University of Szeged

Faculty of Pharmacy
Department of Pharmaceutical Technology
Head: Prof. Dr. Piroska Szabo-Révész D.Sc.

Ph.D. thesis

APPLICATION OF WET MILLING TECHNIQUES TO PRODUCE MICRONIZED
AND NANONIZED DRUG PRE-DISPERSIONS FOR THE DEVELOPMENT OF
INTRANASAL FORMULATIONS

By

Csilla Bartos
Pharmacist

Supervisors:
Prof. Dr. Piroska Szabd-Révesz D.Sc.
and
Dr. Habil. Rita Ambrus

SZEGED
2016



CONTENTS

L INTRODUCGTION. ...ttt e e e sat e e e s e e e nba e e abe e e e naeeannaeeanseas 1
2. THEORETICAL BACKGROUND ...ttt 2
P20 I AV T T g o (=Tod o ] o USSR 2
2.1.1. Dry MIIING .o e anes 2
2.1.2. WL MIITING ...ttt see e enes 4
2.1.3. Combination milling teCANIQUES ...........cooiiiiiiieier e 7

2.2. The role of additives in Wt MIllING .........coooviiiiiiie e 8
2.3. Formulation of nasal dosage fOrMS ..........ccceciiiiiicie s 9
BTN 1Y TSRS 10
4. MATERIALS AND METHODS ... .ottt 11
AL IMIAEETTAIS ...ttt bbb 11
4.2, IMEBENOUS ... bbbttt ettt bbb 12
4.2.1. Preparation of fOrmulations...........cccoiiiiiiiiiens e 12
4.2.1.1. Preliminary experiments of static sonication for PS reduction of IBU and MEL
...................................................................................................................................... 13
4.2.1.2. Preparation of sonicated formulations for the comparison of static and dynamic
sonication for reduction of the PS of MEL ........c.cccooiiiiiiiiiicee e, 14
4.2.1.3. Preparation of pre-dispersions with a combination of planetary ball and pearl
MIllING TOr PS redUCTION ... 15
4.2.1.4. Preparation of pre-dispersions for the development of an intranasal formulation
...................................................................................................................................... 16
4.2.1.5. Preparation of intranasal Formulations .............c.ccoeevveieienencneceeeee, 16

4.2.2. Physical-chemical investigations of solid-state products.............cccccevvevveieinenen, 17
4.2.2.1. Particle size analysiS (PSA)......coii oot 17
4.2.2.2. Scanning electron microSCopy (SEM)......c.cooveiveiiiiciieie e 17
4.2.2.3. X-ray powder diffraction analysis (XRPD) .......cccccooriiiininininiieseeeeeee, 18
4.2.2.4. Differential scanning calorimetry (DSC) .......ccoceiveviiiieie e 18
4.2.2.5 Fourier transform infrared spectroscopy (FT-IR) ....ccccoevveieiicie e 18

4.2.3. Investigation of pre-dispersions for nasal formulations...............cccccevevieiniiennn, 18
4.2.3.1. Solubility testing of MEL in the pre-dispersions ..........cccccccevvveveeveieeveesnene 18
4.2.3.2. Holding time determination of MEL in the pre-dispersions .............cccccveeveen. 19

4.2.4. Investigations of nasal formulations .............cccccoviiiie i 19
4.2.4.1. Rheology and mucoadhesion of SAmMPIES ...........ccooevviiiiinenenceceeeeee, 19
4.2.4.2. In vitro permeability Of MEL ... 20

4.2.4.3. In VIVO STUAY OF MEL .....ocoiiiiiiiiiiiicee e 20



0. RESULTS .o 21

5.1. Results of preliminary static SONiCation eXPErimeNtS...........ccvvvriererererereneseseeeenes 21
5.1.1. Effects of process parameters 0N PSD .........cccoooiiiiiiiniiieieie e 21
5.1.2. Effects Of StabIliZErS .......c.ooi i 22

