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Fiber Formation from Silk Fibroin Using Pressurized

Gyration

Phoebe Louiseanne Heseltine, Joseph Hosken, Chris Agboh, David Farrar,
Shervanthi Homer-Vanniasinkam, and Mohan Edirisinghe*

Silk has attracted considerable interest for use in biomedical applications due
to its high strength and promising biocompatibility. Degummed silk, con-
sisting only of silk fibroin (SF), has been processed using various methods
and can be made into films, sponges, and fibers. Pressurized gyration (PG)
is capable of rapidly producing aligned fibers and offers a great amount of
control over their structure and morphology. Here, SF fibers are produced
for the first time using PG. The effect of varying SF concentration and
applied working pressure to the gyration vessel is reported, along with the
resulting effect on fiber diameter, morphology, and structural composition.
Aligned microfibers are found at concentrations of 8, 10, 12 w/v%, with

the lowest fiber diameters reported at 8 w/v% SF 0.3 MPa applied pressure
(2.1 £ 1.3 pm). Fourier-transform infrared spectroscopy (FTIR) confirms the
existence of PG spun fibers in both random coil and f3-sheet formations.

Fibers in the nano- to micrometer range are an exciting class
of material with an ever-expanding portfolio of applications.
Their unique physicochemical properties such as high specific
surface area to volume ratio, tailorable surface morphology
and porosity, and their ability to be functionalized for a specific
end use, make them powerful tools for use in research and
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manufacturing.'l Polymer fibers have
been used extensively in energy storage,
filtration, automotive industries, sensing,
and as biomaterials—for example, in
tissue engineering and drug delivery.*!

For fabrication of fibers, several methods
have been employed such as self-assembly,
phase separation, template-assisted syn-
thesis, centrifugal spinning, and melt-
blowing, yet most of these methods are
limited by low production rates.'31 For
example, although self-assembly allows for
the production of fine fibers, it is a time-
consuming process. Phase separation has
shown promise, however only some poly-
mers can be used in this process. Electro-
spinning has become popular due to the
amount of control that it allows in fiber for-
mation in terms of their uniformity and length. Essentially, this
method uses an electric field to drive the formation of a polymer
fiber jet between a charged nozzle and a collector.' Contem-
plating these advantages, through varying technical parameters
such as solution electrical conductivity, collector distance, solu-
tion viscosity, flow rate, and concentration, fibers can be spun.
However, electrospinning is limited by its requirement for the
use of polar solvents which restricts the range of polymers that
can be used. Not only this, it normally requires a needle and
tubing which can become easily clogged. Finally, electrospin-
ning operates in a random whipping motion, greatly affecting
the morphology and deposition of the fibers produced."”]

In recent years, centrifugal spinning has been utilized as a
needle-free method of fiber fabrication that relies on the cen-
trifugal force of a rotating spinning head to eject polymer solu-
tion from orifices on its walls. Centrifugal spinning typically
achieves higher production rates than electrospinning and
allows for spinning of charge-free polymeric systems. Five years
ago, pressurized gyration (PG) was introduced as a versatile and
convenient technique to prepare fibers in a one-step production
method.'! As with fiber formation from centrifugal spinning
methods, PG utilizes a high rotational speed to spin fibers from
a cylindrical vessel containing polymer solution, yet the co-
application of working pressure offers an additional parameter
by which fiber outcome can be controlled. The rotational speed
can also be increased to further reduce fiber diameter.

