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1. INTRODUCTION

Efficient delivery of the drug to the eye faces a huge challenge as a result of
different biological barriers that interfere with the drug before reaching the targeted site
of action. Rapidly renewed precorneal tear film and blinking reflex shorten the residence
time of the drugs in the precorneal area. Furthermore, conjunctival administration of the
drug is accompanied by systemic drug absorption and adverse effects. Hence, topical
administration via the cornea represents the main route for targeting the inner layers of
the eye (1,2). For transcorneal delivery, a drug must cross multiple corneal layers and
overcome the transmembrane efflux pumps. It is more complicated when targeting the
posterior eye segment because of long diffusional distance, additional barriers, and
dilution of the drug in the vitreous humor (3,4).

Diseases involving the posterior eye segment are an significant target with unmet
therapeutic needs. Untreated diseases can lead to visual impairment or can develop into
blindness. To reach the posterior segment of the eye, drugs must diffuse through vitreous
humor, or alternatively, drugs diffuse through the trans-scleral route, leads to the
choroids, and then the blood-retinal barrier (5).

The topical route is the preferred and most commonly used way for administering
the drug through the eyes, but it has limited bioavailability, which makes the treatment
of different eye diseases a challenging process (6). Intravitreal, periocular, and/or
transscleral injections are used for treating diseases of the posterior eye segment,
especially with newly emerged drugs, but efficient, safe drug carriers that ensure comfort
for the patients are needed (7,8).

Because of these obstacles to drug permeation through the different eye barriers,
there is a clear demand for smart drug delivery systems that are capable of delivering the
drug to the targeted site of action while being safe, effective, and comfortable. Many
alternatives have been tried in the last few decades; of them, nanocarriers have received
a great deal of attention since they have the ability to interact with the ocular mucosa,
thereby extending the duration that the drug remains in contact with the eye,
consequently increasing its ability to pass through the corneal and conjunctival
epithelium (9,10).
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1.1. Anatomy of the ocular pathway

The human eye is a highly developed organ with special anatomy and physiology.
It is a highly protected and isolated organ with slow blood circulation (2). The structure
of the eye (Figure 1.) consists of the anterior and posterior segments. The anterior
segment occupies one-third and the posterior segment occupies two-thirds (5). The
anterior portion includes the cornea, conjunctiva, iris, ciliary body, tear film, and aqueous
humor. The posterior part consists of the retina, sclera, macula, optic nerve, choroid, and
vitreous humor (2,11). The cornea represents the first part of the eye's defense against
foreign body invasion and drug penetration. It is a transparent avascular tissue consisting
of epithelium, parenchyma and endothelium, approximately 0.5 mm thick and 11 mm in
diameter (11). The stroma is rich in collagen and constitutes the majority of corneal
tissue (12). The epithelium is lipophilic and has tight intercellular junctions, whereas the
stroma is hydrophilic and highly organized to prevent penetration of large and/or
hydrophobic molecules (7,11). Differences in corneal composition and varying degrees
of hydrophilicity make drug penetration through the cornea a difficult process (12). In
addition to the cornea, there are various physiological and biological barriers that affect
drug absorption, including nasolacrimal drainage, tear dilution, conjunctival absorption,

blood-retinal barrier, and blood-water barrier (3).

Anterior segment Posterior segment
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& E N\ /
\\ Choroid
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Cornea \
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Vitreous humor
Figure 1. The anatomy of the human eye (anterior and posterior segments).

[Created with Biorender.com]
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1.2. Ophthalmic disorders

Visual impairment can affect people's quality of life and lead to social, academic,
and economic difficulties (13). An estimated 2.2 billion people worldwide suffer from
visual impairments and eye diseases, and half of these diseases are treatable or
preventable (14). The World Health Organization estimates that the number of cases of
glaucoma and age-related macular degeneration will increase by 1.3 times and 1.2 times,
respectively, between 2020 and 2030. In addition, industrial development can cause
many environmental changes (air pollution, low humidity, wind, etc.), which can also
increase the number of people with eye inflammation and dry eye symptoms. Visual
impairment primarily results from a range of eye diseases, such as cataracts, glaucoma,
and diabetic retinopathy, with increasing prevalence in recent years due to population
growth and aging. The prevalence of eye diseases is highest in low-income countries
compared to other countries (15).

Raising public awareness of eye diseases is important to reduce the burden of
visual impairment, as many diseases are asymptomatic or have mild symptoms. Genetics
is an important factor in developing eye diseases, but lifestyle plays an important role in
many eye diseases. Eye diseases can be progressive, chronic, and incurable, and if not
properly treated, can lead to vision impairment and blindness. The prevalent eye
conditions include glaucoma, age-related macular degeneration, diabetic macular edema,
and diabetic retinopathy. The primary aim of treatment is to manage the diseases,

alleviating symptoms, and preventing their progression (16).
1.3. Formulation approaches for the treatment of different eye diseases

Administration of the drugs to different eye sites includes different ways including
topical, systemic, periocular and intravitreal (7,17). Despite their ease of administration
and being highly preferred by the patients, topical administration by conventional ocular
delivery systems is accompanied by a number of problems, of which poor bioavailability
being the most significant due to pre-corneal loss of the drug by physical and biological
barriers, beside their poor suitability for hydrophobic drugs, or drugs that are unstable at
pH level tolerable to the eye (18,19). Different ocular systems aim to improve resident
time and bioavailability of the administered drugs have been investigated for example;
mini-tablets, disposable lenses, biodegradable polymeric systems, collagen shields,
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hydrogel, implants and inserts (18-20). Novel drug delivery systems aim to overcome
the ocular barriers and to increase patient's compliance by focusing in two areas;
increasing the contact time and slowing down the elimination (20). A very promising
approach for ocular targeting is using nanotechnology for production of colloidal drug
delivery systems with particle sizes in the range of 1-1000 nm (21). Nanotechnology-
based Ocular administration of the drugs offers many advantages over other conventional
systems. They include but are not limited to nanocapsules, liposomes, nano micelles and
lipid nanoparticles, liposomes, dendrimers, nanosuspensions, nanoemulsions, and

nanocrystals (22,23).

1.3.1. Conventional formulations

Many challenges are encountered in ophthalmic drug administration through
conventional formulations, mainly eye drops, because of premature loss of the installed
drug and poor permeation across different barriers (24). Topical administration via eye
drops is mostly preferred and accounts for about 90% of ophthalmic formulations
because of ease of administration, non-invasiveness, reduction of systematic adverse
effects, and relative safety due to lack of surgical complications (25,26). However, when
treating different eye diseases, especially diseases involving the posterior part, using
conventional eye drops is limited by poor bioavailability as a result of anatomical and
physiological barriers such as tear turnover, nasolachrymal drainage, reflex blinking,
blood-retinal barrier and blood-aqueous barrier (27). Therefore, the delivery of the drug
is mainly restricted to the precorneal anterior part of the eye, and less than 5% reaches
the deeper structures (28). On the other hand, penetration of different drugs via corneal
tissue is governed by many factors, with drug concentration in the precorneal region
being the driving factor; that’s why most alternative formulations focus on increasing the

residence time in the corneal epithelia (29).

1.3.2. Alternative approaches

The presence of ophthalmic physical and physiological barriers leads to poor
bioavailability of conventional eye drops, which makes it difficult to achieve therapeutic
drug concentration, particularly on the posterior side of the eye. These obstacles pose a
great challenge for ophthalmologists and researchers (30). Other ways that may be used

to deliver the drug to the posterior segment of the eye include intravitreal injections,
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periocular injections, and systemic administration (7,8). Systemic administration through
oral or parenteral administration is retarded by blood -Aqueous Barriers and Blood-
Retinal Barriers and is accompanied by unwanted effects because very high doses are
administered (31,32). Moreover, the parenteral intravitreal injection, although it is an
effective way for site-specific targeting, is associated with many complications like
hemorrhage, cataracts, and retinal detachment (2,9). These problems of unwanted
adverse effects, frequent dose administrations, and treatment failure can lead to patient
nonadherence to the treatment (17).

Researchers are putting great efforts into developing highly effective treatments
for diseases involving the posterior segment of the eye (17). Therefore, many alternative
formulations have been investigated, for example, using permeation enhancers and
increasing formulation viscosity through gelling agents and cyclodextrins (CD)
(9,10,25). Other promising systems have been developed to eliminate the limitations of
conventional systems and improve residence time to obtain controlled drug release and
enhanced bioavailability, including pro-drug strategy, nano micelles, nanoparticles,
long-term or permanent punctual inserts, corneal shields, nanosuspensions,
microneedles, liposomes, thermosensitive gels, ophthalmic inserts, and contact lenses
(25,33,34).

Novel drug carriers based on nanotechnology can deliver the drugs into various
parts of the eye with significant advantages (5,35,36). They offer; enhancement of
corneal residence time, enhancement of the bioavailability, controlled and targeted
release, nanomedicines reduce the drug elimination, which is ultimately reflected in
therapeutic efficacy, reduction of the adverse effects, and lower possibility for eye
irritation. In addition, using these carriers enables reducing the dose frequency and enable
rapid uptake to targeted site thereby increase patients adherence and tolerance to
medications (11,37,38), surface engineering using different polymers for different
purposes such as muco-adhesive are also possible (39,40). The proper modifications of
surface properties allow continuous discharge and release of the drug along with

clearance from the body (22,41).
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1.4. Ophthalmic inserts

Ophthalmic inserts (Ols) are sterile solid or semi-solid dosage forms consisting of
polymeric material with or without medicament, whose suitable size and shape designed
to be placed into the conjunctival sac (42). They enable increasing the contact time,
provide sustained and targeted drug release, reduce the frequency and the amount of the
administered drug, reduce the side effects, eliminate the need for preservatives, and
provide a wide range for drugs and polymers incorporation (18,43). In addition, certain
types of Ols eliminate patients suffering from corticosteroid drug tapering, and others
are easily softened and eliminated through nasolacrimal secretion (44). However, they
cause unpleasant sensations, transient blurred vision, and unwanted migration around the
eye (34,45).

Based on their solubility behavior, Ols are classified into soluble inserts, insoluble
inserts, and bio-erodible inserts. The soluble and erodible inserts undergo slow and
complete dissolution without needing removal, while the insoluble inserts should be
removed from the eye when they are free of drugs. The drug release from ocular inserts
takes part through diffusion, osmosis, and erosion (34).

Because the insert expulsion and patient discomfort are tightly connected to the
shape and size of ocular inserts (46), the ranges of overall volumes, length, height,
thickness, and shape have been determined as follows: the majority of inserts are oval or
elliptical with lengths ranging (8 to 15 mm), heights (4.5 to 6 mm), and thicknesses (0.07
to 0.5 mm), few inserts were circular or spherical and rectangular film, many inserts were
rods shaped ranging in length (3.5 to 10 mm) and having the same thickness of 1.25 mm,

the volume was calculated from insert dimensions (0.7 to 28.1uL) (47).
1.4.1. Electrospinning as a novel technique for ophthalmic insert preparation

The Ols are prepared using the following methods: solvent casting method, glass
substrate technique, melt extrusion technique (48), and electrospinning has been used as
a simple, versatile technique for the production of nanofibrous film with unique
properties (49). Along with their inherited advantages as nanocarriers, nanofibers offer
unique advantages as drug delivery systems such as different natural and synthetic
polymers can be fabricated, one or more drugs can be encapsulated, small and large drug

molecules can be loaded, the process is suitable for thermolabile substances, provide high

10
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surface to volume ratio, enable formation of controlled, sustained and targeted release
(50,51). The products and fibers are homogenous and highly reproducible (52). Due to
their characteristic size and texture, they can also provide a good candidate for tissue
reconstitution (53). They are ideal scaffolds that promote cell migration and proliferation
(54).

The electrospun nanofibers can be fabricated from different hydrophilic and
lipophilic polymeric mixtures, allowing control of the release profile. They also allow
formulation modification with different materials such as permeation enhancers and
mucoadhesive agent (55). The above-mentioned advantages prove that well-developed
nanofibers, along with the advantages of Ols, might be a good alternative to conventional
eye drops (56).

Many works have been published demonstrating the utilization of electrospinning
technology for the fabrication of nanofiber-based ocular inserts and other ocular
formulations. For example, fluocinolone acetonide-loaded polycaprolactone (PCL)
nanofibers were successfully prepared using the electrospinning method to target retinal
delivery and increase bioavailability. Results showed extended drug release and
therapeutic levels at the target site (49).

Electrospun formulations of acyclovir, ciprofloxacin, and cyanocobalamin were
prepared to sustain the release and enhancement of bioavailability by utilizing
polyvinylpyrrolidone and PCL as fibers forming polymers. The drug release was
successfully extended (57). In the case of nanofibrous Ols containing azithromycin
nanoparticles to be used as a controlled-release ocular insert for treating bacterial
keratitis, results showed that the release could be extended up to 10 days (58).

A successful novel acetazolamide polymeric implants were prepared by using
electrospinning method to obtain a sustained drug release to decrease side effects and
increase patient compliance (59). Biodegradable PCL fibrous implants containing
cyclosporine A loaded poly-lactide-co-glycolide were prepared to achieve sustained
release using electrospinning. Cyclosporine A loaded fiber implant formulation resulted
in faster recovery from dry eye syndrome (60).

The aforementioned studies confirm the suitability of drug-loaded polymeric
nanofibers for targeting ocular delivery with good efficacy, safety, and patient

compliance.

11
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1.4.2. Polymers used in the formulation of ophthalmic inserts

A wide range of natural, semisynthetic, and synthetic polymers are used for the
production of nanofibers for ocular uses (61). The final properties and quality of the
fibers are determined by many factors, of which type and concentration of polymers are
of paramount importance. Some of the suitable polymers for the electrospinning
technique include polyesters (e.g., poly-glycolic acid-, poly-lactic acid-, and PCL (55).
They are biocompatible and biodegradable polymers with sufficient mechanical strength
for electrospinning (52,62). In some cases, blends of the polymers are used together to
control the drug release or to impart certain superior properties, for instance, surface
modification by coating with mucoadhesive polymers or complexation with solubility or
permeability enhancers (55,61). Hydrophilic polymers are suitable to encapsulate
hydrophilic drugs without sustaining the drug release, while hydrophobic polymers have
the ability to modulate the release of the embedded drugs (61). Many bioadhesive
polymers are used in ocular formulations to enhance the bioavailability. For example,
polyvinyl alcohol (PVA), polyacrylic acid, polyvinylpyrrolidone, hyaluronic acid,
chitosan, polyethylene oxide, polymethacrylate, cellulose derivates, polyacrylamide and

carboxy vinyl polymers (35,63,64).
1.4.3. Evaluation of the ophthalmic inserts

Ocular drug delivery systems should be sterile, safe, non-irritant, and comfortable
to assure patient compliance. The physicochemical properties of the formulated Ols
(nanofibrous film as intermediate of the final product) should be evaluated in terms of
size and morphology of electrospun nanofibers (scanning electron microscopy (SEM)),
drug excipients interaction (Fourier transform infrared spectroscopy (FTIR)), in-vitro
release and release kinetics, surface pH, stability, ocular tolerability, and in-vivo drug
release study (43,62,65,66). According to the European pharmacopeia requirements,
ensuring proper dissolution behavior of the Ols is important. They must also comply with
uniformity of dosage units and uniformity of content, and the label should specify the

total quantity of active substance per insert and the dose released per unit of time (67).

12
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2. OBJECTIVES

General objective (ultimate goal)

The main objective of my work was to develop and formulate electrospun

nanofiber-based ophthalmic inserts (OIs) using different model drugs and different

polymeric matrixes in an attempt to find a drug delivery system that is as efficient as

invasive ways in targeting different ophthalmic diseases while maintaining the relative

safety and self-convenience of the conventional eye drops with the overall goal of

increasing patients’ comfortness, acceptability, and reducing diseases burden.

Specific objectives

The details necessary for the complete accomplishment of this work are as follows:

VI.

VII.

Comprehensive literature searching about the nanofiber-based Ols to
justify the research and to conduct a theoretical study to collect the
necessary information regarding the active ingredients (nepafenac
(NEPA), cysteamine hydrochloride (CysH)), polymers (polyvinyl alcohol
(PVA) and poloxamer 407 (PO-407)), and other excipients
(tetraetoxysilane (TEQOS), hydroxypropyl-B-cyclodextrin (HP-B-CD), and
polysorbate 80 (PS-80)).

To conduct preliminary experiments to set the precursor solutions' suitable
composition and define the optimal electrospinning parameters.
Evaluation of the effect of different PVA grades, the addition of PO-407,
and PS-80 on the morphology and physicochemical properties of the fibers
using scanning electron microscopy (SEM) and Fourier transform infrared
spectroscopy (FTIR), respectively.

To formulate nepafenac-loaded and cysteamine-loaded fibrous webs and
to evaluate their morphological and physicochemical characteristics.

To study the in vitro drug release and in vitro and ex vivo permeability.
To study the cytocompatibility with hen eggs’ chorioallantoic membrane
(HET-CAM) of fertilized chick embryos.

To study the effect of applying elevated humidity and temperature levels

on the morphological and physicochemical characteristics.

13
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3. METHODS
3.1. Materials

Nepafenac (NEPA) and Ellman’s reagent ((5,5’-dithio-(bis-2-nitrobenzoic) acid,
DTNB for UV-Visible quantification of thiol compound) were obtained from TCI Ltd.
(Tokyo, Japan)). Cysteamine hydrochloride (CysH) was obtained from Sigma-Aldrich
Chemie GmbH (Schnelldorf, Germany). Polyvinyl alcohol (PVA, Mowiol® 8-88,
Mowiol® 18-88, and Mowiol® 40-88 with an average molecular weight Mw~ 67 kDa,
Mw~ 130 kDa, Mw~ 205 kDa respectively), poloxamer 407 (PO-407, average molecular
weight, Mw~ 12.6 kDa), tetraetoxysilane (TEOS) were obtained from Merck Ltd.
(Budapest, Hungary), chloroform (anhydrous, > 99%), hexane (anhydrous, 95%),
dodecane (anhydrous, > 99%) and methanol (anhydrous, 99.8%) were obtained from
Merck Ltd. (Budapest, Hungary). L-a-phosphatidylcholine was purchased from Merck
KGaA (Darmstadt, Germany). Hydroxypropyl-B-cyclodextrin (HP-B-CD) (average
degree of substitution (n): 4.5, average molecular weight: 1135.0 + n x 58.1 g mol—-1)
was purchased from Cyclolab Ltd. (Budapest, Hungary). Polysorbate 80, potassium
dihydrogen orthophosphate, sodium hydroxide, ethanol (EtOH, anhydrous, 96%), and
Ethylenediaminetetraacetic acid (EDTA), sodium chloride, sodium hydrogen carbonate,
and calcium chloride hexahydrate were purchased from Molar Chemicals Ltd (Budapest,
Hungary). Pharmacopeial-grade distilled water (H20O, was used as solvent for precursor
solution preparation. For the permeation experiments, distilled water was purified by the
Millipore Milli-Q® 140 Gradient Water Purification System. For the ex vivo
experiments, porcine eyes were obtained from a local slaughterhouse (Porci¢-EK Ltd.,
Albertirsa, Hungary). Physiological salt solution (PSS) contained 0.9% w/v NaCl
(Hungaropharma Plc., Budapest, Hungary). All materials were used without further

purification.

