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Thesis findings
1.

Long-term physical stability of amorphous itraconazole (ITR) encapsulated in different
nanofibers was determined, which has not been investigated earlier. ITR, as it was shown
by DSC, XRPD, and Raman mapping, remained amorphous under different storage
conditions in the electrospun nanofibers even after one year (PVPVA64: 25 °C/60%
relative humidity (RH) and closed holder; HPMC: 40 °C/75% RH and open holder). We
manufactured the fibrous nanoamorphous solid dispersions by a scaled-up fiber formation
technology called high-speed electrospinning. High drug-loading fibers containing 40%
ITR and 60% either PVPVA64 or HPMC were proven to have similar characteristics like
those fibers prepared by single-needle electrospinning. Owing to the huge surface area of
the fibers and the totally amorphous state of the incorporated drug, prepared fibers
released it quickly and completely, even after one year of storage. [I, III, XXVI]

2.

The developed nanofibers (containing ITR and PVPVA64) were converted into
conventional, immediate-release tablet cores and film coated tablets, both for the first
time according to the literature. Design of experiments method was applied to optimize
the tableting process (composition and compression force) on a compaction simulator
with regards to disintegration time and tensile strength. In spite of the large polymer
content, we managed to fabricate fast disintegrating tablets (337±36 sec) while
maintaining their high tensile strength (1.94±0.04 N/mm2). The developed tablet
composition with satisfying flowability was found to be suitable for scaled-up tableting
on a rotary press. This first electrospinning-based formulation evaluated for scaled-up
production possessed satisfying characteristics (weight variation, disintegration time,
tensile strength and dissolution). Tablets could be film coated with aqueous suspension
without any deterioration in dissolution. [II, IV, VI, XVI, XXIV]

3.

Dynamic vapor sorption (water uptake) isotherms showed no phase separation and
predicted good stability of ITR in PVPVA64 matrix at 25 °C and 60% RH (open
conditions). This was confirmed by a short-term stability test. Under these circumstances,
glass transition temperature of the ASD remained the same for the investigated one
month according to the modulated DSC measurements. The good and complete
dissolution of ITR from tablets could be maintained after a year of storage at 25 °C and
60% RH. The active pharmaceutical ingredient remained chemically stable, according to
the HPLC examinations after one year, measuring only 0.08% more contamination than
with crystalline material (crystalline: 0.46±0.04%, tablet: 0.54±0.10%). [IV, VI, XVIII]
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4.

We determined that the applied lubricant and the temperature could modify the extent of
dissolution of amorphous ITR from tablets in pH=1.2 medium. 100% of the active
pharmaceutical ingredient can be dissolved if the pure ASD is examined (both at 22 and
37 °C). Magnesium stearate as a tablet component decreased the dissolved amount of ITR
and enabled a release of only ~80% of it from tablets. On the contrary, sodium stearyl
fumarate (SSF) did not change the extent of dissolution of the initial ASD significantly,
and tableting was feasible with it. Furthermore, it was proven that temperature could alter
the dissolution extent: higher temperature (37 °C) induced a release of only ~80%, while
at 22 °C more than 95% of ITR was dissolved. [IV, VII, XVIII, XIX, XXII]

5.

We revealed the mechanism of precipitation of ITR, which was induced by magnesium
stearate. It was proven that stearic acid deriving from the lubricant formed a crystalline
associate with ITR, which is insoluble in the acidic dissolution medium. This
phenomenon induced by magnesium stearate has never been described before. The
chemical composition of this associate was confirmed by NMR and elemental analysis
(energy dispersive X-ray and atomic emission spectroscopies). A 1:1 ratio of ITR and
stearic acid was observed with NMR spectroscopy. Physical characterization by X-ray
powder diffractometry, solid state NMR spectroscopy, Raman mapping showed a
distinctive state of this associated material compared to the relevant substances. The
presence of hydrogen bonding between triazole moiety of ITR and the carboxyl group of
stearic acid was proven by the shift of the peak belonging to the C=N bond in ITR from
1612 cm-1 to 1562 cm-1. This disadvantageous crystallization phenomenon can be
avoided by the application of improved compositions. [VII, XXVIII]

6.

Electrospun flubendazole, with considerably improved bioavailability, was converted into
tablet formulation by direct compression. The fast dissolution from tablets was more than
threefold higher than from crystalline drug. Drug content uniformity was investigated by
NIR and Raman spectrometries. Calibration models were built by partial least squaresgenetic algorithm method. Root mean square error of cross validation values, which are
dedicated to describing the accuracy of the models, were found to be 0.11% (Raman) and
0.10% (NIR). Therefore, NIR spectrometry provides a slightly more precise model,
nonetheless, both of these spectrometries are suitable for monitoring the content
uniformity of electrospun fiber-based tablets. [V, XXIII, XXV]
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Új tudományos eredmények
1.

Nanoszálakba

beágyazott

amorf

itrakonazol

(ITR)

hosszú

távú,

részletes

stabilitásvizsgálatát elsőként valósítottuk meg. A hatóanyag - DSC, XRPD és Ramantérképezés eredményei szerint - egy év tárolás után is amorf maradt a megfelelő polimer
mátrixokban (PVPVA64: 25 °C/60% relatív páratartalom és zárt mintatartó; HPMC:
40 °C/75% relatív páratartalom és nyitott mintatartó). A nanoszálakat egy újfajta
méretnövelt szálképzési technológiával (nagysebességű szálképzés) gyártottuk. A nagy
hatóanyag-tartalmú 40% ITR-t és 60% HPMC-t vagy PVPVA64-et tartalmaztak és
hasonló tulajdonságokat mutattak, mint a kisméretű, egytűs szálképzéssel gyártott amorf
szilárd diszperziók. A szálak nagy fajlagos felülete és a beágyazott hatóanyag tökéletesen
amorf állapota következtében a kioldódás még egy év tárolás után is gyorsan és teljesen
megvalósult. [I, III, XXVI]
2.

Elsőként fejlesztettük tovább az előállított (ITR- és PVPVA64-tartalmú) nanoszálakat
konvencionális és azonnali kioldódású tablettákká, valamint filmbevont tablettákká.
Kísérlettervezést alkalmazva optimalizáltuk a szétesési időt és a szakítószilárdságot a
tablettagyártás paramétereit (összetétel és préserő) egy présszimulátoron változtatva. A
nagy polimer koncentráció ellenére sikerült rövid szétesésű (337±36 s) és nagy
szakítószilárdságú (1,94±0,04 N/mm2) tablettákat előállítani. Az optimalizált összetétellel
méretnövelt tablettázás is kivitelezhetővé vált körforgós tablettázó gépen. A
szakirodalomban elsőként leírt méretnövelt elektrosztatikus szálképzésen alapuló
formuláció megfelelő tömegszórású, szétesési idejű, szakítószilárdságú és kioldódású
tablettákat eredményezett. A tabletta magok vizes szuszpenzióval történő filmbevonása a
kioldódás leromlása nélkül elvégezhető volt. [II, IV, VI, XVI, XXIV]

3.

Dinamikus gőzszorpciós módszerrel vizsgálva a PVPVA64- és ITR-tartalmú amorf
szilárd diszperziót, az eredmények megfelelő fizikai stabilitást prediktáltak 25 °C-on és
60% relatív páratartalom mellett (nyitott

körülmények), amit egy rövidtávú

stabilitásteszttel igazoltunk. Ezen körülmények mellett az üvegesedési hőmérséklet nem
változott egy hónap alatt a modulált DSC vizsgálatok szerint. Továbbá, a tabletta
formuláció jó és teljes kioldódása fenntartható volt egy év tárolás után is a korábban
említett kondíciók mellett. HPLC-s vizsgálatokkal bizonyítottuk, hogy a hatóanyag
kémiailag stabil maradt egy év után is a tablettákban, mivel csak 0,08%-kal mértünk több
szennyező tartalmat kristályos anyaghoz viszonyítva (kristályos: 0,46±0,04%, tabletta:
0,54±0,10%). [IV, VI, XVIII]
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4.

Megállapítottuk, hogy a tablettában alkalmazott lubrikáns és a közeg hőmérséklete
szignifikánsan befolyásolja az amorf ITR kioldódását 1,2 pH-jú közegben. A hatóanyag
100%-a feloldódik a savas kioldó közegben, ha a hatóanyag tiszta amorf szilárd
diszperzióját vizsgáljuk (mind 22 és 37 °C-on). A tablettában levő magnézium-sztearát
viszont csökkentette az oldódott ITR mennyiségét és körülbelül csak 80%-os kioldódás
vált lehetségessé. Egy másik lubrikáns, nátrium-sztearil-fumarát használatával a
kioldódott mennyiség nem változik szignifikánsan a tiszta diszperzióhoz képest (és a
tablettázás is kivitelezhető volt). Bizonyítottuk továbbá, hogy a hőmérséklet emelése is
rontja a hatóanyag felszabadulását (37 °C-on ~80%; 22 °C-on ~95%). [IV, VII, XVIII,
XIX, XXI]

5.

Meghatároztuk a magnézium-sztearát által indukált kicsapódás mechanizmusát amorf
ITR esetén. Bizonyítottuk, hogy a lubrikánsból kialakuló sztearinsav oldhatatlan,
kristályos asszociátumot képez a hatóanyaggal. A magnézium-sztearát ilyen hatását a
szakirodalom szerint még senki nem vizsgálta korábban. Az asszociátum kémiai
összetételét

NMR

röntgenspektroszkópia

spektroszkópiával

és

és

spektroszkópia)

atomemissziós

elemanalízissel

(energiadiszperzív

vizsgáltuk.

Az

NMR

spektroszkópiás eredmények alapján a hatóanyag és a sztearinsav aránya 1:1 az
asszociátumban. A fizikai karakterizálás (por-röntgendiffrakció, szilárd fázisú NMR
spektroszkópia és Raman-térképezés) rávilágított a kristály sztearinsavtól és ITR-tól
eltérő jellegére. Az ITR triazol csoportja és a sztearinsav karboxilcsoportja között
kialakuló hidrogénkötés jelenlétét a C=N kötés sávjának eltolódása bizonyítja (1612
cm-1-ről 1562 cm-1-re). Ez a kedvezőtlen kristályosodás továbbfejlesztett összetételek
alkalmazásával kerülhető el. [VII, XXIX]
6.

Meg tudtuk valósítani jelentősen megnövekedett biohasznosulású, flubendazol-tartalmú
(HPßCD és PVPK90 mátrix) nanoszálak tablettává alakítását direkt préseléssel. A
hatóanyag felszabadulása a tablettákból több mint háromszorosra növekedett a kristályos
formához képest (kioldódott mennyiség). A szálképzett szilárd diszperziót tartalmazó
tabletták hatóanyag-tartalom egységességét NIR és Raman-spektrometriával vizsgáltuk.
A kalibrációs modellek részleges legkisebb négyzetek – genetikus algoritmus módszer
segítségével lettek felépítve. A modellek kereszt-ellenőrzés négyzetes középhiba értékei,
melyek a modellek pontosságát hivatottak leírni, 0,11%-nak (Raman) és 0,10%-nak
(NIR) adódtak. Azaz a NIR-spektrometria eme területen némileg pontosabb modellt
szolgáltat, mindazonáltal mindkettő technika alkalmas szálképzett amorf szilárd
diszperziós tabletták hatóanyag-tartalom egységességének vizsgálatára a gyártás során.
[V, XXIII, XXV]
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1

Introduction
Over the last few decades, active pharmaceutical ingredients (APIs) with poor aqueous

solubility appeared in drug discovery as a consequence of several factors. According to
calculations, 40% of all approved drugs and 70% of the new entities in the contemporary
pipelines belong to the Biopharmaceutical Classification System (BCS) II class (poor
solubility, good permeability). This latter number increases up to 90% if we take BCS IV
class drugs into account too (poor solubility, poor permeability). One of the largest challenges
in the pharmaceutical technology is to make these biologically potent, precious APIs suitable
for administration, i.e. to invent formulations that enable good dissolution and bioavailability.
Creating higher bioavailability for already marketed drugs (supergenerics) is also of great
importance.
To tackle this problem, the formation of amorphous solid dispersions (ASDs) became
the most viable way. Compared to the crystalline counterpart, a much higher dissolution and
thus bioavailability can be realized by forming an amorphous API. However, amorphous
drugs are inclined to crystallize over downstream processing and storage, which has been a
major topic in research related to ASDs.
One promising technique has been emerging to produce ASDs with good dissolution
besides the commonly applied spray drying and melt extrusion: electrostatic spinning (ES). A
great advantage of ES is the possibility to form nanofibrous solid solutions (solid solution is
molecularly dispersed amorphous solid dispersion) that have enhanced, very fast dissolution
owing to the huge surface area of the fibers. However, ES is not applied in the pharmaceutical
industry yet. This is probably due to its low productivity, lack of knowledge about the
downstream processing and the stability of the fibers.
Our objectives were to investigate a scaled-up fiber formation technology called highspeed electrospinning (HSES), to characterize the obtained materials and to compare them to
small-scale fibrous ASDs. It was intended to convert these ASDs to film-coated tablets for the
first time. Investigations (stability tests of amorphicity and drug content investigations by
non-destructive methods, near infra-red (NIR) and Raman spectrometries) were planned to
reveal the applicability of electrospun ASDs in the modern pharmaceutical technology.
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2 Literature review
2.1 Challenges in today’s pharmaceutical technology
The pharmaceutical industry can be considered as a mature industry since its
establishment took place in the middle of the 19th century [1]. Compared to other industries, it
has not changed much because it was not necessary to achieve the same or even higher profit.
However, several major changes have arrived or are foreseen to come in the 21st century:


less and less new chemical entities are discovered, the ‘low-hanging fruits’ have
run out, it is more and more difficult to discover orally active drugs [2],



properties of new chemical entities show a tendency, more and more poorly watersoluble drugs have appeared in the drug discovery pipelines for the last few decades
[3],



in spite of the difficult production and registering, biomolecules have a larger and
larger share of the market, from 22 Food and Drug Administration (FDA)-approved
drugs 10 were biological in 2016 [4] and 7 of 10 top-selling drugs in 2015 were
biological [5],



continuous technologies and the utilization of Process Analytical Technology
(PAT) approaches will be more emphasized in the future to decrease the costs and
the time related to pharmaceutical manufacturing and to conform to the
recommendations by FDA.

The appearance and spread of poorly water-soluble drugs in the discovery pipelines
pose a large challenge to pharmaceutical experts. This dissertation focuses on how
electrospun materials, which draw greater and greater interest, can be inserted into today’s
and future’s pharmaceutical industry. Therefore, topics related to this scope are reviewed
here.
2.1.2 Poorly water-soluble drugs
With the aid of combinatorial chemistry and high throughput screening, a 1000-fold
increase could be realized in the preparation of pharmacologically tested small-molecule
compounds [6]. Owing to the modern modeling approaches and three-dimensional
quantitative structure-activity relationship methods, quite active molecules could be identified
during the early drug discovery [7-10]. These undergo further optimization to create lead
compounds (hit-to-lead optimization). However, the introduction of the new development
12

process has downsides too: high throughput screening and commonly applied optimizations
resulted in changes in the physico-chemical properties of lead compounds: the majority of the
new chemical entities possess poor aqueous solubility [2, 11-13].
Lipinski has published his pioneering series of work between 1997 and 2004, which is
revealing the reasons for weak aqueous solubility and properties of lead- and drug-like
compounds [2, 11, 14, 15]. He established the so-called ‘rule-of-five’ which sets up a group of
empirical rules when a lead will have low solubility. According to it, poor solubility and thus
poor absorption can be expected if the molecule has a higher molecular weight than
500 g/mol, higher LogP than 5, more than 5 hydrogen-bond donors and the sum of the N and
O atoms in the molecule exceeds 10. Compounds opposite of this are able to dissolve in water
appropriately and have ‘drugability’.
In the last decade of the 20th century, other publications in the same field with big
impact were born as well. Amidon and his coworkers found necessary in 1995 to categorize
drugs based on their aqueous solubility and permeability through phospholipid membranes to
facilitate drug development [16]. They established BCS that has four classes (Figure 2.1) and
concluded what kind of in vitro-in vivo correlations can be expected in each class. They
carried on this work with the implementation of BCS and more precise understanding of in
vitro-in vivo correlations, bioavailability, and so on [17].

Figure 2.1 The Biopharmaceutical Classification System.

Currently, ca. 40% of the immediate-release drugs on the market can be considered as
insoluble in water (solubility <0.1 mg/mL), and a similar amount, 35-40% can be categorized
as BCS II or BCS IV APIs (the classification depends on the solubility and the dose of the
drug) [18]. Furthermore, due to the aforementioned reasons, approximately 70% of new drug
13

candidates in the drug discovery pipelines display weak aqueous solubility [19]. According to
the more frightening estimations, 90% of the new chemical entities can be categorized as BCS
II or BCS IV compounds [20].
Absorption of BCS II drugs is limited by their solubility. The desired therapeutic effect
might be realized by raising the administered dose. However, this action can result in the
intensification of known or appearance of new side effects. Hence, obviously, the poor
dissolution of these drugs has to be improved to achieve appropriate bioavailability before the
distributor pharmaceutical company wants to appear on the market with this API. Generally,
with increasing the dissolution (rate and/or extent), the bioavailability can be improved as
well [21-24], although attention has to be paid on the method to deduct valid in vitro-in vivo
correlations [16]. The possible methods to enhance the dissolution are described in the next
section.
2.1.3 Dissolution enhancement
The dissolution process involves a series of steps during which molecules are removed
from a solid phase, ceasing the interactions amongst them, and placed into a dissolved state,
where intermolecular bonds are formed between solvent and solute. The ‘dissolved state’ thus
means when molecules are homogeneously and molecularly dispersed in the solvent matrix.
This approach, as it can be seen in the following sections, can be adapted for dissolution of
drug molecules in polymer matrices as well.
The dissolution process has been described by several models [25-27]. The previously
reported ‘hole’ model (in which molecules are separated from the solid and ‘holes’ are created
in the solvent) was recently discussed by Bellantone [28]. According to the model, dissolution
can be divided into four steps: (1) breaking up the crystal lattice to supercooled liquid (or the
short-range ordered structure in the case of amorphous solids) (2) separating the molecules
from supercooled liquid (3) generating homogeneously distributed ‘holes’ in the solvent
matrix, one for each solid molecule (forming ‘ready to mix’ state) (4) putting the molecules
into the holes. It is important to note that energy is required for the first three steps to take
place, but this energy is restored during step 4 when drug and solvent molecules are forming
interactions. Even a bit more energy is given off making the process thermodynamically
favorable (Figure 2.2). Entropy increases with dissolution, which also lowers the free energy
and thus facilitates the process. The difference between enthalpy levels of initial state and
‘ready to mix’ state (state 3 minus state 1) represents the energy required for the dissolution to
occur.
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Figure 2.2 Gibbs energy diagram of a dissolution process. State A represents both of
the initial substances (API and solvent). Redrawn based on [28].

The chemical potential of an amorphous substance is higher than its crystalline
counterpart [29, 30]. Therefore, dissolution of an amorphous drug begins from a higher
energy state, and smaller activation energy needs to be overcome. That is why a faster
dissolution can be achieved with amorphous forms. The chemical potential of the solid phase
equals the potential of the dissolved material at equilibrium, thus higher chemical potential
might result in higher dissolved concentration as well [31].
It must be stated that equilibrium solubility of a drug molecule (thermodynamic
solubility) is a material attribute giving the maximum quantity of a substance that can be
dissolved at equilibrium in a given amount and type of solvent at a certain temperature and
pressure. It can be measured precisely via several techniques [32, 33]. However, an ‘apparent’
solubility (kinetic solubility) can be interpreted for metastable systems (like ASDs or
thermodynamically unstable polymorphs) [34]. In that case, an excess of the drug (compared
to equilibrium solubility) can dissolve in the medium due to the higher energy state resulting
in a supersaturated solution (supersaturated drug delivery systems [35, 36]). On the other
hand, this solution is metastable (chemical potential is high), and the solubilized drug is prone
to precipitate/crystallize i.e. reach the equilibrium solubility over a given period of time. The
𝐶

tendency for precipitation is mainly driven by the degree of supersaturation (𝑆 = 𝐶 , where c
𝑒𝑞

is the actual concentration, while ceq is the equilibrium solubility) [37]. The recrystallization
can occur quickly (‘spring’) and slowly (‘spring and parachute’), the latter if a material
(practically the polymer in an ASD) acts as a crystallization inhibitor in the medium (Figure
2.3) [37-39].
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Figure 2.3 Schematic illustration of the ‘spring and parachute’ approach for
dissolution of poorly soluble drugs. Redrawn from [37].

