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Abbreviations

API — active pharmaceutical ingredient

C. butyricum — Clostridium butyricum

CD - cyclodextrin

CLS - classical least squares

CNM - clostridial nutrient medium

DES - drop electrospinning

DSC — differential scanning calorimetry

DNA - deoxyribonucleic acid

FDA — Food and Drug Administration (USA)
EDS — energy dispersive spectrometry

ES — electrostatic spinning/electrospinning
HP-B-CD - 2-hydroxypropyl-beta-cyclodextrin
HPLC — high-performance liquid chromatography
HSES — high-speed electrospinning

MCC — microcrystalline cellulose

MgSt — magnesium stearate

ONPG - o-nitrophenyl-B-D-galactopyranoside
PEO - polyethylene oxide

PVA — polyvinyl alcohol

PVP — polyvinyl pyrrolidone

PVPVAG4 — vinylpyrrolidone-vinyl acetate 6:4 copolymer
RNA - ribonucleic acid

SBE-B-CD - sulfobutylether-B-cyclodextrin
SEM - scanning electron microscope

SNES - single needle electrospinning

TSA — tryptic soy agar

TSB — tryptic soy broth

XRPD - X-ray powder diffractometry

VOR - voriconazole



Thesis findings

1.

A solid formulation of a model biopharmaceutical drug (p-galactosidase) was
developed and produced by high-speed electrospinning for the first time. A fully
aqueous polymeric solution was successfully electrospun with a 30 mL/h feeding rate,
which is about 30x higher than the feeding rate usually attained with single-needle
electrospinning. According to X-ray diffraction measurements, the mixture of polyvinyl
alcohol, polyethylene oxide matrix, and B-galactosidase was in amorphous state in the
fibers, whereas mannitol was crystalline (3-polymorph). The presence of crystalline
mannitol and the low water content enabled the grinding of the fibrous sample without
secondary drying. The ground powder, mixed with tableting excipients, was
successfully compressed into tablets. B-Galactosidase remained stable during each of
the processing steps and for at least 1 year of storage at room temperature in the tablets.
[1, 1,1V, V, VI, XVI]

A water-soluble cyclodextrin, 2-hydroxypropyl-beta-cyclodextrin (HP-p-CD) was used
as a novel polymer-free matrix for the scaled-up electrospinning of a model protein-
type drug. High feeding rate (400 mL/h which equals ~270 g solid product per hour)
could be achieved this way. The new solid form was found suitable for grinding and
tableting by direct compression. The model protein-type drug (B-galactosidase)
remained stable during each of the processing steps (electrospinning, grinding,
tableting) and for at least 6 months of storage at room temperature in the tablets. [VI,
VI, XVI]

An amorphous solid dispersion of a poorly soluble drug (voriconazole (VOR)) and a
polymer-free matrix (SBE-B-CD) was electrospun with high production rate (~240 g/h)
for the first time. This productivity is more than 12x higher than the highest aqueous
electrospinning production rate reported so far. According to X-ray diffraction and
differential scanning calorimetry, no traces of crystalline VOR were detectable in the
fibers. Furthermore, Raman mapping and energy dispersive spectroscopy
measurements showed a uniform distribution of amorphous VOR in the fibers. [I1, VII,
VI, XX, XXI, XXII]

An intravenously injectable reconstitution powder dosage form was produced by
electrospinning from an aqueous solution for the first time. High-speed electrospinning

with a novel continuous (cyclone) collection was used to manufacture the innovative



formulation of the poorly water-soluble antifungal VOR with sulfobutylether-§-
cyclodextrin (SBE-B-CD). This dosage form was compared to the freeze-dried,
marketed product with the same composition, VVfend®. Reconstitution tests, carried out
with the ground fibrous powder, showed complete dissolution resulting in a clear
solution within 30 s (similarly to Vfend®). [I11, VI, XX, XXI, XXII]

. Anaerobic bacteria-containing electrospun fibers were prepared with high production
rate (~150 g/h) for the first time. Butyrate (an anti-inflammatory molecule) production
capacity of the bacteria was retained after electrospinning. The fibers were pressed into
tablets by direct compression after milling (by an oscillating mill) and mixing with
tableting excipients. No significant decrease in bacterial viability was observed after
either of the processing steps (milling and tableting). [VIII, IX, XVII, XVIII, XIX]

Long-term stability of a model anaerobic bacterium from the gut microbiome
(Clostridium butyricum) incorporated into fibers of a water-soluble cyclodextrin matrix
(HP-B-CD) was studied for the first time. Effect of the growth conditions of the bacteria
and storage conditions of the fibers (temperature, presence of oxygen) on the viability
of the bacteria in the fibers was investigated. High viability was preserved in the fibrous
sample containing both spores and vegetative anaerobic bacteria after 12 months of

storage at room temperature in the presence of oxygen. [IX, XVII, XVIII, XIX]



Uj tudoméanyos eredmények

1.

Elséként fejlesztettiik ki és allitottuk elé egy modell biohatéanyag (B-galaktozidaz)
szilard formulaciojat nagysebességii elektrosztatikus szalképzéssel.  Sikeresen
szalképeztik a hatéanyag polimeres vizes oldatdt 30 mL/h-&4s adagolasi sebesseggel,
ami nagysagrendileg 30x nagyobb, mint ami az egytiis elektrosztatikus szalképzéssel
altalaban elérhet6. Rontgendiffrakcios mérések alapjan megallapitottuk, hogy a
polivinil alkohol, a polietilén oxid matrixalkotok és a B-galaktozidaz amorf, mig a
mannit kristdlyos formaban (5-polimorf) volt jelen a szdlakban. A kristalyos mannit
jelenléte €és a szdlak alacsony viztartalma lehetdvé tette a szalak Orlését masodlagos
szaritds nélkil. Az &rolt port tablettazasi segédanyagokkal keverve sikeresen
tablettaztuk. A B-galaktozidaz stabil maradt a feldolgozasi lepések soran és a tablettak
stabilitasa legalabb 1 éves szobahdmérsékletii tarolasa utan is megfelelé. [I, 1, 1V, V,

VI, XVI]

Elséként hasznaltunk egy vizoldhato ciklodextrint (2-hidroxipropil-p-ciklodextrin (HP-
B-CD)), mint polimermentes matrixot egy biohatdanyag esetén méretnovelt
elektrosztatikus szalképzeésere. Az alkalmazott adagolasi sebesseg 400 mL/h volt, ami
hozzavetélegesen 270 g szilard terméknek felel meg oranként. Az Uj szilard forma
6rolhet6 és direkt préseléssel tablettazhatd volt. A modell fehérje-tipusu hatdéanyag (-
galaktozidaz) stabil maradt a feldolgozasi lépések soran (elektrosztatikus szalképzés,
Orlés, tablettazas) és a tablettak legaldbb 6 honapos szobahémérsékletii tarolasa utan is
megOrizték stabilitasukat. [V, VIII, XVI]

Els6ként allitottuk el6 elektrosztatikus szalképzéssel, a kordbban publikélt maximalis
termelést jelent6sen (tobb mint 12x-esen) meghaladd termelékenységgel (~240 g/h),
egy rossz vizoldhatosagu hatéanyag (vorikonazol (VOR)) és egy polimermentes matrix
(SBE-B-CD) amorf szilard diszperziojat. Rontgendiffrakcids és differencialis pasztazo
kaloriméteres mérések nem mutattak ki kristalyos VOR jelenlétét a szélakban.
Tovabba, Raman térképezéssel és energiadiszperziv spektroszkopids méréssel
bizonyitottuk, hogy az amorf VOR egyenletesen oszlik el a szalakban. [I1I, VII, VIII,
XX, XXI, XXI]

Els6ként allitottunk elé egy intravéndsan beadhatd rekonstiticiés por alapt
gyogyszerformat vizes oldatbol elektrosztatikus szalképzéssel. A nagysebességii

elektrosztatikus szalképzest ujfajta folyamatos (ciklonos) gyiijtéssel egyiitt sikeresen



alkalmaztuk a rossz vizoldhat6sagl gombaellenes VOR szulfobutiléter-B-ciklodextrines
(SBE-B-CD) innovativ gyogyszerformajanak gyéartadsara. Ezt a gyogyszerformat
dsszehasonlitottuk a forgalomban 1évé, ugyanolyan osszetételii, fagyasztva szaritassal
eléallitott termékkel (Vfend®). A rekonstiticios tesztek soran az 6rolt szalas por 30 s
alatt teljesen feloldddott, egy tiszta oldatot eredményezve, hasonléan a Vfend®-hez.
[, VI, XX, XXIT, XXI11]

. Els6ként valdsitottuk meg elektrosztatikus szalképzéssel anaerob baktériumokat
tartalmazo szalak nagy termelékenységii (~150 g/h) gyartasat és direkt préselését, 6rlést
(oszcillalé 6rl6) és homogenizalast kovetd tablettdzassal. A feldolgozasi 1épések (6rlés,
tablettdzas) nem csokkentették szignifikdnsan a baktériumok életképességét. [VIII, 1X,
XVII, XVIII, XIX]

. Vizoldhaté ciklodextrin matrix (HP-B-CD) alapld szalakba agyazott modell - a bél
mikrobiomjabdl szarmazo - anaerob baktérium torzs (Clostridium butyricum) hossz(
tava stabilitasvizsgalatat els6ként valositottuk meg. Vizsgaltuk a bakteriumszaporitasi
korilmények és a szalképzett mintak tarolasi korilményeinek (hémérséklet, oxigén
jelenléte) hatasat a szalakba agyazott baktériumok életképessegére. Az oxigen
jelenlétében és szobahdmérsékleten tarolt, sporakat és vegetativ anaerob baktériumokat
tartalmazd szélakban a sejtek 1 év utdn is nagymértékben megoérizték az
életképesseguiket. [IX, XVII, XVIII, XIX]



1. Introduction
The biopharmaceutical industry has seen incredible growth in recent decades. The

growing market and acceptance of biopharmaceuticals are accredited to their ability to treat
previously untreatable diseases, resulting in huge market demand for biopharmaceuticals.
However, the development of biopharmaceutical products is very challenging due to their
limited physical and chemical stability in liquid form. To overcome this challenge,
biopharmaceuticals are often dried to a solid form, which usually improves their stability
significantly besides having additional benefits like reduced transportation costs, easier
handling, and easier storage.

Currently, freeze drying and spray drying are the most widely used technologies to
obtain solid biopharmaceutical formulations despite their disadvantages. Freeze drying is a
highly energy- and time-intensive batch process that exposes biopharmaceuticals to freezing
stresses, which can result in degradation. In contrast, spray drying is an economic continuous
drying technology; however, the high drying gas temperatures used in the process can induce
the denaturation of heat-sensitive proteins. Electrospinning (ES) is new and efficient
continuous drying technology, which has been attracting increased interest in the preparation
of solid biopharmaceutical formulations due to its ability to provide gentle drying at room
temperature and provide nano- or microstructured solids. ES of biopharmaceuticals is usually
carried out from aqueous solutions due to their sensitivity to most of the organic solvents and
because they are already in an aqueous solution at the end of production. Aqueous ES,
however, is considered challenging due to the relatively low volatility of water resulting in
slower evaporation, which makes the productivity of the process reduced compared to the
volatile organic solvents. For ES to be applied in the pharmaceutical industry, the production
capacities of the technology need to reach the commercial needs.

Our objectives were to investigate a scaled-up fiber formation technology called high-
speed electrospinning (HSES) to dry biopharmaceuticals at room temperature starting from
aqueous polymeric and polymer-free solutions. It was intended to develop grindable fibers
and convert them to tablets and to assess the effect of the downstream processing steps on the
APIs. Long-term stability study of the biopharmaceuticals in the fibrous formulations and the
scaled-up electrospinning of cyclodextrins to produce parenteral dosage forms was also

planned to reveal the applicability of aqueous HSES in modern pharmaceutical technology.



2. Literature review
2.1 Current status of the biopharmaceutical industry

Biotechnology-derived medicinal products (proteins (including antibodies), nucleic acids
(DNA, RNA or antisense oligonucleotides), living cells, vaccines, etc.) have enjoyed rapid
expansion over the past decade and are currently one of the fastest-growing segments of the
pharmaceutical industry market [1]. Biotech products accounted for 35% of all new Food
and Drug Administration (FDA) approvals between 2000 and 2016 and at the end of 2016,
more than 400 biologics were in Phase Il trials [2]. The top 10 selling biopharmaceuticals
together generated sales of $80.2 billion in 2017, which is almost 44% of total
biopharmaceutical product revenues. Forty-five individual biopharmaceutical products
recorded ‘blockbuster’ status sales (>$1 billion) in 2017. [1]. Biopharmaceuticals (covering
biological medical products, biologicals, biologics) provide numerous benefits including

high specificity and potency compared to small molecule drugs [3].

The most lucrative biopharmaceutical products are proteins. Sixty-two of the 71
genuinely new biopharmaceutical drugs that have come on the market between January 2014
and July 2018 were recombinant proteins. Monoclonal antibodies (mAbs) and insulins, the
two most profitable types of proteins, generated $123+$22 billion in sales in 2017 [1].
Protein drugs have several advantages over small-molecule therapeutics. Proteins often serve
a highly specific and complex set of functions that cannot be mimicked by simple chemical
compounds. As the action of proteins is very specific, there is often less potential for protein
therapeutics to disturb normal biological processes and cause adverse effects. Besides, the
body naturally produces many of the proteins that are used as therapeutics, and therefore
these molecules are often well tolerated and are less likely to induce immune responses. In
addition, for diseases caused by a mutated or deleted gene, protein drugs can provide
effective replacement treatment without the need for gene therapy, which is currently
unavailable for most genetic disorders. Last, because proteins are unique in form and
function, pharmaceutical companies are able to obtain far-reaching patent protection for these

therapeutics, which makes proteins attractive from a financial perspective as well [4].

Since the start of the Human Microbiome Project in 2008, it has become evident that the
microbes that live in the human body — called the microbiome — play critical roles in
biological processes, including intestinal homeostasis, metabolism, and development of the
immune system, among others [5]. Changes in the composition of the intestinal microbiota

have been linked to diverse, complex diseases including inflammatory bowel disease,
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metabolic diseases (diabetes, obesity), allergy, asthma, cancer, and neurologic and
cardiovascular diseases [6]. Based on these links, numerous pharmaceutical companies
started to focus on the development of microbiome therapeutics [7,8]. Even though there are
no microbiome-based drug products on the market yet, the increasing interest in these
therapies can be seen in the rising levels of both deal-making and investment over the last
decade. Since 2015, more than $5.4 billion has been spent on acquisitions and partnerships in
the therapeutic microbiome space. The FDA has also acknowledged the potential benefit
offered by microbiome-based therapies and has stated a commitment to advancing the clinical
science necessary to understand their safety and efficacy [9].