5.2. Comparison of static and dynamic sonication methods..............cccccevveveiieeincceceenan, 22
5.2.1. SEAtIC SONICALION ....vveiiiiiieciiete ettt sre e sreesbeenbeaneenreas 23
5.2.2. DYNAMIC SONICALION .....eveiiieniiitiesiee e eiesiee e ee st e e sbe e e s e sbeeneesreesbeeneesneenreas 25
5. 2.3, PO A ettt b ettt e e re s 27
B.2.4. SEM ..ottt nenre s 28
5.2.5. XRPD ..ottt e e e e e aara s 29
B.2.8. DSC ..ottt ettt r ettt r et e rens 29
5.2.7. Chemical stability (FT-TR) ......coceiiieiiie e 30

5.3. Results of a preliminary study of combined wet milling technique..............c.ccccueen.... 31
5.3.1. Effects of milling parameters 0N PSD .........ccccooiiiiiiiniiecieie e 31
5.3.2. SEM ..ottt reare s 34
5.3.3. XRPD .ttt ettt ettt re s 34
B.314. DSC .ttt ettt ettt ettt reare s 35

5.4. Characterization of the intranasal viscous liquid formulations prepared via the combined

WEL MITTING tECANTGUE ... bbb 36
5.4.1. Characterization of the pre-diSpersions..........cccccvcvveieiieeseeie e 37

ST 0 1 O o I3 PSR 37
5.4.1.2. Solubility of MEL in the pre-diSpersions ..........cccouererereneseseseseseeeeeens 37
5.4.1.3. Holding time determination .............ccccovoiiiieii e 37

5.4.2. Characterization of the Nasal SPrays.........ccoceveiiiiiiiniinieiere e 37
5.4.2.1. Rheology and mucOadheSion ..........cccereiereiiiisinieee e 38
5.4.2.2. In vitro permeability Of MEL ..........cccoooviiiiiiiie e 40
5.4.2.3. IN VIVO StUAY OF MEL ......ooiiiiiiiiiiiiice s 42

B. CONCLUSIONS ...ttt ettt e te s e e e et e snesbestesreenearaeneeneens 44

REFERENGCES ...ttt b e n e 47



PUBLICATIONS RELATED TO THE SUBJECT OF THE
THESIS

1. Csilla Bartos, Rita Ambrus, Péter Sipos, Maria Budai-Sziics, Erzsébet Csanyi, Robert
Gaspar, Arpad Marki, Adrienn B. Seres, Anita Sztojkov-lvanov, Tamas Horvéth, Piroska
Szab06-Révész

Study of sodium hyaluronate-based intranasal formulations containing micro- or nanosized
meloxicam particles

Int. J. Pharm. 491 198-207 (2015) IF: 3.650

2. Csilla Bartos, Akos Kukovecz, Rita Ambrus, Gabriella Farkas, Norbert Radacsi, Piroska
Szab6-Révész

Comparison of static and dynamic sonication as process intensification for particle size
reduction using a factorial design

Chem. Eng. Process. 87 26-34 (2015) IF: 2.071

3. Bartos Csilla, Ambrus Rita, Szab6né Révész Piroska
Szonikus kavitacié alkalmazéasa hatbanyag szemcseméretének csokkentésére
Acta Pharm. Hung. 84 131-137 (2014) IF: -

4. Cs. Bartos, P. Szab6-Révész, R. Ambrus
Optimization of technological parameters by acoustic cavitation to achieve particle size
reduction

Farmacia Nr.1, 2014 IF: 1.005

5. Levente Kiirti, Robert Gaspar, Arpad Marki, Emese Kapolna, Alexandra Bocsik, Szilvia
Veszelka, Csilla Bartos, Rita Ambrus, Monika Vastag, Maria A. Deli, Piroska Szab0-Révész
In vitro and in vivo characterization of meloxicam nanoparticles designed for nasal
administration

Eur. J. Pharm. Sci. 50 86-92 (2013) IF: 3.350



6. Ambrus R., Bartos Cs., Szaboné Révész P.

Eljardsi paraméterek optimalizaldsa szonikus kavitacio alkalmazésaval hatdanyag
szemcseméret csokkentése céljabol

Acta Pharm. Hung. 81 51-58 (2011) IF: -

OTHER PUBLICATIONS

1. Tamés Horvath, Csilla Bartos, Alexandra Bocsik et al.
Cytotoxicity of different excipients on RPMI 2650 human nasal epithelial cells

Acta Chim. Slov. (under revision)

2. Bartos Csilla, Kata Mihaly
Szabadkai gyogyszertarak torténete, 1780-2011
Bécsorszag, 2013.



ABBREVIATIONS

API
AUC
Cq
Cwr
D
D10
D50
D90
DSC
E
=S
b
FT-IR
G’

m/v (%)

MEL Dyn.

