge solidifies upon solvent evaporation (or cooling for polymer melts) and fibers
are collected along the edge of the rotating stage on mounted bars (not shown here). d) The rotating glass rod touches the polymer solution droplet
at a high speed and thus the local pressure overcomes the breakthrough pressure, resulting in wetting hysteresis due to the transition to the Wenzel
complete-wetting state while further spreading of liquid outside the high pressure area is limited by partial wetting or nonwetting Cassie states. e) The
fiber diameter along a 15 cm length of a PEO (triangles) and PCL (squares) fiber. f) scanning electron microscope (SEM) image of PEO nanofibers.
g) SEM image of Teflon nanofibers. h) transmission electron microscope (TEM) image of a core—shell polyvinyl alcohol (PVA)—PCL nanofiber.

of re-entrant geometry (Figure S3, Supporting Information).
The local pressure (=10° Pa) generated when the rotating rod
hits the droplet is much greater than the breakthrough pres-
sure for typical composite surfaces with a re-entrant geometry
(=103 Pa)."] This results in a transition from Cassie to the fully
wetted Wenzel state (Figure 1d), causing wetting hysteresis. For
polymer solutions in aqueous and organic solvents, all of the
coatings were found to have no buildup of polymer layers on
the surface of the rod. Our results demonstrate that the touch-
spinning method can be realized when the wetting behavior of
the rod is optimized to nonwetting or partial wetting with wet-
ting hysteresis.

Examples of touch-spun PEO nanofibers are shown in
the scanning electron microscopy (SEM) image in Figure 1f.
The resulting fibers are very close to homogeneous in dia-
meter along the fiber length (Figure 1e). This method is not
sensitive to the dielectric properties of the polymer solutions
and thus can be used to draw a range of fibers from various
polymer solutions and melts. For example, Teflon nanofibers
can be fabricated by electrospinning only if blended with
another polymer,” since Teflon is only soluble in liquids
with low dielectric constants. Here we used the touch-spin-
ning method to produce Teflon nanofibers from a solution of
TAF 1600 (copolymer of 2,2-bis(trifluoromethyl)-4,5-difluoro-
1,3-dioxole) in Fluorinert FC-40 fluid with dielectric constant

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1.9 (Figure 1g). The touch-spinning method can also be used
for drawing fibers from polymer melts. For example, touch-
spun polyethylene microfibers were drawn from polyethylene
(PE) melted by a heat gun at 150 °C (Figure S4, Supporting
Information). Moreover, we used the touch-spinning method
to produce core-shell poly(vinyl alcohol) (PVA)-polycaprolac-
tone (PCL) nanofibers (Figure 1h) using a needle with a coaxial
needle.