A key aspect of the therapeutic use of biopharmaceuticals like proteins, microbes, and
other biologics is maintaining their activity during storage, transport, and administration. In
liquid dosage forms, biopharmaceuticals often show instability due to being prone to physical
and chemical degradation [10]. Therefore, the development of solid biopharmaceutical
products that retain their initial activity can be a milestone in the commercialization of
biopharmaceuticals. The elimination of water from the formulations improves the stability
with additional benefits being reduced transportation costs and easier handling and storage
[11]. However, biopharmaceuticals are usually very sensitive due to their structural
complexity, and therefore, the selection of the best drying method capable of dehydrating the
molecule without inducing degradation, producing a powder with adequate properties for oral
downstream processing e.g. tableting, and in a cost-effective way, poses a great challenge. In
addition, the choice of drying technology is strongly associated with the economics of drying
and the intended route of drug delivery [12]. The next chapter discusses different

technologies for the drying of biopharmaceuticals.
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2.2 Drying of biopharmaceuticals

Several different techniques can be used to dry biopharmaceuticals and the choice of

drying technology depends on several factors including the characteristics of the given

biopharmaceutical, application of the product, economic considerations and productivity

requirements. The most widely used technology is freeze drying followed by spray drying

with electrospinning emerging as a viable alternative, even though no electrospun

biopharmaceutical product has reached the market yet. Table 1 summarizes the main

characteristics of these drying technologies, discussed in the following paragraphs. These

technologies introduce varying stresses which will be discussed in this section. Figure 1 and

Figure 2 attempt to depict and compare the characteristics of the three technologies that can

affect the stability of biopharmaceuticals. The following paragraphs will also discuss the

financial aspects of the technologies.

Table 1 Comparison of the main characteristics of freeze drying, spray drying and electrospinning

Freeze drying Spray drying Electrospinning
Length of drying Days/weeks Seconds Fraction of a second
Capital cost Very high Moderate Moderate
Operating cost High Moderate Low
. Shear, :
Stresses deFr:e?jzr:':igo’n thermal, Dehg/r?ergﬁlon,
y dehydration

Production Batch Continuous Continuous

Control of particle No Yes Yes

characteristics
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2.2.1 Freeze drying

Freeze drying (also known as lyophilization) is the most commonly used technology for
the solid formulation of biopharmaceuticals and depicted in Figure 3. A traditional freeze
drying cycle comprises three main stages: freezing, primary drying, and secondary drying
[13]. During the freezing step, the product is cooled until it completely solidifies, and
unbound water crystallizes. The cooling rate influences the type and size of the formed ice
crystals and the pore structure. Rapid cooling results in smaller crystals, while if the rate of
cooling is slow then larger ice crystals are formed [14]. The formation of larger ice crystals
results in larger pores, which is believed to be responsible for an increased primary drying
rate resulting in shorter drying times [15]. In the primary drying step heat and vacuum are
applied in the chamber, which removes the crystalline ice in the product by sublimation.
After primary drying, the product usually still contains about 10-20% of residual water which
is reduced to 1-2% or less by secondary drying [16]. Secondary drying is carried out at a

higher temperature compared to primary drying.

temperature

pressure

refrigerator unit

Technological aspects Stresses

Ice crystal formation

Takes days/weeks (solid-liquid interfacial stress)

Very high capital cost Change of ionic strength and pH
High operating cost Phase separation
Batch production Dehydration

Figure 3 The freeze drying technology and related aspects

More than 50% of biopharmaceuticals currently on the market are formulated using
freeze drying despite its disadvantages [15]. Two major disadvantages are the energy- and
time-consumption of the freeze drying process, which both are the highest among the
dehydration technologies [17]. Freeze drying can take days or even weeks to finish, and as it

is a batch process the yearly capacity of the technology can be suboptimal compared to other
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technologies. Another drawback of freeze drying is the vial-to-vial heterogeneity, which
results in poor control of product quality [18,19]. The huge industrial batch sizes are
impractical for cycle development and therefore initial development steps are carried out in
lab-scaled freeze-driers. The process then needs to be scaled up to pilot scale and finally to
industrial scale. Differences in heat and mass transfer between each equipment scale require
reoptimization and revalidation of these cycles. In addition, freeze drying processes are
validated for a specified batch size and therefore revalidation is necessary each time the batch
size is modified [20]. Freeze drying is recognized as the most expensive drying process due
to the complex equipment and the cost of electricity used by the technology [21]. To reduce
the limitations of the freeze drying batch processing, several research groups are working on
the development of continuous freeze drying technologies. This is envisioned to reduce the
drying time, improve productivity, better control and compliance through process analytical
technology (PAT) application [20,22,23].

In addition, freeze drying of biopharmaceuticals in the absence of excipients often results
in degradation, aggregation or precipitation due to the different freezing (formation of ice
crystals and ice-water interface, ionic strength change, pH change, and phase separation) and
dehydration stresses [24,25]. The most commonly used stabilizing excipients in freeze drying
are sugars, sugar derivatives, surfactants, and polymers. Among the different sugars and
sugar derivatives, disaccharides (trehalose, sucrose, and lactose) and mannitol seem to be the
most effective and therefore the most frequently used stabilizers [24,26]. Generally, a
carefully selected sugar excipient should adequately protect proteins from the freezing and

drying stresses during the freeze drying process.

Figure 4A shows the typical product morphology after freeze drying. Generally, freeze-
dried cakes are easily reconstituted and therefore freeze drying is a suitable technology for
producing dried biopharmaceuticals for parenteral administration [27]. The technology lacks
the opportunity to produce well-defined particles instead of cakes and therefore for oral
administration applications freeze-dried cakes need further processing (e.g. milling,

homogenization) before the material can be tableted or filled into capsules.
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Figure 4 Scanning electron microscope images showing the typical morphologies of products of the
different drying technologies: A) freeze-dried flake-like structures [28] B) spray-dried spherical
particles [29] C) electrospun fiber structures

Due to strict regulations, technological advances are very slow in the pharmaceutical
industry and therefore the long history and the industrial experience are the greatest
advantages of freeze drying when considering drying method selection for a new
biopharmaceutical formulation [30]. Other significant advantages are the capability to dry
small batches, straightforward aseptic processing, limited product losses and the low drying
temperature [31]. However, the high cost, freezing stresses, lack of control over powder
properties, and long processing times make the technology less attractive for oral products
and might facilitate the choice of alternative drying technologies like spray drying or

electrospinning.

2.2.2  Spray drying

Spray drying is the preferred drying technology for many small molecules and especially
for amorphous solid dispersions, but it has only been used sparingly for biopharmaceuticals
due to concern over degradation by the high drying temperature employed [32]. Despite this,
the technology is gaining popularity due to its particle engineering capabilities and relatively
low cost. It produces dried particles by the atomization of the liquid feed into fine droplets
(typically diameter <200 um [28]), which are then dried by a hot gas stream. The fine liquid
droplets have a large specific surface area and thus the solvent rapidly evaporates, and the dry
powder is separated by a cyclone and collected in a product collector (Figure 5). The
dehydration in spray drying happens in a matter of seconds, which makes spray drying a high
throughput and economic technology. Spray drying is a continuous process allowing the
large-scale production of dried biopharmaceuticals [27]. Both investment and operational
costs of spray drying are significantly lower compared to freeze drying, although the
generation of hot gas still consumes a substantial amount of energy [33]. It was estimated that

spray drying is 4 to 7 times cheaper compared to freeze drying [34]. Another advantage of
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spray drying is the ability to control the particle characteristics of the dried powder by
varying the process parameters [35], and this makes spray drying an ideal choice for
applications where particle characteristics are important. Spray drying is usually the selected
technology for pulmonary and nasal delivery of biopharmaceuticals [30], but spray-dried
powders usually also have good processability and can readily be tableted or filled into
capsules (after mixing with excipients if needed). Figure 4b shows the typical spray dried

product morphology (i.e. spheres).
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drying

chamber cyclone
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Figure 5 The spray drying technology and related aspects

Due to the concern that biopharmaceuticals may be thermally degraded during the
process, spray drying is employed less frequently for the formulation of therapeutic
biomolecules than freeze drying. Additionally, spray drying exposes biomolecules to shear,
air-liquid interfacial and dehydration stresses [36]. Another limitation of the technology is
that product recovery from benchtop spray dryers is generally around 50% or lower [37].
This requires working with larger amounts of the biological substance, which can be
challenging especially in the early stages of development. However, recent developments of
lab-scale spray driers have led to an increase in yields over 80% through the introduction of

high-efficiency cyclones and the possibility to produce larger particles [38].
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There are several different approaches to minimize thermal degradation of
biopharmaceuticals during spray drying with the key focus being temperature and residence
time. For instance, the outlet temperature of the drying gas is a key process parameter for the
thermal degradation as this is the temperature at which the biopharmaceutical molecule spend
the longest time [35]: if the outlet temperature is lower than the degradation temperature of
the given biopharmaceutical then the material experiences less thermal degradation, however
a too low outlet temperature can result in shorter shelf life due to increased residual water
content. Therefore, the challenge is to optimize the outlet temperature to produce an
adequately dry powder, yet not induce unacceptable degradation. Generally, spray drying of
biopharmaceuticals is carried out well below 100 °C along with very low feeding rates
(usually below 20 mL/min). Lower feeding rate is associated with decreased residual
moisture content and higher yield [39]. The residence time of the molecule in the spray dryer
is given by the drying chamber volume and the drying gas flow rate. The drying chamber
volume is fixed by design and is therefore not adjustable. While it is possible to vary the
drying gas flow rate to modify the drying time to reduce thermal degradation [40] this is
typically not applied as it is preferable to run commercial spray dryers as maximum drying

gas flow rate to maximize capacity.

In addition to optimizing the process parameters, the use of sugars and sugar derivatives
to stabilize spray-dried biopharmaceutical formulations against dehydration and thermal
stresses was adopted from the freeze drying literature. Essentially, during spray drying
process development, usually the same disaccharides and sugar alcohols (trehalose, sucrose,
and mannitol) are tested which had already been successfully applied for the freeze drying of
the given biomolecule [36,38,41]. Surfactants are used extensively to minimize interfacial
denaturation and aggregation since the atomization step in spray drying produces an

extremely rapid and large expansion of the liquid-air surface [42].

Spray drying can be set up as an aseptic process to produce a sterile powder, however,
this is not as straightforward as in case of freeze drying. Aseptic spray drying can be achieved
by filtration of the liquid feed material, using HEPA filters on the atomizing and drying gas,
sterilization of the nozzle and chamber walls and fast product collection. Sterilization of the
equipment is usually carried out with a superheated steam. The main advantage offered by
spray drying under aseptic conditions is avoiding the terminal sterilization that potentially
denatures biopharmaceuticals [43,44]. Today, aseptic spray drying is used infrequently, but

the emerging availability of the technology will probably help to extend the application of
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spray drying to the clinical realm and ultimately to the commercial space for producing
biopharmaceutical products [31]. The first biopharmaceutical product produced by aseptic
spray drying was approved by the FDA in 2015 and this approval is considered as a vote of

confidence for this enabling stabilization technology [45].

Although the application of spray drying for biopharmaceutical formulations currently is
still limited in the pharmaceutical industry, the method provides such economic benefits that
there is an evolving number of studies using the technology to dry different types of
biopharmaceuticals [32,38,46,47]. The technology is fast, continuous and it can produce
particles with controlled characteristics which makes the technology a great alternative to
freeze drying for oral products.

2.2.3 Electrospinning

Freeze drying and spray drying are both currently applied in the pharmaceutical industry
to produce dried biopharmaceuticals. However, as the biopharmaceutical market grows and
the number of new, more sensitive biopharmaceuticals is continuously rising, there is an
evolving need for gentle drying technologies that could enable the drying of
biopharmaceuticals without causing degradation. Even though there is no biopharmaceutical
drug on the market dried by electrospinning, this technology has been gaining considerable
interest in the past decade. Due to its attractive characteristics, electrospinning has been
shown by many studies to be a promising alternative to the currently used drying

technologies for biopharmaceuticals [48-52].

Electrospinning (Figure 6) is a modern and efficient fiber production method which is
based on the effect of high voltage on polymer solutions. First patents about electrospinning
date back to 1902 [53,54], but substantial attention to the technology was provided only after
the early 1990s [55-57]. Electrospinning produces dried particles by the electrical atomization
of the liquid feed into ultra-fine (generally <10 um [58]) fiber structures, which are then dried
instantly (due to their high surface area) at room temperature. The basic technology is called
single-needle electrospinning, the fiber-forming excipient (polymer or sugar) and the
therapeutic agent are dissolved in a solvent and the solution is fed into a single spinneret at a
constant controlled rate. High voltage is applied between the spinneret and the grounded
metal collector, which causes the formation of a Taylor—cone first, and when the electrostatic
forces overcome the surface tension a liquid jet erupts from the cone [59]. The unstable jet is

splitting up into multiple jets drawn towards the grounded collector. During the process, the
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jets get elongated attaining a fiber-like structure (Figure 4C), and the solvent evaporates
instantaneously due to the high surface area as the fibers are often submicron-sized. The solid
material is usually collected on a metal plate or cylinder (Figure 6). Electrospinning
efficiency largely depends on the solution properties (typically viscosity, surface tension, and
conductivity) [60]. Stable electrospinning is often only realized if the viscosity of the solution
is high enough to produce the necessary polymer entanglements to form fibers and one of the
most important factors which influence this aspect is the polymer concentration of the
solution [61]. Electrospun fibrous materials need to be micronized (e.g. milling) before

mixing with excipients, tableting or capsule filling [62].
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Figure 6 The electrospinning technology and related aspects

Drying (evaporation of the solvent) by electrospinning takes place extremely rapidly
(about 0.1 s), making the technology the fastest dehydration method due to the extremely
large specific surface area [63]. Electrospinning can be carried out at room temperature and
atmospheric pressure, which makes very gentle drying possible (Figure 2). It is also a
continuous process consuming very little energy resulting in an economically viable

production alternative.
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In case of biopharmaceuticals, water needs to be used as the solvent instead of the
typically used organic solvents, and this results (similarly to spray drying) in lower
productivity as evaporation is harder due to the high boiling point and evaporation enthalpy;
in addition, the high surface tension of water also reduces the throughput. The use of
surfactants, heated drying gas or the reduction of the amount of water in the solution can help
to achieve a higher production rate of the solid product [27].

