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Electrospinning is a simple, low-cost and versatile approach to fabricate multifunctional 
materials useful in drug delivery and tissue engineering applications. Despite its 
emergence into other manufacturing sectors, electrospinning has not yet made a 
transformative impact in the clinic with a pharmaceutical product for use in humans. 
Why is this the current state of electrospun materials in biomedicine? Is it because 
electrospun materials are not yet capable of overcoming the biological safety and 
efficacy challenges needed in pharmaceutical products? Or, is it that technological 
advances in the electrospinning process are needed? This review investigates the 
current state of electrospun materials in medicine to identify both scientific and 
technological gaps that may limit clinical translation.
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Electrospun fibers have a long history of 
research and development but there are cur-
rently no US FDA approved clinical products 
for biomedical use in humans incorporating 
materials made by electrospinning. However, 
since its first description over a century ago [1], 
electrospun materials have advanced into 
several other manufacturing sectors result-
ing in the development of commercial prod-
ucts such as filtration systems [2] catalysts [3], 
apparel [4] and electronics [5]. These products 
capitalize on the micro- and nano-scale fea-
tures of electrospun fibers to achieve unique 
performance attributes that are difficult or 
impossible to realize from materials made by 
conventional processes. The interest in elec-
trospun fibers has led to rapid innovations in 
production technologies that are trying to 
keep pace with the global market demand, 
which is estimated to be over US$2 billion 
by the end of the current decade  [1]. Yet, 
despite an existing industry to make electro-
spun materials and a deep interest in their 

healthcare applications, the platform has not 
resulted in any FDA-approved pharmaceu-
tical products and only a paucity of human 
clinical studies  [6]. This review attempts to 
investigate both the scientific and technologi-
cal gaps that may still persist in limiting the 
clinical translation of electrospun fibers. Our 
focus is to review the opportunities and chal-
lenges in developing functional electrospun 
materials for use in humans, but excludes any 
discussion of their development for clinical 
diagnostics.

Many thousands of scientific manu-
scripts have been published on the topic 
of electrospinning since the seminal work 
of Reneke  et  al. who first detailed the fun-
damental principles of using electrostatic 
forces to emanate a charged fluid jet into 
continuous fibers with small diameter  [2,3]. 
There are already several in-depth reviews on 
the biomedical applications of electrospun 
fibers [7–9], as well as reviews on technological 
advances that have enabled electrospinning 
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Figure 1. Convergence of composition, form, function and nanomanufacturing to enable clinical applications of electrospun 
materials. The composition of the precursor solution must be selected for a scalable electrospinning process to realize the form 
needed for clinical function.
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at quantities needed to support large-scale applica-
tions [10,11]. In contrast to these separate reviews, here 
we investigate the convergence of topics related to the 
composition, form, function and manufacturing of 
electrospun materials for their clinical use in humans 
and emphasize work published since 2012 from these 
disparate fields (Figure 1). We first assess the state of 
biomedical electrospinning by describing the current 
clinical landscape for electrospun materials (Section 
‘Electrospun materials in the clinic: commercial prod-
ucts and clinical activity’). From these examples, we 
attempt to identify common design criteria and devel-
opment strategies for electrospun fibers in drug deliv-
ery (Section ‘Design of electrospun fibers for clinical 
applications in drug delivery’). The current literature 
specific to these applications is reviewed from the per-
spective where device design intersects with biological 
constraints needed to realize clinical function. Finally, 
these concepts are framed within the context of devel-
opment considerations and scalability for pharmaceu-
tical manufacturing (Section ‘Scalable nanomanufac-
turing of electrospinning for clinical development’).

The overall purpose of this review is to identify 
opportunities that will advance the development of 
clinical products based on functional electrospun 
materials. We expect that the most rapid progress 
will occur by concurrently synergizing across multiple 
gaps in biology, medicine, engineering and scalable 
nanomanufacturing.

Clinical applications for electrospinning in 
drug delivery
Here, we summarize the current clinical landscape 
for electrospun materials by identifying existing and 
emerging commercial products. We use these prod-
ucts as a framework to then consider design of elec-

trospun fibers for clinical applications specific to drug 
delivery. Throughout this section, we provide our per-
spective on the topics of composition, form and func-
tion of electrospun materials that most enable clinical 
translation.

Electrospun materials in the clinic: commercial 
products & clinical activity
Table 1 lists products incorporating electrospun fibers 
that have advanced into humans for biomedical use 
or testing. While none of these products are approved 
by the FDA, Nicast obtained Conformitè Europèenne 
(CE) certification in 2008 for its AVfloTM product  [12] 
and Biotronik received a CE mark in 2013 for its PK 
Papyrus [12]. Out of these products, AVflo is comprised 
almost entirely of electrospun fibers whereas PK Papy-
rus only incorporates an electrospun coating of a cor-
onary metal stent  [12]. AVflo is a multilayered scaffold 
electrospun from polycarbonate-urethane and silicone 
copolymers intended to be used for vascular access in 
hemodialysis  [13]. Its composition and form is hypoth-
esized to be more biocompatible, which is expected to 
increase patency rates due to lower graft stenosis, and 
exhibit shorter times for cannulation due to better 
resealing properties  [13]. However, a clinical study of 
AVflo showed that patency rates were similar to values 
reported for ePTFE grafts  [14]. Future clinical studies 
will need to measure the advantage of shortened can-
nulation time for AVflow compared with existing grafts 
given that patency rates were not improved significantly.

There are also several emerging electrospun prod-
ucts not yet commercially available but have been or 
are currently in human clinical studies. For example, 
SURGICLOT® developed by St. Teresa Medical, Inc.® 
(NCT02509208) is being evaluated as a hemostatic 
dressing that uses electrospun dextran fibers to deliver 
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thrombin and fibrinogen proteins to promote blood 
clotting at a surgical or wound site  [15,16]. A transder-
mal patch comprised four layers of electrospun poly-
urethane fibers and designed to release nitric oxide 
(NO) delivered as bound nitrite on polysulfonate beads 
has been evaluated in two different Phase III, double-
blind clinical trials  [17–19]. In a study for treatment of 
cutaneous leishmaniasis ulcers (NCT00317629), topi-
cal daily application of the NO patch for 20 days did 
not have sufficient efficacy compared with a standard 
treatment and the study was terminated [19]. A separate 
study of the same materials for treating diabetic foot 
ulcers is still pending  [17]. Finally, a clinical study of 
162 patients investigated electrospun fibers of polyure-
thane and polyethylene glycol (PEG-PU) doped with 
1 wt% tetraphenyporphyrin (TPP) for the treatment 
of chronic leg ulcers  [20]. Participants who received 
TPP-doped fibers with 60 min of illumination showed 
a decrease in average ulcer area with 13% of patients 
experiencing complete healing.