14
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3.2. Methods

3.2.1. Literature searching

A comprehensive literature search was conducted by following Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) guidelines
to search for relevant studies and report construction. A systematic search was performed
in PubMed, Ovid Medline, Web of Science, ScienceDirect, Scopus, Reaxys, Google
Scholar, and Google Patents/Espacenet taking (Drug-loaded) AND (electrospinning)
AND (Nanofibers OR nanofibrous) AND (ocular inserts OR ophthalmic inserts) as
search queries. The search was limited to original and peer-reviewed studies published
in 2011-2021 in the English language. Search results from all databases were exported
to the Mendeley reference manager, and the articles underwent two successive screening
processes. The relevant articles were double-checked by the reviewers based on the
inclusion criteria, and the required information was extracted and tabulated into the
following variables: polymer base, loaded drug/concentration, dimensions of inserts used
in the study, diameter of nanofibers, in vivo animal model, and effects/properties of

presented system.

3.3. Preparation of electrospinning solutions

3.3.1. Preparation of polyvinyl alcohol (PVA)/poloxamer 407 (PO-407) solutions

Three different grades of PVA and PO-407 were used to prepare the precursor
solutions of neat PVA and PVA/PO-407 fibers. Each individual solution of PVA was
prepared by using the appropriate amount of polymer and distilled water ((15%, 17.5%,
and 20% w/w in case of low molecular weight PVA), (13%, 14%, and 15% wi/w in case
of intermediate molecular weight PVA), and (5%, 7.5%, and 10% wi/w in case of high
molecular weight PVA)). The PVA solutions (P) were prepared by dispersing the
polymers in the distilled water, followed by stirring under heating until clear solutions
were obtained. PO-407 solutions were prepared by dissolving the required amount in
cold water. PVA/PO-407 solutions (PP) were prepared by mixing the definite amount of
each individual solution, followed by stirring at room temperature for 2 hours to prepare
mass ratios of 85:15, 80:20, and 75:25 of PVA: PO-407 using the middle concentration
from each PVA grade. Other solutions (PPP) were also prepared by adding PS-80
(0.5%(w/w) and 1%(w/w)) to the PVA/PO-407 solutions.
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3.3.2. Preparation of tetraetoxysilane (TEOS)/ polyvinyl alcohol (PVA) solutions
For the preparation of TEOS/PVA precursor solutions, a solution of
TEOS:EtOH:H>O:HCI 1:3:8:0.04 molar was prepared firstly in a tightly sealed glass
container at 60 "C, to which, after 3 hours (h) of hydrolysis, solutions of 10, 12 and14 %
(w/w) of PVA in water: ethanol 8:2 (m:m) were added in 4 different ratios (mass ratio of
the TEOS: PVA solutions were 1:4, 2:3, 3:2, and 4:1) and stirred for 1 h at 60 "C. The
effect of the PVA concentration on the morphology of the fibers was investigated on
three levels (10, 12, and 14 % (w/w)). For each of the concentrations, four TEOS/ PVA

mass ratios (1:4, 2:3, 3:2, and 4:1 m:m) were examined.

3.3.3. Preparation of nepafenac (NEPA)/ Hydroxypropyl-p-cyclodextrin (HP-p-

CD) solution in water

The solubility of NEPA in water in the presence of HP-B-CD was conducted
according to the published method (68). 1 mg of NEPA powder was added to 50 mM
HP-B-CD aqueous solutions and heated in sealed vials at 60 "C for 1 hour. The dissolved
amount was determined by determining the concentrations of the resultant solutions. The
absorbance of the solutions was measured at Amax 238 nm by Jasco 530 UV-VIS
spectrophotometer coupled with inline probe. The measurements were performed in
triplicate and the average amounts were determined based on the previously constructed
calibration curve. The method of analysis was validated according to the reported work
(69,70).

3.3.4. Preparation of nepafenac-loaded (NEPA-loaded) solutions

Variable amounts of HP-B-CD and PVA/PO-407 were used to prepare nine
different precursor solutions of NEPA (Table 1). The HP-B-CD was added to solubilize
and stabilize NEPA, PVA was used as fiber forming polymer, and PO-407 was added to
impart the thermoreversible and bio-adhesive effects. The solutions were prepared using
the required amounts of polymers and distilled water. PVA solutions were prepared by
dispersing the polymers in the distilled water and stirred under heating until clear
solutions were obtained. PO-407 solutions were prepared by dissolving the required
amounts in cold water. PVA/PO-407 solutions were prepared by mixing PO-407 and
PVA solutions then stirred at room temperature until complete homogenization.
NEPA/HP-B-CD was added either to the PVA or PVA/PO-407 solutions and subjected
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to stirring at 60 °C for 1 h followed by stirring at room temperature for 2 h until complete
solubility of NEPA.

Table 1. Composition of nepafenac (NEPA)/ hydroxypropyl-beta-cyclodextrin (HP-4-
CD), loaded in different ratios of polyvinyl alcohol (PVA): poloxamer 407 (PO-407)

Formulation NEPA HP-B-CD PVA: PO-407
Code % (wiw) (mM) (m:m)
F1 0.1 50 100:00
F2 0.1 50 85:15
F3 0.1 50 80:20
F4 0.1 100 100:00
F5 0.1 100 85:15
F6 0.1 100 80:20
F7 0.1 150 100:00
F8 0.1 150 85:15
F9 0.1 150 80:20

3.3.5. Preparation of cysteamine-loaded (Cys-loaded) solutions

To prepare Cys-loaded solutions, 5.5 mg and 11 mg of CysH were added to 1g of
plain PVA/PO-407 and TEOS/PVA viscous solutions to get the final solution
concentration of 0.55% (w/w) and 1.1% (w/w). The drug-loaded solutions were then
stirred at room temperature for 2 h until complete homogenization (Tables 2 and 3).
Table 2. Composition and the respective amount of cysteamine hydrochloride (CysH)/

polyvinyl alcohol (PVA)/Poloxamer 407 (PO-407)/ Ethylenediaminetetraacetic acid
(EDTA)/polysorbate 80 (PS-80) samples

PVA: PO-407 CysH Formulation Code
(80:20) concentration ~ CysH/PVA/PO-407  CysH/PVA/PO-
(m:m) (% (wiw)) 407/EDTA/PS-80
Mowiol® 8-88 0.55 F1 F2
17.5% (w/w) 1.1 F3 F4
Mowiol® 18-88 0.55 F5 F6
14% (wiw) 1.1 F7 F8
Mowiol® 40-88 0.55 F9 F10
10% (w/w) 1.1 F11 F12
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Table 3. Composition and respective amount of cysteamine hydrochloride (CysH)/
tetraetoxysilane (TEOS)/ polyvinyl alcohol (PVA) samples

Polymer Formulation code
composition

PVA-Grade PVA CysH concentration (% (w/w))

concentration 0 0.55 1.1

(% (Wiw))

Mw~67 kDa 15 FT1 FT2 FT3

TEOS: PVA 17.5 FT4 FT5 FT6
4:1 20 FT7 FT8 FT9
(m:m) Mw ~130 12 FT10 FT11 FT12
kDa 14 FT13 FT14 FT15

16 FT16 FT17 FT18

Mw ~205 5 FT19 FT20 FT21

kDa 7.5 FT22 FT23 FT24

10 FT25 FT26 FT27

3.4. Electrospinning of the solutions

A laboratory-scale electrospinning equipment (SpinSplit Ltd., Budapest,
Hungary) was used to prepare the fibers. A plastic syringe (Luer lock syringe, Merck
Ltd., Budapest, Hungary) of 1mL volume was filled with either plain or drug-loaded
viscous solutions and connected to a 22G conventional needle through a Teflon tube. The
syringe was then connected to the pump to control the solution flow. After carrying out
many preliminary experiments, the electrospinning process was set at 0.08-0.1 pL/sec
flow rate, 10-20 kV applied voltage, and the effective distances between the needle and
the grounded collector were kept at 10, 12.5, and 15 cm. The samples were collected on
an aluminum foil wrapped on the surface of the grounded plate collector. The samples
were then stored in a desiccator until further analysis. The process was conducted at

ambient conditions of 22 + 1 "C room temperature and 40 + 5 % relative humidity.

3.5. Morphological characterization

A JEOL JSM-6380LA scanning electron microscope (SEM) was used to study the
morphological characteristics of the prepared samples. The samples were fixed on copper
ingots with the aid of a double-sided carbon adhesive. The samples were then coated with
gold under vacuum. Images were taken at 3500 and 5000 magnifications at 10 mm
distance and 10 kV. All images were then evaluated in terms of fibrous, nonfibrous, and
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beads containing samples. The diameters of the fibrous samples were studied by
measuring randomly selected 100 individual fibers (n =100) from 2 different images
using ImageJ software (US National Institutes of Health, 138 Bethesda, MD, USA). The
average fiber diameters + the standard deviation for each sample measurement were
calculated using Excel 2010. The histograms and fitting to Gaussian (normal) distribution
were carried out using OriginPro 2018 software (v9.5.1., OriginLab Corporation,
Northampton, MA, USA). The normality of fiber diameter distribution, skewness, and
kurtosis were also calculated by using Microsoft Excel 2010 functions according to the

Equations 1 and 2:

X xXi—X )2 (1)

n
Skew = (n-1)(n-2) ( s

. n xi-% 4] _ _3(n-1)?
Curtosis = (n—l)(n—Z)(n—3)2 ( s ) } (n—2)(n-3) (2)

Where n is the number of data points, x; is the mean, and s is the standard deviation.
3.6. Solid state characterization

3.6.1. Fourier Transform Infrared Spectroscopy (FTIR)

The physicochemical properties, compatibility, and interactions between polymers
and other excipients were studied using FTIR (Jasco FT/IR-4200 spectrophotometer
(Jasco Inc., Easton, MD, USA)). The study was performed for individual components
and their fibrous mixtures for plain and drug-loaded samples. The measurement
parameters were set as 400-4000 cm™%, 4 cm™ resolution, and ambient temperature in an

average of 100 scans.

3.6.2. X-ray diffraction (XRD)

Diffraction patterns were measured on PANalytical X’Pert3 Powder
diffractometer (Malvern Panalytical B.V., The Netherlands) using Cu Ka radiation with
45 kV accelerating voltage and 40 mA anode current over the range of 4-38 ° 2 6 with
0.0080 ° step size and 99.695 s times per step in reflection mode, spinning the sample
holder by 1 s7%. Incident beam optics were as following: programmable divergence slit
with 15 mm constant irradiated length, anti-scatter slit at fixed 2 °. Diffracted beam optics
consisted of X’Celerator Scientific ultra-fast line detector with 0.02 soller slit and

programmable anti-scatter slit with 15 mm constant observed length. Data were collected
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by PANalytical Data Collector Application, version 5.5.0.505 (Malvern Panalytical B.V.,
The Netherlands).

3.7. In vitro release study and release kinetics

The in vitro releases of NEPA and Cys from the fibrous samples were studied
according to a modified method analogy to the basket method reported by
Pharmacopoeia Hungarica (Ph. Hg. VI1II) (71). The method was developed to fit small-
volume dissolution media to accommodate the drugs that target small physiological
compartments such as the buccal cavity and ophthalmic sac. Samples containing 10 uM
of the API (NEPA and CysH) were weighed, folded in a dry magnetic bar, and inserted
inside the 25 mL beaker. The beaker was placed on a magnetic stirrer adjusted to provide
100 rpm at a temperature of 35 £ 0.5 °C. An in-line probe of a Jasco-V-750 UV-VIS
spectrophotometer was immersed in the beaker to detect the absorbance of the released
drugs. A pre-warmed dissolution media (10 mL phosphate buffer pH 7.4 in case of
NEPA) or (10 mL phosphate buffer pH 7.4 containing 30 uL of Ellman's reagent at 35°C
in case of Cys) were added to the 25 mL beaker containing the sample and the
absorbances were measured at a predetermined time interval (5 seconds) at Amax 238 nm
and Amax 412 nm for NEPA and Cys respectively. The concentrations were determined
from the measured absorbance. The measurements were performed in triplicate and the
release curves were constructed from the average values of the measurements. A Weibull

model was used to evaluate the kinetics of the drug release according to Equation 3:

G
MtzMoo<1—e Z > (3)
where M; is the NEPA and Cys release at (t) time, while M., is the maximum
amount of the released NEPA and Cys. The parameters to and zg are the lag and average
dissolution times, respectively. The shape of the release curve is specified by the S
parameter (# = 1 denotes first-order kinetics, £ > 1 indicates a slow onset followed by an

accelerated release, and S < 1 indicates a fast onset followed by a slow release) (72,73).
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3.8. Permeability studies of nepafenac-loaded (NEPA-loaded) fibers

3.8.1. Invitro corneal parallel artificial membrane permeability assay (PAMPA)

The electrospun samples were dissolved in phosphate-buffered saline (PBS) to
create solutions with 1 mg/ml nepafenac concentration, followed by a 20-fold dilution to
simulate the tear effect on the applied formulations. In the case of the test formulations,
each matching well of the acceptor plate (Multiscreen Acceptor Plate, MSSACCEPTOR,;
Millipore) was filled with HP-B-CD solution to reduce the reverse sink effect (containing
10% HP-B-CD of the diluted electrospun-samples) whereas in the case of Nevanac® the
acceptor wells were filled with PBS. Samples were measured in six replicates. To prepare
the artificial membrane, 16 mg phosphatidylcholine was in a 600 pL solvent mixture of
dodecane, hexane, and chloroform (25:70:5 v/v) and used for coating the well of the
donor plate (MultiscreenTM-IP, MAIPN4510, pore size 0.45 um; Millipore) with 5 pL
of the lipid solution (74). Following that, the donor plate was filled with 150 puL sample
solutions. Finally, the sandwich plate was assembled and covered with a wet sheet of
paper and a plate lid to avoid evaporation. The system was incubated for 4 hours at 35°C
(Heidolph Titramax 1000, Heidolph Instruments, Swabach, Germany). A parallel
experiment was conducted using the same method while omitting the sink effect of 10%
w/w of HP-B-CD. After that, initial donor and acceptor samples were collected and
analyzed by HPLC-DAD (75). Effective permeability (Pe) and membrane retention (MR)
were calculated using the Equation 4 and 5:

P = —2.303 ( 1 )-lg [_Tu + ( 1+rv) . cp(t) (4)

€ A(t—Tgs) \1+71y 1-MR/ c¢p(0)

_ 4 _ o)  Vaca(®)
MR =1 cp(0)  Vpep(0) Q)

where A is the filter area (0.3 cm?), Vo and Va are the volumes in the donor (0.15
cm?®) and acceptor phase (0.3 cm?®), t is the incubation time (s), tss is the time to reach
steady-state (s), co(t) is the concentration of the compound in the donor phase at time
point t (mol/cm?), cp(0) is the concentration of the compound in the donor phase at time
point zero (mol/cm?®), ca(t) is the concentration of the compound in the acceptor phase at
time point t (mol/cm3), ry is the aqueous compartment volume ratio (Vp/Va). For the

comparison, the same experiment was repeated with omitting the effect of HP-B-CD.
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3.8.2. Exvivo corneal permeability studies on porcine eyes

Porcine eyes obtained freshly from the slaughterhouse were placed on a sterile
cotton wool bed moistened with physiological saline solution and kept in a refrigerator
box during transportation. Right before the experiment, the electrospun samples were
dissolved in a physiological saline solution (PSS). The porcine eyes were first placed into
Poly(tetrafluoroethene) (PTFE) inserts, where the cornea was uncovered and surrounded
by a PTFE ring to prevent the flow of eye drops (75). The orifice above the corneal
surface was first washed with PSS, and then the devices were pre-incubated at 35 C in
a water bath for 5 minutes (min). After that, PSS was removed from the corneal surface,
and 100 pL of the undiluted formulations were pipetted on each cornea using 3 eyes for
each formulation, then the devices were incubated for 1 min. After that, the samples on
the eye surface were diluted by adding PSS to the device's orifice to reach a 20-fold
diluted concentration (~0.05 mg/mL) of the original dose, and the eyes were incubated
with these diluted formulations for another 14, 29, or 59 min. At these endpoints, diluted
formulations were removed from the precorneal area, the devices were disassembled,
then aqueous humor was drained using a 26G needle, and finally the cornea was excised
and NEPA was extracted with 2 mL of acetonitrile:water 50:50 (v/v) using an orbital
shaker (Heidolph Titramax 100, Heidolph Instruments, Swabach, Germany) for 60 min
at 450 rpm. Samples of precorneal fluid, aqueous humor, and corneal extract were
analyzed by HPLC-DAD, and the NEPA concentration was calculated using a calibration
curve (75). The corneal retention (CR) of NEPA, the apparent permeability (PappC) of
NEPA into the cornea, and the apparent permeability (PappAq) of NEPA into the aqueous
humor were calculated using Equations 6-8, respectively.

CR — 1 _ CCS(t) _ VACCC(t) 6
ccs(0)  Vesees(0) (6)

_ A[ClexVac
PappC(cm/s) = AxClonac (7
A[ClagXVac
PaPPACI(Cm/S) = AX[C]qCSXAt (8)

where ccs(t) is the concentration of the compound on the corneal surface at time
point t (mol/cm3), ccs(0) is the concentration of the compound on the corneal surface at
time point zero (mol/cm?®), cc(t) is the concentration of the compound in the cornea at
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time point t (mol/cm?®), and Vac and Vcs are the volumes in the anterior chamber (0.25
cm?®) and on the corneal surface (0.75 cm®).

P,ppC Was calculated from the concentration difference of NEPA in the aqueous
humor (4/C]c) after treatment, the initial concentration of the compound on the corneal
surface at time point zero (ccs(0)), the volume on the corneal surface Vcs (0.75 cm®), A
is the surface area available for permeability (1.77 cm?), and t is the incubation time (s).
P,»pAq was calculated from the concentration difference of NEPA in the cornea (4/C/aq)
after treatment, the initial concentration of the compound on the corneal surface at time
point zero (ccs(0)), the volume on the corneal surface Ves (0.75 cm®), A is the surface

area available for permeability (1.77 cm?), and t is the incubation time (s).