In the touch-spinning method, the resulting nanofiber dia-
meter can be varied by changing the rotation speed of the
stage or the concentration of the polymer solution. Figure 2a
summarizes variations in fiber diameter as a function of PEO
concentration in the range from 3.5-9 wt% and as a func-
tion of rotational speed in the range 500-2500 rpm: the fiber
diameter decreases with increasing rotational speed and
decreasing polymer concentration. Standard deviations of
the fiber diameter in a series of experiments are presented in
Table S3 (Supporting Information), and are comparable with
those for fibers made using other traditional nanofiber spin-
ning methods.’ In each series, the standard deviation was
measured for one hundred 15 cm-long fibers in different sam-
ples of the same batch along the fiber’s length. For example,
the standard deviation for 125 nm fibers is +36 nm, while for
each given filament along its contour, the variation of diameter
is much smaller (+10 nm).
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Figure 2. Controlling the diameter of fibers produced by touch-spinning.
a) Diameters of touch-spun PEO nanofibers at different rotational speeds.
Standard deviations of the fiber diameter in a series of experiments are
presented in Table S3 (Supporting Information). Inset shows graph A with
log—log axes, demonstrating a simple power law. b) Productivity of touch-
spinning, where D is the diameter of the rotating stage. c) Plot of exponent
B versus evaporation parameter, € A for the illustrative example of e Ca =1
(dashed line), 10 (dashed—dotted line), and 20 (solid line) for a fiber draw
ratio of 10. We observe a decrease in the power with increasing evaporation
rate and with increasing surface tension. d) Ratio of the final fiber diameter
to diameter of the fiber as it emerges from the droplet versus e Ca. As € Ca
increases (i.e., as viscosity decreases), the final fiber diameter decreases.
Here € A =0 (dashed line), 0.4 (dashed—dotted line), and 0.6 (solid line).
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A series of experiments with different diameters of glass
rods (from 0.33 to 1.8 mm) and different wetting properties of
the surface of the rods (water contact angle from 0° to 160°)
demonstrated no effect on the fiber diameter, which indicates
that the fiber diameter is a function of the interplay of param-
eters for stretching of the polymer liquid formed between the
surface supplying the polymer liquid and the tip of the glass
rod, as discussed below. The wetting behavior of the rotating
rod is critical to avoid contamination of the rod with polymer
deposits. The wetting behavior and diameter of the rod have no
effect on the fiber diameter (Table S1 and S2, Supporting Infor-
mation). The volumetric rate of production of fibers in touch-
spinning (V;) clearly depends on the diameter of the rotating
stage (D), angular velocity (), and fiber radius (Ry) such that
V, = mRA(mDsw). The productivity of the method estimated
for a single rod is in the same range as for electrospinning!!¢2
(Figure 2b). The efficient range of rotation speed is
500-2500 rpm that varies with polymer structure and concen-
tration. At speeds below 500 rpm, fibers were nonuniform with
formation of beads. Supply of the polymer solution is adjusted
to avoid dripping so that all the supplied liquid is picked up
by the rotating rod in the steady-state regime. No effect of the
needle diameter or solution droplet at the needle tip on the
fiber diameter was observed.

During drawing, the fiber thins via two distinct mechanisms:
axial stretching due to the rotation of the stage, and capillarity,
which acts to drain fluid from the fiber back into the source
droplet. When operating in steady state, the fabrication process
sufficiently far from breakup may be described by exploiting
the slenderness of the fiber!’”! to write simplified 1D governing
equations for a mass balance, including solvent evaporation
and an axial linear momentum balance:

d p2

= (R"w)=-aR (1)
d > dw dR _

—](mR —1)+y—1_0 (2)

Here, R is the fiber radius and is the fluid velocity, both of
which vary with z, the axial position along the fiber; yand p are
the fluid surface tension and viscosity, respectively; and o is a
coefficient that characterizes the evaporation rate (m s7!). The
viscosity p will in principle depend on the extension rate due
to the presence of the polymer and the changes in the polymer
concentration (which will increase as the solvent evaporates).
In the region near where the fiber is drawn from the droplet,
the axial stresses supported by the polymers will balance the
increasing capillary pressure. This results in a viscosity that
increases at a rate that is inversely proportional to the radius
of the fiber emerging from the droplet.l'¥l However, within the
main fiber, the polymers are expected to reach their maximum
extension and so the viscosity attains a constant value.'® The
viscosity will also vary with time due to the solvent evaporation,
but we expect that the majority of the evaporation will occur fol-
lowing fiber drawing, over a longer timescale (seconds). Based
on these observations, we assume a constant viscosity in the
model (1)—(2). We emphasize that the results we present here
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Figure 3. Brush-spinning of nanofibers. a) A round hairbrush is attached to a rotating motor and the PEO solution is poured onto a Teflon substrate.
PEO solution is mixed with a dye for visualization purposes. b) Nanofibers collected on the hairbrush rotated at 3000 rpm for 1 min and c) for 5 min

of spinning. d) SEM image of brush-spun nanofibers.

readily generalize for more complex viscosity relations that
may be inserted directly into this model system, but we will
show that this model contains the essential physics required to
explain the experimentally observed phenomena.

Non-dimensionalization of Equation (1) and (2) indicates
that the system may be characterized by three dimension-
less parameters: the ratio of initial fiber radius as it emerges
from the droplet to the length of the fiber, from the droplet
to the stage, €; the capillary number, Ca = pW/y, where W is
the typical speed of withdrawal of fluid from the droplet; and
A = a/W, which measures the evaporation speed compared
with the typical axial velocity.