Collectively, these examples of electrospun biomedi-
cal products in the clinic or in commercial develop-
ment have several commonalities with respect to their 
composition, form and function. First, almost all of 
the products involve materials that have a history of 
safe use in medical applications. For example, poly-
urethane is represented in the majority of electrospun 
products on the market or in clinical testing (Table 1). 
PU and other materials used such as PTFE, dextran 
and hyaluronic acid are all generally regarded as safe 
(GRAS) and listed in the FDA inactive ingredient 
list  [21]. Use of materials that are not GRAS increase 
the design space but could potentially lengthen a study. 
A second theme is that these products mostly employ 
random fibers constructed into single layer meshes or 
multilayered composites, whereas patterned fibers or 
3D constructs are rare. In the cases where pharma-
ceutically active ingredients are used (blood-clotting 
proteins, TPP), they are included at the time of fiber 
formation rather than in a postprocessing step. A final 
shared feature is that the route of administration for 

these products is either as a surgical implant or topi-
cal wound dressing, which highlights opportunities as 
well as practical challenges for electrospun materials in 
different clinical applications and is the focus of our 
next section.

Design of electrospun fibers for clinical 
applications in drug delivery
The design considerations in therapeutic drug delivery 
involves selecting the appropriate agent to be delivered 
at an effector site that will establish concentrations to 
provide an onset and duration of activity required for 
clinical efficacy. Drug delivery is one of the most prom-
ising clinical applications for electrospun fibers, and 
several comprehensive and recent reviews have been 
published on the topic [8,22–24]. The variety of materials 
that can be electrospun provides enormous flexibility 
to develop formulations for physicochemically diverse 
small molecule drugs, proteins and nucleic acids  [23]. 
In addition, electrospinning has been shown to be an 
efficient process to achieve high loading of these thera-
peutic agents into fibers. The ability to fabricate elec-
trospun materials into composites and 3D geometries, 
or use them as coating on existing biomedical devices, 
provides additional opportunities to customize their 
design to specific clinical applications in drug deliv-
ery. In this section, we consider this enormous plat-
form versatility within the context of achieving specific 
fiber formulation attributes that will affect safety and 
bioavailability at target sites given different adminis-
tration routes. In particular, we discuss key attributes 
of a formulation’s composition, as well as macroscopic 
properties of the fiber and mesh structure, that are 
commonly manipulated to modulate drug release.

Effect of formulation composition on drug 
release from electrospun fibers
The composition of the fiber formulation has a signifi-
cant impact on the electrospinning process as well as 
the final fiber solid-state properties, which will impact 
safety and efficacy. Table 2 lists the most commonly 

Table 1. Electrospun biomedical products for use in humans.

Electrospun products Electrospinning polymer Therapeutic Application

Commercial products

AVFlowTM (Nicast) [13,14] Polyurethane Composite vascular graft Implant

PK Papyrus (Biotronik) [12] Polyurethane Coating metal stent Implant

Products tested in humans

Surgiclot® [15,16] Dextran Single mesh for protein delivery Wound dressing

Pathon [17] Polyurethane Composite for NO delivery Wound dressing

TPP-fibers [20] Polyurethane-polyethylene glycol Single mesh for photosensitizer Wound dressing
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In pursuit of functional electrospun materials for clinical applications    Review

investigated carrier polymers used in electrospinning 
for drug-delivery applications [21]. Carrier polymers are 
the fiber-forming component of the formulation that 
constitutes a significant percentage of the solids in the 
finished materials. Therefore, carrier polymers play an 
integral role in the final performance attributes of the 
fiber dosage form. In general, polymers used for electro-
spinning have typically been categorized as being syn-
thetic or natural and can be further differentiated based 
on their biodegradability and hydrophobicity/hydrophi-
licity. Hydrophobic polymers limit the rate of wetting 
and diffusion of water into the mesh, and typically result 
in slower drug release rates compared with hydrophilic 
polymers. However, rapid burst release from hydropho-
bic polymer fibers can also be observed if the drug parti-
tions to the fiber surface. Polymer biodegradability can 
also significantly affect various attributes of a fiber-based 
drug delivery system. As biodegradable polymers break 
down, there is greater chain mobility and a larger free 
volume for diffusion. These attributes make biodegrad-
able polymers attractive for drug-delivery applications 
requiring multiple or sustained dosing at sites that are 
difficult to access repeatedly..

Careful consideration of the thermal and solid-
state properties of polymers used in the formulation is 
also critically important for modulating drug release 
from electrospun fibers. Polymer crystallinity defines 
the ratio of ordered, aligned crystalline segments of 
polymer chains relative to the random, disorganized 
amorphous regions. The degree of crystallinity influ-
ences mechanical properties such as hardness, modu-
lus, tensile strength and melting temperature but will 
also impact drug release kinetics. Ball et al. found that 
the ratio of semicrystalline poly-L-lactic acid (PLLA) 
to amorphous poly-D,L-lactic acid (PDLLA) could be 
used to modulate the release of a water-soluble antiretro-
viral drug [25]. Although the polymers were chemically 
identical, incorporating more amorphous PDLLA likely 
enhanced the rate of water penetration into the polymer 
network and led to faster drug release from the fibers. 
The melt temperature (Tm) is used to measure the 
degree of crystallinity of both semi-crystalline polymers 
and crystalline drugs. Differential scanning calorimetry 
enables observation of melt peaks for both polymers and 
drugs, and can be used to characterize crystalline con-
tent in the solid dispersion. The absence of a polymer 
of drug melt peak can be an indicator of an amorphous 
dispersion and shifts in polymer Tm may be evidence of 
drug–polymer interactions [26]. As was observed by Ver-
reck et al. upon reaching 40% loading of itraconazole 
and ketanserin in polyurethane fibers, high drug load-
ing can result in crystalline drug formation [27]. Polymer 
glass transition temperature (Tg), which is the tempera-
ture at which the polymer transitions from a hard, rigid 

‘glassy’ state to a more compliant, pliable ‘rubbery’ state 
due to increased chain mobility, is also an important 
factor influencing drug release from electrospun fibers. 
Peng et al. observed that incorporating a small molecule 
drug into PDLLA and poly(ethylene glycol-co-D,L-
lactic acid) (PELA) electrospun fibers reduced the poly-
mer glass transition, likely due to the drug allowing for 
more facile movement of polymer chains  [28]. The Tg 
of electrospun fibers was also decreased by higher per-
centage of PELA relative to PDLLA, and correlated with 
faster drug release. Drastic alterations in polymer Tg can 
directly influence the clinical relevance of electrospun 
materials. For example, if the Tg is below body tempera-
ture, fibers may transition into an undesired amorphous 
state and cause rapid drug release. Polymer crystallin-
ity, Tg and Tm are not necessarily independent proper-
ties, but allow for strategic design of formulations with 
desired clinical performance.