3.8.3. Exvivo cornea Raman mapping

Parallel with the corneal permeability, the distribution of NEPA in the excised
cornea was investigated using Raman mapping after 15-, 30-, and 60-min treatment. The
cornea was frozen after the treatment and divided into cross sections (15 um thick) with
a Leica CM1950 Cryostat (Leica Biosystems GmbH, Wetzlar, Germany). The selected
specimens were mounted on aluminum-coated slides before the experiment. Raman
spectroscopic analysis was performed with a Thermo Fisher DXR Dispersive Raman
Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with a
Charge-coupled Device (CCD) camera and a diode laser with a wavelength of 780 nm.
For marking the corneal area for investigation, an objective with 50x magnification was
used. For the measurements, a laser power of 24 mW was used, and a slit aperture with
a 50 um size was applied. Raman maps were captured from an area of 1501000 um,
with a step size of 50 um vertically and horizontally. The OMNIC for Dispersive Raman
8.2 software (Thermo Fisher Scientific) was used for chemical evaluation. The individual
spectrum of unformulated NEPA was used as a reference when profiling the chemical

map.
3.9. Cytocompatibility Study

The Hen’s egg test on chorioallantoic membrane (HET-CAM) test was used to
examine the possibility of ophthalmic irritation of the developed NEPA-loaded and Cys-
loaded nanofibers. The test is based on observing whether hyperemia, hemorrhage, and

coagulation will occur upon exposing the CAM of 9-day-old chicken embryos to the
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developed formulations. Fertilized White Leghorn chicken (Gallus gallus domesticus)
eggs obtained from commercial breeders (Prophyl-BIOVO Hungary Ltd., Mohacs) were
used for the study. The eggs were maintained at a temperature of 37.5°C £ 05 °Cin a
humidified HEKA 1+ egg incubator (Rietberg, Germany). After the development of
CAM on the 9™ day of incubation, a small hole was made in the hard shell and expanded
to about 2 cm with ophthalmic surgical scissors at the blunt end of the eggs. The inner
membrane was carefully removed to expose the vascularized CAM. The plain, NEPA-
loaded, and Cys-loaded nanofibers were placed on the surface of the vascularized CAM
and evaluated against PBS (pH 7.4) and 0.1N NaOH solution as negative and positive
controls, respectively. After 20 seconds of applying the tested materials, the vascular
CAM was rinsed with 5 mL of PBS and evaluated for irritation effects. Images were
captured at 0.5, 2, and 5 min using a Nikon SMZ25 stereomicroscope (Unicam Ltd.,
Hungary). Image processing was conducted using Nikon's proprietary software,
QCapture Pro. Each sample was given a score based on the numerical time-dependent

scores for hyperemia, hemorrhage, and coagulation (76,77).

3.10. Accelerated stability study

To carry out the accelerated stability study under stressful conditions, both
samples (NEPA-loaded and Cys-loaded) electrospun samples were collected in
aluminum foils and packed into hermetic bags with zip closures. A stability chamber
(Sanyo type 022, Leicestershire, UK) was used to store the samples for four weeks under
controlled conditions (40+2 °C, 75+5% relative humidity (RH)). In predetermined time
periods of 0, 1, 2, 3, and 4 weeks, the morphological and physicochemical characters of
the NEPA-loaded and Cys-loaded electrospun samples were evaluated by SEM and

FTIR, respectively, after applying elevated levels of temperature, humidity, and pressure.

3.11. Statistical analysis

The statistical analysis and figures were prepared using OriginPro 2018 software
(v9.5.1., OriginLab Corporation, Northampton, MA, USA). ANOVA tests were used to
assess the difference between the data. A p-value of less than 0.05 was considered
statistically significant. To assess the normality of fiber diameter distribution, skewness
and kurtosis have been calculated using Microsoft Excel 2010 functions.
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4. RESULTS

4.1. Results of literature analysis and systematic review

A total of 795 articles and 197 patents were obtained from all database searches
and search engines, among which 594 were from Science Direct, 47 from PubMed, 42
from Web of Science, 39 from Scopus, 31 from Reaxys, 24 from Google Scholar, and 18
from Ovid Medline. Considering the patents, 118 were from Google Patents, 34 from
Espacenet, and 45 from Reaxys. After the screening and extraction processes, only 13
articles and 15 patents were included in the review, and they were selected based on the

specified inclusion criteria. The process of identification and screening is presented in

Figure 2.

Identification

Screening

Included

Figure 2. PRISMA-2020 flow diagram displays the included relevant articles and
patents.
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4.2. Solution of nepafenac (NEPA)/hydroxypropyl-beta-cyclodextrin (HP-p-CD) in

water

The solution of NEPA in water was successfully obtained by adding HP-B-CD and
the result is consistent with the published work (68). Accordingly, each 1mg/mL (3.9
mM) of NEPA can be dissolved by adding approximately 0.069g (50 mM) of HP--CD
to produce a clear yellow solution. The amount of the dissolved NEPA was successfully

determined and confirmed according to a previously constructed calibration curve.

4.3. Morphological evaluation

4.3.1. Polyvinyl alcohol (PVA)/poloxamer 407 (PO-407)/polysorbate 80 (PS-80)
samples
The SEM images for morphological characterization of electrospun PVA/PO-
407/PS-80 samples are displayed in Figure 3. The presence of PS-80 in a concentration
of 0.5-1% (w/w) slightly liquified the highly viscous PVA/PO-407 precursor solutions.
The overall effect was random fiber deposition with most solution compositions.
Nevertheless, a high amount of PS-80 (1% wi/w) induced some bead formation and

thinner fibers. This effect was more observable with low molecular weight PVA (Mw~67

kDa).

PVA grade
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Figure 3. Scanning Electron Microscope (SEM) images of electrospun samples of
polyvinyl alcohol (PVA)/poloxamer 407(PO-407) blends with polysorbate 80 (PS-80)
(0.5-1% (w/w)), (magnification: 5000x). [I1V]
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The average fiber diameters of electrospun PVA/PO-407/PS-80 samples are

presented in Table 4. The average fiber diameter was much lower than that of neat PVA
and PVA/PO-407 blends.

Table 4. Average fiber diameters of polyvinyl alcohol (PVA)/poloxamer 407 (PO-
407)/polysorbate 80 (PS-80) nanofibers with respective skewness and kurtosis

Total polymer
Concentration

Average fiber

Formulation (Yo(Wiw)) PS-80 i eter (nm)
code _ 0 Skewness  Kurtosis
PVA: PO-407 Yo(w/w) +SD (nm)
80:20 (m:m)
PPP1
1% 85 + 20 0.2109  -0.2370
17.5
PPP2 (Mw~67 kDa)
0.5% 109 + 13 0.1132  -0.8671
PPP3
1% 105 + 21 0.2307  -0.0149
14
PPP4 (Mw~130 kDa)
0.5% 131 + 23 -0.0601  -0.2567
PPP5
1% 127 + 13 -0.0275  -1.1673
75
PPP6 (Mw~205 kDa)
0.5% 141 + 14 -0.2954  -0.6619

The fiber diameter distributions of electrospun PVA/PO-407/PS-80 are presented

in Figure 4. The different solutions’ compositions resulted in different distribution

curves. Homogenous normal distribution and compound distribution were all observed.

The higher concentration of PS-80 (1% (w/w)) led to shifting the fiber’s distribution into

lower nanometer scales.
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Figure 4. Fiber diameter distributions of electrospun polyvinyl alcohol

(PVAs)/poloxamer 407 (PO-407)/polysorbate 80 (PS-80) samples. [1V]
The morphological features of the electrospun samples prepared from the different

compositions of TEOS/PVA precursor solutions were studied using SEM (Figure 5.).

4.3.2. Tetraetoxysilane (TEOS)/ polyvinyl alcohol (PVA) samples
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Figure 5. Scanning Electron Microscope (SEM) images of electrospun samples
prepared from different composition Tetraethoxysilane (TEOS)/ polyvinyl alcohol
(PVA) precursor solutions by electrospinning (Magnification: 3500x). [1V]

The fiber formation ability of the precursor solutions of different compositions and
the morphology of the electrospun samples showed wide variability. For the same
polymer ratio, increasing PVA concentration favored the formation of a fibrous structure,
whereas increasing TEOS concentration, beady fibrous structures were observed. In the
case of S5 and S9 solutions, due to interaction between PVA and TEOS gels were formed
instead of highly viscous solutions. This resulted in increased resistance to the flow and
failure of fiber’s formation. There were significant differences in average fiber diameters.
At the same TEOS: PVA ratio, the fiber diameter increased with increasing polymer

concentration (Table 5).
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Table 5. The average fiber diameter values of the Tetraethoxysilane (TEOS)/ polyvinyl
alcohol (PVA) samples

Fiber diameter TEOS: PVA
average (nm) = SD (nm) (m:m)
1:4 2:3 3:2 4:1
10%  183+33  282%57 235+51 12930
c PVA
(% (w/w)) 12% - 386 + 48 208+52 217 +58
14% - 572 +79 549 + 83 244 + 63

There is no monotonic trend with increasing TEOS ratio for the same polymer

concentration. The highest values are always obtained for the TEOS:PVA of 3:2 mass

ratio. The fiber diameter distributions of the electrospun fibrous samples are shown in

Figure 6.
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Figure 6. Fiber diameter distribution of the electrospun samples prepare from different
tetraethoxysilane (TEOS)/ polyvinyl alcohol (PVA). [1V]

4.3.3. Nepafenac-loaded (NEPA-loaded) fibers

The SEM images for the fibrous samples for the different NEPA/HP-B-CD/PVA
and NEPA/ HP-B-CD/PVA/PO-407 are displayed in Figures 7. The images show bead-
free, randomly oriented fiber depositions and no gel droplets on the fibers' surfaces. It
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has been observed that increasing the HP-B-CD amount results in a better fiber's surface

with more clear, smoother, and more uniform fibers.

PVA: Polox-407
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Figure 7. Scanning Electron Microscope (SEM) images of Nepafenac (NEPA)-loaded
electrospun samples prepared from nepafenac/ hydroxypropyl-beta-cyclodextrin
/polyvinyl alcohol (NEPA/HP-5-CD/PVA)(F1, F4, and F7); and NEPA/ HP--
CD/PVA/Poloxamer 407 (F2, F3, F5, F6, F8, and F9) (magnification: 5000x). [I11]

The fiber diameters ranging from 124 + 20 nm to 464 + 49 nm. It has been
observed that increasing the HP-3-CD amount results in a better fiber's surface with more
clear, smoother, and more uniform fibers. The presence of HP-3-CD in low amounts (F2

and F3) resulted in a lower average fiber diameter when compared to the double and the
triple amount in the formulations (F5 and F6) and (F8 and F9), respectively (Table 6).
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Table 6. Average fiber diameters of nepafenac (NEPA)/ hydroxypropyl-beta-
cyclodextrin complex (HPSCD), loaded in different ratios of polyvinyl alcohol (PVA):
Poloxamer 407 9P0O-407) with respective skewness and kurtosis

PVA:  Average fiber
PO-407 diameter (nm) Skewness Kurtosis
(m:m) + SD (nm)

Formulation = NEPA  HPBCD
Code % (w/w)  (mM)

F1 0.1 50 100:00 200 £ 27 0.6225 0.2188
F2 0.1 50 85:15 132 £25 0.5961 -0.5848
F3 0.1 50 80:20 124 + 20 0.3360  -0.6292
F4 0.1 100 100:00 384 +£39 -0.1411  -1.0768
F5 0.1 100 85:15 202 £33 0.3729 0.1127
Fo6 0.1 100 80:20 182 + 30 -0.4320  -0.5959
F7 0.1 150 100:00 464 + 49 0.2625 -0.3389
F8 0.1 150 85:15 301 +32 0.2308 -0.6104
F9 0.1 150 80:20 245 + 30 -0.1361  -0.5533

Although there was no significant difference between average fiber diameters at
p-value < 0.05 (p=0.16921), the histograms showed different diameter distributions
(Figure 8).
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4.3.4. Cysteamine-loaded (Cys-loaded) fibers

loaded electrospun samples of both PVA/PO-407-based
and TEOS/PVA-based polymer systems showed randomly oriented fibers with no

SEM images of the Cys-

remarkable beads or gel droplets on the fiber's surfaces. Regarding the PVA/PO-407-

based samples, the images of fibers and the corresponding histograms diameter
33

distribution are displayed in Figure 9.
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Figure 9. Scanning Electron Microscope (SEM) images and corresponding histograms
of cysteamine-loaded (Cys-loaded) electrospun samples prepared from polyvinyl
alcohol (PVA)/poloxamer 407 (PO-407) blends, ethylenediaminetetraacetic acid

(EDTA) 0.05% (w/w), polysorbate 80 (PS-80) (0.5% (w/w)); cysteamine hydrochloride
(CysH) 0.55% (w/w) (F2, F6, and F10); and CysH 1.1% (w/w) (F4, F8, and F12)

(magnification: 5000x). [1V]

Addition of CysH to the PVA/PO-407 slightly lower the average fiber diameter
and the effect was concentration dependent; formulations loaded with 1.1% w/w (F4, F8,
and F12) showed lower fibers diameter comparing to formulations with 0.55% w/w (F2,
F6 and F10). The average diameter of fibers for Cys-loaded formulations are summarized
in Table 7. It has also been observed that the presence of EDTA and 0.5 to 1% PS-80 in

the polymeric matrix improved the appearance of fibers.
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Table 7. Average fiber diameters, skewness, and kurtosis of cysteamine-loaded (Cys-
loaded) electrospun samples based on polyvinyl alcohol (PVA)/poloxamer 407 (PO-
407)/polysorbate 80 (PS-80) polymeric blends

Total polymer
Concentration

Formulation (% (w/w)) CysH :.\veratge fiber
code PVA: PO-407 9%(Wiw) |irgtle3er (nm) Skewness  Kurtosis
: + SD (nm)
80:20 (m:m)
F2 0.55% 148+35 -0.1560 0.4718
175
(Mw~67 kDa)
= 1.1% 127425 -0.8385 -0.2784
6 0.55% 197435 -1.2019 0.1521
14
- (Mw~130kDa) ) 14, 175+37 .0.8892  0.4554
F10 0.55% 167141 -0.2257 0.5083
7.5
1 (Mw-205kDa) ) 1p 126+24 -1.0068  -0.0758

Considering TEOS/PVA-based samples, clearly fibrous bead-free structures were
formed regardless of the TEOS:PVA ratio of the precursor solutions used for the fiber
formation. Images of fibers and the corresponding histograms diameter distribution for
the formulations provided best morphology are displayed in Figure 10. The addition of
the active substance (CysH) reduced beads and improved the fiber formation ability when
compared to the neat fibers. Moreover, the higher CysH concentration (1.1% wi/w), the

better fibers morphology was obtained.
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Figure 10. Scanning Electron Microscope (SEM) images and corresponding
histograms of cysteamine-loaded (Cys-loaded) electrospun samples prepared from
polyvinyl alcohol (PVA) / Tetraethoxysilane (TEOS) and cysteamine hydrochloride

1.1%w/w. Where FT9, FT18, and FT27 prepared from Mw~67 kDa, Mw~130 kDa, and
Mw~205 kDa of PVA respectively (magnification: 5000x). [IV]

The average diameter of fibers for Cys-loaded TEOS/PV A-based formulations are
summarized in Table 8. It has been observed that the fiber diameter increases with
increasing the PVA molecular weight. The effect might be attributed to the increases in

the solution viscosity as a result of increasing the concentration of the solution.
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Table 8. Average fiber diameters, skewness, and kurtosis of cysteamine-loaded (Cys-
loaded) electrospun samples based on tetraetoxysilane (TEOS)/ polyvinyl alcohol
(PVA) polymeric blend, TEOS: PVA (4:1=m:m)

Formulation composition

Formulation

code PVA PVA  CysH  Average fiber _

grade diameter (nm)  Skewness Kurtosis
%(w/w) % (w/w)  +SD (nm)

Mw~67

FT9 KDa 20 1.1 178 + 25 -1.7038 01651
Mw~130

FT18 KDa 16 1.1 434 + 56 -2.0620  0.6001
Mw~205

FT27 KDa 10 1.1 584 429 -5.9067  0.2114

4.4.Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was conducted to study the structural changes in the components of
NEPA-loaded and Cys-loaded electrospun nanofibers Figure 11 and Figure 12,
respectively. The spectra suggested formation of amorphous solid dispersion in both
cases (CysH/PVA/PO-407 and CysH/TEOS/PVA samples). The spectra of all individual
components, including NEPA, CysH, EDTA, PS-80, PVA, PO-407, TEQOS, and HP-f-
CD, and electrospun fibrous samples' spectra have been detected.

The PVA spectra in the 3 formulations showed the following important peaks: a
broad band at 3282 ¢cm™-3300 cm™* characteristic for O-H stretching arising from the
intermolecular and intra-molecular hydrogen bonds; the band at 2910 cm™-2920cm™ is
related to C-H stretching from alkyl group; the band at 1710 cm™-1750 cm s attributed
to carbonyl (C=0 stretching); the band at 1400 cm™-1420 cm™ is due to bending
stretching of CHy; the band at 1345 cm™-1370 cm™ resulting from C-H vibration; the
band at 1080 cm™-1090 cm™ is related to C-O stretching of acetyl groups; and the band
at 830 cm™-840 cm is attributed to C-C stretching vibration (78-81).

Regarding PO-407 spectra (in NEPA-loaded and PVA/PO-407 based Cys-loaded),
the absorption peak at 2939 cm™ is related to CHj stretching; the peak at 2872 cm™ is
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due to CHa stretching; absorption bands at 1095 cm™ and 1340 cm™ are attributed to C-
O stretching and O-H bending, respectively (82-84).

The spectra of NEPA powder showed the following distinctive peaks: medium
absorption bands at 3317.92 cm™ and 3326.6 cm™ confirmed N-H; stretching; a peak
appeared at 1676 cm™ is attributed to C=C stretching; N-H bending appeared at 1554 cm
1+ a peak at1283 cm is attributed to stretching of aromatic amine; an absorption peak at
1236 cm is due to stretching of aliphatic amine (68,85,86).

The spectra of HP-B-CD showed the most important peaks as follows: a broad
band at 3200 cm™-3485 cm™ characteristic of O-H stretching arising from the
intermolecular and intra-molecular hydrogen bonds; an absorption band at 2912 cm™—
2986 cm™ characteristic of C-H stretching; a peak at 1670 cm™ is attributed to C=C
stretching; a strong, sharp peak at 1024.9 cm™ is related to C-O stretching (85,87).

The spectra of the nanofiber blends (PVA/PO-407/NEPA/HP-B-CD) display the
presence of the main distinctive peaks of PVA, PO-407, and HP-B-CD: An overlapped
absorption band ranging at 3118.3 cm™*-3598.5 cm™ (overlapped band of N-H; stretching
from NEPA and O-H stretching from PVA and HP-B-CD); an overlapped absorption
peak at 2823.2 cm™-2995.8 cm™ (overlapped band of C-H stretching from PVA, PO-407
and HP-B-CD); absorption band at 1704 cm™-1744 cm™ related to carbonyl (C=0O
stretching of PVA); an overlapped absorption band appeared at 1670 cm™-1674 cm™ (is
attributed to C=C stretching); absorption peak at 1360 cm™-1370 cm™ indicating
overlapped CH: bending stretching from PVA and O-H bending from PO-407; a strong
sharp peak at 1024.9 cm™ is related to that arising from C-O stretching of HP-B-CD;
absorption peak at 1081 cm™-1100 cm™ indicating overlapped peak due to C-O
stretching from (PVA, P0-407); and peak at 828 cm™— 840 cm™ is related to C-C
stretching vibration of PVA.