The ‘spring and parachute’ case provides the API with enough time for the absorption,
and thus appropriate bioavailability can be realized. High(est) bioavailability can be
sometimes achieved if those ASDs are applied that do not possess the fastest drug release, but
the inhibition of precipitation is better [36, 40]. They create only a moderate degree of
supersaturation, and thus they will be less inclined to precipitate. This renders a trajectory for
the development of ASDs and other methods that attempt to enhance the bioavailability of
poorly water-soluble drugs.
In order to describe the dissolution rate in a more exact way, we have to examine
Noyes’ and Whitney’s well-known equation (1) [41]:
𝑑𝑚 𝐷 ∙ 𝑆
(𝑐𝑆 − 𝑐)
=
𝑑𝑡
ℎ
where

𝑑𝑚
𝑑𝑡

(1)

is the dissolution rate, D is the diffusion coefficient, S is the surface area of

the dissolving material, h is the thickness of the diffusion layer, cs is equilibrium solubility,
and c is the actual concentration of the drug in the bulk. Besides the obvious correlation
between particle size reduction and increase of surface area, the thickness of the diffusion
layer can also be decreased with smaller particles [42], i.e. the dissolution rate can be
enhanced.
Based on the Ostwald-Freundlich equation (2) [43], which is analogous to the Kelvin
equation describing the tension of liquid droplets sprayed into the air, the solubility of
particles is greatly increased when their size falls into the submicron range [44, 45].
𝑙𝑛

𝑐𝑠
2𝛾𝑉𝑚
=
𝑐∞
𝑟𝑅𝑇
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(2)

where cs and c∞ are the solubilities of a particle with a radius of r and of a very large
particle, respectively, Vm is the molar volume of the substance, γ is interfacial tension between
the solid and the liquid, R is the gas constant, while T is the absolute temperature. Therefore,
particle size reduction can enhance both the dissolution rate and extent. Consequently, those
technologies that alloy the advantages of particle size reduction (possible nanosizing) and
amorphization (e.g. electrostatic spinning) are of great interest and can acquire even larger
utilization in the future than currently.
Methods for dissolution enhancement (Table 2.1) basically can be divided into two
groups: chemical and physical methods. Several techniques have been considered as
miscellaneous by Savjani et al. [46].
Table 2.1 The possible methods for enhancing the dissolution of poorly soluble drugs.
Chemical methods
Physical methods
Particle size reduction
pH adjustment

micronization

nanosuspension
Crystal engineering

polyphormism
Prodrug formulation

co-crystallization

sonocrystallization
Solid dispersion
Salt formation

eutectic mixtures

amorphous solid dispersions, solutions
Solubilization

by surfactants

by co-solvents
Derivatization

by hydrotropes
Cryogenic and supercritical fluid process
Complexation (inclusion complex)

Alteration of pH can be achieved via two ways: addition of buffers or modifier
excipients (in situ salt formation) [47]. The latter ones will change the pH in the
microenvironment of the drug within the solid dosage form resulting in a better solubility of it
[48, 49]. Derivatization, prodrug formation, and salt formation mean the creation of new
chemical entities that certainly have different physico-chemical features [50]. Therefore, these
kinds of investigations have to be conducted before the regulatory clinical research. Inclusion
complex formation-based strategies are widely studied to enhance solubility, dissolution rate,
and bioavailability. The gist of them is that a lipophilic drug molecule (guest) is inserted into
the nonpolar cavity of a water-soluble molecule (host) [46]. The most commonly applied
hosts are the different kinds of cyclodextrins [51-53].
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The principle of dissolution enhancement by particle size reduction was shown with
Noyes-Whitney equation. Micronized fenofibrate can display a 15-fold increase in dissolution
compared to the non-ground material [54]. Particle size reduction can be achieved via
preparing nanosuspensions which are quite promising candidates for efficient delivery of
poorly soluble drugs. A nanosuspension is a bicomponent system containing a drug with a
particle size in the submicron range and a surfactant stabilizing the drug against aggregation.
The usual particle size is between 200 and 600 nm [46]. Nanosuspensions can be fabricated
by precipitation (bottom-up technique) [55, 56], milling (top-down) [57], high pressure
homogenization (top-down) [58, 59], and combination of precipitation and homogenization.
A nanosuspension-based formulation of danazol (mean particle size was 169 nm) prepared by
ball milling exhibited 82.3% of bioavailability in beagle dogs, while only the 5.1% of the drug
was absorbed from the conventional, marketed suspension [60].
Crystal engineering is often applied to obtain crystals with more advantageous
properties, e.g. optimal particle size or higher solubility than the original form. Beneficial
particles may be obtained by ultrasound-assisted melt crystallization (sonocrystallization) as
shown by Gupta and his coauthors in the case of piroxicam [61]. Polymorphs (forms of one
material with different crystal structure) and solvomorphs (hydrates, hemihydrates, solvates,
etc.) are known to have different physico-chemical attributes including solubility [62, 63]. In
general, less thermodynamically stable polymorphs possess better dissolution properties than
their stable counterpart since the latter has a lower free energy state [64, 65]. The solubility of
two different solvomorphs (pentanol and toluene) of glibenclamide was found to be
significantly higher than the solubility of the thermodynamically stable form [65]. Anhydrous
forms usually tend to have faster dissolution than hydrates [66], although exceptions have also
been reported [67]. If preparation of polymorphs or solvomorphs does not lead to success, cocrystallization might be the way to enhance solubility. Co-crystals are also considered as new
chemical entities from regulatory point of view, and they can modify the original physicochemical behavior of poorly soluble drugs without forming covalent bonds between the
different kinds of crystals [68].
Cryogenic techniques create nanostructured amorphous drug particles with a highly
porous surface for enhanced dissolution. Examples of cryogenic technologies are spray
freeze-drying [69, 70], spray-freezing [71] or ultra-rapid freezing [72]. Supercritical fluid
processing offers a promising way to greatly reduce the particle size and thus increase
dissolution rate and extent [73, 74]. These processes usually take advantage of the amorphous
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form, too. Supercritical fluid impregnation with CO2 converted ibuprofen and ketoprofen into
amorphous state, and good dissolution could be accomplished [75, 76].
Solubilization of poorly soluble drugs has drawn great attention in the last few decades.
Lipophilic APIs can be solubilized by surfactants, hydrotropic materials, and co-solvents.
Surfactants, containing a hydrophobic tail and a hydrophilic head, are far the most important
solubilizer excipients. The emulsions prepared with corn oil (containing mainly fatty acids)
showed great enhancement in the bioavailability of phenytoin and griseofulvin [77, 78].
However, these emulsions are associated with stability issues and consequently, dried forms
of them have obtained greater utilizations [79-81]. Moreover, microemulsions, which have a
smaller tendency for phase separation, have gained ground over the years [81]. Just to
illustrate their effectiveness at increasing bioavailability, Araya and coworkers’ study can be
discussed. They prepared microemulsions with medium chain fatty acid triglyceride,
diglyceryl monooleate, polyoxyethylene hydrogenated castor oil 40, ethanol, and phosphate
buffered saline (pH 6.8) as an oil phase, a lipophilic surfactant, and a solubilizer, respectively
[82]. The aqueous solubility of nine different drugs has been measured and found to be 60 to
20000-times higher than the crystalline form. The bioavailability of ibuprofen incorporated in
microemulsion was 9-fold higher compared to normal suspension. In order to further enhance
the stability of emulsions and increase bioavailability, self-(micro)emulsifying drug delivery
systems were created [83, 84]. These usually consist of a surfactant, an oil, and a drug, and
they are rapidly dispersing in the body to form droplets. With a self-emulsifying drug delivery
system comprising simvastatin, propylene glycol monocaprylate (CapryolTM 90), polyoxyl
castor oil (Cremophor® EL), and 2-(2-ethoxyethoxy)ethanol (CarbitolTM), faster drug release
and 1.5-fold increase in absorption were observed compared to the marketed product [85].
As it can be seen, many promising methods have been established for dissolution
enhancement. However, no generally applicable technique has been developed yet. ASDs can
be a commonly applied and more effective method for dissolution enhancement than the
aforementioned techniques. In addition, main manufacturing technologies are continuous
(melt extrusion, spray drying, electrostatic spinning), so they perfectly fit into the new
paradigm of continuous manufacturing urged by FDA. The lack of surfactants in the case of
ASDs can be deemed as a significant advantage since these substances can induce undesired
changes in the product or may interfere with another API (for instance, in the case of a
combinational therapy with two different medications). ASDs have a bright future, and there
seem to be many manners to improve them such as new preparation technologies, the
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introduction of new polymers, the development of the compositions, etc. The following
chapter is dedicated to presenting pharmaceutical ASDs.

2.2 Amorphous solid dispersions
Solid materials can be categorized into four groups based on the extent of the order of
their crystalline structures [28] (Figure 2.4):
(1) crystals (long range order);
(2) mesophase, liquid crystals, plastic crystals (intermediate range order);
(3) molecular clusters, nanocrystals (short range order);
(4) plastic amorphous materials (complete disorder).
Amorphous materials possessing higher free energy state than their crystalline
counterparts are thermodynamically unstable and have the propensity to transform into
crystals. What makes them important from pharmaceutical point of view is that their
dissolution from a product is better than from the crystalline form due to the aforementioned
reasons.

Figure 2.4 Solid material types based on their crystalline structure (redrawn from [28]).

A dispersion of one or more APIs in an inert carrier or matrix at solid state - which is
prepared by melting, solvent or combined melting-solvent method – was termed by Chiou and
Riegelman as ‘solid dispersions’ [86]. They described the possible preparation methods and
classified these matrix-based solid dispersions into categories based on the physical state of
the carrier and the API (Table 2.2). One of the subcategories, solid solutions can be furtherly
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divided into four groups: continuous, discontinuous, substitutional and interstitial solid
solutions [86, 87].
Table 2.2 Categorization of solid dispersions based on the physical state of the carrier
and the dispersed phase [87]

Considering the evolution of solid dispersions, they can be categorized into four
generations [88]. Obviously, the base of this classification is the order in which the categories
have been born. The generations also differ in the type of the carrier and thus have very
distinct characteristics (dissolution rate, stability, etc.).
In the literature, the generally used term nowadays for dispersion of an amorphous API
in an amorphous polymer is ‘amorphous solid dispersions’ (gray cells in Table 2.2). The
nomenclature used in Table 2.2 has changed since its introduction. For clarification purposes,
it is worth to mention recently published articles often omit the term ‘glass solution’ and
when the drug is molecularly dispersed in the matrix (one-phase system), the dispersion is
called ‘solid solution’ [89]. Therefore, the terms ‘solid solution’ and ‘amorphous solid
dispersion’ are preferred in this writing.
Polymer-based ASDs can provide the following advantages:
 the amorphous form usually dissolves faster and in a higher extent than the
crystalline form as there are no lattice energy barriers to overcome [90],
 hydrophilic polymer accelerates the dissolution, in fact, in the case of molecularly
dispersed ASDs (solid solutions), the dissolution of the drug is determined by the
dissolution of the matrix,
 surface area can be increased (e.g. spray-dried materials or nanofibers) leading to an
enhanced dissolution rate based on Nernst-Brunner/Noyes-Whitney equation [91],

 improved wettability of the drug surrounded by a hydrophilic polymer [89].
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ASDs can be imagined microscopically as illustrated in Figure 2.5. Three different
structures of theirs exist considering the physical state of the API and its distribution in the
polymer matrix [92]. The best dissolution can be ensured by structure A.

Figure 2.5 The three possible structures of ASDs. A represents the case
when API is molecularly dispersed in the matrix (solid solution), B
shows an ASD with polymer-rich and (amorphous) drug-rich domains, C
depicts a dispersion when the drug is partially crystallized (not in fact an
ASD) (redrawn from [92]).

However, ASDs have their challenges as well. According to Hancock and Parks, when a
crystalline API is transferred into amorphous form, it will be in a much higher energy state
(even 1000-fold increase compared to the initial state) [31]. Meanwhile, 5-20-fold higher
(apparent) solubility can usually be determined. The amorphous form will tend to transform
back to crystalline form (both after administration and during storage), which often hinders
the industrial application. The crystallization of drug in the gastrointestinal tract can be
inhibited in two different ways: by the use of appropriate solubilizing polymers (decreasing
supersaturation by increasing solubility) or by physical and chemical interaction(s) of the
polymer with the incipient nuclei or crystallite (inhibiting crystallite formation and/or growth)
[40]. Stability aspects in solid state are presented in detail in Section 2.2.2.
2.2.1 Preparation technologies of ASDs
Manufacturing technologies of ASDs can be divided into two major groups: solventbased and melt-based methods [93]. Basically, neither can be claimed as the better approach,
both have advantages and disadvantages. Nagy and coworkers found the solvent-based
electrospinning superior over melt extrusion in terms of residual crystallinity of the obtained
ASD [94], while in another study the latter resulted in a less phase-separated product than
spray drying [95]. Besides amorphicity and homogeneity, mainly the characteristics of the
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given API and the achievable productivity are the decisive factors. The most important,
commonly applied ASD preparing technologies are depicted in Figure 2.6.

Figure 2.6 The possible manufacturing methods of ASDs (only the industrially
relevant ones are depicted)

Solvent-based methods
The principle of solvent-based technologies is to dissolve the carrier and drug in a
common (usually organic) solvent or a mixture of solvents and then effectuate a drying
process, which should be as fast as possible. The basic solvent-based method is to evaporate
the solvents in a rotary evaporator, but the attention is now focused on the more developed,
industrially applicable technologies:


Spray drying: the most industrially applied solvent-based technology (adapted from
food industry) during which a solution is sprayed through a nozzle into droplets that
dry quickly due to the hot drying gas resulting in spherical particles.



Fluid bed technologies: can be granulation [96] or coating/layering [97, 98]. With
these, poor flowability associated with spray dried particles can be avoided.



Co-precipitation: this technique is about a solvent-controlled precipitation such as
microprecipitated bulk powder [99] or evaporative precipitation into aqueous solution
[100].



Mesoporous silica-based method: poorly soluble APIs can be deposited into pores of
the silicates resulting in the loss of their crystallinity. The pores are only a few
molecular wide, which prevents the drugs from recrystallizing [101, 102].



Fiber spinning technologies: for instance ES [103], centrifugal solution spinning
[104, 105], pressurized gyration [106], centrifugal melt spinning [107], electroblowing
[108, 109].
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Cryogenic processing: freeze drying [110, 111] or thin film freezing [112].



Supercritical fluid assisted technologies: these techniques (e.g. gas antisolvent
crystallization) are exploiting the advantages of supercritical fluids, most often CO2, to
prepare ASDs [76, 113].

Melt-based methods
During melt-based technologies, the carrier and the API are melted and fused together
homogeneously. Due to the fast cooling, the dispersion solidifies in the carrier matrix in a
glassy state. In their pioneering work, Sekiguchi and Obi prepared eutectic solid dispersions
by a melting method [114]. Sulfathiazole was heated up with carriers such as ascorbic acid,
acetamide, succinimide, urea, nicotinic acid, and nicotinamide (eutectic mixtures were applied
to keep the temperature as low as possible). This method, just like solvent evaporation, can be
used primarily in laboratories for feasibility studies. Industrially important technologies are
the following:


Melt extrusion: the most important, extensively studied melt technology adopted
from the polymer industry when a polymer and an API are melted (due to the high
temperature and shear forces) and fused together in an extruder and rapidly cooled
down afterward [115-117]. MeltrexTM is an extrusion-based, patented technology with
a special setup for the preparation of controlled-release ASDs and subsequently tablets
[118].



Melt blowing: the melt is forced through a blowing head with small orifices, and a
steam of hot air elongates the melt to form fibers [119].



Milling: high-shear milling or cryogrinding [120], e.g. Biorise® technology.



Kinetisol®: this dispersion technology utilizes frictional and shear forces to convert
the polymer and drug to molten state [121].



Ultrasonic-assisted compaction: ultrasonic treatment can convert drugs to
amorphous state during compaction [122].
Melt extrusion and spray-drying, which are easily scalable owing to their continuous

nature, have become especially important over the decades with several marketed product
containing ASD prepared by these techniques [123]. Extrusion and spray-drying are,
however, associated with various disadvantages. During extrusion, thermal decomposition can
occur due to high temperature and shear forces [124], while the application of huge amounts
of volatile organic solvents can be an issue with spray-drying. Looking through the literature,
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a number of reviews concerning extrusion [125, 126] and spray-drying [127, 128] are
available wherein their possible utilizations for the formulation of ASDs are summarized.
Melt electrospinning [129, 130] and melt blowing [119] are promising melt
technologies. The products of these methods are fibers belonging usually in the micro range
thus they can combine the advantages of melt technologies (e.g. solvent-free operation) and
ES (e.g. large surface area).
In spite of their obvious advantages, the pharmaceutical market does not abound with
ASD products, although their number quickly increased from 6 to 21 in the last ten years
[123]. He and Ho wrote about 27 marketed formulations (but listed only 20) and mentioned
that there were 76 products in the pipelines, which were formulated as ASDs, in March 2015
[131]. A comprehensive list about 21 marketed formulations can be viewed in Table 2.3. This
list contains only the firstly developed formulation of an API by a particular technology (i.e.
‘generic’ formulations that are present on the market and prepared by the same process as the
first formulation are not included).
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Product
name
CesametTM

Table 2.3 A list of commercially available products consisting of an ASD
Preparation
Year of
API
Polymer
method
approval
Nabilone

PVP

N/A

1985

Sporanox

Itraconazole

HPMC

SD on sugar beads

1992

PrografTM

Tacrolimus

HPMC

SD

1994

Griseofulvin

PEG

ME

2000

Crestor

Rosuvastatin

HPMC

SD

2002

Cymbalta®

Duloxetine

HPMCAS

N/A

2004

Kaletra®

Lopinavir/ritonavir

PVPVA64

ME

2005

Eucreas
GalvumetTM

Vildagliptin/metformin HCl

HPC

ME

2007

Intelence®

Etravirine

HPMC

SD

2008

Tacrolimus

HPMC

SD

2009

Tolvaptan

N/A

Spray granulation

2009

Everolimus

HPMC

SD

2010

Itraconazole

HPMC

ME

2010

Fenofibrate

PEG/poloxamer 188

Melt granulation

2010

Ritonavir

PVPVA64

ME

2010

Telaprevir

HPMCAS

SD

2011

Vemurafenib

HPMCAS

Co-precipitation

2012

Ivacaftor

HPMCAS/SLS

SD

2012

Noxafil

Posaconazole

HPMCAS

ME

2014

ViekiraTM

Ombitasvir/paritaprevir/ritonavir

PVPVA64/TPGS

ME

2014

Orkambi®

Lumacaftor/ivacaftor

HPMCAS/SLS

SD

2015

®

Gris-PEG

TM

®

®

®

Modigraf

®

Samsca

TM

Zortress

TM

Onmel

TM

Fenoglide

®

Norvir

TM

Incivek

®

Zelboraf

®

Kalydeco

®

PEG – polyethylene glycol; PVPVA64 – vínylpyrrolidone-vínyl acetate 6:4 copolymer; HPMCAS –
hydroxypropyl methylcellulose acetate succinate; HPC – hydroxypropyl cellulose; N/A – not available;
SLS – sodium lauryl sulfate; TPGS – D-α-tocopherol polyethylene glycol 1000 succinate; SD – spray
drying; ME – melt extrusion. For simplicity, only product name in the USA and approval year by FDA are
shown.