Electrospinning has the potential to be an alternative to freeze drying and spray drying
due to its gentle drying conditions and short processing times (Figure 2). Over the recent
years, numerous studies were published about the use of electrospinning for the solid
formulation of different proteins [64], such as enzymes [50,65-67], hormones [68,69], a
monoclonal antibody [70], proving that electrospinning provides gentle drying conditions for
proteins despite the application of electric forces. Besides proteins, other biopharmaceuticals,
like probiotics [71], vaccines [72], etc. have been successfully dried by the technology.

However, the exploration of different aspects of the technology like the scalability of
aqueous electrospinning, downstream processability of the biopharmaceutical-
containing fibers, and preparation of final dosage forms from the fibers had not yet
been reported before this work was begun. This may be due, in part, to the fact that
appropriate approaches for generating large quantities of fibers from aqueous solutions
have not been described. A brief overview of the scaling-up possibilities can be read in the

next section.
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2.3 Scale-up of electrospinning

The laboratory-scale electrospinning device with a single needle has rather low
productivity of 0.01-2 g dry product per hour [48] which does not satisfy the needs of the
pharmaceutical industry. Therefore, multiple attempts were made for the scale-up of the
technology to reach production rates sufficiently high for industrial applications [49]. These
attempts included the use of multiple needles [73,74], free surfaces (like coils [75,76], balls
[77], or bubbles [78,79]), or rotating spinnerets [80,81]. Even though numerous scaled-up
electrospinning technologies have been developed, there are only a handful of articles
discussing the utilization of scaled-up electrospinning for drug formulation development.
This section aims to cover these works.

In the context of pharmaceutical applications, only a few nozzle-based technologies have
been investigated for scaled-up production so far. The Fluidnatek LE-100 and LE-500
manufactured by Bioinicia are GMP-certified scaled-up electrospinning/electrospraying
machines which can be used for pharmaceutical applications [82]. The Fluidnatek machines
employ multiple needles to increase process productivity, however, clogging of the tubes, the
negative influence of the electric field interference, and the difficult cleaning can hinder the
vast application of this technique. Electroblowing is one of the stationary nozzle methods
which seemed to be appropriate to satisfy the pharmaceutical needs. Um et al. compared
electrospinning and electroblowing using a hyaluronic acid-containing system [83]. Their
results highlight the advantages of the applied air blow such as the faster solvent evaporation
and the higher feeding rate. Publication of Balogh et al. confirmed the latter statement since
five times higher flow rate was achieved with electroblowing compared to single-needle
electrospinning [84]. In this work, the air-assisted method was successfully applied for
preparing fibrous diclofenac sodium-cyclodextrin complex-based reconstitution injection.
Even higher feeding rate was reached with electroblowing in the case of itraconazole-loaded
samples [85]. In this work, the authors compared electroblowing to spray drying and they not
only showed that increased productivity (50 g/h) is achievable using the air-assisted
technology, but they also demonstrated that the prepared amorphous solid dispersion showed
better stability than the spray-dried samples. EI-Newehy et al. prepared polyvinyl alcohol,
polyethylene oxide and metronidazole containing nanofibers by the Nanospider™ technology
for creating a controlled release system [86]. The API release of the fibers reached 84%
within 2 hours and the fibrous samples showed remarkable antimicrobial activity against the

investigated pathogens. Krogstad and Woodrow compared a single-needle apparatus and a
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Nanospider™ equipment. The tenofovir-loaded polyvinyl alcohol fibers produced by the two
technologies were found to have similar morphology and release profile and this proved the
wire technique to be a possible way for scaled-up production of drug-loaded fibers in the case
of non-volatile aqueous solutions. The productivity of the Nanospider™ technology was 7.6
g/h when using a single wire of 25 cm length [87]. In 2012, corona electrospinning was
developed to minimize the free liquid surface and maximize the jet formation using a rotating
ring as a spinneret. Multiple Taylor-cones are self-assembling at the edge of the rotating
(~100 rpm) spinneret, and thus several polymer fibers jet at the same time. The achievable
flow rate was 300 ml/h with PVP K30 as the fiber forming polymer and ethanol as solvent
[88,89]. High-speed electrospinning improves productivity significantly by combining
electrostatic [90] and high-speed rotational [91] jet generation and fiber elongation (Figure
6). In the first article where high-speed electrospinning was described a 75-fold productivity
improvement was achieved by the scaled-up technology (from 6 g to about 450 g solid
product per hour) [92]. The morphology and the dissolution properties of the produced
fibrous mats showed similarity to the samples prepared by single-needle electrospinning. It
has been shown that rational selection of the applied polymer can ensure the stability of the
amorphous drug in the matrix which meets the strict requirements of the pharmaceutical
industry [93]. The technology proved to be appropriate for the formation of a flubendazole
containing electrospun product as well [94]. Both the drug-loaded nanofibers and the tablets
filled with the fibers had outstanding dissolution properties. Moreover, in vivo tests proved
that the bioavailability of the amorphous drug form found in the fibers was much higher than

the crystalline API’s.

As it was mentioned before, in the case of sensitive large molecules or living bacteria,
the use of water instead of organic solvents is required to maintain the active form. Owing to
the relatively high boiling point of aqueous solutions, the evaporation of the solvent requires
more time. Thus, the productivity of the aqueous single-needle electrospinning process is
reduced (0.02-0.5 g/h) compared to the volatile organic solvents. There have only been few
attempts to increase the productivity by the scale-up of the electrospinning process using
water-based solutions. Needleless electrospinning of polyvinyl alcohol-chitosan aqueous
solution with a spinning cylinder spinneret was applied and 50 g/h productivity was achieved
[95]. The fibers were collected on a rotating drum, however, during continuous operation

evaporation of water from the free liquid surface can be notable [96]. Besides this, one article
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mentions the use of high-speed electrospinning to form fibers from purely aqueous solutions

to obtain protein-loaded fibers [66].

After reviewing the current literature, it seems clear that there is significant lack of
knowledge about the scaled-up electrospinning of fibers starting from aqueous solutions.
Therefore, it would be essential to explore if it is possible to produce large amounts of
fibers from water-based systems and characterize the products obtained. Such a
technology should also be compared to other processes e.g. freeze drying to reveal its

advantages.
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2.4 Downstream processing of the electrospun fibers

The majority of the publications related to electrospinning are focusing solely on how to
manufacture fibers with appropriate characteristics, such as the desired diameter (small or
large) or drug release (immediate or controlled). However, only a few articles present ways to
convert the obtained fibers into applicable pharmaceutical formulations. This chapter is
dedicated to showing the downstream processing options for the obtained fibers, and the

possibilities for preparing final dosage forms.

2.4.1 Collection of the fibers
The conventional way of producing e.g. tablets from the electrospun material starts with

the collection of the fibers, followed by milling, homogenization with excipients and finally
the compression into tablets. The first step is always the collection of the prepared fibrous
material. On industrial-scale electrospinning machines, which are nowadays mainly applied
for non-pharmaceutical purposes, such as Nanospider™, a substrate web potentially made of
cellulose, synthetics, fiberglass or foils with a width of 1-1.7 m is used for capturing the
fibers. Similarly, Szabo et al. developed a continuous collector equipped with polypropylene
(PP) collecting fleece and a doctor blade that removes the fibers (Figure 7) [97], but as it is
not a closed system, the collection efficiency of this method can be low.

o
‘ doctor blade

Sl -4 PP fleece +
_ (nano)fibrous
sheet

Figure 7 Equipment for collecting fibers: (a) a 3D image showing the whole equipment (b) an image
showing the equipment during the collection of PVPVAG4 fibers with the doctor blade removing it

[97]

A similar type of collection, which is not yet suitable for scaled-up electrospinning, was
developed by Balogh and co-workers in two recent publications [98,99]. The drug-loaded
fibers are electrostatically deposited onto a pullulan film attached to a moving roll. This
technology is not designed to produce tablets (however, it seems possible with minor

modifications): the obtained sheet was cut into immediate-release orally dissolving webs.
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After the literature review, it is apparent that the collection of electrospun fibers for
pharmaceutical applications has not been studied extensively. It would be important to
develop collection methods with high collection efficiency that can be incorporated into

continuous manufacturing lines.

2.4.2 Grinding/milling of the fibers
Another great challenge in addition to process scalability is to achieve appropriate

downstream processability of the electrospun fibers [62]. In this respect, the
friability/grindability of the fibers and the properties (e.g. flowability) of the ground fibrous
powder are also critical, however, not much information can be found about this subject in
the literature. Presumably, the grindability of the electrospun sheets mainly depends on the
type and the molecular weight of the applied polymer (the higher the molecular weight, the
poorer the grindability), besides other factors like fiber diameter, residual moisture, and the
plasticizer effect of the API. Microfibers obtained by high-speed rotary spinning technique
(without voltage) have been ground via two methods. In the first case, a vibrating mill was
applied for the micronization of PVP fibers after the first fine cutting, but the ground fibers
possessed weak flowability [100]. In the other study, the mat was ground by means of a
grinder equipped with knives [101]. SEM images proved the fragmented state of the fibers.
Grinding of nanofibers prepared by high-speed ES has been performed by a hammer mill, a
cutting mill and an oscillating sieve mill [62,102]. All the tested techniques could be
successfully applied for the purpose. Grindability of fibers made of polyvinyl alcohol and
polyethylene oxide could be enhanced by the addition of sugars or sugar derivatives such as
glucose or mannitol to the ES solution [102]. However, before this work was started, no
article could be found in which it was attempted to develop grindable, hence downstream

processable electrospun formulations of biopharmaceuticals.

2.4.3 Conventional tablet formation
Tablets account for 80% of all formulations [103] due to their obvious advantages such

as self-administration, accurate dosing, mechanical strength, and diversity. Despite this, only
a few examples can be found in the literature where fibrous mats are processed into
conventional tablets via the traditional process (milling followed by homogenization with
excipients and compression) [62,100,101,104]. Generally, the properties of the prepared
blends (particle size distribution, flowability) and tablets (hardness, friability, disintegration
time, dissolution) were examined and published. When electrospun nanofibers containing

PVPVAG4 and itraconazole were investigated in terms of compression behavior [62], it was
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shown that the fibrous material can take up a large percentage of tablet volume due to its low
bulk density. In spite of the low bulk density and the relatively poor flowability, rotary
tableting could be carried out and tablets with acceptable weight variation was obtained
[104]. To process an electrospun fibrous sheet to tablets in a continuous manner also seems
feasible, which could potentially be a really important feature, as a switch is expected from
batch to continuous manufacturing in the near future [97]. Yet, no studies were found in the
literature in which conversion of fibrous sheets containing biopharmaceuticals into an oral

final dosage form (e.g. tablet or capsule) via the conventional way was attempted.

To summarize, it is of great interest to investigate if it is possible to develop
biopharmaceutical-loaded grindable fibers and convert the ground fibers into tablets.
Effects of the downstream processing steps on sensitive biopharmaceuticals should also

be assessed.

2.4.4 Parenteral dosage forms from fibers
Parenteral administration, despite its numerous disadvantages (low patient compliance

due to pain and discomfort, the need for sterile environment, local adverse reactions etc.),
remains the main choice for drug delivery route in emergency situations, in intensive care, in
case of low oral bioavailability of the drug, or when the rate of absorption and duration of the
effect must be strictly controlled [105]. Parenteral delivery of biopharmaceuticals (especially
proteins and peptides) is often unavoidable mainly to avoid biological barriers through which
it is difficult for large molecules, like proteins to pass, and to achieve pharmacologic levels of
circulating protein over a relatively short period of time [106]. However, both small molecule
drugs and biopharmaceuticals have decreased stability in solution due to the higher reactivity
in the liquid phase. This problem can be overcome by using reconstitution injections as this
type of formulation combines the advantages of parenteral administration (efficient and

immediate systemic delivery) and solid formulation (increased stability in solid form).

Electrospun parenteral drug delivery systems have not been studied extensively, as drug-
loaded electrospun fibers are generally not suitable for parenteral delivery, as the molecular
weight of most polymers applied as fiber matrices exceed the glomerular filtration limit
(~40,000-60,000 Da). Lower molecular weight polymers (e.g. PVP K17, PVA 30,000) might
be utilized in electrospun parenteral formulations, but electrospinnability of these polymers
tend to be significantly worse compared to polymers with high molecular weight. Instead of

polymers, Balogh et al. used 2-hydroxypropyl-p-cyclodextrin (HP-B-CD) as carrier and
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solubilizer for diclofenac sodium, a drug with limited water solubility to prepare a
reconstitution bolus injection by electrospinning [84]. However, when this work was started
this was the only study in which a cyclodextrin-based parenteral formulation was developed
by single-needle electrospinning, despite cyclodextrins having many advantageous properties.
Cyclodextrins (CDs) are water-soluble oligosaccharides with low molecular weight,
containing six (a-CD), seven (B-CD) or eight (y-CD) a-D-glucopyranose units (Figure 8).