The O-H absorption of nanofibers blends (PVA/PO-407/NEPA/HP-B-CD) was
lower than that of individual PVA and HP-B-CD. This may be due to the incorporation
of NEPA into HP-B-CD via inclusion complex and interaction of the resulting complex
with O-H of the PVA.
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Figure 11. Fourier transform infrared (FTIR) spectra of: (A): polyvinyl alcohol (PVA);
(B): Poloxamer 407 (PO-407); (C): Hydroxypropyl-s-cyclodextrin (HP-$-CD); (D):
Nepafenac (NEPA); (E): Electrospun nanofibers of NEPA/HP-4-CD/PVA (F1, F4, and
F7); and (F): Electrospun nanofibers of NEPA/ HP-4-CD/PVA/PO-407 (F2, F3, F5,
F6, F8, and F9). The PVA used was Mowiol® 18-88 (Mw~130 kDa). [111]

In the case of PVA/PO-407-based samples (Figure 12/1), the spectra of the
mixtures display the presence of the main distinctive peaks of CysH, PVA, PO-407,
EDTA, and PS-80. An overlapped absorption peak that appeared at 3296 cm™-3400 cm™
is related to O-H stretching from PVA and the amino group of CysH and EDTA. The
overlapped band at 2900 cm™-2920 cm™ is due to C-H stretching from CysH, PVA, and
PO-407. The presence of thiol group S-H of CH is confirmed by the appearance of an
absorption band at 2550 cm™-2670 cm™. The absorption band at 1700 cm™-1730 cm™
is attributed to carbonyl (C=0 stretching of PVA, PS-80 and EDTA); band at 1360 cm™—
1370 cm™ indicates overlapped CH: bending stretching of PVA and O-H bending of
PO-407; an overlapped peak at 1081cm™-1100 cm™ is due to C—O stretching from PVA,
PO-407 and PS-80; and C-C stretching vibration related to PVA at 828 cm™-840 cm™.
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Considering TEOS/PVA-based samples (Figure 12/11), the silica shows
characteristic peaks between 1100 and 500 cm™, which are related to the asymmetric and
symmetric stretching and bending vibrations of Si-O-Si bonds. For the fibrous samples,
two characteristic PVA peaks appear at 1700 cm™, which are specific to the C=0 groups.
These peaks cannot be observed in the spectrum of starting materials. The intensity of
these peaks is proportional to the PVA content of the hybrid fibers (88). The spectra
clearly show an increase in cross-linking as the TEOS ratio increases.

2900cm ™! 2920cm!
I (C-H stretching)

s A
F A !
AV W/

lﬂ I
N

1360cm™ — 1370cm™!
(overlapped CH, bending)

1081em™" = 1100cm™"
(overlapped C-0)

C A“‘J‘\&AJIJ}'MMLL
|

Absorbance (a.u)
Absorbance (a.u)

I
‘
m’i\jﬂ
B AL S l (C=Ostretching)
750cm

A

\
. _,_,_‘_J\.JJ‘J' I‘Mx_J

4500 4000 3500 3000 2500 2000 1500 1000 500

4500 4000 3500 3000 2500 2000 1500 1000 300

Wavenumber em™1 ) Wavenumber (cm™1 )

Figure 12. Fourier transform infrared (FTIR) spectra of (1) cysteamine-loaded (Cys-
loaded) samples based on polyvinyl alcohol (PVA)/ poloxamer 407 (PO-407) and (I1)
cysteamine-loaded samples based on tetraethoxysilane (TEOS)/ PVA. Where (A):
PO-407; (B): PVA (Mw~130 kDa); (C): CysH; (D): Ethylenediaminetetraacetic acid
(EDTA, 0.05(% w/w)); (E): Polysorbate 80 (PS-80); (F): Mixture of the former
component. For 11, (A): PVA (Mw~130 kDa); (B): TEOS; (C): CysH; (D): TEOS/PVA,;
and (E): CysH/TEOS/PVA. [IV]

4.5.X-ray diffraction (XRD) for Nepafenac-loaded (NEPA-loaded) fibers

The XRD patterns of the NEPA, physical mixture, F3, F6, and F9 are displayed in
Figure 13. The presence of sharp peaks confirmed the crystallinity of the NEPA in its
pure state. The intensities of the peaks have decreased upon mixing the NEPA with HP-
B-CD, PVA, or PO-407. The complete disappearance of these peaks from the nanofibers
(F3, F6, and F9) confirms the formation of Amorphous solid dispersions (ASD) from
crystalline NEPA through electrospinning of NEPA, HP-B-CD, PVA, and PO-407.
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Figure 13. X-Ray Diffraction (XRD) patterns of the Nepafenac (NEPA), physical
mixture of NEPA/ hydroxypropyl-g-cyclodextrin (HP-5-CD) / polyvinyl alcohol (PVA)/
Poloxamer 407 (PO-407); (PM), and Electrospun nanofibers of NEPA/ HP-4-
CD/PVA/PO-407 (F3, F6, and F9). [111]

4.6.Determination of the drug content

The drug content of all formulations (F1-F9) of NEPA-loaded nanofibers ranged
from 100.01 (% w/w) £ 0.03 to 101.05 (% w/w) £ 0.02. All formulations of Cys-loaded
showed drug content of 99.74 + 0.04 (% (w/w)) to 100.5 + 0.05 (% (w/w)). This reflects
the complete dissolution of the NEPA through complexation with HP-B-CD during the
solution preparation. The results from both experiments show uniform drug content
throughout the PVA/PO-407 fiber structure. During electrospinning, a homogenous
precipitation of the drug/polymer blend occurred after solvent evaporation. Therefore,
any deviation from the theoretically stated amounts might be attributed to errors that can

occur during solution preparation or during fibers' weighing.

4.7. In vitro drug release and release kinetics

4.7.1. Nepafenac-loaded (NEPA-loaded) fibers

In vitro dissolution profiles of the NEPA/HP-B-CD-loaded nanofibers (0.1% wi/w)
conducted in PBS (pH 7.4) at 37 °C are displayed in Figure 14. All formulations (F1-
F9) showed complete release of NEPA in less than 60 min (16.5- 40 min). All
formulations completely dissolved within 5 seconds, forming a viscous gel when placed

on the surface of filter paper wetted with a PBS (pH 7.4), which agrees with the
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previously published work (89). Regardless of HP-B-CD amount, all formulations
containing PO-407 (F2, F3, F5, F6, F8, and F9) released the NEPA at a faster rate
compared to the formulations without PO-407. Some variations were observed in the
dissolution profiles with varying the HP-B-CD and PO-407 amounts. Higher HP-3-CD
levels resulted in a relatively longer drug release, while higher PO-407 levels resulted in
a faster release (p= 0.0325 at p-value < 0.05). In a conclusion, there was no significant

difference in the overall release of the nine formulations.
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Figure 14. In vitro dissolution profiles of Nepafenac (NEPA)/ Hydroxypropyl-f-
cyclodextrin (HP--CD) (0.1%(w/w)) loaded in polyvinyl alcohol (PVA)/poloxamer
407 (PO-407) nanofibers. The dissolution was conducted in phosphate buffered
solution (pH 7.4) at 37 £ 0.5 °C. [I11]

The release kinetics of NEPA from the nanofibrous matrix were studied using
Weibull distribution due to the model's flexibility in dealing with diverse release patterns.
The release parameters including M., 8, ¢ and R? are summarized in Table 9. All
formulations (F1-F9) were successfully fitted to the Weibull model, and R? values were
greater than 0.9, indicating linear regression. For most formulations, p values were <
0.75, indicating Fickian diffusion, while two formulations were 0.75 < 3 < 1, which
means a combined release mechanism. For instance, it could represent both diffusion and

swelling-controlled release.
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Table 9. Dissolution kinetic parameters of Nepafenac (NEPA) (0.1%(w/w))/
Hydroxypropyl-g-cyclodextrin (HP--CD) loaded in polyvinyl alcohol (PVA)
/poloxamer 407 (PO-407) nanofibers.

Formulation Correlation
code M. (Min) S Parameter g (min) cosfficient (R?)
F1 100.3 0.6838 128.7 0.9929
F2 102.3 0.5154 121.4 0.9858
F3 100.4 0.8466 105.7 0.9909
F4 99.0 0.6501 88.4 0.9896
FS 103.5 0.4222 110.3 0.9824
F6 100.1 0.5807 92.7 0.9751
F7 96.2 0.8506 103.3 0.9681
F8 119.2 0.2479 250.1 0.9397
F9 98.6 0.9268 104.9 0.9812

4.7.2. Cysteamine-loaded (Cys-loaded) fibers

The in vitro releases of Cys based on PVA/PO-407 and TEOS/PVA are displayed
in Figure 15. Regardless of the base type, whether soluble (PVA/PO-407) or insoluble
(TEOS/PVA), the release of Cys from the matrices was complete and fast in less than 10
min. This observation suggests that the primary rate-limiting step in drug release is the
immediate dissolution of the active pharmaceutical ingredient rather than its diffusion
from the matrix base. The latter offers higher drug payloads, potentially improving drug
delivery by sustaining optimal drug concentrations to overcome obstacles like vitreous
humor and achieve therapeutic levels in the eye. Human pharmacokinetic studies also
confirm that immediate-release Cys is effective in depleting cystine levels, with no
statistically significant difference in effectiveness compared to delayed-release
formulations (64).
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Figure 15. In vitro dissolution profiles of cysteamine HCI loaded in (A): polyvinyl
alcohol (PVA)/poloxamer 407 (PO-407) nanofibers using low molecular weight (PVA,
Mw~67kDa) (F2 and F4); intermediate molecular weight (PVA, Mw~130,000 g mol™?)
(F6 and F8); and high molecular weight (PVA, Mw~205kDa) (F10 and F12) and (B):
tetraetoxysilane (TEOS)/polyvinyl alcohol (PVA, Mw~130 kDa) (4:1). The dissolution

was conducted in phosphate buffered solution (pH 7.4) at 35 £ 0.5 °C. [IV]

Weibull distribution was used to study the Cys release kinetics from the two
polymeric bases since it can be applied to different release behaviors. The release
parameters including M, £, za and R? are summarized in Table 10. All formulations from
the various bases were successfully fitted to the Weibull model (R%>0.9), indicating linear
regression. In the case of the TEOS/PVA system, the values were 0.75 < < 1, indicating
a Case Il transport, which is a specific mechanism of drug release from polymeric
systems, characterized by non-Fickian diffusion where the rate of drug release is
predominantly controlled by the relaxation of the polymer matrix rather than by the
concentration gradient of the drug. In this transport, the polymer undergoes significant
swelling or glass transition, leading to a sharp front of drug release that moves through
the matrix. For instance, it could represent both diffusion and swelling-controlled release,
which seems logical since the release occurred from the insoluble matrix.

For the PVA/PO-407 matrix, most values were < 0.75, indicating Fickian

diffusion, and additional kinetic models may be useful for further interpretation.
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Table 10. Dissolution kinetic parameters of Cysteamine-HCI (CysH) loaded in
polyvinyl alcohol (PVA)/poloxamer 407 (PO-407) and tetraetoxysilane (TEOS)/PVA

Formulation M., $ Parameter u Corr(?lation2

code coefficient (R?)
F2 102.06 0.4548 12.37 0.9979
F4 101.99 0.5843 18.48 0.9939
F6 103.81 0.6201 39.87 0.9987
F8 99.90 0.8063 24.52 0.9977
F10 100.39 0.9751 69.25 0.9990
F12 100.49 0.6357 18.53 0.99583
FT9 99.80 0.9007 48.03 0.99785
FT18 100.14 0.8141 50.00 0.99821
FT27 100.08 0.8228 49.21 0.99806

4.8. Permeability studies of nepafenac-loaded fibers

4.2.1. Invitro corneal parallel artificial membrane permeability assay (PAMPA)

PAMPA permeability assay results are presented in Figure 16. Results from the
experiment showed no significant difference between the 3 formulations (F3, F6, and F9)
regardless of the HP-B-CD content per formulation (50 mM, 100 mM, and 150 mM for
F3, F6, and F9, respectively). However, their permeability values were significantly
lower than those measured for Nevanac® (p < 0.05). In this case, a 10% w/w of the
donor’s HP-B-CD content was added to the acceptor wells to create a more desirable
environment for the poorly soluble nepafenac molecules. Unfortunately, corneal-
PAMPA could not make a difference between the three formulations.

When the experiment was conducted using PBS acceptor media, omitting the sink
effect of 10% w/w of HP-B-CD resulted in different tendencies within the samples
containing various amounts of HP-B-CD. Results show that the increase in HP-3-CD
amount among the 3 formulations resulted in an increased flux of NEPA to the acceptor
compartment. The average permeabilities + SD (10°cm/s) for the F3, F6, and F9
formulations were 11.9 + 2.21, 13.8 + 1.59, and 21.6 + 2.968 respectively.
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Figure 16. In vitro Corneal-parallel artificial membrane permeability (PAMPA)
studies for the formulation F3, F6 and F9. Using nepafenac containing commercial
product Nevanac®). Experiment conducted by adding 10% w/v of the donor’s HP-f-CD
content to the acceptor wells to create a more desirable environment for the poorly
soluble nepafenac molecules. [111]

4.2.2. Exvivo corneal permeability studies on porcine eyes

The concentration of the NEPA for the F3 in precorneal area, cornea, and aqueous
humor has been determined at 15, 30, and 60 min. The results of Figure 17 show that F3
has a significantly higher concentration than Nevanac® in precorneal area, as shown in
Figure 17A. The values for the concentrations of NEPA in precorneal fluid for F3 and
commercial Nevanac® at 15, 30 and 60 min were found to be 0.0269, 0.0013 and <0.0001
respectively. The highest dissolution was attained at 60 min. Regarding the cornea,
although there is a slight increase in the Nevanac® compared to F3 formulation, it is only
a numerical difference without statistical significance (Figure 17B). The NEPA
concentrations in the aqueous humor were not significantly different at 15 and 30 min
(Figure 17C). At 60 min Nevanac® had a significantly higher concentration than F3

formulation, with p value at 0.05 level of confidence being 0.0242.
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Figure 17. Nepafenac (NEPA) concentration of F3 for ex vivo experiment on porcine
eye measured at (A): precorneal area; (B): cornea; and (C): aqueous humor, using
Nevanac® as reference. [111]

4.2.3. Exvivo cornea Raman mapping

The NEPA distribution within corneal tissues has been studied using Raman
mapping. The F3 exposed porcine corneal tissues are presented in Figure 18. Based on
the intensity scale, the high concentration of NEPA is reflected by the red color, the green
color reflects lower concentration, whereas the blue color represents the area of the map
where spectral resolution specify the untreated corneal tissue. The results show that in
both cases NEPA distribution at 15 min was restricted to outer layers of the cornea, but
it distributed to the inner most layer (stroma) at 30 and 60 min with more homogenous

feature. In conclusion, there results support our finding that F3 could be bioequivalent to
Nevanac® in vivo.
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Figure 18. The Raman mapping of the distribution nepafenac (NEPA) in the excised
porcine cornea for F3 formulation (A) and Nevanac® (B). [I11]

4.3. Cytocompatibility Study

The applied samples, including NEPA-loaded, Cys-loaded nanofibers of different
bases, the empty polymeric nanofibers, and the negative control (Phosphate buffer),
resulted in no noticeable redness, coagulation, or bleeding, which indicates the
tolerability and cytocompatibility of the formulation components when compared to a
positive control (0.1 N NaOH). The later induced a strong hemorrhage on the surface of
a chick CAM at embryonic day 9. The HET-CAM results are displayed in Figure 19 and
Figure 20.
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Figure 19. Representative images of Hen'’s Egg Test on Chorioallantoic Membrane
(HET-CAM); The test was conducted on the vascular structure of the CAM at day 9 of
chicken development for a period of 5 min for electrospun nepafenac-loaded (NEPA-

loaded) nanofibers. (A): Phosphate Buffered Saline (PBS) (negative control); (B):
Empty fibers polyvinyl alcohol (PVA)/ Hydroxypropyl-s-cyclodextrin (HP-4-
CD)/poloxamer 407 (PO-407); (C): Nepafenac-loaded fibers; (D): 0.1N NaOH
(positive control). [111]

A B

Negative control Empty fiber (PVA/PO-407) Negative control Empty fiber (PVA/TEOS)

Cys-loaded fiber

I/

Figure 20. Representative images of Hen’s Egg Test on Chorioallantoic Membrane
(HET-CAM); The test was conducted on the vascular structure of the CAM at day 9 of
chicken development for a period of 5 min for electrospun cysteamine-loaded (Cys-
loaded) based on (A):polyvinyl alcohol (PVA)/poloxamer 407 (PO-407) and (B)
tetraetoxysilane (TEOS)/polyvinyl alcohol using Phosphate Buffered Saline (PBS) as
negative control and 0.1 N NaOH as positive control. A strong hemorrhage induced by
0.1 N NaOH placed on the surface of a chick CAM at embryonic day 9. [1V]
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4.4. Accelerated stability study

The SEM images of the NEPA-loaded and Cys-loaded electrospun nanofibers for
the freshly prepared samples and samples stored under stressful conditions are illustrated
in Figure 21 and Figure 22, respectively. The results suggest stable formulations of
NEPA and Cys with PVA/PO-407 and TEOS/PVA polymeric bases. All formulations

maintained their fibrous morphology over the period of study (4 weeks)

Figure 21. Scanning electron microscopic (SEM) images of the Nepafenac-loaded
(NEPA-loaded) fibers at 0, 1-, 2-, 3-, and 4- weeks storage under stress conditions (40
+ 2 °C, 75 £ 5% relative humidity (RH)). (magnification: 5000x). [111]
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Figure 22. Scanning electron microscopic (SEM) images of the cysteamine-loaded
(Cys-loaded) fibers at 0, 1-, 2-, 3-, and 4-weeks storage under stress conditions (40 + 2
°C, 75 £ 5% relative humidity (RH)). (I): polyvinyl alcohol (PVA) /poloxamer 407 (PO-

407) and (1) tetraetoxysilane (TEOS)/polyvinyl alcohol (PVA) polymeric blends .

(magnification: 5000x). [1V]

The time dependent changes in physicochemical characteristics of the NEPA-
loaded and Cys-loaded nanofibers exposed to stressful conditions have been displayed
in Figure 23 and Figure 24, respectively. The results of FTIR analysis come along with
morphological results as applying elevated temperature and humidity have no substantial
effects on the essential functional groups of the fibrous samples during the period of
study. In conclusion, this short-term stability test under stressful conditions suggests that
a stable, solid nanofibrous formulation could be successfully obtained using

preservative-free components.
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Figure 23. Fourier transform infrared (FTIR) spectra of the Nepafenac-loaded (NEPA-
loaded) fibers at 0, 1-, 2-, 3-, and 4-weeks storage under stress conditions (40 + 2 °C,
75 + 5% relative humidity (RH)). [111]
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Figure 24. Fourier transform infrared (FTIR) spectra of the cysteamine-loaded (Cys-

loaded) fibers at 0, 1-, 2-, 3-, and 4-weeks storage under stress conditions (40 + 2 °C,

75£5% relative humidity (RH)). (I): polyvinyl alcohol (PVA)/poloxamer 407 (PO-407)
and (1) tetraetoxysilane (TEOS)/PVA polymeric blends. [IV]
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5. DISCUSSION

5.1. Results of literature analysis and systematic review

Scientists performed a lot of studies demonstrating eye diseases in an attempt to
find an ideal ophthalmic formulation. This systematic review analyzed the possibility of
utilizing nanotechnology-based formulations particularly the nanofibrous webs as a
promising alternative to conventional way regarding site targeting and bioavailability
improvement in targeting different eye diseases using different drug models. It has been
demonstrated that nanocarriers have potential technological and therapeutic advantages
for ophthalmic delivery. They are used to deliver the drug for local or systemic effect by
localization in specific site of the eye and release the required drug concentration through
diffusion or as a response to external stimuli (5,36).

