pharmaceutics

Review

Rotary Jet Spinning (RJS): A Key Process to Produce
Biopolymeric Wound Dressings

Juliana O. Bahi '*, Lucas R. Melo de Andrade %7, Sara Crivellin 17, Nadia G. Khouri !, Sara O. Sousa 3,

1

Luiza M. I. Fernandes 3, Samuel D. A. Souza !, Luz S. Cardenas Concha 4, Maria I. R. B. Schiavon 10,

Cibelem I. Benites , Patricia Severino ¢, Eliana B. Souto

check for
updates

Citation: Bahq, J.O.; Melo de
Andrade, L.R,; Crivellin, S.; Khouri,
N.G.; Sousa, S.O.; Fernandes, L.M.L,;
Souza, S.D.A.; Concha, L.S.C,;
Schiavon, M.I.R.B.; Benites, C.I.; et al.
Rotary Jet Spinning (R]S): A Key
Process to Produce Biopolymeric
Wound Dressings. Pharmaceutics 2022,
14, 2500. https://doi.org/10.3390/
pharmaceutics14112500

Academic Editor: Jin-Wook Yoo

Received: 5 October 2022
Accepted: 17 November 2022
Published: 18 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

7.8,#(2 and Viktor O. Cardenas Concha 13

1 INCT—BIOFABRIS, School of Chemical Engineering, University of Campinas, Albert Einstein Ave.,
Cidade Universitaria Zeferino Vaz, n°. 500, Campinas 13083-852, Sao Paulo, Brazil
Laboratory of Pharmaceutical Technology, Faculty of Pharmaceutical Sciences, Food and Nutrition,
Federal University of Mato Grosso do Sul, Campo Grande 79070-900, Mato Grosso do Sul, Brazil
Institute of Environmental, Chemical and Pharmaceutical Science, School of Chemical Engineering,
Federal University of Sao Paulo (UNIFESP), Sao Nicolau St., Jd. Pitangueiras,
Diadema 09913-030, Sao Paulo, Brazil
Graduate School, Sciences and Engineering, National University of Trujillo, Av. Juan Pablo II S/N Urb. San
Andrés, Trujillo 13011, La Libertad, Peru
Federal Laboratory of Agricultural and Livestock Defense (LFDA-SP), Ministry of Agriculture, Livestock and
Food Supply (MAPA), Campinas 70043-900, Sao Paulo, Brazil
Technology and Research Institute (ITP), Tiradentes University (UNIT), Murilo Dantas Ave., Farolandia,
n° 300, Aracaju 49032-490, Sergipe, Brazil
Department of Pharmaceutical Technology, Faculty of Pharmacy of University of Porto (FFUP), Rua Jorge de
Viterbo Ferreira, n® 228, 4050-313 Porto, Portugal
8 REQUIMTE/UCIBIO, Faculty of Pharmacy, University of Porto, de Jorge Viterbo Ferreira, n°. 228,
4050-313 Porto, Portugal
*  Correspondence: j102900@dac.unicamp.br (J.O.B.); ebsouto@ff.up.pt (E.B.S.)

Abstract: Wounds result from different causes (e.g., trauma, surgeries, and diabetic ulcers), requiring
even extended periods of intensive care for healing, according to the patient’s organism and treatment.
Currently, wound dressings generated by polymeric fibers at micro and nanometric scales are
promising for healing the injured area. They offer great surface area and porosity, mimicking the
fibrous extracellular matrix structure, facilitating cell adhesion, migration, and proliferation, and
accelerating the wound healing process. Such properties resulted in countless applications of these
materials in biomedical and tissue engineering, also as drug delivery systems for bioactive molecules
to help tissue regeneration. The techniques used to engineer these fibers include spinning methods
(electro-, rotary jet-), airbrushing, and 3D printing. These techniques have important advantages,
such as easy-handle procedure and process parameters variability (type of polymer), but encounter
some scalability problems. RJS is described as a simple and low-cost technique resulting in high
efficiency and yield for fiber production, also capable of bioactive agents” incorporation to improve the
healing potential of RJS wound dressings. This review addresses the use of RJS to produce polymeric
fibers, describing the concept, type of configuration, comparison to other spinning techniques, most
commonly used polymers, and the relevant parameters that influence the manufacture of the fibers,
for the ultimate use in the development of wound dressings.

Keywords: drug delivery; healing; medical applications; nanofibers; polymers; processing; rotary jet
spinning (R]S); wound dressings

1. Introduction
Chronic wounds affect patients suffering from different diseases and injuries (e.g.,

burns, trauma, or diabetes), becoming a major public and economic health problem world-
wide due to high morbidity, risk of amputation, and severe socioeconomic burden [1-3].
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When not treated properly, they negatively impact the patient’s quality of life. Besides an
extended period for healing, they can lead to amputations and, in some cases, even death,
depending on the injury [4]. In the United States alone, for example, more than 6.5 million
suffer from chronic injuries, with treatment costs exceeding USD 25 billion a year [5].

Treatment of these lesions is currently accomplished through the use of autologous
skin grafts applied onto the affected area to prevent pathogen invasion [6], which, in some
cases, can even result in the amputation of the affected limb, as in the case of diabetic foot
and severe infection. Such tissue injuries heal slowly, implying prolonged suffering for
the patient and their families, requiring frequent wound management (cleaning, dressing
replacement), in addition to high expenses for intensive hospital treatments and increasing
risks of complications [1,7,8]. In consonance with this, more accessible solutions have been
sought to find efficient and easy-to-manage therapeutic actions that reduce, prevent, and/or
minimize wound aggravation, offering rapid healing in a functional and aesthetically
satisfactory way. To meet this global need, several new materials and techniques are being
proposed for the manufacture of wound dressings [9].

The demand for dressings that can be used to treat wounds has been growing and
represents a significant impact on the global market (above USD 7 billion in 2020) with
a forecasted growth at a compound annual growth rate (CAGR) of 9.7% by the year
2025 [10]. According to the National Wound Care Strategy Program (NWCSP, 2021), for each
2.2 million people who have a wound, 29% of them have acute wounds related to trauma,
surgery, abscess, or burns requiring the use of wound dressings. These numbers drive the
development of devices that can accelerate tissue regeneration in wounds, promoting rapid
recovery of patients affected by chronic injuries, which are capable of restoring their life
quality [11,12].

Rotary jet spinning (R]S) is a process for making membranes from a polymeric solution
with scales ranging from micro to nanometric [13]. It uses a high rotational speed provided
by an electric motor, dispersing the polymeric solution as a jet, quickly evaporating it, and
depositing polymer fibers in a cylindrical collector [14,15]. This technique has advantages
over other fiber methods, it is easy to operate and has high efficiency, requiring a low
amount of solution to produce an extensive amount of fibers (high fiber yielding). Addi-
tionally, it does not require polymeric conducting solutions or a high voltage source, a fact
that reduces the cost and enables the processing of various polymeric solutions without
the need for a conductive solution [16-19]. Characteristics, such as flexibility, large surface
area, and easy design modification, are being described for nanofibers obtained by RJS.
The rotary-jet-spun fibers application field of the nanofibers obtained from rotary-jet-spun
fibers can thus be used as filters, protective clothing, energy storage, sensors, and battery
separators [20-25].

These RJS polymeric fibers are indicated for medical applications, especially in tissue
engineering, drug delivery systems, and regenerative wound dressings [26-29]. Currently,
polymeric membranes are used as dressings due to their high porosity (for oxygen per-
meation) and their large surface area (cell culture). It must maintain the humidity at the
wound site and prevent the damaged tissue from particles and contaminants. The poly-
meric membrane should be non-toxic or allergenic, able to protect the wound from any
trauma, impermeable to any bactericidal activity. It should have adequate thermal insula-
tion, be comfortable, and be adaptable to the wound region, auxiliating the healing process
(Figure 1) [30]. In addition, targeted drugs can be incorporated into the polymeric matrix,
offering a therapeutic activity that collaborates in the healing process [31]. Some examples
of RJS polymeric fibers used as potential wound dressings are made of natural poly-
mers, usually with some pharmaceutical bioactive, such as the combination of poly (lactic
acid)/gelatin/ciprofloxacin [32], carboxylated chitosan/polyethylene oxide/ibuprofen [33],
and soy protein hydrolysate/cellulose [34], both presenting antibacterial activities, similar
to the native extracellular matrix, potentially accelerating the skin regeneration.
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Figure 1. Scheme of the wound dressing action in the healing process (own drawing).

There is currently a growing interest in rotary jet spinning studies because of its
promising outcomes, especially in the use of RJS fibers for biomedical applications. In this
review, we provide an in-depth discussion about the rotary jet spinning process regarding
its technology and comparison to fiber methods, the influence of its operational parameters
on the produced nanofibers, and how its products are applied in different areas, with a
special focus on wound dressings, with some remarkable applications.

2. Spinning Techniques

Polymeric fibers can be produced by different techniques, e.g., electrospinning (so-
lution and melt), melt blowing, drawing, and rotary jet spinning, among others. Indeed,
some fiber production techniques have limitations regarding the produced fibers’ char-
acteristics, equipment requirements, repeatability, productivity, and scaling. However,
the RJS technique outstands itself as it produces high-quality fibers, is efficient and has
easy scaling, has low energy consumption, and does not require conductive polymeric
solutions [35-37]. However, a specific requirement for RJS is the use of a low boiling point
solvent to evaporate at the operating conditions when the process occurs with a polymeric
solution [38—40].

RJS is a technique that presents a simpler mechanism of operation and greater capacity
for production concerning electrospinning [33,41]. In addition, the technique makes use
of a smaller amount of solvents in the composition of the polymeric solution since the
electrospinning the solution must be conducive as a prerequisite [13,19]. When compared
to airbrushing, a technique that uses pressure difference for the film’s development, the
production capacity of the RJS remains larger by the area of its collector, and also it does
not require a high-pressure gas flow to promote the formation of polymeric fibers ranging
from micro to nanometer scales [42,43].

To establish a general view of the fiber techniques, a comparison between the main
techniques used for fiber production is presented in Table 1, summarizing the advantages,
disadvantages, and applications of each mentioned technique.
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Table 1. Spinning techniques, their main advantages, disadvantages, and applications.

Techniques

Advantages

Disadvantages

Applications

References

Electrospinning

Nanometric fiber diameters
(100-1100 nm), large surface area,
uniform and aligned fibers, high

porosity, simple fabrication, superior
mechanical properties, and
ECM-like structure.

Requires a high voltage source and
conductivity solution, uses toxic solvents,
has low productivity, has difficulties in
scaling and equipment handling.

Biomedical: regenerative medicine and drug

delivery systems.
Others: electrochemistry (Li-air battery

separator), catalysis (sensors), photocatalysis
(organic solar cells), and environmental (filters).

[44-50]

Melt Blowing

Long and continuous fibers, high
productivity, solvent-free.

High temperatures, thermal degradation,
larger fiber diameters, and polymers
limitation due to viscosity control.

Textile area and filters.

[51-56]

Drawing

Simple process, high repeatability,
produces unique, continuous, and
long nanofibers.

It uses viscoelastic materials. Limited to
laboratory scale, it is a
discontinuous process.

Agriculture packaging.

[14,51,55,57]

Rotary Jet Spinning

Process easy to scale, good
repeatability, fiber dimension control,
free from high voltage, low cost,
simple operation, eco-friendly.
Numerous polymers can be processed,
besides polymeric emulsions and
suspensions, with high productivity.

Might require high temperatures. Larger
diameter fibers. Fiber properties can be
affected by the material’s characteristics

and quality /configuration of
RJS equipment.

Controlled drug release, wound dressings, tissue
engineering, aerosol filtration, energy storage,
edible films, nutraceuticals, food encapsulation,

and packaging.

