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ABSTRACT

New “designer-made” drug molecules are becoming increasingly complex and as a con-
sequence, they are more lipophilic and less soluble in agueous media. Currently, 90% of
drugs in the pipeline have poor water solubility, which poses a great challenge since drug
solubility is frequently the rate-limiting step in drug absorption. To overcome this obstacle,
novel methods to convert complex molecules into effective medicines are an important
objective. One highly promising approach in this field is particle size reduction to the nano-
scale, where solubility enhancement is achieved by making use of the high surface-to-
volume ratio. Such nano-systems show a decreased stability and immediately need to be
converted into safe and effective high-quality medicines. Since most of the processes
available are batch based and thus, time-consuming and cost-intensive, we developed a
continuous nano-extrusion (NANEX) process, where an aqueous nano-suspension is di-
rectly transformed into a stable solid product using a hot melt extrusion process (HME).
On that account, the objective of this thesis was:

)] to design and characterize a stable aqueous nano-suspension of a poorly sol-

uble model API (i.e., phenytoin),

ii) to transform the nano-suspension into a stable solid product via the NANEX-
process,

iii) to carefully characterize the obtained nano-extrudates and

iv) to optimize the NANEX process (with respect to the process parameters and

distinct polymer matrices).
We showed that smallest particle sizes of bulk phenytoin were obtained by wet media
milling using Tween® 80 as stabilizing agent. Nano-crystalline phenytoin displayed a fast-
er and higher drug release and a markedly higher permeability compared to the bulk ma-
terial. Next, Soluplus® was used as matrix material for the HME process. The screw con-
figuration was designed according to the material’s characteristics (i.e., melting/glass
temperature), the nano-suspension was added via side feeding, devolatilization was per-
formed to remove the residual water and the obtained extrudates were characterized. In-
vestigations showed that the nano-crystals were homogenously distributed in the matrix
material, which in turn increased drug release compared to the bulk material. To extend
the NANEX process, a variety of matrix materials were tested (i.e., Kollidon® VA64,
Eudragit® EPO, HPMCAS and PEG 20000). We specifically focused on the maximum
water integration and removal capacity to reach sufficiently high drug loadings in the final
product. For this, process parameters (i.e., throughput and screw speed) were varied and
the influence of the residence time and the filling degree on the process stability was in-
vestigated. It was found that water soluble/miscible matrix systems are appropriate candi-

dates for the NANEX process. Long residence times and low filling degrees of the melt-



water mixture in the degassing zone favor the addition of high water amounts and as a

consequence, improve the final product stability.



KURZFASSUNG

Neu designte Arzneistoffmolekile sind zunehmend komplexer und besitzen dadurch hau-
fig einen lipophilen Charakter und sind schlecht wasserléslich. Derzeit weisen rund 90%
aller Arzneistoffe in den pharmazeutischen Pipelines eine schlechte Wasserloslichkeit auf.
Die Aufldsungsgeschwindigkeit eines Arzneistoffes stellt jedoch meist den geschwindig-
keitsbestimmenden Schritt in der Arzneistoffabsorption dar. Dementsprechend werden
verschiedenste Technologien angewendet, um die komplexen Molekiile in effektive Dar-
reichungsformen mit ausreichender Arzneistoffloslichkeit zu tberfihren. Eine besonders
vielversprechende Methode in diesem Bereich ist die PartikelgroRenreduktion in den
Nanometerbereich. Durch ein groRes Oberflache-zu-Volumen Verhaltnis von nanopartiku-
laren Stoffen wird die Loslichkeit gesteigert. Da diese Nanosysteme jedoch eine schlechte
Stabilitat besitzen, missen sie in eine sichere, effektive und qualitativ hochwertige Darrei-
chungsform Gberfuhrt werden. Die daflr vorhandenen Prozesse sind allerdings chargen-
basiert und daher kostenintensiv und zeitaufwendig. Aus diesem Grund wurde der konti-
nuierliche Nanoextrusions-Prozess (NANEX) entwickelt. Dieser innovative Schmelzextru-
sionsprozess ermdoglicht die Uberfilhrung von wassrigen Nanosuspensionen in stabile,
feste Darreichungsformen direkt aus der flissigen Phase. Demnach war das Ziel dieser
Arbeit:

)] die Herstellung und Charakterisierung einer stabilen, wassrigen Nanosuspen-

sion eines schlecht wasserldslichen Modelarzneistoffes (i.e., Phenytoin),

i) die Uberfiihrung dieser Nanosuspension in ein festes Produkt mittels NANEX-
Prozess,

iii) eine detaillierte Charakterisierung der erhaltenen Nanoextrudate und

iv) eine NANEX-Prozessoptimierung (hinsichtlich der Prozessparameter und ver-

schiedener Matrixsysteme).
Es konnte gezeigt werden, dass die kleinsten Phenytoinpartikel mittels Nassvermahlung
und der Zugabe von Tween® 80 als Stabilisator erhalten wurden. Das Nanomaterial zeig-
te eine erheblich gesteigerte Wirkstofffreisetzung und eine verbesserte Permeabilitat im
Vergleich zum Ausgangsmaterial. Im nachsten Schritt wurden die NANEX Versuche unter
Verwendung von Soluplus® als Matrixmaterial durchgefiihrt. Die Schnecke wurde den
Polymereigenschaften entsprechend designt (i.e., Schmelz-/Glasibergangstemperatur)
und die Nanosuspension mittels Flissigdosiereinheit dem Schmelzextruder zugefihrt.
Uber einen internen Entgasungsschritt wurde das (liberschiissige) Wasser entfernt. Die
erhaltenen Extrudate wurden anschlieRend charakterisiert. Die Untersuchungen zeigten,
dass die Nanokristalle de-agglomeriert eingebettet im Matrixmaterial vorlagen, wodurch
eine Zunahme der Wirkstofffreisetzung im Vergleich zum Ausgangsmaterial erzielt wurde.

Um kinftig weitere Matrixmaterialien fir den NANEX-Prozess verwenden zu kénnen,



wurden Kollidon® VA64, Eudragit® EPO, HPMCAS und PEG 20000 hinsichtlich ihrer
NANEX-Tauglichkeit untersucht. Dabei wurde vor allem die maximal zufihrbare Nano-
suspensionsmenge (bzw. die maximal abdampfbare Wassermenge) evaluiert, um ausrei-
chend hohe Wirkstoffbeladungen im finalen Produkt zu erzielen. Zu diesem Zweck wur-
den die Prozessparameter Durchsatz und Schneckenumdrehungszahl variiert und die
daraus resultierenden Verweilzeiten und Fllgrade hinsichtlich ihres Einflusses auf die
Prozess- und Produktstabilitat untersucht. Es konnte gezeigt werden, dass wasserlosli-
che/mischbare Matrixmaterialien fur den NANEX-Prozess geeignet sind. Lange Verweil-
zeiten und niedrige Fillgrade des Polymer-Wasser Gemisches beglnstigten dabei die
Zugabe von hohen Nanosuspensions-/Wassermengen und steigerten die finale Produkt-

stabilitat.
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INTRODUCTION

1. Introduction

1.1.  Oral drug delivery

Drugs can be administered to patients via several routes, including parenteral, oral, trans-
dermal, inhalative, vaginal and intraoral application. Among these routes, oral administra-

tion with intestinal absorption is with a market share of 90% the most common way [1].

R.J. Mrsny stated in his article “Oral drug delivery research in Europe” [2], that “...it is un-
clear why people prefer taking a drug by the oral route over just about every other meth-
od....Thinking about it, swallowing an object without mastication is contrary to all our de-
fault mechanisms for items that enter our mouth....While the reason(s) behind man's will-
ingness to so readily swallow unknown materials remain obscure and quite debatable, it
leaves the pharmaceutical industry with a huge challenge in finding new therapeutic enti-

ties that can be delivered by this preferred route of administration.”

When active pharmaceutical ingredients (APIs) are orally administered, they are confront-
ed with various obstacles of the oro-gastro-intestinal uptake route. The pH varies from 1.5
to 3.5 in the stomach, 5.5-6.8 in the small intestine to 6.4 in the colon. For APIs showing a
pH dependent dissolution behavior and spectrum of activity, these variations may hamper
drug absorption and thus, lead to an inadequate drug performance. Moreover, the API is
exposed to various enzymes and metabolic processes of the digestive system, which may
lead to degradation and as a consequence, inactivation of the API. Finally, the APl must
overcome the biological barriers of the gastro-intestinal tract to reach the systemic circula-
tion [2]-[5]. Since the main function of the Gl tract is to prevent an uncontrolled uptake of
xenobiotics, intestinal absorption is challenging [2]—[5].

However, the uptake efficacy can be controlled by optimal formulation parameters and
physicochemical properties of the drug [4].

One of the most important properties is a sufficient solubility of the API in gastric and in-
testinal fluids, since only dissolved molecules diffuse across biological membranes. More-
over, a moderate degree of lipophilicity facilitates the permeation across the lipophilic cell
membrane. Thus, solubility and/or permeability of the API strongly define API absorption
and bioavailability [6], [7]. For this, the Biopharmaceutics Classification System (BCS) was
established [6]. It comprises four categories, which categorize APIs based on their solu-
bility (in water) and permeability characteristics (see Fig. 1). Class Il and IV contain APIs
yielding poor solubility, while APIs of class Ill have a poor permeability. APIs of class IV

exhibit both, poor solubility and permeability [6].



INTRODUCTION

CLAss I CLAss |

CLASS IV CLass Il

SOLUBILITY
L

oW

PERMEABILITY

Fig. 1. Biopharmaceutics Classification System (BCS) [6]

Nearly a third of APIs listed in the United States Pharmacopeia are lipophilic and thus
poorly soluble or insoluble in water [8]. On that account, new chemical entities (NCES)
featuring improved physicochemical characteristics are urgently needed. However the
average costs for developing NCEs is often substantially higher compared to innovative

drug delivery strategies to enhance the efficacy of an existing API [9].

1.2.  Strategies for solubility enhancement

An ample body of technologies exists to improve API performance, mostly focusing on
strategies for solubility enhancement of the API. These approaches encompass
» chemical and

» physical/technological modifications on the drug molecule.

1.2.1. Chemical modifications
Chemical modifications involve the formation of more soluble salts (of acidic and basic

drugs) or co-crystals (i.e., molecular complexes). Thereby, the events of in-vivo salting-
out, Gl irritations, diarrhea or constipation have to be taken into account [4], [10]. Modifica-
tions can also be performed by introducing hydrophilic functional groups to the molecule to
develop water-soluble derivates [11]. Nevertheless, alterations of the chemical structure
may harmfully change the pharmacological activity, and thus, additional costs emerge for

safety and efficacy studies [11].

1.2.2. Physical/technological modifications
Physical/technological modifications include the alteration of the crystal habit (i.e., lattice

structure or crystallinity). In general, the free energy of polymorphs (e.g. the amorphous

form) or pseudopolymorphs is higher compared to the crystalline form, which is related to

2
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a higher solubility. However, polymorphs are metastable and tend to convert to the more
stable but least soluble form over time [11].

A further opportunity is complexation of the API using complexing agents (e.g.
cyclodextrins). Here, the limitations are the lack of universal applicability due to specifical-
ly required properties of the API (e.g., size, solubility, affinity, etc.) and a high amount of
complexing agents for a sufficient drug loading[11].

The use of solubilizing excipients or co-solvents is also restricted by potential toxic or ad-
verse pharmacological effects [11].

There exists also the possibility of a co-medication to modify maotility or the pH to promote
solubility [4], [11]. In the case of extreme pH conditions, chemical instabilities and/or local
tissue irritations or necrosis might occur [11].

Solubility enhancement and thus, oral delivery can also be improved by tuning formulation
parameters, including pH-dependent, controlled and site specific drug delivery via poly-

meric coatings, oral osmotic pumps and the density of dosage forms [4].

Another promising strategy is displayed by the use of solid dispersions, where the API is
embedded or even dissolved in a matrix carrier. Solubility enhancement is achieved by
using soluble/solubilizing carrier systems and/or by converting the API into the more solu-
ble amorphous form. In the past decades, hot melt extrusion (HME) has emerged as a
new platform technology for the production of solid dispersions for various routes of ad-
ministration [12]—-[16].

1.2.2.1. Hot melt extrusion (HME)
Before HME processing was applied in the pharmaceutical sector in the 1970s, it was

established in the early 1930s in the plastic and rubber industry for the production of plas-
tic bags, pipes and sheets [12]-[18]. In the pharmaceutical industry, HME is used to pre-
pare solid dosage forms that comprise a drug embedded or dissolved in a thermoplastic
polymer, low-melting wax or lipid (i.e., carrier). To improve process stability and/or to im-
prove the drug performance, components like plasticizers, fillers, thermal lubricants, re-
lease modifying agents, antioxidants, miscellaneous additives and stabilizers are added
optionally to the carrier/API mixture [14], [16]-[18].

There are different types of extruders used in the pharmaceutical industry, i.e., single-,
twin- or multi-screw extruders. However, due to some considerable advantages, including
shorter residence times, self-cleaning features, minimum supply, flexibility (in terms of

operating parameters, screw configuration, etc.), and enhanced mixing (compared to a
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single screw extruder) co-rotating, intermeshing twin-screw extruders are typically applied

in the pharmaceutical sector [14], [19].

The HME-equipment of a twin-screw extruder basically comprises two screws, which can
be individually designed (i.e., conveying, mixing and kneading elements) based on the
requirements of the used formulation (e.g., required shear forces) and the desired results
(e.g., degree of mixing). The screws are inside a cylindrical barrel. Since HME is most
likely performed at accelerated temperatures (i.e., above the glass transition temperature
(Tg) of thermoplastic polymers or the melting temperature (T,) of lipids and waxes), bar-
rels can be individually heated with electric heaters and/or cooled with water. At the end of
the extruder, a die plate or an orifice is mounted, which serves as shaping tool for the
extrudates [14], [16]-[18] (see Fig. 2).

In general, the HME process includes, feeding of the formulation via gravimetric or volu-
metric feeders to the hot melt extruder. Subsequently, the feedstock is transported in axial
direction via the rotating screws to the compression and melting zone, where the mass is
compressed, plasticized and/or molten. In the mixing zone, the carrier is mixed (on a mo-
lecular level) and homogenized with all other components. Finally, the homogenous mass
is forced through a die plate or an orifice and the obtained rods, tubes or films of uniform
shape and density solidify at the outlet [14], [16]-[18]. By installing a downstream-
equipment like calandering, injection molding and strand cutting devices, granules or pel-
lets can be obtained, which can be further pressed into tablets or filled into capsules [20].
Moreover, implants [21]-[25], patches and films [26]-[31] can be manufactured. Thus, this
approach allows the manufacturing of dosage forms intended for the oral, transdermal or

transmucosal route [14] (see Fig. 2).

Feeding of Granules, pellets,
-Carrier implants, films,
«API patches, capsules,
+Auxiliary excipients tablets...
Barrels
Co-rotating,
intermeshing | f#-8-o -
twin-screws
Feeding zone Melting zone Mixing zone Die /cooling Downstreaming
Transportof  Softening/melting Mixing of carrier with Mass is forced
feedstock of the mixture other components through a die

- extrudates

Fig. 2. Schematic illustration of the HME process.

The combination of feeding, conveying, melting, mixing, homogenizing, degassing and

extruding in a single processing-unit made the HME to a continuous, cost-efficient, robust

4
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and quick process over the past decades while offering the opportunity to produce target-
ed [32]-[34], controlled, modified [16]-[18], [35]-[40] or taste masked [41]-[48] drug deliv-
ery systems. Since the drug is embedded into the carrier or even dissolves in it, no sol-
vent is required, making this approach environmental friendly and solvent related instabili-
ties are eliminated [49]-[56]. Moreover, during HME, the API is (often) converted via ac-
celerated temperatures, shear forces or solubilizing properties of the carrier into the
amorphous form, yielding a higher solubility, faster dissolution velocities and thus, an en-
hanced bioavailability [14], [16]-[18], [49]-[56].

However, amorphous solid dispersions often struggle against long-term stability due to re-

crystallization, which in turn could affect dissolution characteristics over time.

Another possible solubility enhancing physical/technological strategy, which is not associ-
ated with changes in the crystal habit, is displayed by the particle size reduction of poorly

soluble APIs to the nano-mater range (i.e., nano-technology).

1.2.2.2. Nano-technology: Nano -sizing of poorly soluble APIs
In the past decades, drug nano-crystals, which mainly consist of pure API, reached high

popularity. Nano-sized materials exhibit larger specific surface areas and a decreased
hydrodynamic boundary layer thickness during dissolution. These two factors are condu-
cive for a faster transfer of solvated molecules from the surface area into the bulk solution
and thus, enhance dissolution velocity of nano-crystals compared to larger crystals [57]—
[60]. This relationship is illustrated in the Noyes-Whitney equation (Equation 1), which was
extended by Nernst and Brunner [61]-[63],

dC, DA

—=—(C;— Cp)
Equation 1 dt h
where Cs stands for equilibrium solubility of the substance, C; for the concentration at time
t, D for the diffusion coefficient, A for the surface area of the particles and h for the hydro-

dynamic boundary layer thickness (see Fig. 3).

In addition to the improved dissolution velocity, nano-crystals (< 1 pm) yield increased
saturation solubility due to a higher curvature of the particle surface, which is elucidated in
the Ostwald-Freundlich equation (Equation 2) [58] (see Fig. 3).

C, 20V

log—=

Equation 2 Co 2303RTpr
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C, stands for the solubility of particles with radius r, C.. for the solubility of infinitely large
particles, o for the interfacial tension of the substance, V for the molar volume of the parti-
cle material, R for the absolute gas constant, T for the absolute temperature and p for the

density of the solid.

Micro-particle (10 um) Nano-particle (100 nm)

thickness =30 pm

r.2.10um Broken into 108
nano-particles

»r=100 nm
/4 »Equal total mass
¥ Specific surface area 100-fold larger
»Hydrodynamic boundary layer

Hydrodynamic boundary layer thicknass - 100 nm

Fig. 3. Effects of nano-sizing.

Drug nano-crystals can be obtained by two different techniques: large particles can be
broken into nano-scaled crystals via top-down approaches or built up from molecular solu-
tions via bottom-up approaches (e.g. precipitation). Precipitation could not be established
to a standard approach in pharmaceutical industry due to limitations concerning patrticle
growth- and/or process control, low drug loading efficiencies and the need of organic sol-
vents [57], [64]-[68]. In contrast, two top-down techniques have already served as produc-
tion technique for marketed products [60] (see Table 1). In the 1990s, Liversidge et al.
established the NanoCrystal® technology, which is a wet media-based milling technique
[69]-71]. With the marketed products Rapamune®, Emend®, Tricor®, Lyphantyl®,
Megace® ES, Invega®, Sustenna® and Xeplion, this approach is seen as the most suc-
cessful [57], [72]. Contemporaneously, Milller et al. developed the DissoCubes™ technol-
ogy (acquired by SkyePharma PLC), which is based on piston gap high pressure homog-
enization [65], [66], [73]-[79]. Later on, modified techniques have emerged out of it, i.e.,
IDD-P™ (i.e., microfluidizer technology) [64], [66] and Nanopure® technology (i.e., piston
gap homogenization in water mixtures or in nonaqueous media) [80]. However, Triglide®

(i.e., IDD-P™technology) is currently the only product available on the market [57].

All techniques are liquid phase processes, resulting in nano-suspensions. Owing to their

small size and increased specific surface area, drug particles in the nano-meter range
6
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yield an increased surface energy (i.e., Gibbs free energy). Thus, nano-suspensions are
thermodynamically unstable systems since they possess the natural tendency to reduce
this excess surface energy by agglomeration [81]. In addition to this, Ostwald-ripening
might occur, which is described as crystal growth over time initiated by smaller particles
yielding a higher saturation solubility compared to larger ones. Thus, larger particles grow
while smaller dissolve [11]. Secondary and polymorphic nucleations are also well known
instability problems, leading to re-crystallization of supersaturated solutions or converting
a polymorph into a more stable form. Thus, a major issue is long-term stabilization against

the thermodynamics of metastable, dispersed systems [11].

In general, parameters affecting the stability are first of all the solid properties (i.e., densi-
ty, hardness, quality and quantity of lattice defects) of the drug, since they affect the parti-
cle size reduction by impact forces. Surface properties like the interfacial and the surface
tension as well as the structure of the solid-liquid interface (e.g., the zeta potential at the
interface) also determine the promoting or hindering forces for nano-particle agglomera-
tion. Moreover, important characteristics of the dispersant are viscosity, solubility capacity
for nano-crystals, and micellization activity of surfactants, since they are decisive for the

rate of particle diffusion in the dispersant [11], [82].

Thus, in order to prepare stable nano-suspensions, inter-particle forces and the potential
energy caused by the large interface between the particle and the dispersant have to be
reduced. This can be achieved by the addition of surface-active agents. Charged surfac-
tants (i.e., electrostatic stabilization) hinder nano-particle agglomeration by repulsive forc-
es. Hydrophobic domains of non-ionic surfactants/polymers (i.e., steric stabilization) at-
tach to the particle surface and the more hydrophilic part of the polymer extend into the
aqueous dispersant providing a physical barrier. A combination of both types of stabilizers
result in an electrosteric stabilization [57], [64], [71], [82]-[92] (see Fig. 4).