OH
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Figure 8 Chemical structure and dimensions for a-, - and y-cyclodextrins [107]

One of the most appealing characteristics of these cyclic molecules is that they have a
relatively hydrophobic central cavity that readily forms a non-covalent host-guest inclusion
complex with a lipophilic compound or moiety. The formed complex remains water-soluble
due to the hydrophilic outer surface of the hosting CD molecule. This favorable feature can
be utilized in pharmaceutical formulations. Nowadays, there are over 60 commercially
available pharmaceutical products containing CDs as excipients. In addition, CDs are
reported to act as stabilizers for biological drugs like peptides and proteins [108,109]. HP-f-
CD and other cyclodextrins (CDs) have been successfully electrospun recently as CDs are
capable of forming polymer-like supramolecular structures via intramolecular interactions
[110-112]. Generally, high CD concentrations are required to generate strong and large
associates in the solution (resulting in high solution viscosity), which can form fibers
[84,113]. However, no article could be found in which cyclodextrin fibers were produced in a

scaled-up manner.
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The literature review revealed that electrospun cyclodextrin-based parenteral
formulations have not been studied thoroughly yet. Therefore, it would be important to
investigate if it is possible to produce cyclodextrin fibers by a scaled-up electrospinning

technology and to examine if these fibers can be used as parenteral drug dosage forms.
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2.5 Objectives

After surveying the current ‘state of the art’ related to biopharmaceuticals and

electrospun materials, the main objectives of the experimental work could be set up:

to investigate if it is possible to produce dried fibers in a scaled-up manner from
aqueous polymeric and polymer-free systems at room temperature by high-speed
electrospinning;

to develop biopharmaceutical-containing grindable fibers and to produce solid oral
formulations from the ground fibrous powder; in addition, to investigate if the

downstream processing steps have a negative effect on the APIs;

to develop an electrospun cyclodextrin-based parenteral formulation and to evaluate

if large amounts of cyclodextrin fibers can be produced from aqueous solutions.

to carry out a long-term stability study of the biopharmaceuticals in the fibers

produced by scaled-up electrospinning;
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3. Materials and methods
3.1 APIs

p-Galactosidase

B-Galactosidase, also called lactase, is a glycoside hydrolase enzyme that catalyzes the
hydrolysis of lactose, the main carbohydrate in milk, into glucose and galactose through the
breaking of a glycosidic bond. The enzyme is widely used as a drug for the treatment of
lactose intolerance. It is estimated that about 70% of adults worldwide are not able to digest
lactose due to the insufficient production of B-galactosidase, which brings on gastrointestinal
symptoms when dairy products are consumed [114]. Powder of p-galactosidase (opti-lactase
A-100; min. 100,000 FCC Unit/g) from Aspergillus oryzae was kindly provided by Optiferm
GmbH (Oy-Mittelberg, Germany).

Voriconazole (VOR)
Formula: C16H14F3NsO
Molar mass: 349.311 g/mol
Appearance: odorless, white powder
Supplier: pure API - Sigma-Aldrich (Budapest, Hungary)
Vfend® - local pharmacy

Solubility: 0.0978 mg/mL [115]

Indication: antifungal

Clostridium butyricum

Clostridium butyricum are strictly anaerobic spore-forming bacteria commonly found in
the human gastrointestinal tract [116]. C. butyricum has been shown to regulate gut
homeostasis and anti-inflammatory response in inflammatory bowel disease by the
production of butyrate, which makes it a good model for the research of microbiome-based
therapeutics [117]. C. butyricum Prazmowski 1880 was obtained from the National

Collection of Agricultural and Industrial Microorganisms (Budapest, Hungary).

31



3.2 Excipients

Chemical name

Table 2 List of electrospinning excipients

Brand name Structure Supplier Characteristics
: Slgma- 6 7 88.7 molot
Polyvinyl alcohol Mowiol® T\r/ Aldrich hy.dr0|y.SiS M 0
y W-
(PVA) 18-88 HO |, (Darmstadt, 130 000
Germany)
Polyethylene ™ o\/\ _H Colorcon )
oxide (PEO) POLYOX H 0 (Dartford, Mw: 2 M
n UK)
Mannogem OH OH SPI Pharma,  Nonhygroscopic,
Mannitol Ezg Ho’\i)ﬁ/'\/()” (Wilmington, directly
OH OH DE, USA) compressible
e et R -
2-Hydroxypropyl- Kleotose® OO; R P?g:ﬁ:;e Molar substitution
B-cyclodextrin P A nominal value:
HP-B-CD) HPB no 55 _or OH po-p OR (Lestrem, 062
( ngif o France) '
Rg ORO
00 Cyc lolab
of‘of‘/ ° Cyclodextrin
Sulfobutylether- o o Research and
B-cyclodextrin Dexolve™ \ff 2 j\fﬁ Development Average degree of
sodium S Oy Hoilﬂm Laboratory substitution: 6.5
(SBE-B-CD) o Jed° Ltd.
%&%%{ (Budapest,
H Hungary)
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Table 3 List of tableting excipients

Chemical name Brand name Supplier Characteristics

Applied as a filler and

Microcrystalline cellulose JRS Pharma binder in tablets, mean
(MCC) Vivapur® 200 (Rosenberg, particle size = ~250 pm,
Germany) bulk density 0.31-0.37
g/lcm®
Applied as a

DuPont (Midland,

Croscarmellose sodium Ac-Di-Sol® MI, USA) disintegrant in tablets,
! bulk densit 0.53 g/cm?®

Used as a filler in
Mannitol pearlitol® 400DC Roquette Pharma  tablets, mean particle

(Lestrem, France)  size = ~360 um, bulk
density 0.68 g/cm?®

Evonik Industries Glidant in tablets with

Silicium dioxide Aerosil® 200 (Essen, Germany) high specific surface

area
. Hungaropharma Water-insoluble
Magnesium stearate .
(MgSt) - Ltd. (Budapest, lubricant, average
g Hungary) particle size = ~10 pm
Applied as a

Cross-linked . BASF disintegrant in tablets,

. . Kollidon CI (Ludwigshafen, : o
polyvinylpolypyrrolidone Germany) particle size = 90-130

pum

3.3 Other materials

O-nitrophenyl-p-D-galactopyranoside (ONPG) - Carbosynth (Compton, UK)
Clostridial Nutrient Medium (CNM) - Merck KGaA (Darmstadt, Germany)
Tryptic Soy Broth (TSB) - Merck KGaA (Darmstadt, Germany)

Tryptic Soy Agar (TSA) - Merck KGaA (Darmstadt, Germany)

Columbia Blood Agar plates - Biolab Ltd. (Budapest, Hungary)

AnaeroGen™ 2.5 L (anaerobic gas generating sachets) - Diagon Ltd. (Budapest,
Hungary)
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3.4 Methods

3.4.1 Culturing of Clostridium butyricum

C. butyricum was grown in CNM at 37 °C under anaerobic conditions for 48 hours,
which resulted in a mixture of spores and vegetative cells. C. butyricum was grown in TSB at
37 °C under anaerobic conditions for 24 hours, which resulted in exclusively vegetative
bacteria. The cultures were centrifuged at 9,000 rpm for 10 minutes. The cells were then
washed twice with phosphate buffered saline and resuspended in an appropriate volume of
sterile water to obtain concentrations of bacteria from 107 to 10® colony-forming units
CFU/mL.

3.4.2 Electrospinning techniques
The preparation of the solutions for all techniques was performed in the same way. The

matrix and the API were added to purified water in a glass vial and the mixture was stirred
with a magnetic stirrer until complete dissolution. (The one exception was Clostridium
butyricum, where the matrix was dissolved in purified water, and the bacteria were added to
this solution. The mixture was stirred on a magnetic stirrer until complete homogenization.)

If needed, heating was applied to facilitate the dissolution.

3.4.2.1 Drop electrospinning (DES)
A drop of the solution (~ 20 uL) was placed on the tip of a metal needle (d = 5 mm)
attached to high voltage (20 kV, Unitronik Ltd., Nagykanizsa, Hungary). Few milligrams of

the product were collected on the collector placed above the needle (120 mm distance).

Collector

Solution droplet

Power supply
ne

Figure 9 Schematic drawing of the drop electrospinning (DES) equipment

3.4.2.2 Laboratory-scale high-speed electrospinning
The lab-scale high-speed electrostatic spinning (HSES) setup (Figure 10) consists of a
circular-shaped, stainless steel spinneret (d = 34 mm) connected to a high-speed motor. The

disk-shaped spinneret was equipped with 8 equidistantly distributed orifices (d = 330 pm)
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located in the side wall of the wheel. The solution was fed with a SEP-10 S Plus syringe
pump (Viltechmeda Ltd., Vilnius, Lithuania). The rotational speed of the spinneret was fixed
at 8,000 rpm. The applied voltage was 37 kV during the experiments using a high-voltage
power supply (Unitronik Ltd., Nagykanizsa, Hungary). A vertical drying airflow (2 bar) and
the electrostatic forces directed the fibers to the grounded metal collector covered with
aluminum foil, which was placed at a fixed distance (35 cm) from the spinneret. The

experiments were performed at room temperature (25 °C).

F:::::::::::::
Drying air L [Fmm——— ;, _______
S Motor Spinneret
Motor air e P
Compressor [
| }
Pump
Power supply Collector
ne | X —"""—"—"—-

—

Figure 10 Schematic drawing of laboratory-scale high-speed electrospinning

3.4.2.3 Pilot-scale high-speed electrospinning

The pilot-scale HSES setup (Figure 11) consists of a stainless steel spinneret (d = 34
mm) connected to a high-speed motor. The disk-shaped spinneret was equipped with 36
equidistantly distributed orifices (d = 330 um) located in the side wall of the wheel. The
solution was fed with a SEP-10 S Plus syringe pump (Viltechmeda Ltd., Vilnius, Lithuania).
The rotational speed of the spinneret was fixed at 40,000 rpm. The applied voltage was 40 kV
during the experiments (Unitronik Ltd., Nagykanizsa, Hungary). The conical bottom of the
drying chamber was grounded, and it acted as the counter electrode. Air knives were used to
remove the dried material from the surface of the chamber and a constant airflow (120 m?/h,
room temperature) was applied to help the dried fibers to reach the cyclone. The produced
fibrous material was collected by a cyclone. The experiments were performed at ambient

temperature (25 °C).
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Figure 11 Schematic drawing and photo of the pilot-scale high-speed electrospinning device with a
continuous cyclone sample collector

3.4.3 Grinding/milling of the electrospun fibers

The electrospun material was ground to make it suitable for blending with excipients. -
Galactosidase-containing PVA, PEO, and mannitol fibers were pushed through a sieve with
0.8 mm hole size. This kind of milling is similar to oscillating or conical milling with respect
to achieved powder properties. A hammer mill (IKA MF10, IKA-WERKE GmbH & Co. KG,
Staufen, Germany) was used with a 1.0 mm sieve at 3000 rpm for the VOR-containing SBE-
B-CD and the B-galactosidase-containing HP-B-CD samples. An oscillating mill (Quick 2000
Kft., Tiszavasvari, Hungary) was used with a 1.0 mm sieve at 100 1/min for the bacteria-

containing HP-B-CD samples.

3.4.4 Tablet preparation
Standard convex-shaped tablets were prepared on a CPR-6 eccentric tablet press (Dott

Bonapace, Limbiate, Italy) equipped with 14 mm concave punches.

3.4.5 Storage stability test
For storage stability testing of the formulations containing p-galactosidase, the reference

enzyme formulation, and the prepared enzyme-loaded tablets were kept in locked glass vials
at 4°C and at room temperature. The prepared bacteria-containing fibers were kept in locked

glass vials at -20 °C, 4 °C, and room temperature aerobically and anaerobically.
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3.5 Analytical methods

3.5.1 Viscosity measurement
The viscosity of the solutions was determined using an AR 2000 rotational rheometer
(TA Instruments, New Castle, DE, USA) in parallel plate configuration. The upper moving
plate of 40 mm diameter and the lower Peltier plate, which adjusted the temperature of the
solutions to 25 °C, were made of stainless steel. Viscosity was measured at shear rates
linearly increased from 20 to 100 s™. The reported viscosities are the overall averages of
values measured at 5 different shear rates using 2 independent samples (replicates). There

were no practically relevant changes in the measured viscosities as a function of shear rate.

3.5.2 Scanning electron microscopy (SEM)
Morphology of the electrospun samples was examined by a JEOL 6380LVa (JEOL,

Tokyo, Japan) type scanning electron microscope in high vacuum. Samples were fixed by
conductive double-sided carbon adhesive tape and sputtered by gold using ion sputter (JEOL
1200, JEOL, Tokyo, Japan). The applied accelerating voltage was set to 15 kV and the

working distance was 10 mm.

3.5.3 Energy dispersive spectroscopy (EDS)
Energy dispersive spectrometry (EDS) was used in conjunction with SEM for the

mapping of fluorine and sulfur in the samples. (The detection and calculation were based on
the peaks identified at 0.677 and 2.307 keV). The detected X-ray radiation was between 4000

and 5000 counts/s, and 10 scans were accumulated.

3.5.4 Moisture balance measurement
The residual water content of the PVA, PEO, and mannitol fibers containing [-

galactosidase was measured right after the electrospinning process using a Sartorius MA40
moisture balance (Goéttingen, Germany). The residual water content was determined based on

the moisture loss of approximately 0.1 g sample after 10 min at 105 °C.

3.5.5 Thermogravimetric measurement
The residual water content of all the other samples was determined by thermogravimetric

examination, carried out with a Q5000 TGA instrument (TA Instruments, New Castle, DE,
USA) under nitrogen atmosphere (n = 3). The sample was heated up from 25 to 105 °C at 10
°C/min, and it was kept at 105 °C for 10 minutes. The applied nitrogen flush was 50 mL/min

during the measurement.
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3.5.6 Modulated differential scanning calorimetry (DSC)
Modulated differential scanning calorimetry measurements were carried out using a

DSC3+ (Mettler Toledo AG, Switzerland) DSC instrument in TOPEM® mode (sample
weight: ~5-15 mg, pierced pan, nitrogen flush, 50 mL/min). The equipment uses a stochastic
temperature modulation superimposed on the underlying heating rate. The overall heating
rate was 1 °C/min, while the pulse height was set to 1 °C (which means that the temperature
was modulated by +0.5 °C). The pulse width — the frequency of the modulation — was varying
randomly between 15 and 30 s. The temperature was increased from 0 °C to 200 °C.

3.5.7 X-ray powder diffraction (XRPD)
X-ray powder diffraction patterns were recorded with a PANalytical X’Pert Pro MDP X-

ray diffractometer (Almelo, The Netherlands) using Cu-Ka radiation (1.542 A) and Ni filter.
Measurements were conducted in a range of 20=4-44° to determine the crystalline structure
of the electrospun samples and the other materials. XRPD measurements were carried out in

reflection mode with a step size of 0.0167°.

3.5.8 FTIR measurement
Fourier-transform infrared (FTIR) spectra were collected using a Bruker Tensor 37 type

FTIR spectrometer equipped with DTGS detector (Bruker Corporation, Billerica, MA, USA).
The samples were ground with KBr and cold-pressed (200 bars) into discs. The measurement
was carried out in transmission mode, at a scanning range of 400-4000 cm™* with a resolution

of 4cm™.