Fiber generation using the PG system can be attributed to
the combined effect of centrifugal and dynamic fluid flow forces
that exceed the surface tension. It is the result of instability at
the liquid—air interface that produces nanofibers, as the liquid
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is ejected from the orifices of the gyration vessel. The system is
dependent on solvent properties such as evaporation rate and
collector distance and when the jet is ejected from the orifices it
solidifies to form fibers at the collector. To date, several known
biocompatible polymers have been successfully spun into fibers
using PG.[10]

Silk fibers in their natural state, extracted from Bombyx mori
(silkworm) silk, are comprised of the proteins fibroin and sericin,
whereby sericin is bound as a glue to the silk fibroin (SF) fibrils
to form fibers.l'”] Fibroin is the main structural component of silk
and is a fibrous protein that is formed of two peptide chains of
differing molecular weights, 25 kDa (light fraction) and 350 kDa
(heavy fraction), which are linked by a disulfide bond.!'¥l In the
B. mori silk gland fibroin has a random coil formation, yet once
it is spun into fibers the structure changes to a semi-crystalline
R-sheet structure dispersed in an amorphous matrix.!'’)

SF is a biodegradable and biocompatible material with prom-
ising applications in wound healing, tissue engineering, and
drug delivery.?%-22l As a biomaterial, silk sutures have been
used extensively since ancient times and are still used today.*!
SF is a naturally derived protein-based polymer with a history
of use in US Food and Drug Administration approved devices.
It is advantageous in that it can be easily chemically modi-
fied, exhibits good mechanical toughness, it is permeable to
oxygen, water, carbon dioxide, and the degradation rate can be
adjusted.?*?’1 SF can be separated from sericin in a degum-
ming process, allowing it to be used in biomedical applications,
whereby the presence of sericin would cause an adverse immu-
nological response.?®l The degummed SF is a versatile material,
which can be processed into films, hydrogels, solvent-sponges,
non-woven mats, aqueous sponges, meshes, and fibers.[?9-3°]

Regenerated SF fibers have been produced using centrifugal
spinning and electrospinning but the effect of PG on their for-
mation is unknown. To date, no fibers have been created using
PG as a fiber forming method. In this communication, we aim
to illustrate the results of fibers manufactured from PG. SF has
the capacity to have improved polymer yield when processed
using PG and the potential to exhibit alternate fiber networks.

The concentrations of SF that were used were selected based
on preliminary work where it was found that below 6 w/v%
there was insufficient chain entanglement within the solutions
to lead to fiber formation. Hexafluoroisopropanol (HFIP) was
chosen as a solvent due to its widely reported ability to dissolve
SF.I Viscosity and surface tension are critical to fiber forma-
tion and depend on other polymer properties such as molec-
ular weight, concentration, and interaction with solvent.'3 The
measured values for surface tension and viscosity are recorded
in Table 1. In this instance, it was found that both the viscosity
and surface tension of the three silk solutions increased sys-
tematically with increasing SF concentration.

In PG, Figure 1a fiber formation occurs due to manipula-
tion of the Rayleigh-Taylor instability of the polymer solution.
As the gyration vessel spins, polymer solution is ejected from
the orifices due to centrifugal force. There is a surface ten-
sion gradient along the liquid—air interface which results in
separation of the polymer solution from the surrounding air. A
Gibbs—Marangoni stress occurs that is tangential to the liquid—
gas interface and the emerging polymer droplet undergoes
stretching.3% The jet is elongated due to the pressure difference
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Table 1. Polymer solution properties, pressure, and mean fiber
diameters achieved.
Concentration Surface tension Viscosity Applied Mean fiber
[w/v%] [mMN m™] [mPa s] pressure [MPa] diameter [um]
8 30.5£0.8 118.0+£2.6 0.1 4015
0.2 3.2%15
0.3 21+£13
10 333106 160.9+£6.1 0.1 10.6£2.3
0.2 72+24
0.3 63+2.6
12 355+1.3 200.7+2.8 0.1 15.7+£3.0
0.2 23.3+84
0.3 29.6+11.0

between the drum and the orifices and as the solvent evapo-
rates, fiber thinning occurs.’”! Fibers are then deposited onto
the walls of the collector (Figure 1b). The fibers that are regen-
erated into a finer network of microscale fibers after gyratory
spinning are seen in Figure 1c.