Electrostatic stabilization Steric stabilization Electrosteric stabilization
(electrostatic repulsion) (physical barrier) (electrostatic repulsion + physical barrier)

& @ _
= =

Fig. 4. Nano-suspension stabilization: Hindering inter-particle interactions via electrostatic (i.e.,
introducing additional electrostatic repulsive forces via charged surfactants) and steric stabilization
(i.e., providing a physical barrier via polymer adsorption onto the particle surface). Electrosteric
stabilization represents a combination of electrostatic and steric stabilization (i.e., both, electrostatic
repulsive forces and physical barrier) [57], [64], [71], [82]-[92].
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Nevertheless, system stability is steadily a struggle against time and basic laws of phys-
ics. Additionally, liquid formulations are less accepted by patients than solid dosage forms.
Thus, it is a common procedure to transfer nano-suspensions into solid oral dosage forms
[57], [82], [93], [94].

1.3.  Transformation of nano-suspensions into solid products — state of the art

For the transformation of nano-suspensions into a dry product, well established unit-
operations are applied. Frequently, nano-suspensions are transferred into a powder via
freeze- and spray drying. The solid can be used as a powder for reconstitution or as a
rapidly disintegrating dosage form (i.e., lyophilisate) or it is subsequently compressed into
tablets or filled into capsules [82], [93], [95]-[100]. The most crucial quality criterion of
these formulations is seen in a good reconstitution characteristic (i.e., reconversion into a
nano-suspension during dissolution) in order to guarantee improved dissolution velocities.
Thus, obtained dosage forms are required to show sufficient wetting and disintegration
properties. For this, water-soluble sugars (e.g., mannitol, sucrose), mainly showing cryo-
protective actions, are necessarily added as matrix formers prior to drying procedures
[60], [82]. However, multi-step processes often hinder keeping nano-particles de-
agglomerated until reaching the final dosage form, hampering improved dissolution be-
havior. Moreover, it has to be considered, that lyophilisates are very sensitive to moisture

complicating handling and storage of the solid product.

Alternatively, nano-suspensions can either be layered onto an appropriate core material
(e.g., lactose or microcrystalline cellulose) or beads via fluidized bed granulation or spray-
layering. The obtained product can be compressed into tablets or filled into capsules [57],
[101]-[103]. The already marketed product Rapamune® is commercially produced by di-
rect layering of nano-suspensions onto tablets [57]. Again, multi-step processes are re-
quired, which are time consuming, cost-intensive, hard to control and to scale up and are

therefore, unfavorable from an economic point of view.

Recently, inkjet and flexographic printing technologies have offered new opportunities for
a flexible and continuous production of solid nano-formulations by printing nano-
suspensions on substrates for (intra)oral administration [104]-[112]. However, this ap-
proach is often restricted to low-viscosity fluids and it is associated with problems con-
cerning dosing precision. Moreover, the drug dose that can be applied on such substrates
is limited, which makes this technology only an attractive alternative for low-dosed drugs
[105], [110].
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Nano-suspensions can also be incorporated into polymeric films via film casting methods
[113], [114]. The disadvantageous issue is the subsequently required drying step, as well

as the need of organic solvents.

In Table 1, examples for solidified nano-suspensions found in literature and the corre-
sponding technological methods are listed. Currently, only a few products made it to the
market (see Table 1). Possible reasons for this might be that many pharmaceutical com-
panies either do not posses full in-house capabilities in terms of equipment and know-how
or didn’t realize in time the full potential of nano-formulations [57], [115]. Apart from this,
uneconomic multi-step processes, hard-to-reach final product quality/stability or limited

dosing capabilities may be responsible for the small market share.
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Table 1. Examples for solidified nano-crystal suspensions found in literature (i.e., Ref.) (including
marketed products).MM and HPH stand for the applied nano-sizing technology (MM = wet-media
milling; HPH = high-pressure homogenization) and solidification for the applied approaches for
transferring nano-suspensions into a solid product. To be continued.

Nano-

Solidification

sizing
MM
MM
MM
MM
MM
MM

MM

MM

MM

MM

MM

MM

MM

MM

MM

MM
MM

MM
MM

Cooling

Freeze-drying
Freeze-drying
Freeze-drying
Freeze-drying
Freeze-drying

Freeze-drying and spray-drying

Spray-drying

Spray-drying

Spray-layering (fluidized bed
granulation)

Spray-drying and pelletization of
the dry powder in a high shear
mixer

Spray-drying, pelletization of the
dry intermediate in a high shear
mixer, compressed into tablets
Spray-drying, compressed into
tablets

Spray-drying, roller compaction,
granulation, compressed into
tablets

Spray —drying, blended with
excipients, compressed into
tablets

Spray-layering onto a water sol-
uble carrier (via fluidized bed
coating, solid intermediate =
granules), compressed into tab-
lets

Spray-drying, film casting
Spray-drying, compressed into
tablets

Flexographic printing

Film casting, drying

AZ68
Danazol
Itraconazole
Loviride
Itraconazole
Naproxen

Cinnarizine, griseofulvin, indo-
methacin, itraconazole, loviride,
mebendazole, naproxen,
phenylbutazone, phenytoin
Cilostazol

Phenytoin
Naproxen

Ketoconazole

Ketoconazole

Naproxen

Candesartan cilexitil

Ketoconazole

Naproxen, cinnarizine
Undisclosed

Indomethacin, itraconazole
Griseofulvin, naproxen,
fenofibrate

[116]
[117]
[118]
[119]
[100]
[99],
[120]
[93]

[98],
[121]
[122]
[123]

[124]

[125]

[126]

[127]

[128]

[129]
[96]

[111]
[114]
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Continuation of Table 1.

Solidification

MM

MM

MM

MM

HPH
HPH
HPH

HPH
HPH
HPH
HPH
HPH

HPH
HPH
HPH

HPH
MM or
HPH

Film casting, drying

Film casting, drying

Spray-layering (spray-coating,
fluidized bed coating) onto an
inert tablet core

Spray-layering onto microcrys-
talline cellulose beads, filled into
capsules (nine-step process)
Freeze-drying

Freeze-drying

Freeze-drying

Spray-drying

Spray-drying

Spray-drying

Spray-coating on sugar spheres
Spray-drying, blended with ex-
cipients, compressed into tab-
lets

Freeze-drying and spray-drying
Inkjet printing

Film casting, drying

Film casting, drying
Compressed into tablets or filled
into capsules

Griseofulvin

Fenofibrate, griseofulvin,

naproxen, phenylbutazone,

azodicarbonamide

Sirolismus (Rapamune®)

Aprepitant (Emend®)

Azithromycin
Clofazimine
Oridonin

Amphotericin B
Nifedipine

Valsartan
Hydrocortisone Acetate
Celecoxib

Rutin
Folic acid
Herpetrione

Quercetin
Fenofibrate (Tricor®NP,
Lipanthyl® Triglide®)

[130],
[131]
[132]

[133]

[134]

[135]
[136]
[137],
[138]
[139]
[140]
[141]
[103]
[142]

[143]
[104]
[113],
[144]
[145]
[146]
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1.4. Objective

Efficient oral administration of lipophilic, poorly soluble drug molecules is challenging and
becomes more relevant due to the frequently increasing number of poorly oral bioavaila-
ble APIs. To convert these complex molecules into effective medicines, various solubility
enhancing strategies are applied. However, the final dosage forms often suffer from stabil-
ity problems, are less accepted by patients and are produced via multi step processes.

In an attempt to provide a product, which exhibits

e improved dissolution characteristics,
« shelf-life stability,
e patient acceptance and

» economically efficient manufacturing,

two strategies were combined, i.e., nano-technology and HME, and the nano-extrusion
(NANEX) process was developed [147], [148].

In an initial proof of concept study [147], a stabilized aqueous nano-suspension of the
model substance titanium dioxide (TiO,) was successfully transferred into a stable solid
product via the NANEX process. Obtained nano-extrudates comprised de-agglomerated
embedded nano-crystals (see Fig. 5).

Fig. 5. Scanning electron microscopic images of cross sections (A-C) of extrudates: A,B: 210-340
nm TiO, particles embedded in Soluplus® in de-aggregated form and C,D verification of a TiO,
nano-particle (340 nm) via elemental analysis (energy-dispersive X-ray spectroscopy) [147].

For this, the experimental set-up of the novel NANEX process was evolved (see Fig. 6).
Analogous to traditional HME processes, the water soluble/miscible carrier system (i.e.,

12



INTRODUCTION

Soluplus®) is fed gravimetrically into the extruder. Shear forces generated by the installed
screw and applied barrel temperatures compress and soften the matrix while transporting
it into the compression/melting zone. The innovation of the NANEX process is the subse-
guent addition of the nano-suspension to the molten mass via a flow controlled micro an-
gular gear pump. By applying a vacuum in the degassing zone, the excess water stem-

ming from the nano-suspension is eliminated (see Fig. 6).

matrix material nanosuspension stable solid
nanodispersion
);( 3
Er\l:""'? atmospheric %)ﬁ vacuum
EJ degassing 47 80 mbar A
s AR o o ©
o
. o ©
l j ‘ 1 155 die plate
Zone Zone Zone Zone Zone Zone Zone Zone Zone Zone
1 2] 3 4 5 6 7 8 9 10
RT | 100° 140+ | 140 130+ | 150 150+ | 150+ | 150+ | 150*

feeding zone compression zone metering zone

Wﬂ‘ ] N R
L VAN AR

220 U/min

*C]

Fig.6. lllustration of the extruder set-up, including the process temperatures of the barrel zones in
degree Celsius and the screw configuration [147].

In conclusion, the proof-of-concept study successfully demonstrated that nano-
suspensions can be continuously transferred into stable solid products via the NANEX
process. During this one-step process, nano-particle agglomeration is prevented and it
can be expected that incorporated nano-crystals show improved dissolution velocities.
Moreover, cost- and time-intensive process steps, such as freeze- and spray-drying, are
circumvented [147], [148]. Additionally, the incorporation of crystalline drugs into polymer-
ic carriers instead of metastable amorphous drugs improves shelf-life stability and product

long-term quality (i.e., dissolution velocity).

On that account, during this thesis, the NANEX process was used for developing solid
nano-formulations of a water-insoluble model drug in a single step. To this end, this work

deals with

i) the design and characterization of a stable aqueous nano-suspension of a

poorly soluble model API (i.e., phenytoin),

13
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1)) the transformation of the nano-suspension into a stable solid product via the
NANEX-process,

iii) the characterization of the obtained nano-extrudates and

iv) the optimization of the NANEX process (with respect to the process parame-

ters and distinct polymer matrices).

First of all, bulk-phenytoin was physicochemically characterized and various non-ionic
stabilizing agents were investigated with regard to their stabilizing efficacy (Chapter 2).
Nano-suspensions were prepared via wet media milling and the most stable systems with
the smallest particle sizes were studied regarding their in-vitro dissolution characteristics
and permeability behavior.

In the next step, these nano-suspensions were transferred into a solid nano-formulation
via the NANEX process using Soluplus® as matrix material (Chapter 3). The screw design
was adapted to the physicochemical properties of Soluplus® (i.e., melting and glass tran-
sition temperature). The nano-suspensions were added to the matrix via liquid side feed-
ing and the water (stemming from the nano-suspension) was removed via internal degas-
sing. Obtained solid nano-formulations were physicochemically investigated to clarify
whether the nano-crystalline API withstand the thermal as well as the mechanical forces
during the NANEX process and remain de-agglomerated. After this, in-vitro drug release
was studied.

Finally, this work encompasses a rational design and optimization of the NANEX process
in order to reach high API loadings in the final nano-extrudates (Chapter 4). For this pur-
pose, several polymers were investigated with regard to their maximum nano-suspension
integration and water removal capacity considering such process parameters as through-

put and screw speed.

14
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Abstract
The oral cavity displays an attractive route in drug administration that is not associated

with gastric transit and hepatic first-pass metabolism. However, limiting factors for an effi-
cient transit of drugs through the oral mucosa are poor water solubility and permeability.
Hence, various strategies exist to enhance solubility. Specifically, nanotechnology has
attracted much research interest in the past decade. This study aimed at developing a
stable nanosuspension of the model compound phenytoin via wet media milling. The
nanosuspensions were carefully characterized regarding hydrodynamic particle sizes,
crystallinity, and dissolution characteristics under nonphysiological or physiological (sali-
vary) conditions. The permeability of bulk phenytoin and nanophenytoin through a buccal
in vitro and ex vivo model was investigated, and the apparent permeability coefficients
were determined. Moreover, cytotoxicity studies were conducted. The addition of Tween®
80 as stabilizer resulted in a stable crystalline nanosuspension (330 nm). The solubility
characteristics significantly increased under salivary conditions, which further impacted
the permeability, as the steady state appearance rate of nanosized phenytoin was 1.4-fold
higher. Cytotoxicity studies demonstrated that bulk-/nano-phenytoin exhibited no harmful
effects. It can be concluded that the salivary environment (i.e., ionic strength, pH) strongly
impacts the solubility and consequently the permeability of crystalline nanosuspensions

across the buccal mucosa.

Keywords
Physicochemical properties; solubility; dissolution rate; milling; nanoparticles; stability; in

vitro models; permeability; transmucosal drug delivery; toxicology
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1. Introduction
Oral administration of drugs with intestinal absorption is the traditionally preferred route of

drug delivery. However, it faces serious obstacles including pH changes, enzymatic deg-
radation of the active pharmaceutical ingredient (API), and hepatic first-pass metabolism,
making this route a considerable challenge for molecules. % * Hence, alternative sites for
drug administration, which avoid these obstacles, are increasingly sought.

The oral cavity displays an attractive route for drug administration that is not associated
with this phenomenon. However, it is equipped with distinct protective barriers, such as
saliva, which acts as lubricant but also is likely to impact the solubility and permeability
behavior of certain drug candidates. The lining mucosa (i.e., buccal, sublingual) repre-
sents the largest surface area in the oral cavity and comprises a nonkeratinized stratified
squamous epithelium, which consists of 40-50 cell layers with a thickness of approximate-
ly 500-600 pym.* It is formed from 4 different morphological layers, namely the basal layer,
the prickle cell layer, the intermediate layer, and the superficial layer. Once cells leave the
basal layer, they enter differentiation and become large and flat. Moreover, the prickle
cells contain membrane-coating granules. These cytosolic granules fuse with the cell
membrane and extrude lipids into the intercellular spaces. Thereby, they constitute a
strong barrier and limit the penetration of drugs specifically in the top third region of the
epithelium.®° Apart from anatomic and physiological barriers, permeation of substances is
also impacted by the drug's physicochemical properties (i.e., solubility, ionization,
lipophilicity, molecular weight).** The majority of drugs are transported passively through
the buccal mucosa,® either via the paracellular (i.e., in between epithelial cells) or via the
transcellular route (i.e., through epithelial cells).® "®° The former pathway is predominant-
ly available for hydrophilic molecules having small molecular sizes.

The latter one is the preferred route for lipophilic drugs, which interact with the lipophilic
cell membrane.? ' 1!

However, because of the increasing number of drugs that show poor solubility and/or
permeability, diffusion through oral mucosae is often hindered. Hence, different strategies
have been used to enhance drug transport through buccal tissues. These strategies in-
clude permeation enhancers and vehicles and cosolvents.? > ** Permeation enhancers,
such as bile salts, surfactants, and fatty acids, are applied to change the mucus rheology,
increase the fluidity of the lipid bilayer membrane, solubilize the intercellular lipids (to facil-
itate paracellular transport), or increase the flux of the drug by increasing the thermody-
namic activity.> ** ¥ 1* > However, the exact mechanism is often not well understood, and
knowledge of possible adverse effects of penetration enhancers on biological tissues is

lacking.*®
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Another alternative for overcoming insufficient transport across buccal tissue is to en-
hance the solubility of poorly soluble drugs. Particle size reduction to the nanoscale is a
promising strategy and can be achieved either by top-down approaches (i.e., breakage of
large particles into nanocrystals) or by bottom-up approaches (e.g., hanoparticles are built
up from molecules via precipitation).'” 20212223 The former one results in
nanosuspensions, which are carrier-free-submicron colloidal dispersions of drug particles
in an aqueous medium, stabilized by polymers and/or surfactants. These stabilizing
agents are used to prevent agglomeration, caused by the higher surface energy of the
nanomaterial > 2 2> 26.27.28.29 Moreover, sedimentation and/or crystal growth might
occur®®-3%: thus, for applicability in the oral cavity, nanosuspensions need to be further
processed into solid orodispersible formulations, including oral Iyophilisates,
orodispersible tablets, orodispersible granules, and orodispersible films.** This facilitates
easier handling, shipping, and storage of the delivery form and improves efficacy, safety,
and stability.?® **+3* Most commonly, freeze drying, spray drying, and vacuum drying are
conducted to result in a nanopowder, which can be further incorporated into tablets, gran-
ules, and films.®* * 3" More importantly, nanosuspensions can be transferred into the

38,39, 40

desired dosage directly from the liquid phase using casting methods, printing tech-

41,42 43, 44

nologies, or the recently developed continuous nanoextrusion process.
Although it is known that nanoformulations can improve drug delivery, the understanding
of how they interact with the anatomic and physiological barriers in the oral cavity is lack-
ing. In this study, we aimed at investigating whether the salivary environment, such as
ionic strength and pH, impacts the solubility behavior of a nanosuspension and as a fur-
ther consequence the permeability of the drug across the buccal mucosa. To this end,
phenytoin (5,5-diphenylhydantoin), which is an antiepileptic and antiarrhythmic
drug45showing poor solubility (11.5 + 0.5 pyg/mL**) and a slow rate of absorption after oral

intestinal  administration,** *®*’

was used as model drug. A stable aqueous
nanosuspension of the model compound was prepared via 1-step wet media milling. Vari-
ous stabilizers were tested, and the nanosuspensions were carefully characterized re-
garding hydrodynamic particle sizes, crystallinity, and dissolution characteristics. The
most stable and promising nanosuspension was identified, and the particle behavior in
terms of solubility was recorded under salivary conditions (i.e., mimicking the pH and the
ionic strength). Moreover, permeability studies were conducted. For this, human buccal
TR 146 cells were used and cultured on Transwells to evaluate the transport mechanism
involved. Additionally, permeability studies of the bulk suspensions and nanosuspensions
were conducted using a standardized porcine ex vivo model. “4**° Because it is known

that by reducing the particle size from the microscale to the nanoscale, the specific nano-

30



RATIONAL DESIGN AND CHARACTERIZATION OF A NANOSUSPENSION FOR INTRAORAL ADMIN-
ISTRATION CONSIDERING PHYSIOLOGICAL CONDITIONS

material changes its properties, which might result in adverse ef-

34, 49, 51, 52, 53, 54, 55, 56, 57, 58 , 59

fects, cytotoxicity studies were conducted as safety feature.

2. Materials and Methods

2.1. Materials
Phenytoin (5,5-diphenylhydantoin) from Sigma—Aldrich (Munich, Germany) was used as

model API. The stabilizers Tween 20 (P20), Tween 80 (P80), and methanol
(CHROMASOLV®, for high-performance liquid chromatography [HPLC], 299.9%) were
purchased from Simga-Aldrich. Kolliphor EL (KEL), Kolliphor RH40 (KRH40), Kolliphor
P188 (KP188), and Kolliphor P407 (KP407) were donated by the manufacturer BASF
(BASF SE, Ludwigshafen, Germany). Ultrapurified water (i.e., Milli-Q-water [MQ-water],
Millipore S.A.S., Molsheim, France) was used for all experiments. For cell culture tests,
Dulbecco's Modified Eagle's medium (DMEM; Gibco, Life Technologies Corporation, Pais-
ley, UK), DMEM with 10% of fetal bovine serum (FBS; Sigma—Aldrich), and Hank's buff-
ered salt solution (HBSS; Gibco, Life Technologies Corporation) were used. For
ex vivo studies, PBS (Gibco, Life Technologies Corporation) and Krebs Buffer (Krebs—
Ringer Bicarbonate Buffer with 1.8 mg/L glucose, without CaCl, and NaHCO3;; Sigma—
Aldrich) were applied.

2.2. Methods

2.2.1. Nanosuspension Preparation

Contact Angle

Contact angle measurements were conducted using the sessile drop method (Easy Drop;
Kriss, Hamburg, Germany) to obtain preliminary indications of the most appropriate stabi-
lizer for wetting the newly generated drug surface. For this, phenytoin powder compacts
(500 mg) were prepared. A drop of 10 yL of water and stabilizer solutions (5% [w/w] stabi-
lizer diluted with MQ-water) was dispensed onto the sample surface, and images were
captured by camera (Stingray F046B; Allied Vision Technologies). The contact angle was
calculated by the instrument (DSAL1 “drop shape analysis,” Kriiss) by fitting a mathemati-
cal expression to the shape of the drop and then calculating the slope of the tangent to the
drop at the liquid-solid-vapor interface line. The experiments were carried out in triplicate,
and average values and standard deviations were calculated. All measurements were

performed in air under ambient conditions.
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Surface Tension of the Stabilizer Solutions
For determining the surface tension of the various stabilizer solutions, the Easy Drop Sys-

tem (Kriiss) was used. The surface tension was calculated using the L-Y method consid-
ering the densities of stabilizer solutions. The solution densities were determined via
sound velocity measurements using a DSA 5000M (Anton Paar GmbH, Graz, Austria) at
20°C.

Wet Media Milling
Phenytoin nanocrystals were prepared by wet media milling using various stabilizers (i.e.,

P80, P20, KEL, KRH 40, KP188, KP407) as described previously by Baumgartner
etal.* After diluting 10 g of the stabilizer with 200 mL MQ-water, 40 g phenytoin was
dispersed in this aqueous stabilizer solution. Yttrium-stabilized zirconium beads (600 g,
0.5 mm in diameter) were used as a milling agent. Milling was performed with a planetary
ball mill (Retsch PM 100; Retsch GmbH, Haan, Germany) equipped with a zirconium ox-
ide grinding bowl (500 mL) at 250 rpm for 24 h. The experiments were carried out at am-
bient temperature. After milling, the grinding beads were separated from the nanocrystals

by sieving.