2.2.1.1 Electrostatic spinning (ES)
ES is emerging as a new hybrid technology combining the advantages of
nanotechnology and amorphization to produce ASDs with very low energy consumption (I ~
50-500 μA, P < 100 W). As a result, it has been drawing considerable attention.
In course of electrospinning, a solution of a drug and a polymer (with organic solvents
or water) are pumped into a single metal needle attached to high voltage (5-50 kV). The
charge density of the solution increases resulting in the formation of the so-called Taylor-cone
[132]. When the Coulomb-force overcomes the surface tension, the solution jets from the
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cone [133]. The formed polymer fibers elongate, get thinner (usually 50-1000 nm diameter)
and land on the grounded collector, while the solvent evaporates rapidly. The drug cannot
crystallize due to the extremely fast drying and will be embedded in the polymer matrix in
amorphous form. The achievable flow rate ranges from 0.2 mL/h (water) to 20 mL/h (volatile
solvents such as ethanol or dichloromethane).
Faster and better dissolution of poorly water-soluble drugs can be ensured based on the
effective amorphization of drugs in water-soluble polymer fibers with large surface areas. In
2003, Verreck and coworkers published their pioneering work (in two publications) about
embedding itraconazole (ITR) and ketanserin into nanofibers by electrospinning [103, 134].
Hydroxypropyl methylcellulose (HPMC) and polyurethane were applied as polymer matrices.
Morphology of the fibers, amorphicity, and dissolution of the APIs were assessed. Although
ES is at an early stage in the pharmaceutical industry, it seems to have the capability of
eliminating several limitations associated with melt extrusion and spray-drying [94, 135-137].
This method is capable of manufacturing fibers with excellent grindability [138], thus a
powder compatible with the tableting process can be formed. ES provides for highly efficient
solvent removal and the drug is not exposed to high temperature in the course of processing.
Furthermore, ES can also be inserted into end-to-end continuous lines (future of the
pharmaceutical industry) and has the potential of becoming a solvent-free technology, e.g.
melt ES (both cost reduction) [139]. However, immediate-release tablets formulated from
ASD prepared by ES 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 the pulverized
ASD powder have not been described. A brief overview of the scaling up possibilities can be
read in the next section.
2.2.1.2 Scale-up of electrospinning
ES has outgrown from fundamental research towards industrial application over the last
decades. Firstly, it was used to prepare high-performance filters in the textile and polymer
industry and this is still the most comprehensive utilization of nanofibers [140]. Applicability
of fibrous sheets is vividly investigated in topics related to nanocomposites, protective
clothing, solar cells, lithium ion batteries, fuel cells, catalyst carriers, semipermeable
membranes, and so on [141, 142]. Electrospun materials can also be utilized for biomedical
purposes such as tissue engineering, wound healing or wound dressing [143].
This wide range of industrial application entails the necessity for larger amounts of spun
webs, i.e. the scale-up of the basic, single needle ES process. In order to do so, several
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different approaches were elaborated. The simplest is to multiply the number of needles [144,
145], 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. Another,
essentially distinct approach is the free surface, nozzle-less ES [146, 147]. During this
procedure, many fibers are ejected from the free surface of the polymer solution. In order to
create the necessary curvature and charge density, gas introduction into the liquid (bubble ES)
[148, 149], the presence of either solid balls (ball ES) [150] or a longitudinal cylinder in the
liquid is inevitable. A free surface, scaled-up ES machine with a cylinder called NanospiderTM
was patented by a Czech research group [151]. Currently, the largest cylinder is 1.6 m and the
production speed can be increased up to 60 m/min according to the website of the distributor
company called Elmarco (production rate is reported to be 200 g/h [152]). However, only one
publication can be found when this machine was employed to prepare ASD of a poorly
soluble drug from an aqueous solution [153]. Presumably, this is due to the limited
applicability of the machine with organic solvents. Another scaled-up, needleless
electrospinning method is corona electrospinning [154]. Multiple Taylor-cones are selfassembling 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 ethanol as solvent (PVPK30
was the applied polymer). Those scaled-up fiber formation technologies (such as centrifugal
spinning or pressurized gyration) that are not applying electrostatic force are not discussed
here, but similar production rates can be accomplished with them. However, only a few
articles can be found that exploit their ability to produce ASDs [106, 107].
It would be essential to characterize an applicable scaled-up ES technology and the
products obtained by it. Such a technology should also be compared to other processes
e.g. spray drying or small-scale ES to reveal its advantages.
2.2.2 Stability of amorphous solid dispersions
During the development of ASDs, miscibility and solubility of the building components
are major aspects. It is worth to note that miscibility can be bound to the amorphous form of
the drugs (referring to the tendency of the glassy drug to mix with the polymer), while
solubility is understood for the crystalline drug and the polymer together (how much the latter
can dissolve the former) [29]. In the last few decades, the attention has been heading almost
solely for the molecularly dispersed solid solutions (generally called ASDs).
The drug-polymer miscibility must be assessed during the development of ASDs and
both screening and modeling approaches have been introduced [155, 156]. Based on the drug
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loading and temperature, which affect the stability of ASDs the most, a phase diagram of a
partially miscible system can be constructed (Figure 2.7) [29]. It is worth to mention that in
the case of amorphous materials the glassy state is followed by a viscoelastic state (above the
glass transition temperature, Tg) before they turn into liquids completely. This diagram can
help us with facilitating the decision making, i.e. what temperature and drug loading the
manufacturing process should be conducted and how the product is supposed to be stored.

Figure 2.7 A hypothetical phase diagram of a partially miscible solid dispersion
system. The diagram is divided into segments based on drug-polymer miscibility,
drug-polymer solubility and Tg of the ASD. Drawn based on [29].

Above the miscibility limit, the drug is in a supersaturated state and inclined for
spontaneous phase separation [29]. Between the solubility and miscibility concentrations,
destabilization can also occur, but local fluctuation of drug concentration is needed to induce
this. It is generally accepted that amorphous drugs in these partially miscible systems would
crystallize and eventually reach equilibrium, which is the solubility of the crystalline drug
[157]. However, this is only the thermodynamic aspect of this phenomenon. The miscibility
can be predicted the most easily by the Flory-Huggins lattice theory (3) (that has been
introduced for amorphous polymer - amorphous polymer systems) [158]:
∆𝐺𝑚𝑖𝑥
= 𝑛𝑑 𝑑 ln 𝜑𝑑 + 𝑛𝑝 𝑑 ln 𝜑𝑝 + 𝜒𝑑𝑝 𝑛𝑑 𝜑𝑝
𝑅𝑇

(3)

where ∆𝐺𝑚𝑖𝑥 is free the energy of mixing, R is the gas constant, T is the temperature
(K), nd and np are mole fractions (drug and polymer, respectively), φd and φp are the volume
fractions, while χdp is the Flory-Huggins interaction parameter. This theory has limitations, for
instance it does not take into account the specific interactions (such as hydrogen bonds)
formed between the polymer and the drug. Consequently, modifications of it have been
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reported as well [159, 160]. Application of a modified Flory-Huggins model was successfully
applied to characterize interactions in a ternary ASD (water-drug-polymer) [161].
Tg is a physical kinetic attribute of amorphous materials, which can be considered as a
boundary between the glassy and viscoelastic or (viscous) liquid phases. It was first assessed
for amorphous polymers [162], but it can be interpreted for amorphous drugs and ASDs as
well. In the glassy state of an ASD, the material is ‘frozen’, structural relaxation is extremely
slow, and the amorphous drug having low molecular mobility is entrapped. As opposed, in the
liquid (or viscoelastic) state, the structural relaxations begin and the drug will have a higher
motility. This is the so-called devitrification phenomenon that will ultimately result in a phase
separated (and perhaps crystallized) ASD [163]. However, this devitrification can be
hampered by mixing the amorphous drug with a polymer of high Tg. Thus, the common Tg
will be high enough so that the homogeneity of the dispersion can be maintained. It was
suggested that molecular mobility is practically negligible below the Kauzmann temperature,
which is 50 °C lower than the Tg of ASD [30] and the drug remains amorphous [164]. At the
miscibility concentration, a drug-rich and a polymer-rich phase appear instead of the
homogeneous dispersion and two separate Tgs can be detected by analytical techniques (e.g.
DSC).
The Tg of an ideally mixed solid solution can be predicted by different equations. The
two simplest ones, the Fox (4) and the Gordon-Taylor (5) equations are the following:
1
𝑇𝑔,𝑚𝑖𝑥

=

𝑇𝑔,𝑚𝑖𝑥 =

𝑤𝑝
𝑤𝑑
+
𝑇𝑔,𝑑 𝑇𝑔,𝑝

(4)

𝑤𝑑 𝑇𝑔,𝑑 + 𝐾𝑤𝑝 𝑇𝑔,𝑝
𝑤𝑝 + 𝐾𝑤𝑝

(5)

where wd and wp are weight fractions of the drug and the polymer, Tg,d and Tg,p are glass
transition temperatures for drug and polymer, respectively, K is a constant that can be
estimated from the true densities or the heat capacities of the components [165]. Deviations
from the estimated Tg values can be expected experimentally when different interactions are
existing between the same (drug-drug, polymer-polymer) and different (drug-polymer)
components [166]. If mixing results in forming stronger bonds between polymer and drug
(such as hydrogen bonds), increased Tg can be reckoned with [167]. In turn, a decrease of Tg
is also possible upon mixing and it indicates that a loss in the number and/or strength of the
interacting bonds occurred [168, 169].
An exceptionally important aspect regarding the stability of ASDs is the case when
water/moisture/humidity is present. Water can always be considered as a third component for
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ASDs and amorphous materials tend to absorb more water than their crystalline counterparts
[170]. The small water molecule acts as a plasticizer in the hydrophilic ASD lowering its Tg
[171-173]. It has been reported that water increased the overall molecular mobility due to its
large free volume and high molecular mobility [172, 174]. Furthermore, water can irreversibly
disrupt drug-polymer interactions e.g. hydrogen bonds and cause immiscibility (in contrast
temperature alters the interaction reversibly) [175]. Another approach to understanding the
role of water is that it is believed to form a ‘co-solvent’ with the polymer and the miscibility
of a hydrophobic drug in this more hydrophilic solvent is worse leading to phase separation
[169]. The role of moisture for certain, molecularly mixed ASDs was discussed by Taylor and
coworkers throughout several papers. The difference between crystallization tendencies of
nifedipine and felodipine was explained with the different degree of their supersaturations.
Nifedipine takes up more water, and thus supersaturation is larger compared to felodipine and
it is inclined to crystallize more quickly in spite of the similar Tg values of the two ASDs
[176]. ASD containing felodipine and PVP gains so much water above 75% relative humidity
(RH) that induces phase separation and crystallization. In comparison, HPMCAS was proved
to be a better crystallization inhibitor, which shows the importance of polymer selection
[177]. It was concluded that besides drug-polymer interactions, drug-water and water-polymer
interactions, the hydrophobicity of the drug, and water uptake of the ASD are also important
factors in determining which ASDs will be susceptible to phase separation [169, 178]. They
observed that ASDs with stronger drug-polymer interactions, low hygroscopicity and less
hydrophobic drugs (within the practically applied range of drug loading) had higher chance to
be systems resistant to moisture-induced phase separation [179]. Very hydrophobic APIs at
high drug loadings make the ASDs unable to absorb a significant amount of moisture, and
thus no phase separation will occur (however, these ASDs probably cannot be applied due to
the weak dissolution). To summarize, large moisture content can drive the ASD towards
immiscibility and crystallization. On the other hand, the effect of water on ASD is a very
complex phenomenon with many factors which might not be understood yet perfectly. In the
pharmaceutical industry, it is a common procedure to apply accelerated stability test to obtain
information about the possible deteriorations. However, in the case of ASDs, one might need
to consider the usage of these stability tests since quite different phenomena can occur at
different RH values.
As physical stability is a major factor in the development of ASDs, almost all studies
include investigations about it. Analytical techniques for investigation of physical stability
have been summarized earlier [125, 180]. Stability of spray dried [164, 181, 182] and melt
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extruded [183-185] ASDs have been extensively scrutinized according to the literature. ES is
emerging as a new technology with the ability to have an important role in the pharmaceutical
industry in the future. Different technologies usually result in different ASD products and
might have different physical stability [108, 186]. According to the literature review, no
extensive studies can be found where stability of electrospun ASDs was investigated.
However, it is inevitable to assess the physical stability of the amorphous API embedded
in electrospun nanofibers in detail. In addition, stability of the amorphous can be
endangered in tablet formulation. Therefore, such examinations should be expanded to
tablets (or capsules) besides neat ASDs. In this work, conventional differential scanning
calorimetry (DSC), modulated DSC (mDSC), X-ray powder diffractometry (XRPD), dynamic
vapor sorption (DVS), Raman mapping, and in vitro dissolution testing were applied for this
purpose. Furthermore, it is a known fact that amorphous materials have a higher chemical
potential [29, 30] and thus reactivity than their crystalline counterparts. Hence, chemical
stability is also needed to be studied when developing electrospun ASDs.
2.2.3 Downstream processing of amorphous solid dispersions to generate tablet
formulation
The possible routes of preparing a conventional tablet containing a poorly water-soluble
drug in an ASD are shown in Figure 2.8. The choices among the possible routes depend
mainly on the characteristics of the drug (ASD preparation) and the ASD powder (tablet
preparation). Direct compression is often the preferred methodology over granulation
because, during this simple and cost efficient technology, the physical stability of ASD is
much less impacted. Therefore, direct compression should be the primarily preferred
way to form tablets from ASDs. Tableting of ASDs can be performed by conventional
technologies. Continuous processes are of interest in the industry due to their reduced
manufacturing cost, improved asset utilization, reduced waste, and reproducible product
quality [187]. Fortunately, the processing of ASD’s can be modified into a continuous
technology format.
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Figure 2.8 The possible routes to form a tablet from an ASD made of a
poorly water-soluble drug based on common pharmaceutical processes

Although tablet has several advantages over other formulations, sometimes with a smart
solution, it is not necessary to form tablets from a drug. One dispersion formulation of ITR is
commercialized under the trade name Sporanox®. According to the relevant patent, an ASD
of ITR in an HPMC matrix is formed on pellets by spraying the drug and polymer in a
common solution onto sugar cores, coating the dispersion with polyethylene glycol
(PEG20000) and then filling the pellets into hard-gelatin capsules [188]. With this
technology, significantly improved dissolution of ITR could be accomplished.
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2.2.4 Tableting aspects of ASDs
In spite of their many advantages, ASDs are still not routinely applied in the
pharmaceutical industry. Electrospun fibers can be considered particularly new in this aspect.
Obviously, ASDs need to be formulated into solid dosage forms, practically tablets, before
marketing. Tablets add up to 80% of all formulations [189] due to their obvious advantages
such as accurate dosing, self-administration, mechanical strength, and diversity. However,
compression as a mechanical stress can induce amorphous-amorphous phase separation.
Excipients also play an important role in the tableting of ASDs, e.g. can improve the
flowability/compactibility of the tableting blend, hinder gelation of the tablet (formation of a
continuous, insoluble network of the polymer upon wetting), modify the dissolution
properties or provoke crystallization of the API. Film coating of ASD tablets is a not widely
studied subject, however, it is obvious that water used during coating can lower the Tg and
thus stability of the amorphous drug. Same applies to the warm drying air that facilitates
crystallization.
In this chapter, compression of ASDs, the role of polymers and fillers, the reported
conversions of spun fibers into tablets, and excipient-induced crystallization of amorphous
APIs are discussed.
2.2.4.1 Compression of ASDs
Compression is inevitable to form a tablet, but it causes mechanical stress to the
powder. Generally, it can be asserted that an increase in compression force induces a slower
disintegration time with an increased chance of forming a gelling polymer network. On the
other hand, too low compression force means physical weakness of the tablet and increased
friability, which can be a limiting factor. Therefore it is an important design element to
investigate the behavior of powders during compression and the possible effects of
compression on the properties of tablets as well as the physical stability and miscibility of
ASDs.
Joshi et al. studied the compression properties of crystalline (CryCEL) and amorphous
Celecoxib (AmCEL), and a ternary ASD (Ter-Mix) with PVP and meglumine [190]
observing significant differences in their behaviors. It was noted that AmCEL exhibited the
best compaction properties as the elastic energy/plastic energy ratio was the lowest for this
material. The compressibility of these three materials was found to decrease in the following
order:

AmCEL>Ter-Mix>CryCEL

based

on

pressure-porosity

relations.

However,

compression of AmCEL led to pressure-induced devitrification and the increased possibility
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of recrystallization during storage. At low compaction force, devitrification and phase
conversion could not be observed in Ter-Mix, while 14.2% crystallinity was detected at
137.5 MPa.
Ayenew et al. found in two separated works that compression could lead to amorphousamorphous phase separation or physical stability enhancement depending on the
concentration of the drug, the compression force and the type of polymer carrier. In the first
study [191], threshold drug loading and compression force (for phase separation) for spraydried ASD of naproxen and PVP K25 were found to be 30 w/w% and 376.7 MPa,
respectively. This phenomenon could be attributed to compression-induced conformational
changes of PVP leading to the weakening or distortion of hydrogen bonds between the drug
and the matrix. The ASD with 20 w/w% naproxen had sufficient amounts of PVP to avoid the
hydrogen bond distortion. Similar ascertainment was concluded in the case of Soluplus®-ITR
melt extruded ASD. Predensification and compression can induce changes in molecular
arrangement, the appearance of Soluplus®-rich regions and ultimately phase separation [192].
In another study [193], compression induced an enhancement in physical stability of ASD
with naproxen and PVPVA64, even when drug loading was increased to 50 w/w%. Contrary
to the previous cases, it was observed that compression enhanced the drug-polymer
interaction and less crystallinity was detected in compressed samples than in uncompressed
powders after 5 months of storage, presumably due to the less water absorption and less free
volume in the compressed ASD.
Singh et al. recently investigated in two subsequent studies the effect of compression on
ASDs of miconazole and PVPVA64 (no specific interactions between them) [95, 194]. They
found that up to 20% drug loading, the ASD exhibited a single Tg indicating perfect
miscibility of the API and the polymer. However, at drug loadings of 30% and 40% two Tgs
were apparent, which can be related to the presence of drug-rich and polymer-rich domains.
Upon compression, even the ASDs with higher drug loadings displayed a single Tg. This
phenomenon could be due to the compression-induced deformation and plastic flow which
increases the molecular mobility. Ultimately this leads to the mixing of the separated phases
such that the domain size was reduced below 30 nm and could not be detected by modulated
DSC. Interestingly, physically mixed melt extruded ASDs with drug loadings of 20% and
40% were also mixed upon compression [95].
Dhumal et al. and Shimpi et al. showed that an elastic substance (e.g. carrageenan or
polyglycolized glyceride) can prevent an amorphous drug from recrystallization during
compression and storage [195, 196]. This may be ascribed to the so-called ‘cushioning effect’
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of elastic materials. This and the formation of hydrogen bonds between API and the polymer
had a synergistic effect on the stability of amorphous drugs. The application of elastic
substances during compression does raise some questions as they also exhibit several
undesired behaviors.
To conclude, one can consider compression force as a critical quality factor that should
also be assessed as both an individual parameter as well as in a design of experiment
approach. It is not obvious whether a low or high compression force is suitable. However, the
hardness of tablets is an important feature, especially if tablets are to be subsequently coated.
2.2.4.2 Polymers and fillers for ASDs, gelation within the tablet
The general role of binders is to ensure appropriate compressibility and thus tablet
hardness. In conventional tablets, polymers can fulfill the role of a binder (e.g., PVPK30 and
K90, cellulose derivatives, etc.). Macromolecular carriers of ASDs often being present at a
relatively high concentration to facilitate amorphization of drugs enhance the hardness of the
tablets. Goodderis et al. investigated the effect of two different polymeric carriers (i.e.,
PVPVA64 and HPMC 2910) on the tablet properties of ASD with UC781, a model API. The
drug release from a ternary ASD with D-α-tocopheryl polyethylene glycol succinate 1000, the
crushing strength, and the disintegration time of the obtained tablets were determined (these
latter two properties were investigated in systems without the drug) [197]. PVPVA64
demonstrated a fast drug release, while HPMC 2910 allowed the drug to dissolve only slowly
because of the formation of a gelling matrix. PVPVA64, with placebo tablet formulations,
showed a better disintegration time (3 min 28 s) compared with HPMC 2910 (9 min 2 s) at
their most preferred composition. Tablets containing PVPVA64 possessed significantly better
crushing strength than those prepared with HPMC 2910.
There is an inherent issue with ASD containing tablets of high dose (>25 mg), namely,
that the high polymer content might delay the disintegration of the tablet and dissolution of
the API. The most important roles of polymers are the induction and maintenance of the
amorphous state and enhancing the dissolution and thus, possibly, the bioavailability. At high
drug loading, the drug may only be partially amorphous or has high propensity to form
separate phase and crystallize. Numerous articles have been published discussing the
appropriate ratio of drug and polymer [198-202]. From these data, it seems generally that the
higher concentration the carrier has, the more amorphous the API, and thus better the
dissolution will be. However, this high polymer amount can promote the formation of a
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gelling polymer network within the tablet after contacting water (Figure 2.9). Therefore, the
tablet may release some API in a delayed manner.

