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Abstract: Electrospinning (ES) is a convenient and versatile method for the fabrication of nanofibers
and has been utilized in many fields including pharmaceutical and biomedical applications.
Conventional ES uses a needle spinneret for the generation of nanofibers and is associated with
many limitations and drawbacks (i.e., needle clogging, limited production capacity, and low yield).
Needleless electrospinning (NLES) has been proposed to overcome these problems. Within the last
two decades (2004–2020), many research articles have been published reporting the use of NLES for
the fabrication of polymeric nanofibers intended for drug delivery and biomedical tissue engineering
applications. The objective of the present mini-review article is to elucidate the potential of NLES for
designing such novel nanofibrous drug delivery systems and tissue engineering constructs. This paper
also gives an overview of the key NLES approaches, including the most recently introduced NLES
method: ultrasound-enhanced electrospinning (USES). The technologies underlying NLES systems
and an evaluation of electrospun nanofibers are presented. Even though NLES is a promising
approach for the industrial production of nanofibers, it is a multivariate process, and more research
work is needed to elucidate its full potential and limitations.

Keywords: needleless electrospinning; nanofibers; drug delivery; tissue engineering; ultrasound-
enhanced electrospinning; process limitations; alternatives

1. Introduction

Nanofiber technology involves the manufacturing and processing of fibers with nanoscale
dimensions; the properties of such fibers are greatly dependent on their size (diameter). Nanofibers exhibit
unique structural, chemical and mechanical properties such as high specific area, porosity and significant
tensile strength and are therefore used in a range of applications [1].

Electrospinning (ES) is the most common method used in the fabrication of nanofibers and has
found uses in both scientific research work and industrial applications [2,3]. Although ES is a simple and
versatile process, some challenges associated with its low production rate and the utilization of needles
as spinnerets have limited its full potential in fabricating nanofibers [3]. In recent years, some progress
has been made to increase the production rate of ES by exploiting multi-needle spinnerets [4]. However,
multi-needle spinnerets also present challenges and do not resolve the problem of needle clogging [1,3].
For this reason, needleless electrospinning (NLES) systems have been developed to increase nanofiber
production rates and overcome the needle-associated challenges of the conventional ES process [5].

The present mini-review article was conducted by using the Scopus® (Elsevier) and the
PubMed® (NLM: United States National Library of Medicine) databases. Its aim was to elucidate the
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potential of NLES in the fabrication of nanofibers for pharmaceutical and biomedical applications.
NLES technologies are reviewed in an attempt to provide, for the first time, a systematic overview of
the features of NLES. Novel NLES approaches such as ultrasound-enhanced electrospinning (USES)
are also discussed.

1.1. Nanofibers

A fiber is a substrate of natural or synthetic origin that is significantly longer than it is wide
(a length/diameter L/D ratio of more than 1:200). Nanofibers are solid-state linear nanomaterials with a
diameter below 100 nm, though from the aspect of industry and engineering, submicron diameter
fibers are often called nanofibers [1]. Nanofibers are expected to exhibit significantly improved
properties due to the characteristics associated with their small size, large specific surface area,
high number of tiny void spaces (fibrous mesh), significant mechanical strength and flexibility in
functionalization. They are used in a range of applications, mainly due to their extremely large
surface area to volume ratio. The high number of small void spaces combined with a void space size
distribution in the micro/nano range and their light weight and flexibility also play a key role in the
range of their applications [6]. The aforementioned unique characteristics of nanofibers make them
suitable candidates for pharmaceutical and biomedical applications. They can be used e.g., in water and
air filtration systems, membranes and environmental science as well as for manufacturing protective
clothing [7].

1.2. Classification of Nanofibers

Fibers are mainly categorized based on their length and in particular their L/D ratio. On this
basis, nanofibers are categorized as continuous or discontinuous (short) fibers, where continuous
nanofibers have an L/D ratio value above 200 [8]. Moreover, nanofibers can be categorized based on
the organization of their collections. A collection of nanofibers is usually referred to as a mat or a
mesh. A mesh of nanofibers can be categorized as either a woven or non-woven mesh based on the
arrangement of the fibers in the mesh. A woven mesh consists of fibers orientated in patterns of high
regularity and a non-woven mesh is composed of continuous layers of randomly aligned nanofibers
with a large pore size, usually comparable to the diameter of the fibers [3,9]. Schematic illustrations of
the two types of fiber mesh are presented in Figure 1.
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Figure 1. Schematic illustrations of (a) a woven and (b) a non-woven fiber mesh. Adapted with
permission (CC BY 4.0) from [3].

1.3. Characterization of Nanofibers

The characterisation of nanofibers is considered from three perspectives: (i) physicochemical
characterisation, (ii) mechanical properties and (iii) bioactivity and interactions. The physicochemical
characterisation of nanofibers involves the evaluation of the fiber size (diameter and diameter
distribution) and the structure of the mat (orientation/alignment/arrangement) by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), field emission scanning electron
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microscopy (FESEM) and atomic force microscopy (AFM) [10]. The crystallinity of the fibers and their
surface properties (i.e., wettability) are also part of the physicochemical characterisation and can be
examined using X-ray diffraction (XRD) and contact angle measurements, respectively.

The mechanical characterisation of nanofibers is usually carried out with instruments such as a
texture analyser and an optical tensiometer. The properties of the nanofibers measured as part of their
mechanical characterisation include: the tensile strength, elongation at break, toughness, stiffness and
Young’s modulus [11]. The mechanical properties of nanofibers are influenced by the polymer type
and concentration, process parameters and process conditions. For example, the concentration of the
polymer and its molecular weight (Mw) can influence the solution viscosity. The solution viscosity can
further affect the diameter of the fibers which is directly associated to their mechanical properties [12].
The mechanical properties also depend on the fiber microstructure, the void spaces (porosity) in the
fibrous mat and their alignment [13].