2.2.2. Nanosuspension Characterization

Particle Size and Zeta Potential Analyses

The prepared nanosuspensions were investigated by photon correlation spectroscopy
(PCS) using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) equipped with a
532-nm laser. PCS vyields the mean diameter as a light intensity weighted size of the bulk
population (z-average) and the polydispersity index (Pdl) as a measure for the width of the
particle size distribution.®® To prevent nanoparticle dissolution during measurements,
nanosuspensions were diluted in a saturated phenytoin—water solution.®®? The meas-
urements were performed at 25°C at a measurement angle of 173° (backscattering).

The zeta potential was determined via laser-Doppler-Micro-Electrophorese (scattering
angle of 173°) coupled with PCS (Zetasizer Nano ZS; Malvern Instruments) and calculat-
ed according to the Helmholtz—Smoluchovski equation. For measurements,
nanosuspensions were dispersed in zeta water (i.e., distilled water adjusted with 0.9%
[w/v] sodium chloride solution to a conductivity of 50 uyS/cm and a pH of 5.5-6.0) at 25°C

to obtain information on the surface charge.

Samples were stored in a refrigerator (i.e., 5 £ 3°C) and investigated on a weekly basis for

4 weeks to assess the physical stability of the nanocrystal suspensions. All measurements
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were carried out in triplicate, and the average values and the standard deviations were

calculated.

Structure Analysis Using Small- and Wide-Angle X-Ra  y Scattering (SWAXS)
SWAXS (HECUS S3-MICRO; Bruker AXS, Karlsruhe, Germany) was used to study the

crystal structure and morphology of pure and nanocrystalline phenytoin. The SWAXS
(SAXS and WAXS) system was equipped with a high-flux laboratory SWAXS camera S3-
Micro (Bruker AXS), a high-brilliance microbeam delivery system with point-focus optics
(FOX3D; Xenocs, Grenoble, France) and with a 1D or 2D detection system. Samples
were filled into glass capillaries (2 mm in diameter) that were sealed with wax and placed
into the SpinCap. For X-ray, a wavelength of 1.54 A was used, and the SAXS and WAXS
curves (scattering intensities as a function of the scattering angle 2 ©) were recorded by 2
independent 1D detectors (PSD-50; Hecus X-ray Systems, Graz, Austria) in the angular

ranges of 0.06° <2 © < 8° and 18° < 2 ® < 27°. Duration of exposure was 600 s.

Thermal Analysis
The thermal properties of untreated and nanocrystalline phenytoin were analyzed using a

differential scanning calorimeter (DSC; 204F1 Phoenix; Netzsch GmbH, Selb, Germany).
Samples were placed into an aluminum crucible, which was sealed, pierced, and purged
with pure nitrogen, and an empty aluminum crucible served as reference. The heating rate
was 10 K/min from 20°C to 350°C, and pure nitrogen at a flow rate of 20 mL/min was used
for purging the DSC cell. The DSC data were analyzed with Proteus Thermal Analysis
software (Netzsch GmbH, Selb, Germany). Each experiment was carried out in triplicate,

and average values and their standard deviations were calculated.

Saturation Solubility and Dissolution Studies
Saturation solubility of bulk and nanocrystalline phenytoin was determined in an aqueous

P80 solution (5% [w/w]). An excess of each sample was added to 50 mL of dissolution
media and agitated at 250 rpm for 3 days at 25°C. Subsequently, an aliquot was with-
drawn and filtered through 0.02-um filters (Anotop 25 Plus; Whatman, Maidstine, UK) and
analyzed via HPLC. Each experiment was performed in triplicate, and the average values

and the standard deviations were calculated.

In vitro dissolution studies were performed according to the official monograph of phenyto-
in described in the United States Pharmacopeia (USP) using USP dissolution Apparatus Il
(100 rpm) under sink conditions. For this, 27 mg of bulk phenytoin and an aliquot of the
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nanosuspension corresponding to a phenytoin dose of 27 mg were transferred into 900
mL of 0.05-M Tris buffer (i.e., 36.3 g of trislhydroxymethyl] aminomethane and 60 g of
sodium lauryl sulfate in 6 L of water, adjusted with hydrochloric acid to a pH of 7.5 + 0.05).
The dissolution media was maintained at 37 + 0.5°C, and samples (1 mL) were withdrawn
after 5, 10, 20, 30, 40, 50, and 60 min without media replacement. Prior to HPLC anal-
yses, samples were filtered through 0.02-um filters (Anotop 25 Plus; Whatman). Each
experiment was performed in triplicate, and the average values and the standard devia-

tions were calculated.

2.2.3. Permeability and Cytotoxicity Studies

Particle Size Analysis and Saturation Solubility of Nanosuspensions in Relevant
Media
To study the cytotoxicity and permeability of (nano)phenytoin under physiological condi-

tions, dispersions with a final phenytoin concentration of 1600, 800, and 160 pg/mL were
prepared in DMEM, HBSS, and PBS. Since the ionic strength of the dispersion media is
likely to influence the physical stability of the nanosuspension, particle sizes were deter-

mined.

Prior to particle size analysis via PCS (Zetasizer Nano ZS; Malvern Instruments), samples
were ultrasonicated for 20 min. The measurements were conducted at 25°C at a meas-
urement angle of 173° (backscattering). All measurements were carried out in triplicate,

and the average values and the standard deviations were calculated.

Moreover, saturation solubility of bulk and nanophenytoin in HBSS and PBS was deter-
mined. Again, an excess of bulk and nanomaterial was added to 50 mL media and agitat-
ed for 3 days at 250 rpm at 37°C. Subsequently, 1 mL was withdrawn and filtered through
0.02-um filters (Anotop 25 Plus; Whatman) and analyzed via HPLC. Each experiment was
performed in triplicate, and the average values and the standard deviations were calculat-
ed.

In Vitro Cell Culture Model
Human buccal epithelial TR 146 cells (Imperial Cancer Research Technology, London,

UK), grown in DMEM with supplements of 10% FBS, 200-uM I-glutamine, 100 1U/mL pen-
icillin, and 100 ug/mL streptomycin were used for investigating permeability and cytotoxici-

ty of (nano)phenytoin.*® %% The culture conditions with a temperature of 37°C and a
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humidity of 98% (5% C0,/95% air) were kept constant, and subcultivation (0.25% trypsin-
EDTA) was performed at about 70% confluence.

For cell viability and cytotoxicity studies, TR 146 cells were seeded in 96-well plates and
cultured for 24 h. The medium was replaced after 24 h by bulk phenytoin and
nanophenytoin, respectively, dispersed in DMEM with concentrations of 1600, 800, and
160 pg/mL and incubated for 4 h.

To determine cell viability, CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay
(Promega; Formazan Bioreduction Assay) was performed by adding 20 pyL of an
MTS/PMS solution to each well, and the absorbance was measured at 490 nm (VIS-plate
reader, FLUOstar Optima, BMG, Labortechnik) after 4-h incubation time. Out of the exper-
iments (n = 6), average values and their standard deviations were calculated.

Possible effects on membrane integrity were evaluated by determining the lactate dehy-
drogenase (LDH) release using a CytoTox-ONE Homogenous Membrane Integrity Assay
(Promega). For this, 25 pL of the CytoTox-ONE reagent were added to 25 pL of the su-
pernatant and incubated for 10 min (room temperature). To stop the reaction, 12.5 pL of
the stop solution were applied. Subsequently, fluorescence was measured (FLUOstar
Optima, BMG, Labortechnik) at 560 nm excitation wavelength and 590 nm emission
wavelength. The LDH release was normalized to cells treated with 2 pL of lysis solution.
Average values and their standard deviations were calculated (n = 6).

For in vitro permeability tests, cells were cultured on 1.131 cm? permeable Corning Costar
12-well inserts equipped with polycarbonate filters (pore size of 3.0 ym; Szabo Scandic,
Vienna, Austria). Cells were seeded with a density of 2.4 x 104 cells/cm?® and incubated
for 30 days. The transepithelial electrical resistance (TEER) was measured with an
Endohm culture cup connected to an EVOM voltohmmeter (World Precision Instruments)
during the time of cultivating to control the confluency.*

Permeability tests were carried out at 37°C by adding 0.5 mL of phenytoin and
nanophenytoin, respectively, dispersed in HBSS with concentrations of 1600, 800, and
160 pg/mL to the apical compartment and 1.5-mL HBSS buffer to the basolateral com-
partment. After 10, 30, and 45 min and 1, 2, 3, and 4 h, an aliquot of 200 yL was with-
drawn (and replaced with fresh HBSS) from the basolateral side, and the amount of the
transported phenytoin was evaluated via HPLC. Average values and their standard devia-
tions were calculated (n = 6).

The apparent permeability coefficient (P,,,, cm/s) was calculated using Equation 1, where
dQ/dt is the slope of the cumulative drug transported versus time curve (ug/s), A(cm?) is
the surface area of the well inserts (i.e., 1.131 cm?), and ¢, is the initial drug concentration
in the donor compartment (ug/mL). Slope values were evaluated from the linear portion of

the cumulative amount of drug permeated (ug) versus time (s) profile in each case.
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Equation(1)

To study potential cellular uptake of the nanocrystals, in vitro permeability studies were
combined with a visualization tool (i.e., confocal laser scanning microscopy [CLSM]). On
that account, TR 146 cells were cultivated on chamber slides (BD Biosciences,
Schwechat, Austria), and phenytoin nanocrystals were labeled with Alizarin Red S (Sig-
ma-Aldrich, Munich, Germany). For this purpose, Alizarin red S was dissolved in HBSS to
a final concentration of 0.9 mM followed by the addition of the phenytoin nanocrystals.
The obtained dispersion was ultrasonificated, centrifuged, and washed with fresh HBSS to
remove the unbound dye. The labeled nanocrystals were diluted with HBSS to a final
phenytoin concentration of 1600 pg/mL ®"° For cell culture studies, the monolayers were
rinsed once with PBS. After equilibration, cells were incubated with the labeled
nanocrystal dispersions at 37°C for 4 h. Integrity (i.e., TEER) was measured before and
after the experiment. After the incubation period, the particle dispersion was removed and
nonadhered nanocrystals were washed off with PBS (n = 3). Before cutting and mounting
on glass slides, imaging inserts were also washed thrice with PBS for CLSM investiga-
tions. At the same time, cytoskeleton of the TR 146 cells was stained with Alexa Fluor 488
Phalloidin (Life Technologies Corporation), and nuclei were counterstained with Hoechst
33342 (Life Technologies Corporation). Slides were investigated with CLSM (Zeiss LSM
510 META) equipped with LSM510 software package. Alexa Fluor 488 Phalloidin—dyed
cytoskeleton was detected at 488 nm excitation wavelength using a BP 505/550 nm
bandpass detection for the green channel. Hoechst 33342—stained cell nuclei were visual-
ized at an excitation wavelength of 405 nm in conjunction with BP 420/480. Red-labeled
nanocrystals were visualized at 543 nm excitation wavelength using a LP 560 nm
bandpass detection for the red spectral region. Images of randomly chosen areas of the
cell monolayers were captured via CLSM. To record 3-dimensional data set, images were

taken with z stack.

Ex Vivo Porcine Buccal Model
Permeability studies of bulk and nanocrystalline phenytoin through excised fresh porcine

buccal mucosa were performed using static Franz diffusion cells (PermeGear, Hellertown)
according to Roblegg et al.*® *°®” Porcine tissues, which were obtained from freshly sacri-
ficed pigs (age, <6 months; Karnerta Slaughter House, Graz, Austria), were transported to

the laboratory in 4°C Krebs Buffer. After the careful removal of the underlying tissue, via-
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bility and integrity of the buccal mucosa were evaluated.*® *° The excised buccal mucosa
was mounted between the donor compartment (charged with 1-mL PBS buffer, 37°C) and
the receptor compartment (charged with 8.0-mL PBS buffer, 37°C). After equilibrating the
buccal mucosa to 37°C with PBS buffer for 30 min, the buffer of the donor compartment
was replaced by phenytoin and nanophenytoin, respectively, dispersed in PBS buffer (i.e.,
1600, 800, and 160 pg/mL, 37°C). After 10, 30, and 45 min and 1, 2, 3, and 4 h incubation
time, an aliquot of 200 pyL was withdrawn (and replaced by fresh PBS) from the donor
compartment. The amount of permeated phenytoin was quantitatively analyzed via HPLC.
The apparent permeability coefficient (Papp; cm/s) was calculated using Equation 2. Av-

erage values and their standard deviations were calculated (n = 6).

Quantitative Assays via HPLC
Quantitative determination of phenytoin was performed on a Merck-Hitachi LaChrom

HPLC system equipped with a pump L-7100, an autosampler L-7200, a column oven L-
7300, a UV-VIS detector L-7420, and a Merck-Hitachi interface L-7000 (Hitachi High
Technologies Corporation, Tokyo, Japan) using a C18 column (300 Extend-C18, 4.6 x
100 mm, 3.5 ym, 300 A, Agilent Technologies Austria GmbH, Vienna, Austria) with a
matching precolumn according to van Eerdenbrugh et al..®> The mobile phase (a mixture
of 50% MQ-water and 50% methanol [v/v%]) was introduced at a flow rate of 1 mL/min.
The injection volume per sample was 20 pyL. The UV spectrum was recorded at a wave-
length of 225 nm. Quantification of the compounds was carried out by measuring the peak
areas in relation to those of the standards (i.e., 0.5-100 pug/mL) chromatographed under
the same conditions with an evaluated limit of detection of 0.1 pg/mL and a limit of quanti-

fication of 0.5 pg/mL.

3. Results and Discussion

3.1. Preparation and Characterization of Phenytoin Nanosuspensions
Particle size reduction causes a significant increase in the specific surface area and the

interfacial tension.?* Thus, nanoparticles tend to agglomerate, resulting in instable sus-
pensions. To counter this phenomenon, surface-active agents (approved for oral applica-
tion) can be added to act as physical barriers.”®* % The mechanisms of stabilizer adsorp-
tion on the drug surface (i.e., hindering of ionic interactions, hydrogen bonding, van der
Waals forces, non-dipole interactions, or hydrophobic effects) are dependent on the given

drug properties.®®
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Phenytoin is a highly crystalline compound with strong intermolecular hydrogen bonding
and poor water solubility (i.e., 11.5 + 0.5 pug/mL).** The calculated log p value is 2.95 *
0.05, * and the contact angle in water is 79.5 + 2.7°, indicating a lipophilic nature. Parti-
cle size characterization of the bulk material was performed with laser diffraction and
yielded a d (0.1) of 7.9 ym, a d (0.5) of 14.4 ym, and a d (0.9) of 25.3 ym. To prevent ag-
glomeration of the drug particles P20, P80, KEL, KRH40, KP188, and KP407 (5% [w/w])
were used as nonionic stabilizers. ®* % "° The affinity of a stabilizer to the particle surface
can be evaluated by measuring the wettability via contact angle measurements. In gen-
eral, a small contact angle (i.e., <90°) between the API surface and the stabilizer is a good
predictor for the stabilizing efficacy. "**"* All tested stabilizers yielded smaller contact an-
gles compared to water (Table 1). Highest wettability was obtained for P20, whereas
KP407 showed comparatively larger contact angles. Moreover, surface tensions of stabi-
lizer solutions were evaluated because a low surface tension associated with a high sur-
face activity was found to be advantageous when stabilizing nanosuspensions
(Table 1).°? The tested surfactants showed lower surface tensions than water (i.e., 72.8 +
0.2 mN/m). Lowest values were found for P20 and highest for K188, which is in agree-

ment with the results of contact angle measurements.

Table 1.: Contact Angles and Surface Tension of Aqueous Stabilizer Solutions (5%, w/w)

Stabilizer Contact Angle + SD (°)  Surface Tension £ SD (mMN/m)

P20 23.6+4.0 36.61 +0.04
P80 342+17 40.81 £ 0.15
KEL 30.2+2.2 40.01 +0.03
KRH40 33.1+28 43.03 +0.06
KP188 33.3+2.2 45.89 +0.09
KP407 36.0+6.9 36.80 £ 0.05

For the production of the phenytoin nanosuspensions, wet media milling was applied as
previously described.** During this top-down approach, impaction of the milling medium
(containing milling beads and stabilizer solution) with the drug generates high energy and
shear forces, providing the necessary energy input for breaking microparticulate drug par-
ticles into nanocrystals. For this, process conditions including size and number of the in-
stalled milling beads, milling speed, time, and temperature are key parameters that need

to be adapted for a successful particle size reduction.”®?*?® Apart from process condi-
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tions, drug loading is of paramount importance. Commonly used drug loadings range from
2% to 30% (w/w)." In our study, preliminary investigations showed that a maximum drug
loading of 16% (w/w) yielded smallest particle sizes associated with suitable milling times.
Because a large number of small milling beads is more likely to create the compulsory
number of contact points and hence, high kinetic energy, 600 g of milling beads (i.e., 50%
of the volume of the presuspension) with a size of 0.5 mm were added to 210 g of the
stabilizer solution. To prevent physical modifications of phenytoin during milling due to
additional thermal stresses, all experiments were carried out at ambient temperatures by
applying a milling speed of 250 rpm. Because phenytoin is a highly crystalline compound
with strong intermolecular hydrogen bonding, it was necessary to grind the suspension for
24 h to achieve a sufficient particle size reduction.*

For characterization of phenytoin nanosuspensions, we recorded the mean hydrodynamic
particle sizes, zeta potentials, and Pdl values to quantify the size distribution (Table 2).
Pdl values <0.5 show reliability of the measurements, whereas high Pdls indicate invalid

results (i.e., broad size distribution of indefinite shape).®

Table 2.: Mean Z-Average, Pdl, and Zeta Potential of Phenytoin Nanosuspensions With the Addi-
tion of Various Stabilizers on the Day of the Production and 28 Days Later

Z-Average = SD Pdl £ SD Zeta Potential £ SD
(d.nm) (mV)
Stabilizer Day 0/Day 28 Day 0/Day 28 Day 0/Day 28
P20 6347 £ 2037/N.D. 0.62 £ 0.33/N.D. N.D.
P80 335+6/429+5 0.31+0.01/0.41+0.01 -18.3+0.4/-26.4+0.3
KEL 377 £ 4/N.D. 0.31 £ 0.03/N.D. -12.5 + 0.6/N.D.

KRH40 1333 +122/1375 £ 52 0.43+0.01/0.39+0.01 -14.7+0.4/-11.6+0.4
KP188 1224 + 18/N.D. 0.39 £ 0.01/N.D. -8.6 £ 0.3/N.D.

KP407 538 + 22/N.D. 0.36 + 0.06/N.D. -10.7 £ 0.1/N.D.

N.D., non-determinable due to agglomeration and/or phase separation.

The addition of P20 resulted in suspensions showing large particle sizes (i.e., 6347 *
2037 nm) and highest Pdl values (i.e., 0.62 + 0.33) with high standard deviations and
nondeterminable zeta potentials. This was due to the fact that during the wet media milling
process, significant foaming occurred; thus, the impact forces between the grinding balls
and the API crystals were decreased resulting in an insufficient size reduction. In contrast,

P80-stabilized suspensions yielded smallest particle sizes (i.e., 335 + 6 nm) with a suffi-
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cient Pdl (i.e., 0.31 £ 0.01) and high zeta potential values (i.e., —18.3 £ 0.4 mV). The zeta
potential was evaluated to allow a prediction of the stability of the nanocrystals. However,
the zeta potential only gives information about the electrostatic stabilization. P80 and all
other tested stabilizers are nonionic stabilizers, which theoretically hinder interparticle in-
teractions by steric stabilization. They adsorb to the surface of the nanocrystals and thus
protect the diffuse layer against removal during the movement in the electrical field and
shift the shear plane further away from the particle surface.”?" " It was shown by Jacobs
etal.”* that for nonionic stabilizers, values of approximately +20 mV are sufficient for ob-
taining physically stable systems, which is in agreement with our studies.

The addition of KEL resulted in nanosuspensions with slightly higher mean hydrodynamic
particle sizes (i.e, 377 £ 4 nm; Pdl, 0.31 £ 0.03). The zeta potential was -12.5 + 0.6 mV,
indicating a reduced steric stabilization and/or a diminished diffuse layer leading to a clos-
er interparticle contact and thus, a higher agglomeration tendency.” Similar results were
found for KRH40-, KP188-, and KP407-stabilized nanosuspensions. Because the principle
quality criterion for further processing steps is a stable system, nanosuspensions were
stored in a refrigerator at 5 + 3°C for at least 4 weeks, and sedimentation and particle
growth were evaluated. The results showed that sufficiently stable nanosuspensions were
only obtained with the stabilizer P80. Measured particle sizes remained nearly constant,
and the zeta potential values slightly increased but were still in the appropriate range (i.e.,
26.4 £ 0.3 mV). Thus, stabilized P80 nanosuspensions exhibited the required features and
were used for further investigations.

Nanoization of drug crystals is always coupled with high mechanical forces and thermal
stress (due to increased process temperature), which might affect the crystalline structure
of an API (e.g., amorphization). Although amorphous compounds might exhibit improved
dissolution characteristics, they always suffer from thermodynamic instabilities. Hence,
SWAXS and DSC measurements of nanophenytoin were carried out, and results were

compared to the bulk material.