Figure 2.9 The disintegration process with and without the
formation of a gelling polymer network

As an example, one ASD can exhibit the best dissolution at a drug loading of 10% while
the dose is 50 mg. This would mean that only the ASD is 500 mg in the tablet, which can
easily hinder the disintegration. This can be compensated by large amounts of fillers, which
acts as spacer among the polymer particles, or by more disintegrants. This latter solution
might be disadvantageous since disintegrants tend to absorb moisture during storage thereby
endangering the stability of the ASD.
According to DiNunzio et al., tablets made with more compressible microcrystalline
cellulose (MCC) grades (for example, CeolusTM UF-711 and KG-802) with smaller excipient
particle size exhibited higher internal porosity, faster disintegration and higher supersaturation
in the case of ASD with PVPVA64 and indomethacin [203]. While in tablets prepared with
Avicel® PH-102 and PH-301, gelling could be observed rather than rapid dissolution.
Sawicki and coworkers performed pharmaceutical developments of two ASD-based
tablet formulations from industrial points of view. In one case ASD was prepared by freeze
drying with elacridar hydrochloride, PVPK30 and sodium dodecyl sulfate [204], while the
other one was manufactured by spray drying with docetaxel, paclitaxel, and PVPK30 [205].
Tableting blends needed to contain 63 and 75% lactose monohydrate (SuperTab® 30GR) in
order to compensate the vitreous nature of PVPK30 and improve flowability.
To conclude, it can be stated that role of fillers in ASD-based formulations might be
greatly comprehensive. In general, compressibility and flowability can be improved with the
addition of fillers. Choice of fillers is mainly dependent on the characteristics of the ASD,
which are affected by the preparation technology.
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2.2.4.3 Downstream processing of spun fibers
Since a generally applied scaled-up technology of ES (or any other type of fiber
spinning technology) is not available yet in the pharmaceutical industry, downstream
processing of the obtained nano- or microfibers into tablet or capsule formulations is not
intensely investigated. As both are solvent-based technologies, electrospun and spray-dried
ASDs are comparable. Spray-dried materials are known for having low bulk density and poor
flowability [128]. At high doses, a pre-compaction step (such as roller compaction) might be
needed to achieve satisfying flowability. In the case of electrospun ASDs, an additional
grinding step has to be inserted to make the fibers suitable for blending.
Hamori et al. prepared non-conventional, nanofiber-based tablets in one case with a
surfactant as the only additive [206], while in the other case without any pharmaceutical
excipient [207]. The nanofibers produced by a home-made equipment consisted of Eudragit®
S100 (acrylic acid and methacrylate copolymer) and uranine/acetaminophen. The applied
compression pressure on a single punch tableting machine was ranging between 5 and 20
MPa to obtain extended-release tablets. This is, however, not an industrial approach for mass
scale production of tablets. Recently, a minitablet formulation has also been prepared with
drug-loaded nanofibers [208]. Progesterone was embedded in amorphous form into PVP
fibers compressed subsequently into tablets without any excipients. The obtained tablets met
the standard pharmacopeia requirements for content uniformity and friability. In addition,
drug release could be improved in comparison with the crystalline powder. On the other hand,
this formulation can only be applied in personalized therapy (pediatric and elderly patients),
not for mass production. Ground (by a vibrational mill) microfibers containing PVP and
vitamin B12 have been directly compressed into conventional tablets by a Hungarian research
group. The fibers were prepared by rotary spinning and possessed weak flowability. The
direct compression blends had passable to poor flow properties based on their Hausner ratios
and Carr indices and were compressed on a single punch tablet press. The water-soluble B12
vitamin had a quite uniform release from tablets containing the fibers, though it was slightly
slower and lower compared to tablets consisting of cast film [209].
After surveying the current situation, it seems clear that there is a significant lack of
knowledge about the downstream processing of drug-loaded nanofibers. Before this work was
started, no article could be found in which a poorly soluble drug was embedded into
nanofibers and then formulated into film-coated tablets. To summarize, it is of great interest
to establish the downstream processing of the nanofibers to get immediate-release
tablets. It seems an interesting question if conventional tablets can be made from
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nanofibers on a single-punch compaction simulator or tablet press and if the scaling up
to rotary press tableting can be carried out. Furthermore, the effect of film coating on
dissolution and stability should also be assessed.
2.2.4.4 Excipient-induced crystallization
Amorphous drugs in SDs can have a very fast and complete dissolution. However, they
must be converted into applicable solid dosage forms, most often tablets. Good dissolution
has to be maintained in these formulations, too, which can be a challenge. The polymers are
generally applied to modify the dissolution and/or enhance the stability of amorphous drugs
[210-213], for which selection methodologies have been suggested [29, 214, 215]. However,
modifications of dissolution properties by external excipients have not been a major topic
about ASDs. For instance, Agrawal et al. carried out an extensive work about melt extruded
ASDs of an unknown compound (applied polymers: PVPVA64,

hydroxypropyl

methylcellulose acetate succinate (HPMCAS) and Soluplus®) [216]. Dissolution was
examined in simulated gastric fluid (first stage) and simulated intestinal fluid (second stage).
The release of the compound from tablets was lower in the case of two polymers, PVPVA64
and HPMCAS, than from neat ASD. It was concluded that extragranular excipients might
modify the dissolution, but making concrete ascertainment in this respect was not included in
the objectives of the study.
Employment of surfactants in ASD tablets might be essential to ensure the achievable
best dissolution [93, 217]. They have been reported to promote supersaturation state of drugs
with which absorption and bioavailability could be enhanced [218, 219]. The utilization of
surfactants with ASDs might be limited by their miscibility and effect on the miscibility of the
drug and the polymer [220]. On the other hand, surfactants can affect the stability of
amorphous APIs in various ways (e.g. with acting as a plasticizer) and their impact on
crystallization is thoroughly studied. An unknown API (belonging to the BCS II class) was
found to be susceptible for crystallization (about 6% conversion was observed) in an ASD
with HPMC-E5 under accelerated stress conditions (60 °C/85%) [221]. In turn, it was stable
under less harsh circumstances (30 °C/60%). However, the addition of surfactants (Tween® 80
and docusate sodium) destabilized the ASD and led to the increased crystallization of the API.
The same kind of destabilization did not happen to ASDs with PVP-type polymers.
Mosquera-Giraldo and coworkers investigated the effect of surfactants (sodium lauryl sulfate,
D-α

tocopheryl polyethylene glycol 1000 succinate and sucrose palmitate) on crystal growth

rate of amorphous celecoxib in the absence and presence of PVPK12 [222]. The miscibility of
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surfactants and celecoxib and Tg depression played important roles in the crystallization, but
surfactants generally enhanced growth rate. With the inclusion of PVP in the powder mixture
the crystal growth became more complex, but the polymer showed a propensity to decelerate
it. Wu and coworkers have lately found that poloxamer 188, a commonly used emulsifying
and solubilizing surfactant, induced crystallization in an ASD [223]. It turned into a liquid at
40 °C/75% relative humidity and created a supersaturated state from which the API
precipitated.
Leane and coworkers prepared ASD of ibipinabant with PVPK30 and sodium lauryl
sulfate and converted it into tablets [224]. Large differences in stability were observed with
different fillers (MCC, lactose monohydrate and mannitol). Lactose and mannitol promoted
crystallization process of the amorphous drug to a greater extent than the cellulose derivative.
MCC is highly compressible (while mannitol and lactose are deforming by brittle fracture)
and provides a cushioning effect during the compression process. In contrast to this, the
energies introduced to the systems with mannitol or lactose to form a compact might have
promoted the crystallization, according to the other explanation provided by the authors.
MgSt is a widely used tablet lubricant that can be found in 108 of the top 200
pharmaceutical formulations, owing to its excellence at decreasing the friction during
tableting [225, 226]. However, several authors have reported issues related to this lubricant. If
an excess of MgSt or prolonged mixing time is applied an increase of disintegration of time
[227] or decrease of tablet hardness [228, 229] can occur. More importantly, utilization of it
can alter, usually delay dissolution of tablets [230-232], which can negatively affect the
bioavailability and pharmacokinetic profile of drugs. In spite of the possible negative effects,
the impact of MgSt on the dissolution characteristics of ASDs has not been studied yet.

2.3 Process Analytical Technology (PAT)
In the last decade, continuous technologies have gained significant ground and have
been vividly investigated. An example for an end-to-end line from synthesis through
crystallization to tableting has already been created [233]. For continuous processes and endto-end lines to be applied in industry, real-time analysis by PAT is inevitable. The FDA, in its
2004 initiative, strongly suggested the utilization of PAT tools in the development of all
pharmaceutical processes [234] to secure a continuously good quality of the product. Besides
conventional pharmaceutical technologies such as tableting, roller compaction, batch wet
granulation or blending, new types of continuous processes like twin-screw wet granulation or
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twin-screw blending have been emerging. Obviously, in the case of continuous technologies,
PAT is of greater importance than batch processes.
Non-destructive spectrometric methods without the need for sample preparation
(especially NIR and Raman) have gained considerable attention and can be used in in-line
mode [235]. NIR spectrometry has been employed widely to monitor different properties:
ribbon density and particle size distribution at roller compaction [236, 237], content
uniformity and hardness at tableting [238-240], homogeneity/drug concentration at blending
[241-243], the moisture content at twin-screw granulation [244], coating thickness [245], and
purity of co-crystals at twin-screw extrusion [246]. Raman spectrometry has also been applied
to study homogeneity at twin-screw [247] and batch blending [248], drug concentration and
polymer-drug solid state at melt extrusion [249], quantitative analysis of capsules [250],
polymorphism at crystallization [251], and hydrate formation at batch wet granulation [252].
Relatively few articles can be found when both techniques were utilized and compared to
each other. Raman spectrometry was found to be superior to NIR at peak differentiation and
polymorph differentiation during continuous wet granulation of theophylline and lactose
[253]. Drug concentration and solid state changes were monitored during extrusion by NIR
spectrometry, which was effective at these tasks [254]. The polymer-drug behavior was
examined by Raman spectrometry as well. De Beer et al. investigated the freeze drying
process of mannitol by both spectrometries that were complementary to each other [255]. NIR
spectrometry, due to huge absorption by water and ice, could be applied to follow the release
of hydrate water. The Raman technique allows the monitoring the ice crystallization, mannitol
crystallization, and the solid state changes during the process.
Urged by the FDA, a general switch is foreseen from batch to continuous manufacturing
and from off-line to in-line, real-time analysis in the pharmaceutical industry within several
years. Electrospun ASDs seem to have a bright future owing to the process and material
advantages. However, the possibility of real-time analysis in their case must be studied.
One of the most important parameters is to monitor/control is the drug content/content
uniformity. For this purpose, non-destructive techniques (such as Raman and NIR
spectrometries) should be applied and compared to achieve the possible best accuracy.

2.4 Objectives
After surveying the current ‘state of the art’ related to ASDs and electrospun materials,
main objectives of the experimental work could be set up:
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-

characterizing electrospun fibers prepared by HSES, a scaled-up fiber spinning
technology; in addition, compare the characteristics of these fibers to those fabricated
by small-scale SNES, and performing thorough, detailed stability tests of the
amorphous API;
o in this section, two electrospun ASDs with 40% drug loading were studied:
itraconazole with PVPVA64 (ASD_PVPVA64) and ITR with HPMC
(ASD_HPMC)

-

converting electrospun nanoamorphous solid dispersions into an industrially
applicable formulation, practically immediate-release film-coated tablets; investigating
the stability of the amorphous API can also be considered as an important aspect;
o conversion of ASD_PVPVA64 is discussed in detail in this section

-

studying the dissolution from tablets, compare it to the dissolution of neat fibers and
provide an explanation for the incidental differences;
o tablets with ASD_PVPVA64 were investigated in this chapter

-

examining the possibility to monitor the drug content and content uniformity in tablets
containing electrospun ASD with NIR and Raman spectrometry.
o tablets with an ASD consisting of flubendazole, PVPK90 and hydroxypropylß-cyclodextrin were examined in this part of the dissertation
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3 Materials and methods
3.1 APIs
Itraconazole (ITR)
Formula: C35H38Cl2N8O4
Molar mass: 705.64 g/mol
Appearance: odorless, white powder
Supplier: Janssen R&D (Beers, Belgium)
Solubility (pH=1.2): 4 μg/mL [256] (BCS II)
Indication: fungicide
Flubendazole (FLU)
Formula: C16H12FN3O3
Molar mass: 313.28 g/mol
Appearance: odorless, white powder
Supplier: Janssen R&D (Beers, Belgium)
Solubility (pH=1.2): 29.6 μg/mL [257] (BCS II)
Indication: anthelmintic
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3.2 Excipients
Table 3.1 The applied polymers
Chemical name

Brand name

Supplier

Characteristics

BASF
(Germany)

A water-soluble matrix
polymer used for ASD
preparation, Mw=4500070000 Da
Aq. solubiliy: >300 g/l
Biologically not toxic,
inert

Dow
Chemicals
(USA)

A water-soluble matrix
polymer used for ASD
preparation, viscosity =
5 mPa s
Biologically not toxic,
inert

BASF
(Germany)

A water-soluble matrix
polymer used for ASD
preparation, Mw =
1000000-1500000 Da
More than 10% solubility
in water, but dissolves
slowly
Biologically not toxic,
inert

Roquette
Pharma
(France)

Solubility enhancer,
degree of substitution =
0.62
Solubility: very soluble
according to the supplier
(solution of 50%
concentration is possible)
Biologically not toxic,
inert

Vinylpyrrolidone-vinyl acetate 6:4
copolymer (PVPVA64)
Kollidon®
VA64

Hydroxypropyl methylcellulose
(HPMC)
Methocel®
E5

Polyvinylpyrrolidone
(PVP)
Kollidon®
K90F

2-Hydroxypropyl-ß-cyclodextrin

Kleptose

®
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Table 3.2 The applied tableting excipients
Silicium dioxide

Aerosil® 200

Evonik
Industries
(Germany)

Glidant in tablets with high
specific surface area
Applied as a filler and binder in
tablets, mean particle size =
~250 µm, bulk density 0.310.37 g/cm3

Microcrystalline cellulose
(MCC)

Vivapur 200

JRS Pharma
(Germany)

Mannitol

Pearlitol®
400DC

Roquette
Pharma
(France)

Used as a filler in tablets, mean
particle size = ~360 µm, bulk
density 0.68 g/cm3

Cross-linked
polyvinylpolypyrrolidone

Kollidon® Cl

BASF
(Germany)

Applied as a disintegrant in
tablets, particle size = 90-130 µm

Magnesium stearate
(MgSt)

-

Hungaropharma
Ltd. (Hungary)

Water-insoluble lubricant with
an average particle size of
~10 µm

Sodium stearyl fumarate
(SSF)

Pruv®

JRS Pharma
(Germany)

Water-soluble lubricant with an
average particle size of ~12 µm

®
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3.3 Methods
3.3.1 Film casting
The preparation of the solutions for all techniques was performed in the same way. The
polymer and the drug were dissolved in a glass vial on a magnetic stirrer (if needed heating
was applied to facilitate the dissolution). Afterward, the solution was cast into square-shaped
silicon molds (3×50×50 mm) and subsequently dried in a drying oven (Smith and Klein
H110W, Germany) at 40 °C for 24 h. For dissolution tests, the fragile film was chopped into
small shreds (i.e., no grinding was performed).
3.3.2 Single needle electrospinning (SNES)
The electrostatic spinner used in the experiments was coupled with an NT-35 high
voltage DC supply (Unitronik Ltd., Nagykanizsa, Hungary). The electrical potential applied
on the spinneret electrode was 30 kV. A metallic spinning tip with an inner hole diameter of
0.5 mm and grounded aluminum plate covered with aluminum foil were used for ES process
and collection, respectively. The distance of the spinneret and the collector was 15 cm, and
the experiments were performed at ambient temperature (25 °C). The polymer solution was
sucked up into a syringe through a plastic tube and was dosed by means of an SEP-10S Plus
type syringe pump (Aitecs, Vilnius, Lithuania).
3.3.3 High-speed electrospinning (HSES)
The scaled-up electrospinning experiments were performed using a setup consisting of a
stainless steel spinneret with sharp edges and spherical cap geometry connected to a highspeed motor. The polymer solution was fed with an SEP-10S Plus syringe pump with a flow
rate of 1500 mL/h. The rotational speed of the spinneret was fixed at 40,000 rpm, and the
voltage applied on it was 50 kV during the experiments (NT-65 high voltage DC supply
(Unitronik Ltd., Nagykanizsa, Hungary). The grounded collector covered with aluminum foil
was placed 35 cm from the spinneret in all cases. The experiments were performed at ambient
temperature (25 °C).
3.3.4 Spray drying
Spray drying was performed with a ProCepT 4M8-TriX spray dryer (Zelzate, Belgium)
using a 0.4 mm two-fluid nozzle. The process parameters were the following: atomization air
pressure 0.4 bar, drying air temperature 70 °C, drying air flow 0.3 m3/min, and feeding rate
150 mL/h.
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3.3.5 Preparation of the tableting blends
Electrospun ASD_PVPVA64 was ground by two machines: oscillatory mill (Erweka
FGS, 1.2 mm sieve size) and hammer mill (IKA MF 10.2, 1.0 and 0.5 mm sieve size). The
former provided a powder suitable for blending thus it was preferred. Oscillatory milling
could be substituted by smashing the material through a sieve with a hole size of ~0.8 mm as
this method gave a very similar product as oscillatory milling and was applied in the case of
other ASDs as well.
All excipients were pushed through a sieve with 0.95 mm holes prior to blending.
Mixing was carried out with a Turbula® T2F shaker-mixer (Glenn Mills Inc., Clifton, NJ,
USA) for 5 minutes (magnesium stearate was mixed separately, after other excipients for 2
minutes). With smaller amounts, manual shaking was applied for with same scheme.
3.3.6 Preparation of the tablets
Tablets for the DoE were prepared on a Huxley Bertram hydraulic compaction
simulator (Cambridge, UK) equipped with 9.5 mm flat-faced punches and instrumented die.
The compression profiles were created with the compaction simulator software for a Courtoy
Modul S press (B-tooling). A 1 s profile was applied and pre-compression load was held at
50% of the main compression load. The experimental design applied for the tableting can be
seen in Table 3.3
Table 3.3 Levels of the factors in the applied DoE
Factors

-1

Levels
0

1

ASD/fillers fraction (%)*

71.4

74.6

77.8

Compression force (kN)

3

4.5

6

*(

𝑚𝑓𝑖𝑙𝑙𝑒𝑟𝑠

𝑚𝑓𝑖𝑙𝑙𝑒𝑟𝑠 +𝑚𝐴𝑆𝐷

) ∙ 100

Three tablets were measured in each case (to obtain standard deviation and increase the
reliability of the design) and individual results were evaluated with Statistica 12 (Tulsa,
Oklahoma, USA). Tensile strength and disintegration time were chosen as dependent
variables since these values can be measured rather precisely and independent variables might
have a significant effect on them. Our purpose was to optimize the compression force and the
composition for both dependent variables (low disintegration time, high tensile strength).
In other cases, powders were compressed to tablets on a Dott Bonapace CPR-6 eccentric
tablet press (Limbiate, Italy) equipped with 14 mm concave punches.
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Rotary press tableting was carried out on a Kambert KMP-8 table top rotary press
(Ahmedabad, India) equipped with eight 8x16 mm, oblong punches. 9 and 23 rpm were
applied as tableting speed. The optimized formulation (76.25% fillers fraction) of
ASD_PVPVA64 with 1.5% SSF was used.
3.3.7 Film coating
Coating of tablets was carried out in a Glatt machine equipped with perforated drum
(needed tablet mass for coating is 800 g, ASD tablets were filled up with placebo tablets).
5 g/min was applied as feeding rate on the peristaltic pump. An inlet temperature of 45°C was
used for drying.
3.3.8 Storage of samples
For stability tests, samples (neat ASDs and tablets) were stored in a Binder KBF 720
climate chamber at 25 °C/60% RH or 40 °C/75% RH, either in open or closed holders.

3.4 Analytical methods
3.4.1 Dynamic vapor sorption
The DVS measurement was performed on a DVS Intrinsic instrument (Surface
Measurement Systems, London, UK). The relative humidity (RH) was altered every hour by
10% from 0 up to 95%. The measurement was carried out on two different temperatures:
25°C and 40°C. Two sorption and desorption cycles were collected. The weight of the sample
was measured continuously on an SMS UltraBalanceTM.
3.4.2 Traditional and modulated differential scanning calorimetry
Traditional differential scanning calorimetry measurements were carried out using a TA
Instruments Q2000 DSC apparatus (New Castle, Delaware) (sample weight: 2–3 mg, closed
aluminum pan, 50 mL/min nitrogen purge gas flow). The temperature program consisted of an
initial isothermal period that lasted for 1 min at 25 °C, with subsequent linear heating from
25 °C to 200 °C at a rate of 10 °C/min. Purified indium standard was used to calibrate the
instrument.
Modulated DSC was performed on the same instrument in ‘Heat only’ modulation
mode, with a heating rate of 2 °C/min, an amplitude of 0.318 °C and a period of 60 s.
Standard aluminum pans (TA instruments) were applied with crimping.
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3.4.3 X-ray powder diffraction
X-ray powder diffraction patterns were recorded with a PANalytical X’pert Pro MDP
X-ray diffractometer (Almelo, The Netherlands) using Cu-Kα radiation (1.542 Å) and Ni
filter. The applied voltage was 40 kV, while the current was 30 mA. The untreated materials
and the fibrous samples were analyzed between 2θ angles of 4° and 42°.
In the case of the precipitated ITR-stearic acid (SA) associate XRPD patterns were
recorded with a PANalytical X’pert Pro MPD X-ray diffractometer (Almelo, The
Netherlands) using Cu-Kα radiation (1.542 Å) in transmission mode. The applied voltage was
40 kV, while the current was 40 mA. The samples were analyzed between 2θ angles of 2° and
40°.
3.4.4 Scanning electron microscopy (SEM)
Morphology of samples was investigated on a JEOL 6380LVa (JEOL, Tokyo, Japan)
type scanning electron microscope. The powders were fixed by a conductive double-sided
carbon tape to the metal stump and coated by gold prior to imaging. The applied accelerating
voltage was changed between 10-25 kV. Working distance was 10 mm. SEM images of the
tableting blends were taken with a Phenom Pro instrument (PhenomWorld, Eindhoven, The
Netherlands). 10 kV was applied as accelerating voltage, and scanning was conducted with
secondary electron detection in this case, too.
3.4.5 In vitro dissolution testing
Dissolution of neat ASDs (both with ITR and FLU) was carried out by a special set up.
The modification was undertaken so that the instrument could be operated with an apparatus
called ‘tapped basket’, which is a combination of the United States Pharmacopoeia (USP) I
(basket) and II (paddle) apparatuses. The modification could be implemented and can be
described very simply. A helical path fixed on the axis of the paddle gradually lifts the basket
during one rotation of the paddle and then lets it fall to the starting point of the cycle in an
instant. The basket closed on the top never emerges from the dissolution liquid during the
dissolution period. The setup is visualized in Figure 3.1 The applied ‘tapped basked’ method.
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Figure 3.1 The applied ‘tapped basked’ method