MEL Stat.

MEL
MEL-PVA PM
MeOH

micro MEL spray
micro MEL
nano MEL spray
nano MEL
NSAID

active pharmaceutical ingredient

area under the (time—concentration) curve

drug concentration

constant characteristic of the material

milling chamber diameter

particle diameter below which 10% of the sample volume exists
particle diameter below which 50% of the sample volume exists
particle diameter below which 90% of the sample volume exists
differential scanning calorimetry

energy

specific energy

bioadhesive viscosity component

Fourier transform infrared spectroscopy

storage modulus

loss modulus

sodium hyaluronate

high-performance liquid chromatography

ibuprofen

internal standard

API flux

permeability coefficient

mass/volume percentage concentration

meloxicam sonicated by dynamic process

meloxicam sonicated by static process

meloxicam

meloxicam—poly(vinyl alcohol) physical mixture
methanol

nasal spray containing micronized meloxicam

micronized meloxicam, prepared by a combined technique
nasal spray containing nanonized meloxicam

nanonized meloxicam, prepared by a combined technique

non-steroidal anti-inflammatory drug



P

PBS
Poloxamer
PS

PSA
PSD
PVA
PVP
raw MEL spray
SEM
Solutol
SPE
SSA

t

Tg
Tween
Vp

wiv (%)
X
XRPD
ZrO;

power output

phosphate buffer solution

Poloxamer 188, poly(ethylene)—poly(propylene glycol)
particle size

particle size analysis

particle size distribution

poly(vinyl alcohol)

poly(vinylpyrrolidone)

nasal spray containing raw meloxicam

scanning electron microscopy

Solutol HS 15, poly(ethylene glycol 15-hydroxystearate)
solid-phase extraction

specific surface area

exposure time

glass transition temperature

Tween 80, poly(oxyethylenesorbitan monooleate)
processed volume

weight/volume percentage concentration

uniform particle diameter

X-ray powder diffraction

zirconia



1. INTRODUCTION

Particle design techniques are widely used to modify the physico-chemical and
biopharmaceutical properties of active pharmaceutical ingredients (APIs) (Maghsoodi et al.,
2008). Particle engineering techniques that control the crystal size distribution and morphology
and make use of different additives can offer improvements as concerns the solubility, rate of
dissolution and permeability of poorly water-soluble drugs and can open up new, alternative
administration routes (Pomazi et al., 2011, Ghosh et al., 2012, Maggi et al., 2013).

The various size reduction techniques include bottom-up approaches, where micro- or
nanoparticles are built up from dissolved drug molecules, and top-down methods, where the
raw material is subsequently broken down by using milling methods until micro- or nanosized
particles are produced (Ambrus et al., 2009). Milling belongs among the disintegration
procedures. Dry and wet milling can be distinguished. Microparticles may be produced by dry
or wet milling, with or without the use of excipients. For the preparation of nanoparticles (in
either dry or wet milling), the usage of additives is required, because the processes are
controlled by surface forces and, if the particles are not stabilized, they may coagulate because
of the high particle mobility (Paltonen and Hirvonen, 2010). For wet milling, additives are
essential, independently of the preparation of micro- or nanoparticles. Through wet milling, the
preparation of pre-dispersions is possible, while intermediate solid-state products (powders)
can be prepared by means of drying, and the development of liquid or semi-solid formulations
(sprays and gels) is feasible directly from pre-dispersions.