Bulk phenytoin displayed crystallinity Bragg peaks in the angular WAXS region at 4.88,
4.60, 4.42, 4.37, 3.98, 3.91, 3.47, 3.43, and 3.34 A. Because the nanosuspension showed
the same positions of the Bragg peaks, it can be concluded that no changes in crystallinity

or amorphization of the drug occurred during the nanosizing process (Fig. 1).
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Figure 1. : WAXS spectra of bulk phenytoin and air-dried nanosuspension.
To verify these results, the thermal characteristics of the bulk material and the
nanosuspension were explored using DSC (Fig. 2) because shifting of the melting endo-

therm or the appearance of additional thermal events would indicate changes in the crys-
tal structure.

Temperature [* ] |
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DSC mWime] exother

Figure 2. : DSC thermograms of bulk phenytoin and air-dried nanosuspension.

Untreated phenytoin exhibited a sharp melting endotherm at 298.6 + 0.4°C (onset at 296.3
+ 0.1°C), indicating the crystalline nature of the drug. After melting and further heating up,
degradation of phenytoin occurred (degradation peak in the thermogram). The DSC curve
of nanophenytoin showed a melting point at 291.7 + 0.4°C (onset at 283.2 + 0.9°C), which
was slightly lower than that of bulk phenytoin. However, the marginal shifting of the melt-
ing endotherm of the nanosuspension is presumably caused by the P80 coating, which
was verified in our previous investigations via energy-filtered transmission electron mi-

croscopy.** After melting, a similar degradation peak was seen in the thermogram.
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Furthermore, the saturation solubilities of bulk and nanophenytoin were determined. Giv-
en the fact that the surfactant P80 was applied to the nanosuspension as stabilizing agent
(also likely affecting the solubility), an aqueous P80 solution (i.e., 5%, w/w) was used for

the bulk material to assure comparable conditions."

Nanocrystals exhibited a 1.4-fold higher solubility (i.e., 77.7 + 3.2 pg/mL) compared to the
bulk material (i.e., 53.9 £ 0.5 pg/mL). Because of the increased ratio between the surface
area and the volume, which specifically accounts for particles below 2 um, surface interac-
tion between solute and solvent is enhanced, resulting in a higher saturation
solubility.”™ """ However, this higher saturation solubility is actually a “kinetic” solubility,
which is higher than the “thermodynamic” equilibrium solubility of the untreated bulk mate-

rial and stems from the increased dissolution pressure of smaller particles with augmented

curvature (Kelvin and Ostwald—Freundlich equation).?" "®

To determine the time-dependent dissolution, in vitro studies were conducted as recom-
mended by the USP (official monograph of phenytoin). The dissolution profiles of both
samples were recorded over a period of 60 min ( Fig. 3) taking into account sink condi-
tions (i.e., saturation solubility of bulk phenytoin in 0.05-M Tris buffer [100.6 = 0.9 pg/mL]).
Again, the effect of the stabilizer P80 on the dissolution kinetics of nanophenytoin was

compensated by the addition of 1% (w/v) sodium lauryl sulfate.
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Figure 3. : Dissolution profiles of bulk phenytoin and nanophenytoin in 0.05-M Tris buffer (pH 7.5; 1
h). Mean values + SD (n = 3).

The dissolution profile of the bulk material demonstrated that 45.6 + 4.3% of the applied
dose was released after 10 min, which was only slightly enhanced to 53.3 + 2.2% after 60
min. In contrast, for nanocrystalline phenytoin, the entire drug was dissolved within 5 min.

42



RATIONAL DESIGN AND CHARACTERIZATION OF A NANOSUSPENSION FOR INTRAORAL ADMIN-
ISTRATION CONSIDERING PHYSIOLOGICAL CONDITIONS

These results corroborate that the (kinetic) solubility and the dissolution rate of phenytoin
can be significantly improved by reducing the particle size to the nanometer range be-
cause of the increase in the specific surface area.

3.2. Permeability and Cytotoxicity Studies
To evaluate whether the improved dissolution characteristics of nanophenytoin change

under more physiological conditions and enhance permeation across buccal tissues with-
out causing adverse side effects, bulk phenytoin and the phenytoin hanosuspension were
tested using 2 well-established buccal models.*® *°% %77 |n vitro permeability and cyto-
toxicity studies were conducted with TR 146 cells, which originate from a squamous hu-
man cell carcinoma of the buccal mucosa. ®°-® Ex vivo permeability studies were per-
formed with static Franz Diffusion cells, using excised porcine buccal mucosa, which high-

ly recapitulates the anatomy and the physiology of the human buccal mucosa. *° % |t

was shown in prior investigations “®*°-*°

that the viability and integrity of excised porcine
tissue can only be maintained for 4 h. This is of paramount importance because the per-
meation barriers, which finally determine whether a drug can penetrate or permeate
across the biological barrier, are only active in the viable state. Thus, to be able to com-
pare the ex vivo investigations with the in vitro data, the cell monolayers and the porcine
tissues were incubated for 4 h with the respective particle dispersions. Dependent on the
investigations performed, distinct physiological media were used to mimic salivary condi-
tions (i.e., pH and ionic strength) without affecting the viability and membrane integrity of
the excised tissues and cells during the experiments. For ex vivo and in vitro studies, bulk
and nanophenytoin were dispersed in PBS (pH 7.4; ionic strength of 162.7 mM) and
HBSS (pH 7.4; ionic strength of 167.3 mM), respectively. Cytotoxicity studies were per-
formed with DMEM, 3396779

Generally, the steady state flux of a drug across a barrier is proportional to its applied
concentration, as stated by the Fick's law of diffusion (Eq. 2). More precisely, the mass of
a solute transported per unit time (dm/dt) through an area A is controlled by the concen-

tration gradient dC/dx with D as the solute diffusion coefficient.

1 dm dC
_ — =D
Equation(2) A dr elx

The problem encountered referred to low-soluble drugs is that the concentration is often
too low to maintain a sufficient driving force necessary for an efficient drug transport.

Hence, in our study, the solution in the donor compartment was kept saturated.®'3* On
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that account, the saturation solubility of bulk and nanophenytoin in HBSS and PBS was
determined after 72 h. In HBSS, a saturated concentration of 39.7 + 2.6 pg/mL was ob-
tained for bulk phenytoin, whereas nanophenytoin yielded a 2.9-fold higher maximum
concentration (113.3 = 13.7 yg/mL). In PBS, bulk phenytoin showed a maximum solubility
of 17.0 + 1.3 pyg/mL and nanophenytoin exhibited a saturation concentration of 103.6 + 2.0
pg/mL. Comparing these results with the solubility data obtained in the aqueous P80 solu-
tion, it is obvious that the ionic strength and the pH of the dispersion media significantly
decreased the maximum solubility of bulk phenytoin (because of increased particle ag-
glomeration) while increasing the maximum solubility of nanophenytoin 1.3- to 1.5-fold

(because of minor agglomeration).

Based on the obtained data, bulk and nanophenytoin were dispersed in HBSS, PBS, and
DMEM to a final phenytoin concentration of 1600, 800, and 160 pg/mL, to ensure driving

forces.

Moreover, the mean hydrodynamic diameter (z-average, d.nm) and the Pdl values of the

various nanosuspension dilutions were once more determined via PCS.

The mean Pdl values of nanocrystals were >0.5 in all tested media, indicating a broad
particle size distribution. In the QO-recorded spectra (Figs. 4 a,c,e), nanoparticles dis-
persed in DMEM exhibited one peak at 200 nm (90%-99%) and a second one at 800-
1000 nm (1%-10%). In PBS and HBSS, dispersion of nanocrystals yielded a monomodal
distribution with a peak at 100 nm. However, the Q3-recorded spectra (Figs. 4 b,d,f) dis-
played one large peak at 240-260 nm (DMEM) and 140 nm (HBSS and PBS), respective-
ly, a second peak at >1000 nm and a third peak in the micrometer range. P80-stabilized
phenytoin nanocrystals dispersed in zeta water yielded zeta potential values of -18.3 +
0.4 to —-26.4 + 0.3 (1600-160 pg/mL) indicating a negative surface charge of the phenytoin
nanocrystals. Because all tested physiological media exhibited high concentrations of
monovalent (Na* and K*) and divalent cations (Mg®* and Ca?*; more pronounced in HBSS
and DMEM), the electric double layer surrounding the surface of the charged nanocrystals
was diminished. Thus, the electrostatic repulsive forces were weaker than the attractive
van der Waals forces, resulting in agglomeration of the nanocrystals.?> ® " However, a

significant amount of smaller particles was still present in the nanorange.
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Figure 4. : Particle size distribution QO (a, ¢, and €) and Q3 (b, d, and f) of phenytoin nanocrystals
dispersed in DMEM, PBS, and HBSS. The solid line indicates the dispersion with a final phenytoin
concentration of 1600 yg/mL, the dotted line shows the PSD of 800 yg/mL phenytoin, and the
dashed line presents 160 pg/mL phenytoin in the corresponding medium.

3.3. Permeability Studies
For in vitro and ex vivo permeability studies, the apparent permeability coefficients per unit

membrane surface area (Pap, [cm/s]) of bulk and nanophenytoin and the steady state ap-
pearance rate of (nano)phenytoin to the basolateral side (dQ/dt [ug/s]) were calculated
( Table 3).
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Table 3.: Apparent Permeability Coefficients (Papp, x10-6 cm/s) and dQ/dt (x10-3 ug/s) From
Cell Culture Model (TR 146 cell line) and Porcine Buccal Mucosa (Franz diffusion cells) of Bulk and
Nanocrystal Phenytoin at 3 Different Concentrations (1600, 800, and 160 ug/mL)

Bulk Nanosuspension
TR 146 Porcine Mucosa TR 146 Porcine Mucosa
(Cs=39.7+26 (Cs=17.0+1.3 (Cs=113.3 +13.7 (Cs=103.6 £2.0
Mg/mL) Mg/mL) Mg/mL) Mg/mL)
Phenytoin
Concentration  g/dt x Papp X dQ/dt x Papp X dQ/dt x Papp X dQ/dt x Papp X
(Mg/mL) 1073(ug/s) 10 °(cm/s) 103(ug/s) 10 °(cm/s) 10 3(ug/s) 10 °(cm/s) 10 3(ugls) 10 °(cm/s)
1600 1.71+ N.D. N.D. 1.90 + 0.17 +
0.13 0.00 0.05
800 258+ 3.09+% N.D. N.D. 3.62 % 3.70 £ 0.30 0.37
0.19 0.00 0.12 0.10 0.06 0.00
160 13.70 + N.D. N.D. 19.80 + 211+
0.82 1.1 0.43

All values are presented as mean values (n = 6) £ SD. The respective values for the saturation
solubility of bulk and nanosuspension in HBSS (in vitro studies) and PBS (ex vivo studies) at 37°C
are stated.

N.D., nondeterminable: amount of permeated phenytoin was under the limit of quantification.

To ensure high barrier properties of the TR 146 cell monolayer cultured on Transwells, the
integrity was confirmed prior to the permeability experiments by measuring and calculating
the transepithelial electrical resistance (TEER 52-60 Qcm?).

The calculated steady state appearance rates were 2.58 + 0.19 x 10-3 ug/s for bulk
phenytoin and 1- to 1.4-fold higher (i.e., 3.62 + 0.12 x 10-3 ug/s) for nanophenytoin, inde-
pendent of the applied dose. Considering the distinct concentrations used (i.e., 1600, 800,
and 160 pg/mL), the calculated Papp values ranged from 1.90 to 19.80 x 10-6cm/s for
nanophenytoin and from 1.71 to 13.70 x 10-6 cm/s for bulk phenytoin.

It is known that nanoparticles are small enough to penetrate or permeate epithelial barri-
ers and are internalized by the buccal cells.*® 4% %% 7%.85. 8 Thyg  to investigate whether the
enhanced permeability of nanophenytoin was due to not only the increased solubility be-
havior but also cellular uptake (acting as “depot” for nanocrystals), TR 146 cells were
treated with fluorescently labeled nanosamples, rinsed with buffer, and histochemical in-
vestigations were performed (Fig. 5). The CLSM images showed that most of the particles
were removed by the washing step, and only isolated particles were occasionally visible in
the intercellular spaces. Because of the negative surface charge of the phenytoin

nanocrystals, electrostatic repulsion from anionic sites of the plasma membrane occurred
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and cellular uptake was inhibited. This suggests that the enhanced permeability behavior

is determined by the increased solubility of nanophenytoin in the physiological liquid.

Figure 5. : CLSM images (z stack) of TR 146 monolayers incubated with Alizarin Red S labeled
phenytoin nanocrystals (red). Cell nuclei were stained with Hoechst (blue) and the cell membrane
was stained with Alexa Fluor 488 Phalloidin (green). The circles and arrows indicate nanocrystals.

The ex vivo studies showed that the permeated amount of bulk phenytoin through freshly
excised porcine mucosa was lower than the limit of quantification, and thus, quantification
was not possible. However, the steady state appearance rate of nanophenytoin was 0.30
+ 0.06 x 10-3 pg/s (independent of the applied initial dose) and the Py, were 0.17 *
0.05 x 10-6 for the highest initial concentrations (1600 pg/mL) and 2.11 * 0.43 x
10-6 cm/s for lower concentrations (160 pg/mL).

Comparing the results from the ex vivo with the in vitro investigations, P, values were 10
times lower. This is due to the fact that the barrier thickness also plays a dominant role in
drug permeability. Porcine (and also human) buccal mucosa is 13-18 times thicker com-
pared to the in vitro cell monolayer. ® To circumvent this obstacle, we carefully character-
ized both biological membranes and calculated the transference (T, pg/s/cm), which is the
product of the membrane thickness | (cm) and the solute flux Jsat(ug/s/icm®)® (Eq. 3).

) I
. T= —X <_Q) _'Jr.w.'}"{l:
Equation(3) A\ di

The calculated T values showed that the ex vivo data (1.5 x 10-5-2.1 x 10-5 pg/s/cm)

were well in accordance with the in vitro data (1.0 x 10-5-1.9 x 10-5 ug/s/cm).
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3.4. Cytotoxicity
Because nanosystems might interfere with physiological functions, thus affecting cellular

homeostasis, potential cytotoxic events were assessed. On that account, the cell viability
was examined by a Formazan Bioreduction (MTS) Assay, and the membrane integrity
was evaluated by measuring the LDH release after incubation of TR 146 cells with the

particle suspensions (4 h; Fig. 6).
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Figure 6. : Cell viability (%) and LDH release (%) of human buccal epithelial TR 146 cells treated
with dispersions of bulk phenytoin [PHT_1600-160 pg/mL] and nanosuspension [NS_1600-160
ug/mL] in DMEM. =Control; formazan bioreduction assay; control wells were treated with lysis solu-
tion to generate 100% cell death; LDH release studies: control wells without the treatment of phen-
ytoin bulk or nanodispersion.

The results showed only small variances in the cell viability within the tested phenytoin
concentration of 1600-160 pg/mL for both the bulk and the nanocrystalline phenytoin (con-
trol = 3 + 2% viability). After 4 h of incubation time, cell viability was at least 98 + 5% for
bulk phenytoin (160 pg/mL) and 95 + 3% for nano phenytoin (160 pg/mL). Moreover, no
significant LDH release was observed within 4 h of incubation. Hence, neither bulk nor

nanophenytoin caused harmful effects on buccal cells.

4. Conclusions
This study focused on enhancing drug permeation of phenytoin, a poorly soluble drug,

across the buccal mucosa by increasing the drug solubility via particle size reduction. For
this, a stable aqueous phenytoin nanosuspension was prepared via media milling, careful-

ly characterized and tested considering the physiological conditions in the oral cavity.
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The addition of the stabilizer P80 resulted in a stable crystalline nanosuspension with a
mean hydrodynamic particle size of 330 nm. An enhanced saturated solubility and in-
creased dissolution rate of phenytoin nanocrystals were observed in nonphysiological
media. However, adapting the test media to salivary conditions, the solubility of the
nanosuspension significantly increased. In vitro permeability studies revealed a 1.4-fold
higher steady state appearance rate of nanophenytoin and a 1- to 1.4-fold higher P,
because of an improved saturated solubility of nanophenytoin. Additionally, ex vivo per-
meability studies showed that nanophenytoin permeated across the buccal epithelium
more efficiently (dQ/dt= 0.30 + 0.06 x 10-3 yg/s and P, = 0.17 + 0.05-2.11 + 0.43 x
10-6 cm/s) than bulk phenytoin. Considering the membrane thickness, the ex vivo results
were well in accordance with the in vitro data. No impact on the cell viability was observed
despite size reduction. Since the nanocrystals did not interfere with the cells, the in-
creased permeability can be attributed to the enhanced solubility of nanophenytoin in sali-
va.

This study clearly demonstrates that crystalline hanosuspensions are (1) a promising tool
for enhancing the solubility of poorly soluble drugs and (2) are appropriate for safe in-
traoral drug administration. Moreover, it was shown that it is of paramount importance to
consider the physiological conditions in the oral cavity because the salivary environment
(i.e., ionic strength, pH) strongly impacts not only the stability but also the solubility and as

a consequence the permeability of the compound across the buccal mucosa.
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Abstract
Since more than 40% of today’s drugs have low stability, poor solubility and/or limited abil-

ity to cross certain biological barriers, new platform technologies are required to address
these challenges. This paper describes a novel continuous process that converts a stabi-
lized aqueous nano-suspension into a solid oral formulation in a single step (i.e., the
NANEX process) in order to improve the solubility of a model drug (phenytoin). Phenytoin
nano-suspensions were prepared via media milling using different stabilizers. A stable
nano-suspension was obtained using Tween® 80 as a stabilizer. The matrix material
(Soluplus®) was gravimetrically fed into the hot melt extruder. The suspension was intro-
duced through a side feeding device and mixed with the molten polymer to immediately
devolatilize the water in the nano-suspension. Phenytoin nano-crystals were dispersed
and embedded in the molten polymer. Investigation of the nano-extrudates via transmis-
sion electron microscopy and atomic force microscopy showed that the nano-crystals
were embedded de-aggregated in the extrudates. Furthermore, no changes in the
crystallinity (due to the mechanical and thermal stress) occurred. The dissolution studies
confirmed that the prepared nano-extrudates increased the solubility of nano-crystalline
phenytoin, regardless of the polymer. Our work demonstrates that NANEX represents a
promising new platform technology in the design of novel drug delivery systems to im-

prove drug performance.
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1. Introduction
Oral administration of drugs is traditionally preferred by the patients and remains the most

convenient and industrially relevant delivery form. However, many newly-developed
chemical entities (NCE) have poor water solubility, which poses a great challenge since
drug solubility is frequently a rate-limiting step in the intestinal drug absorption, negatively
affecting bioavailability (Fasano, 1998). To overcome this problem and to improve drug
efficacy and safety, innovative formulation platforms and strategies for novel oral drug
delivery technologies are increasingly developed (Verma and Garg, 2001).

An ample body of research exists in this area, focusing on salt- or co-crystal formation,
amorphous solid dispersions, or other solubility enhancement strategies (Crowley et al.,
2007, Fasano, 1998, Pardeike et al., 2011, Patil and Wagh, 2011, Patravale et al.,
2004,Paudel et al., 2013, Roblegg et al., 2011, Shah et al., 2012 and Verma and Garg,
2001). Another strategy in this rapidly emerging field is the development of nano-systems
(Van Eerdenbrugh et al., 2008), where solubility enhancement is achieved by making use
of the high surface-to-volume ratio and the associated increase in energy levels and (ap-
parent) solubility (Muller et al., 2001 and Miller and Peters, 1998).

The range of nano-systems in the oral drug delivery area includes polymeric nhano-
particles, solid lipid nano-particles and nano-crystals (<500 nm), which are obtained (for
example) via specialized milling techniques, such as the Elan Nano-crystal® technology
(Chingunpituk, 2011, Liversidge and Cundy, 1992 and Van Eerdenbrugh et al., 2008) or
by high-pressure homogenization (DissoCubes®, SkyePharma PLC (Miiller et al., 1999a)).
Typically, nano-crystals exhibit stability issues caused by the agglomeration (Kesisoglou
et al., 2007, Rabinow, 2004, Van Eerdenbrugh et al., 2009 and Verma and Garg, 2001),
which can be of both physical (e.g., Ostwald ripening and agglomeration) and chemical
(e.g., hydrolysis) nature (Mdschwitzer et al., 2004). Thus, specific stabilizers are added
that inhibit particle agglomeration.

Currently, five oral solid nano-products (i.e., Rapamune®, Emend®, TriCor®, Megace®ES
and Triglide™) (Chingunpituk, 2011 and Van Eerdenbrugh et al., 2008) are available on
the market, four of which are produced via the media milling technique and one
(Triglide™) via high-pressure homogenization. However, the manufacturing process of
converting a nano-suspension into a solid powder (Mdller et al., 1999b) and further com-
pacting it into tablets or filling it into capsules requires several intricate steps, including

freeze drying, spray drying, spray coating, pelletization or granulation. These complex
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processes are time-consuming, cost-intensive, and hard to control and to scale-up. More-
over, they cannot be easily integrated in a continuous manufacturing environment. Thus,
new technologies are required that enable a continuous transformation of nano-
suspensions into a solid formulation. This allows to (i) precisely control the product quality,
(if) increase the manufacturing capacity, and (iii) to produce a range of drug doses in an
efficient manufacturing environment.

