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Pressurized Gyration: Fundamentals, Advancements, and

Future

Yanqi Dai,* Jubair Ahmed, and Mohan Edirisinghe*

As a facile, efficient, and low-cost fiber manufacturing strategy, pressurized
gyration/rotation (PG) is attracting tremendous attention. This review
provides a comprehensive introduction to the working setups, fundamental
principles, processing parameters, and material feed properties of this
technology. The characterizations of products prepared by this technology and
their wide application fields are summarized. The development potentials and
broader application prospects of PG are discussed. PG holds significant

promise for the scale-up of ultrafine fiber manufacturing.

1. Introduction

Although the mastery of fiber-forming technologies can be traced
back to hundreds of years ago, the enthusiasm for research in
this field has never faded.['-3] Polymeric fibers at the nano- and
micro-scale can have an extremely high surface area-to-volume
ratio compared with macroscopic materials, as well as adjustable
porosity, suitable mechanical strength, and unique surface ef-
fects. These astonishing features make such fibers desirable ma-
terials for filtration, textiles, nano-catalysis, optoelectronic com-
ponents, tissue engineering scaffolds, drug delivery systems, dis-
ease diagnosis, etc.[* 3] Especially since the outbreak of SARS-
CoV-2, public health and personal protection have raised more
concern, leading to a surge in the demand for fiber-based per-
sonal protection equipment.['*15] Therefore, there is an increas-
ing urge to find a simple, efficient, low-cost, flexible, and con-
trollable fiber manufacturing method to meet the exponentially
surging demand.

Currently, there are diverse strategies for the formation of
these fibers, including template synthesis, phase separation, self-
assembly, and electrospinning.['®20] Although template synthe-
sis, phase separation, and self-assembly have been used to pro-
duce ultrafine nanofibers with desirable patterns,!?2*! they are
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not ideal for fiber manufacturing. The fiber-
forming processes of these techniques are
cumbersome and time-consuming, as well
as difficult to form continuous nanofibers.
Electrospinning overcomes the limitations
of these technologies and can prepare uni-
form and continuous nanofibers through a
simple process.['?°] As a result, electrospin-
ning has become one of the most widely
used fiber production methods. However,
a typical electrospinning setup only forms
one fiber from a single needle, which
greatly limits its potential for scale-up.
Forcespinning (centrifugal spinning) is a nozzle-free spinning
technology driven by centrifugal force, which allows multiple
fibers to be drawn from different orifices at the same time.[?¢]
Forcespinning effectively improves fiber production efficiency.
This technology bypasses the high-voltage electric field used in
electrospinning, eliminating the consequences of negative inci-
dents. Due to the above advantages, nozzle-free spinning tech-
nologies are attracting more attention.

Pressurized gyration (PG), as the name suggests, is a scalable
fiber-forming technology that combines high-pressure and rotary
jet spinning systems.[’] PG generates fibers via the combination
of centrifugal force and gas blowing, bypassing the high-voltage
electric field required in electrospinning. This allows PG to have a
wider range of potential materials it can process. In addition, PG
achieves a fiber production rate much higher than that of typical
single-needle electrospinning by a facile one-pot method. Com-
pared with centrifugal spinning, the introduction of the high-
pressure system in PG facilitates the formation and stretching of
spinning jets, resulting in higher fiber yield and thinner fibers.
Highly controllable processing parameters, easy-to-replace spin-
nerets, and a wider choice of materials are unique advantages
of PG for fiber customization. This paper systematically reviews
the fundamental principles, development history, and prospects
of producing polymeric fibers by PG, aiming to improve the un-
derstanding of this fascinating technology and promote the inno-
vation of fiber-forming technologies in the modern material age.

2. Fundamentals of Pressurized Gyration

The PG system mainly consists of three sections: the spinning
vessel, the high-pressure gas circuit, and the collector (Figure 1).
In the typical laboratory PG setup, the spinning vessel is an
aluminum perforated cylindrical container (bottom diameter
and side height are 60 and 35 mm, respectively). The number
of orifices on the vessel wall is about 20, and the diameter of
each orifice is 0.5 mm. The spinning vessel is connected by
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Figure 1. Schematic diagram of the pressurized gyration setup, consisting
of a gyro-vessel, an electrical motor, a gas cylinder, and a collecting frame.

bearings to an electrical motor, which provides a rotational speed
of usually up to 36 000 rpm. The electrical motor is connected
to a speed control knob to set the desired speed while spinning.
The lid of the spinning vessel is connected to a nitrogen gas
cylinder through plastic tubing, which can provide a working
pressure of up to 3 x 10° Pa. The collector is placed at a certain
distance from the spinning vessel (100-200 mm) to collect dry
fibers with the desired morphology.