Solid-state properties of the fiber-formulated drug or 
biologic also affects its solubility, bioavailability and sta-
bility. Amorphous solid dispersions (ASDs) occur when 
both the carrier polymer and drug co-exist within the 
fiber matrix in a molecularly dispersed state. ASDs are a 
useful category of drug-delivery systems as they are able 
to achieve transient drug concentrations significantly 
higher than the equilibrium solubility of the drug due 
to the absence of crystalline lattice energy in amorphous 
solids. Depending on polymer–drug compatibility, the 
high surface to volume ratio of electrospun fibers pro-
motes rapid solvent evaporation and minimization of 
lattice energy between the polymer and drug. This may 
be particularly useful for pharmaceutical actives that are 
difficult to formulate or have poor solid-state properties 
alone  [29]. For example, electrospinning poorly water-
soluble drugs in carrier polymers as ASDs can enhance 
drug dissolution compared with the crystalline form, 
which may be more hydrophobic as well as needing to 
overcome the crystalline lattice energy [30] For example, 
Verreck  et  al. showed the release rate of two poorly 
water-soluble drugs was tunable by altering the drug-to-
polymer ratio in hydrophobic polyurethane fibers  [27]. 
Because both drugs were distributed in an amorphous 
form within the carrier polymer, the rate-limiting solu-
bilization step was avoided and a supersaturated system 
was generated to provide the chemical potential for drug 
release. ASDs of biologic payloads in a carrier polymer 
can also enable long-term stability of proteins as well as 
preserve bioactivity. Kim  et  al. showed that lysozyme 
formulated in fiber blends of PCL and PEO maintained 
90% of its catalytic activity from the dried mesh [31]. In 
summary, the mild electrospinning process and result-
ing ASDs enable the delivery and stability of challeng-
ing pharmaceutics, including poorly water-soluble drugs 
and fragile biologics.
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Effect of macroscopic properties on drug-release 
from electrospun fibers
Fiber size and architecture as well as macroscopic mesh 
properties have also been investigated for their effects 
on drug release. Manipulating the surface tension or 
viscosity of the precursor solution is a common strategy 
to alter fiber size [32]. However, varying fiber diameter 
in the nanometer to micrometer range typically does 
not significantly affect drug release  [33]. On the other 
hand, coaxial or emulsion electrospinning to fabricate 
fibers with distinct core and shell geometry has been 
shown to effectively modulate the magnitude and 
shape of drug-release profiles  [34]. In these cases, the 
drug can be isolated to the core or shell region and 
result in drastically different release kinetics  [35]. On 
a macroscopic scale, composite electrospun meshes in 
which drug-rich hyodrophilic polymer fibers are sand-
wiched between hydrophobic layers that act as a dif-
fusive barrier to water has been shown as an effective 
approach to sustain drug release  [36]. These types of 
layered electrospun composites can be fabricated by 
dual-stream electrospinning, which enables concurrent 
but independent manipulation of the individual mesh 
properties by manipulating the ratio of the two fiber 
populations [37].

These examples highlight the importance of 
thoughtful fiber formulation and fabrication for clini-
cal translation. First, the simple selection of compatible 
polymers, with appropriate crystallinity and solid-state 
properties can have a profound impact on the ability 
to deliver a variety of therapeutics at clinically relevant 
doses and drug release profiles. Electrospinning is a 
relatively mild process that allows for the distribution 
of compatible drugs and polymers into ASDs, which 
may enable superior tuning of drug release as well as 
long-term stability. Second, variations in fiber- and 
mat-level architecture may also be utilized to achieve 
precise control over drug-release rates, but may present 
more of a challenge for the scale-up production needed 
for translation to the clinic.

Case studies of electrospun fibers for drug-
delivery applications
Here we look at specific case studies to identify emerg-
ing opportunities for drug-eluting fibers for specific 
routes of administration and clinical applications, 
including topical and transdermal delivery, implants 
and injectables, oral delivery and tissue engineering.

Case studies of drug-eluting fibers for topical & 
transdermal delivery
Electrospun fibers are well suited in applications for 
topical or transdermal delivery due to their inherent 
high surface to volume ratio and relatively high drug 

loading compared with other delivery platforms  [23]. 
The pliable and elastic properties of electrospun fiber 
meshes allow them to conform easily to these sites of 
administration. As an example, Yang  et  al. capital-
ized on the pliable and versatile nature of electrospun 
PLGA fibers for transdermal delivery of insulin using 
an array of dissolving microneedles compared with a 
rigid patch, they found that the elasticity of the fiber 
mesh improved insertion of the microneedles and faster 
delivery of insulin in vivo [38]. In addition to drug deliv-
ery, the mesh structure itself has also been implicated 
to function in wound healing. Moteallah et al. showed 
that the porous and structured nature of the electrospun 
PCL/polystyrene fibers delivering apigenin, a natural 
flavone derived from chamomile, promoted formation 
of epithelial tissue but minimal collagen accumulation 
resulting in 99% healed wounds after 14 days of treat-
ment  [39]. Fibers for topical and transdermal delivery 
often employ composite structures that tailor each layer 
for specific uses. For example, Chen et al. treated burn 
wounds using a sandwich-structured mesh compris-
ing a surface layer of PLGA and collagen on a separate 
PLGA layer loaded with vancomycin, gentamicin and 
lidocaine  [40]. The sandwich structure promoted early 
stage wound healing and delivered bioactive drug for 
more than 3 weeks and stimulated wound closure. The 
noninvasive nature of dosing and elimination at topi-
cal and transdermal also expands the material compo-
sitions that can be used (e.g., nonbiodegradable poly-
mers). However, drug penetration of epithelial barriers 
to access nonsuperficial sites of action can be a signifi-
cant challenge, but one that is not unique to fiber-based 
delivery system.

Case studies of drug-eluting fibers for implants & 
injectables
Although a more invasive route for administration, 
electrospun fibers have been used successfully as 
implants and injectables in applications for tumor 
suppression, implant infection prevention and epi-
dural pain relief in vivo. Innovative designs capital-
izing on the versatility of electrospun materials have 
been implemented in several preclinical studies for 
cancer treatment. For example, Yang et al. fabricated 
a composite of micelles electrospun in coaxial fibers 
of a PVA-core surrounded by a cross-linked gelatin 
shell. These materials were used to deliver doxoru-
bicin directly to a solid tumor site, and resulted in 
high local concentrations of drug that minimized 
dosing frequency  [41]. Luo et al. used emulsion elec-
trospinning to fabricate core-sheath fibers for sus-
tained delivery of an anti-cancer drug, hydroxycamp-
tothecin (HCPT) in a poly(D,L-lactic acid)-PEG 
(PELA) copolymer. The core-shell structure allowed 
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for encapsulation of HCPT, which is insoluble in 
water, and led to decreased tumor size and higher 
survival rate in vivo compared with free HCPT  [42]. 
Chen et al. combined chemotherapy and photother-
mal therapy in electrospun fiber composites using 
nanoparticles with a doxorubicin core and Cu

9
S

5
@

SiO
2
 shell loaded into PCL/gelatin blend nanofibers. 