The interactions of nanofibers and general chemical properties (such as molecular structure,
intermolecular and intramolecular interactions) are evaluated by spectroscopic techniques:
Fourier-transform infrared (FTIR) spectroscopy, Raman spectroscopy and nuclear magnetic resonance
(NMR) spectroscopy. The crystalline state can be investigated by means of XRD, and the thermal
behaviour and phenomena by using differential scanning calorimetry (DSC).

Other characterisation methods include e.g., the quantification of the active pharmaceutical
ingredient (API), the studies of the release mechanisms of the API from the nanofibers and stability
studies. UV spectrophotometry or high-performance liquid chromatography (HPLC) coupled with
different sensors, liquid chromatography–mass spectroscopy (LC–MS) and other analytical methods
can be used for these purposes.

2. Conventional Electrospinning of Nanofibers

2.1. Fundamentals and Equipment

Nanofibers can be prepared from a variety of materials, but in the pharmaceutical and biomedical
context they typically comprise a polymeric carrier loaded with a drug. There are reports of various
techniques for fabricating pharmaceutical nanofibers: (i) drawing, (ii) phase separation, (iii) melt-blown
technology, (iv) template synthesis, (v) forcespinning, (vi) freeze-drying and (vii) electrospinning (ES).
Of these methods, ES is the most commonly used and preferred method since it is an easy, reliable and
versatile production technology with potential to scale-up [14]. In this method, electrical forces are
utilised to fabricate nanofibers [2].

ES can be applied to a range of both natural and synthetic materials (e.g., polymers), from liquids
(such as melts), and the solutions or suspensions of small molecules (e.g., active pharmaceutical
ingredients—APIs, biological materials, cells or bacteria) [15]. For the ES of polymers or co-systems
of polymers and APIs, the solution approach is more common. A typical experimental set-up of a
conventional ES process is presented in Figure 2.

A typical experimental set-up of a conventional ES process consists of four main components: a
high-voltage power supply, a syringe pump, a syringe fitted with a metal needle (the spinneret) and a
grounded collector. A high-voltage power supply (typically between 5 and 25 kV) is connected to both
the spinneret and the collector, where the spinneret is usually charged positively or negatively and the
collector is either grounded or oppositely charged to the spinneret [16]. The syringe is filled with a feed
solution, which is subsequently extruded through the spinneret at a constant flow rate and controlled
by a syringe pump. The high-voltage electrical field is essential for an ES process. If a solution is
ejected from a syringe without a voltage supply, it will exit the syringe in the form of spherical droplets
to minimise its surface tension [3].
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Figure 2. Schematic illustration of an experimental set up of a conventional electrospinning process: (a)
high-voltage supply, (b) charging device of the spinneret, (c) high-potential electrode, (d) grounded
collector, (e) current measurement device, (f) working solution reservoir, (g) flow rate control of the
syringe pump, (h) Taylor’s cone, (i) thinning jet and (j) instability region. Reprinted with permission
from [16].

As the feed solution begins to extrude through the syringe, in the application of a high-voltage
electrical field, the formation of a cone known as Taylor’s cone, is observed. At the tip of the cone,
the polymer solution emits a jet which rapidly stretches, becoming elongated and thinner (jet thinning).
In ES, the free charges carried by the feed solution interact with the applied electric field, and a tensile
force generated due to the potential difference between the charged solution in the spinneret and the
grounded collector induces fiber jetting [17]. The jet travels away from the spinneret towards the
collector, while at the same time the solvent evaporates. By the time the jet reaches the grounded
collector, it is discharged and the solvent has evaporated, leaving behind dry fibrous solid products.
Typically, the distance between the syringe and the collector is ca. 10–20 cm, or even higher [18].

2.2. Parameters Affecting ES Process

The parameters affecting the ES process have been discussed in a number of review articles [3,19,20]
and numerous studies have been performed to elucidate the ways in which the ES process is affected
by material, processing and environmental parameters.

The properties of a polymer solution have an important influence on the fabrication of nanofibers
using an ES method. Properties such as the viscosity, surface tension, dielectric constant, conductivity,
concentration and molecular weight of the polymer as well as the volatility of the solvent play
a major role, as they can affect the size, morphology and mechanical properties of electrospun
nanofibers [12,19,21]. Moreover, processing parameters such as the applied electrical field, the flow
rate of the feed solution, the diameter of the spinneret inner orifice, the distance between the spinneret
and the collector (operating parameters) and the design of an experimental set-up affect the ES [12,22].
Environmental parameters, such as temperature and relative humidity could also affect the process and
should not be underestimated. In addition to temperature and humidity, the air flow and ventilation of
the laboratory could affect the ES process, including the stability of the Taylor cone, the characteristics
of the polymer jet and the rate of solvent evaporation. This could result in significant changes in the
final properties of nanofibers [23]. For this reason, ES is usually performed in an electrically insulated
enclosed space.

The same solution, processing and ambient parameters that affect conventional ES can also affect
needleless electrospinning (NLES) for the fabrication of nanofibers.
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2.3. Challenges to Conventional ES

ES is a widely applied technique in the fabrication of nanofibers, although there are challenges
that need to be overcome. For instance, the use of volatile solvents in the polymeric solution results
in health and safety issues which also limit the scalability of the process at an industrial level [3].
The main challenges that are associated with the the ES process and limit its scalability are listed below:

i. ES is a very slow and time-consuming process. A standard laboratory experimental set up works
at a few mL/h (usually 0.5–1 mL/h, or even higher), which means that when a solution with
8% w/v polymer is spun, at 10 working hours, the maximum amount of nanofibers that can be
produced is 800 mg (assuming the 100% yield of the process). In actual laboratory conditions, the
production rate of the nanofibers is extremely low, varying from 0.01 to 0.1 g/h. To tackle this issue,
some modifications in the ES set-up have been suggested using multi-needle spinnerets [14,20].

ii. Multi-needle spinnerets, however, also present challenges. The applied electric field at an
individual needle will be affected by the electric fields and the jets of other needles which are
close by. The interreference between the jets will affect the homogeneity of the final products [24].

iii. The downwards spinning of the jets has the disadvantage of forming droplets at the tip of the
needle, which can fall onto the collector, thus hindering the formation of a nanofiber mat [25].

iv. Needle clogging may occur due to the narrow inner diameter orifice of the spinnerets, which are
used to reduce the fiber’s diameter and prevent the formation of beads in the final products [26].