[14,31,51,53,58-60]

Air Brushing

Uncharged solution, fibers diameter
controlled by air pressure and nozzle
diameter, coating various shapes, fast

deposition rates.

Highly viscous polymer solutions are
difficult to produce fibers, require
compressed air, and solvent evaporation
depends on the solvent itself.

Scaffolds, tissue engineering, filtration.

[61-63]
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3. Fundamentals of the Rotary Jet Spinning (R]S)

Rotary jet spinning (RJS) was first developed in 1924, with a USA patent, which
proposed the generation of fibers using centrifugal force. In 2010, Badrossamay created
the RJS machine as we know it today. Over the years, the technique has been improved
according to numerous patents published, both in the USA and Europe [23,38].

From a bibliographic analysis carried out using the Scopus database (31 August 2022),
searching the keywords “rotary jet spinning” or “centrifugal spinning” or “rotor spinning”
or “pressure gyration”, which are common names for the R]S technique, 2651 documents
were found. After this first screening, the keyword “wound dressing” was added, which
is the focus of this review, and 25 occurrences were found between 2012 and 2022. Once
the search was carried out in Scopus, the Vosviewer (version 1.6.18) software was used
to build up the bibliometric map [64]. This software helps to visualize the bibliometric
landscape of this theme, grouping the keywords related to the R]S technique into three
clusters (Figure 2). The red group has the majority of the keywords (wound dressing,
nanofibers, membranes, biocompatibility, bandage, and chitosan), followed by the green
cluster (humans, tissue regeneration, electrospinning, and wound healing) and the blue
cluster (centrifugal spinning, centrifugal, spinning (fibers), biomedical applications, and
drug delivery). From Figure 2, we confirm the great demand for the nanofibers produced
via the RJS technique, also showing its notorious research in the biomedical field, and
wound dressing fabrication.

biomedical@pplications
medical lications - :
ABPICAURNS _ centrifiggation

L 4 v
humans tissue egineering centrifugalspinning controlledi@drug delivery
hugan
swnirﬂﬁbers)
electrogpinning \
@ drug delivery 4
& chemistry
porgsity
woundihealing wound“egng
controllgd study nangfibers
FUNSE, wound diessings o
£ membranes
article nanggber »
nonhman
bariglage eschefiighia coli

chit@san

forcespinning

water aorption

compositéihanofibers

Figure 2. Publications about the RJS technology and the areas related to it in a bibliometric analysis
performed by the free software VosViewer [65] with Scopus data.

The process involved in the RJS technique is considered simple, however, some
knowledge of polymer chemistry, processing, and fluid mechanics is the basis for a proper
understanding of this technology. Despite the operating conditions, the polymers’ intrinsic
properties (viscosity, concentration, molecular structure, molar mass, and surface tension)
also affect the fibers’ properties [39,40,66-68].

A simplified scheme of the RJS technique is presented in Figure 3, in which the main
components that form the configuration of the RJS system are illustrated.
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Figure 3. RJS apparatus: (A) collector, (B) reservoir, (C) motor, (D) feeding zone (modified with
permission from [69], Copyright 2015 American Chemical Society).

The RJS equipment is composed of a reservoir, a spinning head, that can have two
opposing orifices (syringes) in the body (nozzle-type) or just have a cylindrical shape
(nozzle-less type), and is connected to the shaft with a controllable rotation speed motor [23].
In the RJS technique, the structures obtained (nanofibers) depend on the action of centrifugal
force, just like in a cotton candy machine [70,71]. Due to the centrifugal force generated
by the motor action, a polymeric jet is ejected from the reservoir orifices. This occurs
when the centrifugal force and hydrostatic pressure surpass the capillary resistance of the
solution/polymer (related to surface tension and viscosity), with the polymer extrusion
elongating and thickening with the rotation speed [72]. In the centrifugal spinning process,
nanofibers can be obtained from a polymer solution or melted polymer, and the diameter
and morphology of the fibers depend on the diameter and length of the ejector nozzle [73].

The polymer jet behavior is depicted in Figure 4, where it is possible to observe that
the fluid is a jet from the spinneret as the minimum angular velocity is achieved, forming
a spherical front end due to surface tension. As the rotating disk velocity increases, the
polymer fluid forms a conical droplet, which is stretched if the centrifugal force surpasses
the capillarity acting in the polymer (viscous force), forming the micro/nanofibers [20,74,75].
The solvent evaporation is enhanced according to the polymer jet traveling in a spiral,
forming fibers of extremely small diameters, implying greater surface areas; at the same
time, the solidification process also occurs [14,21,36,39,76]. Finally, the polymer fibers settle
in the collector’s base due to the action of gravity.

) \; Ereservoir
=

Doutput
Yrw ¢

h hysdrostatic pressure solvent
+ centrifugal force Fesre= p 2R evaporation

capillary force

S

R
rotary reservoir % L/\j w

Figure 4. Polymer molten jet formation in the RJS apparatus (modified with permission from [74],
Copyright 2018, IOP Publishing Ltd.).

3.1. Melt RJS

Melt RJS uses molten polymer in the RJS apparatus to form micro and nanofibers
without using solvents, which is important for special polymers that are hard to dissolve in
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common organic solvents [73]. Under this condition, it usually employs high temperatures
to melt the polymer, thus, the molten polymer drives into the orifices of the rotating spin-
neret [72]. Additional components that help the processability rely on viscosity-reducing
additives or plasticizers which improve the fluidity and allow the production of fibers with
reduced diameters [77]. The polymer jet is then elongated according to the centrifugal force
and solidifies at room temperature, yielding micro/nanofibers at the collector (Figure 5).
Some drawbacks here include the polymer fluidity because the fibers of the high viscous
molten polymer need to elongate without bearing and breakage during the spinneret
extrusion to produce quality fibers.

Polymer feed

| Collected
l ) nanofiber mat

e
\ =y
[ Heating ring

Figure 5. Melt RJS scheme (modified with permission from [72], Copyright 2012 American Chemical
Society).

Orifice

3.2. Immersion RJS

The immersion RJS (Figure 6) consists of dropping the polymer extruded into a
solution where the fiber solidification and/or crosslinking occurs, which is advantageous
since it minimizes extrusion breakage and bearing in the fibers due to reducing the surface
tension [78]. As the polymer fibers are deposited in a liquid, it does not need a volatile
solvent in the process since the fibers solidify in this liquid, or crosslinker agents can be
present in this bath. Thus, some precautions need to be taken in this process, for example,
the immersion liquid cannot be water for hygroscopic polyesters or polyamides since
they can suffer hydrolysis, affecting their properties. Various polymers and solvents were
studied by Gonzalez et al. (2017) to demonstrate the immersion RS viability for processing
different polymeric systems. The crosslink effectiveness of the immersion RJS to produce
fibrous gelatin employing a bio-crosslinker (enzyme) resulted in promising 3D aligned
fibers for cell support, useful for food processing (future meat) [79].

Reservoir &

Fiber
Wrapping

Collector

Figure 6. Immersion RJS scheme (modified with permission from [78], Copyright 2017 John Wiley &
Sons).
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3.3. Nozzle-Less RJS

Nozzle-less RJS does not use a needle for the polymer extrusion; instead, it pulls out of
a lid-disk gap in the center of a rotating disk collector, thus the jet liquid polymer produces
“fingers” due to Rayleigh-Taylor instability (Figure 7). Such a method is an alternative to
nozzle RJS systems that are susceptible to high viscous polymer clogging of the needle
orifice [37].

Figure 7. Polymeric finger prints from nozzle-less RJS increasing with processing time (modified
with permission from [37], Copyright 2014 Elsevier).

4. Parameters and Factors Influencing Rotary Jet Spinning

RJS technology is a prospective method to manufacture high-performance three-
dimensional nanofibers with uniform morphology, high efficiency, and productivity. In this
process, there are key parameters that control the fiber properties (diameter, mechanical
strength, morphology, porosity, etc.), including polymer concentration, rotational speed,
nozzle diameter, orifice-to-collector distance, and solvent volatility [23,40,71,80-82].

Besides the attractiveness and advantages of the RJS technique, defects might occur in
the polymer fiber during its processing, usually caused by Rayleigh instability (driven by
surface tension), forming beads, and defects that diminish the fiber’s superficial area [83].
Solvent rate evaporation and rotational speed might control the polymer fiber solidifica-
tion, driving the smoothness and/or fibers” porosity, besides the airflow resistance also
influencing the fiber elongation [75].

Depending on the RJS type, certain intrinsic properties and operating conditions
directly influence the fibers” production (Table 2). For this reason, the RJS parameters
must be studied and optimized to ensure that the resulting fibers have all the required
properties for their targeted application, especially in the biomedical area, which needs
restricted characteristics.
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Table 2. Parameters that affect the properties of the RJS resulting fibers.

RJS Type Sub-Type Characteristics References
yp yp
Melt Spinnin e  Polymers are melted and extruded [84]
P & e Melt viscosity, temperature, rotational speed, and orifice sizes impact this process [85,86]
[87]
e T polymer molar mass — 1 jet diameter [75,83,87-91]
e 7T solvent vapor pressure — 1 uniform and | porous fibers [75,83,88,92]
e 7T surface tension — 1 beads formation [74,88,92-94]
e 7T polymer concentration — 1 fiber diameter [74,88]
Traditional RJS e | polymer concentration — 1 fiber <.11a.meter . o [91]
e  Polymer concentration must be optimized to ensure uniform and thin fibers
Polymer Solution Spinning e  Rotational speed highly impacts the ideal concentration [74,88]
e | solution viscosity — 1 beads formation [75,83,90,91]
e To produce ideal fibers, viscosity must be low (1-10 Pa.s), presenting Newtonian behavior [27]
e  Trotational speed — | fiber diameter
e | nozzle diameter — longer fibers [83,94,95]
e  Straight nozzle angle — | fiber diameter [92]
e  Distance spinneret—collector — depends on solvent evaporation and fiber formation [94]
[75,91]
) ) o Centrifugal and electrical forces are combined to improve the fibers
Electrostatic-Centrifugal Spinning e  This association enhances the fibers’ rheology because it removes “whipping instability” [96]

Hybrid RJS L ) )
e Involves the use of photoinitiators and UV lights to produce fibers

Photo-Centrifugal Spinning e Depends on a high effective light intensity, polymer concentration, and time exposure to [97]
develop uniform fibers
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Additionally, the RJS process might have new variants in the production system. It is a
hybrid RJS process that combines other acting forces besides the rotary ones to improve the
manufacturing of the fibers. According to this concept, electrostatic-centrifugal spinning
and photo-centrifugal spinning additionally use electrical force [98] and photoinitiators
with the incidence of UV lights [97], respectively.

5. Biomedical Applications of RJS-Nanofibers

RJS nanofibers are widely used in the biomedicine field since these fibers have inter-
esting characteristics that are required in this area [13,66]. Therefore, caring for skin lesions
(wounds) is not a simple treatment since it requires the protection of the injury from the
action of external physical, mechanical, or biological agents, to reduce, prevent, and/or
minimize the risks of resulting complications (e.g., secondary infections).

The main requirement for a polymeric wound dressing is biocompatibility. This means
that interactions between biomaterials, cells, and the host must not be potentially harm-
ful to induce cytotoxicity, generate adverse immune responses, or activate coagulation
pathways [99]. Concerning the use of biomaterials for cutaneous wound healing, some
characteristics are essential: ease of handling and application to the wound site; to be
readily adherent; exhibit adequate physical and mechanical properties; have a controlled
degradation; to be sterile, non-toxic, and non-antigenic; exhibit minimal or no inflammatory
reactivity; to be incorporated into the host with minimal scarring and in a painless manner;
and to facilitate angiogenesis [2]. In the case of using dressings, these must have a highly
porous structure and at the same time act as a water barrier to keep the wound moist, accel-
erate healing, and prevent bacterial invasion, which can be caused by a fluid accumulation
between the wound and the dressing [100]. RJS nanofibers have high surface areas (porous
films), promoting conditions for cell growth and wound repair [36,101]. Additionally, their
structure imitates the natural skin interface, allowing the recovery of biological functions
of damaged tissues and selectively interacting with specific cell lines.