3.5.9 Raman mapping
The Labram-type Raman instrument of Horiba Jobin—Yvon (Kyoto, Japan) coupled with

external 532 nm Nd:YAG laser source and Olympus BX-40 optical microscope was
employed for spectrum collection. Objectives of 50x and 100x (laser spot size: ~2 um) were
used in the high-resolution measurements for the samples containing VOR and J-
galactosidase, respectively. A 950 groove/mm grating monochromator dispersed the Raman
photons, directing them to the CCD detector. The spectral ranges of 460—1680 cm™ with 3
cm* resolution (samples containing VOR) and 390-1500 cm™ with 1 cm™ resolution (samples
containing B-galactosidase) were measured. The maps were collected with 5 pum (samples
containing VOR) and 1 um (samples containing B-galactosidase) step size in both directions
and consisted of 31 x 31 points. One spectrum acquisition took 30 s and accumulated 2 times
in each mapping point. In each case, acquisition, spectrum preprocessing (baseline correction

and normalization), visualization and evaluation of the obtained maps were performed using
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LabSpec 5.41 software (Horiba Jobin-Yvon, Kyoto, Japan). The evaluation was carried out
by the classical least squares (CLS) method using the spectra of the reference substances.

3.5.10 Reconstitution test and concentration measurement
A dissolution test (reconstitution) of the electrospun sample containing VOR and

Vfend® was carried out following the instructions in the Vfend® package insert [118]. 3400
mg ground sample (containing 200 mg VOR) and a physical mixture of 200 mg VOR and
3200 mg SBE-B-CD were weighed into glass vials. 19 mL purified water was added into the
vials, which were then shaken vigorously to dissolve powder stuck on the walls as well. In
order to monitor the dissolution, pictures were taken at predetermined time intervals using a
digital camera.

For the concentration measurements, 1 mL of the solution was filtered through a
regenerated cellulose filter with 0.45 pm pores. 40 uL of the filtered solution was filled up to
10 mL. The sampling points were 0.5 and 2 minutes. An Agilent 8453 UV-VIS
spectrophotometer (Hewlett-Packard, Palo Alto, USA) was used to measure the absorbance
of dissolved VOR at the wavelength of 256 nm. The concentration could be readily

calculated based on the calibration curve of VOR in water.

3.5.11 Powder characterization
Bulk and tapped densities of powder mixtures for tableting were examined on an

ERWEKA SVM12 (Heusenstamm, Germany) type tapped density tester. After that, the

values of Hausner ratio and Carr index were calculated according to Ph. Eur. [119].

3.5.12 Tablet characterization
Tablet breaking force was measured on a Schleuniger 4M hardness tester (Thun,

Switzerland) with 3 tablets. Friability was measured on PharmaTest PTF 20E (Hainburg,
Germany) friability tester after 100 rounds on 5 tablets.

3.5.13 Enzyme activity measurement
The activity of B-galactosidase was measured with ONPG as the substrate. ONPG is a

colorless compound hydrolyzed by B-galactosidase to galactose (colorless) and o-nitrophenol
(ONP, yellow if pH > 9) (Figure 12). The amount of this latter compound can be evaluated
spectrophotometrically (at 420 nm, based on a previously created calibration). 1.5 mL of a 6
M ONPG solution in 0.1 M acetate buffer (pH = 4.8) was added to 0.1 mL of 103 g/L
preincubated (55°C) aqueous enzyme solution. The reaction was run for 10 min at 55°C and

was stopped by adding 1 mL of 1 M Na>COs solution. After cooling to room temperature, the

39



absorbance of the reaction mixture was determined using a Pharmacia Ultraspec Il UV/Vis
spectrophotometer (Cambridge, UK). A stable enzyme formulation (over the course of the
experiments) was measured in parallel to each fibrous enzyme-containing sample to serve as
a reference. In each time point a single sample was taken from each enzyme-containing
fibrous formulation. From each sample, 4 activity reactions were run in parallel. In each time

point 3 tablets were measured, and from each tablet 4 activity reactions were run in parallel.

-
HO, HO,

HO, H,0 HO,
a o
;. +
o o B-galactosidase o ' on o

OH NO, OH NO,

ortho-nitrophenyl-p-D-galactopyranoside B-D-galactose ortho-nitrophenol

(ONPG
L ) ) ) L (ONP)

Figure 12 Enzymatic hydrolysis of ONPG by p-galactosidase [120]
3.5.14 Microscopical analysis
A laboratory light microscope (Olympus BH-2, Tokyo, Japan) at 2000x magnification
was used to study the bacterial cells and spores. Spore staining using malachite green was
applied to differentiate the spores from the vegetative cells [121]. Fibers were dissolved in

water and bacteria were centrifuged and washed before spore staining.

3.5.15 Viability test of Clostridium butyricum
The viability of C. butyricum was determined by the colony-forming unit (CFU)

measurement method. Serial ten-fold dilutions were prepared from the samples in sterile
water and 100 pL. was plated from each of the dilutions onto Columbia Blood Agar plates.
The plates were incubated anaerobically at 37 °C for 48 hours. The plates with the

appropriate number of colonies (10 to 200) were counted.

3.5.16 Butyrate production measurement
Butyric acid production capacity of the bacteria in the fibers was tested by inoculating 50

mL CNM with 50 mg bacteria-containing electrospun material. The inoculated medium was
incubated anaerobically at 37 °C for 24 hours. Butyric acid content in the samples was
measured by reversed-phase high-performance liquid chromatography (RP-HPLC) (Agilent
1200 series LC System). An isocratic elution of water containing 0.5% phosphoric acid and
ACN (85:15 V/V ratio) was performed at a flow rate of 1.0 mL min™* and 25 °C for 5 min.
The UV detection wavelength was set to 210nm. A 3 pL of sample volume (after 10x

dilution) was injected onto a Phenomenex Luna C18 column (3 um; 100 % 4.6 mm).
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4. Results and discussion
4.1 Scaled-up production of grindable electrospun fibers containing a
protein-type drug from an agueous polymeric matrix

4.1.1 High-speed electrospinning of fibers containing a protein-type drug

The broadly applied single-needle electrospinning is not capable of the mass production
of fibers, and therefore, its productivity is far from the needs of commercial pharmaceutical
manufacturing. In this research, HSES was used to increase the throughput of the technology.
Based on the results of our previous study [102] on placebo systems, a matrix solution
composed of 7.65 w/w% PVA, 0.57 w/w% PEO and 15.30 w/w% mannitol was selected for

the experiments with B-galactosidase to achieve a grindable fibrous product.

The placebo system was supplemented with -galactosidase powder so that the enzyme
would be 20 w/w% of the solid product (Table 4).

Table 4 Composition of the PVA-based electrospinning solutions of f-galactosidase

Concentration Ratio of c_omponents
Amount (g) (WW%%) in the solid product
(%)

Original Optimized | Original Optimized | Original Optimized
PVA 130,000 1.000 1.000 7.2 7.6 26.0 32.5
PEO 2M 0.075 0.075 0.5 0.6 2.0 2.4
Mannitol 2.000 1.300 14.4 9.9 52.0 42.3
p-Galactosidase 0.770 0.700 5.6 5.4 20.0 22.8

Water 10.00 10.00 72.2 76.5 - -

Even though it was possible to obtain enzyme-containing fibers by electrospinning of
this solution, the high solid content caused premature drying of the material, which resulted
in the blocking of the spinneret and it was needed to be cleaned regularly during the
electrospinning process. To address this problem, the amount of mannitol in the system was
reduced so that together with B-galactosidase their amount would equal the amount of
mannitol in the placebo system (Table 4). Electrospinning could be performed seamlessly
using the optimized solution composition, which suggests that decreasing the amount of
mannitol in the matrix leads to better processability. However, in our earlier study it’s been
shown that when the sugar alcohol content in the fibers was decreased below a critical
concentration, fiber grindability deteriorated [102]. Due to this, the mannitol amount was not

decreased further in the present work.
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The feeding rate used in the electrospinning experiment with the optimized composition
was 30 mL/h, which is about 30x higher than what is achievable with single-needle
electrospinning of aqueous solutions [102]. The obtained fibrous mat was easily removable
from the aluminum foil used on the collector (Figure 13). The product was examined by
means of SEM. The fibrous nature of the produced [-galactosidase-containing sample can be
seen in Figure 14A. Bead-free fibers were obtained with diameters around 1-5 pm, but

submicronic fibers were also observable.

4.1.2 Processing of the f-galactosidase-containing fibers
Processability of the formed fibers (e.g. milling, powder properties, etc.) is critical in the

development of solid pharmaceutical products. The produced enzyme-containing fibers
collected in the form of a fibrous mat were not suitable for conventional tablet production.
Therefore, the collected mat needed to be ground to a powder before further processing.
Grindability of the fibrous mats from the two matrix compositions containing -galactosidase
was evaluated right after electrospinning by pushing the material through a sieve with a
pestle. The friability of the enzyme-containing fibers was sufficient without secondary
drying, and the grinding of the mat resulted in a fibrous powder (Figure 13). It was noticed,
however, that the fibers with the optimized matrix composition were slightly less friable than
the fibers with the original composition. This suggests that less mannitol in the fibers results
in decreased grindability, which is in line with our previous findings [102]. Further

examinations were carried out only on the fibers with the optimized composition.

Figure 13 Electrospun sample removal from the collector and grinding process

The morphology of the enzyme-loaded fibrous powder was studied with SEM (Figure
14B). It can be seen that the fibrous structure of the electrospun material was preserved
during the grinding process and the diameter of the fibers was unchanged. However, grinding
reduced the length of the fibers resulting in a powder with improved flowability compared to

the original unground material.
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Figure 14 Scanning electron microscope images of f-galactosidase containing PVA-based fibers after
electrospinning (A) and grinding (B) (at 1000-fold magnification)

4.1.3 Characterization of the fibers

In order to reveal the physical state of the different materials in the fibers, DSC, XRPD
and Raman examinations were carried out. The reference PEO and PVA are semi-crystalline
polymers (glass transition temperature of PVA could be detected at 46.1 °C), which was
confirmed by this measurement. The reference -galactosidase powder did not show any
significant peak (except for water loss). The reference 6-mannitol had a sharp melting peak at
165.9 °C, even though other researchers detected two peaks (the first belonging to the
melting of the 0 polymorph, followed by the fast recrystallization to the more stable
polymorph, with a second melting peak) [122,123]. Similarly, the fibrous material had two
endothermic peaks at 148.8 °C and 160.8 °C which probably belong to mannitol. During the
DSC run, a melting point depression was seen (165.9 °C - 148.8 °C) due to the submicronic
mannitol crystals with large specific surface [124], which is probably followed by
recrystallization to a more stable form and the melting of it [122,123]. Based on these results,

it can be concluded that all fiber components are amorphous except mannitol.
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Figure 15 Differential scanning calorimetry (DSC) thermograms of 0-mannitol, f-galactosidase,
PEO, PVA, the physical mixture of the fiber components, and the ground electrospun
PVA+PEO+mannitol+p-galactosidase (HSES fibers)

In order to confirm the results obtained by DSC, XRPD measurements were performed.
According to the diffractograms, only mannitol was crystalline in the fibers, showing the
characteristic peaks of the d-polymorph. This polymorph of mannitol has been shown to be
the least stable at ambient conditions [125] and it can transform into the a- or B-polymorph
[123], which can be found in the physical mixture of the electrospinning matrix and p-
galactosidase (Figure 16). During drying (e.g. spray drying), the formation of a- and f-
mannitol is expected [126]. However, in the fibers, 3-mannitol can be found, which might be
ascribed to the even faster drying with ES (and therefore, no possibility for rearrangement

into a stable form) or to the presence of the other substances.
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Figure 16 X-ray powder diffraction (XRPD) patterns of f-galactosidase, PVA, PEO, d-mannitol, a,f3-
mannitol, the physical mixture of PVA, PEO, a,[f-mannitol and f-galactosidase, and the ground
electrospun PVA+PEQO+mannitol+f-galactosidase

To evaluate the molecular interactions FTIR spectroscopy was applied on the samples.
PVA and mannitol molecules contain free hydroxyl groups (which can act as potential proton
donors for hydrogen bonding) and f-galactosidase possesses numerous different groups that
can act as potential proton donors or receptors. Therefore, hydrogen bonding might occur in
the fibers. Characteristic absorption peaks of B-galactosidase are at 3298 cm™ due to OH
stretching and at 2939 cm* due to CH stretching. The absorptions bands at 1651 cm™ indicate
the CONH vibration, and 1541 cm™ peak is the NH bending vibration of the p-galactosidase
structure [127]. These peaks indicate the protein nature of -galactosidase. PVA has a broad
absorption band from OH at 3319 cm™, bands from a stretching vibrations of CH2/CH groups
at 2941/2910 cm™ and from C=0 at 1736 cm™ (characteristic of the carbonyl group of
polyvinyl acetate), together with deformation bands of CH,/CH at 1437/1375 cm, and CO
stretching vibrations at 1096 cm™ and 1261 cm™ [128]. Characteristic absorption bands of
PEO include the band at 2893 cm™ due to symmetric and antisymmetric CH stretching, bands
at 1468 cm " (asymmetric CH, bending) and 846 cm™ (CH: rocking). The band in PEO at
1104 cm™ indicate asymmetric COC stretching [129]. Mannitol showed the characteristic
peaks of the OH group at 3289 cm™ and the CH stretching at 2936 cm™. Multiple
characteristic absorption bands of §-mannitol can be observed in the 50071500 cm™ region,
which can also be seen in the spectrum of the electrospun sample, indicating the presence of

the crystalline 6 polymorph in the fibers [122]. The characteristic bands of B-galactosidase,
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PVA, and PEO either disappeared or appeared shifted in the spectrum of the HSES fibers
indicating molecular interaction (presumably hydrogen bonding) between the components.
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Figure 17 FTIR spectra of p-galactosidase, PVA, PEO, 5-mannitol, and the ground electrospun
PVA+PEO+mannitol+p-galactosidase

The local distribution of the components in the ground fibers was analyzed by Raman
mapping. For accurate dosing, homogeneity of the enzyme in the formulation is required.
According to the Raman chemical map (Figure 18A), B-galactosidase seems to be uniformly

distributed in the ground fibers as very small differences in color are seen.
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Figure 18 4) Homogeneity study of f-galactosidase in the electrospun fibers by Raman mapping B)
Raman spectra of the ground electrospun fibers and 6-mannitol (characteristic peaks marked with *)

The Raman mapping results also confirmed that the electrospun fibers mainly contained
d-mannitol. The characteristic peaks of the 6 polymorph are shown in Figure 18B and these
are in good agreement with data reported by others in the literature [130,131]. The ground
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electrospun fibers were reanalyzed by DSC, XRPD and Raman after 1 year of storage at 4
°C. Even though the &-polymorph is the least stable among the mannitol polymorphs, no
recrystallization was observed in the fibers after this extended storage.