Rotational speed was set to 50 rpm in this case. Dissolution was investigated on a
Pharmatest PTWS600 dissolution tester (Pharma Test Apparatebau AG, Hainburg, Germany)
equipped with paddles (conventional USP Apparatus II). The rotational speed was set to
100 rpm in the case of tablets. All dissolution tests were carried out in 0.1N HCl at 37±0.5 °C.
An on-line coupled Agilent 8453 UV-Vis spectrophotometer (Hewlett-Packard, Palo Alto,
USA) was applied to measure the absorbance of the medium after filtering (10 μm), from
which the concentration and the percentage of dissolution could be readily calculated based
on our calibration. Calibration was based on solutions with concentrations of 1, 5, 20 and
50 mg/L. The absorption wavelengths for ITR and FLU were 254 and 282 nm, respectively.
Up to 50 mg dose of ITR, cuvettes of 10 mm length were used, while at 100 mg of dose 1 mm
cuvettes were assembled with the spectrophotometer.
In order to characterize the non-dissolved material (Section 4.3.4.1 and 4.3.5), special
tablets were prepared. These tablets consisted of only the PVPVA64-based ASD, mannitol
and MgSt, so other insoluble materials like MCC or crospovidone would not bother the
subsequent examinations (tablet weight was the same as in the previous case). The first step
of the sample (non-dissolved material) preparation was to carry out a normal dissolution test
with these tablets (paddle rotational speed was set to 200 rpm to facilitate tablet
disintegration). Afterward, the dissolution medium was poured through a sieve with a hole
size of 300 µm onto a G3 glass filter (pore size of 15-40 µm). The material was dried on air
for a day.
3.4.6 Drug content determination of tablets and blends
Tablets and blends were placed in a flask filled with 900 mL of acidic dissolution
medium. After half an hour stirring on a magnetic stirrer, the UV absorption of the solution
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was measured on an Agilent 8453 UV-Vis spectrophotometer (Hewlett-Packard, Palo Alto,
USA) after filtering on 0.45 µm filters. The concentration could be calculated from the
absorption based on the previously described calibration.
3.4.7 Raman mapping
Raman mapping was applied three times: to investigate amorphous/crystalline ITR in
stored ASDs; to study the distribution of different materials in ASD tablets; to reveal the
forming interactions and homogeneity in the precipitated sample (from dissolution test).
All examinations were conducted on the Labram-type Raman instrument of Horiba
Jobin-Yvon coupled with external 785 nm diode laser source and Olympus BX-40 optical
microscope. A 950 groove/mm grating monochromator dispersed the Raman photons
directing them to the CCD detector. The spectral range of 460-1680 cm-1 with 3 cm-1
resolution was measured in all cases. In the case of the stability investigations, an objective of
100× objective (laser spot size: ~0.7 µm) was used. The maps were collected with 1 µm step
size in both directions and consisted of 35×35 points. One spectrum acquisition took 20 s and
accumulated 2 times in each mapping point.
In the last two cases, the same parameters were applied to acquire information about the
sample. An objective of 10× magnification (laser spot size: ~4 µm) was applied in focusing
and spectrum acquisition. The confocal hole of 500 µm, which is the half of the maximum
diameter, was employed in confocal system to improve the confocal performance decreasing
the analysis volume. In the case of tablets, 15 µm step size and the map consisted of 41×41
points, while with the precipitated material these were 100 µm and 21×21 points. Every single
spectrum was measured with an acquisition time of 60 s and 2 spectra were averaged at each
measured point.
In each case, acquisition, spectrum preprocessing (baseline correction and
normalization), visualization and evaluation of the obtained maps were performed using
LabSpec 5.41 software (Horiba Jobin-Yvon, Kyoto, Japan). For the maps of the stability
investigation, MCR-ALS was employed since reference spectra of ITR in the polymer
matrices are unknown. For the other two purposes, classical least squares (CLS) evaluation
was possible.
3.4.8 Characterization of the powders, tableting blends
The particle size distribution of the HSES fibers was examined on a Malvern Mastersizer
2000 (Malvern Instruments Ltd., Worcestershire, UK) laser diffraction particle size analyzer
(dynamic light scattering in solid state, i.e without any solvent). About 1 g material was
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weighed, and a basket equipped with metal balls was placed after the sample tray to facilitate
the disaggregation of particles.
A granulometry study was carried out for two tableting blends (presumably center blend
has intermediate characteristics). Bulk and tapped densities were determined with 100 g of the
blends. Tapped density was measured after 1250 taps on an ERWEKA SVM 12 tapping
volumeter (Heusenstamm, Germany). Hausner ratios and Carr indices were calculated as
follows:
𝐻𝑎𝑢𝑠𝑛𝑒𝑟 𝑟𝑎𝑡𝑖𝑜 =

𝜌𝑡𝑎𝑝𝑝𝑒𝑑
𝜌𝑏𝑢𝑙𝑘

(6)

𝜌𝑡𝑎𝑝𝑝𝑒𝑑 − 𝜌𝑏𝑢𝑙𝑘
𝐶𝑎𝑟𝑟 𝑖𝑛𝑑𝑒𝑥 = 100 ∙ (
)
𝜌𝑡𝑎𝑝𝑝𝑒𝑑

(7)

100 g was applied to determine the particle size distribution by the sieve method. The used
sieves: 1000 µm, 850 µm, 500 µm, 250 µm, 150 µm, 75 µm (in the case of the pure EM a
38 µm sieve instead of the 1000 µm sieve in order to assess the distribution better at low
particle sizes). Shaking was executed on a Retsch® sieve shaker (Haan, Germany) with
applying 1.5 mm amplitude for 5 min. Angle of repose was measured on an in-house built
flow meter containing a platform (with fixed diameter) and a cylinder (with the same outer
diameter like the platform). The powder is poured into the cylinder where it touches the
platform, and it starts to flow off of the flat platform due to the upward movement of the
cylinder (speed was fixed) while forming a pile. Angle of repose can be determined based on
the position of the cylinder which has to be moved to the top of the pile after the falling of the
powder stopped. This method generally provides larger angle values but with lower
deviations compared to the widely used angle of repose determination. True densities of the
blends were determined on an Accupyc 1330 helium pycnometer (Micromeritics, Atlanta,
GA, USA). Porosity was calculated as follows:
𝑚
𝑃 = 1−

𝑑 2
100 ∙ 𝜋 ∙ ( 2) ∙ 𝑡
𝜌

(8)

where P is the porosity, m is the weight of the tablet, d is the diameter of the punch, t is
the thickness of the tablet, and ρ is the true density of the blend.
3.4.9 Characterization of the tablets
Hardness was measured on an ERWEKA TBH30 hardness tester with three tablets.
Disintegration time was determined on an ERWEKA ZT71 disintegration tester in tap water
at 37 °C with three tablets. Friability was measured on ERWEKA TAR20 friability tester
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after 100 rounds on ten tablets. Tensile strength was calculated from hardness as the following
[258]:
𝑇=

2∙𝐻
𝜋∙𝑡∙𝑑

(9)

where T is the tensile strength, H is hardness, t is the thickness of the tablets, while d is
the diameter of the punches and tablets. Diameter and thickness were measured with a caliper.
3.4.10 High-performance liquid chromatography studies
Maintenance of the chemical stability of ITR in the tablets during storage period was
determined by analyzing the decomposition byproducts using RP-HPLC (Agilent 1200 series
LC System; Santa Clara, California). The HPLC method of Ph. Eur. 5.0 for ITR was adopted.
Accordingly, a gradient elution of 27.2 g/L tetrabutylammonium hydrogen sulfate and
acetonitrile was performed at a flow rate of 1.5 mL/minute and 25 °C started at 20%
acetonitrile, increased linearly to 50% over 20 minutes and maintained for 5 minutes, then
returned to the initial composition over 5 minutes. The UV detection wavelength was 225 nm.
The samples were dissolved in a mixture of equal volumes of methanol and tetrahydrofuran
obtaining a 1 mg/mL solution of ITR, 10 μL of this stock solution was injected onto the
column (Agilent Zorbax Eclipse C18 column (3.5 µm; 100 x 4.6 mm); Santa Clara,
California). The amount of the degradation products was determined based on the peak areas.
The chromatography tests were done in duplicate.
3.4.11 Polarized light microscopy
The samples filtered after dissolution test were investigated by a Carl Zeiss Jena
Amplival polarized light microscope (Jena, Germany) equipped with a 12,5x objective.
Images were taken by an OLYMPUS C4040 Z type camera and handled in the DP-Soft
software.
3.4.12 Solution nuclear magnetic resonance (NMR) spectroscopy
1

H NMR spectra were recorded on a Bruker DRX-500 instrument at 500 MHz in CDCl3

with tetramethylsilane as the internal standard. 10-15 mg of the sample was dissolved in 0.750.80 ml solvent in an NMR tube. Fourier-transformation and evaluation of the spectra were
carried out in Mestre-C software.
3.4.13 Elemental analysis
Magnesium content determination of the filtrate was performed by two methods. The
first is energy dispersive X-ray spectroscopy (EDS) carried out on a JEOL6380LVa type
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SEM (JEOL, Tokyo, Japan) equipped with EDS unit capable of performing elemental
analyses. The applied accelerating voltage was set to 15 kV, while the scanned energy range
was 0-20 keV. Probe current was 1.00 nA.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) was also
employed for elemental analysis in order to corroborate results obtained by EDS. 6 ml 63%
HNO3 solution was added to 11.4 mg of sample, and this mixture was destructed at 200 °C
under microwave conditions. The element concentrations of the sample were measured by the
ICP-OES method in simultaneous multielement mode by a 40 channel Labtest Plasmalab
ICP-spectrometer (Laboratory Testing Inc., Hatfield, PA, USA) using 27 MHz argon plasma.
3.4.14 Solid state nuclear magnetic resonance (ssNMR) spectroscopy
13

C CPMAS NMR spectra were recorded on a Varian NMR System 600 MHz

spectrometer (14.1 T,

13

C 150.8 MHz) equipped with a 3.2 mm HXY probehead. The

experiments were carried out at 15 kHz spinning rate. Contact time was set to 3 ms while the
relaxation delay was 30 s. 2000 (ITR), 2800 (precipitated filtrate) and 8000 (electrospun
ASD) scans were accumulated. Adamantane was applied as shift reference.
3.4.15 Raman spectrometry for drug content investigations
Tablets were examined on an RXN2 Hybrid Analyzer (Kaiser Optical System Inc., Ann
Arbor, MI, USA). Samples were illuminated by a 785 nm diode laser with a performance of
400 mW. The spectra were recorded in the range of 200-1890 cm-1 wavelength with a spectral
resolution of 4 cm-1. For the examinations, the so-called ‘PhAT probe’ was used with which a
spot with a diameter of 6 mm could be irradiated. The working distance was set to 25 cm and
reflection mode was applied. A ten-point calibration was prepared for both Raman and NIR
regression with three parallel samples at each point. The points were 1, 2, 3, 3.5, 4, 4.5, 5, 6, 7
and 8%. Validation was performed with tablets containing 1, 3, 4, 5 and 7% of FLU. At each
calibration point, three samples were measured.
3.4.16 NIR spectrometry for drug content investigations
NIR spectra acquisitions were performed on a Bruker Optics MPA™ FT-NIR
spectrometer in transmission mode. Spectra were recorded in the range of 5800-12500 cm-1
with a spectral resolution of 4 cm-1. 64 scans were averaged for each sample. The transmitted
beams arrived at an InGaAs external detector. Background was measured before the first
sample. At each calibration point, three samples were measured.
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3.4.17 Partial least squares (PLS) regression
Pre-treatment of spectra and model building were carried out with MATLAB 8.5
software (MathWorks, Natick, MA, USA) and PLS_Toolbox 8.0.2. Spectra of the different
spectrometries were pre-treated differently.
NIR spectra were treated with multiplicative scatter correction to negate the shift of one
spectrum to another. Afterward, spectra were derived and mean centering was also performed.
Raman spectra were baseline corrected first with the asymmetric least squares method
(λ=10000, p=0.001), and then they were normalized. For PLS model building, mean centering
was also needed.
Several sections of both Raman and NIR spectra had to be omitted from the analysis to
achieve more accurate model (variable selection). For this, the commonly used genetic
algorithm (GA) method was employed. This method iteratively finds the subset of variables
which gives the lowest root mean square error of the cross validation of the built regression
models.
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4 Results and discussion
This dissertation mainly focuses on fibrous ASD with 60% PVPVA64 and 40% ITR
(hereinafter referred to as ASD_PVPVA64). However, in some cases, other electrospun
materials were examined from different viewpoints. In the first chapter, HSES is briefly
described and compared with other techniques. In the next part, the characterization of fibrous
ASDs containing ITR and either PVPVA64 or HPMC (ASD_HPMC) is presented.
Exhaustive stability studies were carried out by DVS, mDSC, traditional DSC, XRPD, and in
vitro dissolution tests. This is followed by a section in which the conversion of the
electrospun ASD_PVPVA64 into immediate-release film-coated tablet formulation is
described. Dissolution extent from tablets was found to be somewhat lower compared to neat
fibers due to a crystallization phenomenon induced by the applied lubricant, magnesium
stearate (MgSt). This phenomenon was scrutinized more in detail. Last but not least,
electrospun FLU with remarkably high bioavailability was also formulated into tablets, which
shows the generalizability of the downstream processing of electrospun fibers. Drug content
of these tablets was analyzed by the non-destructive NIR and Raman spectrometries.

4.1 Scale-up of electrospinning
Scale-up of electrospinning has been posing a challenge for several years. A scaled-up
technology called HSES is presented and compared to SNES in this chapter. Fibrous
ASD_PVPVA64 was manufactured with both technologies. Comparison of technological
aspects between SNES and HSES was expanded for film casting (FC) and spray drying (SD)
(Table 4.1). The applied solvent mixture was dichloromethane:ethanol 2:1 in each case.
Table 4.1 Comparison of technology parameters of solvent-based methods (prepared material:
ASD_PVPVA64)
Dissolved solid materials in
Productivity for dried
Technology
Flow rate (mL/h)
10 mL ES solvent (g)
material (g/h)
SNES

3.75

20

6

HSES

3.75

1500

450

FC

3.75

-

-

SD

0.5

150

7.5

Clear advantages can be seen with HSES. Productivity is 75- and 60-fold higher than
with SNES and SD, respectively. ES can be performed with a more concentrated solution,
which has a large relevance in the pharmaceutical industry. For instance, in order to produce
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1 kg of dried material, 20 L solvent has to be evaporated with SD, while this value is 2.67 L
in the case of ES.
Besides productivity, another very important aspect of ASD preparation technologies is
the dissolution of the obtained products. Owing to the effective amorphization, ES-based and
SD samples had significantly higher dissolution than the samples containing crystalline phase
(physical mixture (PM), FC). ES-based ASDs also owned higher dissolution extent and rate
than spray dried material (Figure 4.1). The significantly faster release of the API is due to the
huge surface area of the nanofibers.

Figure 4.1 Dissolution profiles of ITR from ASD_PVPVA64
prepared by different technologies (n=3). Parameters:
’tapped basket’ method, 900 mL 0.1N HCl, 100 rpm, room
temperature or 37±0.5°C, 50 mg dose.

4.2 Stability investigations of electrospun fibers
Stability tests of electrospun fibers prepared by HSES are described in this chapter.
Firstly, a short-term stability test (with DVS and mDSC examinations) was carried out with
ASD_PVPVA64. DVS was proved to be a useful tool to predict the appropriate storage
conditions. In the second section, long-term stability tests of fibrous ASDs with ITR and
either HPMC or PVPVA64 under controlled circumstances are reported. Samples are
characterized by SEM, DSC, XRPD, dissolution and Raman mapping.
4.2.1 Characterization of ASD_PVPVA64 with dynamic vapor sorption and the related
short-term stability test
ITR and PVPVA64 are miscible with each other [259], and the Tg of their ASDs can be
calculated by the Fox equation [260]. No hydrogen bonds are formed between the drug and
the polymer, thus only the vitrification effect of PVPVA64 can stabilize ITR, which means
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ensuring high Tg for the ASD. Below this, the ASD is in glassy state, the molecular mobility
is low, and ITR is less inclined to crystallize in solid state.
Stability of ASDs can be directly influenced by water uptake during downstream
processing and storage. The Tg of ASDs is lowered when water, acting as a plasticizer, is
absorbed. Above the Tg, the mobility of the matrix polymer can allow the molecules of the
API to move by diffusion and crystallize. DVS shows the water uptake (weight gain) under
certain humidity values, and thus the stability of the ASD can be predicted. Therefore, two
DVS measurements were carried out with ASD_PVPVA64, one at 25 °C and one at 40 °C. It
was of interest to deduce some stability aspects based on the water uptake of the ASD, which
can be considered as a new method to predict stability. According to the DVS sorption
isotherms of ASD_PVPVA64 (Figure 4.2), no crystallization of ITR occurred at either
temperature. If crystallization had taken place in course of DVS, a remarkable decrease in
water uptake could have been noticed after a certain humidity as crystalline materials, being
less hygroscopic than the corresponding amorphous ones, adsorb significantly less water
[261]. Presumably, water can penetrate into the bulk of the powder more easily due to the
elevated mobility at 40 °C (Figure 4.2b), and there is no difference between the two sorption
cycles. However, at 25 °C (Figure 4.2a), there is a hysteresis between the two sorption cycles
with the second one looking more similar to the sorption cycles at 40 °C. Consequently, the
first sorption cycle made the ASD_PVPVA64 more susceptible for water uptake.

Figure 4.2 The DVS diagram of ASD_PVPVA64 at a) 25°C and b) 40°C.

The DVS sorption isotherms can be divided into two linear sections and the part
between them. During the first period, moisture is predominantly adsorbed on the surface
(first linear section, 10-50% RH), whilst from 70% RH, the moisture begins to penetrate into
the bulk of the material that starts to liquefy (second linear section, 80-95%). The transition
point (intersection of the prolongation of the two linear sections), which gives the ‘glass
transition relative humidity’ [261], was found to be 72% at this ramping rate at both
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temperatures. Below that transition point, phase separation is not expected, while above that it
can occur.
In order to detect phase separation or slight crystallization that might have occurred as a
consequence of DVS treatment, the samples were analyzed by mDSC before and right after
the DVS measurement. The initial sample possessed single glass transition temperature (Tg)
around 90 °C (Figure 4.3) meaning that the polymer and API were well-mixed (solid
solution). The recorded temperature is in good correlation with the Fox-equation (4). The Tg
of ITR and PVPVA64 are 59.4 °C [262] and 111.9 °C, respectively (latter is based on our
measurement). The sample after DVS pre-treatment at 25 °C exhibited multiple glass
transitions at 62, 81 and 108 °C (Figure 4.3), which belong to the API-rich, mixed and the
polymer-rich phase, respectively [263]. Since no melting peak was observed, ITR did not
crystallize at 25 °C, it remained amorphous. According to these results, even if phases
become separated, ITR is not prone to crystallize at the 25 °C. However, the DVS pretreatment at 40 °C was proven to be intensive enough to generate crystallization. The melting
peak was not obviously apparent, but two new endothermic peaks appeared on the DSC
thermogram (in the reverse heat flow) at 73 and 86 °C, which can be associated with the
formation of the nematic phase of ITR [264].

Figure 4.3 Modulated DSC thermograms of
ASD_PVPVA64 before and after DVS

Based on the results from DVS measurements (calculation of ‘glass transition humidity’
and the difference between 25 and 40 °C), the fibrous ASD was supposed to be stable at
25 °C/60% RH (with no phase separation), but not at 40 °C/75% RH (with crystallization).
This assumption was confirmed by a short-term stability test with mDSC (Figure 4.4).
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Figure 4.4 The short-term stability test of the ASD_PVPVA64 at a) 25°C/60% RH and
b) 40°C/75% RH (open conditions)

ASD_PVPVA64 was placed in climate chambers for the stability test and removed
directly before the mDSC measurements. The detected glass transition temperatures for the
material after production and storage at 25 °C/60% RH after 1 day, 1 week and 1 month were
91.2, 90.6, 91.4 and 91.4 °C, respectively (Figure 4.4a). The glass transition temperature did
not decrease with time and no new glass transitions (or melting peak) have appeared on the
thermogram, which confirms the unchanged status of the well-mixed components. However,
at 40 °C/75% RH, the peaks at 73 and 86 °C appeared after one day indicating the phase
transition from amorphous to crystalline state. After one week, the sample clearly had a
melting peak at 157 °C (Figure 4.4b).
4.2.2 Detailed, long-term stability tests of ASDs containing itraconazole
A long-term stability test of fibrous samples was also begun in parallel with the shortterm one according to the International Conference on Harmonization guidelines. Electrospun
ASDs were kept at 25 °C/60% RH (closed conditions) and 40 °C/75% RH (open conditions).
The model API was ITR, while PVPVA64 and HPMC were applied as carrier matrices. The
electrospinning process was performed with two techniques: SNES and HSES. As
preliminary experiments, film casting of ITR with PVPVA64 and HPMC were conducted and
presented in the next chapter.
4.2.2.1 Film casting of itraconazole
Film casting was applied in this research as a reference technology compared to ES. The
parameters of film castings can be seen in Table 4.2.
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Table 4.2 Comparison of technology parameters of film casting of ITR with two different polymers
Sample

Preparation method

Applied solvent

Dissolved polymer and
ITR in 10 mL of solvent

VA64+40 % ITR

Film casting

CH2Cl2+EtOH (2:1)

3.75

HPMC+40% ITR

Film casting

CH2Cl2+EtOH (1:1)

1.25

In the course of film casting, ASD needs relatively long time to get dried gradually,
during which the API molecules are able to form crystal nucleus and promote the growth of
crystalline particles. In contrast, ES can make the solvent evaporate instantly to transfer the
homogeneous state of liquid to the solid products obstructing the API to recrystallize.
Characterization of these materials was performed directly after the preparation and
considering the results there was no reason to investigate their stability. Significant
differences could be noticed in the structure of ASDs cast with different polymers. Neither
PVPVA64 nor HPMC could stabilize ITR in amorphous form, though just a small melting
peak appeared on the DSC thermogram of ASD with HPMC (ASD_HPMC) (Figure 4.5). The
peaks of this ASD on the XRPD diffractogram are also less sharp than with PVPVA64
(ASD_PVPVA64) (Figure 4.6). This is due to the hydrogen bonds between HPMC and ITR
[265] which increase the miscibility and lower the molecular mobility of API.