When implanted at the tumor site, they found that 
photothermal treatment combined with chemother-
apy could successfully decrease tumor size [43].

Electrospun materials have also been used as coat-
ing on implants to prevent infection. For example, 
Gilchrist  et  al. coated titanium implants with elec-
trospun PLGA fibers eluting fusidic acid and rifampi-
cin [44]. When used in rats, the coated implants were 
found to significantly decrease adherence of methi-
cillin-resistant Staphylococcus aureus (MRSA) to the 
implants by greater than 99.9%. Tseng et al. showed 
that mice administered vancomycin fibers postopera-
tively had high and sustained levels of the antibiotic 
for up to 8 weeks without evidence of an inflamma-
tory reaction  [45]. Electrospun fibers have also been 
used effectively as injectables. Yosefifard et al. evalu-
ated micronized PVA fibers loaded with neostigmine 
for use as an epidural in mice to help reduce pain and 
found that the materials achieved sustained release of 
neostigmine in vivo  [46]. As implantables and inject-
ables, electrospun fibers can deliver therapeutics 
locally over the appropriate timescales, eliminating 
the need to systemic administration and are then 
resorbed by the body.

Case studies of drug-eluting fibers for oral 
delivery
Drug-eluting fibers are also useful for oral delivery as 
they can be formulated using hydrophilic polymers for 
quick dissolution, pH-dependent polymers for dissolu-
tion in specific gastrointestinal locations and polymer 
blends for sustained release of physicochemically diverse 
drugs. Illangakoon  et  al. used polyvinylpyrrolidone 
(PVP), a hydrophilic polymer, to load paracetamol and 
caffeine, a pain reliever and stimulant for oral delivery. 
Using a high-speed camera, they found that their fibers 
quickly dissolved (<0.5 s) in 15 ml of saliva stimulant 
and caused rapid drug release [47]. For populations with 
difficulties swallowing medication, Noolkar  et  al., 
developed quick dissolving PVP fibers that deliver the 
nonsteroidal anti-inflammatory (NSAID) compound 
meloxicam. The investigators showed that the drug-
loaded fibers rapidly disintegrated in an ex vivo tissue 
model saturated with saliva, but complete dissolution 
of meloxicam took approximately 2 h  [48]. Although 
PVP supports the encapsulation of physicochemically 
diverse drugs such as caffeine and meloxicam, the dras-

tically different rate of dissolution of the drugs due to 
variance in crystallinity.

Stimuli responsive polymers that show pH-
dependent solubility have also been used for oral 
administration to target dissolution in the GI tract. 
Commercially available Eudragit® copolymers com-
prised methacrylic acid and methyl methacrylate in 
ratios that allow tuning of pH-dependent ionization 
have been widely investigated for this function. For 
example, Shen et al. formulated diclofenac sodium in 
Eudragit L100–55 fibers and showed minimal release 
at acidic pH of the stomach (pH < 2) but sustained 
release at pH 7, making the formulation effective for 
colon-targeted drug delivery  [49]. Karthikeyan  et  al. 
showed that a zein/Eudragit S100 carrier system 
could deliver aceclofenac (in zein) and pantoprazole 
(in Eudragit S100)  [50]. Pantoprazole, which is used 
to treat gastroesophageal reflux, was delivered in 
combination with aceclofenac, an NSAID, to prevent 
gastrointestinal ulcer, using Eudragit S100 to prevent 
degradation. This formulation was shown to reduce 
gastrointestinal toxicity induced in vivo by NSAIDs. 
The clinical efficacy of drug-eluting electrospun 
fibers relies on carrier polymers with the appropriate 
dissolution rate and solid-state properties to deliver 
therapeutics to the target region.

Case studies of drug-eluting fibers for tissue 
engineering
The field of tissue engineering aims to use biologi-
cal substitutes for the regeneration, maintenance or 
improvement of tissue  [9]One of the most successful 
approaches toward this goal has been the use of poly-
meric scaffolds, with specific mechanical and biologi-
cal properties similar to that of native extracellular 
matrix (ECM), which is composed of proteins and 
glycosaminoglycans arranged in nanoscale features. 
The spatial and temporal ECM provides cues for cells 
to dynamically influence cellular migration, prolif-
eration, differentiation, gene expression and signal-
ing. Electrospinning offers a simple and cost-effective 
way to fabricate tissue engineering scaffolds in the 
submicron range. Furthermore, a nano- or micro-
fibrous material is suited for tissue engineering appli-
cations because of the ability within the manufactur-
ing process to adjust for pore size and create random 
or aligned fibers to help promote cell adhesion and 
remodeling of the ECM  [51]. Natural and synthetic 
polymer choices expand the design space to achieve 
required mechanical strength of the material as well 
as cellular growth [52].

Encapsulating signaling molecules directly into poly-
meric fibers can enhance the biological activity and 
potential for tissue growth of electrospun fibrous tissue 
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engineering scaffolds. Holan et al. used PLA as a scaffold 
and carrier polymer to deliver Cyclosporine A (CsA), a 
T-cell and calcineurin inhibitor to serve as scaffolds for 
cell therapies to increase cellular proliferation without 
eliciting an immune response  [53]. Jiang  et  al. electro-
spun cross-linked zein nanofibers, using citric acid, to 
improve water stability of fibers and promote cellular 
adhesion. They observed a threefold increase of cell 
attachment using cross-linked zein nanofibers contain-
ing citric acid compared with zein films [54]. Loh et al. 
electrospun an FDA-approved triblock hydrogel PEG-
PPG-PEG in a 1:1 ratio with PCL loaded with bovine 
serum albumin (BSA) to enhance cell adhesion and pro-
liferation. The triblock hydrogel is a known thermore-
sponsive polymer that can increase the release of BSA 
when electrospun with PCL compared with PCL alone. 
Their findings suggest increased cell attachment in the 
hydrogel nanofiber with BSA compared with PCL alone 
because of the enhanced hydrolytic degradation of the 
hydrogel nanofibers resulting in a more biomimetic 
matrix  [55]. Li  et al. incorporated bone morphogenetic 
protein 2 (BMP-2) and hydroxyapatite nanoparticles 
(nHAP) into an electrospun silk fibroin scaffold for 
use in bone tissue engineering  [56]. They found that 
the coexistence of BMP-2 and nHAP resulted in the 
highest calcium deposition and upregulation of BMP-2 
transcript levels. These approaches show that incorpo-
rating signaling molecules into drug-eluting electrospun 
fibers are a promising strategy for the design of tissue 
engineering scaffolds for clinical translation.