Intranasal administration is a possible route for the delivery of drugs to reach the
systemic circulation (Prommer and Thompson, 2011). It offers certain advantages, including
rapid absorption, avoidance of the hepatic first-pass metabolism and gastrointestinal side-
effects, and painless application, with sterility not a requirement (Meng et al., 2014). In the case
of intranasally administered formulations containing a suspended drug, particle size (PS)
distribution (PSD) is a determining factor. In order to achieve a systemic effect, intranasal
compounds can be mixed with different additives so as to ensure a longer residence time, better
mucoadhesion (Horvéat et al., 2009) and increased permeability (Chunga et al., 2010).
Pharmaceutical formulations delivered intranasally may be liquid (spray) (Baumann et al.,
2012), gel (Osth et al., 2002) or powder forms.

It is a major challenge in pharmaceutical technology to find organic solvent-free, cost-
effective, time-saving PS reduction techniques which are suitable for preparation of the

products (pre-dispersions) of the same quality, built into the process of production of
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pharmaceutical formulations. This thesis reports the development of two wet milling techniques
with the aim of decreasing the PSs of poorly water-soluble drugs to the micro or nano range (in

the presence of polymer as aggregation inhibitor).

2. THEORETICAL BACKGROUND

2.1. Milling techniques

Milling is a technique commonly applied to produce micro- or nanosized drug crystals in order
to increase the dissolution rate and absorption, and hence the bioavailability of poorly-soluble
materials. According to the Noyes—Whitney equation, reduction of the PSs of drug crystals
increases the specific surface area (SSA), which can improve the rate of dissolution of a drug
(Noyes and Whitney, 1897). There are many different types of milling techniques; dry and wet

milling can be distinguished.

2.1.1. Dry milling

Dry milling is carried out at low moisture contents of the drug. A number of dry milling
possibilities are known; the survey of these in Table 1 is non-exhaustive. Techniques for dry
milling are usually used for micronization (Boudriche et al., 2014). In this case, the Rittinger
theory describes the PS reduction produced relative to the energy (E) input of milling: the new
surface area generated is directly proportional to the E required for the PS reduction. As the
surface area of a quantity of particles of uniform diameter x is proportional to 1/x, the E required

for PS reduction is therefore also proportional:

1) (1
X2 Xl

where Ei» is the specific energy, and Cvr IS a constant characteristic of the material
(Temmerman et al., 2013). In general, additives are not required for micronization (Liu et al.,
2014). Nanonization can be achieved on the use of an additive and a long milling time, but in
this case changes may occur in the physico-chemical structure of the drug. The dry milling

process has both advantages and disadvantages (Table 2).

Table 1 Dry milling techniques (Sushant and Archana, 2013)



Milling techniques Milling device PS (um)

Cutting machine Cutter mill 100-80 000
Milling based on compression  Roller mill 50-10 000
Ball milling Planetary ball mill 1-2 000

Table 2 Advantages and disadvantages of dry milling (Manfredini & Schianchi, web reference 1)

Advantages Disadvantages
Total recovery of production wastes Dust production
Minor consumption of water Adhesion
Practical to run and service Electrostatic charge

Elimination of the additional costs needed for the

appropriate management of slurries

Stability of the API

Ball milling

Ball milling is usually used for the dry micronization of drugs, in order to enhance their
rates of dissolution. Apart from its comminution function, ball milling also serves as an
intensive mixing technique capable of producing co-ground drug—excipient mixtures (Loh et
al., 2015). Furthermore, the preparation of nanosized particles is also possible through ball
milling. Our research group has reported results on dry nanonization through the application of
a planetary ball mill in the presence of additives with a long milling time (2 h). The presence
of additives and the increase of their amount reduced the collision energy required for the
nanonization of meloxicam (MEL) (Table 3) (Kurti et al., 2011, Kdirti et al., 2013).