Many studies have made attempts to overcome the limitations of conventional ES and expand
its capability by combining ES with other technologies. Recently, Pawłowska et al. (2020) designed
the novel approach of light-assisted co-axial ES for the preparation of core-shell fully cross-linked
p(NIPAAm-co-NIPMAAm) hydrogel-based nanofibers for the thermally induced drug delivery of
rhodamine B [27]. However, in order to overcome the aforementioned challenges and disadvantages
of a needle-type spinneret ES process, the implementation of a NLES approach was proposed.

3. Needleless Electrospinning

3.1. Overview

Needleless electrospinning (NLES) is the process of fabricating nanofibers by electrospinning
a polymeric solution directly from an open liquid surface. The first experimental set up of a NLES
process was developed by Simm et al. in 1979 using an annular electrode as a spinneret [28]. However,
NLES began to attract the interest of researchers only after 2004, when Yarin and Zussman utilised
a magnetic field to prompt spike formations on the surface of a solution for the initiation of an
ES process [29]. A year later, Jirsak et al. (2005) patented the first NLES set-up, which was later
commercialised by Elmarco s.r.o. (Liberec, Czech Republic) with the brand name “Nanospider” [30].
Their patent involved using a rotary cylinder as a spinneret. This spinneret was partially immersed and
rotating in a polymeric solution, allowing the formation of a thin layer of solution on its surface and
thus the formation of spikes, which, after the application of an electrical field, initiated ES. Since then,
many proposals for NLES set-ups were reported, including the employment of air bubbles [31],
a conical wire assisted by the act of gravity [32], a metal plate [33], a splashing spinneret [34], a rotary
cone [35], a bowel edge [36] and more recently a toothed wheel [37], a linear flume [4] and a shear-aided
spinneret [38] to initiate the ES process for the fabrication of nanofibers.

The polymeric jet initiation in NLES is a self-organised process occurring on a free liquid surface
and it is not prompted by the capillary forces, which is the case for needle-like spinneret ES [39].
Thus, NLES is a hard-to-control process. Spinnerets therefore play a major role in the performance of the
NLES process and finally fiber quality, as demonstrated by Niu et al. (2009) [40]. The spinnerets used
in NLES were classified in two main categories: (i) rotating and (ii) stationary. A second classification
was based on the direction in which the jets travel from the spinneret to the collector. Therefore,
three further categories can be defined: (i) downwards, (ii) upwards and (iii) sideways ES.
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3.2. Rotating Spinnerets in NLES

NLES is based on the use of an external agitating force to concentrate the electrical field on a
free liquid surface up to the intensity level needed to initiate a Taylor cone. In the case of rotating
spinnerets, rotation is used to feed the initiated Taylor cones with polymeric solution to keep the
NLES process uninterrupted and continuous. The Taylor cones are usually generated away from the
polymeric solution at certain positions, where the intensity of the electrical field is appropriate to
maintain the ES process. Most of the experimental set-ups in NLES utilising rotating spinnerets were
based on the technology of Nanospider® (Elmarco s.r.o.) [30]. The direction of ES is usually upwards
in order to prevent the spinning solution from dropping onto the fabricated mat. The NLES set-ups
used previously for the fabrication of nanofibers for pharmaceutical and biomedical applications
are: (i) cylinder (Nanospider®), (ii) disc, (iii) ball and (iv) wire/rod ES systems. Figure 3 shows the
schematic diagram of the reported types of rotating NLES spinnerets.
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(c) ball spinneret and (d) wire/coil spinneret in needleless electrospinning (electrospinning direction
along the red arrow). Adapted with permission (CC BY 3.0) from [39].

The cylinder spinneret used in NLES shown in Figure 3a refers to the Nanospider® technology,
which was patented by Jisrak et al. [30] and commercialised by Elmarco s.r.o. This technology offers
many advantages, the most important of which is that the Taylor cones are initiated spontaneously at
optimal positions. The fabrication of nanofibers utilising Nanospider® technology relies on the four
steps described below:

i. The metal roller spinneret is partially immersed in the polymeric solution. As it rotates, a thin
layer of solution is formed on its surface.

ii. The rotation of the spinneret causes agitations of the solution layer and thus the formation of
conical spikes.

iii. When a high electrical field is applied, the conical spike deforms to a Taylor cone.
iv. Finally, polymeric jets are stretched out of the Taylor cones’ tips and the fabricated nanofibers

are collected.
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Nanospider® technology is widely applied for the fabrication of nanofibers aimed at
pharmaceutical and biomedical applications, as we will discuss later in Section 3 of the present
review. As Yener and Jisrak (2012) reported, this technology leads to thicker electrospun nanofibers
and requires a higher voltage supply compared with conventional needle ES [41]. The electric field
distribution in a cylinder spinneret is unevenly distributed, with its intensity being higher at the edges
of the spinneret and lower in the middle [40].

The same principles also apply to the other NLES rotating spinnerets presented in Figure 3.
Disc spinnerets (Figure 3b) generate finer fibers with better diameter uniformity since the electric field
is more uniformly distributed in the spinneret [40,42]. In ball ES (Figure 3c), the electric field is evenly
distributed on the top-half of the spinneret and has been found to result in coarser nanofibers with a
lower yield compared with cylinder and disc spinnerets [43]. Spiral wire spinnerets (Figure 3d) have
been found to generate more uniform and thinner fibers than the conventional needle ES process and
usually require a higher voltage supply than conventional ES set-ups [44].

3.3. Stationary Spinnerets in NLES

The stationary spinnerets utilised in NLES generate Taylor cones by exploiting an external force,
such as a magnetic force, high pressure gas flow, gravity or more recently, an acoustic radiation force
generated by an ultrasound transducer [26,29,31]. Again, as in the case of the rotating spinnerets,
the direction of ES is usually upwards to avoid defects in the nanofibrous mat by dropping solution
onto it. Figure 4 presents the stationary spinnerets of the NLES systems reported in the state of the
art literature.
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Figure 4. Schematic diagram depicting the stationary spinnerets: (a) ferromagnetic liquid, (b) bubble
and (c) ultrasound-enhanced electrospinning, USES (electrospinning direction along the red arrow).
Adapted with permission (CC BY 3.0) from [39,45].