The mechanical properties (strength, modulus, toughness, and ductility) and architec-
tural properties of the wound dressings are also extremely important so that they are not
compromised during their use. Therefore, the dressing cannot be completely solid, because,
in addition to porosity and interconnectedness, permeability is also an important material
characteristic, as it is a measure of liquid fluidity in the structure. Thus, high permeability
produces greater diffusion within the membrane, facilitating the entry of nutrients and
removal of degradation products and metabolic wastes [100].

Some biomedical applications of RJS nanofibers are presented in Table 3.
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Table 3. Recent developments in polymeric nanofibers produced by RJS in the biomedical area.
Polymers Used Applications Characteristics References
These scaffolds of porous nanofibers produced by iRJS 3 have tunable properties, as they are composed of
Biological ECM ' /HA 2 Tissue engineering biological molecules (HA, fibrinogen, collagen, gelatin, and chondroitin sulfate) that biomimics the ECM [102]
to speed up tissue regeneration
Fabrication of continuous, ultrafine, and uniform beads-free nanofibers with high CS content for

4 5 . : : ’ ) g

CS%/PEO Tissue engineering enhanced antimicrobial and biocompatibility [103]
. . . OCS grafted with an antibiotic (TOB) was processed with PEO in a RJS equipment, such polymer
6 7 8 P quip poly
OCS>/TOB Tissue engineering improved the spinnability, with the formulation 1:3 OCS-TOB/PEO showing the best antibacterial activity [104]
PCL 8 Bone regeneration PCL scaffolds combined with nHAp ? produced via RJS were used in bone structures. The results showed [105]
& that the PCL/nHAp scaffolds had a positive influence on the flexural mode of the newformed bone
This study demonstrates that RJS-spun fibers have a unique morphology compared to electrospun fibers,
PCL Tissue engineering are non-cytotoxic when in contact with mammalian cells, and reduce bacterial colonization without the [39]
need for further incorporation of antibiotics or prior chemical treatment
_ . . . 10 . - .
PCL/Gelatin Tendon tissue engineering Dual phasg fibers havg been developed mvglvmg RJS and WES techplques. The fiber core is formed by [106]
gelatin, presenting adequate mechanical strength, and also helping the tendon osteogeneses
PCL/Gelatin Tissue engineering RJS proved to be effective to produce non-toxic PCL-gelatin fibers that possibly allow their use as scaffolds [107]
. - Scaffolds with PCL/nHAp showed reduced bacterial proliferation in bones (in vitro and in vivo) since
PCL/nHAP Orthopedic applications the structures obtained presented superhydrophobic behavior [108]
. PCL and p-TCP were solubilized in chloroform, and further spun at 3500 rpm, where formulations M5
B 11
PCL/B-TCP Bone grafting and M10% promoted better collagen and osteoclasts production [591
P4HB 12/ Gelatin Scaffolds for heart valve replacement The hybrid fibers (core—gelat1r.1, exterlpr—P4HB) prod1.1ced a blOI‘l:llmetIC .flbrous matrix, such as heart [109]
valves, improving the regeneration of the fibrous tissue
PLA 13 Bone tissue engineering PLA/SBA 4-15fiber improved polymer matrix biocompatibility and osteoblast cells” adhesion [110]
. . - 15 . . . .
PLA Tissue engineering Polymeric roughened m1c1:of1bers. (PRM ?, w1tb high por951ty, prod.uced by RJS, 1mproved the [111]
mesenchymal stem cells” adhesion and tissue incorporation, reducing the stroke lesion area
Fibrous PLLA membranes produced by the RJS technique had non-toxic behavior, presenting
PLLA 16 Tissue engineering biocompatibility and bioadhesion, which makes them adequate support for fibroblastic and osteoblastic [15]
cells” proliferation

PU Y Tissue engineering The PU fibrous structures produced by RJS, both aligned and random, showed compatibility with the [112]

cultured osteoblastic cell line, which allows its application in tissue engineering
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Table 3. Cont.

Polymers Used Applications Characteristics References

PU scaffolds combined with collagen and elastin showed an absence of solvent in the fibers, besides
PU Tissue engineering hydrophilic behavior, which possibly allows their application as tubular scaffolds for regeneration of [113]
vascular systems

The compact equipment easily controlled the operating parameters, producing aligned and homogeneous

18 . .
PVP Biomedical PVP fibers suitable for drug delivery systems [22]
PCL Tissue engineering Fabrication of scaffolds with micro and nanofibers .of polycaprolactone ;fmd gelatin for the cultivation of [114]
cardiomyocytes for a biofabrication of ventricles
. . . . . . . 19 .
PLA/PCL Biomedical Dressing fibers produced by R]S containing polymeric fibers incorporating VANC * were developed in [115]

order to evaluate the antimicrobial potential against Staphylococcus aureus

! ECM—extracellular matrix; > HA—hyaluronic acid; 3 i-RJS—immersion rotary jet spinning; * CS—chitosan; > PEO—polyethylene oxide; ¢ OCS—oxidized chitosan; 7 TOB—tobramycin;
8 PCL—polycaprolactone; > nHAp—nanohydroxyapatite; 1 WES—wet electrospinning; ! 3-TCP—tricalcium phosphate; 1> PAHB—poly-4-hydroxybutyrate; 1* PLA—polylactic acid;
14 SBA—silica mesoporous; 1 PRM—polymeric roughened microfibers; 1 PLLA—poly(L-lactic acid); 17 PU—polyurethane; '® PVP—polyvinylpyrrolidone; VANC—Vancomycin .
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There are several advantages to using nanofibers to make drug-releasing wound
dressings, mainly because these materials can protect the wound, absorb exudates, provide
better penetration of the drug into the wound bed, increase intracellular uptake, reduce
toxicity, reduce the frequency of topical application and increase patient compliance, and
accelerate the healing process [116-118]. In addition to drug delivery, nanofibers can be
a promising tool for the incorporation of macromolecules, antibiotics, anti-inflammatory,
growth factors, enzymes, or nucleic acids due to their specific delivery capacity allowing
high bioactivity due to controlled release [119,120].

Factors such as geometrical properties, diameter, specific surface area, and total pore
volume affect the convection and diffusion of the liquid in which the nanofibers are im-
mersed, thereby affecting the drug release properties, which in turn affects the understand-
ing of the solid state of the drug and the effect of polymers incorporated into the nanofibers
on drug release. The study of kinetics and its mechanism is extremely important for drug
delivery systems, as is the nanofiber design (Figure 8). In nanofibers with a homogeneous
structure, the drug is distributed in a polymer matrix, unlike what occurs in core-shell
nanofibers, where the drug-carrying matrix is covered by a polymer shell, or nanofibers
can be developed, on which the drug can be immobilized on its surface [121-123].

Drug entrapped in the
poros of nanofiber

Core-shell

Nanofiber O

Nanofiber in
drug delivery

Drug adsorbed into the surface
of nanofibers

Figure 8. Structures of different designs in the fabrication of nanofibers for drug delivery (created
using Biorender—https:/ /biorender.com/ (accessed on 9 august 2022)).

A poly(L-lactic acid) (PLLA) membrane incorporated with curcumin produced by
the RJS technique showed a controlled release profile justified by the low rate of fiber
degradation. In addition, it presented biocompatibility and non-toxicity against fibroblasts,
giving the membrane a potential material for the treatment of chronic wounds [31].

Core-shell nanofibers were designed to control the release rates of ibuprofen and
human epidermal growth factor (EGF) during the inflammatory and proliferative phases
of wound healing by coaxial centrifugal spinning technology [33]. To prepare core-shell
nanofibers, 10 mg/mL ibuprofen and 1 pg/mL EGF were mixed into a 1:1 solution of
carboxylated chitosan (CCS), polyethylene oxide (PEO). It was stirred on ice for 15 min.
The rotary spinning system had a 4500 rpm speed with a 30 cm collection distance. The
release results showed that the CCS/POA core-shell nanofibers containing EGF showed
a release rate of 75% in two hours and thereafter maintained a controlled release rate of
the remainder of the growth factor. It was also observed that the release of EGF in the
central layer of the core-shell nanofiber was moderate due to the active agent incorporation
in the central layer. The diameters of the core-shell nanofibers and uniaxial nanofibers
are 1154 nm and 418 nm, respectively, which means that the erosion rate of the core-shell
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nanofiber polymer is lower compared with that of the uniaxial nanofibers, which directly
affects the EGF release. For ibuprofen-containing core-shell nanofibers, the release rate was
greater than 50%, but for the monoaxial nanofibers, the rate was only 30%. This result may
be related to the different initial positions of ibuprofen in the core-shell and monoaxial
nanofibers, leading to the polymer erosion mechanism. These outcomes demonstrate a
promising application of nanofibers in the delivery of drugs in wound dressings.

An antimicrobial dressing formed by poly(lactic acid) (PLA)/gelatin/ ciprofloxacin
(CPF) nanofibers manufactured by the RJS was developed [32]. At first, it was observed that
different concentrations of the prepared solutions influence the diameter of the nanofibers.
The results were shown for concentrations of 0-12% of ciprofloxacin, the nanofibers had
diameters ranging from 513-622 nm, respectively, and this result was associated with
the chain solution, increasing nanofibers. The release profiles showed that the PLA/GE
nanofibers released about 30% of ciprofloxacin in 1h; this result was attributed to the
CPF adsorbed on the nanofiber surface. After this time, all nanofibers with different
concentrations of CPF maintained a slow and sustained release due to the control mediated
by the PLA polymer chains. The release of nanofibers reached 87% at 144 h in particular for
formulations containing 10% and 12% CPF. With these results, it was possible to observe
that the process of developing the nanofibers was satisfactory mainly because it presents a
controlled drug release system, providing a promising dressing for treating wounds.

Odermatt et al. [124] patented the method that describes the creation of nanofibers
containing at least one synthetic and bioabsorbable polymer in the form of a dressing.
Despite the already existing healing devices on the market, some disadvantages such as
the occurrence of infections, irritation, and material degradation lead to the need for the
development of new dressings. Through the R]S technique, researchers seek a greater effec-
tiveness of this material in the healing process as well as to develop an environmentally
friendly product with low process energy. Different synthetic polymers such as polycapro-
lactone, polylactide-co-glycolide, polyvinyl alcohol, hyaluronic acid, acetylated distarch
phosphate, and starch were used for the development of these dressings in different con-
centration gradients. Thicknesses between 30 nm and 400 nm were obtained through the
different mixtures of polymers used to manufacture rotospun fibers. Despite recent studies
demonstrating the effectiveness and potential of manufacturing nano- and microfibers by
RJS in the development of new dressings, the need to advance new studies aims to bring to
the market a new product that has greater effectiveness, low cost, and easy production for
the treatment of wounds.

In comparison with other existing methods of producing nanofibers, the R]JS technique
has an enormous potential to be explored, mainly because it provides high yield at a low
cost and can be used to carry drugs in nanofibers for the production of dressings that
provide the patient a product by maintaining a controlled release, protecting the active
agent, reducing antimicrobial resistance events, and consequently accelerating the healing
and restoration of the affected area.

6. Other Applications: Filters and Batteries

Filters are a remarkable industrial application of polymer nanofibers produced via
the RJS technique. Such a process is ideal for the production of continuous fibers since it
ensures a high surface/volume ratio of the fibers, which efficiency increases with this ratio.
Accordingly, polyamide 6 (PA6) presented smaller fiber diameters with RJS than the elec-
trospinning process, for a PA6 (22.5 wt.%) solution containing formic acid, confirming that
RJS quickly creates fibers at the nanoscale and proving that RJS is adequate for industrial
production of polymer nanofibers [19].