In our initial proof-of-concept study we reported on a one-step nano-extrusion process
(NANEX) (Khinast et al., 2013), in which a model nano-suspension (titanium dioxide nano-
particles) was fed directly into a hot melt extruder. The solvent was removed from the ex-
truder by devolatilization, and the nano-particles were embedded de-agglomerated in a
molten polymer (Soluplus®).

In the current study we present the use of the NANEX process for developing solid nano-
formulations of the water-insoluble model drug phenytoin in a single step. First, the physi-
cochemical characteristics of the bulk material were evaluated, and nano-suspensions
were prepared via media milling (by selecting and adding appropriate stabilizers). The
nano-suspensions were characterized and the most stable systems were selected for the
NANEX development. The polymer (Soluplus®) was fed gravimetrically into the extruder
and the agueous nano-suspension was added through liquid side feeding. Screw optimi-
zation was performed to render a stable, reproducible and well-controlled process. Next,
the extruded material was studied via electron-microscopic analysis and atomic force mi-
croscopy to verify the presence of de-agglomerated distributed phenytoin nano-crystals in
the matrix system. Finally, dissolution profiles of the obtained nano-extrudates were
measured to determine the release characteristics of phenytoin nano-crystals in the

extrudates.

2. Materials and methods

2.1. Materials
As a model active pharmaceutical ingredient (API), phenytoin (5,5-diphenylhydantoin)

from Sigma—Aldrich (Sigma—Aldrich®, Munich, Germany) was used. The stabilizers
Tween® 20 (P20) and Tween® 80 (P80), as well as methanol (CHROMASOLV®, for HPLC,
>99.9%) were purchased from Sigma—Aldrich (Sigma—Aldrich®, Munich, Germany).
Soluplus®, Kolliphor® P188 (KP188), and Kollicoat® IR (KIR) were donated by the manu-
facturer BASF (BASF SE, Ludwigshafen, Germany). Ultrapurified water (i.e., Milli-Q®-

water (MQ-water), Millipore S.A.S., Molsheim, France) was used for all experiments.
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2.2. Methods
2.2.1. Characterization of bulk phenytoin

2.2.1.1. Sample preparation for transmission electr ~ on microscopy (TEM) and atomic
force microscopy (AFM)
Samples for TEM and AFM were prepared by placing a small droplet of the sample onto

plastic paraffin films. Next, samples were covered by a holey carbon coated copper elec-
tron microscopy (EM) grid for a few seconds. The grids were padded with filter paper to

remove excess material and left to dry.

2.2.1.2. Determination of morphology, size and shap e of bulk phenytoin via trans-
mission electron microscopy (TEM)
TEM analysis was performed using a Philips CM 20 microscope (FEI, Eindhoven)

equipped with a Gatan imaging filter (GIF) and operated at a high voltage of 200 kV with
LaB6 cathode. Energy-dispersive X-ray spectroscopy (EDXS) experiments were conduct-
ed with scanning transmission electron microscopy (STEM) mode with a probe current of
20 nA and a beam diameter of 100 nm. Data processing was carried out with the Digital
Micrograph software (Gatan, USA). All EDX spectra and TEM micrographs were recorded

without prior staining.

2.2.1.3. Crystalline structure of bulk phenytoin vi a small- and wide-angle X-ray scat-
tering (SWAXS)
Crystal structure and morphology were investigated using a SWAXS System (HECUS S3-

MICRO, Bruker AXS, Karlsruhe, Germany) with automated data evaluation software. The
SWAXS (SAXS and WAXS) system is equipped with a high-flux laboratory SWAXS cam-
era S3-Micro (Bruker AXS, Karlsruhe, Germany), a high-brillance microbeam delivery sys-
tem with point-focus optics (FOX3D, Xenocs, Grenoble, France) and with a 1D- or 2D-
detection system. For sample preparation, material was filled into glass capillaries (2 mm
in diameter) that were sealed with wax and placed into the SpinCap. For X-ray a wave-
length A of 1.54 A was used and the SAXS and WAXS curves (scattering intensities as a
function of the scattering angle 2 6) were recorded by two independent 1D detectors
(PSD-50, Hecus X-ray Systems, Graz, Austria) in the angular ranges of 0.06° <2 6 < 8°

and 18° < 2 6 < 27°. Duration of exposure was 600 s.

2.2.1.4. Thermal behavior of bulk phenytoin via dif ~ ferential scanning calorimetry
(DSC)
The thermal properties of phenytoin were investigated using DSC (204F1 Phoenix,

Netzsch GmbH, Selb, Germany). Phenytoin was placed into an aluminum crucible, which
was sealed, pierced and purged with pure nitrogen (20 ml/min). The heating rate was
10 K/min from 20 to 350 °C. After cooling (10 K/min) to 40 °C, a second run was per-

formed, with an empty aluminum crucible as a reference. The DSC data were analyzed
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with Proteus Thermal Analysis software (Netzsch GmbH, Selb, Germany). Each experi-
ment was carried out in triplicate, and average values and their standard deviations were

calculated.

2.2.1.5. Agqueous solubility of bulk phenytoin
The aqueous solubility of bulk phenytoin in MQ-water was calculated at room tempera-

ture. For this purpose, an excess of the bulk material was transferred into glass vessels.
Subsequently, 50 ml of media (i.e., MQ-water) were added and samples were placed in a
horizontal shaker (IKA yellow line RS 10 control, IKA®-Werke GmbH & Co., KG, Staufen,
Germany) operating at 200 rpm for 24 h and 96 h. (room temperature at 25 +1 °C). 1 ml
was withdrawn and the samples were centrifuged (5 min, 20817.16 g; room temperature)
and analyzed via high performance liquid chromatography (HPLC). Each experiment was
performed in triplicate, and the average values and the standard deviations were calculat-
ed.

2.2.1.6. In vitro drug release studies
The release profile of phenytoin was obtained using dissolution apparatus Il (paddle) ac-

cording to the official monograph of phenytoin described in the United States Pharmaco-
peia (USP). Analyses were carried with 27 mg of phenytoin in 900 ml of 0.05 M Tris buffer
(i.e., 36.3 g of tris(hydroxymethyl) aminomethane and 60 g of sodium lauryl sulfate in 6 | of
water, adjusted with hydrochloric acid to a pH of 7.5 £ 0.05). The dissolution medium was
maintained at 37 + 0.5 °C and agitated with a rotational speed of 100 rpm. At predeter-
mined time intervals (i.e., 5, 10, 20, 30, 40, 50 and 60 min) samples of 1 ml were taken
and filtered through 0.02 pm filters (Anotop 25 Plus, Whatman, Maidstine, UK). Dissolu-
tion experiments were carried out in triplicate and all samples were analyzed via high per-

formance liquid chromatography (HPLC).

2.2.1.7. Quantitative assays via high performance |  iquid chromatography (HPLC)
Quantitative determination of phenytoin was performed on a Merck—Hitachi LaChrom

HPLC system equipped with a pump L-7100, an autosampler L-7200, a column oven L-
7300, a UV-vis detector L-7420 and a Merck—Hitachi interface L-7000 (Hitachi High
Technologies Corporation, Tokyo, Japan) using a C18 column (300 Extend-C18,
4.6 x 100 mm, 3.5 ym, 300 A, Agilent Technologies Austria GmbH, Vienna, Austria) with a
matching pre-column after Van Eerdenbrugh et al. (2009). The mobile phase (a mixture of
50% MilliQ-water and 50% methanol (v/v%)) was introduced at a flow rate of 1 ml/min.
The injection volume per sample was 20 yl. The UV spectrum was recorded at a wave-
length of 225 nm. Quantification of the compounds was carried out by measuring the peak

areas in relation to those of the standards (i.e., 0.5-100 pg/ml) chromatographed under
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the same conditions with an evaluated limit of detection (LOD) of 0.1 pg/ml and a limit of
quantification (LOQ) of 0.5 pg/ml.

2.2.2. Preparation and characterization of the nano  -suspensions

2.2.2.1. Media milling (MM)

For the production of nano-suspensions via MM, a stabilized aqueous suspension at the
ratio 4:20:1 (drug:water:stabilizer in w/w) was prepared. Yttrium-stabilized zirconium
beads of 0.5 mm in diameter were used as a milling agent with a weight ratio of 2.4:1 for
milling beads to starting suspension. Milling was performed with a planetary ball mill
(Retsch PM 100, Retsch GmbH, Haan, Germany) equipped with a zirconium oxide grind-
ing bowl (500 ml) at 250 rpm for 24 h. The experiments were carried out at room tempera-
ture (25 £ 1 °C). Each batch had a mass of 250 g, and the API concentration of the nano-

suspension was 16% (w/w).

2.2.2.2. Z-average and polydispersity index (Pdl) v ia photon correlation spectrosco-
py (PCS) and zeta potential via laser-doppler-micro  -electrophorese
Z-average and PdlI of the prepared nano-suspensions were analyzed via photon correla-

tion spectroscopy (PCS) using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)
equipped with a 532 nm laser. Prior to the measurements, nano-suspensions were diluted
in a saturated phenytoin-water solution (i.e., concentration of 11.5 pyg/ml) to result in an
appropriate particle concentration and to prevent the dissolution of particles during meas-
urements (Kayaert and Van den Mooter, 2012 and Van Eerdenbrugh et al., 2009). The
measurements were performed at 25 °C. Equilibration time was 30 s, and the measure-
ment angle was 173° (backscattering). The measurements were carried out in triplicate,
and the average values and the standard deviations were calculated.

The zeta potential was evaluated via Laser-Doppler-Micro-Electrophorese (scattering an-
gle of 173°) coupled with PCS (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK)
and calculated according to the Helmholtz—Smoluchovski equation. The measurements
were performed in Zeta-water (i.e., distilled water adjusted with 0.9% (w/v) sodium chlo-
ride solution to a conductivity of 50 Scm™ and a pH of 5.5-6.0) at 25 °C to obtain infor-
mation on the surface charge. The measurements were carried out in triplicate and the

average values as well as the standard deviations were calculated.

2.2.2.3. Stability studies
Physical stability of the nano-suspensions was investigated by storing samples in a refrig-

erator (i.e., 5+ 3 °C) for four weeks and measuring the Z-average and zeta potential of

the formulations weekly via PCS and LDME.
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2.2.2.4. Characterization of the nano-suspension
Nano-suspensions were characterized and analyzed via HPLC with respect to their crys-

talline structure (SWAXS, air dried suspension), thermal behavior (DSC, air dried suspen-
sion), particle size (TEM), aqueous saturation solubility and dissolution profile. For deter-
mination of the aqueous solubility an excess of the nano-suspension was used. For in-
vitro dissolution studies an aliquot of the nano-suspension corresponding to a phenytoin-
dose of 27 mg was transferred into the glass vessels and samples were treated equally as

the bulk material.

2.2.3. Preparation and characterization of the nano  -extrudates

2.2.3.1. The continuous nano-extrusion process (NAN  EX)

Extrusion was performed with the MICRO 27 GL twin-screw extruder (Leistritz
Extrusionstechnik GmbH, Nirnberg, Germany) through a die with two identical 1 mm
holes. The barrel had nine sections (8 temperature-controlled barrel zones), which were
individually heated with electric heaters or cooled with water. The temperatures of the
individual barrels were in the range of 100-150 °C, and the screw-speed was 200 rpm
(Fig. 1). Soluplus® (i.e., the matrix material) was fed gravimetrically into zone 1 (i.e.,
2.0 kg/h) via a K-Tron twin-screw feeder K-CL-SFS-KT20 (K-Tron LLC, Switzerland). The
nano-suspension (i.e., 0.6 kg/h) was added into zone 4 by using a flow-controlled micro-
angular gear pump mzr7205 G (HNP Microsystems GmbH, Germany), and water vapor
was eliminated via devolatilization (200 mbar) in barrel zone 8. Thus, the whole process

can be run continuously.
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Fig.1. Schematic illustration of the extruder setup, including the process temperatures of the barrel
zones in °C, the screw configuration and speed [U/min] and the throughput of the feeder in barrel 1
and the liquid side-feeding device (barrel 4). (Legend for screw elements: CE = conveying element;
KE = kneading element; ME = mixing element; 40, 30, 20 mm = pitch of conveying elements; 30°,
60°, 90° = offset angles of kneading elements.)
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Combined with a suitable downstream processing step, such as calandering or hot-die
cutting (Radl et al., 2010; Treffer et al., 2013 and Treffer et al., 2014) this process can be
used to produce a final drug product in one processing step.

The screw-configuration was adapted to the process requirements. For that purpose, the
screw in the feeding section (barrel 1) had powder conveying elements with a large pitch
of 40 mm. The pitch of the screw elements decreased in the transition zone (barrel 2) (i.e.,
from 30 mm to 20 mm). In the melting zone (barrel 3), kneading elements with 30° and
60° offset angles were used in the front part, followed by a conveying element with a
20 mm pitch and the second section of kneading elements with 60° and 90° offset angles.
The screw in the side feeding zone (barrel 4, where the nano-suspension was added) had
partially-filled conveying elements. The mixing zone (i.e., barrel 5-7) contained various
mixing, kneading and conveying elements. Two mixing elements were used initially (barrel
5), and three kneading elements with 60° and 90° offset angles with conveying elements
followed each kneading element. The degassing zone (barrel 8) had conveying elements
with a large pitch of 40 mm. The screw in the rear of the extruder (barrel 9) had a convey-

ing element.

For comparison purposes, bulk extrudates were prepared by extruding a premix compris-
ing 95.4% (w/w) Soluplus® and 4.6% (w/w) untreated phenytoin (bulk material) with the
MICRO 27 GL twin-screw extruder (Leistritz Extrusionstechnik GmbH, Niurnberg, Germa-
ny). The process parameters, screw configuration and barrel temperatures were identical
to the NANEX settings.

2.2.3.2. Characterization of the nano-extrudates
The nano- and bulk-extrudates were characterized in terms of thermal behavior as de-

scribed for bulk-phenytoin. For DSC measurements, extrudates were cut into pellets. Ex-
periments were performed at 10 K/min (20 ml/min nitrogen; from 20 °C to 320 °C). Fur-
thermore, the distribution of the (nano-) crystals in the extrudates was studied and verified
via TEM and atomic force microscopy (AFM). For the purposes of TEM and AFM studies,
the original phenytoin (nano-) extrudate materials were mounted on special holders that fit
in the microtome and could be used to examine the block face via AFM. Since
Soluplus® is a water soluble substance, the sections (50—70 nm) were cut in a water-free
environment using a Leica Ultracut E microtome (Leica, Austria) equipped with a diamond
knife (Diatome, Switzerland). The sections for TEM analysis were collected on holey car-
bon coated 400-mesh copper TEM grids. For AFM studies, after ultramicrotomy the block
faces of the specimens were investigated at ambient conditions using a Dimension 3100

AFM/SPM (Veeco, USA) atomic force microscope. AFM images were collected in a “hard-
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tapping” mode using the silicon nitride cantilevers with natural frequencies in the 300 kHz
range (force constant 20 N/m, tip radius 10 nm (NT-MDT, Russia). AFM image processing
was performed using the Nanoscope v720 software (Veeco, USA). The agueous solubility
and the in-vitro dissolution studies of the extrudates were performed as described for the

bulk and the nano-suspension.

3. Results and discussion

3.1. Rational selection of the matrix material and of the model drug
In general, thermoplastic polymers applied in hot-melt extrusion must have suitable

physico-chemical properties. Extrudability is primarily determined by the glass transition
temperature (Ty) and/or the melting temperature (T,), as well as the melt viscosity and/or
stickiness. Polymers with a low Ty and a low T, (50-180 °C) are typically selected to pre-
vent the degradation of thermo-sensitive APIs ( Kolter et al., 2012). Furthermore, physio-
logical compatibility (i.e., GRAS — generally recognized as safe — status) and, if possible,
low hygroscopicity are required. In addition, to achieve a homogeneous distribution of the
agueous nano-suspension in a matrix, the polymer has to be miscible with or swell in wa-
ter during the NANEX process.

For these reasons, amphiphilic Soluplus®, a polyvinylcaprolactam—polyvinyl acetate—
polyethylene glycol graft co-polymer, was selected as the matrix material. It is miscible
with water, has a low T4 (70 °C) and is thermally stable up to 293 °C ( Terife et al., 2012).
It acts as solubilizer for poorly soluble APIs and has an instant release profile ( Kolter et
al., 2012).

The physicochemical characteristics to make an API suitable for the NANEX process in-
clude thermal and mechanical stability and poor solubility. Thus, phenytoin (5,5-
diphenylimidazolidine-2,4-dione) which is an anticonvulsive, antiepileptic and anti-
arrhythmic drug was used. It is poorly soluble (i.e., 11.5 £ 0.5 yg/ml) and lipophilic (i.e.,
log P =2.95 +0.05; contact angle with water = 79.5 £ 2.7°). Moreover, phenytoin is a
highly crystalline compound with a T,, of 298.6 £ 0.4 °C, which does not decompose prior
to its melting point (see Fig. 4) ( Nokhodchi et al., 2003 and Thakur and Gupta, 2006).

3.2. Preparation and characterization of the nano-s  uspensions
For the production of the nano-suspension media milling (MM) was applied. During the

MM-process, the most important process parameters are number and size of the milling
pearls, the milling speed, time and temperatures, and the drug loading (Merisko-

Liversidge et al., 2003). Clearly, a high number of small milling pearls generated the re-
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quired number of contact points and, therefore, the required kinetic energy. Typically, the
size of nano-milling pearls is 0.5 mm and the amount of pearls is quite high (10-50% of
the weight/volume of the pre-suspension (Peltonen and Hirvonen, 2010)). In this study, a
500 ml milling bowl was used (Retsch GmbH, Haan, Germany); 60% of the bowl volume
was filled with milling pearls and one-third with the suspension (i.e., 2.4:1 (w/w)). A milling
speed of 250 rpm was applied and a milling time of 24 h was chosen. All experiments
were carried out at ambient temperatures to prevent physical modifications of the APl due
to thermal stresses. Concerning the API-load of the nano-suspensions, in the literature the
typical amount of the drug in the milling chamber ranges from 2 to 30% (w/w) (Peltonen
and Hirvonen, 2010). Preliminary studies (data not shown) indicated that 16% (w/w) of
phenytoin (i.e., nano-suspension formulation of 4:20:1 of APIl:water:stabilizer) was most
appropriate, resulting in smallest particles and suitable milling times.

All obtained nano-suspensions were characterized with regard to their Z-average, PdlI,
zeta potential, and physical long-term stability. Additionally, electron microscopic investi-
gations, SWAXS- and DSC-studies were conducted in order to establish differences in the
nano-crystal formation and chemical composition of the formulations. Nano-suspensions
were classified as stable when their Z-average was constant after four weeks of storage.
Therefore, no agglomeration followed by sedimentation and phase separation was ex-
pected to occur during the stability studies. The results of the characterization are shown
in Table 1.

Table 1. Z-average [d.nm], Pdl, zeta potential [mV] and physical stability of nano-suspensions.

Formulation  Z-average Pdl Zeta potential  Stability
[d.nm] [mV]

MM_KIR 624 +6 0.34+0.05 -7.8+0.2 Stable; 854 + 29 nm after
4 weeks of storage

MM_P20 6347 £ 2037 0.62+0.33 -N.D.2 Unstable immediately
after production

MM_P80 3356 0.31+£0.01 -18.3x0.4 Stable; 429 + 5 nm after
4 weeks of storage

MM_KP188 1224 +18 0.39+£0.01 -8.6=%0.3 Unstable after 2 days of
storage

% Non-determinable

The smallest particle size was obtained for nano-suspensions stabilized with P80 (Z-

average = 335 + 6 nm). To quantify the size distribution, the Pdl values were measured.
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According to the literature, Pdl values <0.5 indicate reliability of the measurements,
whereas a high Pdl (1 being the maximum) indicates invalid results with a broad size dis-
tribution of indefinite shape (Miller and Schuhmann, 1996). As can be seen in Table lall
suspensions had Pdl values <0.5, except MM_P20. During the MM process, significant
foaming occurred and a broad particle size distribution was obtained. The particles ag-
glomerated, resulting in high Pdl values.

The zeta potential of all obtained nano-suspensions stabilized with the different stabilizers
was analyzed in bi-distilled water with an adjusted conductivity of 50 yS/cm to minimize
ionic effects and to measure potential differences in the surface charge of nano-particles
(Mller, 1996). In general, the zeta potential depends on the class and concentration of
the stabilizer. According to the literature (Miller and Jacobs, 2002 and Miiller, 1996), a
zeta potential of at least £ 20 mV is required for a stable system. Nano-suspensions stabi-
lized via P80 generated the best results (-18.3 + 0.4 mV).

The principle quality criterion for processing-related considerations is that the system is
stable for at least four weeks without sedimentation and/or significant particle growth due
to agglomeration (see Table 1). Thus, samples were stored in a refrigerator for four weeks
at 5+ 3 °C and characterized via PCS and LDME (data not shown) on a weekly basis.
Sufficient stability was only achieved in the case of nano-suspensions stabilized with P80
and KIR. The MM-prepared P80-stabilized particles showed the lowest Z-average (i.e.,
335+ 6 nm to 429 £ 5 nm after 4 weeks) with a Pdl of 0.31 +0.01, and a relatively high

zeta potential of —-18.3 + 0.4 mV, and were thus used for the nano-extrusion experiments.