It has been previously shown that sugars and sugar alcohols can interact with water vapor
and they have different water sorption capacities based on their physical state [132,133].
Amorphous sugars tend to absorb large amounts of water into their bulk structure, whereas
crystalline sugars interact with water-based on surface adsorption only. Water can act as a
plasticizer in electrospun fibers and consequently, the water content of the electrospun
materials influences their grindability significantly. It has been shown that a water content
below 8% ensures acceptable grindability of sugar-containing fibers [102]. It was furthermore
shown that the physical state of excipients could impact the grindability with crystalline
mannitol eliminating the need for post drying. The water content of the B-galactosidase-
containing fibrous sample measured by the loss on drying (LOD) method was 6.0%.
Presumably, this relatively low water content is due to the crystalline nature of mannitol in
the fibers.

4.1.4 Tableting and long-term stability study of the tablets
Table 5 Composition of the produced tablets

Ingredients Amount (mg)/tablet Amount (%)/tablet

MCC 200 150 30
Mannitol 150 30
Crospovidone 50 10
Fibrous powder 150 30
> 500 100

As the marketable final form of a lactase enzyme is preferably tablet, the purpose of this
study was not only to investigate the processability of enzyme-containing electrospun fibers
but also to produce tablets without losing the achieved advantages (i.e. activity preserved
after processing). The fibrous powder was mixed with MCC, mannitol, and crospovidone,
and the powder mixture was subsequently tableted. The main compression force was ~8 kN

in this experiment. The composition of the produced tablets can be found in Table 5.

Enzyme activity was measured after HSES, grinding, and tableting to assess the effect of

the processing steps on B-galactosidase. The activity of a stable enzyme formulation was
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measured parallel to each sample to serve as a reference. The results are depicted in Figure
19. No significant difference can be seen between the activity of the reference enzyme and
the electrospun and processed [-galactosidase, which suggests that the drying conditions with

HSES are so gentle temperature wise that no degradation of this protein-type drug is seen.
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Figure 19 Enzyme activity of -galactosidase in the fibers after HSES, after grinding, after tableting
and one-year stability result of the tablets (stored at 4 °C and room temperature)

Ensuring long-term stability of biopharmaceutical products is one of the main challenges
in their pharmaceutical use and therefore new formulations need to stabilize
biopharmaceuticals to maintain their activity during storage. The storage stability of the
electrospun and tableted B-galactosidase was compared with a reference enzyme formulation.
The tablets of electrospun B-galactosidase were kept at 4 °C and room temperature and their
activity were measured after 1 month, 3 months, 6 months and 1 year. The periodic activity
measurements showed that the enzyme remained stable in the tablets both at 4 °C and 25 °C
even after one year of storage (Figure 19). This result shows that the processable matrix
containing PVA, PEO, and mannitol is suitable for stabilizing B-galactosidase in the long

term as well.

4.1.5 Conclusion regarding fibers containing a protein-type drug
The present work demonstrated that HSES is a feasible technology to produce

biopharmaceutical-containing, grindable fibers. A PVA-PEO-mannitol matrix was used to
incorporate a model protein-type drug, B-galactosidase. A feeding rate of 30 mL/h was
achieved in the experiments, which is 30x higher than what is achievable for aqueous systems
using single-needle ES. The produced fibrous mat was easily removable from the collector
and it was found to be grindable without the need for a post-drying step, which simplifies

downstream processing. All excipients were in amorphous state in the fibers, except
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mannitol. The low water content and the crystalline mannitol in the fibrous sample could be
the reason for the adequate grindability. The ground fibrous powder was mixed with tableting
excipients and was successfully tableted. No decrease in enzyme activity was observed after
either of the processing steps (electrospinning, grinding, and tableting). Besides, [3-
galactosidase remained stable in the tablets after 1 year of storage both at 4 °C and room
temperature. In conclusion, the gentle drying by HSES and the processability of the applied
matrix enabled the production of a final dosage form for the easy oral administration of this

model protein without decreasing its activity.
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4.2 Scaled-up production of directly compressible electrospun fibers
containing a polymer-free matrix and a protein-type drug from an
aqueous solution

In the previous chapter, it was demonstrated that grindable fibers can be produced from
aqueous polymeric solutions of a model protein drug. As a continuation, our aim in this work
was to evaluate if high-speed electrospinning can be used to produce protein-containing
fibers from an aqueous cyclodextrin solution and to process the produced fibers into tablets
through direct compression. To the best of our knowledge, this is the first attempt to develop
an electrospun formulation of a protein-type drug using a polymer-free matrix. The model
protein was [-galactosidase in this part of the work as well.

4.2.1 Optimization of fiber formation of HP--CD using high-speed electrospinning
Cyclodextrins form substantial aggregates in their concentrated solutions and the

intermolecular interactions make it possible to electrospin cyclodextrin solutions into fibers
[134]. First, HP-B-CD solution without B-galactosidase was attempted to be electrospun with
the scaled-up technology. Previous studies by Celebioglu and Uyar [110] showed that
aqueous HP-B-CD solutions start to form bead-free fibers from 61.5 w/w% when using
single-needle electrospinning (SNES). According to our previous experiences with HSES, the
concentration of the fiber-forming agent occasionally needs to be increased slightly when
transferring a system from SNES to HSES. Presumably, the reason behind this phenomenon
is that in SNES there is a free liquid surface (the droplet at the end of the spinneret) and due
to this some amount of solvent evaporation takes place. Therefore, jet formation starts from a
slightly concentrated solution. As there is no free liquid surface present in HSES, the solvent
evaporation cannot take place and this way the original solution needs to have a slightly
higher concentration compared to SNES for jet formation to start. Therefore, electrospinning
of 61.5, 64.3 and 67.4 w/w% HP-B-CD solutions were attempted with HSES. Morphology of
the prepared samples was investigated by SEM (Figure 20). As expected, electrospinning of
61.5 w/w% solution resulted mostly in particle formation instead of fibers (Figure 20A).
When the HP-B-CD concentration was increased to 64.3 w/w%, mixed particle and fiber
formation was noticed (Figure 20B), and bead-free fibers were only formed at 67.4 w/w%

concentration solution (Figure 20C).
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Figure 20 Scanning electron microscopic images of 61.5 (A), 64.3 (B), and 67.4 (C) w/w%
concentration HP-4-CD fibers

4.2.2 High-speed electrospinning of drug-loaded cyclodextrin fibers
Dissolving B-galactosidase along with HP-B-CD might increase solution viscosity, thus

might also play a role in the fiber formation and slightly shift the boundaries of the feasible
concentration range. Therefore, aqueous HP-B-CD solution with pB-galactosidase was
prepared by substituting HP-B-CD with B-galactosidase so their total concentration in the
solution would be 66.7 w/w% (Table 6). This way, drug loading of the electrospun fibers was
20 w/w%.

Table 6 Details of the production of HP-8-CD + S-galactosidase containing fibrous material by HSES

Dissolved Water
HP-B-CD + Feeding Solution Yield Productivity for content of

) rate density dried material dried

B-galactosidase 3 (W/w%) ;
. (mL/h) (g/cm?®) (g/h) material
in 50 mL water (g) (Wt. %)

80+ 20

(66.7 w/w% total 400 1.3 786 270 6.8+£1.2

solids content)

Figure 21 shows the fibrous nature of the produced p-galactosidase — HP-B-CD
electrospun sample with fiber diameters in the range of approximately 2-10 pum. Some fibers
are fragmented in the picture, which could be caused by the circular motion of the solid

material in the collector bin of the cyclone.
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Figure 21 Scanning electron microscope images of f-galactosidase containing HP-#-CD-based fibers
after HSES (250x and 1000x magnifications)

The feeding rate applied during the experiments was 400 mL/h. The details of these
experiments are summarized in Table 6. An average yield of 78% was achieved with the
current settings and machine setup (material loss was noticed on the walls of the drying
chamber), which means that the average productivity rate was ~270 g/h. Further process and
equipment optimizations would probably result in increased yields. Subsequently, a
hypothetical productivity of ~6 kg/day is achievable with the current HSES setup. To
determine the residual water content in the electrospun fibers, thermogravimetric
measurements were performed (Figure 22). The weight loss of the fibers and the reference
HP-B-CD powder was around 6.8 wt.% and 6.5 wt.%, respectively.

100.0

99,0 HP-B-CD reference
n HP-B-CD — B-galactosidase fibers

98.0

97.0—

96.0

95.0—

94.0

Weight loss (%)

Time (min)

Figure 22 TGA curve of the reference HP-$-CD material and the electrospun HP-4-CD — protein
fibers

4.2.3 Milling of the enzyme-containing fibers
Processability of the produced drug-loaded fibers (e.g. milling, powder properties, etc.) is
critical in the development of solid pharmaceutical products. Although fragmentation of the
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fibers occurred during collection, the flowability of the produced enzyme-loaded fibers was
not suitable for conventional tablet production by direct compression. Therefore, the
collected fibrous sample needed to be milled to a powder before further processing. Milling
of the fibrous mat containing B-galactosidase was carried out right after electrospinning by a
hammer mill. The friability of the enzyme-containing fibers was excellent without secondary
drying as the milling of the fibrous sample resulted in a powder. The SEM images revealed
that the fibers were broken into many smaller fragments, but the fibrous structure remained
intact (Figure 23).

Figure 23 Photo and a scanning electron microscope image of f-galactosidase containing HP-5-CD-
based fibers after milling

4.2.4 Mixing with excipients and powder characterization

The ground fibrous powder exhibited the properties of a low-density powder with ‘poor’
flow properties (Hausner ratio: 1.40; Carr index: 28.8%). Therefore, the addition of
flowability aiding excipients was necessary. The composition of the prepared blend can be
found in Table 8. The powder mixture consisting of the p-galactosidase containing HP-B-CD
fibers and the tableting excipients exhibited improved flowability properties (Table 7). The

bulk density of this mixture was appropriate for tableting by direct compression.

Table 7 Properties of the prepared powder mixture consisting of the $-galactosidase containing HP-
p- fibers and the tableting excipients

Bulk density 0.513 g/mL
Tapped density 0.688 g/mL
Hausner ratio 1.34

Carr index 25.4%
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4.2.5 Tableting of the enzyme-containing fibrous powder
Several hundred tablets were prepared by direct compression from the blend discussed in

the previous section (Table 8, Figure 24). The applied compression force was around 12 kN
(= 1.1 kN). The properties of the prepared tablets can be found in Table 9.

Table 8 Composition of the produced tablets

Ingredients Amount (mg)/tablet Amount (%)/tablet

MCC 189 315
Mannitol 189 31.5
Croscarmellose sodium 60 10.0
Aerosil 6 1.0
Magnesium stearate 6 1.0
Fibrous powder 150 25.0

> 600 100.0

Figure 24 Tablets prepared from ground fibrous enzyme-containing powder, MCC, mannitol,
croscarmellose sodium, and magnesium stearate

To assess the effect of electrospinning and the processing of the electrospun material on
B-galactosidase, enzyme activity was measured after HSES, grinding, and tableting. The
activity of a stable enzyme formulation was measured parallel to each sample to serve as a
reference. The results of these measurements are shown in Figure 25. No significant
difference can be seen between the activity of the reference enzyme and the electrospun and
processed B-galactosidase, which suggests that the chosen cyclodextrin is a suitable matrix
for the formulation of this protein-type drug. In conclusion, the gentle drying by HSES and
the processability of the applied matrix enabled the production of a final dosage form for the

easy oral administration of this model protein without decreasing its activity.
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Table 9 Properties of the prepared tablets

Compression force 120+ 1.1 kN
Individual Weight 600.3 + 2.8 mg
Tablet breaking force 65.0£6.4 N
Friability 0.56 %
Thickness 4.100 = 0.023 mm
120%
100% { I : I
= 80%
Z
2 60%
z
E 40%
%)
&
20%
O% ke 4 ke b | b = |
Reference Electrospun  After grinding After tableting
enzyme B-galactosidase

Figure 25 Enzyme activity of s-galactosidase in the HP-B-CD fibers after HSES, after grinding, and
after tableting

4.2.6 Enzyme stability in the tablets

Ensuring long-term stability of biopharmaceutical products is one of the main challenges
in their pharmaceutical use and therefore new formulations need to stabilize
biopharmaceuticals to maintain their activity during storage. The storage stability of the
electrospun and tableted B-galactosidase was compared with a reference enzyme formulation.
The tablets of electrospun B-galactosidase were kept at 4 °C and room temperature and their

activity was measured after 1 month, 3 months and 6 months (Figure 26).
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Figure 26 Long-term stability results of the tablets produced from f-galactosidase-containing fibers
(stored at 4°C and room temperature)

The periodic activity measurements showed that the enzyme remained stable in the
prepared tablets both at 4 °C and room temperature after 6 months of storage. This result
shows that the processable HP-B-CD-based matrix is suitable for stabilizing B-galactosidase

in the long term as well.

4.2.7 Conclusion regarding drug-loaded cyclodextrin fibers
In the present work HSES was proven to be a feasible technology to gently and

continuously produce stable protein-containing, processable fibers. A water-soluble
cyclodextrin, HP-B-CD was used to incorporate a model protein-type drug, p-galactosidase.
The feeding rate of 400 mL/h used gives ~270 g solid product per hour. Therefore, a ~6
kg/day production rate is hypothetically possible with the HSES technology. This scalable,
continuous and flexible manufacturing process appears to be capable of fulfilling the
requirements of the pharmaceutical industry. The enzyme-containing cyclodextrin fibers
were found to be grindable without the need for a secondary drying step. The ground fibrous
powder was mixed with tableting excipients and was successfully tableted using direct
compression. No decrease in enzyme activity was observed after either of the processing
steps (electrospinning, grinding, and tableting). Besides, B-galactosidase remained stable in
the tablets after 6 months of storage both at 4 °C and room temperature. Even though in this
work the final dosage form of the protein drug was the tablet, CDs are injectable and
therefore electrospun formulations of CDs with other sensitive proteins (e.g. monoclonal

antibodies) have the potential to be used in reconstitution dosage forms as well.
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4.3 Production of cyclodextrin-based reconstitution powder from an
aqueous solution using scaled-up electrospinning
The previous chapters demonstrated that aqueous high-speed electrospinning can be used
to prepare processable biopharmaceutical-loaded 2-hydroxypropyl-p-cyclodextrin fibers,
which can be converted into tablets by direct compression.