RJS air filters compete with typical high-performance filters (HEPA—high-efficiency
particulate air). Normally, an air filter must have 99.97% of minimum removal efficiency
for particles equal to or greater than 300 nm in diameter, according to the standardization
of the United States Department of Energy, or 85-99.9% particle removal, as Europe stan-
dardizes (European standard EN 1822: 2009). Additionally, it also requires an airflow rate
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between 3 and 10 m*-s~!, and approximately 300 Pa minimum filter pressure drop [36].
Fiber-based filters have a medium-low price range, but, with RJS, a scalable and high-
productivity technique, it is possible to maintain the market prices with the same efficiency
as HEPA filters.

The main function of air filters is to prevent the users from health problems that
particulates can offer [125]. As a consequence, studies have shown that nanofiber-based
filters present higher particle removal efficiency than filters built up with greater diameter
fibers. For example, a mining vehicle containing cellulose-based filters exhibited a dust
reduction from 86 to 93% when using nanofibers in the filter composition [126]. Likewise,
the quality factor (efficiency and pressure drop) is reported to increase at most 2.6 times in
nanofiber-based filters compared to those made with microfibers [127]. Additionally, the
COVID-19 pandemic boosted the use of the RJS technique for the production of filters for
facial masks to protect the population from the mutating virus [128].

Multilayer electrospun nanofibrous membranes formed by Polyvinylidene Fluo-
ride (PVDF)/Polyacrylonitrile (PAN) achieved high filtration efficiency and low pressure
drop [129]. This is because PVDF has a greater porosity, which is adequate for air pas-
saging, thus, reducing the pressure drop, while PAN has the characteristic of capturing
small particles. Additionally, poly [2-(N, N-dimethyl amino) ethyl cationic methacrylate]
(PDMAEMA) was added to the PVDF solution. Thus, it resulted in a composite air filtra-
tion system for biological protection, with excellent antibiotic removal, reaching a high
inhibition rate (/290%).

Regarding water filtration, one of the main concerns is about the capture of heavy
metals in wastewater, since these metals are toxic, representing problems for human
health and the environment as well [130]. For this reason, some studies with cellulose
acetate membranes proved that this material is very efficient for nanofiltration due to
the regeneration of pure cellulose via deacetylation [131]. Cellulose acetate membranes
displayed decent adsorption and desorption after being washed five times with a sodium
hydroxide aqueous solution, and also presented an absorption capacity of 19.5 mg/g
according to the Langmuir isotherm [130]. Additionally, cellulose nanofibers embedded
with polyamide layers via interfacial polymerization resulted in a filtration membrane
with Mg?* rejection (MgCl, and MgSQO,), depending on the extension of the interfacial
polymerization [132].

Besides the filtration area, fibers produced by the RJS technique have also been applied
as photovoltaic fibers [36,133]. Polymeric materials such as inorganic semiconductors
contributed to this application since it combines ease of processability, compatibility, and
low-temperature manufacturing processes. Such materials also enable large-scale produc-
tion, allowing the development of lighter and more flexible devices [134,135].

In the field of photovoltaics, power conversion efficiency (PCE) can be improved with
the heterojunction of materials [136]. Likewise, high-performance cells are directly related
to the morphology of the active layer [134], thus adding a rich-concentrated nanofibers
solution to photovoltaic cells still increases PCE [137]. Additionally, with a solution con-
taining nanofibers and a molecular acceptor, such as [6,6]-phenyl C61-butyric acid methyl
ester (PCBM), it is possible to obtain a high-efficiency active layer for organic solar cells
with a PCE up to 3.6% [133]. The study by Burson et al. (2007) concluded that the pho-
tovoltaic effect may require disorganized polymer portions to fill the gaps present in the
nanostructured layers and ensure contact between the donor fibers and the PCBM accep-
tor domains [133]. Other interesting applications for R]S fibrous membranes and their
composites are Li-ion battery separators and proton exchange membrane (PEMs) fuel
cells [138]. An example is polyvinylidene fluoride (PVDF) nanofibers semi-interpenetrated
with perfluorosulfonic acid (Nafion®) to develop PEMs [139], in which the PVDF crystalline
structure, specifically its 3-phase, increases the PEM’s piezoelectric performance [140,141].
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7. Conclusions and Future Prospects

Recent developments in nanofiber fabrication technology have led to controlled manip-
ulation of nanofiber properties, such as high surface area/volume ratio and their ability to
encapsulate bioactive molecules for controlled release. Factors such as increasing awareness
of advanced wound healing techniques and increasing incidence of ulcers due to obesity, di-
abetes, cardiovascular, and degenerative diseases are driving the growth of the wound care
market. RJS technology is a relatively new process for producing polymer fiber material
systems for biomedical applications, which can be used to rapidly produce large quantities
of final products. It can also create biomimetic porous extracellular matrix structures
(scaffolds) that allow for biocompatibility, cell adhesion, and proliferation. Additionally,
biopolymeric nanofibers from the RJS process have the versatility to provide materials with
tunable mechanical (tensile modulus, peak load, and break strain) and biological properties
(biodegradability, air diffusion), aiding tissue regeneration technologies. Their high poros-
ity provides better diffusion of oxygen and pharmaceutics, which is greatly advantageous
for epidermal applications, especially for wound dressings. These characteristics turn the
biopolymeric nanofibers into a powerful building block for designing more comprehensive
pro-regenerative solutions. The production of RJS polymer scaffolds results in materials
with excellent properties, combining processability, strength, elasticity, and biocompatibil-
ity. Besides the advantages of the RJS technique, it is expected that the advancement of this
technique will lead to customizable healing formulations, as there are several skin injuries
(burn, trauma, surgery, diabetic ulcer, infection, etc.) that require targeted treatments for
wound healing. RJS wound dressings are still in progress in the market, but their promising
features for fast healing, drug delivery, and improvement in the quality of patients’ lives
with less invasive procedures are attracting attention and popularity for the RJS technique.
With the RJS technique, it is possible to produce dressings using a smaller feed of raw
material in comparison to other known production techniques, however, the dressings
are customized without a unitary standard for each clinical case, so it is still necessary to
explore such conditions and invest in inputs to serve this niche uniformly. One obstacle that
must be overcome in the use of RJS for wound dressing production involves its production
capacity, as there is no record of industrial-scale RJS equipment.

Author Contributions: ].O.B. and E.B.S.: Conceptualization, Visualization, Writing—Original Draft,
Review and Editing; LRM.d.A,, S.C, N.GK, S.0S, LM.LE,S.D.AS, LS.C.C, MIRBS., CLB.
Writing—Original Draft; Preparation of Tables and Figures; V.O.C.C., E.B.S. and P.S.: Contextualiza-
tion, Structure, Review, and Supervision. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: The authors are grateful for the financial support from the National Council
for Scientific and Technological Development (Conselho Nacional de Desenvolvimento Cientifico
e Tecnol6gico—CNPq, Brazil) and the Coordination for the Improvement of Higher Education
Personnel (Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior—CAPES, Brazil).

Conflicts of Interest: The authors declare no conflict of interest.

1.  Rahimnejad, M.; Derakhshanfar, S.; Zhong, W. Biomaterials and Tissue Engineering for Scar Management in Wound Care. Burn.
Trauma 2017, 5, 4. [CrossRef] [PubMed]

2. Metcalfe, A.D.; Ferguson, M.W.]J. Tissue Engineering of Replacement Skin: The Crossroads of Biomaterials, Wound Healing,
Embryonic Development, Stem Cells and Regeneration. J. R. Soc. Interface 2007, 4, 413—-437. [CrossRef] [PubMed]

3. Khan, R.; Morsi, Y,; Zhu, T.; Ahmad, A.; Xie, X.; Yu, F. Electrospinning: An Emerging Technology to Construct Polymer-Based
Nano Fibrous Scaffolds for Diabetic Wound Healing. Front. Mater. Sci. 2021, 15, 10-35. [CrossRef]


http://doi.org/10.1186/s41038-017-0069-9
http://www.ncbi.nlm.nih.gov/pubmed/28127573
http://doi.org/10.1098/rsif.2006.0179
http://www.ncbi.nlm.nih.gov/pubmed/17251138
http://doi.org/10.1007/s11706-021-0540-1

Pharmaceutics 2022, 14, 2500 17 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

Packer, C.; Ali, S.; Manna, B. Diabetic Ulcer. Available online: https://www.ncbi.nlm.nih.gov/books/NBK499887/ (accessed on
9 May 2022).

Chen, L.; Cheng, L.; Gao, W.; Chen, D.; Wang, C.; Ran, X. Telemedicine in Chronic Wound Management: Systematic Review And
Meta-Analysis. JMIR Mhealth Uhealth 2020, 8, e15574. [CrossRef] [PubMed]

Nicholas, M.N.; Jeschke, M.G.; Amini-Nik, S. Methodologies in Creating Skin Substitutes. Cell. Mol. Life Sci. C 2016, 73, 3453-3472.
[CrossRef]

Kalva, S.N.; Augustine, R.; Al Mamun, A.; Dalvi, Y.B.; Vijay, N.; Hasan, A. Active Agents Loaded Extracellular Matrix Mimetic
Electrospun Membranes for Wound Healing Applications. J. Drug Deliv. Sci. Technol. 2021, 63, 102500. [CrossRef]

Brown, M.S.; Ashley, B.; Koh, A. Wearable Technology for Chronic Wound Monitoring: Current Dressings, Advancements, and
Future Prospects. Front. Bioeng. Biotechnol. 2018, 6, 47. [CrossRef]

Gongalves, M.M.; Carneiro, J.; Justus, B.; Espinoza, ].T.; Budel, ].M.; Farago, P.V.; Paula, ].P. de Preparation and Characterization
of a Novel Antimicrobial Film Dressing for Wound Healing Application. Braz. J. Pharm. Sci. 2020, 56. [CrossRef]

Markets and Markets Wound Dressings Market by Type (Traditional, Advanced (Alginate, Collagen, Hydrogel, Foam, Hydrocol-
loid, Film)), Wound Type (Traumatic, Surgical, Diabetic Foot, Venous Leg Ulcer & Burns), End User (Hospital, ASCs, Homecare)—
Global Forecast to 2025. Available online: https://www.marketsandmarkets.com/Market-Reports/wound-dressings-market-12
3903496.html (accessed on 7 February 2022).

Okur, M.E,; Karantas, 1.D.; Senyigit, Z.; Ustﬁndag Okur, N; Siafaka, P.I. Recent Trends on Wound Management: New Therapeutic
Choices Based on Polymeric Carriers. Asian J. Pharm. Sci. 2020, 15, 661-684. [CrossRef]

Afsharian, Y.P.; Rahimnejad, M. Bioactive Electrospun Scaffolds for Wound Healing Applications: A Comprehensive Review.
Polym. Test. 2021, 93, 106952. [CrossRef]

Vida, T.A.; Motta, A.C.; Santos, A.R.; Cardoso, G.B.C.; De Brito, C.C.; De Carvalho Zavaglia, C.A. Fibrous PCL/PLLA Scaffolds
Obtained by Rotary Jet Spinning and Electrospinning. Mater. Res. 2017, 20, 910-916. [CrossRef]

Rogalski, J.J. Rotary Jet Spinning of Polymer Fibres; Queen Mary Univesity of London: London, UK, 2018.