The solutions were spun consecutively at 36 000 rpm in
ambient conditions. Fibers were formed from all three solu-
tions across the range of pressures, the diameters achieved
are listed in Table 1. It was found that the lowest concentra-
tion used, 8 w/v%, produced systematically finer fibers and
at a pressure of 0.3 MPa, the fiber diameter was lowest at
2.1 £ 1.3 um. As the concentration increased, the fiber diam-
eters increased and the largest fibers were produced at a con-
centration of 12 w/v% at 0.3 MPa, 29.6 £ 11.0 pm. Increased
solution concentration results in thicker fibers as the level of
polymer chain entanglement is increased, as is solution vis-
cosity.l'! As demonstrated by Hong et al., in PG there must
a critical minimum polymer concentration, Ce, to achieve the
level of chain entanglement necessary in order to achieve fibers
rather than beads or droplets.*® In this instance, a greater level
of SF in the solution increases the overlapping of SF chains,
and thus leads to greater entanglement.

It was found that increasing the gas pressure greatly affected
fiber diameter for all of the concentrations. For fibers at 8 and
10 w/v% there was a general decrease in fiber diameter with
gas pressure. For fibers at 8 w/v%, the diameter decreased from
4.0+ 1.5 pm at 0.1 MPa to 2.1 + 1.3 pm at 0.3 MPa. Similarly,
at a concentration of 10 w/v% fiber diameter decreased from
10.6 £ 2.3 um at 0.1 MPa to 6.3 + 2.6 um at 0.3 MPa applied
pressure. In PG, a pressure differential within the vessel results
in acceleration of the polymer solution out from the orifices.
Increased gas pressure causes jet elongation and therefore fiber
thinning, hence normally thinner fibers are achieved at higher
gas pressures—this is consistent with the literature.[’!

For fibers produced at a concentration of 12 w/v% the
opposite effect is observed, fiber diameter increases from
15.7 £ 3.0 um at 0.1 MPa to 29.6 £ 11.0 pm at 0.3 MPa applied
pressure. This could be explained by the presence of an
increased level of chain entanglement due to stronger molec-
ular interactions arising from a higher concentration, having
an effect on the flow of polymer solution out from the orifice
leading to thick branching fiber networks (Figure 2g—i).
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Figure 1. a) PG set-up, b) SF fibers deposited on the walls of PG set-up. c) SF processed using PG, 8 w/v% at 0.2 MPa pressure.

Both working pressure and solution concentration have a
marked effect on fiber diameter distribution. For 8 w/v% con-
centration (Figure 2a—c), at 0.1 MPa pressure, the fibers appear
smooth and somewhat aligned (Figure 2ai). Fiber diameter dis-
tribution for 8 w/v% is broad at 0.1 MPa pressure (Figure 2aii)
yet becomes narrower for 0.2 MPa (Figure 2bii). Although a
greater presence of beads is observed at 0.3 MPa (Figure 2ci),
the majority of fibers at this pressure are in the range of
1-2 um (Figure 2cii).

For 10 w/v% at 0.1 MPa pressure, smooth aligned fibers
were observed (Figure 2di) with a fairly narrow diameter distri-
bution (Figure 2dii). When the pressure was applied at 0.2 MPa
there was an increased presence of beads, yet fibers were still
aligned in appearance (Figure 2e). At 0.3 MPa, the fibers exhib-
ited mainly beaded morphology, with branching fibers from
larger sections of dried polymer solution (Figure 2fi). Aligned
fibers are a typical result of PG, where the rotation of the drum
and ejection of fibers is uniform as a result of the spinning
vessel. A similar result can be achieved via other methods such
as stable jet electrospinning, where an appropriate viscosity is
reached and high voltage is applied to yield a stable jet. Addi-
tion of a rotating collector enhances the alignment.?”) Yi et al.
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reported unidirectionally aligned fibers prepared from an SF/
PEO spinning dope (mass ratio 88: 12), where the addition of
high molecular weight PEO produced a stable linear jet, as vis-
cosity was increased and solution conductivity was decreased.!*"!