The ferromagnetic liquid electrospinning process was proposed as the first attempt to use stationary
spinnerets for NLES by Yarin and Zussman in 2004 [37]. This approach utilises a system of two liquids:
(i) a sublayer of a ferromagnetic suspension and (ii) an upper layer of polymeric solution. The system is
subjected to a magnetic field provided by a permanent magnet or coil, resulting in the perturbation of
the upper layer polymeric solution by the spikes of the ferromagnetic suspension as shown in Figure 4a.
By applying an electric field to the above described system, the perturbations become generating sites
for the ES process. This process is reported to have a higher production yield than conventional ES [37].

In Figure 4b an experimental set-up of bubble electrospinning is described. In bubble
electrospinning, the jets start to stretch out from the bubbles instead of the tips of Taylor cones [31].
The principle of this method was to produce bubbles on the free surface of a polymeric solution by
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passing pressurised air or nitrogen (N2) into the solution, and as the bubbles are burst on the surface of
the solution, multiple jets are stretched out and ES is initiated.

More recently, in 2016, Laidmäe et al. patented a novel method for the fabrication of nanofibers
by utilising ultrasound-enhanced electrospinning (USES) (Figure 4c) [46]. Since USES is a novel
technology for the fabrication of nanofibers and has not been described previously, it was deemed
appropriate to provide a description of this method separately in the following section.

3.4. Ultrasound-Enhanced Electrospinning

Ultrasound-enhanced electrospinning (USES) is a novel NLES approach for the fabrication of
nanofibers. This technology was patented in 2016 by Laidmäe et al. [46] as a continuous orifice-less
technique that employs high-intensity focused ultrasound for the fabrication of nanofibers from a free
surface polymeric solution. In Figure 5, the USES method and setup are presented.
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Figure 5. (a) An ultrasound-enhanced electrospinning (USES) method with a mylar membrane and (b)
a USES system with a polymer chamber. Reprinted with permission (CC BY 3.0) from [26].

Nieminen et al. (2018) described a USES system and studied for the first time the fabrication of
nanofibers via USES using a polymeric solution of polyethylene oxide (PEO) in water [26]. As can be
seen in Figure 5a, the application of a high-intensity ultrasound generated an ultrasonic fountain when
a droplet of the polymeric solution was placed on a mylar membrane (an acoustically conducting but
electrically isolating membrane). After the application of an electrical field, a liquid jet was ejected
from the top of the ultrasonic fountain [26]. In Figure 5b, a USES system is presented showing the
polymer chamber. The system consists mainly of a mylar membrane and an ultrasound transducer
as well as distilled water in the space between them, which is used to focus the acoustic beam at the
polymer-air interface. The polymer solution is placed in a chamber which allows direct contact of
the solution with the mylar membrane. An electrode is then used to negatively charge the polymeric
solution and a grounded (or positively charged) target is placed above the ultrasound fountain in order
to initiate the ES process [26].

Nieminen et al. (2018) reported the modification of the topography of the USES electrospun
nanofibers in a non-chemical manner [26]. The authors also reported some phenomena that occured in
the vicinity of the ultrasound fountain and could be associated with the ability to control nanofibers
properties via USES. These are: (i) the ultrasound fountain in conjunction with the applied electrical
field, (ii) the capillary waves on the surface of the polymeric solution generated by the ultrasounds,
(iii) cavitation, (iv) acoustic streaming and (v) thermal effects [26].

More recently, Hakkarainen et al. (2019) compared traditional ES (TES) and USES in the fabrication
of nanofibrous drug delivery systems [45]. They reported that TES produced thinner and somewhat
more uniform-by-size nanofibers than USES (77 ± 21 nm for TES compared to 402 ± 127 nm and
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555 ± 265 nm for USES) and assigned this difference to the fact that USES is a multivariate process
involving more critical parameters than TES. USES generated nanofibers that were also beadless.
Moreover, they reported the modulation of fiber diameter by controlling the cycles per ultrasound
pulse. They examined the fabricated nanofibers by PXRD, DSC and FTIR spectroscopy and found
that the USES nanofibers were amorphous, whereas TES nanofibers were less prone to amorphicity.
The authors concluded that USES provided a promising alternative for the aqueous-based fabrication
of nanofibrous drug delivery systems, although further research is needed to discover all the potential
strengths and limitations of this novel NLES method.

4. Pharmaceutical and Biomedical Applications of NLES

The state of the art studies on NLES for the fabrication of nanofibers aimed at biomedical or
pharmaceutical applications are summarised in Table 1. Table 1 shows that the most experimental NLES
set-ups are based on rotating spinnerets rather than stationary ones (namely 82.5% of the total studies
presented) and also the upwards direction of ES is preferred (92.6% of the total studies presented).
Moreover, it can be seen that the Nanospider® (Elmarco s.r.o., Liberec, Czech Republic) technology
for NLES is the most utilised (48.1% of the total studies and 59.1% of the studies utilising rotating
spinnerets).

4.1. NLES Technologies Using Rotating Spinnerets

NLES is a method of fabrication of nanofibers proposed in 1979 by Simm et al. [28], although the first
implementation of NLES aimed at potential pharmaceutical applications was investigated by Sirc et al.
(2012) [47]. In their work, they fabricated polyvinyl alcohol (PVA) and polyurethane (PUR) multi-layered
electrospun nanofibers utilising Nanospider® (Elmarco s.r.o.) technology. The multi-layered sandwich
nanofibrous structures consisted of three layers of PUR/PVA/PUR and the mid-layer also consisted
of the drug (gentamicin). They reported controlled a release of gentamicin from the nanofibrous
structures and also retained the antimicrobial activity against S. aureus and P. aeruginosa.