Table 3 Milling energetic map of the experiments performed

Cumulative collision energy transferred (kJ/g) in the cases of different MEL to additive ratios

Rotation speed (rpm)  Collision frequency (1/s)  No additive 1:0.5 1:1 1:2

200 240 8.56 571 428 2.85
300 360 28.89 19.27 1445 9.63
400 480 68.50 45.67 34.25 22.83

The ball mill consists of a chamber filled with balls constructed from ceramic, agate,
silicon nitride, zirconia (ZrO2), etc. The drug to be milled is put into the chamber, which is

made to rotate, vibrate or perform planetary motion. The movements of the chamber result in



the balls cascading or moving in a pattern, colliding with each other and with the inner walls of
the chamber. The reduction in PS of the drug particles results from the impact they receive from
the balls and attractive forces arising from the movement of the balls relative to each other. The
quantities of the balls and drugs to be milled are the determining factor as concerns the
effectiveness of the milling. The total volume of the chamber is usually one-third filled by balls
and one-third by drug materials (Figure 1). In the case of a rotating chamber, rotation is usually
carried out at 55-75% of the critical speed at which the balls adhere to the walls of the milling
chamber as a result of the centrifugal force. The critical speed may be estimated via the
following equation:
critical speed = 42.3/ND (King, web reference 2)
where D is the diameter of the milling chamber (Juhnke et al., 2012).

Horizontal section

Movement of the
supporting disc

Centrifugal
force

Rotation of the milling bowl

Figure 1 Schematic view of the ball mill (W. Cao, web reference 3)

2.1.2. Wet milling

In many cases, wet milling is required to reach the expected PS of a drug. In the wet milling
procedure, a sufficiently concentrated dispersion of drug particles in an aqueous or non-agueous
liquid medium is treated. Some wet milling opportunities are presented in Table 4. Wet milling
is applicable for micronization (Pomazi et al., 2013), but is usually used for nanonization (Hou
et al., 2007, Bujnakova et al., 2015). For wet milling, the usage of additives is required to
prevent the aggregation of the milled drug particles and to inhibit particle growth (ripening)
during milling/storage (Niwa et al., 2011). Drug suspensions produced by wet milling can be

transferred into the related drug products, such as capsules, granules, tablets, injectables, sprays
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and gels (Wang et al., 2013, Junyaprasert and Morakul, 2015). Table 5 lists some advantages
and disadvantages of wet milling (Swarbrick, 2013). Certain scaling-up techniques are detailed

below.

Table 4 Wet milling techniques (Fan et al., 2009, Pomazi et al., 2013, Swarbrick, 2013, Pawar et al.,
2014)

Milling techniques Milling device PS (um)
”Rotor/stator” Colloid mill 1-50
milling Toothed high-shear inline mixers
Cone mill
Milling based on cavitation High-pressure homogeniztaion 1-20
Pearl milling Pearl mill 0.02-200

Table 5 Advantages and disadvantages of wet milling

Advantages Disadvantages
Increased mill capacity Increased wear of the grinding medium
Lower energy consumption Drying stage after milling
Closed system (without dust production) Hazards of corrosion
Easier handling of materials Extra water needs
Intermediate product Stability of API

Acoustic cavitation
During the sonication process, the ultrasound waves that form in the liquid media result in
alternating high-pressure and low-pressure cycles, with rates depending on the frequency. In
the low-pressure cycle, the high-intensity ultrasound waves evolve small gas- or vapour-filled
bubbles (cavities) in the liquid. When the bubbles reach a volume at which they can no longer
absorb energy, they collapse violently during a high-pressure cycle. This phenomenon is called
ultrasonic cavitation (Figure 2). It has been proven that, when ultrasound technology is applied
in the frequency range 20-100 kHz, the implosion of vacuum bubbles can induce a PS reduction
(Suslick, 1998). The use of ultrasound is a common technique to promote chemical reactions
(Patil et al., 2013). As regards pharmaceutics, power ultrasound can be applied for
emulsification and to investigate the sedimentation of emulsions and suspensions (Benes et al.,
1998, Behrend and Schubert, 2000). Supercritical, solvent diffusion (Hatkar and Gogate, 2012)

and melt emulsification are well-known bottom-up methods in the field of sonocrystallization
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for solving problems of drug solubility (Ambrus et al., 2012). The application of ultrasound can
readily be scaled up; as an example, sonification is successfully applied at an industrial level
for the preparation of metal nanoparticles (Li et al., 2013). The disintegration of drug particles
(top-down approach) has not been widely investigated so far with the aim of improving the
properties of drugs, and acoustic cavitation is therefore a new possibility for controlling the
crystal size distribution and morphology of drugs, primarily with the intent of PS reduction
(Patil and Pandit, 2007, Raman and Abbas, 2008). It has the ability to erode and break down
particles and to increase the SSA of crystals (Sandilya and Kannan, 2010).