3.3. Crystalline structure of bulk phenytoin versus the nano-suspensions
Since the crystalline structure of a drug may be affected by milling, SWAXS measure-

ments were conducted, and Bragg peaks of bulk phenytoin as well as air-dried nano-
suspensions were examined (Fig. 2). Bulk phenytoin had crystallinity Bragg peaks in the
angular WAXS region at 4.88, 4.60, 4.42, 4.37, 3.98, 3.91, 3.47, 3.43, and 3.34 A. Bragg
peaks of the bulk material and of the air-dried nano-suspension had the same peak posi-
tions, indicating that no changes in crystallinity, amorphization or degradation of the API

occurred during nano-sizing.
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Fig. 2. WAXS spectra of bulk-phenytoin and air-dried nano-suspension.

TEM and analytical TEM (ATEM) measurements were performed to obtain a comprehen-
sive chemical and morphological description of bulk-phenytoin, the phenytoin nano-
suspension and solid phenytoin nano-extrudates. The bulk material resulted in two distinct
shapes, (i) hexagons and (ii) ellipsoids (Fig. 3A and B). The nano-sized phenytoin crystals
stabilized by P80 showed a distinct hexagonal shape with a tendency to extend along one
axis. It was found that nitrogen and silicium were present in the crystals and oxygen most-
ly in the periphery (Fig. 4). Thus, it can be assumed that oxygen corresponds to the P80
(Cs4H124046) coating of the phenytoin nano-crystals. Moreover EDXS spectra were record-
ed to have a reference for verifying nano-crystals within the polymeric matrix and to identi-
fylverify the full set of chemical elements of phenytoin and nano-phenytoin (see Fig. 3C
and F), mainly consisting of carbon (CK) and oxygen (OK). Since the energy resolution of
the EDX detector (HPGe detector with a solid angle of 0.13 sr) is not sufficient enough to
resolve N peak between C and O, N and C peaks were visible as one (independently of C

and N concentration).
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Fig. 3. Analytical TEM images of the bulk-phenytoin crystals (A and B) and the nano-suspension (D
and E). Arrows in image E indicate dense coating of the nano-crystals with the stabilizer P80. Im-
ages (C) and (F) show EDXS spectra obtained from the EDX 1 and 2 areas (marked as frames in B
and E). Carbon (CK) and oxygen (OK) present the main chemical elements of the drug; copper
(CUL, CUK) and silicium (SIK) originate from sample preparation.
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BF TEM

Fig. 4. Image (A) is a bright field (BF) TEM image of the nano-crystals and images (B—F) are chem-
ical analyses of the visualized nano-crystals via energy filtered TEM (EFTEM): (B) nitrogen- (N),
(C) silicium- (Si) and (D—F) oxygen (O)-distribution. (E) Arrows indicate oxygen-rich regions. Image
(F) is a magnification of (D) and (E).

3.4. Preparation and characterization of nano-extru  dates
The basic concept of the NANEX process is to produce continuously solid nano-

formulations in a single step by embedding stabilized nano-crystals homogeneously in a
molten matrix. These solid nano-formulations should have an increased dissolution rate
due to an increase in the effective particle surface area. Most importantly, the NANEX

process reduces time and costs both in process development and manufacturing.

In previous work, experiments were performed in a ZSK Mc18 modular co-rotating twin-
screw extruder with a screw diameter of 18 mm (Coperion GmbH, Stuttgart, Germany).
Titanium dioxide nano-particles were embedded in a de-aggregated form in the matrix

material (Soluplus®) (Khinast et al., 2013). In this work, organic APIs were used and a
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larger, industrial-scale extruder was chosen, i.e., experiments were performed in the MI-
CRO 27 GL modular twin-screw extruder (Leistritz Extrusionstechnik GmbH, Nirnberg,
Germany) with a screw diameter of 27 mm. This required scale up of the feeders for solid
materials (i.e., the matrix) and for the nano-suspension.

The scale-up factor of 3 =(27/18) x 1020/764 was calculated by assuming that the
throughput was proportional to the free volume of the extruder (i.e., proportional to the
square of the screw diameter D? and the length L), resulting in a throughput of approxi-
mately 1.7 kg/h for feeder 1 and 0.25 kg/h for feeder 2. Based on these calculations, we
used 2 kg/h for feeder 1 while applying the same screw speed of 200 rpm. In order to in-
crease the nanoparticle content in the extrudate, we increased the relative amount of the
nano-suspension by a factor of 2 and used a feed rate of 0.6 kg/h.

Furthermore, the screw-configuration was modified and designed to yield a stable and
robust process (see Fig. 1). In particular, in the feeding section (barrel 1),
Soluplus®powder was transferred from a hopper directly into the extruder. The feeding
section of the screw had powder conveying elements with a large pitch of 40 mm, which
provided the sufficient free volume in order to take in and convey the powder at a desired
rate. As shown in Fig. 1, the pitch of the screw elements decreased in the transition zone
(barrel 2), which led to a stepwise compaction of the fed matrix material and partial melt-
ing in the 100 °C-hot barrel. In the melting zone (barrel 3), kneading elements were used,
which provided the required energy input for melting. To generate pressure and to overrun
the second section of kneading elements with 60° and 90° offset angles, a conveying el-
ement with 20 mm pitch was installed between the kneading elements. As a result, a
completely molten matrix material reached the section where the nano-suspension was
added via a liquid side feeding device (barrel 4). In the side-feeding zone, the screw had
partially filled conveying elements that provided enough free volume to feed the required
amount of aqueous API nano-suspensions into the molten mass. It can be expected that
the water of the nano-suspension immediately evaporates after entering the 140 °C hot
barrel and being in contact with barrel wall and melt. Upon evaporation, the phenytoin
nano-crystals remain on the surface of the molten Soluplus®. In the mixing zone (barrels
5-7), various mixing, kneading and conveying elements facilitate a homogenous distribu-
tion of the phenytoin nano-crystals in the molten matrix material. In the front (barrel 5), two
mixing elements were used that were shaped as conveying elements but had periodical
grooves in their flights, allowing more backflow and exchange between adjacent screw
channels (i.e., division and merging of material) (Kohlgriber and Wiedmann, 2008). These
were followed by three kneading elements with 60° and 90° offset angle, which enhanced
mixing due to dividing and merging (Kohlgriber and Wiedmann, 2008) and, in the case of

the non-conveying 90° element, a pile-up. Between the kneading elements, conveying
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elements were arranged to reduce the energy input and to decrease the melt temperature.
The pile-up generated by the 90° kneading element also separated the mixing zone from
the subsequent degassing (devolatilization) zone. By applying a vacuum of 200 mbar, the
water vapor was eliminated (barrel 8). To create a large surface of the conveyed melt for
transfer of water vapor and other volatile components into the gas phase, conveying ele-
ments with a large pitch of 40 mm were used. Since the filling ratio of these elements was
low, the specific surface was increased. In the end section of the extruder (barrel 9), the
screw had a conveying element that transported the molten and mixed mass to the outlet
and generated the required die pressure. At the outlet, the extrudate solidified, was col-
lected and analyzed in terms of the residual moisture content, the crystalline structure,
(nano-) API distribution, aqueous solubility and dissolution characteristics.

The mean residual moisture content of the pure extrudates and the NANEX formulations
was determined by Karl Fischer titration. Bulk-extrudates (i.e., no additional water was
added) showed a mean residual moisture content of 1.9 + 0.1% and the nano-extrudates
showed a mean residual moisture content of 1.6 + 0.1%. This demonstrates that the entire

water, which was added during the process, was removed.

Since X-ray diffraction cannot detect less than 5-10% of a crystalline content and may falil
to detect small-size crystals even if their concentration in the sample is above the limit of
detection (Leuner and Dressman, 2000 and Munson, 2009), DSC measurements were
conducted to elucidate possible post-extrusion changes in the morphology of phenytoin. In
addition, the thermal properties of Soluplus® (i.e., bulk material; 10 K/min, 20 ml/min, 20—
350 °C) were investigated. The DSC thermograms of the drug, the matrix material, the
nano-suspension and the extrudates are presented in Fig. 5. Pure phenytoin showed
sharp melting endotherms at 298.6 + 0.4 °C with an onset at 296.3 £ 0.1 °C, indicating the
crystalline nature of the drug. The DSC curves of pure untreated Soluplus® showed a sof-
tening region starting at around 50 °C. In the case of further heating up, a peak that indi-
cates degradation occurred at 317.7 £ 0.1 °C (onset 306.4 £ 0.3 °C). The melting point of
the nano-suspension was slightly lower than that of the untreated phenytoin, i.e.,
291.7 £ 0.4 °C with an onset at 283.2 + 0.9 °C. The obtained thermograms of the melt-
extruded strands (i.e., bulk- and nano-extrudates) appeared as a sum of the characteristic
peaks of the individual components. The softening region starting at around 50 °C, refer-
ring to amorphous Soluplus®, was visible in both thermograms. Furthermore, melting en-
dotherms with low intensities (onset at 295.1 +0.6 °C for bulk-extrudate and at
291.2 £ 0.2 °C for nano-extrudate) originating from crystalline phenytoin were observed.
This implies that the drug remained in its crystalline state. At temperatures above 300 °C,

degradation of Soluplus® was observed.
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Fig. 5. DSC thermograms of pure untreated phenytoin and Soluplus®, nano-suspensions and bulk-
and nano-extrudates.

For the analysis of the distribution of phenytoin (nano-) crystals embedded in the
Soluplus® matrix two analytical techniques, i.e., TEM and AFM, were used. When applying
TEM, the image contrast is formed by sufficiently scattering structures that are present in
the 50-70 nm thick area of the section. Since both the phenytoin (nano-) crystals and the
Soluplus® matrix mainly consist of the same light elements (C, H, O) that scatter the inci-
dent electrons rather weakly, the TEM contrast between them was not specific enough to
ensure proper identification. However, the TEM images of both phenytoin extrudates (Fig.
6 A and 6 D) showed that the bulk- as well as the nano-crystals were embedded in a de-
aggregated manner. Clearly, the particle sizes differed significantly. For bulk phenytoin a
mean particle size of 2.5 ym and for the nano-crystals a mean size of 400 nm was ob-
served. This is in correlation with the primary particle size analyses. The EDXS spectra

confirmed that no inorganic impurities were observed (Fig. 6).
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Fig. 6. Analytical TEM characterization of the solid phenytoin bulk extrudate (A) and nano-
extrudate (D). Images (éﬁ\ and D) are zero-loss filtered bright field TEM images of a thin section of
the phenytoin/Soluplus”extrudates. Images (B) and (C) show EDXS spectra obtained from the
areas EDX 1 (phenytoin crystal) and EDX 2 (Soluplus® matrix), respectively. Images (E) and (F)
show EDXS spectra obtained from the areas EDX 3 (phenytoin nano-crystal) and EDX 4
(Soluplus® matrix). (Legend for EDXS spectra (B, C, E and F): CK =carbon, OK = oxygen;
CUL = copper and FeK = iron originate from sample preparation)

Additionally, AFM was applied to investigate nano-extrudates. On the investigated block
face surface, macromolecules created a pronounced topographical contrast due to the
relaxation of the tension inside the polymer block during or immediately after the section-
ing process (see Fig 7). AFM also detects phase shifts, which can be attributed to the dif-
ferent density, hardness and elastic modulus of the materials. Fig. 7A and B reveal that
there were denser particles (phenytoin) distributed in the less dense matrix (polymer).
Since particles seem to have a hexagonal shape (Fig. 7B) and a chemical composition
similar to phenytoin, they can be identified as phenytoin nano-crystals embedded in the
Soluplus® matrix. Only a few particles were seen in both images because only small parts
of the samples can be imaged by AFM and TEM. In addition, the crystal sizes in the AFM

75



NANO-EXTRUSION: A PROMISING TOOL FOR CONTINUOUS MANUFACTURING OF SOLID NANO-
FORMULATIONS

image differed from the TEM micrographs, which was due to the fact that the nano-
crystals (in the matrix) showed a random orientation and that the microtome knife split the

crystals into smaller fragments. However, both methods confirmed the presence of nano-

phenytoin in the polymer indicating that the API was not solubilized in the matrix.

Fig. 7. AFM characterization of the solid phenytoin nano-extrudate material. (A) topographical
(height) image of a cross section of the phenytoin/Soluplus® nano-extrudate. (B) AFM phase image
of the block face of the same samples. Interaction of the AFM tip with harder materials led to a
larger positive frequency and phase shift (white regions) than with a soft material (dark region).
White arrows indicate the phenytoin nano-crystals incorporated into the Soluplus® matrix.

Next, the aqueous solubility (24-96 h) and in-vitro dissolution studies (considering sink
conditions: Csin 0.05 M Tris buffer = 100.6 + 0.9 pg/ml) of the pure substances/mixtures
and the extrudates were performed, to carefully investigate which parameters impact the
release behavior. A significant increase in the solubility (Table 2; p < 0.05) of phenytoin
formulated as a nano-suspension and later as a nano-extrudate was observed. Compared
with the bulk-phenytoin powder, phenytoin nano-crystals showed a significant increase in
solubility by a factor of 2.1. Specifically, untreated phenytoin had a solubility of
11.5+0.8 yg/ml (after 24 h). Over the same period of time, a concentration of
23.6 £ 0.6 yg/ml was achieved for the nano-crystals. To assess whether the increase of
the solubility is only a function of the stabilizer, we performed in-vitro dissolution studies of
the bulk phenytoin and the nano-suspension in 0.05 M Tris buffer comprising 1% (w/v)
stabilizer. The results showed that regarding bulk phenytoin 45.6% + 4.3 of the drug dis-
solved after 10 min and the concentration did not significantly increase with increasing
time ( Fig. 8). In contrast, the drug release of the nano-suspension was markedly en-
hanced — after 5 min the entire drug was dissolved. This implies that although the stabi-
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lizer impacts the solubility of the drug due to increased wetting of the material and
solubilization ( Kawakami et al., 2006), the reduced particle size increases the “kinetic”
solubility. This is also in accordance with Miller et al., 1999b ( Miller and Akkar, 2004)
and Keck et al. ( Keck and Miiller, 2006), who reported that the higher solubility of nano-
suspensions is actually a “kinetic” solubility (which is higher than the “thermodynamic

equilibrium solubility” of particles <2 ym).

Table 2. Aqueous solubility of untreated phenytoin, phenytoin nano-suspension, phenytoin bulk
extrudates and phenytoin nano-extrudates (24-96 h).

Aqueous solubility = SD [ug/ml]  Increase in aqueous solubility

(24 h)
24 h 96 h
Bulk-phenytoin 11.5+0.8 10.8+£0.1
Phenytoin nano- 23.6 £0.6 20.5+£0.6 2.1-fold higher compared to bulk
suspension material

Phenytoin bulk-  1737.5+116.7 2352.9+174.4 150-fold higher compared to bulk
extrudate material

Phenytoin nano- 2112.8+181.2 2709.2+66.2 184-fold higher compared to bulk

extrudate material
110
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Fig. 8. In vitro drug release profiles from bulk phenytoin, phenytoin nano-suspension, phenytoin
bulk-extrudate and phenytoin nano-extrudate in 0.05 M Tris buffer (pH 7.5) over 1 h. Mean val-
ues £ SD (n = 3).

Apart from the stabilizer the matrix polymer is likely to impact the solubility of the drug.
Soluplus® is a graft co-polymer well known for enhancing the solubility of poorly-soluble
BCS Class Il and IV APIs (Kolter et al., 2012). The results of the solubility experiments

(see Table 2) showed that nano-sized phenytoin embedded in Soluplus® had a 184-fold
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higher solubility than bulk-phenytoin. The concentration of dissolved phenytoin after 24 h
in water was 2112.8 + 181.2 ug/ml (nano-extrudates). Additionally, extrudates containing
untreated phenytoin crystals were prepared and tested for solubility. The results indicated
that the agueous solubility of phenytoin from bulk-extrudates was 1737.5 £ 116.7 pyg/mi
which was 1.2-fold lower compared to the nano-extrudates and did not significantly
change over a period of 96 h (see Table 2). Comparing the in-vitro release profiles of the
extrudates (see Fig. 8), it was demonstrated that Soluplus® formed a gelous layer at pH
7.5, resulting in a decreased release of the bulk, as well as the nano-sized phenytoin due
to encapsulation of the drug (Terife et al., 2012). However, extrudates comprising nano-
crystals showed a markedly higher and faster release profile compared to bulk-extrudates
(83.4 £3.0% and 66.3 £ 0.8%, respectively; see Fig. 8). The release rate was 1.3-fold
increased, which is in accordance with the results of the solubility studies.

In summary, the results clearly show that the increase in the solubility is a function of the
stabilizer and the matrix material. However, particle size strongly determines the kinetic
solubility and thus, causes a faster and higher dissolution rate. These data agree with the
Ostwald—Freundlich equation and the Kelvin equation (Beckman and Ames,
1998,Nystrom and Bisrat, 1988 and Torrado et al., 1998).

4. Conclusions
To handle poorly soluble and/or degradation-prone molecules and to replace cost-and

time intensive conventional multi-step processes, the pharmaceutical industry requires
new, safe and efficient strategies that combine existing conventional know how with inno-
vative drug delivery knowledge and novel processing methods. In this context, manufac-
turing techniques, where a complex product is produced continuously are of significant
interest. In this study, a continuous hot melt extrusion process was tailored and its capa-
bility was demonstrated to produce a product encompassing dispersion of nano-particles

in a polymer matrix in a single processing unit.

Stabilized nano-suspensions were prepared via MM and directly embedded via liquid side
feeding in a molten polymer in a single process step. Devolatilization of the residual water
was performed and the nano-crystals were de-aggregated distributed in the
Soluplus® matrix. No changes in the crystalline structure were detected. As expected, up-
on contact with water, an enhanced aqueous solubility was observed. Apart from solubiliz-
ing effects of the stabilizer and the used matrix polymer, particle size impacted the kinetic

solubility of the drug.
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Thus, NANEX proves to be a promising platform technology for making solid nano-
formulations in a single step, thereby improving solubility and bioavailability of the drug

and enhancing patient compliance.
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Abstract
Previously, we introduced a one-step nano-extrusion (NANEX) process for transferring

agueous hano-suspensions into solid formulations directly in the liquid phase. Nano-
suspensions were fed into molten polymers via a side-feeding device and excess water
was eliminated via devolatilization. However, the drug content in nano-suspensions is
restricted to 30 % (w/w), and obtaining sufficiently high drug loadings in the final formula-
tion requires the processing of high water amounts and thus a fundamental process un-
derstanding. To this end, we investigated four polymers with different physicochemical
characteristics (Kollidon® VA64, Eudragit® E PO, HPMCAS and PEG 20000) in terms of
their maximum water uptake/removal capacity. Process parameters as throughput and
screw speed were adapted and their effect on the mean residence time and filling degree
was studied. Additionally, one-dimensional discretization modeling was performed to ex-
amine the complex interactions between the screw geometry and the process parameters
during water addition/removal. It was established that polymers with a certain water misci-
bility/solubility can be manufactured via NANEX. Long residence times of the molten pol-
ymer in the extruder and low filling degrees in the degassing zone favored the addi-
tion/removal of significant amounts of water. The residual moisture content in the final

extrudates was comparable to that of extrudates manufactured without water.
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1. Introduction
Among the various routes for drug administration, oral administration with intestinal ab-

sorption is by far the most common one [1]. However, oral drug delivery is often associat-
ed with numerous obstacles, such as pH-variations, enzymatic conditions and selective
barrier properties, which may either lead to degradation and inactivation of active pharma-
ceutical ingredients (APIs) or prevent their absorption [2]-[5]. Apart from the physiological
conditions, the physicochemical properties of the administered drug may dictate whether it
reaches systemic circulation [4]. Only dissolved molecules can diffuse across membranes.
Thus, poorly soluble/permeable drugs are expected to have a low drug efficacy [6], [7].
Notably, nearly a third of APIs listed in the United States Pharmacopeia and about 70% of
potentially effective molecules in the pipeline of pharmaceutical companies have physico-
chemical characteristics that are unfavorable for passing the gastrointestinal barriers [8].
In order to solve this problem, scientists have increasingly developed strategies for im-
proving drug solubility/permeability [4], [11].

In the past decade, nano-technology has generated much research interest [57]. Nano-
sizing of a material results in a larger specific surface area and a decreased hydrodynam-
ic boundary layer thickness (comparable with the particle’s diameter), promoting higher
dissolution rates [58], [59], [149]. Moreover, the apparent solubility of nano-sized materials
is increased due to the increased energy level of surface molecules. Particle size reduc-
tion can be achieved via top-down (i.e., breakage of large particles into nano-crystals,
such as NanoCrystal® [69], [70] and DissoCubes™ [65], [75], [79] technologies) or bottom-
up (i.e., nano-particles are formed from molecules via, e.g., precipitation) methods [65],
[69], [86], [150]-[153]. Generally, these preparation techniques are applied in the liquid
phase, resulting in so-called nano-suspensions. To prevent nano-particles from agglom-
eration, stabilizing agents (i.e., polymers and/or surfactants) are added [57], [64], [71],
[82]-[86]. However, since sedimentation and/or crystal growth over time limits the long-
term stability of nano-suspensions [93], [94], they are often transferred into more stable
solid oral dosage forms [57], [82]. For this purpose, freeze- and spray-drying with a sub-
sequent compression of the dry intermediate into tablets is commonly used [82], [93],
[95]-[100]. Alternatively, nano-suspensions can be layered onto an appropriate core ma-
terial via fluidized bed granulation or spray-layering prior to compression into tablets or
filling into capsules. Moreover, nano-suspensions may be directly layered onto the tablets
(Rapamune®) [57], [101]-[103]. Nevertheless, due to the multiple processes involved, the-
se approaches are time-consuming and cost-intensive [111]. In addition, a continuous
implementation is hard to achieve. Recently, inkjet and flexographic printing technologies
created new opportunities for a flexible and continuous production of solid nano-

formulations, with nano-suspensions printed on substrates for (intra-)oral administration
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[104]-[112]. Yet the process is often restricted to low-viscosity fluids, and the drug dose
that can be deposited on such substrates is limited, which makes this technology only
attractive for low-dose drugs.