Ciocca, B.E.; Munhoz, A.L.J.; Cardoso, G.B.C.; Rodrigues, A.A; Pattaro, A.F; Kaasi, A.; Filho, R.M.; Rodigues, A.A.; Pattaro,
A.F; Kaasi, A.; et al. Viability Assays of PLLA Fibrous Membranes Produced by Rotary Jet Spinning for Application in Tissue
Engineering. Braz. Arch. Biol. Technol. 2019, 62, 1-10. [CrossRef]

Mindru, T.B.B.; Ignat, L.; Mindru, I.B.B.; Pinteala, M. Morphological Aspects of Polymer Fiber Mats Obtained by Air Flow
Rotary-Jet Spinning. Fibers Polym. 2013, 14, 1526-1534. [CrossRef]

Badrossamay, M.R.; Mcllwee, H.A.; Goss, J.A.; Parker, K.K. Nanofiber Assembly by Rotary Jet-Spinning. Nano Lett. 2010, 10,
2257-2261. [CrossRef] [PubMed]

Ramirez, M.; Vaught, L.; Law, C.; Meyer, ].L.; Elhajjar, R. Electrospinning Processing Techniques for the Manufacturing of
Composite Dielectric Elastomer Fibers. Materials 2021, 14, 6288. [CrossRef]

Rogalski, J.J.; Bastiaansen, CW.M.; Peijs, T. PA6 Nanofibre Production: A Comparison between Rotary Jet Spinning and
Electrospinning. Fibers 2018, 6, 37. [CrossRef]

Chen, B.; Wang, J.; Lai, Z.; Zhang, Z.; Wu, Z. Modeling of Spinning Jet Behavior and Evaluation on Fiber Morphology for
Centrifugal Spinning. J. Text. Inst. 2021, 113, 1-12. [CrossRef]

Dos Santos, D.M.; Correa, D.S.; Medeiros, E.S.; Oliveira, J.E.; Mattoso, L.H.C. Advances in Functional Polymer Nanofibers: From
Spinning Fabrication Techniques to Recent Biomedical Applications. ACS Appl. Mater. Interfaces 2020, 12, 45673-45701. [CrossRef]
Sebe, 1.; Kallai-Szab6, B.; Oldal, I.; Zsidai, L.; Zelko, R. Development of Laboratory-Scale High-Speed Rotary Devices for a
Potential Pharmaceutical Microfibre Drug Delivery Platform. Int. ]. Pharm. 2020, 588, 119740. [CrossRef]

Chen, C,; Dirican, M.; Zhang, X. Centrifugal Spinning-High Rate Production of Nanofibers. In Electrospinning: Nanofabrication and
Applications; Elsevier Inc.: Amsterdam, The Netherlands, 2019; pp. 321-338. ISBN 9780323512701.

Kwak, B.E.; Yoo, H.J.; Lee, E.; Kim, D.H. Large-Scale Centrifugal Multispinning Production of Polymer Micro- and Nano Fi Bers
for Mask Filter Application with a Potential of Cospinning Mixed Multicomponent Fibers. ACS Macro Lett. 2021, 10, 382-388.
[CrossRef]

Zhao, Z.; Ma, C.; Chen, E; Xu, G.; Pang, R.; Qian, X.; Shao, J.; Hu, X. Water Caltrop Shell-Derived Nitrogen-Doped Porous
Carbons with High CO2 Adsorption Capacity. Biomass Bioenergy 2021, 145, 105969. [CrossRef]

Li, W.-J.; Laurencin, C.T.; Caterson, E.J.; Tuan, R.S.; Ko, EK. Electrospun Nanofibrous Structure: A Novel Scaffold for Tissue
Engineering. . Biomed. Mater. Res. 2002, 60, 613—-621. [CrossRef] [PubMed]

Rogalski, J.J.; Botto, L.; Bastiaansen, C.W.M.; Peijs, T. A Study of Rheological Limitations in Rotary Jet Spinning of Polymer
Nanofibers through Modeling and Experimentation. J. Appl. Polym. Sci. 2020, 137, 48963. [CrossRef]

Sinatra, N.R.; Lind, J.U.; Parker, K.K. Fabricating Multi-Material Nanofabrics Using Rotary Jet Spinning. In Proceedings of the
2017 IEEE 17th International Conference on Nanotechnology, NANO 2017, Pittsburg, PA, USA, 25-28 July 2017; pp. 715-719.
[CrossRef]

Wu, Y,; Li, C; Fan, F; Liang, J.; Yang, Z.; Wei, X.; Chen, S. PVAm Nanofibers Fabricated by Rotary Jet Wet Spinning and Applied
to Bisphenol A Recognition. ACS Omega 2019, 4, 21361-21369. [CrossRef] [PubMed]

Holloway, S.; Harding, K.G. Wound Dressings. Surg. Oxf. Int. Ed. 2022, 40, 25-32. [CrossRef]

Barbosa, K.A.; Rodrigues, I.C.P.; Tamborlin, L.; Luchessi, A.D.; Lopes, E.S.N.; Gabriel, L.P. Rotary Jet-Spun Curcumin-Loaded
Poly L-Lactic Acid Membranes for Wound-Healing Applications. J. Mater. Res. Technol. 2022, 18, 3273-3282. [CrossRef]


https://www.ncbi.nlm.nih.gov/books/NBK499887/
http://doi.org/10.2196/15574
http://www.ncbi.nlm.nih.gov/pubmed/32584259
http://doi.org/10.1007/s00018-016-2252-8
http://doi.org/10.1016/j.jddst.2021.102500
http://doi.org/10.3389/fbioe.2018.00047
http://doi.org/10.1590/s2175-97902020000118784
https://www.marketsandmarkets.com/Market-Reports/wound-dressings-market-123903496.html
https://www.marketsandmarkets.com/Market-Reports/wound-dressings-market-123903496.html
http://doi.org/10.1016/j.ajps.2019.11.008
http://doi.org/10.1016/j.polymertesting.2020.106952
http://doi.org/10.1590/1980-5373-mr-2016-0969
http://doi.org/10.1590/1678-4324-2019170775
http://doi.org/10.1007/s12221-013-1526-0
http://doi.org/10.1021/nl101355x
http://www.ncbi.nlm.nih.gov/pubmed/20491499
http://doi.org/10.3390/ma14216288
http://doi.org/10.3390/fib6020037
http://doi.org/10.1080/00405000.2021.1930735
http://doi.org/10.1021/acsami.0c12410
http://doi.org/10.1016/j.ijpharm.2020.119740
http://doi.org/10.1021/acsmacrolett.0c00829
http://doi.org/10.1016/j.biombioe.2021.105969
http://doi.org/10.1002/jbm.10167
http://www.ncbi.nlm.nih.gov/pubmed/11948520
http://doi.org/10.1002/app.48963
http://doi.org/10.1109/NANO.2017.8117499
http://doi.org/10.1021/acsomega.9b02964
http://www.ncbi.nlm.nih.gov/pubmed/31867531
http://doi.org/10.1016/j.mpsur.2021.11.002
http://doi.org/10.1016/j.jmrt.2022.03.136

Pharmaceutics 2022, 14, 2500 18 of 22

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Xia, L.; Lu, L.; Liang, Y.; Cheng, B. Fabrication of Centrifugally Spun Prepared Poly(Lactic Acid)/Gelatin/Ciprofloxacin
Nanofibers for Antimicrobial Wound Dressing. RSC Adv. 2019, 9, 35328-35335. [CrossRef]

Li, Z.; Mei, S.; Dong, Y.; She, F,; Li, P; Li, Y.; Kong, L. Multi-Functional Core-Shell Nanofibers for Wound Healing. Nanomaterials
2021, 11, 1546. [CrossRef]

Ahn, S.; Chantre, C.O.; Gannon, A.R;; Lind, ].U.; Campbell, P.H.; Grevesse, T.; O’Connor, B.B.; Parker, K.K. Soy Protein/Cellulose
Nanofiber Scaffolds Mimicking Skin Extracellular Matrix for Enhanced Wound Healing. Adv. Healthc. Mater. 2018, 7, 1701175.
[CrossRef]

Merchiers, J.; Martinez Narvaez, C.D.V;; Slykas, C.; Buntinx, M.; Deferme, W.; D’'Haen, J.; Peeters, R.; Sharma, V.; Reddy, N.K.
Centrifugally Spun Poly(Ethylene Oxide) Fibers Rival the Properties of Electrospun Fibers. J. Polym. Sci. 2021, 59, 2754-2762.
[CrossRef]

Rogalski, ].J.; Bastiaansen, C.W.M.; Peijs, T. Rotary Jet Spinning Review—a Potential High Yield Future for Polymer Nanofibers.
Nanocomposites 2017, 3, 97-121. [CrossRef]

Xu, H.; Chen, H,; Li, X;; Liu, C.; Yang, B. A Comparative Study of Jet Formation in Nozzle- and Nozzle-Less Centrifugal Spinning
Systems. J. Polym. Sci. Part B Polym. Phys. 2014, 52, 1547-1559. [CrossRef]

Haider, A.; Haider, S.; Kummara, M.R; Kamal, T.; Alghyamah, A.-A.A; Iftikhar, EJ.; Bano, B.; Khan, N.; Afridi, M.A.; Han, S.S,;
et al. Advances in the Scaffolds Fabrication Techniques Using Biocompatible Polymers and Their Biomedical Application: A
Techinical and Statistical Review. J. Saudi Chem. Soc. 2020, 24, 186-215. [CrossRef]

Machado-Paula, M.M.; Corat, M.A.F,; Lancellotti, M.; Mi, G.; Marciano, ER.; Vega, M.L.; Hidalgo, A.A.; Webster, T.J.; Lobo, A.O.
A Comparison between Electrospinning and Rotary-Jet Spinning to Produce PCL Fibers with Low Bacteria Colonization. Mater.
Sci. Eng. C 2020, 111, 110706. [CrossRef] [PubMed]

Zhang, Z.M.; Duan, Y.S.; Xu, Q.; Zhang, B. A Review on Nanofiber Fabrication with the Effect of High-Speed Centrifugal Force
Field. J. Eng. Fiber. Fabr. 2019, 14, 1-11. [CrossRef]

Balla, E.; Daniilidis, V.; Karlioti, G.; Kalamas, T.; Stefanidou, M.; Bikiaris, N.D.; Vlachopoulos, A.; Koumentakou, I.; Bikiaris, D.N.
Poly(Lactic Acid): A Versatile Biobased Polymer for the Future with Multifunctional Properties—From Monomer Synthesis,
Polymerization Techniques and Molecular Weight Increase to PLA Applications. Polymers 2021, 13, 1822. [CrossRef]
Partheniadis, I.; Nikolakakis, I.; Laidmaée, I.; Heindmaéki, J. A Mini-Review: Needleless Electrospinning of Nanofibers for
Pharmaceutical and Biomedical Applications. Processes 2020, 8, 673. [CrossRef]

Osorio-Arciniega, R.; Garcia-Hipdlito, M.; Alvarez-Fregoso, O.; Alvarez-Perez, M.A. Composite Fiber Spun Mat Synthesis and In
Vitro Biocompatibility for Guide Tissue Engineering. Molecules 2021, 26, 7597. [CrossRef]

Zhang, X.; Lu, Y. Centrifugal Spinning: An Alternative Approach to Fabricate Nanofibers at High Speed and Low Cost. Polym.
Rev. 2014, 54, 677-701. [CrossRef]

Yoon, J.; Yang, H.-S.; Lee, B.-S.; Yu, W.-R. Recent Progress in Coaxial Electrospinning: New Parameters, Various Structures, and
Wide Applications. Adv. Mater. 2018, 30, 1704765. [CrossRef]

Vass, P.; Szabd, E.; Domokos, A.; Hirsch, E.; Galata, D.; Farkas, B.; Démuth, B.; Andersen, S.K.; Vigh, T.; Verreck, G.; et al. Scale-Up
of Electrospinning Technology: Applications in the Pharmaceutical Industry. WIREs Nanomed. Nanobiotechnol. 2020, 12, e1611.
[CrossRef] [PubMed]