In this part of the work, scaled-up electrospinning of another cyclodextrin,
sulfobutylether-B-cyclodextrin sodium (SBE-B-CD) was attempted with an aim to prepare a
parenteral drug dosage form. The model active pharmaceutical ingredient was voriconazole
(VOR), an antifungal drug from the azole family, which is used for the treatment of severe
fungal infections (e.g. invasive aspergillosis) occurring in immunocompromised patients
[135]. VOR has low aqueous solubility (0.2 mg/mL at pH 3 and 0.6 mg/mL at pH 7), which
classifies it to the class Il of the Biopharmaceutics Classification System (BCS) [136]. In the
marketed, freeze-dried powder for reconstitution of VOR (Vfend®), molecular encapsulation
with sulfobutylether-pB-cyclodextrin sodium (SBE-B-CD) is applied to increase the VOR
solubility in water [136,137]. The freeze drying of VOR with SBE-B-CD results in the
amorphization of the drug [138]. A single dose of the marketed product contains 200 mg
VOR and 3200 mg SBE-B-CD, and it is intended for reconstitution with 19 mL water to
produce a solution containing 10 mg/mL of VOR [118].

4.3.1 Optimization of fiber formation by drop electrospinning
Challenges in process development were anticipated because SBE-B-CD is not an

obvious fiber-forming material due to its small molecular mass (2163 Da) and the possible
ionic repulsions among its molecules. To determine the suitable SBE-B-CD concentration for
fiber formation, a small-scale screening process was carried out using DES. The amount of
dissolved SBE-B-CD in the aqueous solution was gradually increased from ~33 w/w% to ~75
w/w% since the concentration of the fiber-forming agent is considered to be one of the most
critical parameters for ES due to the impact on viscosity and fiber formation [139,140].
Morphology of the prepared samples was investigated by visual inspection and SEM (Figure
27). Below 67 w/w% concentration, no fiber formation was observed, only particles of the
SBE-B-CD solution were collected (presumably, the entanglement of CD molecules is not
adequate for forming fibers). Starting from 67 w/w%, particle and fiber formation was
noticed, although bead-free fibers were only formed at 71 and 75 w/w% concentration
solutions. The presence of beads in the fibrous material is detrimental to the specific surface

area and the dissolution rate. Therefore, it is important to select a solution concentration from
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which bead-free fibers can be produced. As the results show, a wide enough concentration
region where stable and robust fiber formation was possible could be identified, and thus,
SBE-B-CD acted as a ‘quasi-polymer’ at high concentrations. Keeping in mind that VOR
might also play a role in the fiber formation and may slightly shift the boundaries of the
feasible concentration range, 68.8 w/w% aqueous SBE-B-CD solution was chosen for the

experiments with VOR.

100000.0

10000.0

1000.0 g

100.0 %

10.0

1.0

Viscosity (mPas)

0.1

0.0
. 33% 50% 60% 67% 71% 75%

Concentration (w/w %)

Figure 27 Optimization of fiber formation
4.3.2 High-speed electrospinning for forming cyclodextrin-based reconstitution powder
Laboratory scaled electrospinning (single needle electrospinning) is incapable of mass
production of fibrous material, and therefore, its throughput is far from the needs of
commercial pharmaceutical manufacturing. In our experiments, HSES was applied to

increase the productivity of the technology.

HSES experiments were carried out using aqueous SBE-B-CD and VOR-SBE-B-CD
solutions. When electrospinning from SBE-B-CD without VOR (but keeping the dissolved
SBE-B-CD amount the same) particles were formed beside fibers (Figure 28 a). Figure 28 b
shows the fibrous nature of the produced VOR-SBE-B-CD electrospun material with fiber
diameters in the range of approx. 0.5-2 um. Among the fibers, fewer particles were
observable compared to the placebo SBE-B-CD sample. This might suggest that VOR
enhances the association (i.e. the entanglement) among the SBE-f-CD molecules and aids the
fiber formation. Fragmentation of the fibers is also noticeable, which could be caused by the

centrifugal force inside the cyclone resulting in a circular motion of the solid material in the
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collector bin. It is important to note that all experiments were conducted at room temperature,
which makes electrospinning a platform technology that can be employed in the case of
biopharmaceuticals as well.

Figure 28 Scanning electron microscopic images of a) placebo SBE-f-CD fibers; b) VOR-SBE-f-CD
complex based fibers

The highest feeding rate applied during the experiments was 300 mL/h. Details of this
experiment are summarized in Table 6. The total solids concentration in the aqueous solution
was 70 w/w% with a mass ratio of 1:16 for VOR:S BE-B-CD. A yield of 88% was achieved
with the current settings (material loss was noticed on the walls of the drying chamber),
which means that the productivity rate was ~240 g/h. With further process and equipment
optimizations (e.g. with additional air knives in the chamber), and during extended
productions, it is estimated that the yield of the process could be further increased.
Consequently, theoretically, a productivity of ~5 kg/day is achievable with the current HSES
setup. This equals an output rate of more than 1600 doses/day, which can be further increased
by increasing the drying temperature and scaling the spinneret up similarly to rotary
atomizers in spray drying [35]. This productivity rate is more than 12x higher than the highest
aqueous electrospinning production rate reported so far for pharmaceutical applications [66].
According to Harrington et al., 2990 people were hospitalized with a primary diagnosis of
invasive aspergillosis in 2013 in the USA. If these patients are treated with intravenous
Vfend® for 20 days with an average of 3 doses per day, 179400 doses are required. With our
HSES setup (which can still be increased), this amount can be manufactured in less than 4
months. Besides this, obviously, downscaling is also possible in order to produce for smaller
markets. Therefore, this scaled-up, continuous and flexible manufacturing process seems to

be capable of fulfilling the capacity requirements of the pharmaceutical industry.
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Table 10 Details of the production of SBE-5-CD+VOR containing fibrous material by HSES

Dissolved Feeding  Solution Productivity Productivity Water

SBE-B-CD + rate densit vield for dried for dried content of
VOR in 100 (mL/h) ( /cm% material VOR dried
ml water (g) g (9/h) (doses/day) ~ material
220 + 13.75
(70 wiw 300 1.29 88% 240 1600 6.9%
total solids
content)

4.3.3 Results of differential scanning calorimetry (DSC) and X-ray powder diffraction
(XRPD) measurements

To investigate the physical state of VOR in the fibrous sample and in Vfend®, DSC and
XRPD examinations were carried out. The pure crystalline VOR served as the reference. The
DSC thermograms (Figure 29) of Vfend® and the VOR-SBE-B-CD fibrous material did not
show the endothermic melting peak of crystalline VOR around 130 °C, which suggests that
VOR is amorphous in both solid formulations. The wide endothermic activity that can be
detected in the thermogram of the electrospun sample is related to the water loss of the matrix
(in a second heating cycle, this peak does not appear, data not shown). The reversing heat
flow did not contain any noticeable glass transition or melting peak (data not shown). No
glass transition temperature of the fibrous material (and VVfend®) could be detected by further
DSC investigations. This has also been observed previously by other researchers, as Zhang et
al. could not detect any glass transition temperature of a lyophilized complex of VOR and
SBE-B-CD [138]. Possibly, SBE-B-CD and VOR molecules form strong structures that do not
show a-relaxation upon heating, while the material decomposes from 245 °C based on our
experiment. Glass transition temperatures of actual polymeric derivatives of f-CDs cannot be
determined either by conventional methods as they are above the degradation point [141].
The lack of peaks on the XRPD diffractograms (Figure 30) of Vfend® and the electrospun

sample also confirmed the amorphous state of VOR in the two formulations.
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Figure 29 Differential scanning calorimetry (DSC) thermograms of crystalline VOR, SBE-$-CD, the
physical mixture (PM) of VOR and SBE-$-CD, the electrospun VOR-SBE-$-CD complex, and the
Vfend® powder
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Figure 30 X-ray powder diffraction (XRPD) patterns of crystalline VOR, SBE-$-CD, the physical

mixture (PM) of VOR and SBE-4-CD, the electrospun VOR-SBE-4-CD complex, and the Vfend®
powder
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4.3.4 Results of the Raman mapping and EDS of the voriconazole-containing powders
DSC and XRPD only tell us about the state of the VOR but do not provide exact

information about the local concentration of the incorporated drug. Distribution of the
amorphous VOR in the fibrous samples was evaluated by EDS and Raman mapping. For
accurate dosing, homogeneity of the VOR in a drug formulation is required. The fibrous
material produced by HSES was compared to Vfend® and to the physical mixture of SBE--
CD and VOR (Figure 31).

As expected, the Raman chemical map (Figure 31 b) of the reference physical mixture
shows definite areas with high VOR concentrations indicating the uneven distribution of
VOR in the mixture on a microscopic level. In contrast, VOR seems to be uniformly
distributed in the HSES fibers, as well as in the Vfend® powder according to the maps
(Figure 31 d and f, respectively). However, the modeling error of the CLS evaluation was
increased due to the fact that the analysis was performed using the reference spectrum of
crystalline VOR, (and not the amorphous). Therefore, the chemical mapping was performed
with EDS as well. Figure 31 a, ¢, and e show colored elemental maps of the physical mixture,
the electrospun material, and the Vfend® powder, respectively. Fluorine and sulfur can be
used to differentiate VOR and SBE-B-CD from each other (VOR contains fluorine but not
sulfur and SBE-B-CD contains sulfur but not fluorine). The coloring of the EDS maps was
performed by following the fluorine (red) and the sulfur (green) signals. It can be seen that
the physical mixture contains separate SBE-B-CD and VOR particles whereas the electrospun
sample and the Vfend® powder contain SBE-B-CD and VOR evenly distributed.
Heterogeneity of VOR cannot be seen either in the fibrous sample or in the Vfend® powder.
These examinations imply that the VOR is molecularly dispersed both in the electrospun

fibers and the Vfend® powder as well.
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Figure 31 Homogeneity study of the physical mixture of VOR and SBE-f-CD, the electrospun VOR—
SBE-S-CD complex, and the Vfend® powder by SEM-EDS (a, ¢, e, respectively) and Raman mapping
(b, d, f, respectively).

4.3.5 Reconstitution test on the voriconazole-containing powders

Following the procedure described on the Vfend® package, the dissolution properties of
the prepared electrospun complex were evaluated by adding 19 mL of water to a vial
containing 3400 mg of electrospun material (comprising of 3200 mg SBE-B-CD and 200 mg
voriconazole). The resulting concentration in the final solution was 10 mg/mL for VOR
[118]. Vfend® and the physical mixture of SBE-B-CD and VOR were tested the same way as
well to ensure a fair comparison of the different formulations.

The electrospun material could be ground easily by a hammer mill, which increased the
previously low bulk density. As it is visible on the recorded images (the vials used in the

experiment had the same dimensions), the milled fibers take up significantly less volume than
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the freeze-dried cake (Figure 32). After the addition of water, the vials were shaken
vigorously to dissolve parts stuck on the wall. The fibrous sample and Vfend® dissolved
completely within 30 s (Figure 32 and Table 11). SBE-B-CD in the physical mixture
dissolved nearly instantly due to the good solubility of the cyclodextrin but the crystalline
drug (marked with arrows in Figure 32) persisted for a longer time. The difference between
the dissolution rates of the electrospun sample and the physical mixture was confirmed by
UV measurements after 30 s and 2 minutes of dissolution (Table 11). This proves that the
enhanced specific surface area of the amorphous fibrous material provides fast dissolution,
which makes electrospinning a feasible technology for the preparation of reconstitution
injection dosage form.

Before ‘Water addition 10s 30s 1 min S min

Electrospun
sample

Physical
mixture

Vfend®

Figure 32 Images of dissolution test of electrospun VOR-SBE-4-CD complex, the physical mixture,
and Vfend®
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Table 11 Results of dissolution rate measurements (n=3, except for Vfend®, where only 1 sample was
measured). 100% equals the VOR concentration of 10 mg/mL.

30s 2 min
Electrospun sample  (100.9 + 2.2)% (102.4 £ 4.1)%
Physical mixture (39.1+1.0)% (53.7 £ 3.0)%
Vfend® 103% 102%

4.3.6 Conclusions regarding the cyclodextrin-based fibrous reconstitution powder
Scaled-up electrospinning was performed from aqueous solutions of VOR-SBE-B-CD

complex to demonstrate the feasibility of HSES to produce a fast dissolving reconstitution
injection dosage form, which allowed comparison to the marketed freeze-dried VOR
formulation (Vfend®). Our experiments showed that the incorporated VOR was amorphous
and homogeneously dispersed in the produced fibers. The reconstitution test of the fibers
confirmed the expected fast dissolution characteristics as a clear solution was obtained within

30 seconds.

The feeding rate of 300 mL/h used gives ~240 g solid product per hour, which is more
than 12x higher than the maximum reported productivity rate of ES for pharmaceutical
application up to now. The fibers were collected by a cyclone, which is a novel fiber
collection method. This scaled-up, continuous and flexible manufacturing process seems to
be capable of fulfilling the requirements of the pharmaceutical industry. Our experiments
prove that HSES has the potential to replace freeze drying since it is a continuous, high-
throughput process of very low energy consumption providing an economically viable
production alternative. Furthermore, HSES was performed under ambient conditions, and
therefore, it can become a platform technology as biopharmaceuticals could be dried this way

as well.
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4.4 Large-scale production and tableting of electrospun HP-B-CD fibers
incorporating anaerobic bacteria from the gut microbiome
The human gut microbiome has been shown to play a significant role in the induction,
training, and function of the immune system [142]. Dysbiosis of the microbiome has been
associated with various inflammatory diseases and numerous other diseases and therefore the
development of microbiome-based therapeutics has surged in the recent years [143,144]. In
the case of therapeutic microbes, parenteral delivery is not an option, and thus the
development of solid formulations is imperative. Electrospinning has been used for the
encapsulation of bacterial cells into fibers for more than 15 years [145,146]. Studies related to
electrospinning of single [48] and multiple strains [147-149] of aerobic and facultative
anaerobic strains can be found in the literature. However, so far there has not been any
published work about electrospinning carried out with anaerobic bacteria. Therefore, in this
part of the work, it was investigated if scaled-up electrospinning can be used as a gentle
drying method for a strictly anaerobic bacterium from the gut microbiome.