To overcome such dosing problems, we developed a nano-extrusion (NANEX) process,
which converts stabilized aqueous nano-suspensions directly into solid formulations in a
continuous way [147], [154]. This is achieved via feeding of a nano-suspension directly
into a hot melt extruder and removing the water (of the suspension) from the molten poly-
mer via devolatilization. This one-step process allows not only the handling of poorly solu-
ble drugs but also provides precise control of product quality and increased manufacturing
capacity. However, the API content in an aqueous nano-suspension is restricted to about
30 % (w/w) [153]. Thus, to reach sufficiently high API loadings, addition (integration) and
removal of significant water amounts (stemming from the nano-suspension) must be pos-
sible.

In previous studies we used the NANEX process for the preparation of nano-extrudates
based on the co-polymer Soluplus® [147], [154]. In an attempt to extend the NANEX pro-
cess to a number of different matrix materials we evaluated several polymers with regard
to their maximum water integration and removal capacity, considering such process pa-
rameters as throughput and screw speed. To this end, four matrix materials i.e., Kollidon®
VA64, Eudragit® E PO, AQOAT® (hypromellose acetate succinate, HPMCAS) and
poly(ethylene glycol) 20000 (PEG 20000), which are commonly used as excipients in hot
melt extrusion [5], [12], [155]-[164], were selected. In addition to the experimental studies,
one-dimensional (1D) modeling was performed based on our novel simulation approach
[165]-[168] to achieve a sound understanding of the complex interactions between the
screw geometry, the material properties and the operating conditions during the NANEX

process.

2. Materials and Methods
Kollidon® VAB4, Eudragit® EPO, AQOAT® (hypromellose acetate succinate, HPMCAS)

and poly(ethylene glycol) 20000 (PEG 20000) were used as potential matrix materials for
the NANEX experiments. To achieve extrudability of HPMCAS, Kolliphor® P188 was add-
ed as a plasticizing agent. Ultrapurified water (i.e.; Milli-Q®water, Millipore S.A.S.,

Molsheim, France) was used in all experiments.

2.1. NANEX process: experimental set-up
All extrusion experiments were carried out using a MICRO 27 GL co-rotating twin-screw

extruder (Leistritz Extrusionstechnik GmbH, Nurnberg, Germany). The barrel had nine
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sections (barrel zones), eight of which were temperature controlled and individually heat-
ed with electric heaters. Initially, the temperatures of the barrel zones were adapted to the
requirements of each matrix material to allow for melting, mixing and extrusion of the pure
polymers (see Table 1). Two different screw configurations (SC 1 and SC 2; Table 1 and
Fig. 1) were used based on the physicochemical properties of the polymers. Since the
integration and removal of water is crucial during the NANEX process, the same experi-
mental conditions were used as previously described [154]. For this, the matrix materials
were starve-fed gravimetrically into barrel 1 of the extruder with a K-tron twin-screw feeder
(K-tron LLC, Switzerland). Water was added via a side-feeding device (zone 4 or zone 2)
with a flow—controlled micro angular gear pump (mzr7205 G, HNP Microsystems GmbH,
Germany). The water and volatile components were removed (devolatilization) by apply-
ing a vacuum of 200 mbar (i.e., absolute pressure of 800 mbar) in a degassing unit in bar-
rel 8.

Table 1. Process temperatures of the investigated matrix materials.

Matrix material Barrel temperatures [°C] Die plate SC
temperature
s [°C]
2 3 4 5 6 7 8 9 1 2
Eudragit® EPO 50 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 105 105 1
HPMCAS/plasticizer | 100 | 150 | 140 | 140 | 140 | 140 | 145 | 145 | 155 175 1
Kolli don® VA64 100 | 150 | 140 | 140 | 140 | 140 | 145 | 145 | 150 155 1
PEG 20000 55 |60 |65 |70 |70 |65 |60 |50 |58 58 2
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Fig. 2. Schematic of the experimental set-up for screw configurations (SC) 1 and 2. CE= conveying
element; KE= kneading element; ME= mixing element; 40, 30, 20 mm = pitch of conveying and

mixing elements; and 30, 60, 90°= offset angles of kneading elements.

Each matrix material was processed using six sets of process conditions, i.e., various
screw speeds and throughputs (see Table 2), which theoretically result in different mean
residence times (MRTs) and filling degrees. For a better overview, the predefined sets of
process parameters were assigned to two groups: group one for high throughputs and
high screw speeds (i.e., 2 kg/h at 400 rpm, 4 kg/h at 300 rpm, 4 kg/h at 200 rpm) and
group two for low throughputs and slow screw speeds (i.e., 1 kg/h, 1.5 kg/h and 2 kg/h at
60 rpm).
To estimate the filling degrees as a function of the set process parameters in a first at-
tempt, the dimensionless throughput characteristics were calculated via V/nD?, with V be-
ing the throughput (m?/s), n the screw speed (1/s), D the barrel diameter of the extruder
(m) as shown in Table 2. Lower dimensionless throughput characteristics indicate lower
filling degrees. The exact filling degrees, as well as the mean residence times, were de-

termined based on simulations as discussed below in section 2.3.
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Table 2. Process parameters for all matrix materials, which were selected to result in different filling
degrees f(x) [-] and mean residence times [MRT, s] with the corresponding dimensionless through-
put characteristics (V/nD3, [-]). The presented values for MRT and filling degree f (f=0: unfilled; f=1:
completely filled) were simulated via 1 D simulation.

Throughput | Screw Dimensionless MRT Filling degree
speed throughput characteris- f(x)
tics V /nD3*

[kg/h] [rpm] [] [s] [-]
a 2 400 0.004 82 0.016
sg |4 300 0.011 55 0.031
O 4 200 0.017 66 0.039
a 1 60 0.014 237 0.034
32 [15 60 0.021 191 0.055
o 2 60 0.028 170 0.070

*The density of the material is taken as constant with 1000 kg/m?3

All polymers were tested in terms of processability, specifically focusing on the integration
and removal of water, which are two distinct phenomena. For this, the water feeding rate
was increased stepwise from 0.11 kg/h to 1.23 kg/h (corresponding to pump settings of 25
— 250 ml/min). Clogging of the degassing unit (i.e., unintended material discharge into the
degassing unit) and/or inclusions of water within the strands were visually evaluated and
were taken as indicators for a too high water supply rate. To better illustrate the water
integration and removal capacity of each polymer, the maximum water amount is given as
maximum added water concentration (w/w %) relative to the throughput of the polymer
(i.e., via feeder 1).

Moreover, process conditions (i.e., melt temperature and pressure, torque) were moni-
tored in-line without and with the addition of water. The specific mechanical energy con-
sumption (SMEC), which is a scale-independent measure of the mechanical energy input
into the extrudates, was determined to assess the effect of the water addition on the me-

chanical energy input. SMEC was calculated according to Equation 1,

T*W kWh]
kg

Equation 1 SMEC = -

where t [Nm] represents the screw torque, w [rad/s] the angular screw velocity and
m [kg/h] the material (i.e., polymer and liquid) throughput. The angular screw velocity and
the throughput are the set process parameters. In contrast, the screw torque is a conse-
guence of the set process parameters and the material properties and was measured dur-

ing the extrusion process (Table 3).
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2.2.  Determination of the moisture content
To verify the elimination of water during the NANEX process, the extrudates’ residual

moisture content was measured directly after extrusion via Karl Fisher titration (Titroline
7500 KF, Sl Analytics, Mainz, Germany). Typically, the moisture content of stable solid
dosage forms is below 2% [169] and was our target value. The mean residual moisture
content of strands prepared without the addition of water and with the highest possible
amount of added water was determined for comparative purposes. Karl Fisher titration
was performed by dissolving 2.5 g of crushed strands in anhydrous methanol and analyz-

ing the obtained solution.

2.3. 1D simulation
In addition to the experiments, semi-mechanistic 1D simulations were carried out for the

chosen process parameters (i.e., screw speed and throughput) in order to evaluate the
filling degree of the screw in axial direction and the residence time distribution (RTD; and
mean residence time, MRT). The underlying mathematical model was proposed by
EitzImayr et al. [167], [168], adapting the approach described by Choulak et al. [170], who
modeled the extruder as a cascade of continuously-stirred tank reactors. Screw-specific
model parameters were computed using the 3D particle-based simulation method
Smoothed Particle Hydrodynamics (SPH) [165], [171]. The twin-screw extruder was dis-
cretized in the axial direction, obtaining N numerical elements connected with three mass

flow rates accounting for the mass transfer along the screws. Two of the contributions

account for the conveying screw effects: M ; for the forward conveying elements and M,

for the backward conveying elements. Depending on the screw’s conveying direction, ei-

ther one (or for non-conveying screw elements both) of the terms are zero. The third mass

flow contribution accounts for pressure-driven flow m,; resulting from a pressure gradient

in the axial direction. Its sign depends on the actual pressure difference between the two

adjacent screw elements and the filling degree of the screw (M,; = 0 for partially filled).

The inherent conveying capacity (A;), i.e., the dimensionless volume conveyed without a
pressure gradient, and the pressure build-up capacity at zero throughput (A,) are charac-
teristic for a specific screw element and form the basis for modeling the overall extruder
performance [172]. These parameters can be established via experiments or, as in our
case, via 3D SPH simulations of individual screw elements [165], [171]. Our model also
accounts for the highly-variable material properties of the melt: we use the Menges [173]
model for density approximation based on pressure and temperature and the Carreau
[174] viscosity model based on the shear rate and temperature. Moreover, we account for

the thermal conductivity and heat capacity of the melt, screws and barrel. Heat generated
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due to viscous dissipation was also considered, since it is the main source of heat input
during the extrusion process.

The material data were chosen based on Eitzlmayr et al. [167] since RTD (and the corre-
sponding MRT) and filling degree are rather independent of the matrix material properties
[175]. The barrel temperature profile was taken from HPMCAS/plasticizer and Kollidon®
VA64 (table 1), thus SC 1 was considered. This allowed evaluating the filling degree pro-
files and RTDs (and the corresponding MRTs). Due to the fact that there are ho models
available, which describe the solid conveying zone and the melting process appropriately,
it is assumed, that the processed material was molten from start. Furthermore, these cal-
culations do not account for liquid side feeding and resemble only the polymer melt
transport. Although this may seem like a coarse simplification, it does not have a pro-
nounced influence on the filling degree and RTD/MRT calculated. Hence, this model al-
lows qualitative assessment of the effect of process parameters to select optimal pro-

cessing conditions.

3. Results

3.1. NANEX process

3.1.1. Screw configuration and experimental set-up

To achieve a stable HME-process, the screw configurations (SCs) were adapted to the
respective polymers. SC 1 (Fig. 1) was used for the matrix materials Eudragit® EPO,
Kollidon® VA64 and HPMCAS/plasticizer. For a detailed screw description the reader is
referred to the supporting information. The liquid (i.e., water) was fed into barrel 4 of the
hot melt extruder via a micro-angular gear pump and the matrix material was added into
barrel 1. Degassing of the added water was conducted in barrel 8 (vacuum of 800 mbar).
PEG 20000 was processed using SC 2 (Fig. 1, supporting information), because less en-
ergy input is required for processing PEG 20000 due to its comparatively low melting point
(i.e., 63-66 °C). Moreover, the liquid side feeding was changed to barrel 2 to achieve a

stable process.

3.1.2. Process stability and water integration and removal capacity
All polymers were tested in terms of processability and their maximum water integration

and removal capability. For these purposes, various process parameters, i.e., screw
speeds, throughputs and combinations thereof, were investigated. Process conditions
without and with the addition of water (i.e., melt temperature and pressure, torque) result-

ing from the applied process parameters were monitored in-line. Finally, the measured
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values for the generated torque were used to calculate the corresponding SMEC values
for each matrix material and set of process conditions (Fig. 2 a-f).

First, the matrix materials were manufactured via conventional HME (without the addition
of water). The results showed that the torque and the melt pressure were slightly de-
creased for group one compared to group two parameters (Fig. 2 a-f), whereas the melt
temperatures were slightly increased. However, for PEG 20000 (Fig. 2 e-f) no melt pres-
sure could be recorded and the melt temperature was not affected markedly by the set
process conditions. Calculated values for SMEC clearly demonstrated that the introduced
energy is strongly dependent on the amount of processed polymer: the higher the V/nD3
(i.e., a function of the throughput and the screw speed) the less energy is exerted on the
material (Fig. 2 e-f). As expected, with a decrease in the screw speed, the mechanical
energy input decreased.

Second, water was added via side feeding and the results are displayed in Table 3.
Eudragit® EPO was not suitable for the NANEX process. Although it was possible to pro-
cess Eudragit® EPO at the applied screw speeds and throughputs, the water integration
and removal properties of the polymer were not suitable, thus leading to direct clogging of
the degassing unit.

Similar to Eudragit® EPO, processing of plasticized HPMCAS at throughputs of 2 - 4 kg/h
and screw speeds of 200, 300 and 400 rpm led to clogging of the degassing unit and air
pockets in the final extrudates. By decreasing the screw speed to 60 rpm and the feeding
rate to 1, 1.5 and 2 kg/h, water integration (1.1 kg/h) and removal in the degassing zone
were achieved. Based on the throughput of the matrix material (feeder 1), the calculated
added water concentration ranged from 55 to 110 % (w/w). The amount of water that
could be integrated and subsequently, removed decreased with increasing throughputs
(for the same screw speed and the same water feeding rate) and was highest compared
to the other polymers processed at the same conditions (Fig. 3). The addition of water
yielded lower torque values, which in turn reduced the SMEC; the melt temperature and
the melt pressure did not change significantly (Fig. 2 a-b).

Kollidon® VA64 could be processed at all applied process parameters with a range of
water feeding rates (0.55 - 1.1 kg/h). For the low screw speed of 60 rpm, the added water
concentration decreased with increasing throughput (for the same water feeding rate; Fig.
3). The combination of a low screw speed and a throughput of 1 kg/h resulted in the high-
est added water concentration of 88% (w/w). Increasing the screw speed and the
throughput (group one) lowered the water integration and removal capacity. The combina-
tion of a high screw speed of 300 rpm, a high throughput of 4 kg/h and a low water feed-
ing rate of 0.55 kg/h yielded the lowest amount of integrated/removed water (i.e., 14%

(w/w)) (Fig. 3). Similar to HPMCAS, water integration slightly decreased the resulting
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torque and thus SMEC, whereas the melt temperature and the melt pressure were not
affected noticeably (Fig. 2 c-d).

PEG 20000 could also be processed at all applied conditions (Table 3). The water feeding
rates ranged from 0.66 to 0.88 kg/h (i.e., 17 - 88 % (w/w)). Again, a low screw speed (60
rpm) and a low throughput (1 kg/h; group two) resulted in a maximum added water con-
centration of 88% (Fig. 3). The addition of water lowered the resulting torque and the
SMEC, while not affecting the melt temperature markedly. As already mentioned, for PEG
20000, no melt pressure could be recorded — independent upon the water concentration
(Fig. 2 e-f).
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Fig. 2. In-line monitored process conditions and calculated SMEC values (without and with the
addition of water): a) b) HPMCAS/plasticizer, c) d) Kollidon® VA64 and e) f) PEG 20000 at the
different sets of process parameters (expressed as V/nD? [-], which is a function of the throughput
and the screw speed).
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Table 3. Maximum added water concentration [%, w/w] at the various set of process parameters.

Matrix

material

HPMCAS/
Plasticizer

Kollidon® VAG64

PEG 20000

N.A.: not applicable

Max. added water conc.

Throughput
feeder 1

[kg/h]
2

D

ol

ol

ol

2

[Ye, wiw]

120
100
80
60
40
20

0

0

Screw
speed

[rpm]
400
300
200
60
60
60
400
300
200
60
60
60
400
300
200
60
60
60

+ N

1

> H

-

Throughput

feeder 2

[kg/h]
N.A.
N.A.
N.A.
1.10
1.10
1.10
0.77
0.55
1.10
0.88
0.88
0.88
0.88
0.66
0.77
0.88
0.71
0.66

* Kollidon® VAG4

Max. added
water conc.

[%0, wiw]
N.A.
N.A.
N.A.
110
73
55
39
14
28
88
59
44
44
17
19
88
47
33

B HPMCAS/plasticizer

A PEG 20000
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i &

4

Throughput feeder 1 [kg/h]

Fig. 3. Maximum added water concentration [%, w/w; relative to the throughput of feeder 1] at the
distinct sets of process parameters dependent on the throughput of feeder 1 [kg/h] for all tested

matrix materials.
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3.1.3. Mean residual moisture content
To verify the removal of water during the NANEX process, the mean residual moisture

content of the extrudates prepared with the highest possible amount of added water was
determined and compared to those obtained from extrudates without adding liquid (Table
4). The water was nearly entirely removed from extrudates based on Kollidon® VA64 and
HPMCAS/plasticizer — independent of the addition of water during processing. Thereby,
the residual moisture content was below 2% (Table 4). The residual moisture content was
decreased for low throughputs and screw speeds. In contrast, extrudates based on PEG
20000 that were prepared with the addition of water had higher mean residual moisture

contents, ranging from 3.4 to 4.1%, implying that the water removal was not sufficient.

Table 4. Mean residual moisture content [%] of extrudates without and with the addition of water at
high throughputs and high screw speeds (group one) and at low throughputs and low screw speeds
(group two).

Mean residual moisture content [%]

Without water addition With water addition

High through- | Low through- | High through- | Low through-

puts/ puts/ puts/ puts/

high screw low screw high screw low screw

speeds speeds speeds speeds
HPMCAS/plasticizer | 1.0£0.1 0.7£0.2 N.A. 0.7+0.3
Kollidon® VA64 1.9+£0.0 06+0.1 1.9+0.2 06+0.1
PEG 20000 1.6+£0.1 1.0+0.0 41+01 3.4+0.0

N.A.: not applicable

3.1.4. 1D simulations
A 1D model according to Eitzimayr et al. [167], [168] was used, first, to model the RTDs —

and the corresponding MRTSs - at various throughputs and screw speeds and, second, to
evaluate the filling degree profile of the screw in axial direction, especially in the degas-
sing zone (twin-screw extruder screws are only partially filled in many sections).
MRTs increased with decreasing throughputs and screw speeds (Table 2, Fig. 4). Hence,
MRTs generated with group one settings were markedly shorter, with the shortest MRT of
55 s at a throughput of 4 kg/h and a screw speed of 300 rpm. When the screw speed was
reduced to 200 rpm, the MRT increased to 66 s. The longest MRT (i.e., 82 s) was calcu-
lated for a throughput of 2 kg/h and a screw speed of 400 rpm. In contrast, for group two
the molten materials had a MRT of 170 s at a throughput of 2 kg/h and a screw speed of
60 rpm. With decreasing throughputs (i.e., 1 and 1.5 kg/h), the MRTs significantly in-
creased to 191 s and 237 s for the identical screw speed.
The filling degree f(x) is defined as the actual filled volume divided by the total fillable vol-
ume at a certain axial position x. The filling degree in the degassing zone increased with
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increasing throughput and decreasing screw speed (Table 2, Fig. 4). Consequently, group
one setups yielded lower filling degrees with the lowest obtained at a screw speed of 400
rpm and a feeding rate of 2 kg/h (i.e., 0.016). For group two, the filling degrees were in-
creased with the highest obtained for a throughput of 2 kg/h and a screw speed of 60 rpm

(i.e., 0.070).

250 0.100
BMRT

200 0.080

® Filling degree
150 - 0.060
100 0.040
ol ||| A o

0

MRT [s]
Filling degree f{) [-]

pm
'pl

Pm
pm
pim

kg/h_601

g/l 4001

1ke/h 601

2

k
1.5kg/h 601

4kg/h 30013
4kg/h 200 1pn

2

T T

Group 1 Group2

Fig. 4. Calculated MRTs [s] and filling degrees f(x) [-] of the screw for various sets of process pa-
rameters.

4. Discussion
The API content in an agueous nano-suspension is restricted to about 30 % (w/w) [153].

Thus, the ability to add a significant amount of suspension/water to the molten polymeric
mass during the NANEX process is important, in order to obtain sufficiently high drug
loadings in the final nano-extrudates. To ensure stability of the final extrudates, the excess
water needs to be removed in a subsequent step.

In this study, various matrix materials were investigated with respect to their suitability for
the NANEX process. The matrices were chosen based on the following requirements: i)
the matrix material should be processed via HME and ii) the material should be miscible
with or soluble in water to allow for water integration. In a subsequent step, however, the
added water needs to be removed to result in a stable final product [147], [154]. For water
integration, the added water molecules, which are present as liquid water and/or water
vapor (i.e., dependent on the process temperatures), have to interact with the polymer
resulting in either emulsions (i.e., [water-in-polymer melt]-emulsions or [polymer melt-in-
water]-emulsions) or solutions (i.e., water dissolved in the polymer melt or polymer melt

dissolved in water). It can be assumed that the strength of the water/polymer interactions
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varies for the different types of emulsions and solutions and determines the water removal
capacity.

Since water integration requires a stable process, we carefully investigated the effect of
process parameters, including screw configuration, throughput and screw speed on the
processability. Most importantly, we evaluated the maximum amount of water that can be
added to each polymer at the defined sets of process parameters under stable process
conditions. Moreover, degassing of the integrated water amount was studied and verified
by evaluating the mean residual water content of the final extrudates.