The fiber formation in PG can be summarized into three
main stages, namely jet initiation, jet extension, and solvent
evaporation.!?] Upon starting the spinning process, the polymer
fluid is rapidly spread in the spinning vessel under the centrifugal
force provided by the motor. The fluid profile has been seen to as-
sume a parabolic shape.?! After applying the nitrogen gas flow,
the polymer fluid reaches the orifices at approximately the same
time, which means that they have an almost equal initial veloc-
ity (kinetic energy) and height (potential energy). Subsequently,
the polymer fluid starts to overflow from the orifices. The poly-
mer droplets at the orifices form a surface tension gradient along
the air-liquid interface under the action of external forces, such
as centrifugal force, and pressure differences.3% The equation of
the destabilizing gravitational force per volume to the stabilizing
surface tension force per volume can be used to define the insta-
bility between the air-liquid interface, where p is the density of
the liquid, g is the gravitational acceleration, y is the liquid—gas
surface tension, h and x are the height of the liquid film hang-
ing under the horizontal surface and the direction parallel to the
ceiling, respectively.[*”]

oh _ _ d’h
P8 =735 (1)

In the PG process, gravitational force in Equation (1) is re-
placed by destabilizing centrifugal force (pw?r) and orifice pres-
sure difference (Ap), where w and r are the rotational speed and
the radius of the vessel, respectively.[?’] Thus, the characteristic
length scale of the instability (L;,) can be defined as:

insta

hy 1/3

L. =l
‘insta [ (pwz l’) + AP

(2)
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Figure 2. Top view of jet pathway and collected fibers in pressurized gyra-
tion.

The polymer droplet expands outward in the direction of de-
creasing surface tension and forms a ‘finger’ shape (Marangoni
effect).3!] This process is defined as jet initiation. Due to the high
viscosity of the spinning fluid, the ejected fluid does not break
into individual droplets but forms continuous jets. During the
jet extension stage, the polymer jets leaving the orifice continue
to move outward and stretch under the action of inertia and pres-
sure difference. At this stage, the polymer jets are also subjected
to centrifugal force, forming curved jets around the circumfer-
ence of the spinning vessel (Figure 2). The air resistance at the
air-liquid interface promotes the elongation and subsequent thin-
ning of the jets. During the jet movement, the solvent gradually
evaporates, resulting in the further thinning of spinning jets. The
dry fibers are eventually deposited on the collector. The fibers pro-
duced by this process generally have higher alignment than elec-
trospun fibers that undergo whipping motions.

2.1. System Parameters
2.1.1. Rotational Speed

The electrical motor is one of the significant components of the
PG device. After energization, the motor drives the spinning ves-
sel to rotate at a speed of usually up to 36 000 rpm. The polymer
fluid loaded in the vessel is subjected to centrifugal force (F.;)-
According to Newton’s second law:

Fcenlri = mCOZY (3)
where m is the mass of the spinning fluid, w and r are the rota-
tional speed and the radius of the vessel, respectively. From Equa-
tion (3), it can be seen that the centrifugal force of the spinning
fluid increases as the rotational speed increases. Only when the
centrifugal force is sufficient to overcome the surface tension of
the spinning fluid, spinning jets can be formed and ejected from
the orifices. The minimum rotational speed that provides this
centrifugal force is known as the critical rotational speed. When
the rotational speed is lower than the critical value, spinning jets
cannot be formed. In addition, the solvent may separate from the
polymer and solvent loss occurs in this case.3?!
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After the polymer fluid is ejected from the vessel, these jets are
simultaneously subjected to centrifugal force and air resistance

(Fair)'

F, = %ﬂCpAa)Z D? (4)
where C is the numerical drag coefficient, p is the air density, A
is the cross-sectional area of the spinning jet, w is the rotational
speed of the jet, and D is the diameter of the jet pathway.3*! Ac-
cording to Equations (3) and (4), both the centrifugal force and
air resistance of the spinning jets increase with the increase of
the rotational speed, which is beneficial to the stretching of the
jets to form finer long fibers. Conversely, at relatively low rota-
tional speeds, PG usually produces thicker and shorter fibers or
droplets due to insufficient stretching.

2.1.2. Working Pressure

The most prominent feature of PG is the incorporation of a high-
pressure system with rotary jet spinning. Working pressure is an
important influencing factor of fiber diameter. Compared to ro-
tary jet spinning without pressure, the pressure provided by PG
increases the acceleration of the spinning flow. The spinning flow
is then ejected from the orifices at a larger initial velocity. The
higher the pressure, the shorter the time required for jet forma-
tion. In addition, high working pressure facilitates the stretching
of the spinning jets into finer fibers. This is related to the fact
that the pressure increases the kinetic energy of the spinning jets,
which helps with the additional elongation during the stretching
stage. According to the microscopic jet flow model reported by
Ganan-Calvo et al., the liquid jet diameter (d;):

N 8) 1/4 e
di:(nzAp) Q 5)

where p is the density of the liquid, Ap is the pressure difference
and Q is the flow rate.?*] Equation (5) suggests the inversely pro-
portional relationship between jet diameter and pressure differ-
ence, which is consistent with experimental results.[?’]