Outlook on the design & development of drug-
eluting fibers
Drug-eluting electrospun fibers have been formulated 
for use in a wide variety of applications, including 
topical, transdermal, implantable, injectable and oral 
delivery. A number of trends are apparent as far as the 
functionality and clinical efficacy of these delivery 
platforms. First, for any delivery route, it is important 
to formulate the fibers with compatible drugs and 
carrier polymers. Dispersing the drug in an amor-
phous form throughout the carrier polymer allows 
the polymer to act with the intended release proper-
ties. Furthermore, composites of electrospun fibers, 
whether layers of different polymers to promote tis-
sue integration or loading the fibers with particles to 
achieve a desired release rate, exploits the malleable 
nature of fibers and allows for the desired release 
profile, in addition to addressing challenges associ-
ated with each route of administration. Finally, the 
combination of electrospun fibers with other drug-
delivery systems, such as dissolving microneedles or 
as coatings on implants, shows the breadth but also 
limitations of fiber function.

Scalable nanomanufacturing of 
electrospinning for clinical development
The incredible variety in possible clinical applications 
inspires innovation in electrospinning technology. 
Figure 2 illustrates the hierarchical complexity that can 
be achieved with electrospinning by simply altering the 
precursor formulation and specific electrospinning pro-
cess configurations. At the fiber-level, several approaches 
have been used to control diameter and fiber structure 
(core-shell, surface features, porosity, etc.). At the mesh-
level, aligning or complex patterning of fibers as well 
as controlling mesh pore size has been investigated for 
various materials and applications. For these reasons, 
electrospinning has emerged as a popular technology 
because it is a simple, low-cost approach to nanomate-
rial fabrication that has proven to be extremely versatile. 
Understanding what elements in the large electrospin-
ning design space to prioritize is important for rapid and 
efficient clinical development. In addition, unnecessary 
complexity in pharmaceutical development can incur 
high costs and may be difficult – or impossible – to 
realize in a scalable manufacturing process.

In this section, we focus on advances in electrospin-
ning technology that enable the compositions and form 
identified for the biomedical applications discussed 
at the beginning of this article (Figure 1). The simple 
electrospinning instrumentation can be modified in 
many different methods, which are organized here by 
efforts specifically focused on the precursor solution, the 
electrospinning set-up design and post-processing tech-
niques. We also describe the current industrial landscape 
of electrospinning; these advances are framed within the 
context of scalability for clinical development.

Effect of precursor solution
Much of the versatility in the electrospinning process 
deals specifically with the composition of the precur-
sor solution. As discussed previously, many different 
polymers can be electrospun with requirements for 
different solvents, solution concentrations and electro-
spinning process conditions to be successful (Table 2). 
All of these factors contribute to the design of nano-
fiber mesh characteristics. Fiber morphology is often 
a reported process output or response where inputs 
are manipulated to control fiber diameter and diam-
eter distribution, fiber matrix pore size and pore size 
distribution, prevalence of ‘beads on string’ phenome-
non [63] and percent of nonfiber regions that may emerge 
in the finished materials. Other process responses, such 
as throughput or material yield are also important to 
consider when evaluating precursor materials. These 
responses will collectively have varying importance 
in the design and function of electrospun biomedical 
materials.



Figure 2. Design of submicron and macroscopic attributes of electrospun fibers enhances their versatility and function. Fiber-level 
design: (A) Small and (B) large fiber diameter; (C) core-shell fiber, reprinted with permission from [57]© Elsevier; (D); porous, reprinted 
with permission from [58] © Elsevier; and (E) spongy, reprinted with permission from [59] © Elsevier, fiber morphology. Mesh-level 
design: (F) Random and (G) aligned fiber orientation; (H) patterned grid reprinted with permission from [60] © Elsevier; (I) composite 
nanoparticle (arrow) – nanofiber, reprinted with permission from [61] © Elsevier; and (J) nanosphere-immobilized nano-fibrous 
scaffolds, reprinted with permission from [62] © Elsevier. 
Scale bars: 2 μm (A, B); 200 nm (C, D); 5 μm (E); 10 μm (F, G, I) and 200 μm (H, J).
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Because fiber responses are affected by both the 
materials and solution properties, a considerable 
number of possibilities emerge given the many poly-
mers (molecular weight, crystallinity, hydropho-
bicity/hydrophilicity) that can be used alone or as 
blends [6. Solution properties such as surface tension, 
viscosity and conductivity have a dynamic effect on 
fiber outcomes, which can be tuned by manipulating 
the solvent system (using solvent ratios to precisely 
tune surface tension), polymer concentration and 
including additives such as salts  [64]. For example, 
the presence of an active ingredient such as a drug or 
other therapeutic in the precursor solution will natu-
rally affect solution properties and the electrospin-
ning process, and must be considered in the clinical 
development process [65]. Here, we discuss innovative 
precursor manipulations that have emerged to meet 
challenges of clinical applications and consider con-
straints for their implementation.

Electrospinning solid suspensions
Precursor solutions of solid suspensions are com-
monly used in drug delivery applications. The simplest 
example is electrospinning of drugs that are insoluble 
in the electrospinning solvent  [66] In the case where 
insoluble drugs are simply added into the polymer 
solution, drug release profiles can be further tuned 
by material selection (polymer Tg, crystallinity, wet-
ting) and understanding of nanofiber erosion or deg-
radation. For example, electrospinning allows for the 
fabrication of amorphous solid dispersions of poorly 
water-soluble drugs, such as ibuprofen in polyvinylpyr-
rolidone, wherein the electrospun fiber formulations 
dissolved greater than tenfold more quickly than the 
physical mixture of polymer and drug [67]. Engineered 

drug-delivery vehicles can also be electrospun as solid 
suspensions  [68–74]. Solid suspensions containing 
drug-loaded silica mesoporous nanoparticles can also 
achieve sustained drug release with distinct release 
profiles depending on drug loading and drug type [71]. 
Incorporating drugs into particles can also help pre-
serve activity of the drug or be used for cell target-
ing [68]. Some efforts have involved fabrication of elec-
trospun cell bearing matrices, which has largely been 
evaluated in a review by Jayasinghe [75]. Although key 
challenge is ensuring cells survive the electrospinning 
process, bacteria have successfully been electrospun [76] 
and cell-bearing fiber matrices have successfully been 
tested in mouse models [77].