Figure 4.5 DSC thermograms of freshly prepared cast
films containing ITR
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Figure 4.6 XRPD patterns of freshly prepared cast
films containing ITR

This is also manifested in the dissolution test (Figure 4.7) as cast film with HPMC
released 43% of 50 mg ITR, while this value was held off to 14% with PVPVA64. Obviously,
in both cases, cast films had better dissolution rates and extents than physical mixtures. No
hydrogen bond is formed in the physical mixtures, therefore only ~8% release could be
achieved with them, which is just slightly more than with crystalline ITR.

Figure 4.7 Dissolution profiles of ITR (n=3): (■) crystalline; (●)
physical mixture with PVPVA64; (▼) physical mixture with HPMC;
(▲) film cast ASD_PVPVA64; (◄) film cast ASD_HPMC (freshly
prepared samples). Parameters: ‘tapped basket’ method, 900 mL
0.1N HCl, 50 rpm, 37±0.5°C, 50 mg dose.

The processed solutions for HSES and SNES were the same as for the cast films (Table
4.3). It was of interest whether ASDs prepared by HSES can exhibit the same characteristics
and maintain the stability like materials fabricated by SNES and whether the embedded API
remains amorphous (and good dissolution can be maintained).
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Table 4.3 Comparison of parameters used in electrospinning processes (VA64 refers to PVPVA64)
Dissolved solid
Preparation
Flow rate
Sample
Applied solvent
material and ITR in
method
(mL/h)
10 mL of solvent (g)
VA64+40% ITR
SNES
CH2Cl2+EtOH (2:1)
3.75
20
HPMC+40% ITR

SNES

CH2Cl2+EtOH (1:1)

1.25

15

VA64+40% ITR

HSES

CH2Cl2+EtOH (2:1)

3.75

1500

HPMC+40% ITR

HSES

CH2Cl2+EtOH (1:1)

1.25

1500

ASDs with a drug loading of 20% have also been prepared with both ES techniques, the
performance and stability of which was similar to those with 40% drug loading (but in order
to avoid clutter those figures are not presented).
4.2.2.1 Characterization of ASD_PVPVA64 prepared by electrospinning techniques
Significant differences cannot be noticed between the structures of the two kinds of
PVPVA64-based electrospun ASDs (Figure 4.8). Slightly thicker fibers and more beads can
be observed in the SEM image of the material obtained with HSES.

Figure 4.8 SEM images of PVPVA64-based electrospun fibers prepared by

SNES and HSES
The entire amount of ITR could turn into the amorphous state with PVPVA64 during
both electrospinning processes according to the DSC thermograms (Figure 4.9) and XRPD
diffractograms (Figure 4.10). This amorphicity was maintained for samples kept at
25 °C/60% RH under closed conditions up to one year. However, under open conditions, 75%
RH seemed enough to lower the Tg of the ASD so that phase separation could occur. At 40 °C
ITR, the API as a separated phase could start to crystallize in both cases (SNES and HSES),
indicated by the characteristic peaks in DSC thermograms and XRPD diffractograms.
Interestingly, the extent of crystallization did not expand with time since not larger melting
peaks appeared at 12 months compared to results at 3 months (data not shown).
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Figure 4.9 Differential scanning calorimetry (DSC) thermograms of
PVPVA64-based ASDs

XRPD results corroborated the amorphous nature of the ASDs stored at 25 °C showing
a halo pattern. However, broad peaks appeared in the diffractogram of the samples kept at
40 °C indicating the long-range order in their structure (Figure 4.10). The ASDs prepared by
different spinning technologies seem to have similar crystallinity (based on DSC and XRPD).

Figure 4.10 X-ray powder diffraction (XRPD) patterns of PVPVA64-based
ASDs after 12 months of storage

With SNES, it was possible to produce an ASD which exhibited the same dissolution
profile after one-year storage at 25 °C/60% RH (Figure 4.11) as at the beginning. The sample
kept at 40 °C/75% RH for 3 months, in correspondence with the fact that ITR in it was
crystalline at a certain level, had released only 24% of the API. Crystallization stopped after 3
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months so the polymer could keep some of the API in amorphous form, which is in
accordance with the DSC results.

Figure 4.11 Dissolution profiles of ITR from ASD_PVPVA64
prepared by SNES (n=3): (■) fresh ASD; (●) ASD at 3 months
at 25°C/60% RH; (▼) ASD at 12 months at 25°C/60% RH;
(◄) ASD at 3 months at 40°C/75% RH; (►) ASD at 12
months at 40°C/75% RH (×) physical mixture of ITR and
PVPVA64. Parameters: ‘tapped basket’ method, 900 mL 0.1N
HCl, 50 rpm, 37±0.5°C, 50 mg dose.

With HSES, a slightly slower dissolution rate can be achieved due to the morphological
changes (Figure 4.12). Although there was a visible variation in dissolution rates in the 10-30
min interval, all samples exhibited instant release of ITR (more than 85% during 20 minutes).
The dissolution rate did not depend on the storage time since 12-month-old sample exhibited
similar profile to the 3-month-old one (at 25 °C), which can be attributed to the varied
morphology. Not surprisingly, in the sample stored at 40 °C ITR crystallized after 3 months
similarly to material prepared by SNES as it released only the 27% of the drug. After 12
months at 40 °C, the dissolution did not change significantly, which might be due to the
formation of micro- and nanocrystals and their obstructed diffusion. Another possible answer
is that this is the solubility limit of ITR in PVPVA64 matrix, which was reached in the first 3
months.
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Figure 4.12 Dissolution profiles of ITR from ASD_PVPVA64 prepared
by HSES (n=3): (■) fresh ASD; (●) ASD at 3 months at 25°C/60% RH;
(▼) ASD at 12 months at 25°C/60% RH; (◄) ASD at 3 months at
40°C/75% RH; (►) ASD at 12 months at 40°C/75% RH; (×) physical
mixture of ITR and PVPVA64. Parameters: ‘tapped basket’ method, 900
mL 0.1N HCl, 50 rpm, 37±0.5°C, 50 mg dose.

4.2.2.2 Characterization of ASD_HPMC prepared by electrospinning techniques
HPMC is a less water-soluble and more gelling polymer, plus it has a higher glass
transition temperature (~164 °C) [266] than PVPVA64. In addition, it forms hydrogen bonds
with ITR, which also lowers the molecular mobility and thus enhances the physical stability.
The morphology of the prepared electrospun ASDs can be observed in the SEM images
(Figure 4.13). As expected, slightly thicker fibers were obtained with HSES.

Figure 4.13 SEM images of HPMC-based electrospun fibers prepared by SNES
and HSES

Both with HSES and SNES, totally amorphous dispersion was obtained according to the
DSC and XRPD measurements. Due to the high Tg of HPMC and strong secondary bonds
(hydrogen bonds) between the polymer and ITR, this amorphicity was maintained up to one
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year even at 40 °C/75% RH in open holders, i.e. under harsh conditions (Figure 4.14 and
Figure 4.15).

Figure 4.14 Differential scanning calorimetry (DSC) thermograms of
HPMC-based ASDs

No characteristic peaks appeared in the XRPD diffractograms of the stored samples
(Figure 4.15). The halo pattern specific to amorphous materials proves that HPMC can keep
ITR in amorphous form over a year, even under harsh conditions.

Figure 4.15 X-ray powder diffraction (XRPD) patterns of HPMC-based
ASDs after 12 months of storage

Slower dissolution rate was expected with HPMC due to the lower water solubility and
worse wetting than PVPVA64, which was confirmed by the experiments (Figure 4.16). The
dissolution characteristics of ASDs were maintained even after storage under harsh
circumstances. Although a slight deceleration in rate was observed after 3 months, this did not
continue as very similar dissolution profiles were recorded for 3- and 12-month-old samples.
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This can be explained by the rearrangement of the API in the fibers. During the first 3 months,
additional hydrogen bonds can be formed between ITR and HPMC (unoccupied oxo or
tertiary nitrogen function of ITR and hydroxyl moiety of HPMC) with the conformational
change of the API and polymer chain.

Figure 4.16 Dissolution profiles of ITR from ASD_HPMC prepared
by SNES (n=3): (■) fresh ASD; (●) ASD at 3 months at 40°C/75%
RH; (◄) ASD at 12 months at 40°C/75% RH; (▼) ASD at 12 months
at 25°C/60% RH; (×) physical mixture of ITR and HPMC.
Parameters: ‘tapped basket’ method, 900 mL 0.1N HCl, 50 rpm,
37±0.5°C, 50 mg dose.

When the technology was transferred to HSES, the same deceleration was noticed
(Figure 4.17) as in the case of PVPVA64 (Figure 4.12). Furthermore, after 3 months storage
at 40 °C, a similar change was detected since dissolution rate was slower (due to the
conformational changes in the ASD) than at the zero point, but samples released 100% of ITR
after 2 hours (that was valid for the 12-month-old sample too). Specimen kept at 25 °C/60%
RH for 12 months exhibited similar dissolution profile as other aged samples in this case,
which can be due to the rearrangement during storage.
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Figure 4.17 Dissolution profiles of ITR from ASD_HPMC prepared
by HSES (n=3): (■) fresh ASD; (●) ASD at 3 months at 40°C/75%
RH; (▼) ASD at 12 months at 40°C/75% RH; (◄) ASD at 12 months
at 25°C/60% RH; (×) physical mixture of ITR and HPMC.
Parameters: ‘tapped basket’ method, 900 mL 0.1N HCl, 50 rpm,
37±0.5°C, 50 mg dose.

4.2.2.3 Raman mapping of electrospun samples
A novel methodology was used for exploring the correct, real ITR spectral profile in
different polymer matrices. ASD with Eudragit® E was also investigated in this case as a
reference material. The generally used classical least squares (CLS) method using pure
component spectra was proved not suitable for determination of the amorphous-crystalline
ratio of ITR (leading to large errors) because of the very slight detectable differences between
the two kinds of ITR forms. The most visible one is the changing of the peak ratio at peaks
666 and 639cm-1 (Figure 4.18a). However, the intensities of these peaks are interfered heavily
by the spectral contribution of the polymer matrix, especially PVPVA64 and Eudragit® E
(which are also shown in Figure 4.18b for comparison purpose).
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Figure 4.18 Raman spectra of a) amorphous and
crystalline ITR emphasizing the peak ratio of 666 and
639 cm-1; b) used polymer matrix materials

In order to extract the ITR spectral profile, the Multivariate Curve Resolution –
Alternating Least Squares (MCR-ALS) method was used. This chemometric analysis has
been frequently applied earlier [267-271], and the reference of amorphous ITR in the matrices
could be obtained with it in this case. A missing amorphous reference is a common issue in
the pharmaceutical area. In the case of soft curve resolution methods, the rotational ambiguity
is a controversial problem. Therefore, application of constraints is needed to decrease feasible
band boundaries of the subspace of spectral and concentration profile. The MCR-ALS is the
only method that is able to provide accurate estimation with applying constraints. Besides the
non-negativity constraints for spectra and concentrations, the equality constraint was applied
with known polymer spectrum. The calculated contribution of the polymer matrix can be
subtracted from the spectra. On the rest of spectra, the desired peak ratios can be determined.
Figure 4.19 represents the calculated Raman maps with the peak ratios.
When the peak ratio was above 1.00, it definitely showed the crystallization of ITR. In
PVPVA64 polymer at 25 °C, the API kept the amorphous form (Figure 4.19b), however, it
has already crystallized almost completely in the entire investigated area at 40 °C after 3
months (Figure 4.19c). The best stability of ITR was observed in HPMC matrix where the
API preserved the initial state until the end of the stability test regardless of applied storage
conditions (Figure 4.19e). Of course, these results were in correspondence with the DSC
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results. As a reference, Raman map (Figure 4.19f) and DSC thermogram (Figure 4.20) of
ASD with ITR and Eudragit E® prepared by SNES are depicted. In this ASD, some crystal
nuclei have been detected after 3 months. Recrystallization from these nuclei can be observed
on the DSC thermogram around 130°C. This shows the advantage of the non-invasive, nondestructive Raman mapping in comparison to the destructive DSC in the investigation of
crystalline/amorphous ratio.

Figure 4.19 Raman maps based on peak ratio of 666/639 cm-1 indicating amount of
crystalline/amorphous ITR in samples prepared by a) HSES_PVPVA64 at 0 month; b)
HSES_PVPVA64 at 12 month at 25°C/60% RH; c) HSES_PVPVA64 at 3 month at 40°C/75%
RH; d) HSES_HPMC 0 month e) HSES_HPMC at 12 month at 40°C/75% RH; f)
SNES_Eudragit E® at 3 month at 25°C/60% RH

Figure 4.20 Differential scanning calorimetry (DSC) thermogram
of electrospun SD with Eudragit E® at 3 months at 25 °C/60% RH
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4.3 Conversion of ASD_PVPVA64 into film-coated tablets
This chapter is dedicated to present the conversion of ASD_PVPVA64 into a practically
applicable final dosage form, film-coated tablets. The fibers were ground in an oscillatory mill
prior to further downstream processing, namely blending, compression and film coating of
tablets. This kind of continuous milling was preferred to hammer milling since the latter
melted the ASD while the temperature increased. SEM image and particle size distribution of
ground ASD_PVPVA64 can be observed in Figure 4.21.

Figure 4.21 SEM image (a) and particle size distribution (b) of milled ASD_PVPVA64

Obviously, nanofibers can be seen in the SEM image. On the other hand, looking at it
macroscopically, ASD_PVPVA64 contains aggregates (the size distribution is shown in
Figure 4.21b) and can be deemed as a powder suitable for tableting.
After blending, ASD_PVPVA64 was mixed with conventional, freely flowing
excipients to achieve the best flowability. A design of experiments (DoE) approach was
applied to investigate the compression behavior of this novel, fibrous ASD containing blend.
In order to attain the possible highest precision, a compaction simulator was utilized to
fabricate tablets. This way, the same compaction profile (pressure and dwell time) could be
applied for each kind of tablets.
An optimum could be found as a result of the DoE. MgSt was used as lubricant,
however, it had to be changed for another lubricant (SSF) due to dissolution issue described
later in detail. The application of a lubricant is necessary since PVPVA64 is a binder, and thus
it can stick to the tableting press and hamper the process. Generally, for a tableting process,
lubrication is strongly recommended to avoid any complication. Scaled-up, rotary press
tableting could be performed with this optimized composition. The obtained tablets possessed
good physical and chemical stability. Film coating was carried out with a poly(vinyl alcohol)based, aqueous coating system. Film coating is of great importance in the case of ASDs since
water might induce phase separation and crystallization of amorphous API.

72

4.3.1 Experimental design for tableting
After grinding and blending with excipients, compression behavior of ASD_PVPVA64
was intended to be studied. Firstly, a 22 factorial design was planned. The compression force
and the fillers fraction were selected as independent variables. The fraction of the fillers was
calculated from the weight of the fillers and the ASD to highlight their ratio since it might
have a significant effect on the formation of a gelling polymer network. Levels of independent
variables were selected based on preliminary experiments to achieve an appropriate range for
dependent variables (disintegration time and tensile strength). Centrum point measurements
were added to the design to check the adequacy. However, the fitted linear model was not
adequate; hence, the design was expanded to a 32 randomized full factorial design (Table 3.3)
where quadratic effects can be introduced.
Names of the batches are listed in Table 4.4. The first number in the name represents
the fillers fraction, while the second one denotes the applied compression force.
Table 4.4 Batches of the DoE
Batch
Number

Fillers fraction
(%)*

Compression
force (kN)

F_71.4_3
F_71.4_4.5
F_71.4_6
F_74.6_3
F_74.6_4.5
F_74.6_6
F_77.8_3
F_77.8_4.5
F_77.8_6

71.4
71.4
71.4
74.6
74.6
74.6
77.8
77.8
77.8

3.0
4.5
6.0
3.0
4.5
6.0
3.0
4.5
6.0

*(

𝑚𝑓𝑖𝑙𝑙𝑒𝑟𝑠

𝑚𝑓𝑖𝑙𝑙𝑒𝑟𝑠 +𝑚𝐴𝑆𝐷

) ∙ 100

4.3.2 Characterization of the tableting blends
The ASD_PVPVA64 and each excipient were pushed through on a 0.95 mm sieve prior
to further application. The composition of the tableting blends and the results of the
granulometry study can be seen in Table 4.5. Particle size distribution of ground
ASD_PVPVA64 and two tableting blends can be observed in Table 4.6.
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Composition

Table 4.5 The characterization of the tableting blends.
Blend 1
Center blend
Blend 2
Material
(F_71.4)
(F_74.6)
(F_77.8)
ASD (mg)
125 (25%)
125 (22.4%)
125 (19.5%)
MCC (mg)
157 (31.5%)
183 (32.8%)
219 (34.2%)
Mannitol (mg)
157 (31.5%)
183 (32.8%)
219 (34.2%)
Kollidon CL (mg)
50 (10%)
56 (10%)
65 (10%)
Aerosil 200 (mg)
5 (1%)
5.6 (1%)
6.5 (1%)
MgSt (mg)
5 (1%)
5.6 (1%)
6.5 (1%)

Flowability

Flowability index
Bulk density

0.405 g/cm3

-

0.437 g/cm3

Tapped density

0.535 g/cm3

-

0.592 g/cm3

Hausner ratio

1.32

-

1.35

Carr index

24.3

-

26.2

Angle of repose

58.13°

-

55.20°

-

1.4003 g/cm3

True density

3

1.4079 g/cm

Table 4.6 Particle size distribution of ASD_PVPVA64 and two tableting blends,
determined by sieve method.
Sieve size
ASD
Blend 1
Blend 2
Pan
38 µm
75 µm
150 µm
250 µm
500 µm
850 µm
1000 µm

22.6%
28.0%
8.10%
39.4%
1.45%
0.40%
0.05%
-

31.8%
12.9%
14.8%
36.8%
3.30%
0.25%
0.15%

27.5%
12.5%
15.0%
39.8%
4.97%
0.13%
0.10%

Bulk, tapped and true densities and the angles of repose of the blends are presented,
furthermore, Hausner ratios and Carr indices were derived (Table 4.5). The two blends
exhibited similar flow properties according to given characteristics. Based on the
pharmacopeia data (Hausner ratio refers to poor flowability between 1.36 and 1.32, and
passable between 1.32 and 1.26; Carr index implies poor flowability between 1.35 and 1.45,
and passable between 1.35 and 1.26), these values suggest passable to poor flowability for
these blends, although it does not seem impossible to carry out the tableting process with
them. No abnormality was found in the particle size distribution of the two blends, they
possessed very similar distribution (Table 4.6).
According to SEM pictures of the sieve fractions, a significant part of the material in the
pan is the fibrous ASD (Figure 4.22a), though it can be found at larger particle size (7574

500 µm) in aggregates (Figure 4.22b) and on the surface of fillers, rather on MCC (Figure
4.22c) than mannitol (Figure 4.22d). MCC possesses a quite structured, while mannitol has a
very flat surface; hence, ASD_PVPVA64 can more easily adhere to MCC.

Figure 4.22 SEM images of sieve fractions: a) pan b)
500 µm c) 250 µm (MCC particle) and d) 500 µm (mannitol
particles).

The sieved fibers (Figure 4.23a) have in fact a diverse propensity to adhere to the
surface of different fillers. Lactose (Tablettose® 80) served as a comparison since its surface
is similarly structured like MCC, but it is a sugar derivative like mannitol. More fibers can be
found on MCC (Figure 4.23b) and lactose (Figure 4.23d) particles than on mannitol particles
(Figure 4.23c), which are ‘fiberless’ on certain areas. This phenomenon might have a
significant effect on flowability, disintegration, segregation, and dissolution.
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Figure 4.23 SEM images of the a) sieved
ASD_PVPVA64 b) ASD_PVPVA64-MCC c)
ASD_PVPVA64-mannitol and d) ASD_PVPVA64lactose.