The diameter of the fibers fabricated by the touch-spin-
ning process may be tailored in a variety of simple ways as
we have shown, for example, by adjusting the speed of the
rotating stage or the polymer concentration (Figure 2a). The
empirically observed fiber diameter D obeys an approximate
power-law relation D ~ @, where 8 < 1/2 (Figure 2a). Solving
Equation (1) and (2) provides the relationship between f and
evaporation and surface tension. The exponent f is reduced
with increasing evaporation (with 8 = 1/2 in the absence of
evaporation) and with increasing surface tension (Figure 2c).
We note that we require both evaporation and surface tension
to achieve a power law that differs from 8 = 1/2, regardless of
the functional form of the viscosity.

A key advantage of the touch-spinning process is its ability
to generate fibers with a uniform diameter (Figure le). In
the touch-spinning operating regimes the reduced capil-
lary number, eCa << 1. In this limit, Equation (2) reduces to
dR/dz = 0 and so R = R(t) only. This indicates that the surface
tension will act to smooth out any axial variations in radius
during the drawing stage (which typically occurs on a mil-
lisecond timescale) and hence we expect to observe uniform
thinning for the bulk of the fiber, with variations in the fiber
radius constrained to a small boundary layer of order eCa times
the fiber length near where the fiber emerges from the droplet.
Within this boundary layer, surface-tension effects are impor-
tant and capillary suction will act to drain liquid from the bulk
fiber into the droplet.'”! Consequently, the resulting fiber will
be approximately uniform along its entire length following
drawing. Due to the uniform nature of the fiber shape during
the drawing stage before fracture, the fiber will also continue to
thin uniformly during the evaporation stage. As a result, both

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the drawing and evaporation stages ensure that uniform fibers
are generated, which rationalizes the observations in Figure le
(and other spinning processes). The inclusion of polymers in a
fluid has also been shown to facilitate the fabrication of cylin-
drical fibers, corroborating this observation.l?’!

In Figure 2a, the fiber diameter is observed to increase with
PEO concentration, which we identify with an increase in vis-
cosity. This result may be attributed to the fact that a viscosity
increase raises the axial viscous stresses, which impede the
stretching. The solution to the system (1)—(2) confirms this
observation, predicting an increase in fiber diameter with
increasing capillary number (Figure 2d). This analysis also
highlights the importance of evaporation, with no dependence
of fiber diameter on capillary number exhibited in the absence
of evaporation (Figure 2d).

We have also demonstrated the simplicity and scalability of
this new touch-spinning method by using a round hairbrush
composed of the order of 600 filaments (Figure 3a). The brush
was attached to an electrical motor via the brush grip. The
setup was fed by a PEO solution poured onto a Teflon film
placed underneath the round brush so that the brush filaments
touched the droplets of the polymer solution but did not scratch
the film. In Figure 3a, PEO solution is mixed with a dye for
visualization purposes. Nanofibers were brush-spun from the
free-liquid surface with a rotating hairbrush. Figure 3b,c shows
the 200 nm nanofibers produced in 1 and 5 min, respectively, at
3000 rpm, and an SEM image of the resulting fibers is shown
in Figure 3d. The total length of the fibers produced by the
600-filament brush with Dy = 60 mm at 3000 rpm in 5 min is
1700 km, which is a sufficient amount for a typical tissue-engi-
neering experiment.

Depending on the rotational mode of the spinning frame,
the touch-spinning process enables both regular and random
fiber meshes and continuous single free-standing nano- and
microfibers. For example, a rotating stage with a diameter of
5 cm was used to produce single free-standing 15 cm-long
polyacrylonitrile (PAN) microfibers and PCL nanofibers. Devia-
tion of the fiber diameter along their length and between dif-
ferent batches is in the range 3%-5%. The Young's modulus
of PCL fibers with diameters from 650 to 800 nm was meas-
ured to be 0.26 £ 0.08 GPa, using a three-point bending test
and an atomic force microscope (detailed procedure described
in the Supporting Information). Such results are comparable
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with the mechanical properties of PCL fibers produced by other
common methods.?!]