In summary, the studies showed that numerous advantages encounter by
nanofiber-based ophthalmic formulations. For instance, the surface of nanocarriers can
be modified using different polymers for different purposes such as mucoadhesive,
permeation enhancers, and release modulators, as a consequence, the bioavailability will
be enhanced leading to the required patients' adherence to medications (11,37—40,90).
The performed toxicity studies proofed their safety in animal models as well as in vitro
alternative models. The pharmacokinetic studies showed sustained drug release through
different models such as zero-order and Higuchi models. That means the possibility for
single-dose administration even for up to 30 days (91).

Studies also demonstrate the possibility of encapsulation of different classes of
drugs such as antimicrobial, nonsteroidal anti-inflammatory drugs, anti-glucoma,
macromolecules, and different combinations. From a technical point of view, nanofibers
can be used directly as films (92) or after further processing into suitable ocular inserts
or other surface modifications (93). In addition it can be scaled up for large-scale
production to meet the requirements and sustainability of pharmaceutical companies
(94).

Combining the advantages of nanofibers together with the advantages of ocular
inserts will result in a synergistic effect. In summary, the critical analysis of literature
lies on two points: we were the first to shed light on mass production of nanofibers in

drug delivery and pharmaceutical industries because only few studies highlight the

53



DOI:10.14753/SE.2024.3045

applications, parameter optimization, and characterization of electrospinning in this
fields.

Considering these factors, our literature review clarifies the developed
technologies for mass production, the challenges encountered, and light touches on
products and devices that have been or are near to being released to the markets. The
second systematic review is among the few published studies that describe nanofiber-
based Ols as a promising, non-invasive method for targeting the posterior segment of the
eye and improving drug’s bioavailability.

5.2.Solution of nepafenac (NEPA)/hydroxypropyl-p-cyclodextrin (HP-B-CD) in

water

The solubility of NEPA in water was successfully obtained by preparation of
electrospun nanofiber of NEPA/HP-B-CD complex. There are many factors that act
together and lead to fast dissolution of the NEPA,; the electrospun nanofibers can be used
to develop an amorphous system from a crystalline substance, which will have an impact
on the drug's solubility. ASDs are well known for their effects on enhancing the solubility
of poorly soluble water compounds. Electrospinning is one of the technologies used to
produce ASDs.

The presence of PO-407 (a surfactant) in the system increases its solubility through
surface-active properties. An interesting utilization of amphiphile compounds in
enhancing the solubility of sparingly water-soluble compounds by the ability to form
self-assemblies' aggregates. The addition of HP-B-CD to the system has a profound effect
on the drug solubility by forming an inclusion complex. CDs have been widely used to
enhance the aqueous solubility of poorly soluble compounds.

The morphological analysis of the developed nanofibers proved the formation of
a nanoscale system, which means a large surface area and the possibility of rapid
molecular diffusion and rapid dissolution. Nanofibers are nanocarriers with fiber
diameters of a few nanometers to 1000 nm. They are considered good and promising
candidates, providing fast drug release. In our work we focused on solubilizing and
stabilizing the Biopharmaceutical Classification System (BCS class 1V) drug by utilizing
HP-B-CD.
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5.3. Morphological evaluation

SEM images revealed random fiber deposition with all samples (PVA/PO-407,
TEOS/PVA, NEPA-loaded, and Cys-loaded) regardless of the used excipient. Although
some variations with the quality of the produced fibers have been noticed. In case of
PVA/PO-407-based samples, addition of PS-80 in low concentration improved the
spinnability and fibers morphology, while high concentration of it induced beads
formation due to excessive liquification of the solution as a result of surface active effect.
Moreover, the average fiber diameter was much lower than that of neat PVA and
PVA/PO-407 blend. This can be explained by the additive effect of two non-ionic
surfactants (PO-407 and PS-80).

Although there was a noticeable reduction in the average fiber diameters, the
reduction was concentration-dependent. PS-80 concentration (1% (w/w)) reduced the
average diameters to lower than 100 nm with low molecular weight PVA (Mw~67 kDa).
Therefore, the addition of any kind of surfactants should be carefully controlled during
the electrospinning process to avoid unnecessary negative effects on fiber formation. In
case of TEOS/PVA samples, the fiber formation ability of the precursor solutions of
different compositions and the morphology of the electrospun samples showed wide
variability. For the same polymer ratio, increasing PVA concentration favored the
formation of a fibrous structure, whereas increasing TEOS concentration, beady fibrous
structures were observed. In the case of S5 and S9 solutions, due to interaction between
PVA and TEOS gels were formed instead of highly viscous solutions. This resulted in
increased resistance to the flow and failure of fiber’s formation.

For the NEPA-loaded samples, it has been observed that increasing the HP-B-CD
amount results in a better fiber's surface with more clear, smoother, and more uniform
fibers. This enhancement in the fiber structure might be attributed to the unique
physicochemical properties of HP-B-CD and its ability to form self-assembling
aggregates that enhance the intermolecular interactions of the components of the
electrospinning solution (95).

Comparing to PVA/PO-407 neat fibers, formulations containing Cys also showed
good fibers morphology with non-remarkable defects. Addition of CysH to the PVA/PO-
407 slightly lower the average fiber diameter and the effect was concentration dependent.

It has also been observed that the presence of EDTA in the polymeric matrix improved
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the appearance of fibers. This phenomenon could be attributed to the chelating effect of
EDTA and thus the reduction of free salt concentration of the solution. The reduced
conductivity due to the complex formation of EDTA and the free hydrochloride salts
might inversely affect the morphology of the fibers.

In summary, these results indicate that not only polymer grades or concentrations
should be considered during fibers preparation, but other electrospinning parameters
should also be adjusted. These results confirm that electrospinning depends on multiple
factors rather than individual parameters. Choosing the appropriate polymer
concentration is critical regarding the quality of fibers, but it does not necessarily mean

the formation of fibers of a normal distribution curve.

5.4. Interpretation of the diameter distribution from a mathematical point of view

Based on the morphological results, there is great diversity among different
formulations of the neat PVA/PO-407 and drug-loaded formulations. Based on the
calculated average fiber diameters, skewness, and kurtosis displayed in the results
section, Samples prepared solely from PVA of different grades favor fiber formation,
and the calculated skewness values reflect normal fiber distribution (Coefficients of
skewness 22range from 0.090873 to 0.472034). For the samples prepared from PVA/PO-
407, although adding PO-407 to the PVA improved the spinnability of the precursor
solution, noticeable changes were observed in the fiber distributions of all PVA: PO-407
ratios. This effect can be explained by the fact that the addition of insufficient or too high
surfactant concentration can result in noncontinuous or improper jet flow, reflected by
compound distribution rather than homogenous normal fiber distribution (96,97).

Despite the diversity of fiber distribution, most formulations containing PO-407
have skewness values within an acceptable range from a mathematical point of view. The
distribution curves are approximately symmetric (The absolute skewness values were
between -0.5 and +0.5). The addition of PS-80 (0.5-1% w/w) to the PVA/PO-407 blend
has further resulted in different fiber distributions. The presence of two surfactants in the
formulation improved the spinnability of the solution. Nevertheless, the lower
concentration of PS-80 (0.5% wi/w) resulted in better morphology than the higher
concentration (1% w/w). The increased surfactant concentration may increase the

solution conductivity beyond the critical value, which will consequently interfere with
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jet formation and fiber deposition (98). The absolute values of skewness indicate
symmetric to moderately skewed distribution curves (The absolute skewness values were
between -0.5 and +0.5).

In the case of NEPA-loaded samples, most formulations containing HP-B-CD have
skewness values within an acceptable range, and the distribution curves are symmetric
(the absolute skewness values lie between -0.5 and +0.5). This ununified behavior can
be justified by the fact that electrospun nanofibers are not only evaluated by the SEM
images but further analyses are to be conducted to evaluate and characterize normally
distributed curves from compound distribution curves. This fiber's behavior proves that
many factors overlap during electrospinning, including, for instance, the precursor
solution composition and the process parameters.

The kurtosis values for the fiber distribution showed no very sharp peak or too flat
curve (k values between +1 and -1). Some formulations showed a good fit (R?>0.95) to
the normal distribution, while the rest did not fit. These results are in accordance with
skewness calculations (distribution curves are of symmetric and moderately skewness
types). The calculated kurtosis values, on the other hand, confirmed the diversity among
different formulations; the majority of the formulations showed kurtosis values (k values
between +1 and —1), which means the majority of these curves are not too sharp or too
flat, with few exceptions. Some formulations showed good fitting (R? > 0.95) to the
Gaussian (normal) distribution, while the rest did not fit (99).

These mathematical results confirmed that electrospinning is a multifactorial
process, and to obtain a good fibrous sample, all parameters must be considered. In
addition, the morphological characterization of electrospun samples is not only about
fiber diameter; instead, further analysis is needed to differentiate between normal and
compound distribution curves (96,100).

The particle size distributions have different impacts on the drug release, and some
drug delivery systems are intentionally fabricated in the form of multiunit particulate
systems to modulate and tailor the drug release from immediate to controlled or modified
release pattern. Therefore, from a pharmaceutical point of view, the fibers’ distributions
might also have a great impact on the release rate and pattern from electrospun nanofibers
prepared for different pharmaceutical applications. A related work has been published
demonstrating the effect of different size distributions on the release of the drug: A study
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demonstrated the impact of size distribution on the diffusional drug release from
numerous particle geometrics (spheres, fibers, and membranes). The results revealed that
the size distribution affected the release profiles of spherical particles, followed by fibers,
and had no effect on the release from the membrane (101). This study confirms the
concept of considering fiber distribution in the formulation of nanofibers for

pharmaceutical applications, particularly when the release is substantially important.
5.5. Solid-state characterization of the electrospun samples

The FTIR spectra of the prepared fibrous samples indicated the compatibility
between the individual components of the formulations as well as the cross-linking
between the fiber polymers (PVA/PO-407, PVA/PO-407/ HP-B-CD, and TEOS/PVA).
The appearance of the major peaks of the components confirmed the absence of
unwanted new functional groups, which confirmed physical interaction and
compatibility. The FTIR spectra suggested the formation of amorphous solid dispersion
in all formulations (PVA/PO-407, TEOS/PVA polymeric blends, and NEPA/ PVA/PO-
407/ HP-B-CD).

The presence of sharp peaks in the XRD pattern confirmed the crystallinity of the
NEPA in its pure state (Figure 13.). The intensities of the peaks decreased upon mixing
the NEPA with HP-B-CD, PVA, or PO-407. The complete disappearance of these peaks
from the nanofibers (F3, F6, and F9) confirms the formation of amorphous solid
dispersion from crystalline NEPA through electrospinning of NEPA, HP-3-CD, PVA,
and PO-407.

5.6. In vitro UV-VIS spectroscopic studies (drug content, drug release and release

kinetics)

The results of the drug content of NEPA-loaded and Cys-loaded reflects the
complete dissolution of the NEPA through complexation with HP-B-CD during the
solution preparation as well as homogenous precipitation of the drug/polymer blend as
nanofibers after solvent evaporation and total incorporation of the drug (NEPA and
CysH) into the fibers. In vitro dissolution profiles of the NEPA-loaded and Cys-loaded
nanofibers showed complete and fast release of NEPA. The fast release of the drug from
nanofibers can be explained by the formation of amorphous solid dispersion, complete
and fast wetting of the matrix, and high surface area to volume ratio of nanofibers.

58



DOI:10.14753/SE.2024.3045

Moreover, PO-407 act as surface-active agent, resulting in faster disintegration and
dissolution of the formulations. It has been noticed that all formulations release the drug
with no differences among them. Since each drug-loaded fiber formulation is within the
nanometer scale, it is straightforward that there is no great difference in the surface and
the consequent release among the different formulations. Based on the Weibull
distribution, all formulations from the different bases were successfully fitted (R?>0.9)
which indicate linear regression. The release curves follow first-order (5 values for all

formulation were<1 Kinetics).
5.7. Permeability studies

Based on in vitro PAMPA permeability assay results (Figure 16.), the results
showed no significant difference between the 3 formulations (F3, F6 and F9) regardless
of the HP-B-CD content per formulation. This can be explained by the fact that in the
case of the PAMPA system where only passive diffusion occurs through the artificially
fabricated lipid membrane, a reverse sink is created as the donor compartment contains
HP-B-CD in high amount. Therefore, for further ex vivo studies, F3 is a good choice as it
contains the least amount of HP-B-CD and shows similar average permeability values
independently the applied models. The lower amount of HP-3-CD can be physiologically
favorable for the penetration process (102).

Regarding ex vivo experiment, the concentration of the NEPA in F3 in precorneal
area was significantly higher than Nevanac®, and this can be attributed to the complete
dissolution of the NEPA-loaded nanofibers. The highest dissolution was attained at 60
min, which means the F3 had sufficient time to release more NEPA from the formulation.
Regarding the cornea and aqueous humor, the NEPA concentration were less than
Nevanac®. Nevertheless, it is only a numerical difference without statistical significance.
It can be concluded that bioequivalent drug concentrations might be obtained if the study
is conducted in vivo. From the Raman mapping, it can be concluded that in both
formulations (F3 and Nevanac®), the NEPA distribution at 15 min was restricted to outer
layers of the cornea, but it distributed to the inner most layer (stroma) at 30 and 60 min
with more homogenous feature. In conclusion, there results support our finding that F3

could be bioequivalent to Nevanac® in vivo.

59



DOI:10.14753/SE.2024.3045

5.8.Cytocompatibility Study

All applied samples, including plain fibers and drug loaded samples have not
resulted in any noticeable irritation on the CAM surface when compared to the positive
control (0.1 N NaOH). The results suggest the cytocompatibility of the formulation
components. These results confirm that the ingredients of the formulation are well
tolerated. The reasons behind choosing this test are because of its simplicity, the
increasing research in ocular formulations dictates less animal-intensive experimental
methods; therefore, a method that mimics the in vivo Draize test should be used to
minimize the animal suffering. Moreover, it is simpler with valid screening results
particularly when testing a toxic compound. So that our studies confirmed the possibility
of using a simple in vitro test and following the world regarding 3R’s concept (Reduction,

refinement, and replacement).

5.9. Stability investigation (accelerated stability study)

The SEM images and FTIR spectra of the freshly prepared samples and samples
stored under stressful conditions reveal that samples retained their morphological
features despite exposure to elevated levels of temperature, humidity, and pressure. For
the NEPA-loaded fibers this can be attributed to the complexation and stabilizing effect
of HP-B-CD. Stability under these stressful conditions could be taken to indicate the long-
term stability under ambient conditions. These results suggest that it can be possible to
formulate preservative-free, stable solid Cys-containing products that can be used to
overcome the stability problem of liquid formulations. Therefore, it can be possible to
formulate preservative-free, stable solid Cys- and NEPA loaded products that can be used
to overcome the stability problem of liquid formulations. We focused to understand how
to increase the long-term stability based on the applied stressful conditions and this can
help in the possibility of shifting from liquid to solid formulations.
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6. CONCLUSIONS

Targeting eye diseases, particularly the posterior part, is challenging due to the
eye’s unique anatomy and physiology. Unfortunately, eye diseases are increasing daily,
and the untreated cases can lead to visual impairment or can develop into blindness.
Conventional eye drops have limited bioavailability (approximately 5%) and systemic
administration results in various toxicity problems. The most successful way used for
posterior targeting is intravitreal routes which might be accompanied by severe
complications such as retinal hemorrhage and detachment. Because of these challenges,
there is a clear demand for smart drug delivery systems that are capable of delivering the
drug to the targeted site of action while being safe, effective and comfortable.

Consequently, this project aimed to develop and formulate electrospun nanofiber-
based Ols using Cys and NEPA as model drugs to find a stable, solid preservative-free
formulation that can be used as potential alternatives to conventional eye drops in order
to overcome premature drainage while maintaining the safety, comforts and patients’
acceptability. The novelty of the work is based on added-value NEPA-loaded and Cys-
loaded nanofibrous Ols were formulated to avoid the disadvantageous properties of
conventional eyedrops by improving the ocular bioavailability and stability of both
drugs.

The study was started by conducting a comprehensive literature review, and it has
been concluded that the electrospinning process can be transferred from lab to production
scale in pharmaceutical industries, which can be considered as techno-economic
feasibility study. Extended literature searching in the form of a systematic review showed
the feasibility of the electrospinning technique in the fabrication of Ols. Many promising
results have been published, which revealed that by changing the polymeric composition
of the precursor solution, there is a possibility of improving the solubility and stability as
well as tailoring the release from few minutes up to month. As a result, the concept of
nanotechnology was employed to develop patient-centric formulation.

In the second part of the project, the polymeric composition and the
electrospinning parameters suitable for preparation of fibrous samples were selected. In
this step, two neat polymeric systems were examined; the first consisted of studying the
effect of PO-407 and PS-80 in the morphological and physicochemical characters of

PVA of different grades and concentrations (Low, intermediate, and high molecular
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weight) and the second was a modification of PVA solubility by addition of TEOS.
Smooth nanofibrous mats comprising PVA/PO-407 blends have been successfully
developed with an average fiber diameter of a hundred to a few hundred nanometers
using 15 — 20% w/w of low molecular weight PVA, 13 — 15% w/w of intermediate
molecular weight and 5 — 10% w/w of high molecular weight PVA. PO-407 appeared to
have slight effects on the morphology of nanofibers, although it slightly decreased the
nanofibers’ diameters. There were no remarkable differences between the mean
diameters.

Various diameter distribution curves were obtained, ranging from normal to
moderately skewed (skewness values of -0.5 to +0.5). The spinnability was enhanced by
adding nonionic surfactants (PS-80) without any observed negative effects. Based on the
literature, PO-407 is widely used as a thermoreversible system. The FTIR spectra showed
that all the major peaks of both polymers were intact, and no characteristic changes were
observed in major peaks, indicating compatibility and no interactions between the
selected polymers. The developed nanofibrous web can be a promising candidate for
different pharmaceutical applications such as ophthalmic, topical, mucoadhesive, and
thermoreversible systems.

Considering the TEOS/PVA system, the PVA concentration's effect on the fibers'
morphology was investigated on three levels (10, 12, and 14 % (w/w)). Four TEOS/PVA
mass ratios (1:4, 2:3, 3:2, and 4:1 m:m) were examined for each concentration. For the
same polymer ratio, increasing PVA concentration favored the formation of a fibrous
structure, whereas increasing TEOS concentration, beady fibrous structures were
observed. The fiber diameter increased with increasing PVA concentration at the same
TEQOS: PVA ratio. There is no monotonic trend with increasing TEOS ratio for the same
polymer concentration.