Islam, M.S.; Ang, B.C.; Andriyana, A.; Afifi, AM. A Review on Fabrication of Nanofibers via Electrospinning and Their
Applications. SN Appl. Sci. 2019, 1, 1248. [CrossRef]

Juncos Bombin, A.D.; Dunne, N.J.; McCarthy, H.O. Electrospinning of Natural Polymers for the Production of Nanofibres for
Wound Healing Applications. Mater. Sci. Eng. C 2020, 114, 110994. [CrossRef] [PubMed]

Luraghi, A.; Peri, F.; Moroni, L. Electrospinning for Drug Delivery Applications: A Review. . Control. Release 2021, 334, 463—484.
[CrossRef] [PubMed]

Rahmati, M.; Mills, D.K.; Urbanska, A.M.; Saeb, M.R.; Venugopal, ].R.; Ramakrishna, S.; Mozafari, M. Electrospinning for Tissue
Engineering Applications. Prog. Mater. Sci. 2021, 117, 100721. [CrossRef]

Alghoraibi, I.; Alomari, S. Different Methods for Nanofiber Design and Fabrication. In Handbook of Nanofibers; Barhoum, A.,
Bechelany, M., Makhlouf, A., Eds.; Springer International Publishing: Cham, Switzerland, 2018; pp. 1-46. ISBN 978-3-319-42789-8.
Ambekar, R.S.; Kandasubramanian, B. Advancements in Nanofibers for Wound Dressing: A Review. Eur. Polym. |. 2019, 117,
304-336. [CrossRef]

Gao, Y;; Zhang, J.; Su, Y.; Wang, H.; Wang, X.-X.; Huang, L.-P.; Yu, M.; Ramakrishna, S.; Long, Y.-Z. Recent Progress and Challenges
in Solution Blow Spinning. Mater. Horiz. 2021, 8, 426—446. [CrossRef]

Wei, Z. Research Process of Polymer Nanofibers Prepared by Melt Spinning. IOP Conf. Ser. Mater. Sci. Eng. 2018, 452, 22002.
[CrossRef]

Zamwar, K.P; Tonge, S.; Raut, ].S.; Parshive, P.S.; Bharsakale, R.R.; Jain, N. A Review on Synthesis, Advantages and Disadvantages
of Nanofibers. Mukt Shabd ]. 2020, 9, 928-933.

Anstey, A.; Chang, E.; Kim, E.S,; Rizvi, A.; Kakroodi, A.R.; Park, C.B.; Lee, P.C. Nanofibrillated Polymer Systems: Design,
Application, and Current State of the Art. Prog. Polym. Sci. 2021, 113, 101346. [CrossRef]

La Mantia, EP,; Ceraulo, M.; Testa, P.; Morreale, M. Biodegradable Polymers for the Production of Nets for Agricultural Product
Packaging. Materials 2021, 14, 323. [CrossRef] [PubMed]


http://doi.org/10.1039/C9RA07826F
http://doi.org/10.3390/nano11061546
http://doi.org/10.1002/adhm.201701175
http://doi.org/10.1002/pol.20210424
http://doi.org/10.1080/20550324.2017.1393919
http://doi.org/10.1002/polb.23596
http://doi.org/10.1016/j.jscs.2020.01.002
http://doi.org/10.1016/j.msec.2020.110706
http://www.ncbi.nlm.nih.gov/pubmed/32279777
http://doi.org/10.1177/1558925019867517
http://doi.org/10.3390/polym13111822
http://doi.org/10.3390/pr8060673
http://doi.org/10.3390/molecules26247597
http://doi.org/10.1080/15583724.2014.935858
http://doi.org/10.1002/adma.201704765
http://doi.org/10.1002/wnan.1611
http://www.ncbi.nlm.nih.gov/pubmed/31863572
http://doi.org/10.1007/s42452-019-1288-4
http://doi.org/10.1016/j.msec.2020.110994
http://www.ncbi.nlm.nih.gov/pubmed/32993991
http://doi.org/10.1016/j.jconrel.2021.03.033
http://www.ncbi.nlm.nih.gov/pubmed/33781809
http://doi.org/10.1016/j.pmatsci.2020.100721
http://doi.org/10.1016/j.eurpolymj.2019.05.020
http://doi.org/10.1039/D0MH01096K
http://doi.org/10.1088/1757-899X/452/2/022002
http://doi.org/10.1016/j.progpolymsci.2020.101346
http://doi.org/10.3390/ma14020323
http://www.ncbi.nlm.nih.gov/pubmed/33435465

Pharmaceutics 2022, 14, 2500 19 of 22

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Aticy, B.; Unlii, C.H.; Yanilmaz, M. A Review on Centrifugally Spun Fibers and Their Applications. Polym. Rev. 2022, 62, 1-64.
[CrossRef]

de Andrade Pinto, S.A.; de Nadai Dias, EJ.; Cardoso, G.B.C.; dos Santos Junior, A.R.; de Aro, A.A.; Pino, D.S.; Meneghetti, D.H.;
Vitti, R.P,; dos Santos, G.M.T.; de Carvalho Zavaglia, C.A. Polycaprolactone/Beta-Tricalcium Phosphate Scaffolds Obtained via
Rotary Jet-Spinning: In Vitro and In Vivo Evaluation. Cells Tissues Organs 2021, 4, 1-15. [CrossRef] [PubMed]

Priyanto, A.; Hapidin, D.A.; Suciati, T.; Khairurrijal, K. Current Developments on Rotary Forcespun Nanofibers and Prospects for
Edible Applications. Food Eng. Rev. 2022, 14, 435-461. [CrossRef]

Liaw, C.-Y,; Huynh, S.; Gedeon, C.; Ji, S.; D’souza, C.; Abaci, A.; Guvendiren, M. Airbrushed Nanofibrous Membranes to Control
Stem Cell Infiltration in 3D-Printed Scaffolds. AICKE J. 2021, 67, e17475. [CrossRef]

Pimenta, F.A.; Carbonari, R.C.; Malmonge, S.M. Nanofibrous Tubular Scaffolds for Tissue Engineering of Small-Diameter Vascular
Grafts—Development Using SBS Fabrication Technique and Mechanical Performance. Res. Biomed. Eng. 2022, 38, 797-811.
[CrossRef]

Ayati, S.S.; Karevan, M.; Stefanek, E.; Bhia, M.; Akbari, M. Nanofibers Fabrication by Blown-Centrifugal Spinning. Macromol.
Mater. Eng. 2022, 307, 2100368. [CrossRef]

van Eck, N.J.; Waltman, L. Software Survey: VOSviewer, a Computer Program for Bibliometric Mapping. Scientometrics 2010, 84,
523-538. [CrossRef]

Centre for Science and Technology Studies, Leiden University, The Netherlands. VosViewer (Visualizing Landscapes). Available
online: https://www.vosviewer.com/ (accessed on 1 September 2022).

Ragab, D.M.; Elgindy, N.A. Recent Advances in Nanofibers Fabrication and Their Potential Applications in Wound Healing and
Regenerative Medicine. Adv. Mater. Lett. 2018, 9, 665-676. [CrossRef]

Rodchanasuripron, W.; Seadan, M.; Suttiruengwong, S. Properties of Non-Woven Polylactic Acid Fibers Prepared by the Rotational
Jet Spinning Method. Mater. Today Sustain. 2020, 10, 100046. [CrossRef]

Stojanovska, E.; Kurtulus, M.; Abdelgawad, A.; Candan, Z; Kilic, A. Developing Lignin-Based Bio-Nanofibers by Centrifugal
Spinning Technique. Int. J. Biol. Macromol. 2018, 113, 98-105. [CrossRef] [PubMed]

Ren, L.; Ozisik, R.; Kotha, S.P.; Underhill, P.T. Highly Efficient Fabrication of Polymer Nanofiber Assembly by Centrifugal Jet
Spinning: Process and Characterization. Macromolecules 2015, 48, 2593-2602. [CrossRef]

Banerjee, D.; Sahani, V.R.; Singh, P.; Londhe, P. V Review—Approaches of Nanofibers Manufacturing with Bio-Medical Applica-
tions. Int. ]. Eng. Technol. 2021, 8, 1363-1368.

Barhoum, A.; Pal, K.; Rahier, H.; Uludag, H.; Soo, I.; Bechelany, M.; Kim, 1.S.; Bechelany, M. Nanofibers as New-Generation
Materials: From Spinning and Nano-Spinning Fabrication Techniques to Emerging Applications. Appl. Mater. Today 2019, 17,
1-35. [CrossRef]

Shanmuganathan, K; Fang, Y.; Chou, D.Y,; Sparks, S.; Hibbert, ].; Ellison, C.J. Solventless High Throughput Manufacturing of
Poly(Butylene Terephthalate) Nanofibers. ACS Macro Lett. 2012, 1, 960-964. [CrossRef] [PubMed]

O’Haire, T.; Rigout, M.; Russell, S.J.; Carr, C.M. Influence of Nanotube Dispersion and Spinning Conditions on Nanofibre
Nanocomposites of Polypropylene and Multi-Walled Carbon Nanotubes Produced through Forcespinning™. J. Thermoplast.
Compos. Mater. 2014, 27, 205-214. [CrossRef]

Andjani, D.; Sriyanti, I.; Fauzi, A.; Edikresnha, D.; Munir, M.M. Khairurrijal Fabrication of Polyvinylpyrrolidone Fibers by Means
of Rotary Forcespinning Method. IOP Conf. Ser. Mater. Sci. Eng. 2018, 367, 012044. [CrossRef]

Sun, J.; Zhang, Z.; Lu, B.; Mei, S.; Xu, Q.; Liu, F. Research on Parametric Model for Polycaprolactone Nanofiber Produced by
Centrifugal Spinning. J. Braz. Soc. Mech. Sci. Eng. 2018, 40, 186. [CrossRef]

Hamanishi, N.; Kono, M.; Miyaki, T.; Suwa, S.; Rekimoto, J. Fibritary: Rotary Jet-Spinning for Personal Fiber Fabrication. Conf.
Hum. Factors Comput. Syst. Proc. 2019, LBW1511, 1-6. [CrossRef]

Zander, N.E,; Gillan, M.; Sweetser, D. Composite Fibers from Recycled Plastics Using Melt Centrifugal Spinning. Materials 2017,
10, 1044. [CrossRef]

Gonzalez, G.M.; MacQueen, L.A.; Lind, ].U,; Fitzgibbons, S.A.; Chantre, C.O.; Huggler, I.; Golecki, H.M.; Goss, J.A.; Parker, K.K.
Production of Synthetic, Para-Aramid and Biopolymer Nanofibers by Immersion Rotary Jet-Spinning. Macromol. Mater. Eng.
2017, 302, 1600365. [CrossRef]

MacQueen, L.A.; Alver, C.G.; Chantre, C.O.; Ahn, S.; Cera, L.; Gonzalez, G.M.; O’Connor, B.B.; Drennan, D.].; Peters, M.M.; Motta,
S.E.; et al. Muscle Tissue Engineering in Fibrous Gelatin: Implications for Meat Analogs. npj Sci. Food 2019, 3, 20. [CrossRef]
[PubMed]

Muniz, N.O.; Vechietti, FA.; Anesi, G.R.; Alberto, L.; Santos, L.; Guinea, G.V.; Dos Santos, L.A.L. Blend-Based Fibers Produced
via Centrifugal Spinning and Electrospinning Processes: Physical and Rheological Properties. J. Mater. Res. 2020, 35, 2905-2916.
[CrossRef]

Ravishankar, P,; Khang, A.; Laredo, M.; Balachandran, K. Using Dimensionless Numbers to Predict Centrifugal Jet-Spun Nanofiber
Morphology. Hindawi |. Mater. 2019, 2019, 4639658. [CrossRef]