The working pressure also affects the morphology and align-
ment of fibers. A higher working pressure results in greater ki-
netic energy of the spinning jets but also increases their kine-
matic instability, leading to bead formation and lower fiber
alignment.[®5] A balance between the gas flow rate and the liquid
flow rate is conducive to obtaining smooth bead-free fibers.3¢!
The solvent evaporates from the spinning jets, causing a local
temperature drop due to the enthalpy of vaporization.l’”] The
temperature drop may lead to the condensation of water vapor
on the fiber surface. When these water droplets evaporate, their
imprints remain to form the porous architecture on the fiber sur-
face. Higher working pressures will cause faster solvent evapora-
tion, promoting the formation of additional pores.[3?!

2.1.3. Vessel Design

The spinning vessel, which operates at ambient temperature, is
also an important component of the PG setup. During the spin-
ning process, the loaded spinning fluid travels the vessel walls

Macromol. Mater. Eng. 2023, 2300033 2300033 (3 Of'|6)

www.mame-journal.de

and extrudes from the liquid channels while overcoming its own
surface tension. Therefore, the material properties, dimensions,
and geometry of the vessel have a significant impact on fiber mor-
phology. In the reported studies, the PG vessel is a metal or plastic
cylinder (60 mm diameter X 35 mm height) consisting of a per-
forated reservoir and an adapted 1id.[*”*! Different friction fac-
tors exist between the spinning fluid and the vessels made of
different materials, which affect the flow behavior and the for-
mation of spinning jets. In addition, different vessel materials
have different densities and melting points, these effect the ves-
sel weight and processing temperature. Generally, metals with a
low density, such as aluminum, are favored. An optically trans-
parent polymeric vessel, on the other hand, facilitates the study
of fluid behavior inside the vessel.l?]

Fiber morphology is also affected by vessel dimension. From
Equations (1) and (2), it can also be seen that the centrifu-
gal force and air resistance subjected to the spinning fluid in-
crease with increasing vessel radius. Therefore, at a constant ro-
tational speed, increasing the vessel radius facilitates the forma-
tion and stretching of the spinning jets, in turn reducing the fiber
diameter.

In a typical PG setup, multiple orifices (up to 24) with a diam-
eter of 0.5 mm are distributed along the perimeter of the vessel
wall at equal intervals, allowing the formation of multiple spin-
ning jets at the same time.[?”323831 Thus PG is considered as a
very promising manufacturing technology for fiber mass produc-
tion. When the orifices are replaced with external nozzles, PG can
be used to produce polymeric fibers with uniform morphology
and well-defined alignment.35 This is because directing the spin-
ning fluid through nozzles is beneficial in improving the stability
of the flow state. In addition, vessels with multi-layer reservoirs
have been used for the preparation of core-sheath fibers.!***1] The
inner and outer reservoirs are loaded with different polymer solu-
tions to form the core and the sheath structures of the multi-layer
fibers, respectively.

2.1.4. Collection

To collect the solidified fibers, collectors made of metals or plas-
tics are positioned at a specific distance from the spinning vessel.
In addition to the collecting frame (Figure 1), collecting meshes
(Figure 3A) and surrounding collecting rods (Figure 3B) can also
be used with PG. Compared to collecting frames, collecting rods
and collecting meshes are more favorable for solvent evaporation
due to exposure of the convective air. In addition, these collec-
tors improve fiber alignment. The effect of collection distance on
fiber morphology is also significant. When the collection distance
is too little, the jet stretching is insufficient, forming thicker and
shorter fibers. Additionaly, a very short collection distance may
result in insufficient solvent evaporation to form beaded fibers or
the deposition of wet (non-dried) jets on the collector which can
be seen as deposited liquid.[*?! Increasing the collection distance
facilitates the elongation of spinning jets and reduces the fiber di-
ameter. However, a collection distance which is too far, will cause
jet rupture and fewer fibers will be collected. The optimal collec-
tion distance for the PG system varies with solution properties,
solvent volatility, flexibility and ductility of the polymer, ambient
temperature, relative humidity, etc.
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Figure 3. Different designs of collectors: A) collecting meshes and B) collecting rods.

2.2. Spinning Fluid Properties

The spinnability of spinning fluid (polymer solution/polymer
melt) and the morphology and structure of fibers in PG are signif-
icantly affected by the inherent properties of the spinning fluid,
such as molecular structure, molecular weight, crystallinity, solu-
tion concentration, viscosity, surface tension, and solvent volatil-
ity. Among them, the influence of surface tension and viscos-
ity plays the most dominant role in the PG system, while other
fluid properties affect the spinning process by changing these two
main properties.