4.4.1 High-speed electrospinning of fibers containing anaerobic bacteria
To study the effect of growth conditions of bacteria on survival after electrospinning,

cells grown using two different culture conditions were used in the experiments. One of the
culture conditions resulted in samples with mixed populations of spores and vegetative cells

and the other culture condition yielded exclusively vegetative cells.

Cyclodextrins form strong aggregates in their concentrated solutions and the
intermolecular interactions make it possible to electrospin cyclodextrin solutions into fibers
[134]. Electrospinning of hydroxypropyl-B-cyclodextrin solutions containing spores and
vegetative cells and purely vegetative cells was attempted using the high-speed
electrospinning device and the fiber formation could be performed seamlessly. The feeding
rate applied during the experiments was 300 mL/h. The details of these experiments are
summarized in Table 12. The electrospinning process yields were ~84% and ~48% for the
samples incorporating both spores and vegetative cells and only vegetative bacteria,
respectively. Material loss was noticed on the wall of the drying chamber and in the pipes of
the machine. Supposedly, in the case of longer production, the material loss would not

increase significantly and therefore higher process yields (>95%) could be achieved.
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Table 12 Production data of the scaled-up high-speed electrospinning of mixture of sporulated and
vegetative and vegetative C. butyricum

Mixed sample Vegetative sample
Cell state composition 20% 3\?:3)6‘:'23{/?%”3 100% vegetative cells
Feeding rate (mL/h) 300 300
Solution density (g/cm?®) 1.197 1.194
Solid content of the solution (w/w%) 68.4 66.7
Yield (%) 83.8+4.3 48.3+9.5
Water content of the fibers (wt.%) 7.3+0.6 6.3+0.2

Figure 33 shows the fibrous nature of both samples with fiber diameters in the range of
approximately 1-10 um. Fiber diameter of the mixed and vegetative bacteria-containing
fibers did not differ significantly. No vegetative cells or spores were visible on the outer
surface of the fibers, which suggests that the bacteria were incorporated into the cyclodextrin
fibers. Figure 33 shows some fragmentation of the fibers, which could be caused by the

circular motion of the solid material in the collector bin of the cyclone.

Figure 33 Scanning electron microscope images of the fibers containing both spores and vegetative
cells and only vegetative cells produced by high-speed electrospinning

To determine the residual water content in the electrospun fibers, thermogravimetric
measurements were performed. The weight loss of the fibers containing mixture of spores
and vegetative cells and only vegetative cells was ~7.3 wt.% and ~6.3 wt.%, respectively.
The weight loss of the reference HP-B-CD powder was around 6.8 wt.%, which means that
rapid and continuous drying of the fibers to the equilibrium moisture content of the matrix
was possible at room temperature by HSES. The productivity of the technology with the
applied feeding rate was around 150 g/h, attesting that more than 3.5 kg bacteria-containing

electrospun material can be produced in a day by using high-speed electrospinning.
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4.4.2 Viability of bacteria in the cyclodextrin solution and in the fibers after electrospinning
CFU measurements were carried out to evaluate the effect of the cyclodextrin solution

and the electrospinning process on Clostridium butyricum. Survival of mixed state and
vegetative bacteria compared to the starting cell culture viability can be seen in Figure 34.
The number of viable cells or spores were reduced by a maximum of 0.16 log unit in the
cyclodextrin solution and by a maximum of 0.33 log unit in the electrospun fibers. Cells and
spores are exposed to changes in the osmotic environment when introduced into the
cyclodextrin solution and high voltage and ultrafast solvent evaporation during the
electrospinning process, which could presumably cause the observed slightly decreased

viability.
1.0E+10 -
1OE+08 ) Cell culture
= 1.OE+06
=
“ 1.0E+04 Cyclodextrin
selution
1.0E+02
Fibers
1.0E+00

Mixture of spores  Vegetative cells
and vegetative cells

Figure 34 Survival of mixture of sporulated and vegetative and vegetative Clostridium butyricum in
the cyclodextrin solution and in the electrospun fibers compared to the original cell culture viability

Butyrate, produced by C. butyricum has been shown to have anti-inflammatory effects
and therefore it is important to investigate if the butyrate production capacity of the bacteria
is retained after electrospinning. Medium was inoculated with bacteria-containing fibers and
the sample was checked for the presence of butyrate after 24 hours of anaerobic incubation.
The HPLC measurement showed the presence of butyrate in the samples (~ 1 ug/mL),
besides the other medium components. The measurement confirmed that the ability of C.
butyricum to produce this anti-inflammatory molecule was preserved in the fibers proving

that this innovative solid form of the bacteria has a real therapeutic potential.

4.4.3 Long term stability of the bacteria in the fibers
Long term viability of bacteria in the fibers is crucial for the application in solid dosage

forms. The viability of the fibrous samples containing sporulated and vegetative and
vegetative Clostridium butyricum stored at different temperatures aerobically and
anaerobically can be seen in Figure 35. Generally, it can be concluded that the samples stored

anaerobically had higher viability compared to the samples stored in the presence of oxygen
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at the same storage temperature. The lowest survival rates belonged to the samples stored at
room temperature aerobically — the number of viable cells in the vegetative sample was
reduced to 0. However, high viability of this strictly anaerobic bacterial strain could be
preserved at room temperature in the presence of oxygen, as the viability loss of the sample
containing both spores and vegetative cells was less than 1 log unit after 1 year. The
outstanding stability at room temperature, aerobic storage (the preferred storage conditions
from a practical perspective), suggests that the growth conditions used to prepare the sample
containing both spores and vegetative cells were favorable for the application compared to

the growth conditions used to culture exclusively vegetative cells.
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Figure 35 Stability of the mixture of sporulated and vegetative and vegetative Clostridium butyricum
in the electrospun HP-B-CD fibers after 1 year of storage anaerobically and aerobically at -20 °C, 4
°C, and room temperature

The homogeneity of bacteria in the fibers was assessed after 1 year by taking 3 samples
from different locations of the fibrous mass. No significant differences were found in cell
count between the different samples and therefore it can be concluded that living bacteria is

homogeneously distributed in the fibrous mass.

The state of bacteria in the fibers was evaluated to see if drying by electrospinning
induces sporulation of C. butyricum. Bacteria were spore stained before electrospinning and
after 3 months and 1 year of storage of the fibers. The spore stained samples were observed
under the microscope. The ratio of spores and cells was approximately the same before
electrospinning, after electrospinning, and after storage (at all the different storage
conditions), which suggests that drying by electrospinning and being encapsulated in HP--

CD fibers for an extended period of time do not induce sporulation of C. butyricum.
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4.4.4 Milling of the bacteria-containing fibers

The processability of the electrospun bacteria-loaded fibers (grinding, powder properties,
etc.) is crucial in the development of solid pharmaceutical products. Even though fiber
fragmentation was observed after the cyclone collection, the flowability of the fragmented
bacteria-loaded fibers was not suitable for conventional tableting by direct compression.
Therefore, the collected fibers had to be milled to a powder for further processing. Milling of
the bacteria-loaded fibrous material was performed right after electrospinning by the use of
an oscillating mill. Bacteria-containing fibers exhibited excellent friability without secondary
drying as the milling of the fibers resulted in a powder. The SEM image of the ground fibers
shows that the fibers were broken into many smaller fragments, but the fibrous structure was
preserved (Figure 36). The yield of the small-scale grinding was ~86%. The material that

remained in the oscillating mill was not sticky, lumped or molten.

Figure 36 Scanning electron microscope image of the ground fibers containing mixture of spores and
vegetative bacteria

4.45 Tableting of the ground bacteria-containing fibers

The ground fibers showed the properties of a low-density powder (bulk density: ~0.15
g/mL, tapped density: ~0.24 g/mL) with poor flow properties. Therefore, the addition of
flowability aiding excipients was required to gain a powder appropriate for tableting. The

composition of the prepared blend can be found in Table 8.
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Table 13 Composition of the produced tablets

Ingredients Amount (mg)/tablet Amount (%)/tablet

MCC 189 315
Mannitol 189 31.5
Croscarmellose sodium 60 10.0
Aerosil 6 1.0
Magnesium stearate 6 1.0
Fibrous powder 150 25.0

> 600 100.0

The powder mixture consisting of the milled bacteria-containing HP-B-CD fibers and the
tableting excipients exhibited improved flowability (Table 14). The obtained powder mixture

was suitable for tableting by direct compression.

Table 14 Properties of the prepared powder mixture consisting of the bacteria-containing HP-4-
fibers and the tableting excipients

Ground fibers Gr(\j\llji?ﬁ ;‘)i(k()zeizrr)siergti?ed
Bulk density 0.150 g/mL 0.450 g/mL
Tapped density 0.240 g/mL 0.628 g/mL
Hausner ratio 1.60 1.40
Carr index 33.3% 28.3%

Characteristics of the produced tablets were evaluated (Table 15). The tablets were found

to be free from capping, chipping, and sticking.

Table 15 Properties of the prepared tablets

Compression force 0.77 £0.18 kN
Individual Weight 606.2 + 12.6 mg
Tablet breaking force 89.2+11.6 N
Friability 0.9 %

4.4.6 Bacteria survival after milling and tableting of the electrospun fibers
To evaluate if the processing of the electrospun fibers (milling and tableting) had an

effect on the viability of C. butyricum, CFU measurements were carried out after milling and
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tableting. Figure 37 shows that the viability of the bacteria in the fibers was preserved after
the processing steps. This suggests that the chosen cyclodextrin is a suitable matrix for the

formulation of this anaerobic bacteria strain by electrospinning.
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Fibers Ground Tablets
fibers

Figure 37 Bacteria survival after oscillating milling and tableting of the electrospun fibers
4.4.7 Conclusion regarding anaerobic bacteria-containing fibers

This part of the work demonstrated that high-speed electrospinning is capable to gently
and continuously produce processable fibers incorporating anaerobic bacteria from the gut
microbiome. Bacteria-containing fibers were produced using a water-soluble cyclodextrin
matrix (HP-B-CD) with 300 mL/h feeding rate, which equals to ~150 g/h solid product per
hour. High viability of the fibrous sample containing both sporulated and vegetative
anaerobic bacteria was preserved after 12 months of storage at room temperature in the
presence of oxygen, which makes drug storage possible in a flexible way. The bacteria-
containing fibers were grindable by an oscillating mill without the need for a secondary
drying step enabling a very economic downstream processing. The ground fibrous powder
with bacteria was mixed with tableting excipients and was successfully tableted using direct
compression. No significant decrease in bacterial viability was observed after either of the
processing steps (electrospinning, grinding, and tableting). In summary, the gentle drying by
HSES and the processability of the applied matrix enabled the production of a final dosage
form for the easy oral administration of the anaerobic gut bacteria strain, Clostridium

butyricum.
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5. Summary
In this work, developments related to aqueous electrospinning were discussed. Two

model biopharmaceuticals, a protein (p-galactosidase) and an anaerobic bacterium
(Clostridium butyricum), and a small molecule drug (voriconazole) were dried/formulated
using high-speed electrospinning (HSES) starting from aqueous solutions. Downstream
processing of the drug-loaded fibers to generate oral or parenteral dosage forms was

performed as well.

B-Galactosidase was electrospun with aqueous solutions of a polymeric and a polymer-
free matrix. The first matrix consisted of polyvinyl alcohol, polyethylene oxide, and
mannitol, and it was optimized to be electrospinnable with B-galactosidase. A 30-fold higher
feeding rate could be achieved by the laboratory-scaled HSES technique compared to the
single-needle electrospinning of aqueous solutions. Bead-free fibers were obtained, which
were found to be grindable without a secondary drying step. According to the differential
scanning calorimetry (DSC) and X-ray powder diffraction measurements (XRPD), all
components of the fibers were in amorphous state, except mannitol. The low water content
and the crystalline mannitol in the fibrous sample could be the reason for the adequate
grindability. The ground powder was successfully tableted. The effect of the different
processing steps (electrospinning, grinding, tableting) on p-galactosidase was evaluated, but
no decrease in enzyme activity was observed. Besides, B-galactosidase remained stable in the

tablets after 1 year of storage both at 4 °C and room temperature.

Another polymer-free matrix was also used for the electrospinning of B-galactosidase.
An aqueous solution of 2-hydroxypropyl-p-cyclodextrin (HP-B-CD) and the protein was
dried by the pilot-scale HSES technology with ~270 g/h productivity. The fibers could be
easily ground by a hammer mill, due to the high friability of the cyclodextrin fibers. The
ground fibrous powder was mixed with tableting excipients, and the flowability of the blend
was suitable for tableting by direct compression. The enzyme remained stable after the
processing steps (electrospinning, grinding, and tableting), and in the tablets after 6 months of

storage both at 4 °C and room temperature.

To demonstrate the feasibility of HSES to produce a fast-dissolving reconstitution
injection dosage form, pilot-scale HSES was utilized to produce fibers from aqueous
solutions of VOR-SBE-B-CD complex with a ~240 g/h productivity. The fibers were

collected by a cyclone with a 78% vyield. The fibers were characterized and compared to both
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the physical mixture of VOR-SBE-B-CD and the marketed freeze-dried VOR formulation
(Vfend®). According to the DSC and XRPD measurements, VOR was fully amorphous in
the fibers, similarly to VVfend®. Raman mapping and energy dispersive spectrometry showed
that VOR was homogenously distributed in the fibers and in Vfend® as well. The
reconstitution test of the fibers confirmed the expected fast dissolution characteristics as a
clear solution was obtained within 30 seconds. These experiments demonstrated that HSES
can be a viable alternative to freeze drying since it is a continuous, high-throughput process

of very low energy consumption providing an economically viable production alternative.

Sporulated and vegetative Clostridium butyricum was also incorporated into HP-B-CD
fibers using the pilot-scale HSES technique, allowing the comparison of the growth
conditions on survival. The effect of storage temperature and the presence of oxygen on the
viability of bacteria was also investigated in the long-term stability study. High viability of
the sample containing both spores and vegetative bacteria was preserved at room temperature
in the presence of oxygen. Tablet dosage form was prepared from the bacteria-containing
fibers after milling by an oscillating mill. The fibrous powder together with the tableting

excipients showed acceptable flowability for tableting by direct compression.
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Alulirott Vass Panna kijelentem, hogy ezt a doktori értekezést magam
készitettem és abban csak a megadott forrasokat hasznaltam fel. Minden olyan
részt, amelyet szO szerint, vagy azonos tartalomban, de 4tfogalmazva mas

forrasbol atvettem, egyértelmiien, a forras megadasaval megjeldltem.

Budapest, 2020. 08. 20.

----------------------------------