The third phase in the project was focused on the formulation of nanofibrous webs
based on the selected polymers with different APIs; the first part was NEPA 0.1% (w/w)
using HP-B-CD as solubilizer, stabilizer, and permeation enhancer. The second part
consists of the formulation of CysH 0.55% (w/w) and 1.1% (w/w) utilizing two different
polymeric matrixes (PVA/PO-407 and TEOS/PVA). All different formulations were
prepared by electrospinning and investigated for morphology, physicochemical
properties, drug release, cytocompatibility, and in vitro and ex vivo permeability.
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The SEM images showed fibrous samples. FTIR spectroscopy and X-ray
diffraction confirmed the polymer cross-linking and the formation of amorphous solid
dispersion.

All formulations showed complete and fast release of Cys and NEPA (<15 min
and <60 min respectively), and the release followed first-order kinetics ( values for all
formulations were < 1). In case of NEPA, the formulations (F3, F6, and F9 which differ
in the HP-B-CD amount) showed considerable in vitro and ex vivo permeability. The
Raman studies revealed comparable corneal distributions of F3 and the commercial
Nevanac® suspension at 60 min (p value = 0.6433).

The fibrous composition of NEPA-loaded and Cys-loaded samples remains stable
under stress conditions (40 +2°C, 75+5% RH) in term of morphology and
physicochemical characters. The formulation composition showed good
cytocompatibility with hen eggs tested on the CAM of chick embryos.

In light of these results presented based on different polymer combinations and
different model drugs; it can be concluded that the electrospun nanofiber webs could be

promising carriers for various APIs for ophthalmic delivery.
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7. SUMMARY

Despite the emergent development in pharmaceutical technologies, ocular drug
delivery remains challenging due to the complex eye structure that interferes with drug
permeation and leads to poor bioavailability. For successful disease targeting, especially
posterior segment, invasive intravitreal injections are the most successful. Nevertheless,
the method might lead to severe complications such as eye bleeding, retinal detachment,
and endophthalmitis.

Therefore, we developed and formulated electrospun nanofiber-based Ols using
different model drugs as an attempt to formulate a drug delivery system that is as efficient
as an invasive way of treating different diseases in different eye sites while maintaining
the relative safety and convenience of conventional eye drops with the overall goal of
increasing patients’ acceptability and reducing diseases burden.

Different studies were carried out to develop and formulate NEPA and Cys-loaded
electrospun nanofibers as potential candidates for Ols using different ratios of PVA/PO-
407/HP-B-CD and either PVA/PO-407 or TEOS/PVA polymeric blends, respectively.

The results revealed the formation of stable, nanofibrous, and ASDs that resulted
in fast drug release regardless of the polymeric base type while maintaining compatibility
between the components. For all polymeric blends, the results revealed randomly
oriented fibers with diameter distribution on a nanometer scale. The PAMPA
permeability assay and ex vivo study results showed remarkable drug permeation, as
confirmed by the Raman mapping within corneal tissues.

The developed cytocompatible nanofibrous webs can be considered promising
candidates as Ols, which can be used as an alternative to conventional systems for NEPA
and Cys ocular delivery or any drugs with similar physicochemical properties with
reasonable corneal permeation and better stability.

The developed cytocompatible NEPA and Cys-loaded nanofibers-based Ols could
be a promising alternative to conventional systems with reasonable corneal permeation

and better stability.
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Abstract: Recently, the electrospinning (ES) process has been extensively studied due to its potential
applications in various fields, particularly pharmaceutical and biomedical purposes. The production
rate using typical ES technology is usually around 0.01-1 g/h, which is lower than pharmaceu-
tical industry production requirements. Therefore, different companies have worked to develop
electrospinning equipment, technological solutions, and electrospun materials into large-scale pro-
duction. Different approaches have been explored to scale-up the production mainly by increasing
the nanofiber jet through multiple needles, free-surface technologies, and hybrid methods that use an
additional energy source. Among them, needleless and centrifugal methods have gained the most
attention and applications. Besides, the production rate reached (450 g/h in some cases) makes these
methods feasible in the pharmaceutical industry. The present study overviews and compares the
most recent ES approaches successfully developed for nanofibers’ large-scale production and accom-
panying challenges with some examples of applied approaches in drug delivery systems. Besides,
various types of commercial products and devices released to the markets have been mentioned.

Keywords: electrospinning (ES); nanofibers (NFs); scale-up; pharmaceutical industry

1. Introduction

Ideal drug delivery systems have been developed to achieve the best therapeutic
effects and lowest toxicity problems [1]. The rapid progress in the field of nanotechnology
has led to the development of many techniques for the production of numerous nano-
scale composites [2,3], of which nanofibers have received considerable attention [4] due
to diversity in the fabrication technologies and applications [5,6], especially in the fields
of pharmaceutical drug delivery [7-9], biomedical applications including wound dress-
ing [10-13], and tissue engineering [14,15]. Electrospinning (ES) has been considered one
of the most efficient techniques used for the synthesis of nanomaterials since the 20th
century [16], and great works have been done in the late 1990s and early part of the 21st
century [17,18]. ES is a simple, highly efficient and reproducible process [19]. It depends on
the application of a high electrical field between a metallic needle (containing the polymeric
solution or melt) [20] and a grounded collector [21,22]. Above a certain critical value [23],
the liquid jet is ejected from the tip of a needle, forming a Taylor cone [24], followed by
subsequent elongation, thinning, and deposition of sub-micron fibers on the collector [2,25].
Various polymers have been used in the production of nanofibers (NFs) [26,27] with unique
properties [28-30], which make NFs a suitable candidate for many pharmaceutical appli-
cations, such as solubility improvement [31-36], oral delivery of biopharmaceutical [37],
controlling the drug release [38—40], as well as one-step co-encapsulation of one or more
drugs [41,42]. Various spinnerets and collecting-electrode devices and accessories are
used [43] to produce different fiber mats, including non-woven fiber mats, aligned fiber
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mats, patterned fiber mats, random three-dimensional structures, and sub-micron spring
and convoluted fibers [44,45]. Sometimes multi-axial capillaries are exploited to produce
NF mats that serve different application purposes [46—48], or to enable the fabrication of
nanofibers from “unspinnable” liquids [49], or to enhance the quality of resulting nanofiber
structures [50]. This means that the final quality of NFs is governed by solution properties,
process used, and environmental conditions [51]. Since ES has become a novel, versatile,
and applicable technology in the pharmaceutical research and drug development process,
switching to industrial manipulation is of critical importance through scaling-up the pro-
duction, because the laboratory-scale electrospinning device with a single needle has a
rather low (0.01-2 g/h) productivity [52]. Even though the ES technique is relatively simple
and easy to handle, it faces many challenges that need to be managed in order to have
fibers of a high quality [53], such as the inconsistent properties between different batches
when using natural polymers such as silk fibroin [54], the toxicity problem resulting from
a residual organic solvent, and the stability of active agents with thermal treatment [55].
Moreover, it is a relatively slow and time-consuming process, the quality of the final NFs
is affected by the electrical field interference when using multiple needles to increase the
production, the improper optimization of parameters will adversely affect or even interfere
with fiber formation [56], and difficulty in the NF fabrication of native materials of plant
origin, such as starch, necessitates some modifications that adversely interfere with the
properties of native materials [57]. Different attempts to use needle-free technologies have
been carried out to overcome the limitations, but further studies are needed to formulate
NFs with improved quality that fit the pharmaceutical industry [56]. Although the reviews
that demonstrate the scale-up of ES technology have been rapidly growing recently, the
majority of studies and reviews available mainly focused on the principle of ES, its appli-
cations, parameter optimization, and characterization; therefore, light must be shed on
the different approaches that have been proved or exploited for massive NF production,
particularly for pharmaceutical drug delivery. This review aims to give an overview of the
ES technologies developed for the fiber mass production, the challenges encountered, and
light touches to products and devices that have been or are near to being released to the
markets, emphasizing pharmaceutical-industry-relevant examples.

2. Up-Scaling of Nanofiber Production

Many approaches have been described in the literature for increasing nanofiber pro-
ductivity. They focus on increasing jet numbers through single-needle modification, using
multiple needles, and needleless electrospinning [58-61]. Force-spinning, as a newly de-
veloped method which utilizes either centrifugal forces instead of electrostatic force [42]
or a combination of both forces, has been found to give a profound effect [43]. Up to date,
free-surface and centrifugal methods have been explored for their potential production
volume up-scaling [62].

2.1. Challenges Facing the Scaling-up Process

Although it is easy to produce NFs in the lab, when it comes to industrial-scale pro-
duction, mass productivity always remains a significant concern together with a collection
and downstream processes, and there are many challenges which act as an obstacle for
nanofiber production in the pharmaceutical industry [63]. The large-volume processing
is a time-consuming process that will not fit the pharmaceutical industry capacity. Fur-
thermore, safety and environmental attributes arise from organic solvent for scaled-up
electrospinning [62]. The difficulty of process optimization is that only some of the elec-
trospinning process parameters can be easily varied [63,64], which is still a significant
challenge. Needleless technology suffers the fast evaporation of volatile solvents used for
the solubilization of poorly water-soluble drugs; therefore, the concentration will change
and make the process harder to handle, although many attempts have been made to over-
come this problem. It is still a challenge, especially with highly concentrated solutions
and highly volatile solvents, which leads to decreasing accuracy and reproducibility in
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all fabrication stages [14]. When using multi-needle spinnerets, needles clogging and the
interference of close by needles will inversely impact the jet formation and final quality of
the fiber mats. The improper configuration of collectors and downwards spinning of the
jets result in beads or even interfere with fiber formation [56]. It is well known that natural
polymers have gained increasing interest in pharmacy, but, unfortunately, it is challenging
to fabricate NFs from starch and similar natural polymer from pure materials because
they have no sufficient mechanical strength beside their relatively low thermostability;
this means that without modification it will be impossible, taking into consideration that
the modification processes may negatively impact the function of natural polymers [57].
Inconsistent properties between different batches when using natural polymers such as silk
fibroin may occur. Besides, silk fibroin plays a role in stabilizing the pharmaceutical agents,
and it needs special treatment with organic solvents to increase its stability. However,
using organic and caustic solvents might damage the structure and bio-activity of the
bio-molecules and susceptible drugs [54].

2.2. Increasing Jet Production from a Single Needle

Multi-jet electrospinning was first accomplished using a single nozzle with a grooved
tip, from which branches of multi-jets were formed, which in turn increases productiv-
ity from a single needle. Beadless membranes of poly-butadiene (PB) were successfully
prepared by this method. Nevertheless, there was no clear cut about nanofibers” mass
production of a single needle. The theory behind this method was based on the fact that
increasing jet production might be attributed to the increased voltage, which causes incon-
sistent current distribution, and clogging of the passage-way of the polymer solution [65].
Jet splitting has been actually observed when fluid jets interact with electric fields, so it
is not a just postulation [66]. Different cross-sectional shapes have been observed from a
polymeric solution for fiber fabrication by electrospinning from which fibers that were split
longitudinally from larger fibers were observed [67]. Only a few studies have been carried
out because it is not as efficient as other methods.

2.3. Increasing Jet Production through Multi-Needle Electrospinning

A straightforward and easy way of mass producing nanofibers is by utilizing a
multiple-needle instead of a single needle called “multi-needle electrospinning.” [17,68-70].
Blended biodegradable nanofiber mats with different weight ratios of poly-vinyl alcohol
(PVA) and cellulose acetate (CA) were successfully fabricated via multi-jet electrospinning;
the results showed that the blended nanofiber mats have good dispersibility [54]. The
process increases the output and enables simultaneous electrospinning of different ma-
terials along with the possibility of controlling and maintaining the NFs properties [71].
Nevertheless, this technique faces two main problems: electrostatic field interaction be-
tween needles and needles clogging [58,72], which will adversely impact the quality of
the produced nanofibers. Therefore, a process modification and developments are of
paramount importance. No notable increase in production rate has been observed [14].
Many attempts to overcome these problems have been carried out, including: using a large
operating space and careful design of needles to address the problem of charge repulsion
and uneven fiber deposition [73]. Therefore, different arrangements may be applied to the
needles such as one-dimensional linear configuration or two-dimensional configurations
such as elliptical, circular, triangular, square and hexagonal [65,74]. An arced multi-nozzle
spinneret was designed to increase the production efficiency of electrospinning, resulting
in relatively uniform electrical fields which in turn decreases the electrical interference of
the needles and subsequently improves nanofiber quality [75]. The following are some
examples for applying this technology for drug delivery and the pharmaceutical industry:
an electro-spun formulation containing galactosidase as a model biopharmaceutical drug
has been successfully developed through using scaled-up electrospinning experiments of a
lab-scale, high-speed electrostatic spinning (HSES) setup consisting of a circular-shaped,
stainless steel spinneret, equipped with eight orifices, and connected to a high-speed motor.
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The feeding rate was increased to approximately 30 times higher than the usual feeding
rate for single-needle electrospinning. The results showed that the content and the added
excipients enabled appropriate grinding of the fibrous sample without secondary drying,
and subsequently the preparation of pharmaceutical tablets. According to the obtained
results, high-speed electrospinning is a viable alternative to traditional biopharmaceu-
tical drying methods, especially for heat-sensitive molecules, and tablet formulation is
achievable from the electrospun material prepared in this way [52].

Another interesting example is the formulation of a new intravenous (i.v.) bolus
dosage form of doxycycline (DOX) by using a high-speed electrospinning (HSES) setup
consisting of a stainless-steel spinneret equipped with 36 orifices and connected to a
high-speed motor. The produced fibrous material was collected by a cyclone with a high
(~80 g/h) productivity rate. The freeze-dried product was also prepared from the same
precursor solution of HSES for comparison. The technology produced an amorphous,
uniformly distributed DOX fibrous powder. The result of dissolution showed that the pro-
duced fibrous powder has a seven times higher dissolution rate than that of the marketed
formulation, which confirmed that the reconstitution solution could be applied as an i.v.
bolus dosage form. Subsequently, this work confirmed that the continuous high-speed
electrospinning process could be a viable high productivity alternative to batch freeze-
drying process [34]. In light of the aforementioned examples, it can be concluded that
scaled-up multiple nozzle electrospinning technologies can be successfully used in the
pharmaceutical industry after adjusting the process parameters, modification of spinneret
by utilizing orifices or holes instead of needles, and through increasing the speed of spin-
ning as shown in the two examples; thus, these configurations fulfil the requirements of
the pharmaceutical industry.

2.4. Nozzleless (Free-Surface) Technologies

In this technology, the NF production is directly from an open surface instead of
needles. The basic principle behind the formation of multi-jet from this system is as follows:
the wave of an electrically conductive liquid is self-organized, followed by simultaneous
multiple-jet formation when the applied voltage is above the critical value [65]. In con-
trast to multiple needles-based electrospinning, free-surface electrospinning requires a
very high voltage to overcome the liquid’s surface tension, which depends on the type of
spinneret used. It is also difficult to maintain consistent solution viscosity owing to solvent
evaporation from the surface [76]. However, the technology can be used successfully to
address the clogging problem associated with the multiple-needle technique because the
fiber formation is obtained without the need for needles [14]. Spinnerets for needleless
electrospinning are classified into two categories: rotating and stationary spinnerets. The
rotating spinnerets are capable of generating a mechanical rotation to the polymeric so-
lution, while the stationary spinnerets require an auxiliary force to initiate the process
(e.g., magnetic field, gravity, and gas bubble) [69].

2.4.1. Electrospinning Method Utilizing Rotating Spinneret

Many rotating spinnerets are available, from which cylinder, disc, ball, and wire are
mostly reported [56]. The spinnerets are connected with a high voltage power supply and
immersed in the spinning solution. The disc spinneret needs a relatively lower applied
voltage than the cylindrical spinneret to initiate fiber formation, and the fibers were mainly
formed on the top disc. Both electrospinning systems (disc and cylinder) could produce
uniform nanofibers, but the fibers will be thinner with the disc than with the cylinder
at the same process conditions [56]. The electrospun NFs are collected from an upward
direction, which ensures drop-free fibers [69]. These types of spinnerets have superior
advantages over needle-based electrospinning. They have production rates of 8.6 g/h with
a cylinder, 6.2 g/h with a disk and 3.1 g/h with a ball as the spinneret for polyvinyl alcohol
(PVA) fibers under the same working conditions [69,77]. The formation of multiple jets
utilizing a charged cylindrical electrode from the surface of the polymeric solution was the
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first patent regarding this technology [78], followed by the development of the world’s
first industrial free-surface electrospinning setup (Nanospider®) by the Elmarco Com-
pany (Liberec, Czech Republic) with nanofibrous non-woven membranes obtained with a
50-500 nm diameter at a production rate of 1.5 g/min per meter of roller length [71,79].
The technology is widely used to manufacture NFs for pharmaceutical applications; a
notable example of this is the investigation of electrospun fibers containing antiretroviral
drugs tenofovir (TFV) as a new antiviral topical formulation against HIV-1. Manufacturing
scalability of drug-eluting fibers was assessed using a NanospiderTM NS-1WS500U large-
scale production instrument (Elmarco, Inc., Liberec, Czech Republic). NS-1WS500U (wire
instrument) and the parameters were optimized for the best fibers production. The TFV
loading in fibers increased with increasing the TFV per cent in solution, and encapsulation
efficiency was improved. The study results have specified the important parameters for
the scale-up production of TFV drug-eluting fibers by wire electrospinning and support
the possibility of the scale-up and transferability of TFV-loaded electrospun fibers to the
pharmaceutical industry [80].

2.4.2. Electrospinning Method Utilizing a Stationary Spinneret

In contrast to rotating spinnerets when using stationary spinnerets, an external source
of force is required for jet initiation such as a magnetic force [81], high-pressure gas
flow [65,82], gravity and ultrasound radiation [83]. Again, similar to rotating spinnerets,
this method produces nanofibers with higher production rates than multiple-needle ES. The
process setup is more complicated, and the produced nanofibers are relatively coarse [69].
The first study produced nanofibers from dextran utilizing a steel rod and collector as a
needleless electrospinning setup to spin solutions directly from the surface. After parameter
optimization, the rod diameter is an important parameter for the Taylor cone numbers and
electrospinning productivity. The results showed a spinning performance of 0.67 g/min
per meter and an average diameter of 162 nm. This study set the parameters necessary for
high-quality NFs of dextran fabrication using needleless technology to be used for drug
delivery [83]. Another example is a fabrication of antimicrobial polycaprolactone (PCL)
NFs using uncommon needleless and collectorless alternating current (AC) electrospinning,.
The morphological evaluation of resultant fibers showed smooth beadless NFs [84].