Not all polymer fluids can form fibers through the PG pro-
cess. The ability of the spinning fluid to be stretched into fine
jets is referred to as its spinnability, which is dependent on the
viscoelasticity of the spinning fluid.*} In general, the viscosity
of a polymer solution increases with the increase of its concen-
tration. Only when the solution concentration meets the criti-
cal value, which is determined by polymer molecular weight and
solvent type, can the corresponding viscoelasticity provide suffi-
cient chain entanglement to form spinning jets. Polymer solu-
tions with concentrations below the critical value will typically
only form droplets due to insufficient chain entanglement. How-
ever, the increase in solution viscosity imposes greater resistance
to the centrifugal force and dynamic fluid blowing, as well as to
inhibit solvent evaporation.””] Thus for spinnable polymer so-
lutions, the fiber diameter increases with the increase of solu-
tion concentration. When the solution viscosity is too high, the
centrifugal force cannot overcome the surface tension. Spinning
jets can therfore not be formed in this scenario. The presence
of beads is also affected by solution concentration. With the in-
crease in concentration, the product of PG under the same work-
ing parameters gradually transitions from bead-on-string fibers
to smooth fibers without beads.!**] For polymer melts, the viscos-
ity is usually adjusted by changing the polymer molecular weight
and processing temperature.

As a consequence, the morphology of the final products in PG
is influenced by a combination of factors that compete with one
another, including surface tension, viscosity, rotation speed, air
velocity, etc. Building on a simple mathematical model for rotary
jet spinning from Mellado et al.,[?8] the relationship between the
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fiber diameter and the various processing parameters in PG can
be established.*?!

o 1o U3/ 2172 6
j Rc3/2 oV,

where 1, and r; are the radius of the initial jet and the final jet,

respectively. v = = is the kinematic viscosity, R is the radius of

the collector, U is the initial velocity and w is the angular velocity.
V, is the air velocity. Table 1 summarizes the effects of different
parameters on the produced fibers.

3. Sister Technologies

3.1. Pressure-Coupled Infusion Gyration

As a fiber mass production method, PG has achieved a produc-
tion efficiency orders of magnitude higher than that of electro-
spinning, while there are still limitations.[?’”] The typical PG can-
not support the continuous spinning process. To advance the in-
dustrialization of the PG technique, Hong et al. introduced a sy-
ringe pump into PG devices, named pressure-coupled infusion
gyration (PCIG).[*] Polymer solutions can be continuously fed
into the spinning vessel at a specific flow rate. Fiber diameter
and distribution as well as fiber morphology can be adjusted by
infusion flow rate. In addition, the increasing flow rate effectively
increases fiber yield. Compared to typical PG, PCIG produces
fibers with smaller diameters under the same solution proper-
ties and system parameters. The effect of interaction parameters
(solution concentration, working pressure, rotational speed, and
infusion flow rate) on fiber diameter in PCIG has been estab-
lished by effective and reliable mathematical models, which is in
high agreement with experimental results.[*’*%] (Figure 4)

3.2. Pressurized Melt Gyration

To avoid potential toxicity and environmental issues caused by
organic solvents, Xu et al. proposed pressurized melt gyration
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Table 1. The effects of system parameters and spinning fluid properties.
Fiber Diameter Bead Others
System Parameters Rotational Speed 1 | | Fiber Length 1 Bead Size | Uniformity |
Working Pressure 1 l 1 Fiber Length 1 Bead Size 1 Uniformity | Yield 1
Collection Distance 1 1 Fiber Length 1 Uniformity |
Infusion Flow Rate (PCIG) 1 1 T Yield 1
Melting Temperature (PMG) 1 l Surface Roughness 1
Spinning Fluid Properties Molecular Weight 1 1 | Bead Size 1 Fiber Length |
Concentration 1 1 15 Bead Size 1 Fiber Length |
Solvent Volatility 1 l Pore Size 1
Others Temperature 1 Solvent Evaporation 1
Humidity 1 Pores 1

*1 and | denote increase and decrease respectively. PCIG and PMG denote pressure-coupled infusion gyrationl“’] and pressurized melt gyration,[#¢] respectively. It should be
noted that these are the most common overall outcomes. Exceptions may exist for some polymer systems used.