At the highest concentration of 12 w/v%, at 0.1 MPa pres-
sure, fibers appeared indented and branched in their mor-
phology, likely due to the separation of the primary jet into
smaller jets (Figure 2gi). As a result, a broad distribution in
fiber diameter was observed (Figure 2gii). Increasing the
working pressure to 0.2 MPa yielded wide flat fibers with a
depressed surface and ribbon-like morphology (Figure 2hi).
This type of morphology can be attributed to the fast evapo-
ration of the highly volatile HFIP solvent from the fiber sur-
face, resulting in the fiber structure collapsing in the center.*!]
An increase in working pressure to 0.3 MPa gave the broadest
fiber diameter distribution (Figure 2i.ii), with a similar col-
lapsed ribbon-like morphology of fibers to those produced
at 0.2 MPa, except more branching structures were revealed
as increased working pressure increased the rate of solvent
evaporation even further (Figure 2i.i). At a given applied pres-
sure and rotational speed (kept constant in this work), increase
in silk concentration causes an increase in fiber diameter

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. SEM images of 8 w/v% fibers at ai) 0.1, bi) 0.2, and ci) 0.3 MPa and aii, bii, cii) respective fiber diameter distributions. SEM images of 10
w/v% fibers at di) 0.1, ei) 0.2, and fi) 0.3 MPa and dii,eii,fii) respective fiber diameter distributions. SEM images of 12 w/v% fibers at gi) 0.1, hi) 0.2,
and i.i) 0.3 MPa and gii, hii, i.ii) respective fiber diameter distributions—all spun at 36 000 rpm.

generated by PG. This is caused by increased viscosity, as illus-
trated in Table 1.

The magnitude of the applied gas pressure also has an effect
on the yield of fibers. The yield was assessed qualitatively and
defined as the total amount of fiber product ejected from the ori-
fices of the vessel in 1 min of the drum rotating and pressure
being applied. For concentrations of 8 and 10 w/v%, a general
decrease in yield was observed as pressure was increased. In this
work it was observed that at higher pressures, the polymer solu-
tion is scattered among the walls of the collector. As the motor
accelerates to its maximum velocity, higher gas pressures cause
rapid ejection of the solvent, resulting in a decreased amount of
fiber deposition. At a concentration of 12 w/v%, an increase in
fiber yield was found. This is likely due to have occurred as a
result of thick branching fibers ejecting from the orifice at higher
working pressures (Figure 2i.i). The highest mass achieved for
these experiments was found at 12 w/v% at 0.2 MPa, whereby
76 mg of fiber was achieved after 30 s of spinning. Previous
research has shown that PG is capable of producing high yields
of polymeric fibers when compared to electrospinning and fur-
ther quantitative experiments using SF will be conducted to con-
firm that this is indeed the case for this polymer.[®l

The surface topography of all SF fibers produced was pore
free, as observed in Figure 3. Such fibers can be attributed to the

20kV  X1,000 10pm 20kV

X1,500  10pm

high-speed evaporation of HFIP solvent from the surface of the
polymer jet.*?l The presence of collapsed fibers (Figure 3b,c) can
be attributed to the thickness of the fiber achieved at higher con-
centrations and the effect of rapid solvent evaporation and sub-
sequent diffusion of any remaining solvent through the surface
of the fiber.*!] Porous fibers are often desirable for many appli-
cations, such as tissue engineering, to replicate the structure of
the extracellular matrix. Porous SF fibers have been produced
in electrospinning via the addition of porogens to the spinning
dope. Ju et al. electrospun SF/PEO and applied sodium chloride
nanocrystals to the collector. Fiber diameters were found to be in
the range of 200 nm to 1.6 um, while surface pores ranged from
0.5 to 3.5 um. The addition of porogens to the tightly packed
electrospun mat increased both mat thickness and porosity.[*’]
SF fiber formation using PG has yielded a wide variety of
morphological structures and varying fiber diameters, due
to the effects of the solution properties of SF, as well as the
varying gyration parameters. Fibers were generally found to
be aligned and in the micrometer range, pore free, and with
some beads-on-string morphology. This is similar to results
observed by Liu et al. who conducted a comparative study of
fibers produced both via electrospinning and centrifugal spin-
ning using an SF concentration of 20 w/v% in formic acid.*¥
They observed fiber diameters below 200 nm for electrospun