Wojasinski, M.; Ciach, T. Production of Nano- and Microfibers from Synthetic and Natural Polymers—Nanofibers Technology. In
Synthetic Nano- and Microfibers; Wagterveld, R.M., Marijnissen, ].C.M., Gradon, L., Pobrano, A.M., Eds.; Wetsus: Leeuwarden, The
Netherlands, 2020; pp. 19-33. ISBN 9781716632426.


http://doi.org/10.1080/15583724.2021.1901115
http://doi.org/10.1159/000511570
http://www.ncbi.nlm.nih.gov/pubmed/33691307
http://doi.org/10.1007/s12393-021-09304-w
http://doi.org/10.1002/aic.17475
http://doi.org/10.1007/s42600-022-00219-x
http://doi.org/10.1002/mame.202100368
http://doi.org/10.1007/s11192-009-0146-3
https://www.vosviewer.com/
http://doi.org/10.5185/amlett.2018.1856
http://doi.org/10.1016/j.mtsust.2020.100046
http://doi.org/10.1016/j.ijbiomac.2018.02.047
http://www.ncbi.nlm.nih.gov/pubmed/29438751
http://doi.org/10.1021/acs.macromol.5b00292
http://doi.org/10.1016/j.apmt.2019.06.015
http://doi.org/10.1021/mz3001995
http://www.ncbi.nlm.nih.gov/pubmed/35607051
http://doi.org/10.1177/0892705713495222
http://doi.org/10.1088/1757-899X/367/1/012044
http://doi.org/10.1007/s40430-018-1131-7
http://doi.org/10.1145/3290607.3312934
http://doi.org/10.3390/ma10091044
http://doi.org/10.1002/mame.201600365
http://doi.org/10.1038/s41538-019-0054-8
http://www.ncbi.nlm.nih.gov/pubmed/31646181
http://doi.org/10.1557/jmr.2020.189
http://doi.org/10.1155/2019/4639658

Pharmaceutics 2022, 14, 2500 20 of 22

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Golecki, HM.L; Yuan, H.; Glavin, C.; Potter, B.; Badrossamay, M.R.; Goss, J.A.; Phillips, M.D.; Parker, K.K. Effect of Solvent
Evaporation on Fiber Morphology in Rotary Jet Spinning. Langmuir 2014, 30, 13369-13374. [CrossRef]

Huttunen, M.; Kelloméki, M. A Simple and High Production Rate Manufactoring Method for Submicron Polymer Fibres. ]. Tissue
Eng. Renerative Med. 2011, 5, 239-243. [CrossRef]

Krifa, M.; Yuan, W. Morphology and Pore Size Distribution of Electrospun and Centrifugal Forcespun Nylon 6 Nanofiber
Membranes. Text. Res. ]. 2016, 86, 1294-1306. [CrossRef]

Liang, C.; Hu, C.; Yan, K,; Thomas, H.; Zhu, X. Hydrophilic Nonwovens by ForcespirmingTM of Isotactic Polypropylene Blended
with Amphiphilic Surfactants. Fibers Polym. 2016, 17, 1646-1656. [CrossRef]

Abir, S.S.H.; Hasan, M.T.; Alcoutlabi, M.; Lozano, K. The Effect of Solvent and Molecular Weight on the Morphology of
Centrifugally Spun Poly(Vinylpyrrolidone) Nanofibers. Fibers Polym. 2021, 22, 2394-2403. [CrossRef]

Dos Reis Paganotto, G.F.; De Barros, G.D.; Marques, V.G.; Takimi, A.S. Production of Recycled EPS Fibers by Centrifugal Spinning.
Rev. Mater. 2021, 26. [CrossRef]

Hou, T; Li, X;; Lu, Y.; Yang, B. Highly Porous Fibers Prepared by Centrifugal Spinning. Mater. Des. 2017, 114, 303-311. [CrossRef]
Obregon, N.; Agubra, V.; Pokhrel, M.; Campos, H.; Flores, D.; De la Garza, D.; Mao, Y.; Macossay, J.; Alcoutlabi, M. Effect of
Polymer Concentration, Rotational Speed, and Solvent Mixture on Fiber Formation Using Forcespinning®. Fibers 2016, 4, 20.
[CrossRef]

de Souza, L.; Alavarse, A.C.; da Vinci, M.A.; Bonvent, J.J. The Synergistic Effect of Polymer Composition, Solvent Volatility, and
Collector Distance on Pullulan and PVA Fiber Production by Rotary Jet Spinning. Fibers Polym. 2021, 22, 942-956. [CrossRef]

Li, X;; Lu, Y,; Hou, T,; Zhou, J.; Wang, A.; Zhang, X.; Yang, B. Jet Evolution and Fiber Formation Mechanism of Amylopectin Rich
Starches in Centrifugal Spinning System. J. Appl. Polym. Sci. 2021, 138, 50275. [CrossRef]

Fauzi, A.; Zahra, F; Miftahul Munir, M.; Khairurrijal, K. Fabrication and Characterization of Rotary Forcespun Styrofoam Fibers.
IOP Conf. Ser. Mater. Sci. Eng. 2019, 515, 012039. [CrossRef]

Padron, S.; Fuentes, A.; Caruntu, D.; Lozano, K. Experimental Study of Nanofiber Production through Forcespinning. J. Appl.
Phys. 2013, 113, 24318. [CrossRef]

McEachin, Z.; Lozano, K. Production and Charactherization of Polycaprolactone Nanofibers via ForcespinningTM Technology. J.
Appl. Polym. Sci. 2012, 126, 473-479. [CrossRef]

Ardi, A.; Fauzi, A.; Rajak, A.; Khairurrijal, K. The Effect of Rotational Speed of Rotary Forcespinning to the Morphology of
Polyvinylpyrrolidone (PVP) Fibers with Garlic Extract. Mater. Today Proc. 2021, 44, 3403-3407. [CrossRef]

Fang, Y.; Dulaney, A.D.; Gadley, ].; Maia, ].M.; Ellison, C.J. Manipulating Characteristic Timescales and Fiber Morphology in
Simultaneous Centrifugal Spinning and Photopolymerization. Polymer 2015, 73, 42-51. [CrossRef]

Chang, W.-M.; Wang, C.-C.; Chen, C.-Y. The Combination of Electrospinning and Forcespinning: Effects on a Viscoelastic Jet and
a Single Nanofiber. Chem. Eng. J. 2014, 244, 540-551. [CrossRef]

Laurencin, C.T.; Nair, L.S. Nanotechnology and Regenerative Engineering: The Scaffold, 2nd ed.; CRC Press: Boca Raton, FL, USA,
2014.

Jiménez, A.; Peltzer, M.; Ruseckaite, R. Poly(Lactic Acid) Science and Technology; Polymer Chemistry Series; Jiménez, A., Peltzer, M.,
Ruseckaite, R., Eds.; The Royal Society of Chemistry: Cambridge, UK, 2015; ISBN 978-1-84973-879-8.

Loordhuswamy, A.M.; Krishnaswamy, V.R.; Korrapati, P.S.; Thinakaran, S.; Rengaswami, G.D.V. Fabrication of Highly Aligned
Fibrous Scaffolds for Tissue Regeneration by Centrifugal Spinning Technology. Mater. Sci. Eng. C 2014, 42, 799-807. [CrossRef]
[PubMed]

Chantre, C.O.; Gonzalez, G.M.; Ahn, S.; Cera, L.; Campbell, P.H.; Hoerstrup, S.P.; Parker, K.K. Porous Biomimetic Hyaluronic
Acid and Extracellular Matrix Protein Nanofiber Scaffolds for Accelerated Cutaneous Tissue Repair. ACS Appl. Mater. Interfaces
2019, 11, 45498-45510. [CrossRef] [PubMed]

Li, Z.; Mei, S.; Dong, Y.; She, F.; Kong, L. High Efficiency Fabrication of Chitosan Composite Nanofibers with Uniform Morphology
via Centrifugal Spinning. Polymers 2019, 11, 1550. [CrossRef] [PubMed]

Li, Z.; Mei, S.; Dong, Y.; She, F,; Li, C.; Li, Y.; Kong, L. Oxidized Chitosan-Tobramycin (OCS-TOB) Submicro-Fibers for Biomedical
Applications. Pharmaceutics 2022, 14, 1197. [CrossRef]

Vasconcellos, LM.R,; de Elias, C.M.V.; Minhoto, G.B.; Abdala, ] M.A.; Andrade, T.M.; de Araujo, J].C.R.; Gusmao, S.B.S.; Viana,
B.C.; Marciano, ER.; Lobo, A.O. Rotary-Jet Spun Polycaprolactone/Nano-Hydroxyapatite Scaffolds Modified by Simulated Body
Fluid Influenced the Flexural Mode of the Neoformed Bone. J. Mater. Sci. Mater. Med. 2020, 31, 72. [CrossRef] [PubMed]

Guner, M.B.; Dalgic, A.D.; Tezcaner, A.; Yilanci, S.; Keskin, D. A Dual-Phase Scaffold Produced by Rotary Jet Spinning and
Electrospinning for Tendon Tissue Engineering. Biomed. Mater. 2020, 15, 065014. [CrossRef]

Giorno, L.P; Rodrigues, L.R.; Jr, A.R.S. Fibrous PCL Scaffolds as Tissue Substitutes. Int. |. Adv. Med. Biotechnol. 2020, 3, 40-45.
[CrossRef]

Andrade, T.M.; Mello, D.C.R.; Elias, C.M.V,; Abdala, ].M.A.; Silva, E.; Vasconcellos, L.M.R.; Tim, C.R.; Marciano, ER.; Lobo, A.O.
In Vitro and in Vivo Evaluation of Rotary-Jet-Spun Poly(e-Caprolactone) with High Loading of Nano-Hydroxyapatite. ]. Mater.
Sci. Mater. Med. 2019, 30, 19. [CrossRef]

Capulli, A.K.; Emmert, M.Y,; Pasqualini, ES.; Kehl, D.; Caliskan, E.; Lind, J.U.; Sheehy, S.P; Park, S.J.; Ahn, S.; Weber, B.; et al.
JetValve: Rapid Manufacturing of Biohybrid Scaffolds for Biomimetic Heart Valve Replacement. Biomaterials 2017, 133, 229-241.
[CrossRef]


http://doi.org/10.1021/la5023104
http://doi.org/10.1002/term.421
http://doi.org/10.1177/0040517515609258
http://doi.org/10.1007/s12221-016-6339-5
http://doi.org/10.1007/s12221-021-1059-x
http://doi.org/10.1590/S1517-707620210002.1254
http://doi.org/10.1016/j.matdes.2016.11.019
http://doi.org/10.3390/fib4020020
http://doi.org/10.1007/s12221-021-0392-4
http://doi.org/10.1002/app.50275
http://doi.org/10.1088/1757-899X/515/1/012039
http://doi.org/10.1063/1.4769886
http://doi.org/10.1002/app.36843
http://doi.org/10.1016/j.matpr.2020.11.1024
http://doi.org/10.1016/j.polymer.2015.07.020
http://doi.org/10.1016/j.cej.2014.02.001
http://doi.org/10.1016/j.msec.2014.06.011
http://www.ncbi.nlm.nih.gov/pubmed/25063182
http://doi.org/10.1021/acsami.9b17322
http://www.ncbi.nlm.nih.gov/pubmed/31755704
http://doi.org/10.3390/polym11101550
http://www.ncbi.nlm.nih.gov/pubmed/31554183
http://doi.org/10.3390/pharmaceutics14061197
http://doi.org/10.1007/s10856-020-06403-8
http://www.ncbi.nlm.nih.gov/pubmed/32719958
http://doi.org/10.1088/1748-605X/ab9550
http://doi.org/10.25061/ijamb.v3i1.64
http://doi.org/10.1007/s10856-019-6222-1
http://doi.org/10.1016/j.biomaterials.2017.04.033