ACOUSTIC CAVITATION

I T T ¥ %1

compression compressn Cormpression compression

AN ANANAN
VAAVIAVIRAVIRV,

rarefaction rarefaction tarefaction rarefaction rarefaction
. ® @ ' 5000°C
2000 Atm
bubbleé ey bubble grows in —_— reaches  wmy  undergoes
forms successive cycles unstable size violent collapse

Figure 2 Schematic illustration of acoustic cavitation (Electrowave Ultrasonics Corporation, web

reference 4)

Ultrasonic liquid processing is influenced by a number of parameters (amplitude, pressure,
temperature and concentrations of compounds). The effect of the process may be determined

as a function of the E per processed volume (Vp):
effect = f (E/Vp)

where E is the product of the power output (P) and the exposure time (t):

E [Ws] =P [W] *t[s]



Additionally, the value of P per surface area of the sonotrode of an ultrasonic unit depends on
the parameters as described by Hielscher (web reference 5). There are two sonication routes for
wet grinding to achieve a PS reduction: the static method, which means that a sample at rest is
sonicated, and the dynamic method, which allows continuous circulation of the sample by
means of a pump during the sonication. These two methods are appropriate for the PS reduction
of materials with different physico-chemical properties (Bartos et al., 2014). The production of
intermediates (as pre-dispersions) and powder products (after drying) is carried out by applying

a short-term ultrasound E input.

Media milling
Wet stirred media milling has proven to be a robust process for the production of nanoparticle
suspensions of poorly water-soluble drugs (Afolabi et al., 2014). In this method the
nanosuspensions are produced through the use of high-shear media mills or pearl mills (Figure
3). Media mills consist of a milling chamber, a milling shaft and a recirculation chamber. Media
milling is a continuous process wherein the drug suspension is pumped through the milling
chamber to effect PS reduction of the suspended material. The milling chamber is charged with
the milling media, dispersant medium, drug and stabilizer, and the milling media or pearls are
then rotated at a very high shear rate. The milling medium consists of glass, zirconium oxide or
highly cross-linked polystyrene resin (Patravale et al., 2004). The physical characteristics of the
resulting nanocrystals depend on the number of milling pearls, the amounts of drug and

stabilizer, and the milling time, speed and temperature (Chen et al., 2011).

Crude surry compound + Water + Stabilizers

Drug
Nanoparticles =3

Figure 3 Schematic representation of the pearl milling process (Loh et al., 2015)

2.1.3. Combination milling techniques



To overcome the limitations of the conventional PS reduction technologies for poorly-soluble
drugs, new combinational methods have been developed for the production of ultrafine
suspensions. Combinative technologies are a relatively new approach to improve the
effectiveness of PS reduction and to reduce the process times. In general, they can be described
as a combination of a bottom-up process (the building-up of particles) (Blagden et al., 2007,
Bund and Pandit, 2007, Bakar et al., 2009) followed by a top-down technology (disintegration)
(Salazar et al., 2012, Mdschwitzer, 2013, Vivek et al., 2014). This method involves two steps
of PS reduction. There is also a possibility for the combination of dry and wet milling in one
step, but literature data relating to the application of this combined method are lacking. Retsch
GmbH has made a recommendation for the combination of planetary ball milling, as dry
milling, and pearl milling, as wet milling (Retsch®, web reference 6).