Electrospinning of solid suspensions has several 
challenges when considering scalability of processing 
these materials. Most of this work is conducted on the 
simple needle electrospinning apparatus, and needle 
clogging issues observed in continuous production 
from these instruments could be exacerbated by the 
presence of solids. A common preparation strategy is to 
suspend the solutions by sonication [68] or homogeniza-
tion immediately before electrospinning. While this is 
an effective short-term solution for conducting experi-
ments, continued processing requires a stabilized sus-
pension to prevent temporal evolution of solids loading 
in the product. Finally, the question of uniformity of 
solid distribution within fiber mats remains uninvesti-
gated. To address some of these questions, free surface 
electrospinning of solid suspensions from a rotating 
wire electrode has been shown  [66]. Within this con-
text, modeling efforts have been used to inform the 
theoretical maximum particle diameter that should 
be electrospinnable as a function of polymer/solvent 
selection and solution properties [78].
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Emulsion electrospinning
Emulsion electrospinning has emerged as a convenient 
method to fabricate fibers with interesting morphologies 
(Figure 3C & D). In emulsion electrospinning, the precur-
sor solution mixed in a precise oil to water phase ratio to 
achieve the desired fiber characteristics. One favorable 
advantage of emulsion electrospinning for drug delivery 
applications is the ability to solubilize drugs and polymer 
in separate solvent systems for drug and polymer com-
binations with different hydrophillicity  [79]. Another 
application of emulsion electrospinning is in fabricat-
ing core-shell nanofibers from W/O or O/W emulsions, 
which have been used for delivery of bioactive proteins, 
sustained release of small molecules drugs and tissue 
engineering scaffolds [80–85]. The ratio of W/O solvent 
in these systems can be manipulated to span the fiber 
morphology design space, with an optimum W/O ratio 
resulting in nanofibers with a distinct core-shell mor-
phology  [86]. The effect of various surfactants (type 
and amount) has also been commonly investigated to 
stabilize emulsions and understand their effect on fiber 
diameter, mechanical strength and activity of proteins 
or other bioactives [80,81,83,84].

Although most emulsion electrospinning studies are 
conducted with a simple needle electrospinning set up, 
translation of emulsion electrospinning to two differ-
ent scalable free-surface designs has been shown [87,88]. 
One design uses a rotating wire module where solution 
entrainment occurs by passing a wire electrode through 
an emulsion bath  [87]. This study uses a simple mass 
transport model to design solutions with compatible 
properties, including evaporation rate, viscosity and 
conductivity, to optimize the jetting instability wave-
length parameter for each phase (core-shell) in order to 
produce uniform core-shell fibers  [87]. Another design 
attempts to overcome the requirement of precisely com-
patible solutions by using a dual-wire spinneret that 
draws droplet bridges into the jetting zone by capillary 
force  [88]. Although emulsion electrospinning shows 
promise as a scalable technique, current limitations still 
preclude the ability to translate nonspecific material 
formulations to the scalable free surface designs. Fur-
ther, precise and independent control of core and shell 
diameters is not possible in these designs due to limited 
degrees of freedom in parameter selection. Core-shell 
fibers can also be fabricated with a coaxial design, which 
is further discussed in Section 2.2.2. We refer the reader 
to Yarin et al, who present a detailed review of core-shell 
nanofiber production through coaxial and emulsion 
electrospinning conducted prior to 2011 [89].

In situ cross-linking
Cross-linking can lead to favorable outcomes in poly-
mer nanofiber networks, such as enhanced mechanical 

properties and controllable degradation. For example, 
Jiang  et  al. show that using citric acid to cross-link 
electrospun zein fibers allowed the fibers to retain their 
ultrafine nanfibrous structure for up to 15 days, as 
compared with less than 2 days for zein alone, which 
promoted cellular adhesion and viability [54]. By cross-
linking during the electrospinning process, greater 
control over the cross-linking reaction can be main-
tained and the need for post-processing is eliminated. 
A common strategy is adding cross-linking agents into 
the precursor solution immediately before electrospin-
ning to ensure that the reaction progresses with an 
appropriate timescale by controlling reactant concen-
trations [90–93]. The reaction kinetics dictate transient 
properties in the electrospinning solution, such as a 
dramatic increase in solution viscosity as the reaction 
progresses, which can result in a change over time of 
nanofiber properties such as fiber diameter and degra-
dation timescale [90,92]. Cross-linking reactions which 
require a catalyst can be further controlled by catalyst 
concentration and time of catalyst addition  [92,93]. 
Materials developed with these methods will have a 
spatial dependence on material properties orthogo-
nal to the collecting substrate. Although a gradient of 
cross-linking density from the top to bottom layer of 
the fiber mat may be preferred for a desired degrada-
tion profile, a consistent cross-linking density can be 
achieved by using a double syringe pump with mixing 
head [94]. Another example of cross-linking during the 
electrospinning process is using photochemical cross-
linking and positioning a UV lamp between the needle 
tip and collector so that the polymer cross-links while 
in flight to the collector [95].

Although these in situ cross-linking strategies seem 
inherently scalable, the techniques have yet to be dem-
onstrated in a scaled instrument and several challenges 
would need to be overcome. For example, cross-linking 
reaction residence times would have to be translated 
and maintained in a scale-up design. Also, stability of 
cross-linked nanofiber products needs to be investigated 
further. Any residual cross linking agents in unpurified 
nanofiber fabrics could continue to slowly progress the 
cross-linking reaction after electrospinning and also 
result in impurities within the biomedical materials.

Melt electrospinning
Melt electrospinning is a process in which fiber forma-
tion arises from a polymer-based melt without require-
ment for a solvent. Many interesting products intended 
for clinical applications have been developed with this 
technology, including quick dissolving drug deliv-
ery systems and tissue engineering scaffolds  [96–98]. 
High-throughput production of a melt set-up has 
also been shown using a rotary metal disc free surface 



Figure 3. Free surface electrospinning electrode configurations.Examples of electrode configurations used in free-surface 
electrospinning. (A) Rotating cylinder, (B) rotating wire and (C) static wire electrode (top, showing entrained precursor solution and 
emanating charged fluid jets) and oscillating carriage module (bottom).
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electrospinning instrument, and the effect of electrode 
distance and electric field magnitude on melt elec-
trospun fiber morphology has been investigated  [99]. 
Although melt-electrospinning technology has possi-
bilities for scaled production, the applications are more 
limited due to the requirement of polymers with low 
melting points.

Effect of electrospinning set-up design
Many innovative electrospinning configurations have 
been demonstrated to fulfill specific demands for vari-
ous clinical applications. This section summarizes elec-
trospinning configurations most interesting for clini-
cal applications from a scalability perspective. New 
approaches are continually being evaluated to make 
electrospinning more versatile in fabricating more 
complex nanofiber products of interest in the applica-
tion space. As electrospinning processes become more 
focused on scalability, current designs will continue to 
be improved with more focus on throughput and com-
patibility with process control. Topics discussed sub-
sequently include free surface electrospinning, coaxial 
electrospinning, strategies to control fiber orientation, 
electrospinning of nanofiber yarns and bundles, direct 
electrospinning of 3D structures and foam (Figure 4) 
electrospinning.