Pharmaceutics 2022, 14, 2500 21 of 22

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Chanes-Cuevas, O.A.; Arellano-sanchez, U.; Alvarez—gayosso, C.A. Synthesis of PLA/SBA-15 Composite Scaffolds for Bone
Tissue Engineering 2. Experimental Section. Mater. Res. 2020, 23, 1-13. [CrossRef]

Zamproni, L.N.; Grinet, M.A.V.M.; Mundim, M.T.V.V,; Reis, M.B.C.; Galindo, L.T.; Marciano, FR.; Lobo, A.O.; Porcionatto, M.
Rotary Jet-Spun Porous Microfibers as Scaffolds for Stem Cells Delivery to Central Nervous System Injury. Nanomed. Nanotechnol.
Biol. Med. 2019, 15, 98-107. [CrossRef] [PubMed]

Pereira Rodrigues, I.C.; Tamborlin, L.; Rodrigues, A.A.; Jardini, A.L.; Ducati Luchessi, A.; Maciel Filho, R.; Najar Lopes, ES.;
Pellizzer Gabriel, L. Polyurethane Fibrous Membranes Tailored by Rotary Jet Spinning for Tissue Engineering Applications. J.
Appl. Polym. Sci. 2020, 137, 48455. [CrossRef]

Rodrigues, I.C.P,; Pereira, K.D.; Woigt, L.E,; Jardini, A.L.; Luchessi, A.D.; Lopes, E.S.N.; Webster, TJ.; Gabriel, L.P. A Novel
Technique to Produce Tubular Scaffolds Based on Collagen and Elastin. Artif. Organs 2021, 45, E113-E122. [CrossRef] [PubMed]
Chang, H.; Liu, Q.; Zimmerman, J.F; Lee, K.Y,; Jin, Q.; Peters, M.M.; Rosnach, M.; Choi, S.; Kim, S.L.; Ardofia, H.A.M.; et al.
Recreating the Heart’s Helical Structure-Function Relationship with Focused Rotary Jet Spinning. Science 2022, 377, 180-185.
[CrossRef] [PubMed]

Rosa, J.C.; Bonvent, ].].; Santos, A.R.J. Poly (e-Caprolactone)/Poly (Lactic Acid) Fibers Produced by Rotary Jet Spinning for Skin
Dressing with Antimicrobial Activity. J. Biomater. Appl. 2022, 36, 1641-1651. [CrossRef]

Kim, H.S,; Sun, X;; Lee, J.-H.; Kim, H.-W,; Fu, X.; Leong, K.W. Advanced Drug Delivery Systems and Artificial Skin Grafts for
Skin Wound Healing. Adv. Drug Deliv. Rev. 2019, 146, 209-239. [CrossRef]

Akombaetwa, N.; Bwanga, A.; Makoni, P.A.; Witika, B.A. Applications of Electrospun Drug-Eluting Nanofibers in Wound
Healing: Current and Future Perspectives. Polymers 2022, 14, 2931. [CrossRef]

Morie, A.; Garg, T.; Goyal, A.K; Rath, G. Nanofibers as Novel Drug Carrier—An Overview. Artif. Cells Nanomed. Biotechnol. 2016,
44,135-143. [CrossRef]

Goyal, R.; Macri, L.K,; Kaplan, HM.; Kohn, ]. Nanoparticles and Nanofibers for Topical Drug Delivery. . Control. Release 2016,
240, 77-92. [CrossRef]

Sebe, I.; Szabo, P,; Kallai-Szabd, B.; Zelko, R. Incorporating Small Molecules or Biologics into Nanofibers for Optimized Drug
Release: A Review. Int. J. Pharm. 2015, 494, 516-530. [CrossRef]

Zupandic, S. Core-Shell Nanofibers as Drug Delivery Systems. Acta Pharm. 2019, 69, 131-153. [CrossRef]

Hrib, J.; Sirc, J.; Hobzova, R.; Hampejsova, Z.; Bosakova, Z.; Munzarova, M.; Michalek, ]J. Nanofibers for Drug Delivery—
Incorporation and Release of Model Molecules, Influence of Molecular Weight and Polymer Structure. Beilstein J. Nanotechnol.
2015, 6, 1936-1945. [CrossRef] [PubMed]

Jiang, H.; Wang, L.; Zhu, K. Coaxial Electrospinning for Encapsulation and Controlled Release of Fragile Water-Soluble Bioactive
Agents. J. Control. Release 2014, 193, 296-303. [CrossRef]

Odermatt, E.; Bargon, R.; Grafahrend, D.; Neumtdiller, D.; Reibel, D. Medical Device and Method for the Production Thereof.
Patent Number US 10736985B2, 11 August 2020.

Yoon, K.; Hsiao, B.S.; Chu, B. Functional Nanofibers for Environmental Applications. J. Mater. Chem. 2008, 18, 5326-5334.
[CrossRef]

Graham, K.; Ouyang, M.; Raether, T.; Grafe, T.; Mcdonald, B.; Knauf, P. Polymeric Nanofibers in Air Filtration Applications. In
Proceedings of the Fifteenth Annual Technical Conference & Expo of the American Filtration & Separations Society, Galveston,
TX, USA, 9-12 April 2002; pp. 9-12.

Podgorski, A.; Balazy, A.; Gradon, L. Application of Nanofibers to Improve the Filtration Efficiency of the Most Penetrating
Aerosol Particles in Fibrous Filters. Chem. Eng. Sci. 2006, 61, 6804-6815. [CrossRef]

Arican, F; Uzuner-Demir, A.; Polat, O.; Sancakli, A.; Ismar, E. Fabrication of Gelatin Nanofiber Webs via Centrifugal Spinning for
NO95 Respiratory Filters. Bull. Mater. Sci. 2022, 45, 93. [CrossRef]

Jiang, J.; Shao, Z.; Wang, X.; Zhu, P; Deng, S.; Li, W.; Zheng, G. Three-Dimensional Composite Electrospun Nanofibrous
Membrane by Multi-Jet Electrospinning with Sheath Gas for High-Efficiency Antibiosis Air Filtration. Nanotechnology 2021, 32,
245707. [CrossRef]

Mokhena, T.C.; Jacobs, V.; Luyt, A.S. A Review on Electrospun Bio-Based Polymers for Water Treatment. Express Polym. Lett. 2015,
9, 839-880. [CrossRef]

Kumar, A.; Sinha-Ray, S. A Review on Biopolymer-Based Fibers via Electrospinning and Solution Blowing and Their Applications.
Fibers 2018, 6, 45. [CrossRef]

Wang, X.; Yeh, TM.; Wang, Z.; Yang, R.; Wang, R.; Ma, H.; Hsiao, B.S.; Chu, B. Nanofiltration Membranes Prepared by Interfacial
Polymerization on Thin-Film Nanofibrous Composite Scaffold. Polymer 2014, 55, 1358-1366. [CrossRef]

Berson, S.; De Bettignies, R.; Bailly, S.; Guillerez, S. Poly(3-Hexylthiophene) Fibers for Photovoltaic Applications. Adv. Funct.
Mater. 2007, 17, 1377-1384. [CrossRef]

Yang, X.; Loos, ].; Veenstra, S.C.; Verhees, W.J.H.H.; Wienk, M.M.; Kroon, ].M.; Michels, M.A ] .].; Janssen, R.A.].]. Nanoscale
Morphology of High-Performance Polymer Solar Cells. Nano Lett. 2005, 5, 579-583. [CrossRef] [PubMed]

Shirakawa, H.; Louis, E.J.; MacDiarmid, A.G.; Chiang, C.K.; Heeger, A.]J. Synthesis of Electrically Conducting Organic Polymers:
Halogen Derivatives of Polyacetylene (CHXx). J. Chem. Soc. Chem. Commun. 1977, 16, 578-580. [CrossRef]

Sariciftci, N.S.; Smilowitz, L.; Heeger, A.].; Wudl, F. Photoinduced Electron Transfer from a Conducting Polymer to Buckminster-
fullerene. Science 1992, 258, 1474-1476. [CrossRef] [PubMed]


http://doi.org/10.1590/1980-5373-mr-2020-0211
http://doi.org/10.1016/j.nano.2018.08.014
http://www.ncbi.nlm.nih.gov/pubmed/30244084
http://doi.org/10.1002/app.48455
http://doi.org/10.1111/aor.13857
http://www.ncbi.nlm.nih.gov/pubmed/33169400
http://doi.org/10.1126/science.abl6395
http://www.ncbi.nlm.nih.gov/pubmed/35857545
http://doi.org/10.1177/08853282211064946
http://doi.org/10.1016/j.addr.2018.12.014
http://doi.org/10.3390/polym14142931
http://doi.org/10.3109/21691401.2014.927879
http://doi.org/10.1016/j.jconrel.2015.10.049
http://doi.org/10.1016/j.ijpharm.2015.08.054
http://doi.org/10.2478/acph-2019-0014
http://doi.org/10.3762/bjnano.6.198
http://www.ncbi.nlm.nih.gov/pubmed/26665065
http://doi.org/10.1016/j.jconrel.2014.04.025
http://doi.org/10.1039/b804128h
http://doi.org/10.1016/j.ces.2006.07.022
http://doi.org/10.1007/s12034-022-02668-7
http://doi.org/10.1088/1361-6528/abeb9a
http://doi.org/10.3144/expresspolymlett.2015.79
http://doi.org/10.3390/fib6030045
http://doi.org/10.1016/j.polymer.2013.12.007
http://doi.org/10.1002/adfm.200600922
http://doi.org/10.1021/nl048120i
http://www.ncbi.nlm.nih.gov/pubmed/15826090
http://doi.org/10.1039/c39770000578
http://doi.org/10.1126/science.258.5087.1474
http://www.ncbi.nlm.nih.gov/pubmed/17755110

Pharmaceutics 2022, 14, 2500 22 of 22

137.

138.

139.

140.
141.

Nitti, P; Gallo, N.; Natta, L.; Scalera, F.; Palazzo, B.; Sannino, A.; Gervaso, F. Influence of Nanofiber Orientation on Morphological
and Mechanical Properties of Electrospun Chitosan Mats. |. Healthc. Eng. 2018, 2018, 3651480. [CrossRef] [PubMed]

Vazquez, B.; Vazquez, H.; Lozano, K. Preparation and Characterization of Polyvinylidene Fluoride Nanofibrous Membranes by
ForcespinningTM. Polym. Eng. Sci. 2012, 52, 2260-2265. [CrossRef]

Zhou, B.; Pu, H.; Pan, H.; Wan, D. Proton Exchange Membranes Based on Semi-Interpenetrating Polymer Networks of Nafion
and Poly(Vinylidene Fluoride) via Radiation Crosslinking. Int. J. Hydrogen Energy 2011, 36, 6809—-6816. [CrossRef]

Kepler, R.G.; Anderson, R.A. Ferroelectric Polymers. Adv. Phys. 1992, 41, 1-57. [CrossRef]

Salimi, A.; Yousefi, A.A. Conformational Changes and Phase Transformation Mechanisms in PVDF Solution-Cast Films. ]. Polym.
Sci. Part B Polym. Phys. 2004, 42, 3487-3495. [CrossRef]


http://doi.org/10.1155/2018/3651480
http://www.ncbi.nlm.nih.gov/pubmed/30538809
http://doi.org/10.1002/pen.23169
http://doi.org/10.1016/j.ijhydene.2011.02.115
http://doi.org/10.1080/00018739200101463
http://doi.org/10.1002/polb.20223

	Introduction 
	Spinning Techniques 
	Fundamentals of the Rotary Jet Spinning (RJS) 
	Melt RJS 
	Immersion RJS 
	Nozzle-Less RJS 

	Parameters and Factors Influencing Rotary Jet Spinning 
	Biomedical Applications of RJS-Nanofibers 
	Other Applications: Filters and Batteries 
	Conclusions and Future Prospects 
	References