2.2. The role of additives in wet milling
In dry nanonization, and wet micronization and nanonization, the application of additives is
required in order to retain the individuality of the particles. Micro- and nanoparticles with high
SSA and high free E are controlled by surface forces and, if the particles are not stabilized, they
may coagulate because of the high particle mobility (Friedrich et al., 2006). Stabilizers are
added to compensate the extra free E of the newly created surfaces, thereby preventing the
aggregation of milled drug particles and inhibiting particle growth (ripening) during
milling/storage (Bilgili and Afolabi, 2012). The degree of compensation required is related to
the interactions between the drugs and stabilizers. For effective stabilization and a reasonable
processing time, strong and fairly fast adsorption is necessary, with full coverage and slow
desorption. If the amount of the stabilizer is too low, particles tend to aggregate, while
concentrations that are too high promote Ostwald ripening (Peltonen and Hirvonen, 2010).
The choice of stabilizer is specific for each drug candidate and each formulation
procedure. Polymers and surfactants are commonly used as stabilizers to impart physical
stability to the suspensions produced by the wet milling of poorly water-soluble drugs, which
singly or in combination help to minimize the agglomeration of suspended particles via
electrostatic and steric mechanisms. In these processes, aqueous suspensions containing drug
particles and dissolved stabilizers (polymer and/or surfactant) are treated. Different additives
are used to stabilize these particles: poly(vinylpyrrolidone) (PVP), Poloxamer® (Poloxamer 188
= poly(ethylene)—poly(propylene glycol), polysorbate (Tween 80R = poly(oxyethylenesorbitan
monooleate)), Solutol? (Solutol HS 15 = poly(ethylene glycol 15-hydroxystearate)), PVA
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(poly(vinyl alcohol)), etc. (Paltonen and Hirvonen, 2010). Some of them are listed in Table 6.
The application of additives allows the preparation of stable pre-dispersions with optimum drug
PS, which can be used for the development of further pharmaceutical formulations.

Table 6 Stabilizers (Friedrich et al., 2006, Ghosh et al., 2011)

Name Feature
PVP K-25 protective layer-forming polymer
Poloxamer 188 non-ionic surfactant
Tween 80 emulsifier and solubilizer
Solutol HS 15 non-ionic solubilizer
PVA protective layer-forming polymer

2.3. Formulation of nasal dosage forms

Intranasal administration is a potential way to deliver drugs into the systemic circulation as an
alternative route for some therapeutic agents (Fortuna et al., 2014). The development of nasal
formulations has opened up new areas of indication and many delivery problems can be solved.
The main reasons for this are the high permeability, wide absorption area, and porous and thin
endothelial basement membrane of the nasal epithelium. Pharmaceutical formulations delivered
intranasally may be powder (Kaye et al., 2009), gel (Osth et al., 2002) or liquid (drops and
sprays) (Baumann et al., 2012) forms. The advantages of a nasal spray include the ease of use
for the patients and the possibility of self-administration without the assistance of a physician
(Marttin et al., 2000). In the case of spray formulations, drugs in dissolved form can achieve
the fastest therapeutic effect, and they have to be in dissolved form for the absorption of drugs
(dissolution of drug on the mucosa in the case of suspensions) (Sosnik et al., 2014). However,
low aqueous solubility is a common characteristic in current biopharmaceutics, and over 40%
of new chemical entities exhibit poor solubility (Beig et al., 2012). Difficulties are therefore
liable to occur in the event of the preparation of drug solution-containing formulations. This
problem may be solved through the preparation of a pre-dispersion of a poorly-soluble drug
with a suitable technique so as to reach the optimum PS for high bioavailability and, following
this, the development of a liquid formulation.

For the preparation of intranasal formulations in order to achieve a systemic effect,
intranasal compounds can be mixed with different additives in order to ensure the pH
(compliance with the nasal cavity), viscosity (Furubayashi et al., 2007), a longer residence time,
better mucoadhesion (Horvat et al., 2009), increased permeability (Chunga et al., 2010), and in
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some cases controlled release of a drug. Because of the rapid mucociliary clearance in the nasal
cavity, viscous, mucoadhesive formulations are needed in order to prolong the contact time
with the nasal mucosa, thereby enhancing the delivery of the drugs (Hascicek et al., 2003).
Different agents are used to increase the viscosity (cellulose derivates) and the mucoadhesive
strength (carbomers, chitosans, lectins, thiomers, alginate poly(ethylene glycol acrylate) or
Poloxamer) in the intranasal formulation (Pathak, 2011, Anand et al., 2012). One of the most
important biocompatible, mucoadhesive agents is sodium hyaluronate (HA). This natural
anionic polysaccharide has excellent mucoadhesive capacity (Liao et al., 2005), high
biocompatibility and low immunogenicity (Ding et al., 2012). Besides its mucoadhesive
properties, it may enhance the absorption of drugs and proteins via the mucosal tissues (Lim et
al., 2000). To ensure controlled drug delivery, responsive polymers (a-cyclodextrins, acrylic
acid, hydroxyethyl acrylate, PVP, and PVA) may be used, which regulate the release of drugs
(Bajpai et al., 2008).