Gas inlet

Spinning vessel Spinning vessel

Orifice Cfige

4—.
Infusion flow

Gas inlet
Figure 4. Schematic diagram of pressure-coupled infusion gyration. Motor

Figure 5. Schematic diagram of pressurized melt gyration.
(PMG) by combining melt spinning and pressurized gyration.[*¢]
The heating gun fixed on the PMG setup increases the tempera-
ture of the spinning vessel (up to 600 °C), resulting in a polymer
melt. An in situ thermocouple is used to monitor and control the
system temperature. A higher temperature reduces the viscos-
ity of the polymer melt, which facilitates the formation of finer
fibers. The Ag nanoparticle-loaded PCL scaffolds prepared by
PMG show excellent antibacterial properties and cell viability.!*¢]

the flow rate and production rate of the spinning solution loaded
in the outer reservoir are required to be tested. Then the inner
solution is manipulated to match a synchronous flow. In core-
sheath PG, the liquid volume ratio of core-solution and sheath-
solution is an important factor. A portable core-sheath PG de-
vice designed by Alenezi et al. has been demonstrated to achieve
continuous large-scale production of core-sheath nanofibers in

(Figure 5) a facile step.[*] The solid core and sheath of core-sheath fibers
are formed from different polymers (Figure 6B), providing dif-
3.3. Core-Sheath Pressurized Gyration ferent physical and chemical properties.®® Core-sheath polymer

fibers produced by core-sheath PG are fascinating candidates for
Biphasic fibers are produced by the multi-layer design of the  biomedical materials that are used in tissue engineering scaf-
spinning vessel in core-sheath pressurized gyration (core-sheath  folds, drug release, and wound healing bandages.>**!
PG).*9*] Ag shown in Figure 6A, the spinning vessel of core-
sheath PG has a dual-layered reservoir. The inner and outer reser-
voirs are used to load different polymer solutions to form the core  3.4. Nozzle-Pressurized Gyration
structure and sheath structure of fibers, respectively. To form a
uniformly encapsulated core-sheath structure, the essential con-  Nozzle-pressurized gyration (nozzle-PG), as the name suggests,
dition is the flow synchronization between the inner and outer  replaces the small orifices on the PG spinning vessel with exter-
polymer solutions. Therefore, before the core-sheath PG process,  nal nozzles.*>] Nozzle-PG is the novel sister technology of the
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Figure 6. A) Core-sheath pressurized gyration device and B) confocal microscopy image of PVP/PCL core-sheath fiber. Reproduced with permission.[>2]

Copyright 2022, Elsevier.
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Figure 7. Schematic diagram of nozzle-pressurized gyration.

PG technique. By directing the spinning solution through noz-
zles, this significantly improves its flow stability, thereby improv-
ing the uniformity and alignment of the produced fibers. In ad-
dition, the fibers prepared by nozzle-PG have smaller fiber di-
ameters and narrower diameter distributions compared to those
of PG under the same working parameters. Although spinning
technologies with nozzles are often associated with nozzle clog-
ging, the high-velocity nitrogen flow in nozzle-PG helps flush
the nozzles, thereby alleviating the clogging issues. Fibers pro-
duced by nozzle-PG are promising for specific applications that
are sensitive to fiber diameters and arrangements, such as preci-
sion biosensors and tissue engineering. (Figure 7)

The design and quantity of nozzles are the critical parameters
in nozzle PG as it significantly affects the airflow field distribu-
tion and flow behavior, which can influence the morphology and
yield of the final products. Generally, nozzles with a very small di-
ameter can produce fine fibers. However, they will lead to nozzle
clogging and lower throughput. Whereas, increasing the nozzle

Macromol. Mater. Eng. 2023, 2300033 2300033 (6 of 16)

diameter will increase the fiber diameter accordingly. Through-
put can also be increased by increasing the number of nozzles
so as to achieve higher fiber yields. In terms of nozzle length,
increasing the nozzle length may make the fluid more difficult
to eject from the nozzles. Further studies need to be performed
to optimize the nozzle design to achieve the maximum possible
throughput and desired fiber morphology.

4. Materials for Pressurized Gyration

Thus far, there have seen a wide variety of materials processed
by PG and its sister technologies. The applications of these fi-
brous products span a wide range of areas, especially in filtra-
tion and healthcare. Compared with electrospinning, PG averts
the influence of high voltage on sensitive materials, as well
as providing more options in materials and solvents due to
its controllable environmental conditions. In addition to com-
mon synthetic polymeric fibers (polyethylene oxide, polycapro-
lactone, polyvinylpyrrolidone, poly(methyl methacrylate), poly-
acrylonitrile, polylactic acid, etc.),27353853-56] hiopolymer fibers
were also spun using PG, including silk fibroin, polyhydroxyalka-
noates, starch, etc.’”-%l These fibers have broad prospects in
biomedical applications due to their inherent biocompatibility
and environmental friendliness. Carbon nanofibers with poly-
acrylonitrile as the precursor can be easily produced by PG.I**!
Carbon nanofibers have attracted increasing attention as super-
capacitors, fuel cells, battery electrodes, etc. due to their unique
electrochemical properties.l® 2] Moreover, ceramic fibers, such
as polymethyl-silsesquioxane (MK resin), polymethylphenyl-
silsesquioxane (H44 resin), also have been successfully made
by PG technology.l®*! The products of PG are diverse in terms
of their structures. Besides uniform solid fibers, PG has been
used to produce beaded fibers, core-sheath fibers, and microbub-
bles instead of one-dimensional materials.[*0446+65] Microbub-
bles are a promising material in diagnosis, therapeutic applica-
tions, targeted drug delivery, etc.[°%% These successful instances
undoubtedly validate the practicability and extensibility of the PG
technology in the preparation of micro/nano-materials. Table 2
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summarizes the polymers processed using PG and its sister tech-
nologies.