Free surface electrospinning
Free surface (or nozzle-less) electrospinning initiates 
charged fluid jets from a free surface entrained with a 
thin film of solution rather than from a solution pumped 
through a needle tip  [100]. Free surface electrospinning 
is of particular interest for this review due to the high-
throughput achievable for these designs. Advantages of 
free surface technology emerge from avoiding needle 
clogging issues and avoiding nozzle–nozzle interactions 
since jets emanating from a free surface will achieve 
self-optimize spacing based on applied voltage and solu-
tion properties. Free surface designs may also allow for 
scale-up of nanofibers containing particles or fiber mats 

fabricated with distinct microarchitectures for drug-
delivery applications [101,102]. Although both free surface 
and multi-nozzle designs have their advantages, it seems 
the industrial landscape has become more focused on 
free surface designs because of the increased compat-
ibility with manufacturing. Many different free surface 
electrospinning designs have been developed, which can 
be evaluated by throughput capabilities for comparable 
electrode dimensions, compatibility with technologies 
discussed previously, and tunability of mass deposition 
profile (Table 3). Free surface designs widely used in 
academia include the rotating wire design  [78,87,103,104], 
rotating coil design [105], oscillating carriage design [106], 
rotary cone design  [107] and rotating disc/cylinder  [99] 
(Figure 3). The rotating cylinder (Figure 3A), disc or 
wire (Figure 3B) designs are popular due to the sim-
plicity of set-up and the detailed modeling efforts the 
Rutledge group has conducted focused on this design 
specifically  [78,87,103,104]. However, these electrode con-
figurations have fewer design parameters available to 
tune mass deposition of nanofibers. Further, the open 
solution bath may cause issues with solution aging in 
continuous processing. Although other free surface 
designs are not as widely studied, other configurations 
with more factors to control mass deposition include 
the rotating coil design  [108] (spiral distance, maxi-
mum coil diameter, relative coil diameters and wire 
diameter) and oscillating carriage design [106] (carriage 
speed and orifice size) (Figure 3C). Although free sur-
face configurations are evolving to meet challenges in 
clinical applications, more research and development 
is required in order to accommodate emerging designs 
and translation of multiphase precursors to free surface 
instrumentations.

Coaxial electrospinning
Coaxial electrospinning is a technique that has been 
used for about a decade to produce high-quality core 
shell nanofibers  [113], which are particularly useful for 
controlled drug release applications. A recent review on 



Figure 4. Emerging scalable electrospinning technologies. (A) Nanofiber yarn production with vertical airflow [109] © John Wiley 
& Sons. (B, C) Aligned nanofibers with single jet eject method [110] © ACS Publications, (D) foam electrospinning, reprinted with 
permission from [111] © John Wiley & Sons, and (E,F) slit electrospinning [112].
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coaxial electrospinning and how structure and com-
position can tune drug release is presented by Jiang 
et al.  [114]. Many studies investigate the effect of shell 
thickness on drug release  [115] by controlling the inner 
and outer diameter of core shell nanofibers as a func-
tion of relative core and shell flow rates and needle tip 
design in addition to other electrospinning parameters. 
Interestingly, coaxial set-ups have also been used with 
a nonspinning solution in the shell component result-
ing in typical single-layer nanofibers with round mor-
phology and narrower fiber diameter distribution  [116]. 
Recently, coaxial has been expanded to triaxial nozzles 
to achieve for even more complex and interesting fiber 
morphology possibilities  [117]. Zero-order drug release 
can be obtained with a triaxial set up by using the same 
polymer solution for each of the three components 
while manipulating the drug concentration in each 
feed to achieve linear release profiles  [118]. In addition, 
Yang et al. used triaxial pH-sensitive fibers comprising 
Eudragit S100 and an unspinnable lecithin-diclogenac 
sodium solution to promote dissolution and oral colon-
targeted drug delivery  [119]. Another study combines 
emulsion and coaxial technologies by using an emulsion 
in the core of a coaxial set-up to achieve nanofibers with 
three partitions, resulting in sustained drug release out 
to 20 days [120]. While both coaxial and emulsion elec-
trospinning can lead to fabrication of core-shell nano-
fibers, there are specific advantages to each technique. 
For example, coaxial electrospinning can produce more 
consistent core shell fibers with tunable relative diam-
eters. In contrast, relative diameter control for emulsion 
systems is difficult to achieve because the emulsion com-
position is constrained to ensure stable core-shell struc-
ture formation. However, emulsion technology can be 
more easily translated between electrospinning designs 
and is compatible with free surface scalable technol-
ogy despite current material limitations in free surface 

emulsion electrospinning. Although coaxial and triaxial 
electrospinning work has been almost entirely confined 
to single needle systems, a recent study describes ‘slit 
electrospinning’, which is an innovative high-through-
put and scalable example of coaxial electrospinning [112] 
(Figure 4E & F).

Electrospinning aligned fibers, nanofiber yarns & 
3D volumes
Although traditional electrospinning yields nonwoven 
mats of randomly oriented nanofibers, aligned nano-
fiber matrices are often desired for tissue engineering 
scaffolds and materials with high unidirectional tensile 
strength. Common strategies to produce aligned nano-
fibers include electric field manipulation with parallel 
plate collecting electrode  [121], rotating mandrel col-
lecting electrode [122], high frequency electric relay [123] 
and centrifugal electrospinning [124] (Figure 4B & C). An 
exception is the high frequency electric relay concept, 
where the grounded electrode is switched between 
two locations with a high frequency electric relay that 
causes fibers to be aligned across the two grounded 
electrodes  [123]. Although this design seems promis-
ing, it has not been investigated in detail, likely due 
to the relative complexity of the equipment required 
to set up a high frequency relay system capable of over 
20 kV. To date, the only design that has successfully 
been proven with throughput higher than a single 
needle system is a multi-jet and collector jet ejection 
design  [110,125]. Another strategy to improve mechani-
cal strength of nanofiber fabrics is by bundling aligned 
nanofibers into nanofiber yarns (Figure 4A). Many 
different designs have been implemented to fabricate 
nanofiber yarn, which can be categorized into devices 
that use mechanical twisting [126–129] and devices that 
use rotational air flow  [109,130,131]. Niu et al. demon-
strate nanofiber yarn production from a free surface 
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electrode with rotating wire collector to bundle the 
yarn [127], and He et al. present a design using airflow 
to bundle fibers capable of production of over 6 g/h of 
nanofiber yarn  [109]. Finally, electrospinning can also 
be used to directly spin 3D volumes. One electrospin-
ning design to promote 3D volume product form is 
using a grounded spherical dish with an array of needle 
like probes as the collecting electrode  [132]. However, 
3D nanofiber structures have also been spun directly 
onto flat Al foil substrates  [133] and have achieved 
throughput of over 14 g/h when produced on a simple 
rotating mandrel from a free surface spinning elec-
trode [134] Tunability of the 3D fiber formation mecha-
nism remains a barrier in manufacturing high‑quality 
3D fiber products.