The essential difference of the touch-spinning method from
other commonly used methods of nanofiber fabrication is in
the mechanical control and manipulation of nanofibers that
it offers. In contrast to all other methods, in touch-spinning,
single filament nanofibers are drawn by the mechanical force
that not only determines fiber stretching but also guides fibers
onto the spool, providing better control over fiber alignment.

www.advmat.de

For example, considering applications of nanofibers for tissue
engineering scaffolds,/' touch-spinning offers a very fast and
practical method to produce scaffolds for cells with controlled
mesh size in virtually any laboratory facility with no special
requirement for equipment and training of personnel. For
example, a supporting frame 15 mm x 15 mm size was placed
behind the touch-spinning needle and fibers were collected
on the frame (Figure 4a,b). After 2 min, the frame was rotated
by 90° and touch-spinning was continued for 2 min more,

Figure 4. Nanofiber meshes with controlled mesh size for tissue-engineering and filtration applications. a) A 15 mm x 15 mm metallic frame size is
placed behind the touch-spinning needle and fibers are collected on the frame. b) Optical microscopy image of fibers on the frame produced after
2 min of touch-spinning. c) After 2 min, the frame was rotated by 90° and touch-spinning was continued for 2 min more, resulting in a 28 £ 7 pm
square mesh. d) Confocal image of the mouse breast cancer cell grown on the mesh. e) Optical microscopy image of fibers on the frame produced
after 4 min of touch-spinning. f) After 4 min, the frame was rotated by 90° and touch-spinning was continued for 2 min more, resulting ina 5.8 £ 1 pm
size mesh. Inset shows water droplet on the mesh of teflon nanofibers (contact angle = 154°). g—i) Preparation of 3D scaffolds by touch-spinning and
simultaneous spraying of cells: g) The fiber drawn by the rod (1) is wound onto the frame (2) of a desired shape (a cuboid for example) attached to
the spool. The spool can be tilted at any angle to wind fibers onto frames with complicated geometries. h) Fibers are wound onto the frame with a
controlled density (3) that can be regulated by the motion of the spool that shuttles back and forward. NIH-3T3 mouse fibroblast cells (4) are sprayed
onto the frame simultaneously with winding of fibers. i) 3D scaffold is made of the highly cellularized fiber meshes (5). j-n) Different shapes and sizes
of 3D scaffolds obtained by winding nanofibers onto supporting frames mounted on a spool.
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resulting in a 28 + 7 pm square mesh (Figure 4c). The mesh
size can be controlled by adjusting the time of touch-spinning:
4 min of touch-spinning produced a mesh with size 5.8 £ 1 pm
(Figure 4e,f). The PCL meshes were successfully tested for
scaffolding mouse breast cancer cells (Figure 4d). Owing to
its very simple setup (Figure 4g-i), the highly cellularized wet
3D-scaffolds (Figure S6, Supporting Information) can be fabri-
cated by combining fiber winding with simultaneous spraying
of cells.?2l The examples illustrated in Figure 4j—n demonstrate
the capability of the touch-spinning method for fabrication
of biomimetic scaffolds on different scales from macroscopic
shape and dimensions to microscopic fiber dimensions and
alignment into various meshes that are relevant to mesh-like
structures in human tissues.

Applications of the method developed are obviously not lim-
ited to tissue engineering scaffolds and extend to any other
nanofiber application, for example filtration?®l when fibrous
filters with a demanded mesh size can be prepared by simple
winding of nanofibers as shown in Figure 4a—c. Another
obvious example is the fabrication of fibrous superhydrophobic
coatings.?!l Here, Teflon nanofiber meshes were tested for the
fabrication of superhydrophobic surfaces (inset in Figure 4f).