5. Applications

In terms of fiber morphology and properties, PG fibers are highly
similar to electrospun fibers, indicating that these fibrous prod-
ucts can be theoretically used in similar application areas. Al-
though in this review we highlight biomedical applications such
as tissue engineering, drug delivery, wound healing, targeted
therapy, etc. PG fibers also have encouraging prospects for fil-
tration, energy storage, catalysis, sensors, electronics, and optical
components.[°%100]

5.1. Biomedical Applications
5.1.1. Tissue Engineering

Polymer fibers play significant roles in tissue engineering as scaf-
folds supporting cell seeding and tissue growth, as well as carri-
ers of bioactive factors.[19-193] PG polymer scaffolds serve as a
temporary extracellular matrix (ECM) in tissue engineering. The
desired 3D structures of these polymer scaffolds provide spe-
cific mechanical and biological properties to modulate cellular
behavior.'% The aligned orientation of fibers induces the polar-
ization and migration of cells along the fiber direction, acceler-
ating wound closure.l'%1%] Seeding cells on PG fiber scaffolds,
which typically have a highly aligned orientation, can promote
cellular activities. This is due to the regular or defined architec-
ture of the ECM found in the human body.'"”! In addition, the
surface topography of PG fibers is determined by solvent type and
environmental conditions, which is tunable to form desired pore
size and porosity for cell infiltration.[1%19] PG fiber scaffolds
have been reported to be promising material candidates for tissue
engineering. For example, the non-woven PCL scaffold fabricated
by PMG technology by Xu et al. showed remarkable attachment,
growth, and proliferation results for myoblasts.[*] The fiber sur-
face roughness and porosity of these scaffolds can be tuned
by melting temperature to promote muscular tissue regenera-
tion. The PGS/PVA blended fiber scaffold spun by PG possessed
unique biocompatibility and non-toxicity. The dermal fibroblasts
that adhered to these scaffolds showed superior cell viability,
making it a promising material for soft tissue engineering.*!
Kundu et al. incorporated composite nano-clay and hydroxyap-
atite into PCL fibers by PG.[l The fabricated fibrous scaffolds
had good cell viability and promoted osteogenic differentiation,
calcium deposition, and collagen formation. Their results also
showed that the osteogenic differentiation of mesenchymal stem
cells (MSCs) was enhanced with the addition of PCL fibers. The
PHA fibers spun by PG not only enhanced bone regeneration
but also showed significant application potential in soft tissue
engineering such as in nerve and cardiovascular.®) A unique ad-
vantage of PHA scaffolds in tissue engineering is that additional
growth factors are not required. Heseltine et al. achieved the effi-
cient production of aqueous-based silk fibroin using PG.I*®! Os-
teocytes exhibited significant cellular activity and proliferation on
these aligned silk fibroin fibers. The core-sheath fibers manufac-
tured by core-sheath PG provide a fascinating new strategy for tis-
sue engineering. The hydroxyapatite-loaded fibrous sheath (PVA)
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provides the environment and conditions required for biological
activities in tissue engineering, while the core (PCL) acts as a me-
chanical support.l>!]

5.1.2. Drug Delivery

Polymer fibers, especially nanofibers, are one of the most promis-
ing carriers for drug delivery due to their unique high sur-
face area-to-volume ratio, that allows high loading capacity and
high encapsulation efficiency.l''*112] Encapsulating hydrophobic
drugs into hydrophilic polymer fibers by various means can help
the issue of poor solubility of many drug molecules.[''>1*] The
tunable characteristics of polymer fibers such as fiber diameter,
morphology, and porosity help to modulate the drug release rate
for specific therapy. Moreover, controlled release at the active site
maximizes the effect of the drugs, achieving topical treatment
and reducing drug dispersion.[''>11%] PG is one of the most po-
tent strategies to create drug delivery systems due to its highly
controllable processing parameters. Progesterone, an endoge-
nous sex hormone that helps the development of the fetus and
protects the endometrium during the female reproductive cycle,
is widely used for the prevention of pre-term birth.[''”] Proges-
terone was mainly administered by oral or parenteral injection,
but these methods have the problem of rapid metabolism and
inactivation before taking effect or even causing some potential
side effects.[''8] Fibrous patches for vaginal administration are a
promising therapeutic strategy. Brako et al. and Cam et al. man-
ufactured progesterone-loaded fibrous constructs with mucoad-
hesion by PG, which proved to be a successful method for vagi-
nal administration for the treatment of pre-term birth.5692-94
Oral antidiabetic agent-loaded fiber mats having different re-
lease kinetics (burst release or sustained release) produced by
PG showed significant effects of accelerating wound healing and
reducing inflammation in diabetes treatment.[®#>%! Sustained re-
lease delivery systems were reported to exhibit more effective re-
sults. Majd et al. produced PVP/PCL core-sheath fibers by core-
sheath PG, which showed excellent encapsulation efficiency and
controlled release of tetracycline hydrochloride.l®?) Core-sheath
PG has immense potential in the encapsulation and controlled
release of growth factors, drugs, and peptides in polymer fibers
in a more precise manner.