Ai-Tang et al. (2013) [48] used a Nanospider® experimental set-up for the fabrication of
cellulose acetate (CA)- and PEO-based nanofibers for the encapsulation of natural seed oil (NSO).
They successfully prepared ultrafine fibers from a blend solution of CA and PEO, and the average
diameter of the fibers was 1.5 µm. They reported that the fibers containing the encapsulated NSO
presented beads on their microstructure due to the large droplets of NSO (32.1 µm). The authors
evaluated the produced fibers for their antifungal activity and found them to be effective against
A. flavus and A. alternata. Therefore, the produced electrospun fibers could be used as antifungal
materials for perishable corps and furthermore, their results showed that they could also have potential
application as antifungal films.

Huang et al. (2013) [49] studied the fabrication of cellulose acetate butyrate (CAB) nanofibers by
disc-ES and the conventional ES process. The disc-ES set-up consisted of a rotary disc spinneret and an
upwards rotary drum as the collector. They reported the biocompatibility of the electrospun nanofibers
with fibroblasts and Schwann cells and enhanced cellular growth shown by the disc-electrospun
nanofibers. Using the same experimental set-up of the disc-ES, Li et al. (2014) [50] investigated the
fabrication of polycaprolactone (PCL) scaffolds with 3D architecture and a porous surface by disc-ES.
They reported the enhancement of cell attachment and the proliferation of fibroblasts in a 7-day study,
compared with solid fibers, solvent cast and tricalcium phosphate. Another research group, led again
by Li (2016) [51], fabricated multiscale PCL/gelatine (PCL/GT) nanofibrous and microfibrous scaffolds
via disc-ES. They compared the PCL/GT scaffolds with acetic acid-assisted PCL/GT-A scaffolds and
found that PCL/GT scaffolds had larger pores and enhanced cell infiltration, while PCL/GT-A scaffolds
inhibited cells on their surface. They concluded that PCL/GT scaffolds of multiscale structure could be
used in tissue engineering.

Syrová et al. (2015) [52] used an experimental set-up with a rotating spinneret partially immersed
in a polymeric solution and with upwards ES for the fabrication of SiO2 nanofibers as scaffolds for
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human bone marrow mesenchymal stem cells (hMSC). Despite the fact that their set-up is very similar
to Nanospider® (Elmarco s.r.o.), there was no mention of this in their work. They successfully prepared
electrospun silica nanofibers as suitable scaffolds to support the adhesion of hMSC, but they also
reported a tendency to release toxic eluates during in vitro cell culture tests.

Lu et al. (2016) [53] produced gelatine (GE) nanofibers containing chitosan oligosaccharide (COS)
and alginate sodium (AS) by utilising a spiral-ES experimental set-up. A helix slice rotary spinneret
was partially immersed in the polymeric solution and the polymeric jets were travelling upwards to
the collector. They studied the effects of the concentration of the polymeric solution, the rotation speed
of the spinneret and the spinning distance on the morphology of the nanofibers. They concluded that
the spiral-ES is appropriate for the mass ES of nanofibers reporting an enormously high productivity
of 40–400 g/h. Furthermore, smooth and uniform nanofibers could be fabricated by the careful control
of the process parameters.

Sasithorn et al. (2016) [54] studied the effect of processing parameters on the fabrication of silk
fibroin nanofibers utilising the NLES process with a rotating wire as a spinneret fed by the solution.
They found that increasing the concentration of the silk fibroin in the solution and the applied voltage
improved the spinning ability and performance. They also performed in vitro biocompatibility tests
with MG-63 osteoblasts, that revealed high biocompatibility with silk fibroin nanofibers and they
concluded that their products were promising for bone-tissue engineering.

Li et al. (2019) [55] proposed an NLES technology using a rotary linear spinneret with a weir as an
electrode. The spinneret is partially immersed in the polymeric solution and the ES direction upwards.
They studied the influence of the solution’s viscosity and electrical conductivity in the fabrication
of PVA/chitosan(CS)/graphene(Gr) nanofibrous membranes by modulating the content of CS in the
solution. The results showed that the hydrophilicity and morphology of the PVA/CS/Gr nanofibrous
membranes were affected by the presence of CS, while the FTIR spectroscopy analysis revealed
hydrogen-bonding between CS and PVA, which enhanced the thermal properties of the membranes.
In another work of the same researchers [56], a methodology for the preparation of PVA/AS/Gr/Carbon
nanotubes (CNTs) and nanofibrous membranes was proposed. The microstructure, conductivity and
hydrophilicity of the membranes was studied and the results showed good hydrophilicity and thermal
stability. In both works, the researchers concluded that the proposed membranes were promising in
the field of tissue engineering.

Lukášová et al. (2019) [57] prepared nanofibrous scaffolds from PCL in combination with
platelets by utilising two methods: centrifugal ES and NLES. Centrifugal ES was performed using
a cyclone device as the spinneret and the ES direction was sideways. The NLES was performed by
utilising Nanospider® technology. Centrifugal ES generated the 3D-structured porous nanofibrous
scaffolds, while NLES yielded the 2D-structured products. The prepared scaffolds were tested for cell
proliferation, metabolic activity and osteogenic differentiation using hMSCs. Centrifugal electrospun
nanofibrous scaffolds showed a higher cell proliferation. The functionalisation of the scaffolds with
the platelets and their culture in an osteogenic differential medium showed improved osteoinduction
by the platelets in environments rich in inorganic phosphate and ascorbate. The results of the study
pointed to the potential application of the electrospun nanofibrous scaffolds in bone tissue engineering.

4.2. Commercialised NLES Apparatuses Using Rotary Spinneret

NLES apparatuses with rotary spinnerets for the fabrication of nanofibers have been widely
commercialised. The best known and the most utilised apparatus is Nanospider® by Elmarco
s.r.o. (Liberec, Czech Republic) (Table 1). A number of other manufacturers are also trading NLES
apparatuses based on rotary spinnerets, such as the EDEN® series by MECC Co Ltd (Fukudo, Japan)
and the Ispun® series by Ucalery Co (Beijing, China). To the best of our knowledge (and based on the
articles published within the past three years, 2017–2020), Nanospider® (Elmarco s.r.o.) technology
is the only technology to date applied to the fabrication of nanofibers with potential biomedical and
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pharmaceutical applications. The studies that have been reported until now are presented in Table 1
but only the most important are discussed below.