In this report, we describe a new method for drawing
nanofibers. The method is based on a very simple and inex-
pensive setup that does not require special training or skills.
Using this method, nanofibers can be drawn in any non-
specialized laboratory. It is possible to build a touch-spinning
setup by gluing a surface-modified glass rod to a rotating stage
from which fibers can be spun from a free-liquid surface. A
simple hairbrush can be used to scale up the fiber drawing to
spin kilometers of nanofibers per minute. Owing to the setup’s
simplicity and ability to manipulate nanofibers, 2D and 3D cus-
tomized scaffolds of different dimensions, shapes, mesh sizes,
fiber alignments, and combinations with biological materials
can be easily fabricated in minutes.

Experimental Section

Polymer Solution Preparation: PCL (M, = 80 000 g mol™) (Aldrich)
was dissolved in chloroform (ACS grade, BDH, VWR) for 1 h at
60 °C to produce solutions with concentrations of 4 and 7 wt%.
PEO (M, = 400 000 g mol™") (Aldrich) was dissolved in deionized
water for 4 h at 60 °C to produce 3.5, 5, 7, and 9 wt% solutions. PAN
(M, = 150 000 g mol™) (Pfaltz and Bauer, Inc.) was dissolved in
N,N-dimethylformamide (DMF) (99.8%, extra dry, ACROS Organics) for
12 h at 60 °C to produce 8, 10, 12, and 14 wt% polymer solutions.

Surface Modification of the Glass Rod (Preparation of Superhydrophobic
Surface): The glass rods (glass fibers) were cleaned in 1:1 ammonium
hydroxide (50% v/v, VWR)/hydrogen peroxide (30%, Ward’s Science) for
40 min. Following this, they were rinsed with deionized water. The glass
rods were immersed for 15 h in 2% PFSTEOS (97%, Matrix Scientific) in
toluene and then rinsed with toluene and ethanol (200 proof, KOPTEC)
to remove any excess fluorosilane.

Preparation of Superomniphobic Surface: Superomniphobic surfaces
were obtained by spraying of 8 wt% aqueous solution of silicon-
carbide microrods. The average diameter and length of rods are
600 nm and 7 pm, respectively. The formation of silicon carbide rod
aggregates was achieved in specially adjusted spraying conditions
(Figure S3, Supporting Information). Deposition of these aerosol-
assisted self-assembled structures led to production of re-entrant
two-length-scale surface textures that help to stabilize the nonwetting
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regime. Following the deposition, the surface was functionalized with
perfluorooctyltriethoxysilane.

Cell Culture: The mouse 4T1 breast tumor cells used for the present
cultures were provided by Dr. Jin Xie, University of Georgia, USA. The
growth medium consisted of Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% (v/v) fetal bovine serum with antibiotics.
Cell cultures were maintained in a 37 °C incubator in a humidified
atmosphere containing 5% CO,. The cells were passaged at confluence
using a standard trypsin protocol. The scaffolds made of PCL nanofibers
were sterilized by UV light for 30 min. The nanofibers were then subjected
to a rough collagen coating by immersing the nanofibrous scaffolds
into a solution of calf skin collagen (0.1% solution in 0.1 m acetic acid)
overnight. Afterward, the constructs were washed three times with PBS
and kept air-dried. The 4T1 cells were seeded (1 x 10° cells cm™2) and
cultured on the collagen-coated fibers in Petri-dish culture plates for
2 days. Cell seeded scaffolds were then rinsed in phosphate-buffered
saline, fixed in 3.7% formaldehyde solution and permeabilized with 1%
(w/v) Bovine serum albumin prior to incubation with fluorescein-tagged
phalloidin (Life Technology, NY, USA) at 0.1 mg mL™" for 30 min. The
cells were visualized using the 488 nm laser of a Zeiss LSM 710 inverted
confocal microscope with a ZSMmeta head (Welwyn Garden City, UK).
The images were analyzed using Image Pro Plus.

The mouse NIH-3T3 fibroblast cells used for the present cultures
were purchased from ATCC, USA. DMEM containing 10% (v/v) fetal
bovine serum with antibiotics was used for cell growth. Cell cultures
were maintained in a 37 °C incubator in a humidified atmosphere
containing 5% CO,. Cells were passaged at confluence using a standard
trypsin protocol. Cells were washed twice and stored in PBS buffer.

Supporting Information

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