5.1.3. Wound Dressing

Once the skin is structurally or functionally compromised, its
function as the body’s protective barrier will be hampered. The
invasion of bacteria, fungi, viruses, etc. on the damaged site
leads to slow healing, wound infection, and even life-threatening
scenarios.['") Wound dressings are used to isolate the wound
from pathogens, as well as provide a suitable physiological envi-
ronment for wound healing.'?! Compared with traditional tex-
tile dressings, which take effect only by isolation and secretion
absorption, polymer fiber-based dressings show greater potential
for wound healing.['%17123] The small pore size and high poros-
ity of fiber mats maintain good air permeability while isolating
microorganisms. The 3D structure of fiber mats, which is simi-
lar to that of ECMs, and their proper mechanical strength facili-
tate cell growth, adhesion, and proliferation.'?* The unique high
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surface area-to-volume ratio of fine fibers is the significant car-
rier for antibacterial agents and drugs, which has been discussed
above. Through the material selection and 3D structure design
of the fiber products, polymer fiber-based dressings with excel-
lent wound healing efficacy and good comfort were successfully
fabricated by PG. With its inherent biocompatibility, bacterial cel-
lulose (BC) is a fascinating candidate for wound dressings. The
BC/PMMA binary fiber spun by PG not only overcame the diffi-
culties of BC processing but also achieved the scalable production
of natural polymer-based bandages.®”! The BC/PMMA bandages
incorporated with metal nanoparticles have been proven to show
excellent cell viability and antibacterial properties, providing an
attractive strategy for wound dressings.’®! Ahmed et al. stud-
ied the antimicrobial properties and cytotoxicity of cinnamon-
containing PCL bandages manufactured by PG, demonstrating
the promising prospects of these natural active substance-based
bandages.!”27]

PG can also be used in the applications of clinical imaging,
diagnosis, therapy, etc. Mahalingam synthesized protein-coated
polymer microbubbles using PG.[**%] The gold nanoparticles
contained in these microbubbles have excellent chemical stability
and biocompatibility, thus these have the potential of intracellular
probes. In addition, the gold nanoparticles can be used to make
quantum dots (Q dots) to be imaged in a bimodal way in both
fluorescence and ultrasound, which is a complementary technol-
ogy for ultrasound imaging. Lysozyme-coated PVA microbubbles
were demonstrated to have good biosensing ability.

5.2. Filtration

With the development of industrialization, particulate pollu-
tants in the air have become a significant environmental prob-
lem, threatening public health.'”] Airborne aerosol particles
containing bacteria and viruses are one of the main trans-
mission routes of many emerging infectious diseases (EIDs),
such as the SARS-CoV-2 that are prevalent worldwide.[!26:127]
Besides this, water is also an important transmission medium
of these tiny particulate pollutants.'?8] Separating these pollu-
tants from air/water using filter materials is a crucial process
in air/water purification. Fibrous materials with very small di-
ameters have large surface area-to-volume ratios, high poros-
ity, and small pore size, becoming effective filtration pads.®]
Combining the features of forcespinning and solution blow-
ing, PG is an efficient and facile method that allows additional
jet stretching , obtaining nanofibers with average diameters
of less than 500 nm.[273548.60.747587.88.94] The unique surface ef-
fects of nanofibers effectively improve filtration efficiency. Filtra-
tion based on nanomaterials not only physically intercepts par-
ticles which are larger than the pore size through the sieve ef-
fect, but also captures extremely fine particles through the dif-
fusion mechanism of the Brownian effect, or collisions with
these particles.[12>128-130] In addition, gas slip occurs on the
nanofibers, thereby reducing air resistance.®!] On the other
hand, charged particles can be captured by electrostatic attrac-
tion with nanofibers.[#¢132] These nanofiber filters are promis-
ing for use in healthcare facilities, electronic component man-
ufacturers, pharmaceuticals, personal protective equipment, and
food where superior air purification is desired.!'?®! Through spe-
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cific solution property and processing parameter design, beaded
fibers produced by PG can also be fashioned into viable filter
media.[** This is due to the fact that the beaded structure in-
creases the surface area of the filter and is beneficial to optimize
the packing density. Moreover, the cavity structure caused by the
beads further reduces the pressure drop by providing channels
for airflow, which is an important criterion for evaluating filtra-
tion efficiency.®®! Wrinkled and porous fibers with a very high
surface area are also typical products of PG, which can improve
the filtration performance of filters.[>3>%8+126]