20kV  X1,000 10pm

Figure 3. Fiber surface of a) 8 w/v% SF at 0.2 MPa, b) 10 w/v% SF at 0.2 MPa, c) 12 w/v% SF at 0.2 MPa.
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observed are indicative of the conformation
of the SF fibers. For amide I, the degummed
SF was likely present in f-sheet conforma-
tion (absorption bands =1630 cm™!), whereas
for all of the PG spun fibers, the shift toward
1650 cm™ is indicative of random coil.l**! For
amide II, the absorption bands are all present
around 1520 cm™, which indicates R-sheet
conformation. For amide III, -sheets are
observed around 1270 cm™!, whereas random
coil is observed around 1230 cm™, thus indi-
cating that both the degummed SF and PG
spun SF exist in states somewhere between
the two.l*%l In this work, both the degummed
SF and the PG spun SF exhibit typical
random coil and #-sheet conformation. It is
known that the presence of stable 8-sheets is
what provides enhanced mechanical strength,
and one way of inducing this further would
be through post-treatment of fibers with
methanol.¥”] The presence of -sheet confor-
mation can be attributed to the shear stress

I I I
2500 2000 1500
Wavenumber (cm)

I I
4000 3500 3000

Figure 4. FTIR spectra showing degummed SF, 8, 10, and 12 w/v%, all spun at an applied

pressure of 0.2 MPa.

SF and at the same concentration, beaded fibers in the range
of 400-2000 nm for centrifugally spun SF. Centrifugally spun
fibers were found to be aligned, with thicker diameters, due
to fast solvent evaporation due to air friction, which ultimately
decreases the time of jet dragging and elongation—this is also
true of fibers spun using PG. In the work of Liu et al.,l* looser
fiber mats were observed when SF was centrifugally spun,
rather than electrospun, due to the absence of a charged col-
lector. This is also true of PG, where fibers are deposited as the
rotating drum spins and are accelerated by air flow through the
application of pressure. In this study, higher solution concentra-
tion generally removed the beaded appearance from the fibers,
yet also yielded greater fiber diameters. At 8 w/v%, the lowest
diameters were achieved. Doping with other polymers such as
PEO or PCL, as is popular with electrospinning, may improve
solution properties and may allow for greater control over fiber
outcome, including porosity. Nonetheless, PG offers a facile,
one-step method of SF fiber production, whereby future modi-
fications to both the spinning dope, forming parameters, and
collection set-up will allow for refinement of the fiber outcome.

FTIR spectroscopy was used to verify the conformations
of the degummed fibers prior to processing and after spin-
ning into fibers using PG (Figure 4). The spectra of the SF
fibers were characterized by transmittance bands. In all four
transmittance spectra, the peptide backbone of amide I (C=0
stretching) was present at 1618, 1643, 1643, and 1645 cm™! for
degummed SF, 8, 10, and 12 w/v%, respectively. Amide II (sec-
ondary N-H bending) was present at 1508, 1516, 1516, 1516
cm™! in the same order. Amide III (C-N stretching) was pre-
sent at 1229 cm™ in degummed SF but was found at 1179 cm™!
for all of the fibers spun using PG. The positions of the bands
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that is applied to the polymer solution in
fiber spinning through PG, similar to results
observed by Liu et al. for centrifugally spun
fibers.[*#44 Much like fiber formation within
the B. mori silk gland, shear forces are exerted
on the polymer solution as the vessel spins
and gas pressure is applied. In higher concentrations, there are a
greater number of fibroin chains, increasing the shearing forces
applied to the polymer and thus leading to -sheet formation.
In this work, SF fibers in the microscale range have been suc-
cessfully prepared for the first time using PG. Fiber diameters
decreased as working pressure increases for concentrations of 8
and 10 w/v%, yet the opposite effect was observed for a concen-
tration of 12 w/v%, suggesting a very fine range of SF solution
properties from which fibers can be spun. It was also found that
increasing concentration increased the average fiber diameter.
SF fibers were found to be present both in random coil and in
the -sheet conformation. PG offers a method of producing SF
fibers with good control over fiber diameter and morphology.
This novel method of preparing SF fibers can be optimized
for use in many applications, for example, as an extracellular
matrix for tissue engineering or for use in filtration applica-
tions. We also envisage preparation of SF nanofibers using PG.