Sirc et al. (2017) [58] fabricated poly(D,L-lactic acid)/poly(ethylene glycol) (PLA/PEG) nanofibers
loaded with cyclosporine A and studied the drug release characteristics of their system in a
phosphate-buffer solution (PBS) and on concanavalin simulated spleen cells. They found biological
activity in their system even after 144 h and concluded that the proposed system was promising for
local immunosuppression in various medical applications.

Böttjer et al. (2018) [59] co-electrospun a series of biopolymers (keratin, collagen, dextran and
poloxamer) with PEG or polyacrylonitrile (PAN) to achieve the water-resistance of the mats. They also
tried to give water-resistant properties to the mats by photo-crosslinking PEG with pentaerythritol
tetraacrylate (PETRA), but without success. In conclusion, they proposed that the increased stability of
the biopolymer blend aided their successful use in medical and biotechnological applications.

Kurečič et al. (2018) [60] developed a process to prepare novel multifunctional nanofibrous
materials based on cellulose acetate (CA) loaded with benzocaine (BZC) and a pH-indicator dye,
bromocresol green (BCG). The results obtained in the in vitro drug release study showed the controllable
and pH-dependent release of BZC, reaching a maximum release at pH 9.0, which is the pH of an
infected wound. BCG changed its colour relative to the pH changes, making the proposed nanofibrous
mats an ideal in-situ pH-detecting system. They also tested the biocompatibility of the proposed mats
with human skin fibroblast cells and confirmed their potential use in wound treatment applications.

Petrova et al. (2019) [61] prepared an electrospun bilayer material made from CS and hyaluronan
(HA) by the sequential ES of a HA-PEO monolayer matrix onto a freshly formed CS-PEO monolayer
matrix and tested its biocompatibility with hMSCs. They found a good biocompatibility of the bilayer
scaffold with hMSCs and proposed its use for tissue engineering applications.

Recently, Klicova et al. (2020) [62] introduced novel double layered planar scaffolds by combining
hydrophobic PCL nanofibers and PVA hydrogels. They tested the produced scaffolds in terms of
the morphology, wettability, adhesion and the proliferation of mouse fibroblasts and found that the
greatest proliferative activity was exhibited by the PCL fibers. When the scaffolds were exposed to
water, the PVA layer formed a hydrogel-like structure with a shape defined by the water-stable PCL
layer. They concluded that the prepared scaffolds could be useful in wound dressing or abdominal
adhesion prevention.
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Table 1. Studies on needleless electrospinning (NLES) for the fabrication of nanofibers aimed at biomedical or pharmaceutical applications.

Study Polymer 1 Drug/API 2 Spinneret Direction Technology Presentation Evaluation 3 Application Reference

1 PVA and PUR Gentamicin Rotary Upwards Nanospider®

(Elmarco Co)
Multi-layered

nanofibrous mat
Antimicrobial activity,
in vitro drug release

Controlled release
of gentamicin

Sirc et al., 2012
[47]

2 CA and PEO Neem seed oil Rotary Upwards Nanospider®

(Elmarco Co)
Ultrafine

nanofibrous mat Antifungal activity Antifungal films Ai-Tang et al.,
2013 [48]

3 CAB N/A Rotary Upwards
Disc spinneret partially
immersed in polymeric

solution
Nanofibrous mat

Cell attachment,
viability and cell

morphology

Enhancement of
cell growth

Huang et al.,
2013 [49]

4 SiO2 N/A Rotary Upwards
Rod spinneret partially
immersed in polymeric

solution
Nanofibrous mat ICC, in vitro adhesion

test, MTT assay

Adhesion of
human bone

marrow
mesenchymal

stem cells

Syrová et al.,
2015 [52]

5 DEX N/A
Stationary Upwards

Steel rod with a droplet
of the polymeric

solution on its top Nanofibrous layer
Morphology and size
distribution by SEM

Drug
delivery/scaffold

Cengiz-Çallıoğlu,
2014 [63]

Rotary Upwards Nanospider®

(Elmarco Co)

6 PVP, HAP and
bioglass N/A Stationary Rotary

Vertical twisted wire
fed by the polymeric
solution from its top.

Nanofibrous mat
Morphology and size

distribution by
FESEM

Increase
production rate

Holopainen et al.,
2014 [64]

7 PCL N/A Rotary Upwards
Disc spinneret partially

immersed in the
polymeric solution

3D porous
nanofibrous mat

Protein adsorption,
cell attachment and
proliferation studies

Cell proliferation
and infiltration

Li et al., 2014
[50]

8 PCL and
MNPs N/A Stationary Upwards

Rod-like Teflon
electrode fed by the
polymeric solution

Nanofibrous mats

In vitro cell
proliferation, cell

metabolic analysis,
ALP activity assay

Regeneration of
hard tissues

Daňková et al.,
2015 [65]

9 PCL N/A Stationary Upwards

Metallic rod with a
droplet of the

polymeric solution on
its concave top

Microfibrous and
nanofibrous mats

Morphology and size
distribution by SEM

Drug delivery
and scaffolds

Lawson et al.,
2016 [66]

10 PCL and GT N/A Rotary Upwards
Disc spinneret partially

immersed in the
polymeric solution

3D scaffold of
multiscale
structure

In vitro cell
biocompatibility and

proliferation

Tissue
engineering

Li et al., 2016
[51]
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Table 1. Cont.