Recently, many theoretical and practical studies have been carried out to develop the
free-surface method for large-scale production [85]. A novel modified spinneret based on
needleless technology called mushroom has been developed to increase the quality and
yield of NF production by generating stable pre-Taylor cones with high curvature, resulting
in the production rate of 13.7 g/h [86]. To increase the electric current, an auxiliary
electrode can be introduced [17,87]. For instance, a modified spinneret consisting of a
narrow, long gutter bounded by a metal electrode having a sharp edge has been developed
for a continuous high production rate of NFs. The concept behind mass production
is explained by the highest electrical charge density that forms along the sharp edge,
which will lead to many self-assembled Taylor cones. The technology was assessed using
polyacrylonitrile /dimethyl-formamide and polyvinylpyrrolidone/ethanol solutions. The
small size of the prototype made possible a 20-50 times increase in productivity compared
to the single capillary method [88].

2.5. Other Approaches

Significant improvement in production was obtained by introducing the polymer melt
differential electrospinning (PMDES) method, which enables the production of multiple
jets with the smallest inter-jet distance of an umbrella-shaped spinneret addition. Suction
wind and multistage electric field were proposed to refine the fibers [70]. A centrifuge
spinning method that utilizes centrifugal force, rather than the electrostatic force can be
successfully used for solution and melt electrospinning. The device consists of a multiple
orifice spinneret, thermal system, collecting devices, environmental chamber, control
system, motor, and brake. Some researchers have utilized centrifuge spinning to fabricate
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nanofibers from several ordinary materials [59], other setups based on utilizing air-sealed
centrifugal spinning [89]. Alternating current electrospinning (ACES) was also compared
to direct current electrospinning. The results showed comparable nanofiber properties
with the capability of ACES to increase the productivity of the mat by approximately
six-folds [90]. Hybrid electrospinning methods that used secondary assistant force for
the mass production of NFs have also been studied [59]. A new approach for the mass
production of NFs is based on the combination of magnetic and electric fields acting on a
two-layer system [81].

Another technology has been proven for the production of co-axial NFs on a large scale.
The technology is based on the formation of bilayer liquid on the surface of needleless
weir spinneret, which eventually supports co-axial nanofibers” formation. The results
demonstrated an increased production rate of uniform core/shell NFs compared to needle
coaxial spinneret [91]. A comparative study of traditional electrospinning (TES) with
ultrasound enhanced electrospinning (USES) has been conducted for the formulation of a
nanofiber drug delivery system using polyethylene oxide (PEO) and chitosan as carrier
polymers and theophylline anhydrate as a water-soluble model drug. The results showed
that NFs produced by USES were amorphous compared to those produced by TES [92].
A very promising novel application of the free-surface method has been manipulated by
combining the alternating current electrospinning (ACES)—instead of using direct current—
with centrifugal force, and a higher throughput has been obtained [93]. Another study
involves utilizing centrifugal and electrostatic forces simultaneously for the fabrication of
NFs from poly-acrylonitrile (PAN) and poly-L-lactic acid (PLLA) [94]. Modified free-surface
electrospinning (MFSE) using a cone-shaped air, and added sodium dodecylbenzene
sulfonates (SDBS) to generate bubbles on the liquid surface. The results revealed that
the quality and production rate were increased [95]. A very promising study, compatible
with the pharmaceutical industry has been developed for the fabrication of a poorly
water-soluble drug itraconazole utilizing scalable, high-speed electrospinning setup. The
scaled-up experiment was carried out using a stainless steel spinneret with sharp edges and
spherical cap geometry connected to a high-speed motor. In addition to high production
output (75-fold productivity improvement, i.e., 450 g/h), the obtained morphology and
quality were similar to that produced by single-needle electrospinning. Therefore, it
could be possible to have a continuous, efficient, and scaled-up method that meets the
pharmaceutical industry’s requirements [33].

3. Impact of Scaling Condition on the Nanofibers’ Functionality-Related Properties

The morphology of nanofibers is controlled by electrospinning process parameters
(flow rate, viscosity, the distance between tip and collector, solvent conductivity, temper-
ature, and humidity); so far, it is not an easy process to have nanofibers with desired
properties and architecture, because it is still challenging even for conventional electrospin-
ning [96]. Increasing the flow rate to increase the throughput will affect the morphology of
electrospun fibers and leads to the formation of beads due to incomplete drying results in
increased pore size and fiber diameters [2]. The collector types and configurations have
also been demonstrated to affect the final NF properties, for example, polycaprolactone
(PCL) fibers were produced by electrospinning using three collectors: rotating drum static
copper wires, and a rotating mandrel and the effect on morphology was evaluated. The
best fiber alignment and lowest average fiber diameter were obtained using parallel copper
wires with a 1 cm gap [97]. There are many published works comparing the properties of
nanofibers fabricated through scaled-up and conventional needle electrospinning meth-
ods. Free-surface electrospinning (wire electrode) for the high-throughput fabrication of
fibers delivering tenofovir (TFV) was compared to the conventional needle electrospinning
method (needle electrode), polyvinyl alcohol (PVA) fibers containing up to 60% TFV were
fabricated, and all electrospinning solutions were in the same conditions with regard to so-
lution conductivity, viscosity, surface tension, or pH. The resultant fibers were evaluated for
physicochemical parameters such as fiber morphology, drug crystallinity, drug loading and
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release kinetics. The results showed that electrospinning using needle and wire instruments
produced materials with similar mesh and fiber properties, and fiber diameter decreased
with increasing drug loading for both the needle and wire instruments, except for formula-
tions used to fabricate 60% TFV fibers, in which the wire instrument produced fibers with
slightly smaller diameters compared to the needle instrument, which was attributed to
greater solution conductivity with increasing drug loading and the greater overall electric
field strength of the wire. Additionally, the electrospinning of both instruments showed
that the finished fibers have a generally smooth and cylindrical morphology. The actual
drug loading and encapsulation efficiency of TFV was comparable between the needle and
wire electrospinning; the only significant difference observed between actual drug loading
and encapsulation efficiency values was for the 60% TFV fibers in which the fibers produced
by the wire instrument had a 10% decrease in absolute actual drug loading compared with
the fibers produced by the needle instrument. This difference was attributed to the settling
of drug precipitate in the carriage tube during electrospinning with the wire instrument. To
overcome the problem, a more uniform micronization of the drug before electrospinning
was suggested or actively mixing the polymer solution in the reservoir during electrospin-
ning. It can be concluded that the TFV-PVA fibers were successfully transferred from a
laboratory-scale to a production-scale instrument [80]. Another study utilizing high-speed
electrospinning (HSES) that fit the pharmaceutical requirements was used to prove that a
higher production rate will be obtained than that of a single-needle electrospinning (SNES)
setup. Itraconazole (ITRA) electrosspun nanofibrous material was formulated using HSES,
SNES, spray drying (SD), and film casting (FC). The nanofiber products were evaluated
in terms of the dissolution, morphology, and amorphous dispersion. The results showed
fast dissolution with both scaled-up and single-needle electrospun fibers. The obtained
morphological properties were the same for both lab-scale SNES and the scaled-up HSES
method with a diameter range of 0.5-2 mm. Further studies are expected to explain the
reason behind some beads’ micrometer size in the case of HSES nanofibers [33].

4. Development of Electrospinning Machines from Laboratory to Industrial Scale

The continuous increase in passion and research in electrospinning has led to in-
creased competition among laboratory-scale equipment’s suppliers. The market movement
was revived with various spinning and collecting-electrode devices and accessories. For
example, 4Spin Company (Dolni Dobrou¢, Czech Republic) offers highly modular systems
and polysaccharides such as hyaluronic acid, chitosan, or cellulose can spin, resulting in
a fiber diameter of 300-500 nm [98]. E-Spintronic equipment (Gernlinden, Germany) is
characterized by being easy to clean and capable of forming 3D spinning movement with
a speed of 1-600 mm/min [99]; information on the fiber diameter range is not available
on their website. HOLMARC Opto-Mechatronics (Kerala, India) designed equipment
suitable for the production of protein NFs, carbon nanotubes, and inorganic NFs of di-
ameter size 50-5000 nm. They provide systems for research in various fields, such as
thin films, biotechnology, nanotechnology, life sciences [100]. NEU KatoTech Co. Ltd.
device (Kyoto, Japan) uses electrospinning techniques to safely and easily produce NFs
with diameters of 50 to 800 nm. This device is widely used in the automotive industry to
research and develop filters and fuel cells [101]. Nadetech Innovations (Navarra, Spain)
produce completely automatized ES systems, with completely controllable ES parame-
ters with high accuracy and reproducibility. Their system uses single, coaxial, tri-axial
or multi-nozzle spinnerets [102]. Physics Equipments (Chennai, India)—similar to the E-
Spintronic equipment—offers devices with a spinning chamber constructed of aluminium
strut frames, two polycarbonate clear doors, a window and a fiberglass panel with a voltage
sensor, emergency stop and multiple safety features (a core-shell nozzle spinneret is also
available); fiber diameter data are not available [103]. A spinbox instrument by Bioinicia
(Valencia, Spain) designed for the lab-scale fabrication of micro- or nano-structured fibers
and particles for use in a wide variety of applications including regenerative medicine,
drug delivery, micro-encapsulation (of food and skin-care ingredients), functional textiles,
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and filtration [104]. Besides, various basic, intermediate and advanced kits are available,
engineered by Bioinicia and Fluidnatek systems, for research purposes; their large-volume
solution feeding system for extended production batches is remarkable. Their product line
offers models with easy-to-clean construction, which are dedicated to Cleanroom-ES in the
biomedical and pharmaceutical field [105]. Spraybase Company (Kildare, Ireland) supplies
different types of spinnerets, including coaxial and tri-axial. Extraordinarily, a melt ES
device is available in their line-up [106].

Therefore, a wide range of laboratory-scale equipment is available in the market.
The majority is based on needle-type electrospinning, with a low production rate, but is
compatible with research capacity. In recent years, many companies have attempted to
address low productivity by developing new methods adapted from conventional electro-
spinning to increase production. Thereafter, the potential for the use of NFs in industrial
applications has become feasible [107]. Many companies have released electrospinning
equipment for industrial production to the markets, which could be used for pharmaceuti-
cal applications (Table 1). Many of them use nozzle-based technologies to control the NF
properties, particularly when they are exploited as drug delivery products, while others
are based on needleless electrospinning (NLES). Unfortunately, no large number of devices
applicable to pharmaceutical industries have been released to date. Nevertheless, the
research works are increasing daily based on NLES technology in an attempt to find novel
techniques and instruments compatible with the pharmaceutical industry [56], for example,
Bioinicia (Valencia, Spain) [105], ElImarco [108], and Fnm Co. (Fanavaran Nano-Meghyas)
(Baghestan, Iran) [109]. The first patent in nanofiber scale-up production is based on the
possibility to create Taylor cones and the subsequent flow of material not only from the tip
of a capillary, but also from a thin film of a polymer solution [78], which led to the develop-
ment of the world’s first industrial free-surface electrospinning setup (Nanospider®) by
the Elmarco Company (Liberec, Czech Republic). It is based on needle-free electrospinning
technology and designed for the effective production of the highest-quality nanofibers with
low solvent consumption, continuous production, and a wide range of solvent for polymer
solubility. Furthermore, it is a versatile technology and is easily adapted to various process
parameters to optimize the specific properties. The Nanospider™ NS 851600U is the base
unit for industrial production. It is characterized by being scalable to up to four units
and designed for 24 h/7 days operation. Throughput depends on the polymer, substrate,
process and fiber diameter, for example: 20,000,000 m?2/ year for PA6 on cellulose, nanofiber
layer width: 1.6 m, basis weight: 0.03 g/m?, fiber diameter: 150 nm +/— 30% [108].

Table 1. Summary of electrospinning setups by the technology used instrument scale and manufacturer.

Manufacturer . . - .
(Country of Origin) Setup Scales Available Operation Capacities Way of Properties References
Electroblowing
. Highly modular systems;
45pin Polysaccharides like Hyaluronic acid
(Dolni Dobroug, Laboratory Unit type/Project system Chi th Cellul yb 1 ’ [98,119]
Czech Republic) 1tgsan or Cellulose can be e ectrospun
Fiber diameter: (>100) 300-500 nm
Needle/Nozzleless electrospinning
Lab-based units: high throughput compared
to needle-based systems;
Unit type/Project system Industrial unit: low solvent consumption
Elmarco Laboratory and Industrial Massygo ductgon system (minimalised usage and evaporation); [108,120,121]
(Liberec, Czech Republic) (Nanospider production line) P Y Maximum effective nanofiber width: 1.6 m e
Continuous system Fiber diameter:

e Industrial unit: ~150 nm +/— 30% SD;
® Mass production unit: 80-700 nm +/— 30% SD
SKE (Research Equipment) Also needle-based units available (laboratory

(Bollate, Italy) Laboratory and Pilot and Unit type/Project system scale); Pilot- and industrial-scale units are [116,122]
(by Elmarco) Industrial Batch type systems needleless >

(Czech Republic) Co- and triaxial needles available
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Table 1. Cont.

Manufacturer
(Country of Origin)

Setup Scales Available

Operation Capacities

Way of Properties

References

Needle/Nozzle-based electrospinning

Electrospinning
(Tong Li Tech)/NaBond
(Hong Kong)

Laboratory and Pilot and
Industrial

Unit type/Project system
Batch type systems
Mass production systems

Needle-based electrospinning;
Near-field electrospinning;
Coaxial electrospinning;
3D print electrospinning;

Melt electrospinning;
Continuous electrospinning;

For Scale-up units: 0.5-1-1.6-2 m width
machines available;

Basic, Professional, Scale-up, Robotic,
All-in-one, Bio-medical, Portable instruments;
Accessories: Multi-needle spinneret, tubeless

spinneret, rotating and magnetic electrode
collector, x-y moving stage, syringe and
continuous pump;

[110,123]

Spraybase
(Kildare, Ireland)

Laboratory

Unit type/Project system
Batch type systems

Needle/Nozzle-based electrospinning;
Melt electrospinning *;
5-40 um * (melt electrospinning);
Coaxial/traixial kits available;
25-250 °C—PCL, PLA, PLGA, PP, PE, PMMA
can be used (melt electrospinning)

[106,124]

Bioinicia
(Valencia, Spain)

Industrial *

Mass production system
Continuous system

* Electrospinning contractor;
GMP and ISO validated for pharma and
biomedical products.

[105,125]

E-Spin NanoTech Pvt. Ltd.
(Uttar Pradesh, India)

Laboratory and Pilot

Unit type/Project system
Batch type systems

Vertical, Horizontal, Inert Gas Spinning,
Under solvent spinning;
Ultra compact spinning chamber for low
vacuum and inert gas spinning

[126,127]

Erich Huber GmbH
(Gernlinden, Germany)

Laboratory

Unit type/Project system

Programmable spinning nozzle;
Rotating collector/x-y-plate;
3D spinning possible
Insulated, easy-to-clean system hood;
3D spinning movement speed: 1-600 mm/min

[99,128]

Fnm Co.
(Fanavaran Nano-Meghyas)
(Baghestan, Iran)

Laboratory and Pilot and
Industrial

Unit type/Project system
Batch type systems
Mass production systems
Continuous system

Lab-scale unit: Dual Pump
Electrospinning Machine
(Side by Side Electroris®)

For polymeric/carbon/ceramic nanofibers
with diameter range of 50 nm to a few micron
core-shell nanofibers.

One-eight spinning units for industrial unit,
all parameters can be set separately
Fiber diameter: 60-500 nm

[109,129]

Fluidnatek
(by Bioinicia)
(Valencia, Spain)

Laboratory and Pilot

Unit type/Project system
Batch type systems

Large-volume solution feeding system for
extended production batches (single-phase or
coaxial)*

Multihead emitter system with larger-volume
solution reservoirs;

Solvent resistant housing;
Easy-to-clean contruction for most
models—ideal for cleanrooms;
Package for GMP validation available (or
15013485)

[105,125]

HOLMARC
Opto-Mechatronics
(Kerala, India)

Laboratory

Unit type/Project system
Batch type systems

Protein nanofibers, carbon nanotubbes,
inorganic nanofibers;

UV curing lamp (254 nm) can be added on the
top of the rotating collector to cure the spun
fibers;

Holmarc’s model (HO-NFES-SYS): Nano Fiber
Double Spinning and Yarning system
Fiber diameter: 50-5000 nm

[100,130]

- INOVENSO
(Istanbul, Turkey)

Laboratory and Pilot and
Industrial

Unit type/Project system
Batch type systems
Mass production systems
Continuous system

Single- and multi-nozzle systems for lab-scale
workflow available;
Maximum number of nozzles:

204 (industrial-scale machine);
1805000 m?/day, 5000 g nanofiber/day.
50-400 nm diameter; 49,350 m?/day
(23.5h/day)

Fiber diameter: 50-400 nm diameter

[111,131]
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Table 1. Cont.
Manufacturer . . i, .
(Country of Origin) Setup Scales Available Operation Capacities Way of Properties References
This device is widely used in the
automotive industry
KatoTech Co. Ltd. Laboratory Unit type/Project system for research and development of filters and [65,101]
(Kyoto, Japan)
fuel cells.
Fiber diameter: 50-800 nm
Coaxial needle/multineedle systems;
. . Up to eight independently controlled
LIN{?,FI I\{tario")l"ech Laboratory and Industrial Ung tt)llfle/PrO]ecttS)stem syringe pumps; [112,132]
sa, Aty atch type systems Automatic cleaning of needles. Internal temp.
and humidity control.
Dedicated device for healthcare/medical
. . application;
(11:\/[ ECCkCO]' Ltcri{) Laboratory and Pilot Ung tty}})\e/PrOJecttS)I;stem Production of nonwoven nanofiber [133,134]
uikuoka, japa atch type systems (effective width: 0.4-1 m);
Fiber diameter: 10 nm- several micrometers
Nadetech Innovations . . Spinnerets: single/coaxial /traixial /multi- -
(Navarra, Spain) Laboratory Unit type/Project system nozzle [102,135]
Unit type,/Project system Multi-nozzle system for the continuous
Nanoflux Laboratory and Pilot and yp ) t production of the nanofiber fabric products;
. . Batch type systems . [113,136]
(Singapore) Industrial Continuious svstem Up to 135 needles;
Y High-temperature unit (up to 280 °C available)
. . Dual/multi-channel syringe pumps available;
. Unit type/Project system Coaxial/triaxial /precision/multi/heating
NanoNC Laboratory and Pilot and Batch type systems . R )
. . /micro nozzle options; [114,137]
(Seoul, Korea) Industrial Mass production systems . LT .
Conti (Rotary jet and wet spinning machines
ontinuous system .
available)
Spinning Chamber: Constructed with
Aluminium Strut Frames.
Physics Equipment Unit type/Project system ® Two Polycarbonate- Clear doors
(Chennai, India) Laboratory Batch type systems e Window on one side [103,138]
o Fiberglass Panel on other sides
o With Sensor to switch of H.V.Power Supply
Unit type/Project system Industrial unit: In each unit, there is a rotating
Progene Link Sdn Bhd Laboratory and Pilot and Batch type systems drum dipped in the polymeric solution, and a [115,139]
(Selangor, Malaysia) Industrial Mass production systems plate/rotating drum collector placed on the "
Continuous system top of each unit.
Spinbox Basic/Intermediate/ Advanced kits available;
PP Unit type/Project system Spare parts available; = ns
by Bl.““‘“@ Laboratory Batch type systems Engineered by Bioinicia and Fluidnatek [105,125]
(Valencia, Spain)
systems, for research purposes
Feeding unit with infusion pump (up to
SPINBOW four syringes);
Y Laboratory and Pilot Unit type/Project system Linear sliding system with a reciprocating [140,141]
(San Giorgio di Piano Italy) . . .
motion housing (up to four needles) spinneret
Rotating interchangeable drum collector
Unittype oy Pl il syeing pup o oo
Yflow Laboratory and Pilot and Batch type systems ’ visualization s sten{ [117,142]
(Malaga, Spain) Industrial Mass production systems Yy . 4

Continuous system

(From Professional system upwards upgrades
are included)

* refers to the industrial electrospinning contractor indicated in the second coloumn.