T T
1000 500

Experimental Section

Materials: Raw B. mori silk fibers were obtained from E-Sarn
(Thailand). The raw silk was degummed in a 0.033% sodium carbonate
solution containing anionic and non-ionic detergents at a temperature
of 90-100 °C for 30 min. Degummed fibers were given repeated rinses
including hydroextraction before drying to constant weight (4-6) h in an
oven at 105 °C. 1,1,1,3,3,3-Hexafluor-2-propanol (HFIP) was purchased
from Sigma-Aldrich (Gillingham, UK).

Preparation of Bombyx mori Silk Fibroin Spinning Solution: The SF
solutions were prepared by dissolving the degummed SF in HFIP.
Solutions of 8, 10, 12 w/v % were used for this research. Each solution
was prepared through addition of HFIP solvent to the degummed SF
and then mechanically stirred for 48 h under ambient conditions. The

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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solutions were subsequently processed into fibers using PG. SF requires
“harsh” solvents in order to prepare processable solutions. HFIP was
selected rather than other solvents such as formic acid, yet this is still
not ideal. However, its high volatility ensures that there is less chance of
residual HFIP in the fibers produced.

Fiber Formation Using Pressurized Gyration: A schematic of the PG
set-up can be seen in Figure 1a. In this set-up, a rotating aluminum
cylindrical vessel (60 mm in diameter X 35 mm high) was used with
24 perforations surrounding the core, each orifice had an internal
diameter of 0.5 mm. The device radius was 30 mm with a wall thickness
of T mm. For each of the prepared concentrations of SF, 5 mL of
solution was loaded into the vessel, with the vessel lid screwed shut.
Each concentration of SF solution was spun at 0.1, 0.2, and 0.3 MPa,
all at an apparent speed of 36 000 rpm and at a collection distance of
120 mm, for approximately 30 s. Fibers were recovered from the walls
of the collector once deposited onto aluminum sheeting. The ambient
temperature was 19.5-22.6 °C. The relative humidity was 39.5-44.6%.

Solution Characterization: The changes in the solution viscosities with
increasing concentration of SF were characterized using a programmable
rheometer (DV-1ll Ultra, Brookfield Engineering Laboratories INC,
Massachusetts, USA). Measurements of each solution were repeated
three times, at a shear stress of approximately 5 Pa. The surface
tensions of the solutions were also characterized using a tensiometer
(Tensiometer K9, Kruss GmbH, Germany) and repeated five times to
calculate the average.

Fiber Characterization

Scanning Electron Microscopy: Fibers formed from PG were examined
using scanning electron microscopy (SEM). The samples were sputter
coated twice with gold (Q150R ES, Quorum Technologies) for 3 min
prior to imaging using SEM (Hitachi S-3400n). Mean fiber diameter
was calculated using Image) software (NIH, Bethesda, Maryland, USA),
whereby 100 fibers were measured at random. OriginPro software was
then used to calculate the frequency distribution of the fibers.

Fourier Transform Infrared Spectroscopy: The infrared spectra of the fibers
were recorded on a Perkin Elmer Spectrum-2 FTIR Spectrophotometer
(PerkinElmer Inc., Beaconsfield, UK). The spectra of the fibers formed using
PG were compared to that of the degummed SF provided by Xiros. Scans
were taken in transmittance mode at an ambient temperature, between
4000 and 450 cm™'. Four scans were taken with a resolution of 4 cm™.
Spectra were analyzed using Essential FTIR software and OriginPro.
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