Study Polymer 1 Drug/API 2 Spinneret Direction Technology Presentation Evaluation 3 Application Reference

11 GT, CSO and
AS N/A Rotary Upwards

Helix slice spinneret
partially immersed in

polymeric solution
Nanofibrous mat Morphological

characterisation Biomedical field Lu et al., 2016
[53]

12 SFP Silk fibroin
protein Rotary Upwards

Wire electrode
spinneret fed by the

solution
Nanofibrous sheet

In vitro cell
biocompatibility,

adhesion and
proliferation

Bone tissue
engineering

Sasithorn et al.,
2016 [54]

13 PLA and PEG Cyclosporine
A Rotary Upwards Nanospider®

(Elmarco Co)
Nanofibrous mats In vitro drug release,

Inhibition test of IL-2
Local

immunosuppression
Sirc et al., 2017

[58]

14 PEG and PAN

Keratin,
collagen,

dextran and
poloxamer

Rotary Upwards Nanospider®

(Elmarco Co)
Nanofibrous mats Morphology by

CLSM

Increase water
stability for

biotechnological
applications

Böttjer et al.,
2018 [59]

15 CA

Benzocaine
and

bromocresol
green

Rotary Upwards Nanospider®

(Elmarco Co)
Nanofibrous mats

In vitro drug release,
halochromic
behaviour,

biocompatibility tests

Wound treatment Kurečič et al.,
2018 [60]

16 PLA and PEG Paclitaxel Rotary Upwards Nanospider®

(Elmarco Co)
Nanofibrous mats In vitro drug release,

swelling studies
Localised

chemotherapy
Hampejsova et al.,

2019 [67]

17 PLA and PEG Paclitaxel Rotary Upwards Nanospider®

(Elmarco Co)
Micro-/nanofibrous

mats

In vitro drug release,
cytotoxicity, CAM

assay, In vivo model
of local tumour

recurrence

Localised
chemotherapy

Hobzova et al.,
2019 [68]

18 CMC and PEG Diclofenac
sodium Rotary Upwards Nanospider®

(Elmarco Co)
Nanofibrous mats In vitro drug release,

swelling studies Sustained release Kurečič et al.,
2019 [69]

19 PVA, CS and
Gr N/A Rotary Upwards

Rotary linear weir
electrode partially

immersed in polymeric
solution

Nanofibrous
membranes

Spectroscopic and
thermal

characterisation

Tissue
engineering

Li et al., 2019a
[55]

20 PVA, AS, Gr
and CNTs N/A Rotary Upwards

Rotary linear weir
electrode partially

immersed in polymeric
solution

Nanofibrous
membranes

Spectroscopic and
thermal

characterisation

Tissue
engineering

Li et al., 2019b
[56]
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Table 1. Cont.

Study Polymer 1 Drug/API 2 Spinneret Direction Technology Presentation Evaluation 3 Application Reference

21 PCL Platelets

Rotary Upwards Nanospider®

(Elmarco Co)
2D nanofibrous

scaffolds MTS assay, in vitro
proliferation and APL

activity assay

Bone tissue
engineering

Lukášová et al.,
2019 [57]

Rotary Sideward
Centrifugal spinneret
with a reservoir filled

with polymeric solution

3D porous
nanofibrous

scaffolds

22 PCL Chlorhexidine
acetate Stationary Upwards

Metallic rod with a
droplet of the

polymeric solution on
its concave top

Nanofibrous mats Morphology and size
distribution by SEM Antimicrobial Manikandan et al.,

2019 [70]

23 PEO, CS and
HA N/A Rotary Upwards Nanospider®

(Elmarco Co)
Bilayer

nanofibrous films
In vitro

biocompatibility test
Tissue

engineering
Petrova et al.,

2019 [61]

24 PEO and BSA N/A Rotary Upwards Nanospider®

(Elmarco Co)
Nanofibrous mats Morphology and size

distribution by SEM
Drug delivery

systems
Ramakrishnan
et al., 2019 [71]

25 PCL and PVA N/A Rotary Upwards Nanospider®

(Elmarco Co)

Double-layered
planar

nanofibrous
scaffolds

In vitro adhesion and
proliferation test

Wound
dressing/abdominal

adhesion
prevention

Klicova et al.,
2020 [62]

1 Polymer abbreviations: PVA: polyvinyl alcohol; PUR: polyurethane; CA: cellulose acetate, PEO: polyethylene oxide; CAB: cellulose acetate butyrate; DEX: dextran; PVP: polyvinyl
pyrrolidone; HAP: Hydroxyapatite; PCL: poly-ε-caprolactone; MNPs: magnetic nanoparticles; GT: gelatine; CSO: chitosan oligosaccharide; AS: alginate sodium; SFP: silk fibroin protein;
PLA: poly(D,L-lactic) acid; PEG: polyethylene glycol; PAN: polyacrylonitrile; CMC: carboxymethyl cellulose; CS: chitosan; Gr: graphene; CNTs: carbon nanotubes; HA: hyaluronan;
BSA: bovine serum albumin. 2 Drug/API abbreviations: N/A: not applicable. 3 Evaluation abbreviations: ICC: immunocytochemistry; SEM: scanning electron microscopy; FESEM: field
emission scanning electron microscopy; ALP: alkaline phosphatase; CLSM: confocal laser scanning microscopy; CAM: chorioallantoic membrane.
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4.3. NLES Technologies Using Stationary Spinnerets

Stationary spinnerets have also been utilised in NLES for pharmaceutical and biomedical
applications. The studies that utilised stationary spinnerets in NLES for biomedical and pharmaceutical
applications are discussed below. The studies that have been reported in scientific literature until now
are presented in Table 1.

Cengiz-Çallıoğlu (2014) [63] introduced NLES with a stationary spinneret and an upwards
direction of ES in the biomedical and pharmaceutical field. The study aimed to produce dextran
nanofibrous layers by utilising NLES for the industrial production of biomedical products. A steel rod
was used as the spinneret and a droplet of dextran solution was placed on the rod electrode before
the voltage source was switched on. The rod diameter was found to be critical for the number of
Taylor cones generated and the productivity of the process. A diameter of 3 mm or less generates only
one Taylor cone, but up to six Taylor cones can be generated when the rod diameter is higher than
8 mm. In this study, the addition of an anionic surfactant was necessary for the spinning of dextran
solution. After studying the effect of the concentration of the surfactant to get appropriate nanofibers,
the optimised dextran solution was forwarded to a barbed roller ES device (Nanospider®, Elmarco Co)
for mass production. The results showed a spinning performance of 0.67 g/min per metre and an
average diameter of 162 nm. This work proposed a novel high performance NLES method for the
fabrication of dextran nanofibers that can be used for drug delivery or as scaffolds.