Bioinicia (Valencia, Spain) is the first company to have overcome the up-scaling issues
related to the electro-hydrodynamic-spinning and electro-spraying technology with a large
scale; it has reached a unique positioning in the pharmaceutical industry, being the only
company fully capable of developing and producing drugs with optimized performance.
The instrument is versatile with continuous ISO and GMP-certified production of pharma-
ceutical products: one can use any solvent, excipient or API (even live cells) at solutions,
suspensions, and emulsions; no stress is applied to the API at the highest product stability
and quality; dry product in a single step (easy downstream process); minimal moisture
content and excellent processability of the final product with high reproducibility and
dose uniformity; narrow and controllable particle size distribution (50 nm-10 um) [105].
Similarly, electrospinning (Tong Li Tech)/NaBond (Hong Kong) has developed laboratory-,
pilot-, and industrial-scale equipment; a wide range of instrumental selection is available,
including a dedicated bio-medical instrument, and various techniques can be applied, such
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as needle-based electrospinning, near-field electrospinning, coaxial electrospinning, 3D
print electrospinning, melt electrospinning, and continuous electrospinning [110]. Another
commercialized instrument that can be used in the pharmaceutical industry is PE3550
from INOVENSO (Istanbul, Turkey); initially conceived for the production of air filtra-
tion nanofiber-based products (N95/N99 filtration media), it enables high-throughput NF
production based on needles and core-shell electrospinning. PE3550 is equipped with
168 electrospinning nozzles, allowing the surface to be uniform with a fiber diameter of
50-400 nm, and it also enables continuous production at the required quality even under
changing environmental conditions [111]. Other companies that supply electrospinning
equipment for both laboratory- and large-scale production include LINARI NanoTech (Pisa,
Italy), offering coaxial needle/multi-needle systems, which use up to eight independently
controlled syringe pumps and have an automatic cleaning system in addition to internal
temperature and humidity control [112]. Nanoflux (Singapore) is a multi-nozzle system
for the continuous production of the Nanofiber fabric products, containing up to 135 nee-
dles [113]. NanoNC (Seoul, Korea) needle-based electrospinning, 3D electrospinning, and
near-field electrospinning, with dual- or multi-channel syringe pumps, are available, and
coaxial or tri-axial could be applicable [114]. Progene Link Sdn Bhd (Selangor, Malaysia)
is widely used for producing nanofiber-based filters and face masks [115]. SKE (Research
Equipment) (Bollate, Italy) systems offer various technological solutions to accurately
control each process, guaranteeing batch-to-batch reproducibility and precise control of
nanofiber parameters such as diameter, orientation and texture, co- and triaxial needles are
also available [116]. Yflow® fiber roller supplies more than one type of machine character-
ized by the following features: designed and optimized to work with electrospinning and
electrospraying technologies; works with any polymer solution reported in the scientific
literature with the continuous and non-stop operation. The machines are used in a wide
variety of applications in diverse sectors, including the pharmaceutical industry [117].
Another example is ANSTCO (NF-LINE IV) (Tehran, Iran). The flexibility in design, ease
of use, range of accessories provided, and high precision control and the wide range of
variations considered for the main electrospinning parameters are the main outstanding
features of ANSTCO electrospinning machinery. Hence, one can easily apply various elec-
trospinning strategies and operational and environmental conditions to produce various
nanofibrous products, especially nanofibrous air filters and wound dressing [118].

5. Electrospun Products for Commercial Purposes

The progress in electrospinning involves not only the machines and their accessories
but also the electrospun products, so many companies have emerged in the last few years,
offering electrospun commercial products that could be used for different applications
(Table 2). Commercial usage of electrospun fibers across various fields is now possible.

5.1. Non-Medical Device (Non-MD) Products

Revolution Fibers Ltd. is New Zealand’s premier advanced materials company and a
global leader in nanofiber production. Revolution Fibers Ltd. has commercialized products
with various clients in the areas of filtration, skin health, composites, acoustics, biotech and
anti-allergy bedding [143]. According to the data released by “Research and Markets”, the
nanofibers’ global market can reach USD 1 billion by the end of 2021 [17].

Neotherix nanofiber scaffolds for tissue regeneration are bioresorbable scaffolds that
possess a non-woven three-dimensional architecture, comprising nano/micro-scale syn-
thetic bioresorbable polymer fibers. The highly porous scaffold structure supports the
migration and proliferation of fibroblast cells from surrounding healthy skin tissue to
facilitate wound healing [144]. Bio-Spun™: BioSurfaces’ patented electrospinning process
allows for the incorporation of drugs, growth factors, radiopaque agents, or other bioactives
directly into the fibers of both degradable and non-degradable materials with multiple
advantages, such as high bioavailability, no extraneous binding agents are necessary, the



Pharmaceutics 2021, 13, 286

DOI:10.14753/SE.2024.3045

12 of 21

ultra-high surface area provides a complete release of loaded drugs, and release rate can be
tailored [145].

The Smart Mask filters out over 99%; it also offers virus trapping and bacteria killing
and is highly comfortable due to its high breathability [146]. Reusable nanofiber-filtered
masks use a nanofilter that maintains excellent filtering efficiency even after handwashing
through the development of proprietary technology that aligns nanofibers with a diameter
of 100~500 nm in orthogonal or unidirectional directions. This reusable nanofiltered face
mask could relieve the challenges arising from the supply shortage of face masks [147].
The SETA nanofiber layer is a revolutionary approach to air filtration using electrospun
nanofibers infused with antibacterial additives to trap even the smallest airborne parts,
such as spores, allergens, and bacteria [148].

5.2. Medical Devices (MD) and Drug Delivery Systems (DDS)

ReBOSSIS is an innovative-type synthetic cotton-like bone-void /defect-filling material
consisting of 3-TCP (p3-Tricalcium Phosphate), Bioabsorbable Polymer and SiV (Silicone-
containing Calcium Carbonate that promotes the bone formation). Its cottony-type property
makes it easier to handle at the time of operations compared to existing artificial bones. To
give an example, unlike block-type solid artificial bone, processing can be done in advance
to make ReBOSSIS fit into the shape or condition of different bone defects. Also, unlike
granular-type artificial bone, ReBOSSIS does not fall from a bone-defect/void after filling.
In addition to its good handling property, ReBOSSIS is featured with good elasticity and
resilient capability, which is a great difference from the existing types of artificial bones.
Being elastic and resilient, ReBOSSIS is designed to perfectly fill a bone void of any part of
a patient’s body and in any size in a shorter time. Furthermore, ReBOSSIS can stay in a
void firmly without any risk of falling from the void. Thereafter, ReBOSSIS replaces itself
with the patient’s bone after healing [149]. Bioweb™ composites electrospun composites
offer novel alternatives to traditional stent graft materials thanks to their microporous
structure and increased surface area promoting cellular in-growth. Its high surface-to-
weight ratio makes it suitable for tissue scaffolding. As a stent covering, the composites
allow for the safe and non-inflammatory implantation of these devices [150]. HealSmart™
personalized wound care dressings are made from two types of microfiber polymers: hy-
drophilic (absorbing) and hydrophobic (moisture repelling). HealSmart™ is a patented
microfiber technology that adapts to create dressings that are absorbent or hydrating, as
specified. It contains polyhexamethylene biguanide (PHMB), an antimicrobial agent that
protects healing cells from a bacterial proliferation in the dressing, and hyaluronic acid
(HA), a naturally occurring glycosaminoglycan distributed widely throughout connective,
epithelial, and neural tissues known to assist in wound healing. These dressing are FDA
approved and have been clinically evaluated in over 12000 placements with a 96% sat-
isfaction rate due to personalized treatment. Several clinical studies have demonstrated
improvements in wound area reduction. Furthermore, the dressing composition is ad-
justed based on the wound’s functional needs. It eliminates variability and saves time,
and the frequency of dressing changes can remain in place for up to 7 days [151]. In 2018,
the Spain-based Bioinicia SL announced the approval for nanofiber-based drug delivery
products, the Rivelin® patch. The product is manufactured at Bioinicia’s industrial-scale
nanofiber production facilities. It is a multi-component electrospun product designed for
the unidirectional delivery of a pharmaceutical drug to a mucosal surface. Their control-
lable fiber diameter results in a large active-surface area and highly efficient drug release in
the sub-micrometre range. Bioactive compounds are dissolved in the fiber matrix, effec-
tively forming a uniform solid molecular solution that ensures high bioavailability even
for poorly water-soluble substances. The wide range of materials that can be processed,
including food- and pharmaceutical-grade biopolymers, synthetic polymers, and inorganic
materials, allows for various drug release profiles, which can be tailored to a specific
application [105]. The SWASA Surgical Mask is a three-layer membrane technology that
protects from bacteria and other pollutions, UV sterile and anti-germ packing comfort-
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able breathing [152]. AVflo™ is a superior alternative when considering vascular access
for hemodialysis. Rapid hemostasis occurs in less than three minutes, no bleeding from
the suture line, no weeping, rapid tissue integration, and no hematoma, seroma or pseu-
doaneurysm formation [153]. The PK Papyrus® covered coronary stent system achieves
greater bending flexibility and a smaller crossing profile than the traditional sandwich
design stent. Electrospun polyurethane fibers on the stent surface create a thin and highly
elastic membrane to seal perforations with high confidence [154]. The SurgiCLOT® fibrin
sealant patch is the first and only fibrin sealant designed specifically for bone bleeding,
utilizing the dextran nanofibers to deliver a bolus of human fibrinogen and thrombin,
augmenting the clotting cascade to promote a fast, strong and natural fibrin clot to aid the
bone healing process [155].

Table 2. Summary of electrospun products by product grade. MD = Medical Device, DDS = Drug Delivery System

Product Type . [P
(e.g., Technology, Device, Bra?]fl I\Sme Product Grade Manufacturer ( Availia el:?llilte dligeclsl:l:::: ;g: etc) References
Filter, Mask, etc.) Lg Y, Key s
Publicly available products
SWASA® face mask MD
Face mask (odorless, plus) (recommended for E-SPin NanoTech Patented face mask technology
(nanofiber for mask or N%/NiiF? ce mask medical doctors) Pvt. Ltd. [152]
filter technology) technology (Uttar Pradesh, India)
SWASA® Surgical mask MD Surgical face mask
Nicast Unique Nanofibrous Vascular
TM
AVflo (Lod, HaMerkaz, Israel) Access Graft (153]
Biotronic Electrospun polyurethane fibers
® T thi ; /
PK Papyrus MD (Berlin, Germany) on stent surface, thin and highly [154]
elastic membrane
. Dextran nanofibers; fibrin sealant
Surgiclot® St. Theresa Medical Inc. designed specifically for bone [155]
(Eagan, USA) .
bleeding;
NanoCare® Nanofiber Solutions™ Vetermaf;geprr;illtllcctt‘;iCM-hke [160]
(Ohio, USA)
Phoenix Wound Matrix Treatment of both partial- and [161]
RenovoDerm® full-thickness wounds
Zeus Industrial o
Lo Zeus Bioweb™ Products, Inc. Ultra.lts}inlall PiFE POlly meri‘c fltbers [150]
Surgical implants and (Orangeburg SC, USA) with low chemical reactivity
wound treating
products/wound Bone-void/defect-filling material;
dressings Components:
Ortho ReBirth TCP (3-Tricalcium Phosphate),
ReBOSSIS® (Yokohama-shi Bioabsorbable Polymer and SiV [149]
Kanagawa pref., Japan) (Silicone-containing Calcium
Carbonate that promotes the
bone formation).
FDA approved degradable
material poly-L-lactic acid (PLA)
ReDura™ G ME]}D\PRII&IH ) Similar to native extracellular [162]
vangzhou, Lhina matrix (ECM), rapid repair and
regeneration.
PolyRemedv®. T Antimicrobial Dressings with the
HealSmart™ DDs C oy egli/[z; ’Ung addition of Hyaluronic Acid [151]
(Concord, , ) (HA)
Biodegradable polyester material
3D Biotek that has been used in many FDA
™ _
3D Insert -PCL DDS (New Jersey, USA) approved implants, drug delivery [163]
devices, suture, adhesion barrier.
Products under development
N/A /
Patches Pathon other N/A nitric oxide releasing patch [1e4]
Rivelin® patch DDS Bioinicia Designed for unidirectional drug [165]

(Valencia, Spain)

delivery to a mucosal surface.
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5.3. D Cell Culture for Drug Development and Sensitivity Screening

It has been clear that three-dimensional (3D) cell culture offers a more realistic one
step similar to the in vivo cell growth environment for the manipulation of cell properties
than animals, and provides an alternative system to investigate the drug screening in the
pre-clinical study phase [156] or to investigate the sensitivity of cancer cells to anticancer
drugs [157]; therefore, the design and fabrication of a suitable 3D cell culture platform
became an integral and indispensable part of the drug development process. As in other
fields, some companies have succeeded in making excellent models for cell culture using
the electrospinning process and have been incorporated with other commercial products,
for example, Dipole Materials launched BioPaper™Technology to help researchers im-
prove pharmaceutical drug screening capabilities. The novel BioPaper technology is a 3D
fibrous scaffold that easily fits all of the needs for 3D cell culture; it is biological-derived
materials (including gelatin and collagen) with controlled properties and is easily handled
for applications in high-throughput drug screening [158]. Another example of 3D cell
culture is: nanofiber solution products (plates, chamber slides, dishes, and plate inserts
from Nanofiber solutions). Nanofiber Solutions” products are true 3D cell culture surfaces,
optically transparent, compatible with light/visible microscopy, the physical dimensions
are compatible with high-throughput and standard lab equipment, the fibers are made of
polycaprolactone (PCL), the diameter of the nanofiber polymers is 700 nm, no special media
or reagents are needed, and they are characterized by batch to batch consistency [159].

6. Future Perspective of Electrospinning and the Scale-up Production

Despite the revolution concerning scaling up instruments and products, it is doc-
umented that Nanospider is the only commercialized instrument used in pharmaceuti-
cal applications. Nevertheless, the research covering scaled-up ES technologies showed
promising results and is expected to help the pharmaceutical industry’s field flourish.
Therefore, industrial translation requires further developments and support from compa-
nies since most released studies are of academic origin. Based on nanofibrous systems’
morphological and physicochemical properties, it may become part of real pharmaceutical
preparations in the future by increasing the solubility and dissolution rate of poorly soluble
drugs [166], reducing the appropriate dose or repositioning existing chemical entities. It
may be possible to use the fibrous structure for wound healing, absorbable dressings and
topical preparations, grafts, stents, sclerotherapy balloons and diagnostic sensors, taking
advantage of its stimulating effect on tissue regeneration [167]. There is also an example
in the literature that preclinical-level, specific cell culture-based screening of drugs via
nanofibers has been implemented [168,169]. According to the research considerations,
the nanofibers can be used directly (e.g., buccal inserts or topical formulations) or with
further processing as an intermediate to the final dosage form (e.g., tablets, capsules). In the
drug-polymer nanofiber matrix, the drug remains in a higher energy amorphous state. It
forms a well or improved soluble amorphous solid dispersion with the excipients used for
formulation [170,171]. Although we find examples of extrusion-based formulations on the
market [172], a fiber-based pharmaceutical formulation is not yet commercially available,
since their thermodynamic stability and the prediction of amorphous—solid conversion
needs more in-depth tracking. In both laboratory-scale and scale-up production, it is an es-
sential criterion that the active substance is homogeneously distributed after incorporation
into the fiber, remains stable in the preparation and meets strict regulatory requirements.
The percentage of active ingredient incorporated into the fibers is low, up to ~10-20%. If
the desired dosage form is a tablet, for a 200 mg API dose, the amount of fibrous phase
product would be 1 g, which would result in a tablet of a size that is difficult for the patient
to swallow. As noted above, nanofiber drug delivery systems in tablets or capsules may
only be relevant for low-dose (1-1-10 mg) drugs, which leads to homogeneity. A promising
alternative to the pharmaceutical application could be electrospinning for the gentle drying
of bioactive substances [36]. A further limitation of the introduction of electrospinning
into the pharmaceutical industry and its use in the preparation of a classical dosage form
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may be that the fibrous phase product cannot be subjected to further solution processes
to preserve any amorphous solid dispersion so that the final dosage form can be formed
for dry operations (e.g., compaction and homogenization), or limited to wet suspension
operations. In the case of poorly soluble active ingredients, solvents may not be acceptable
from official and patient safety. The production of medical or pharmaceutical medical
devices and in-vitro diagnostics are promising areas of application for nanofiber systems
where the thickness and orientation [173], chemical quality, and biodegradability [174] of
the fibers can be finely tuned [175]. An example is a group of implants that help tissue
regeneration, where nanometer-diameter, extremely long, individual fibers can help the
fibroblast cells of a similar size range grow and adhere [176,177]. No study is available
to discuss the effects of the scale-up of electrospinning for pharmaceutical purposes from
various points of physical, physicochemical parameters, drug homogeneity, formulation
stability, and manufacturing conditions, and robust manufacturing technology. In view
of the successful achievements of the Bioinicia Company in the pharmaceutical industry,
there is no longer an obstacle for the scaling-up of electrospinning, and it is only a time
factor for further developments in the field of the pharmaceutical industry.

7. Conclusions

Electrospinning has been one of the innovative and potential methods for nanofiber
(NF) production, especially for drug delivery systems. It is evident that nanofibers have
great advantages and unique properties that enable the utilization of NF mats in a different
area of drug delivery; for instance, the NFs produced by this method result in amorphous
solid for poorly water-soluble drugs, making it a viable alternative to freeze drying and
suitable for sensitive biopharmaceuticals. Furthermore, the proven possibilities for the
downstream process of the fibers to prepare suitable dosage form necessitate mass pro-
duction. The majority of the developed methods are based on increasing the jet numbers
through: using multiple needles, needleless electrospinning, centrifugal spinning, hybrid
electrospinning, and alternating current electrospinning. It has been demonstrated that
free-surface, particularly spider spinning, and centrifugal methods exhibit high potential
for high-throughput production rates, and centrifugal spinning has developed to be an
efficient alternative to ordinary electrostatic-force-based spinning. Several companies offer
specialized electrospinning equipment as well as nanofiber-based products for different
applications, but the fewer are for the pharmaceutical industry. Electrospinning will remain
a popular nanotechnology in laboratories, and the market of electrospinning equipment,
both for laboratory research and for industrial production, is expected to grow significantly.
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