Perspectives on scalable electrospinning for 
pharmaceutical manufacturing
As shown in Table 3, there are four classes of electros-
pinning equipment that are commercially available, and 
of these the multi-nozzle and free-surface classes are the 
most mature. Through understanding of the current 
industrial landscape as well as the research literature, 
we feel that the free surface class of equipment is best 
suited for production of pharmaceutical products and 
tissue engineering scaffolds through electrospinning. A 
major consideration is process throughput; the multi-
nozzle configuration is far less productive than mature 
fiber and film production technologies making econom-
ics unfavorable. Further, free-surface electrospinning is 
well poised to confront the remaining scalability chal-
lenges in production of electrospun medical fabrics. The 
self-optimized jet spacing and throughput and elimi-
nation of nozzle–nozzle interactions and jet clogging 
makes the free surface technologies more compatible 
with development of process and quality control mecha-
nisms. Further, the relative simplicity of the design and 
minimal contact components could also be beneficial 
for process approval as well as routine maintenance and 
cleaning requirements for pharmaceutical production. 
Finally, in lieu of coaxial spinning capabilities emul-
sion electrospinning from free surface electrodes is an 
emerging technique capable of producing the core-shell 
fiber architectures popular, especially in controlled drug 
release applications. Despite the recent progress, there 
are still some key gaps for free surface technologies as 
discussed [10,66,87,101,104,110,135–147].

Industry scale electrospinning
Although clinical applications of electrospun fibers have 
not yet made it to market, electrospun manufacturing 
exists in other sectors. Persano  et al. presents a com-
prehensive summary of the currently available prod-
ucts and companies involved in both the production 

of electrospun nanofiber products and electrospinning 
equipment  [11] For example, Bioweb™ is an electros-
pun PTFE graft developed by Zeus® for applications 
as tissue scaffolds and coatings for stents and implant-
able devices  [7]. Nicast, who also developed AVfloTM, 
uses the same polycarbonate-urethane polymers to 
electrospin a mesh (NovaMeshTM) for intra-abdominal 
treatment of ventral hernias  [148]. NanoNerve, Inc. 
has developed a patterned electrospun nanofiber mesh 
based on synthetic bioresorbable polymers as a dural 
substitute for use in neurosurgical procedures [149].

There are also several companies that provide elec-
trospinning services to support development and 
manufacturing of electrospun materials for biomedi-
cal applications. For example, the Electrospinning 
Company based in the UK offers services to support 
academics and businesses develop and manufacture 
electrospun materials for clinical application in tissue 
regeneration [8]. Biosurfaces, Inc. based in the US is an 
electrospinning service company as well as developer 
of electrospun products such as wound dressings, arti-
ficial small diameter arteries and coatings for biomedi-
cal devices [9]. Arsenal Medical uses its AxiCore™ slit-
surface technology to scale up traditional co-axial fiber 
electrospinning [10] (Figure 4E & F). Finally, SNS Nano 
Fiber Technology, LLC markets ISO certified facilities 
to produce custom electrospun products at industrial 
scale using a continuous process.

Conclusion & future perspective
With our understanding of the state-of-the-art elec-
trospinning technology, we can now evaluate the spe-
cific characteristics limiting the progression of clinical 
electrospun nanofiber products into the market. As 
evidenced in the first part of this article, electrospun 
fabrics have shown enormous potential to address 
therapeutic challenges in both drug delivery and tis-
sue engineering. The platform is amenable to various 
compositions of polymers, therapeutics and excipients 
as well as process controls that can achieve both fiber- 
and mat-level attributes best suited for in vivo function. 
It is also clear that existing and emerging scalable elec-
trospinning instrumentation can be used to realize the 
form and structure of these multifunctional electros-
pun materials. However, economic and manufactur-
ing challenges still need to be addressed to fully enable 
electrospinning for clinical applications. From an eco-
nomic perspective, compared with other nonwoven 
production technologies, electrospinning still has too 
low of throughput for demand, and electrospinning 
products require highly skilled and multidisciplinary 
employees to produce and develop [11]. From a business 
model perspective, Hayes writes that most researchers 
interested in electrospinning have no business model 
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or plan and fail to communicate with industry early 
enough in product development [150]. These economic 
issues are exacerbated for clinical applications, where 
the economic burden of bringing a product through 
clinical trial and approval are added to the burden of 
implementing an emerging technology. With respect 
to manufacturability, Persano et al. suggests one of 
the greatest limitations in current electrospinning 
technology is the lack of robust process control and 
product quality control structures  [11]. In this regard, 
although process throughput is commonly studied, 
other manufacturing challenges specific to electros-
pinning of nanofibers for clinical applications are also 
important. For example, spatial mass accumulation 
profile during electrospinning is completely uninvesti-
gated. Electrospinning of products with uniform basis 
weight is required for clinical applications, especially 
for pharmaceuticals with specified active ingredient 
dosage. Therefore, understanding tunability of the 
mass accumulation profile is an important topic for 
clinical electrospinning. Further, temporal instability 
during longer electrospinning runs is another topic 

largely unexplored. Temporal variation of throughput, 
fiber diameter, mass deposition and yield can arise in 
electrospinning due to charge accumulation, solution 
aging or polymer accumulation on spinning electrode. 
For high-quality clinical nanofiber products, advances 
will be required in understanding these phenomena 
behind temporal evolution of process outputs. Address-
ing the simultaneous gaps that persist at the interface 
of designing and manufacturing of multifunctional 
electrospun materials is likely to lead to the most rapid 
advances toward the clinic.
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Executive summary

•	 The overall purpose of this review is to identify opportunities that will advance the development of clinical 
products based on functional electrospun materials.

Electrospun materials in the clinic: commercial products & clinical activity
•	 Almost all of the clinical products involve materials that have a history of safe use in medical applications and 

employ random fibers constructed into single-layer meshes or multilayered composites, whereas patterned 
fibers or 3D constructs are rare.

Design of electrospun fibers for clinical applications in drug delivery
•	 Selection of compatible polymers, with appropriate crystallinity and solid-state properties can have a 

profound impact on the ability to deliver a variety of therapeutics and variations in fiber- and mat-level 
architecture may also be utilized to achieve precise control over drug-release rates.

Case studies of electrospun fibers for drug delivery applications
•	 Formulation of fibers with compatible drugs and carrier polymers is imperative, and the use of electrospun 

fiber composites and combinations with other drug-delivery systems exploits the malleable nature of fibers 
and allows for complete control of drug-release profile.

Effect of precursor solution
•	 Solution properties such as surface tension, viscosity and conductivity have a dynamic effect on electrospun 

fiber outcomes, which can be tuned by manipulating the solvent, polymer concentration and including 
additives.

Effect of electrospinning set-up design
•	 New approaches are continually being evaluated to make electrospinning more versatile in fabricating more 

complex nanofiber products and as electrospinning processes become more focused on scalability, current 
designs will continue to be improved with respect to throughput and process control.

Industry-scale electrospinning
•	 Although clinical applications of electrospun fibers have not yet made it to market, there are commercially 

available electrospinning instruments and several companies that provide electrospinning services.
Conclusion & future perspective
•	 The electrospun fiber platform is amenable to various compositions of polymers, therapeutics and excipients 

that can achieve both fiber- and mat-level attributes best suited for in vivo function, however, economic and 
manufacturing challenges still need to be addressed to fully enable electrospinning for clinical applications.
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