Holopainen et al. (2014) [64] utilised NLES with a stationary spinneret and sideways direction of
ES. They developed a set-up called “needleless twisted wire electrospinning” for the fabrication of
polyvinyl pyrrolidone (PVP), hydroxyapatite (HA) and bioglass nanofibers. In the developed set-up,
a vertical twisted wire was used as the spinneret and the electrospun nanofibers were collected by
a cylindrical collector around the wire. The polymeric solution was fed to the twisted wire from its
top and followed a rotational downward flow on the surface of the wire. The results showed high
production rates of 5.23 g/h for PVP and 1.40 g/h for HA, but for the bioglass only a rate of 0.12 g/h
was observed. The above described set-up was robust and simple but the drying of the polymeric
solution on the wire surface during the process was reported. The proposed cleaning systems of
rotating coils constantly refreshing the wire surface or a continuously moving closed wire with an
integrated washing step to remove dried polymeric solution are discussed as possible solutions to
overcome this. In conclusion, this work presented an NLES method to increase the production rate
and area of nanofibrous sheets.

Daňková et al. (2015) [65] employed an NLES set-up to prepare the PCL/magnetic nanoparticles
(MNP) nanofibrous composite material. The stationary spinneret was a Teflon rod-like electrode
connected with a copper wire to a high-voltage source and the direction of ES was upwards. They studied
the proliferation of mesenchymal stem cells (MSC) and found that due to the synergistic effect of PCL
with MNPs, their cellular adhesion and proliferation were enhanced and osteogenic differentiation
was supported. Therefore, they concluded that their findings were promising for the acceleration of
MSC proliferation and the regeneration of hard tissues.

Lawson et al. (2016) [66] prepared nanofibers and microfibers of PCL for the first time at rates of
up to 14.0 g/h from PCL/acetic acid (AA) precursor solutions by utilising needleless alternate current
ES. The spinneret was a metallic rod of 8 mm diameter with a concave top that served as the polymeric
solution reservoir [72]. In such experimental set-ups, a collector was not necessary because of the corona
wind leading the flow of the electrospun fibers [66,72]. The direction of ES was upwards. The results
showed that when sodium acetate was added as an additive to improve the spinnability of the solution,
beadless PCL nanofibers with diameters ranging from 150 to 2000 nm were obtained. They concluded
that their work would aid in the technological advancement of the commercial ES of PCL-based
multipurpose nanofibers and nanofibrous constructs. Furthermore, Manikandan et al. (2019) [70]
fabricated antimicrobial nanofibers from PCL/chlorhexidine acetate (CHX) precursor solutions utilising
the same alternate current ES method. In their work, the morphological characteristics of the surface of
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the fibers were smooth beadless nanofibers. Although the antimicrobial activity of the nanofibers was
not examined, their potential use as antimicrobial agents was mentioned.

4.4. Outlooks

As we write this review paper, the COVID-19 outbreak has been declared a Public Health
Emergency of International Concern by the World Health Organization (WHO) and is ongoing.
The COVID-19 pandemic is expected to greatly impact society and the economy, and it will most
certainly change our daily lifestyle. The use of face masks with high filtration efficiency plays an
important role and has become part of the everyday routine of individuals globally [73]. Polymeric
nanofiber mats exhibit high-filtration efficiency since they can absorb particles with nano-range sizes,
such as virus particles; however, only non-woven nanofibrous materials have proven effective in such
filtration [74,75]. NLES can be utilised for the fabrication of such non-woven nanofibrous materials and
since it is associated with high production rates, it can lead to the production of thousands of masks
per day. Therefore, NLES is also of great interest and high potential in the fight against COVID-19.

5. Summary and Conclusions

Electrospinning (ES) is a simple electrohydrodynamic process and the most commonly used
method in the fabrication of nanofibers by employing electrostatic forces. For pharmaceutical and
biomedical applications, the liquid solutions used in the ES process are comprised of polymeric
solutions, emulsions, suspensions or melts containing one or more APIs.

ES and electrospun nanofibers have been explored for their application in drug delivery science for
the last two decades. Despite its simplicity and versatility, the conventional ES method exhibits some
limitations. Mainly, the low production yield and the clogging of the needles used as spinnerets need
to be overcome for its successful application in the pharmaceutical and biomedical field. Moreover,
since the electrospun nanofibers are intended for clinical applications, it is of significant importance
to ensure inter-batch homogeneity and implement high-quality control methods. Recently, a new
alternative approach to conventional ES has been proposed in the attempt to overcome these limitations.
This approach is needleless electrospinning (NLES).

NLES is the process of fabricating nanofibers by electrospinning a polymeric solution directly
from an open liquid surface. The spinnerets utilised in NLES are divided into two groups: (i) rotating
and (ii) stationary spinnerets. The present review highlighted a preference for the research of
rotating spinnerets, namely the Nanospider® technology for the fabrication of nanofibers aimed
at pharmaceutical and biomedical applications. The superiority of the Nanospider® technology is
probably due to the fact that it is the only experimental set-up for NLES that is commercialised.
However, some researchers have studied the utilisation of stationary spinnerets in NLES and recently
ultrasound-enhanced electrospinning (USES) has been proposed as a novel set-up exploiting the
acoustic radiation force generated for the initiation of the ES process. Moreover, the upwards direction
of ES is more convenient and beneficial with NLES since the fall of polymeric droplets on the produced
nanofibrous mat is prevented.

Although NLES has been studied for the last fifteen years (2004–2020) and it has been shown to
offer benefits and have advantages over conventional ES, such as a higher production yield and the
absence of needle-associated problems, the topic is still under investigation and in the early stages for
industrial applications. NLES has proved to be a hard to control and multivariate process; therefore,
controlling electrospun fiber quality and homogeneity is challenging and requires further investigation.
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