4.3.3 Characterization of the obtained tablets
In order to systematically study the effects of the compression force and fillers fraction
on the disintegration time and tensile strength, a 32 full factorial design was planned.
Friability was also measured for those tablets of the original 22 design to obtain information
about it, but evaluation for friability was not included in our purposes.
The DoE and the results can be seen in Table 4.7. The obtained hardness values were
ranging from 70 N to 220 N.
Table 4.7 The obtained results of the experimental design (n=3)
Batch Number

Tensile strength (N/mm2)

Disintegration time (s)

Friability (%)

F_71.4_3
F_71.4_4.5
F_71.4_6
F_74.6_3
F_74.6_4.5
F_74.6_6
F_77.8_3
F_77.8_4.5
F_77.8_6

0.67±0.08
1.37±0.10
2.23±0.03
0.60±0.01
1.20±0.05
1.96±0.12
0.52±0.02
1.03±0.03
1.84±0.09

98±9
289±80
832±56
38±4
226±24
343±105
25±4
93±12
363±15

1.09
0.08
0.34
1.01
0.02

The obtained values for every measured attribute belonged to the usual pharmaceutical
ranges. Not surprisingly, those tablets with a larger fraction of PVPVA64 (F_71.4) exhibited
higher tensile strength and disintegration time than the others (F_74.6 and F_77.8). At each
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compression force, a linear relationship can be found between the tensile strength and the
fillers fraction (same is valid vice versa). No such obvious correlation can be noticed with
disintegration time. This difference can also be observed on the fitted surface diagrams
presented in the next section. Friability was found to be acceptable at 6 kN force but not at
3 kN.
4.3.3.1 Evaluation of design of experiments and optimization
For both dependent variables, compression forces had the largest impact according to
Pareto charts (data not shown), but other effects – including quadratic effects – were also
found to be significant. However, for tensile strength, these other effects can be considered
negligible due to the large difference in significance compared to the linear effect of
compression force. Therefore, a linear model between compression force and tensile strength
is a relatively good approximation. This observation can be confirmed on the fitted surface
diagram (Figure 4.24a) on which the tensile strength is depicted in function of the fillers
fraction and compression force (according to the developed model). Tensile strength was
changing with compression force in proportion, but it did not change much with the
increasing amount of fillers. The relationship of tensile strength and the independent variables
can be described as the following:
𝑌 = 1,274 − 0,309𝑥1 + 1,466𝑥2 − 0,163𝑥22 − 0,204𝑥1 𝑥2

(10)

where x1 is the linear effect of fillers fraction, x2 is the linear effect of compression
force (𝑥12 and 𝑥22 are quadratic, while the last one is an interaction).
The obtained tablets had a disintegration time in the 0-14 min range, which is
acceptable in the pharmaceutical technology (immediate release tablets should disintegrate
within 15 min). Since the variance was increasing with disintegration time, the evaluation was
carried out for the common logarithms of the data. Compression force had the largest impact
on disintegration time, but - unlike in the case of tensile strength - some of the other effects
also seem to be of importance e.g. the linear effect of the fillers fraction possessed larger
significance than for tensile strength. In this case, a linear model would not be adequate which
can be confirmed by the fitted surface diagram (Figure 4.24b).
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Figure 4.24 The fitted surface diagram of a) tensile strength and b) disintegration time.

There was an interesting saddle point around 76% fillers fraction and 6 kN compression
force. At this point, the disintegration time should be higher than at 77.8% fillers fraction as
the fillers act as spacers among the ASD particles facilitating the disintegration by hindering
the formation of a gelling polymer network. However, probably at this saddle point, ASD is
dispersed in the tablet completely while fillers cannot disrupt more fiber aggregates. With
more MCC in the tablet, the bonding capacity is increased; hence the tablet is less prone to
disintegrate. This phenomenon is also slightly visible on the tensile strength surface diagram,
though it is not as extensive as in the case of disintegration time. The equation that depicts the
relationship between disintegration time and independent variables is the following:
𝑌 = 2.234 − 0.604𝑥1 − 0.124𝑥12 + 1.084𝑥2 − 0.110𝑥22 + 0.304𝑥1 𝑥22 + 0.308𝑥12 𝑥22

(11)

where x1 is the linear effect of fillers fraction, x2 is the linear effect of compression
force (𝑥12 and 𝑥22 are quadratic, while the last ones are interactions).
With the desirability function of Statistica software, it was possible to determine an
optimal composition and compression force (optimized tablets, OT) in order to minimize the
disintegration time and maximize tensile strength (both had the same coefficient). 76.25%
fillers fraction and 6 kN compression force were found to be the optimum. 6 kN compression
force is needed to achieve an appropriate tensile strength which is strongly correlated with
friability. After the optimization, tablets with optimal settings were produced confirming the
adequacy of our model. The predicted tensile strength and disintegration time were
1.88 N/mm2 and 306 sec, while experimental results were the following: 1.94±0.04 N/mm2
and 337±36 sec. With regards to the deviations of the experimental results, the model can be
considered precise and reliable at predicting the values for dependent variables well.
Furthermore, it anticipated that tablets with the optimal composition would have lower
disintegration time than tablets with the larger amount of filler at 6 kN compression load
(363±15 s), which was found true. A design space, which seems to be of great importance
when exploring such an unknown area, can be defined by using DoE approach. Defining a
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design space is a cornerstone of the important and innovative pharmaceutical trend, Quality
by Design (QbD) [272, 273].
4.3.3.2 The distribution of the fibrous ASD in tablets
It was of interest how the fibers are distributed in the compressed tablets since it can
determine the disintegration and thus the dissolution. The increase of disintegration time was
very steep at low fillers fractions, which indicates propensity of the polymer to form a gelling
network. In order to investigate this phenomenon and distribution of ASD_PVPVA64, Raman
mapping (that predominantly measures the surface of the sample) was carried out on the cross
sections of two tablets: with fractions of 76.25% fillers and of 50% fillers (Figure 4.25).

Figure 4.25 Raman maps of tablets showing the spatial distribution of a)
ASD_PVPVA64 b) MCC c) mannitol. Tablet showed on the left side comprised a
fillers fraction of 76.25%, while the right one contained 50%. On the first two
maps red circles indicate the sites of mannitol, black circles indicate the sites of
MCC particles.
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Mannitol appears in large uniform areas (Figure 4.25c), while mixed zones with ASD
and MCC can be observed on the given maps (Figure 4.25a-b). Interestingly,
ASD_PVPVA64 seems to occupy more space than it is supposed to do, according to its
amount in the tablet (Figure 4.25a). This can be attributed to its low density and tendency to
cover MCC with a layer resulting in apparent low values of the local concentration of the
cellulose derivative. This is in accordance with SEM images showing the sieve fractions of
the tableting blend (Figure 4.22).
While the first tablet (on the left-hand side of Figure 4.25) is a fast disintegrating tablet
(disintegration time ~ 5 min), the second one (on the right-hand side of Figure 4.25) does not
disintegrate completely during 2 hours (although in both cases 10% of disintegrant was
incorporated in the tablet, and the same compression force, 6 kN, was applied). Obviously, at
higher ASD fraction, the particles are very close to each other whereby they can form a
gelling polymer network that hinders the disintegration and thus the dissolution. This gelling
polymer network is somewhat disrupted by large mannitol particles (for instance in the
middle of the map) while it can continue on the MCC particles if it has a high concentration
there.
The formation of gelling polymer network can also be studied on SEM images (Figure
4.26). The pictures were taken of the same tablets as the Raman maps. On the image of the
tablet with less ASD_PVPVA64 (Figure 4.26a), a lot of separated areas can be discovered
where fillers increase the distance among ASD particles hindering the formation of a gelling
polymer network. On the other hand, the network of the fibers is not disrupted with lower
filler concentration as it is visible on the image of that tablet (Figure 4.26b). The fibrous
structure of ASD_PVPVA64, which has importance at the dissolution, has been preserved
after tableting as proved by the SEM image of higher magnification (Figure 4.26c).
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Figure 4.26 SEM images of broken tablet surfaces a) fillers fraction of
76.25% b) fillers fraction of 50% c) higher magnification to demonstrate
the fibrous structure of EM in tablets (tablet with less fillers). Red circles
indicate the discontinuities of the polymer network.

4.3.4 In vitro dissolution tests of tablets
Dissolution tests were carried out with certain batches of the experimental design in
order to assess the in vitro drug dissolution (Figure 4.27). All curves depict the mean of three
parallel measurements, the deviations are not displayed to avoid the clutter (but deviations
stayed under 5%).

Figure 4.27 Dissolution profiles of DoE tablets containing
ASD_PVPVA64 and 1% MgSt (n=3). Parameters: USPII, 900
mL 0.1N HCl, 100 rpm, 37±0.5°C, 50 mg dose. The numbers in
the names of the tablets can be assigned to the fillers fraction
and the applied compression force (OT means optimized
tablets).
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Dissolution rates in the first ten minutes were quite similar for F_77.8_3 and F_77.8_6
tablets (containing the same blend). Interestingly, dissolution of F_77.8_6 tablets was
significantly faster than of F_71.4_3 tablets, although the latter showed faster disintegration
(98 versus 363 s) despite the fact that direct correlation between disintegration time and
dissolution was reported by several authors [274, 275]. Consequently, this suggests that
dissolution rate is dependent on composition rather than on disintegration time and it is
determined by particle size after disintegration. One possible explanation is that dissolution
was facilitated in the case of F_77.8_6 by better and faster wetting. Wetting was promoted by
two factors: more mannitol in the tablet and generally more fillers generating a significant
distance amongst the less hydrophilic ASD particles (even during dissolution). On the other
hand, these MCC aggregates are not disintegrating quickly due to the high compression force
applied (MCC particles deform plastically and induce a strong adhesion). However, such
visible divergence cannot be observed among F_74.6_4.5, F_71.4_3 and optimal tablets,
which had similar dissolution curves in spite of differences in composition and disintegration
time. F_71.4_6 tablets (with low fillers fraction and high compression force) had definitely
the lowest dissolution rate and extent.
4.3.4.1 Lubricant-induced decrease in dissolution extent of amorphous itraconazole
As it was shown, ASD prepared by HSES was capable of releasing ITR of more than
95% during 20 minutes and of 100% after 60 minutes. For tablets, dissolution is obviously
slower due to the disintegration step before wetting. It was not obvious, however, why tablets
released only ~80% of ITR (Figure 4.27). Dissolution extent seems to be somewhat correlated
with dissolution rate since F_77.8_3 tablets exhibited the highest, while F_71.4_6 the lowest
dissolution rate.
Drug contents of blends and tablets were determined based on UV-Vis spectroscopy.
900 mL of the acidic medium was stirred in flasks at room temperature with the tablet or
tableting blend in it (weight of it equals the tablet weight) on a magnetic stirrer. The UV-Vis
absorption results confirmed that blends and tablets contained 98.86±1.81% and 99.85±1.03%
of the 50 mg ITR, respectively. Therefore, no significant loss of the ASD has occurred during
blending or tableting. There was a difference, however, between dissolution tests and flask
measurements. The former ones were executed at elevated temperature (37 °C), while the
flask measurements at room temperature (~22 °C). Thus, the temperature dependency of the
amount of dissolved ITR was investigated at four different temperatures. Interestingly, lower
amounts of dissolved ITR were observed when the temperature was increased: 101.3±1.5,
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96.4±0.94, 91.0±1.25, and 76.5±2.43% for 22, 32, 37, and 45 °C, respectively. The reason for
the slightly higher extent in comparison with the dissolution test can be the better wetting
caused by the strong stirring of the flea. At higher temperature, solubility is supposed to be
higher as well. On the contrary, these results suggest an obvious negative correlation between
temperature and extent of dissolved drug, which can mean that ITR precipitates during the
dissolution tests.
To confirm this concept, a dissolution test was performed at 37 °C with a tablet that
contained only the ASD_PVPVA64, mannitol, and MgSt i.e. without MCC and crospovidone,
the water insoluble particles of which would disturb the detection of ITR precipitate
(consequently no complete dissolution was achieved due to the prolonged disintegration).
This experiment was carried out in order to detect if solid material formed during the
dissolution. The solid material in the vessel was filtered after the test in a glass filter funnel
and analyzed by polarized light microscopy (Figure 4.28). The precise description how the
characterizable sample was prepared is given in Section 3.4.5. PVPVA64 and mannitol
dissolve in the dissolution medium (37 °C) and were separated by the filtration. On the
polarized light microscopy image, the filtered material that thus can be ITR or MgSt or the
mixture of them or their derivatives seemed mainly crystalline. However, this phenomenon
needs further explanation that can be read in Section 4.3.5.

Figure 4.28 Polarized light microscopy
image of filtered sample after dissolution of
tablet with MgSt

Since the extent of this phenomenon was not depending on dissolution rate, an
excipient-induced precipitation seemed more likely in this case. MgSt was suspected to
induce precipitation as a hydrophobic material. Thus, the goal of our further experiments
performed was to reveal the possible adverse effects of it. The following parameters were
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changed in subsequent dissolution tests: the amount of MgSt (0.25%, 0.5%, and 1%) and the
temperature of the test (22 and 37 °C; both with 1% MgSt) (Figure 4.29).

Figure 4.29 Alteration of ITR dissolution at different a) MgSt content (at 37 °C) or
b) temperature (1% MgSt) (n=3). Parameters: USPII, 900 mL 0.1N HCl, 100 rpm,
room temperature or 37±0.5°C, 50 mg dose.

Tablets with 0.25% MgSt exhibited the fastest dissolution, which can be attributed to
rapid wetting in the first ten minutes. The compression properties deteriorated, however, at
such a low lubricant content. The more MgSt is included in the tablet, the lower dissolution
extent is realizable. The highest extent of dissolved ITR could be achieved when dissolution
was performed at 22 °C.
MgSt clearly decreased the dissolution extent of amorphous ITR. In addition,
temperature also has a role in this phenomenon. Experiments about tablets with an alternative
lubricant (SSF) are presented in the next chapter.
4.3.4.2 Tablets with sodium stearyl fumarate
In order to achieve higher extent of dissolution while maintaining the good compression
properties, MgSt was changed to a different lubricant, SSF. To explore the effect of the new
lubricant, concentrations of 3 and 1.5% was used as a first and second trial (the industrially
applied concentration range [276]). Lubrication factor (i.e. the recorded force on the upper
punch divided by the force measured on the upper punch, considered acceptable above 0.90)
was found to be 0.963 (3% SSF) and 0.979 (1.5% SSF) (1% MgSt: 0.976). Maximal ejection
loads were 323 N and 280 N for tablets with 3% and 1.5% SSF, respectively (1% MgSt:
442 N). Dissolution extent, tensile strength, disintegration time, and porosity were checked.
As a comparison to tablets with 3 and 1.5% SSF, features of tablets with 1 and 0.5% MgSt are
also shown (Table 4.8).
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Table 4.8 Dissolution extent (at 37 °C), tensile strength, disintegration time and porosity comparison
of tablets with different lubrication (n=3). Parameters of the dissolution tests: USPII, 900 mL 0.1N
HCl, 100 rpm, 37±0.5 °C, 50 mg dose.
Dissolution extent
Tensile strength
Disintegration
Tablet
Porosity
(%)
(N/mm2)
time (s)
1% MgSt
80.2±1.4
1.94±0.04
337±36
0.213±0.005
0.5% MgSt
85.2±1.9
2.03±0.04
280±20
0.199±0.004
3% SSF
98.5±2.2
1.61±0.11
438±25
0.204±0.002
1.5% SSF
97.0±2.2
2.16±0.18
443±29
0.210±0.002

For SSF containing tablets, >95% dissolution could be achieved which is - from
pharmaceutical point of view - satisfactory. Rate and extent of dissolution and compression
properties were acceptable (as shown earlier) with both 1.5 and 3% SSF leading to the
conclusion that both are applicable in a formulation, though the former had much more
promising tensile strength. Furthermore, friability was found to be 0.05% with tablets
containing 1.5% SSF. Based on the results, blend with 1.5% was chosen for further
experiments.
As a reference, it was checked whether crystal formation takes place during dissolution
from tablets containing ASD_PVPVA64, mannitol, and SSF. Polarized light microscopy
images did not show the presence of crystals (Figure 4.30), the material examined was
amorphous.

Figure 4.30 Polarized light microscopy image
of filtered sample after dissolution of tablet with
SSF

MgSt, as an inner phase in the tablet, obviously changed the dissolution characteristics
of ITR. Our presumption was that it will have a significant effect as outer phase. To confirm
this assumption, MgSt (equal to 1%) has been added to the dissolution medium of tablets with
SSF (i.e. with good dissolution) in order to find out whether MgSt induces precipitation.
MgSt was placed into a basket moving in the vessel. The results are shown in Figure 4.31.
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Figure 4.31 Dissolution from optimal tablets (with SSF) and
with additional MgSt powder in the dissolution medium
(n=3). Parameters: USPII, 900 mL 0.1N HCl, 100 rpm,
37±0.5°C, 50 mg dose.

Clearly, MgSt generated a lower dissolution extent of API after two hours, although this
effect was less extensive than in the cases of MgSt containing tablets. Dissolution profile at
the beginning was similar to that of tablets with SSF, but after 30 min precipitation seemed to
occur.
To sum up, both the presence of MgSt and elevated temperature (37 °C) are required for
this precipitation/crystallization process to occur. However, the background of the
phenomenon is not entirely clear. Therefore, additional experiments presented in the next
chapter were performed to reveal what lies behind it.
4.3.5 Better understanding of the crystallization phenomenon
The MgSt-induced decrease of dissolution extent is not completely understood. In
Section 4.3.5.1 complementary dissolution tests are described, which helped with the
comprehension of this phenomenon. More precise analytical characterization of the filtrate
(the preparation method is provided in Section 3.4.5) was also performed. The acidic medium
certainly converts MgSt to stearic acid (SA), thus spectra and diffractogram obtained during
this study have been primarily compared to SA. SA was prepared similarly like the filtrate:
MgSt was stirred in the acidic medium, which was followed by filtering. The obtained
material is called SA_MgSt. It is worth noting that there are very slight differences between
the MgSt and SA in Raman and ssNMR spectroscopies.
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4.3.5.1 Complementary dissolution tests to investigate the crystallization phenomenon
The prepared tableting blend was compressed into tablets with two different weights:
300 mg (25 mg dose) and 600 mg (1 tablet for 50 mg dose, 2 tablets for 100 mg dose). It was
of interest how many percentages of ITR tablets release at different dose levels during in vitro
dissolution tests (Figure 4.32) knowing that 100% of the API is dissolved from neat ASD,
both with 50 and 100 mg dose.

Figure 4.32 Dissolution profiles of ITR from pure
ASD_PVPVA64 and tablets with ASD_PVPVA64 and
MgSt at different doses (n=3). Parameters: USP II,
37±0.5 °C, 100 rpm, 900 mL 0.1N HCl.

A certain fraction of ITR (~15-25%) was not dissolving in course of the dissolution tests
from (MgSt containing) tablets and only ~75-85% of dissolution extent could be achieved in
each case. ITR is in supersaturated state, but no ‘spring’ kind of precipitation can be observed.
On the other hand, MgSt, as a hydrophobic material, may deteriorate the dissolution. As it
was intended to increase the dissolution extent from tablets, several approaches were
evaluated (from which only the successful ones are described here). MgSt was changed to a
less hydrophobic lubricant, SSF, to see the effect of it on dissolution. Tablets with this
lubricant released >95% of ITR even at the higher dose, 100 mg (Figure 4.33).
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Figure 4.33 Dissolution profiles of ITR from tablets (with
SSF lubricant) at different doses (n=3). Parameters: USP
II, 37±0.5 °C, 100 rpm, 900 mL 0.1N HCl.

This experiment might suggest the simple explanation that the hydrophobicity of MgSt
can be the reason for the ~80% dissolution extent. However, if PVPVA64 is replaced with
HPMC in the ASD, and then that ASD is processed into tablets with MgSt lubricant, total
dissolution of ITR can be achieved (Figure 4.34).

Figure 4.34 Dissolution profiles of ITR from MgSt tablets
(containing ASDs with different polymers) (n=3).
Parameters: USPII, 37±0.5 °C, 100 rpm, 900 mL 0.1N HCl.

Since MgSt containing tablets prepared from HPMC-based ASD released 100% of ITR,
it can be concluded that not (only) the hydrophobicity of the lubricant causes the decreased
dissolution extent. PVPVA64 is highly miscible with ITR, but it is not capable of forming
hydrogen bonds with the API. HPMC can do so, and thus it increases the stability of ITR,
both during storage and dissolution. Consequently, the presence of interactions between
polymer and drug can also be an important factor in this phenomenon.
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4.3.5.2 Solution NMR spectroscopy
The solution NMR examination was performed to determine what the filtrate comprises.
The chemical shift of ITR and the filtrate were recorded. Figure 4.35 shows the obvious
resemblance between the spectra of ITR and the filtrate. Noticeably, three new peaks (marked
by A, B, and C) appeared in the filtrate spectrum, which can be assigned to the hydrogens in
the stearate chain. Peak A (s, chemical shift: 1.26 ppm) belongs to H3C-CH2 and CH2-CH2CH2 hydrogens, peak B (quint, chemical shift: 1.63 ppm) can be associated with CH2-CH2CH2-CO. The new peak at the largest shift (t, chemical shift: 2.33 ppm) can be assigned to the
hydrogens next to the oxo moiety (CH2-CH2-CO). Integration of the peaks suggests a 1:1 ratio
of the stearate chain and ITR.

Figure 4.35 NMR spectra of the filtrate and ITR
(CDCl3, 500 MHz).