In a first step, we designed two SCs based on the physicochemical properties of the ma-
trix materials. The first design (SC1) was used for Eudragit® EPO, HPMCAS/plasticizer
and Kollidon® VAB4 (Figure 1). In the feeding zone (barrel 1), the major task of the screw
is to convey and compress the matrix materials. For this purpose, screw elements with
enough free volume (i.e., high pitch, sufficient channel depth and number of threads) were
installed in SC 1 [19]. Towards the plastification zone (the transition zone, barrel 2), the
pitch was reduced to compress the material and to accomplish a higher filling degree to
improve plastification. The main task of the screw in the plastification zone is melting of
the matrix material. Generally, this process depends on the applied screw speed and
throughput associated with the filling degree and MRT. Fully-filled screws and (thus) long
MRTSs favor melting. In fact, the influence of the barrel heating is less pronounced [176]. In
our set-up, kneading elements were installed around section 3 to induce the fill-up of pre-
ceding screw elements. Larger staggering angles enhance the mixing process and in-
crease the MRTs. Moreover, adding narrow kneading disks reduces shear forces in the
kneading gaps and improves the mixing process by increasing the leakage stream, which
in turn facilitates the melting process [19].

Since the NANEX process includes addition of an aqueous nano-suspension, water was
added to the polymers in barrel 4. Here it is critical to provide enough free screw volume
to facilitate the addition of liquid. For that purpose, we installed conveying elements with
higher pitches. In the subsequent mixing zone (barrel 5-7), the fed liquid/nano-suspension
should be homogenously distributed in the melt [19]. Use of toothed mixing elements and
kneading elements with narrow off-set angles improves the mixing process due to shear
deformation [19].

Finally, the water has to be removed in the devolatilization/degassing zone (barrel 8). De-
gassing is strongly affected by the screw speed, the filling degree in this section, the
available free screw volume and the applied vacuum. High melt temperatures, low filling
degrees and low throughputs/screw speed ratios with frequent surface renewal and a high
vacuum Yyield the best efficiency [19]. Thus, we used conveying elements with a large

pitch. These elements provide the largest possible surface area for degassing. To avoid
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the formation of high gas velocities, which may drag out material into the degassing zone,
we applied a vacuum of only 800 mbar and used conveying elements with a large pitch. In
the end section of the extruder, conveying elements with a smaller pitch were used to cre-
ate the necessary pressure build-up to force the molten mass through the die holes.

For PEG 20000, the SC had to be adapted (SC 2, Fig. 1), since the low melting tempera-
ture (69.6 £ 0.6 °C) required less energy input. This was especially necessary in the
plastification/melting zone (barrel 3), in the mixing zone (barrel 7) and in the
devolatilization/degassing zone (barrel 8). During plastification, the last kneading element
was replaced by a conveying element and one set of the three kneading disks was elimi-
nated in the mixing zone. Moreover, conveying elements with smaller pitches were used
in the degassing zone, to allow sufficient degassing. Since preliminary investigations
showed that water should be added earlier in the process to ensure a proper mixing pro-
cess with PEG, side feeding was performed in barrel 2 with the SC’s conveying elements
having a sufficiently high pitch.

All polymers could be processed via (conventional) HME applying the process parame-
ters, which are listed in Table 2. The addition of water caused a reduction of the generat-
ed torque, and as a consequence, the SMEC was markedly reduced. Water acts as plas-
ticizer due to its capability to lubricate surfaces and to weaken hydrogen bonds. Addition-
ally, water forms dipole-dipole interactions with polymers due to its high dielectric constant
and the capability of strong interactions with hydrophilic groups. Consequently, the glass
transition and the melt temperature of polymers are lowered, which in turn reduces melt
viscosity [177]-[179]. This indicates that the material experienced lower thermal and me-
chanical forces, when water was present. In contrast, the recorded melt temperatures, as
well as the melt pressures, were only marginally affected. Regarding PEG 20000, no melt
pressure was recorded due to the low viscosity of the plasticized mass.

Independent upon the process set-up, it was possible to feed water to the Eudragit® EPO
melt. However, for all experimental conditions the subsequent water removal was chal-
lenging as clogging of the degassing unit occurred due to immiscibility of the matrix mate-
rial with the liquid. Eudragit® EPO is soluble below a pH of 5, whereas it swells in aqueous
systems with a pH above 5. As the MilliQ water had a pH ranging between 6 and 7, swell-
ing (which is a comparatively slow process) was unlikely to occur, as typical residence
times in a twin screw extruder are less than 2 min [16]. Apparently, the molten Eudragit®
EPO matrix did not interact with the water. The large (unbound) water amount led to ex-
cessively high gas velocities in the back and forward vents, which dragged the melt into

the degassing unit and clogged the device [19].
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In contrast, the other polymers interacted with water and formed an emulsion or even a
solution during HME. Nevertheless, the applied process conditions affected their
processability.

For HPMCAS/plasticizer clogging of the degassing unit was observed only at high
throughputs and high screw speeds (i.e., group one) due to the short MRTs. Thereby, the
polymer melt and water did not get mixed properly. Additionally, degassing in partially-
filled screws occurs via diffusion of volatile components through the surface of the molten
polymer, before removal through openings in the degassing zone. Here, devolatilization is
impeded by i) a short MRT of the molten polymer in the degassing zone — corresponding
to high throughputs and screw speeds -, ii) low gas-melt interfaces, iii) thick melt layers in
the screw flights, iv) insufficient renewal of the surfaces, v) low melt temperatures and vi)
a low vacuum [19]. When the MRT was significantly increased by decreasing both, the
throughput and the screw speed, integration and removal of water was successful. The
amount of water fed into the molten mass was directly related to the throughput (for a
constant screw speed) and consequently, to the MRT: the longer the MRT, the more wa-
ter could be fed into/removed from the molten mass, yielding a maximum water fraction of
110% (Fig. 5). However, not only the applied process parameters and the corresponding
process conditions (i.e., MRT, melt surface) were responsible for this effect, but also the
presence of Kolliphor® P188. It seems that Kolliphor® P188 did not only act as a plasticizer
but also as emulsifier and stabilizer. Thereby, the o/w surfactant in combination with the
high water supply and the mixing properties of the used SC favored the formation of an
[polymer melt-in-water]-emulsion [180]. Most importantly, this kind of an emulsion, where
water is the continuous phase, allows for effective degassing of high amounts of water,
which was reflected by a residual moisture content of 0.7% . It can be assumed that water
removal is facilitated for o/w emulsion compared to w/o emulsions. For the latter one, wa-
ter needs to diffuse through the continuous polymer melt phase first to reach the system
“s surface, from which it can be removed via devolatilization. In contrast, for an o/w emul-

sion, the water is readily available on the system’s surface.
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Fig. 5. Maximum added water concentration [%, w/w; relative to the throughput of feeder 1] at the
distinct sets of process parameters dependent on the MRTSs [s] for all tested matrix materials. (R?
for HPMCAS/plasticizer = 0.9998; R2 for Kollidon® VA 64 = 0.9695 (at process parameters of
group one) and 0.9991 (at process parameters of group two); Rz for PEG 20000 = 0.8821 (at pro-
cess parameters of group one) and 0.9959 (at process parameters of group two).

For Kollidon® VAG4 water integration and removal was possible for all conditions. Due to
the high water solubility of Kollidon VA64 (> 10%) the molten polymer and the liquid were
likely to be mixed rather fast yielding a single phase system. It can be assumed that mix-
ing was complete even for the low MRTs. Again, the added water concentration increased
with decreasing throughput and screw speed and consequently, with increasing MRT. The
residual moisture content of Kollidon® VA64-based extrudates was below 2% and de-
creased with increasing MRTs (corresponding to low throughputs and screw speeds).
However, water incorporation was limited by the subsequent water removal. Hence, less
water could be added and removed from Kollidon® VA64 compared to
HPMCAS/plasticizer. Kollidon® VA64 and water formed a single phase system, in which
the water molecules were incorporated via comparatively strong intermolecular interac-
tions. During water removal, the majority of the water molecules had to diffuse towards the
system’s surface to be removed. This process may be time consuming and may not have
been completed within the applied MRTs. Hence, water removal was impeded compared
to the o/w HPMCAS system, where water was freely accessible on the system’s surface.

In the case of PEG 20000, stable processes were obtained for all tested process set ups
and different rates of water addition (i.e., ranging from 0.66 to 0.88 kg/h). Considering the
throughput of the matrix material, the highest water integration was again reached at low
screw speeds and low throughputs, corresponding to long MRTs. It can be reasonably
assumed that water interacted with PEG 20000 (i.e., hydrogen bondings) in a similar
manner as with Kollidon® VA 64 due to its high water solubility. Thus, a single phase sys-

tem was likely to be formed. However, extrudates prepared with the addition of water had
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slightly increased mean residual moisture contents. This can be attributed, firstly, to the
comparatively strong intermolecular interactions of the water molecules with the polymer,
hence, diffusion of entrapped water molecules from the matrix system was partly inhibited
[181]. Secondly, process temperatures of 70 °C and a vacuum of 800 mbar were not suffi-
cient. Theoretically, the pressure should be decreased to at least 300 mbar to ensure
complete devolatilization.

Our data also demonstrate that the filling degree strongly affects the water uptake/release
capacity of all polymers (Fig. 6). However, a direct correlation between the filling degree
and water integration and removal capacity was only found at low screw speeds and low
throughputs (group two). Here, lower filling degrees yielded increased water integration
and removal capacity. Lower filling degrees decrease the material’s volume-to-surface
ratio, which facilitates mixing of the polymer melt and water. Moreover, it improves water
removal via devolatilization.

Although high throughputs and high screw speeds resulted in lower filling degrees, the
time for conveying the polymer through the degassing zone was apparently insufficient for

devolatilization.
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Fig. 6. Maximum added water concentration [%, w/w; relative to the throughput of feeder 1] de-
pendent on the prevailing filling degree f(x) [-] in the degassing zone for all tested matrix materials
applying the process parameters of group two. (R2 for HPMCAS/plasticizer = 0.9853; for Kollidon®
VA 64 = 0.9927 and for PEG 20000 = 0.9679).

Summarizing, our data showed that the NANEX process requires the application of water
soluble/miscible polymers or polymer/emulsifier mixtures to allow for integration of an
agueous nano-suspension. We anticipate that the physicochemical properties of the pol-
ymer determine the type of system formed (i.e., emulsion, solution) and consequently, the

water removal capability. For o/w emulsions, the water removal via devolatilization was
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facilitated, as water formed the continuous phase and was thus, readily available at the
systems surface.

Apart from the physicochemical properties of the system, water removal is a strong func-
tion of the process conditions and especially, of the resulting MRT of the material in the
degassing zone. The residual moisture contents decreased with increasing MRTs (Table
4) as the time during which degassing can occur was increased. The effect of the process
parameters on the residual moisture content implies that even the initial moisture is re-
moved during the degassing and this process can be used even for very low moisture
levels. Additionally, the filling degree affects the water removal capacity. Low filling de-

grees result in large gas-melt interfaces, which favor water removal.

5. Conclusions
NANEX is a promising platform technology for making solid hano-formulations in a contin-

uous process. Such formulations do not only improve the solubility and bioavailability of
drugs but also enhance patient compliance, since oral uptake is still the most accepted
route of drug administration. However, the processing of nano-suspensions via HME re-
quires the addition and removal of an extensive amount of water in order to yield i) high
drug doses and ii) sufficient product stability. To that end, a fundamental process under-
standing concerning distinct matrix materials with respect to their processability is neces-
sary. Four matrix systems were processed with various sets of screw geometries, speeds
and throughputs and their effect on the water uptake/release capacity and residual mois-
ture content was determined. It was established that a long MRT of the molten polymer in
the extruder and low filling degrees in the degassing zone increase the amount of water
that can be added to and removed from the molten material. The amount of water that can
be added is proportional to the MRT of the melt and low filling degrees lead to large gas-
melt interfaces, allowing effective devolatilization. The final products had a mean residual
water content that was similar to that of extrudates processed without the addition of wa-
ter.

In summary, our data suggest that API loadings of 25 % (w/w) can be achieved once ap-
propriate polymers and nano-suspensions associated with the right process conditions are
defined. Future work will address the integration of nano-suspensions that provide high

API loadings and homogeneous nano-particle distribution in the final dosage form.
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5. Summary of major findings

In this thesis, it was aimed to develop solid nano-formulations of the poorly soluble model
API phenytoin in a single step, using the NANEX process. The obtained nano-extrudates
were supposed to comprise de-agglomerated embedded phenytoin nano-crystals showing
an improved drug release. To carefully justify this assumption, a stable aqueous nano-
suspension of the poorly soluble API (phenytoin) was prepared and carefully character-
ized. Before nano-sizing the bulk material via wet media milling, relevant aqueous non-
ionic stabilizer solutions were investigated regarding their wetting properties, surface ten-
sion and viscosity and the most stable formulation was identified. Dissolution experiments
were conducted and in-vitro and ex-vivo permeability studies across a buccal cell culture
model (TR 146 cultured on transwells) and freshly excised porcine buccal mucosa were
performed. Moreover, CLSM investigations and cytotoxicity studies were carried out to
assess the uptake route of the nano-crystals and exclude possible adverse effects. Final-
ly, the results of nano-phenytoin were compared to those achieved with bulk (untreated)

phenytoin. The major findings of this study include:

« Among all tested stabilizers, the addition of Tween® 80 resulted in the most stable sys-
tem corresponding with a particle size of 335 + 6 nm and a zeta potential value of -18.3
+0.4 mV.

* Nano-sizing did not affect the crystalline structure of the API, since bragg peaks in the
WAXS region (SWAXS studies) were identical to those of the bulk material. Only a
marginal shift of the melting endotherm (DSC measurements) was observed for nano-
crystalline phenytoin.

» Evaluation of the saturation solubility of nano-phenytoin in a Tween® 80 solution yield-
ed a 1.4-fold higher solubility compared to the bulk material. Moreover, the time-
dependent dissolution displayed higher and faster drug dissolution of nano-phenytoin,
due to the increased specific surface area of the nano-sized material.

« Stability tests of nano-suspensions in physiological media revealed that nano-particles
tended to agglomerate during dispersion due to the presence of mono- and divalent
cations. Nevertheless, nano-crystals showed markedly higher saturation solubility in all
tested media.

* Nano-phenytoin permeated across the buccal membrane (in-vitro as well as ex-vivo) to
a higher extent compared to the bulk material. Since it was shown that the nano-
material was not internalized by the cells, it can be anticipated that the improved per-
meability behavior is related to the enhanced solubility characteristics of nano-
phenytoin.

* Due to size reduction no impact on the cell viability was observed.
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In chapter 3, the Tween® 80 stabilized phenytoin nano-suspension was transferred into a
solid nano-formulation via the NANEX process. Since an industrial more relevant extruder
was employed for this study, a scale-up was necessary and a rational screw design was
conducted. Moreover, the process set-up was adapted compared to the initial proof-of-
concept study. The obtained nano-extrudates were carefully investigated regarding their
crystalline structure, morphology and particle distribution in the matrix. Most importantly,
solubility characteristics and dissolution profiles were recorded and the results were com-
pared to those obtained for the pure API and the bulk-extrudates (i.e., extrudates pre-
pared by extruding a blend of Soluplus® and bulk API). The major findings of this study

are listed below:

* Analytical TEM as well as AFM investigations evidently confirmed that nano-crystals
were successfully embedded in a de-agglomerated manner into Soluplus®.

« The nano-crystals remained in their crystalline state during and after the NANEX pro-
cess, which was established by DSC measurements.

e The incorporation of nano-sized phenytoin into Soluplus® yielded a 184-fold higher
solubility compared to bulk-phenytoin. To investigate whether the increased solubility is
due to the nano-sizing and/or the solubilizing effects of the matrix material, bulk-
extrudates were prepared. A 1.2-fold higher solubility of nano-particles embedded in
the matrix was achieved, which highlights the beneficial effect of size-reduction on the
solubility characteristics.

« Finally, extrudates comprising nano-crystals showed a markedly (i.e., 1.3-fold) higher
and faster release profile compared to bulk-extrudates. Thus, particle size of embed-
ded nano-particles strongly determined the kinetic solubility resulting in a faster and

higher dissolution rate.

To reach sufficiently high drug loadings in the final product, we investigated distinct matrix
materials with regard to their “NANEX processability” and optimized the process parame-
ters (chapter 4). To this end, four carrier systems, i.e., Eudragit® EPO, AQOAT®
(HPMCAS), Kollidon® VA 64 and PEG 20000, were used and tested for their applicability.
To meet the requirements of each polymer, different sets of screw geometries were em-
ployed and the position of liquid side feeding was adapted. By varying process parame-
ters such as throughput and screw speed, the maximum nano-suspension integration as
well as water removal capacity of each polymer was determined. In addition to the exper-
imental studies, one-dimensional discretization modeling was performed and the influence
of the mean residence time and the filling degree was carefully evaluated. The findings of

this study are summarized below:
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The data of this study showed that the physicochemical nature of the applied matrix
material strongly determines its applicability for the NANEX process: only water solu-
ble/miscible polymers or polymer/emulsifier mixtures, which interact with the added wa-
ter molecules and form emulsions or solutions were identified as appropriate candi-
dates.

It was possible to add and remove water to HPMCAS/plasticizer, Kollidon® VA 64 and
PEG 20000.

In contrast, it was not possible to remove the added liquid from Eudragit® EPO be-
cause of too weak interactions between water and the molten polymer: Eudragit® EPO
was neither soluble in water nor swelled upon water addition due to short process
times. As a consequence, a large (unbound) water amount led to excessively high gas
velocities dragging out melt into the degassing unit resulting in an unstable process
and a final product of inferior quality.

It was found that the strength of the water-polymer interactions determined the water
removal capacity: emulsions, where water is the continuous phase and readily availa-
ble on the system’s surface for degassing, showed the highest water removal capacity
(e.g., HPMCAS/plasticizer mixture). Solutions, showing a stronger interaction of poly-
mer and water (i.e., water molecules are entrapped in the matrix), exhibited a reduced
water removal capacity (i.e., Kollidon® VA64 and PEG 20000)

Simulation studies revealed that the water removal capacity is a strong function of the
applied process conditions and especially, of the resulting MRT and the filling degree of
the material in the degassing zone. The amount of water that can be added is propor-
tional to the MRT: the longer the MRT the more water can be added and removed from
the system. Additionally, low filling degrees lead to large gas-melt interfaces, allowing
for effective devolatilization.

In summary, it was shown that it is theoretically possible to reach an API loading of 25
% (w/w) in the final nano-extrudates when a nano-suspension with 30 % (w/w) API
content is processed. Adapting the process parameters allows fast and continuous
control over the final API loading in the extrudates, once more highlighting the benefits
of the NANEX process.
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6. Outlook

The NANEX process is a continuous in-line controlled hot melt extrusion process that
converts a stabilized aqueous nano-suspension into a solid oral formulation in a single
step. Due to particle size reduction, solubility, dissolution velocity and consequently, the
permeability of poorly soluble substances can be significantly improved. Moreover, this
technology circumvents time-consuming and cost-intensive multi-batch processes and
allows to precisely control the product quality. Hence, this innovative platform technology

will open new pathways for the pharmaceutical industry.

Films or patches intended for intraoral application can be designed continuously with the
respective processing units and downstream equipment. Incorporated nano-crystals will
enhance transmucosal permeation for local and systemic therapy. Moreover, degradation
prone drug candidates such as proteins and peptides can be encapsulated in (biodegrad-
able) nano-carriers that can be further processed via NANEX. This solid oral dosage
forms would enable to improve the drug’s (enzymatic) stability and thus, its performance
along the Gl route. For this, the NANEX process needs to be adapted with regard to the
prevailing process temperatures and shear forces. Additionally, nano-crystallization proc-

esses can be directly integrated.

The NANEX approach can not only be applied for the preparation of tablets, multiparticu-
late dosage forms or films but also for the development of controlled-release drug delivery
systems such as implants (e.g., intravaginal applications). The rational selection and de-
sign of an appropriate matrix/reservoir system and the incorporation of nano-crystals with
uniform shape, size and crystalline structure would help to control API release over a long
period and eliminate stability problems associated with the amorphous state of an incorpo-
rated API.

Apart from technological advantages, also high potent active substances, which have to
be manufactured at the highest technical level, can be handled via NANEX. On that ac-
count, high potent compound materials can be fed as solutions, suspensions or emulsions
to an appropriate matrix material. Thus, dust formation as well as the contact time be-
tween the manufacturer and the material will be reduced during the production process,

which will further minimize the risk of hazardous materials to human health

The concept of the NANEX process can also be used to manufacture solids with very low
doses. The main problems associated with low-dosable drugs are insufficient content uni-
formities due to segregation problems during blending and mixing. The installation of high-

ly precise pumping devices would enable to achieve accurate dosing of sensitive APIs in
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their dissolved, suspended, emulsified or nano-sized form. Moreover, adaption of mixing,
kneading and conveying elements of the screw will support a homogenous distribution of

the APl in the final dosage form.

Finally, the NANEX set-up can be used to enable HME processability of matrix systems
that require the supply of water during the manufacturing process for plastification. This
includes natural products like starch, xanthan, and gummi arabicum. Hence, a prior granu-
lation step will be omitted and the matrix carriers can be directly manufactured via feeding

the required amount of water (integrating the drug) during the NANEX process.

Summarizing, NANEX is an enabling platform technology that can revolutionize the devel-
opment of complex drug systems, by reducing risks and costs of development, significant-

ly accelerating market launch in the future.
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