5.3. Energy Storage Applications

The development of new high-performance energy storage sys-
tems is a significant means to reduce the dependence on fos-
sil fuels and promote the transition to clean energy. In addi-
tion to large specific surface area and unique surface effects, car-
bon nanofibers (CNFs) have considerable mechanical strength
and excellent electrical conductivity, having great application po-
tential in electrochemical energy storage.['*}] CNFs are gener-
ally used in rechargeable batteries and supercapacitors as active
electrode materials, conductive additives, and metal/metal oxide-
loaded substrates.[13#135] On one hand, carbonaceous materials
with high specific surface area and porous structure are con-
ducive to storing ions. On the other hand, reversible surface or
near-surface reactions of the loaded metals/metal oxides improve
charge storage.[**] Customized electrode materials with desired
structures, sizes, morphologies, and compositions are of utmost
importance for the development of superior energy storage sys-
tems. In addition, carbon nanotubes (CNTs) are also promising
energy storage materials due to their higher electrical conduc-
tivity and larger surface area than CNFs.[137138] Polyacrylonitrile
(PAN) is a material widely used to prepare CNFs due to its high
carbon yield, high tensile strength, and relatively low price.[**"]
The morphology of PAN fibers containing graphene oxide and
graphene nanosheets prepared by PG highly depends on the pro-
cessing parameters (rotational speed, working pressure, solution
concentration, etc.) The mechanical properties and electrical con-
ductivity of these fibers have been reported.l>*#°] Zhao et al. used
PG to prepare PAN nanofibers loaded with CNTs, which has a
40% increase in specific capacitance and better reversibility, and
is a promising material for rechargeable batteries. >

Regarding commercial applications, the fiber materials mar-
ket is vast in terms of market size and volume. In addition to the
aforementioned uses (listed in Table 2), aerospace, automotive,
and apparel manufacturing sectors have significant shares in the
fiber market. The rising need for lightweight components due to
the increasing demand for automotive and commercial aviation
is propelling the fiber materials market, specifically for those with
high-strength modulus and lightweight properties. In addition,
polymer fibers are used in ultra-light clothing, fire-resistant and
water-resistant textiles, and high-strength helmets, which also
adds to the rising demand for fiber materials in the commercial
sector.

6. The Future of Pressurized Gyration

Research related to PG has grown rapidly since its inception,
which demonstrates its immense potential. At present, the ma-
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terials used in PG are mainly synthetic polymers and organic
solvents. Considering the pursuit of environmental friendliness
and energy sustainability, spinning based on natural materials
and green solvents will be a critical topic of PG in the future.['*(]
Biopolymers, such as cellulose and alginate from plant sources,
chitosan/chitin from animal sources, or polyhydroxyalkanoate
from microbial sources, have received extensive attention due to
their non-toxicity and inherent biocompatibility and biodegrad-
ability. According to a report by Transparency Market Research,
the overall growth of biopolymer-based industries is forecast to
expand at a staggering 14% between 2017 and 2025, and the mar-
ket share of these industries will increase from USD 2.4 billion
in 2016 to USD 7.8 billion by 2025.'!l However, the manufac-
ture of biopolymer fine fibers is not straightforward and has not
yet been industrialized properly. The unique scalable and facile
process of PG is expected to be a promising strategy for the mass
production of biopolymer fibers.

Another prospect of PG is the preparation of hybrid fibers.
Due to the features of producing fibers in multiple channels (ori-
fices/nozzles), PG can be used to simultaneously process two or
more materials from different channels to form a composite fiber
mat. Hybrid fibers derive benefits from the individual fiber that
exhibit a synergistic response, achieving the overall performance
to exceed the sum of individual fiber performances. In addition,
through the specific design of material types and proportions, hy-
brid fibers will achieve significant optimization in their mechan-
ical properties.

Although the discussion on the significantly improved pro-
ductivity of PG compared to other fiber manufacturing methods,
such as electrospinning has been reported in previous work, at
present the research is mainly carried out in the laboratory. Scale-
up and fully-automated PG will be an important prerequisite for
its industrialization. The critical concept of scale-up is related to
the design of equipment matching the industrial scale and the in-
troduction of a continuous feeding system. Automation requires
electrical industrial robots with specific computer programming
to realize the collection and packing of fiber products according
to the set control system, which helps the reduction of the need
for human work.
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