It is important to note that MgSt could not be dissolved in CDCl3 at all, presumably due
to its salt-like nature, while it was possible to do so with the filtrate (as a matter of fact, it
dissolved very easily). This observation points out that MgSt does not exist in its original
form in the filtrate.
4.3.5.3 Elemental analysis
In order to identify what form the stearate chain was present in (MgSt or SA),
measurement of magnesium content was performed by EDS. According to this technique, the
filtrate did not comprise any magnesium. This result was corroborated by an absolute method,
ICP-OES, which showed negligible, 0.011% magnesium content. This led us to the obvious
conclusion that the sample from the dissolution medium contained only ITR and SA.
Consequently, the material obtained after stirring MgSt in acidic medium and filtration is
definitely SA.
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4.3.5.4 Solid state NMR spectroscopy
Solid state NMR experiments were carried out to compare the fibrous ASD and the
filtrate to the crystalline ITR (Figure 4.36). Peaks at 170-175 and 15-45 ppm in the spectrum
of the ASD (denoted by red rectangles) indicate the presence of PVPVA64 [277]. Peak
merges and peak broadenings in the whole spectrum confirm the amorphous state of the
incorporated drug.

Figure 4.36 Solid state NMR spectra of crystalline ITR, the
untreated ASD_PVPVA64, and the filtered sample.

At first sight, the spectrum of the filtrate resembles the crystalline ITR spectrum.
However, there are differences, some peak merges and broadenings marked by black arrows,
which indicate that the filtered sample contains a not perfectly crystallized form of ITR. Peaks
in the region of 10-50 ppm (blue rectangle) can be assigned to the aliphatic region of the
stearate chain, while the peak of the carbonyl carbon atom usually appears around 180 ppm
[225, 278]. The shift of the latter peak to 175 ppm in this spectrum can imply a forming
interaction, possibly hydrogen bond, between ITR and SA [279]. ITR has been reported to
interact with different carboxylic acids [279, 280].
4.3.5.5 X-ray powder diffraction
XRPD analysis was performed to obtain more precise information about the
crystallinity of the sample. Despite the fact that ssNMR showed the obvious resemblance
between crystalline ITR and the sample, the characteristic pattern of crystalline ITR was not
detected in the diffractogram of the filtrate (Figure 4.37).
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Figure 4.37 XRPD patterns of crystalline ITR, the
filtrate, and SA_MgSt.

Peaks incorporated in the red rectangles can be assigned to SA. However, the largest,
sharp peak at 17° might correspond to ITR [281]. There is long range order in the structure of
the filtrate, significant diffraction peaks appear, but the diffractogram suggests that perfect
crystal lattice of ITR could not be formed. The substance shares some peaks with crystalline
ITR and SA, but significant resemblance cannot be noticed. It seems obvious that this is a
new, distinct material with moderate crystallinity.
4.3.5.6 Raman mapping
In order to investigate the possible formed interactions between ITR and SA and to
study the homogeneity of the sample, Raman mapping was carried out. Figure 4.38 shows the
Raman spectra of references and two distinct points of the map indicating similarities and
slight differences, whilst the whole sample was quite uniform. The resemblance between
spectra of ITR and the filtrate seems quite obvious, but peaks at 1063, 1297 and 1436 cm-1
(marked by black rectangles) corroborate the presence of SA.
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Figure 4.38 Raman spectra of MgSt, crystalline and
amorphous ITR and two points of the filtrate from the
mapping examination.

However, there are some bands (two examples are highlighted with red rectangles) that
cannot be de facto assigned to either component. For instance, peak at 1562 cm-1 appears
throughout the map, but it hardly visible in the spectrum of ITR, just with a very small
intensity. On the other hand, the band at 1612 cm-1 in spectra of ITR, which can be assigned
to the C=N bonds of the triazole group [282], appears with smaller intensity in the spectrum
of filtrate (another C=N bond(s) can also be found in the structure of ITR). The triazole ring
of ITR has been reported to be able to form hydrogen bonds with carboxyl groups [280, 283].
Shevchenko and coworkers reported similar shift of this peak due to hydrogen bond formed
between succinic acid and ITR [279]. The peak of the C=N bond shifts from 1612 cm-1 to
1562 cm-1, probably due to the formation of hydrogen bonds. This is a so-called ‘red-shift’,
which implies to an increase in wavelength, i.e. a decrease in wavenumber and photon energy.
This kind of shift is reflecting on the reduced force constant of the oscillational movement
and/or the enhanced anharmonicity of the vibration of the given bond [284]. The discussed
section of the spectra is highlighted in Figure 4.39. The originally hydrophobic ITR is
associated with the also hydrophobic SA, which results in a very low solubility for this
associate.

92

Figure 4.39 The section of the Raman spectra (amorphous
ITR and the filtrate) showing the shift of the peak belonging
to C=N bond.

Chemometry was applied, using CLS multivariate method, based on the reference
spectra of SA_MgSt, crystalline ITR, and amorphous ITR. As expected, the presence of the
unknown peaks in the sample spectrum makes the chemometric evaluation more difficult
since it increases the error. Considering each point, an average spectrum could be calculated
(a spectrum that can be assigned to the ITR-SA associate) and used as a reference in the CLS
evaluation (i.e. the reference spectra were the following: amorphous ITR, crystalline ITR,
SA_MgSt and the average spectrum). The map obtained this way is shown in Figure 4.40.
The whole map was rather uniform, and the error could be decreased significantly. The ITRSA associate owns large percentages in the map, and its distribution is quite homogeneous.
No significant parts of the map can be assigned to either crystalline or amorphous ITR. Based
on this result, the whole sample contains a physically and chemically quite uniform material.

Figure 4.40 Distribution of a) ITR-SA associate b) SA in the filtrate based on Raman mappings

To conclude, ITR and SA forms an insoluble, crystalline material, which is a salt or a
co-crystal according to the analytical examinations (solution NMR gave 1:1 ratio of ITR and
SA, Raman spectrometry gave hydrogen bonds between ITR and SA). Salts and co-crystals
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can be distinguished by single-crystal X-ray diffraction. However, this does not possess
relevance in the case of this work. From pharmaceutical point of view, the significance is that
a commonly applied excipient can deteriorate the good dissolution of an amorphous API
through a previously undescribed phenomenon. SSF also dissolves in the medium but it does
not induce crystallization. HPMC, being a hydrogen bond donor, might have a two-way role
in hindering this phenomenon: stabilizing ITR in a water soluble form and/or blocking SA
through hydrogen bonds.
4.3.6 Rotary press tableting and stability investigation of tablets
After finding the ideal tablet composition (76.25% fillers fraction, 1.5% SSF), the
feasibility of rotary press tableting was checked, and the speed of rotation was varied. At the
higher speed (23 rpm) a tensile strength of 2.17±0.22 N/mm2 was measured and friability
could be kept at 0.02%. Furthermore, relative standard deviation of the masses of 20 tablets
even decreased a bit (2.23 – 1.91) with increasing tableting speed.
Advantageous dissolution properties were maintained for the prepared oblong tablets
(Figure 4.41). All of the six randomly chosen tablets from the rotary press tableting batch
released more than 95% of ITR within 2 hours (96.1±1.5%) and there was no significant
difference in dissolution rates. Furthermore, the tablets kept at 25 °C/60% RH for 12 months
showed very similar dissolution profiles like those after production. Phase separation and
crystallization did not happen during the 12-month storage since no change became apparent
in dissolution rates and extents. Deviation of dissolution rate and extent appeared very low at
each point of the stability test.

Figure 4.41 Dissolution of ITR from randomly chosen tablets produced on a rotary press (a)
and from tablets at starting point and kept at 25 °C/60%RH for 12 months (b). Parameters:
USPII, 900 mL 0.1N HCl, 100 rpm, 37±0.5 °C, 50 mg dose.

To investigate the chemical stability of ITR in tablets, HPLC measurements were
carried out on samples kept at 25 °C/60% RH for 12 months. With crystalline form of ITR
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0.46±0.04% impurity was observed, which did not increase greatly during the downstream
processing (mixing with excipients, compression) and storage under controlled conditions: the
contamination remained 0.54±0.10% (which is far below the regulatory allowed 1.25%).
4.3.6.1 Film coating of ASD_PVPVA64 tablets
Film coating is usually carried out with aqueous solutions/suspensions. However, the
presence of water lowers the Tg of the ASD and might induce phase separation followed by
crystallization. Therefore, film coating of tablets containing ASDs needs special attention.
Coating of tablets was carried out with PVA-based Opadry® II 85F aqueous film coating
system (16.67 w/w% suspension). A relatively slow feeding rate was set on the peristaltic
pump (5 g/min) in order to avoid the soaking of the tablets and endanger the stability. An inlet
temperature of 45 °C was used for drying. Dissolution from coated tablet afterward has been
checked whether the same amount is released (Figure 4.42).

Figure 4.42 Dissolution of ITR from uncoated and coated
tablets, and stored coated tablets. Parameters: USPII,
900 mL 0.1N HCl, 100 rpm, 37±0.5 °C, 50 mg dose.

Film coating did not affect the dissolution of ITR as the same extent and rate could be
achieved as with tablet cores. Crystallization of amorphous API could be avoided.
Furthermore, coated tablets kept their dissolution profiles after 6 months of storage at 25 °C
(closed conditions).

4.4 Conversion of electrospun flubendazole into a solid dosage form
FLU is a benzimidazole derivative that can be given for anthelmintic purposes. It is
administered orally to kill worms locally in the gastrointestinal tract. However, due to its low
solubility not satisfying bioavailability can be achieved in the circulation of the blood.
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Therefore, the drug will not be able to kill worms located in other parts of the body (e.g.
against elephantiasis or river blindness).
Both SNES and HSES were applied to prepare electrospun FLU (content in the fibers:
10%) with PVPVK90 (18%) and HPßCD (72%) [285]. HPßCD is a spinnable non-polymeric
material, which can be used for complexation and enhancing the solubility. PVPK90 is a
According to the in vivo experiments, bioavailability was significantly higher compared to the
crystalline API. It was our goal to demonstrate the possibility of converting these fibers into a
solid dosage form, namely tablets (but full characterization such as with ITR was not included
in our goals). This would also suggest that direct compression of electrospun nanofibers is a
generally applicable technology. Drug content determination of electrospun ASD tablets by
NIR and Raman spectrometry (and comparison of these) is also shown for the first time.
4.4.1 Tablet formulation of electrospun flubendazole
Like with ITR, direct compression was intended to be applied for FLU. A major
difference between the two ASD, however, is the drug-loading. While with ITR it was 40%,
the fibers contained only 10% of FLU in this case.
The fibrous ASD was smashed with a pestle in a mortar. Particle size distribution was
examined by laser diffraction method (Figure 4.43). Macroscopically just a minimal fraction
belongs to the submicron range, but it is due to the aggregation of the nanofibers.

Figure 4.43 SEM image (a) and particle size distribution (b) of ASD containing FLU,
prepared by HSES

The fibers were to be converted to immediate-release tablets. After grinding, the ASD
was blended with conventional excipients (same excipients as in the case of ITR). The
composition, the parameters of the tableting and the characterization of the tablets can be
viewed in Table 4.9 and Table 4.10.
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Table 4.9 Composition of blend containing
ASD of FLU
Material
Percentage (%)
FLU
4
ASD
40
Mannitol

23.75

MCC

23.75

Kollidon Cl
Aerosil 200

10
1

MgSt

1.5

Table 4.10 Parameters of tableting and
measured properties of the blend and the
obtained tablets containing ASD of FLU
Measured value
Compression force

~12 kN

Carr index

18.5

Outflow time

95±5 s

Tablet mass

500 mg (2x)

Tablet hardness

166±9 N

Friability

0.44%

The flowability seems fair for direct compression. Tablet hardness and friability are in
the pharmaceutically acceptable ranges (above 80 N and below 1%, respectively), although
the quite high hardness suggests lower friability than the experienced one. Tablet dissolution
was studied in order to realize if any deterioration of good dissolution with neat fibers occurs
(Figure 4.44). Two 500 mg tablets were placed in the 900 mL pH1 medium to reach the
desired 40 mg dose.
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Figure 4.44 Dissolution of crystalline FLU and amorphous
FLU from fibers and tablets. Parameters: USPII (‘tapped
basket’ method with crystalline and HSES material),
900 mL 0.1N HCl, 100 rpm, 37±0.5 °C, 40 mg dose.

A slight reduction in dissolution extent could be noticed with tablets in comparison with
the neat ASD. This might be due to the presence of MgSt, just like in the case of ITR.
However, HPßCD, which is a solubilizing agent, can compensate the negative effect of the
lubricant at a certain level and almost complete dissolution could be achieved. It seems that
the downstream processing via direct compression can be expanded to this electrospun ASD
proving the generalizability of the process.
4.4.2 Drug content determination by NIR spectrometry
The importance of in-line/at-line drug content determination of tablets has been greatly
increasing along with the development of continuous manufacturing. Tableting can be
considered an inherently continuous technology [286] that has been used for more than one
hundred years. The API content in the tablets is currently analyzed by the destructive HPLC
method in off-line mode, usually with only several samples in a batch (at least ten, which is
generally a low percentage of the whole batch). Determination of drug content by in-line/atline, non-destructive techniques (e.g. Raman and NIR spectrometry) is of great importance
and very forward-looking. Sample preparation can be avoided and a larger number of samples
can be examined, which certainly improves quality assurance (this applies to products
prepared by batch technologies). ES is also a continuous technology and can be coupled with
the rest of an end-to-end line (such as milling, blending, and tableting). Obviously, it a goal to
assemble such systems, and development of PAT tools to monitor the processes is inevitable.
That is why we aimed to determine the drug content of tablets by spectrometric methods. No
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study has been performed to analyze the suitability of NIR and Raman spectrometry for drug
content determination of ASD containing tablets. Two important aspects of pharmaceutical
research and development meet here: ASDs and PAT. Therefore, this topic might be of great
interest in the future.
The ten-point calibration was prepared as described in Section 3.4.15. The measured
NIR spectra can be observed in Figure 4.45.

Figure 4.45 FT-NIR spectra of calibration set of
tablets containing different amount of FLU

Firstly, two sections noticeably had to be excluded from the analysis. Spectra were
noisy in the range of 5800-7400 and 8200-8550 cm-1, thus keeping these would have
increased the error. Further pre-treatment of spectra can be read in Section 3.4.17. Before
applying the genetic algorithm (GA) method for variable selection, a basic PLS model was
built. The thirty samples used for building the PLS model were divided into groups of ten for
the contiguous block cross-validation, which leaves one concentration level out at a time. This
also provides a good estimation of the number of LV, which was found to be 5 in this case.
The root mean square error of calibration (RMSEC) was 0.19% that can be considered as a
low value. The average API content of ten tablets randomly chosen from a batch of more than
100 tablets was found to be 3.94±0.30%.
In spite of the low RMSEC value, the model was intended to be made more accurate.
For this, variable selection was carried out with GA method. The width of the variable
window was set to 15 (that equals approximately 100 cm-1). RMSEC, root mean square error
of cross validation (RMSECV) and root mean square error of prediction (RMSEP) values
were lower (0.09, 0.10 and 0.14%, respectively) than in the first model. The regression of the
calibration points can be seen in Figure 4.46.
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Figure 4.46 PLS-GA model based on the recorded FT-NIR
spectra (5LV, multiplicative scatter correction, derivation,
mean centering)

The drug content in the same ten tablets was predicted based on the PLS_GA model
(Figure 4.47), the average was 4.22±0.23%. All sample contained the appropriate amount of
FLU (nominal value±15%).

Figure 4.47 Predicted drug content in tablets based on
the NIR-PLS-GA model

4.4.3 Drug content determination by Raman spectrometry
Similar goals were appointed with Raman spectrometry: to build a precise model for
drug content determination in tablets containing ASD. The recorded spectra can be scrutinized
in Figure 4.48. At low Raman shift, a significant decrease of intensity was noticed, which
would have a negative effect on the spectrum evaluation. Therefore, that section had to be
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eliminated and only the 350-1890 cm-1 range was investigated. Further pre-treatment is
mentioned in Section 3.4.17.

Figure 4.48 Raman spectra of the calibration set of tablets containing
different amount of FLU

As in the case of NIR, firstly a PLS model was built without variable selection.
Contiguous block cross-validation was performed in the same way, too. Number of LVs
happened to be 3. RMSEC, RMSECV and RMSEP values of the model were found to be
0.14%, 0.25% and 0.37%, respectively. The average drug content of the ten tablets (same ten
discussed at NIR spectrometry) was above the nominal 4% (4.30±0.30%). Not surprisingly,
the model built by GA method (Figure 4.49) gave better results.

Figure 4.49 PLS-GA model based on the recorded Raman spectra
(2LV, baseline correction, normalization, mean centering)

20 variables were placed in one variable window. The cross-validation suggested two
LVs with which the model is precise, but no overfitting occurs. RMSE values significantly
decreased, i.e. the model became more accurate (RMSEC: 0.10%, RMSECV: 0.11%,
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RMSEP: 0.23%). Average drug content also approximated to the nominal value and the
deviation became smaller (4.23±0.24%) (Figure 4.50).

Figure 4.50 Predicted drug content in tablets based on the
Raman-PLS-GA model

The results from NIR and Raman examinations are summarized in Table 4.11. NIR
gave slightly better results than Raman. Models based on GA variable selection predicted the
drug content of the ten tablets very similarly. Nonetheless, both techniques seem suitable for
drug content monitoring of ASD tablets in future’s pharmaceutical industry.
Table 4.11 Summary of PLS regressions based on NIR and Raman spectrometries
RMSEC RMSECV RMSEP
Predicted average drug
Method
Model
(%)
(%)
(%)
content (%)
NIR
PLS
0.19
0.27
0.13
3.94±0.30
PLS-GA
0.09
0.10
0.14
4.22±0.23
Raman
PLS
0.14
0.25
0.37
4.30±0.30
PLS-GA
0.10
0.11
0.23
4.23±0.24

On a long term, it is of interest to compare these techniques to offline methods such as
HPLC or UV-Vis spectroscopy. Our results here are dedicated to showing the applicability of
NIR and Raman spectrometries for this purpose, but for a real utilization, more experiments
would have to be conducted.
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Summary
In this work, a few challenges related to electrospinning and electrospun amorphous
solid dispersions are discussed. Two drugs, itraconazole (ITR) and flubendazole (FLU) were
formulated into nanofibrous amorphous solid dispersions by high-speed electrospinning.
Downstream processing to generate conventional tablets was performed as well.
ITR was electrospun with two matrices: vinylpyrrolidone-vinyl acetate copolymer
(PVPVA64) and hydroxypropyl methylcellulose (HPMC) both by small-scale and scaled-up
electrospinning technologies. 100- and 75-fold higher feeding rate and productivity could be
accomplished by the scaled-up version (high-speed electrospinning) compared to the
generally applied single-needle electrospinning. Morphology and dissolution of fibers
prepared by different technologies were comparable. ITR could remain amorphous after one
year of storage at 25 °C/60% relative humidity with PVPVA64 matrix and at 40 °C/75%
relative humidity with HPMC matrix. The originally fast and complete dissolution of ITR
could be maintained for the investigated period of time. The productivity of high-speed
electrospinning was much higher and dissolution of the fibers was better than with film
casting and spray drying. According to the modulated differential scanning calorimetry
examinations, glass transition temperature of the amorphous solid dispersion with PVPVA64
does not change under the given circumstances (25 °C/60% relative humidity, open holder),
thus no phase separation occurs.
The amorphous solid dispersion with PVPVA64 was converted into conventional,
immediate-release film-coated tablets by direct compression. Grinding of the fibers was
inevitable and carried out by oscillatory milling prior to blending with commonly applied
excipients. Flowability was satisfying for the tableting process. Design of experiments was
applied to optimize tablet composition and compression force resulting in a given set of
parameters to minimize disintegration time and maximize tensile strength. Both in blends and
in tablets, the fibers were prone to cover particularly microcrystalline cellulose particles, as
shown by scanning electron microscope images and Raman mapping. This peculiar behavior
can affect characteristics of the blend (such as flowability) and the tablets (such as
disintegration time and tensile strength).
ITR was found to be incompatible with the applied lubricant, magnesium stearate.
Fibers released 100% of the drug in neat form, while with tablets the dissolution extent shifted
to 75-85%. This is due to the presence of stearic acid deriving from the lubricant. Stearic acid
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forms an insoluble, crystalline associate with ITR. The more magnesium stearate was
incorporated in the tablet, the less ITR was released from tablets. It is important to note that as
the temperature of the dissolution test was increased, more ITR precipitated (22 °C ~95%,
37 °C ~80%). The associate of ITR and stearic acid is stabilized by a hydrogen bond formed
between the triazole moiety of the drug and the carboxyl group.
High-speed

electrospinning

was

also

employed

to

spin

fibers

of

FLU,

polyvinylpyrrolidone K90, and hydroxypropyl-ß-cyclodextrin. This amorphous solid
dispersion with excellent bioavailability was also formulated into tablets by direct
compression. The good dissolution could be maintained for tablets. Drug content uniformity
was investigated by two non-destructive techniques, near infra-red and Raman spectrometries.
Partial least squares coupled with genetic algorithm type selection variable was used for
calibration model building. Model based on near infra-red spectra was slightly more accurate.
Nevertheless, both techniques were found suitable for monitoring the drug content of
amorphous solid dispersion-based tablets.
A significant portion of the work described in this Ph.D. thesis was incited by industrial
partners, therefore, the utilization of the obtained results is expected in the near future.
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