The solubility, the rate of dissolution and the permeability of drugs are of great importance
(Zelko and Suivegh, 2005), and reduction of the PS to the micro or nano range is therefore the
strategy of first choice with the aim of increasing the bioavailability of poorly-soluble drugs
(Sinha et al., 2013, Anarjan et al., 2015). Nanoparticles are controlled by surface forces and, if
the particles are not stabilized, they may coagulate because of the high particle mobility.
Different additives are used to stabilize these particles: polysorbate, hydroxypropyl
methylcellulose, Poloxamer, PVP, etc. (Paltonen and Hirvonen, 2010). PVA is frequently used

as a stabilizer, coating the particles and promoting their separation from each other.

3. AIMS

The aim of my research work was to investigate new possibilities in the field of wet milling
techniques through study of the PS reduction effect. Via the preparation of pre-dispersions,
different organic solvent-free wet milling techniques were compared (sonication and combined

wet milling) and the process parameters affecting the PS and their influence on the physico-
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chemical and biopharmaceutical properties of drugs were determined. Poorly water-soluble,
crystalline, non-steroidal anti-inflammatory model drugs (NSAIDs) (MEL and ibuprofen-1BU)
were chosen for PS reduction investigations. Intranasal formulations as sprays containing

suspended drugs were developed from selected drug pre-dispersions and investigated.

The main steps in the experiments were as follows:

I The use of acoustic cavitation, an organic solvent-free, static wet milling
technique, as a new approach for PS reduction (preliminary studies with IBU
and MEL).

ii. Comparisons of the PS reduction effects of static and dynamic sonication as
process intensification through use of a factorial design (MEL).

iii. Application of a combination of planetary ball and pearl milling for the
production of pre-dispersions of micronized and nanonized MEL.

(\2 The development and investigation of intranasal formulations directly from the
pre-dispersions containing micro- or nanonized MEL.

V. Creation of a proposal for the production of an innovative intranasal dosage form

for pain management through controlled drug delivery.

4. MATERIALS AND METHODS

4.1. Materials

MEL was obtained from EGIS Ltd. (Budapest, Hungary), and IBU from Aldrich Chemie
(Deisenhofen, Germany) (Table 7).

The milling additives: PVP K-25 was purchased from ISP Customer Service GmBH (Kaéln,
Germany), Poloxamer and Solutol from BASF (Ludwigshafen, Germany) and Tween from
Hungaropharma (Budapest, Hungary). PVA 4-98 (My, ~ 27,000) and HA (Mw = 1,400 kDa)
were gifts from Gedeon Richter Plc. (Budapest, Hungary) (Table 8). Mucin (porcine gastric
mucin type Il) was from Sigma Aldrich (Sigma Aldrich Co. LLC, St. Louis MO, US).

Table 7 Properties of the active agents

Meloxicam (MEL) Ibuprofen (IBU)
J\j\ O  OH
Chemical ST N = 0
structure TN
- s OH
AN
0 ©
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4-hydroxy-2-methyl-N-(5-methyl-
2-thiazolyl)-2H-1,2-benzothiazine-
3-carboxamide-1,1-dioxide

Chemical name 2-(4-(2-

methylpropyl)phenyl)propanoic acid

Physical a yellow powder a white crystalline powder
properties poor solubility in water poor solubility in water
Applications a NSAID, a selective COX-2 a NSAID, a non-selective inhibitor of
inhibitor COX
Table 8 Milling additives and the mucoadhesive agent
Chemical structure Synonyms Physical
properties
PVP Povidone white-to-yellow-
(\AO Kollidon white powder
N soluble in water and
/P\/]/ polar solvents
n amorphous
hygroscopic
Poloxamer CH, Lutrol white or almost
Pluronic white, waxy
HO 0] H
A~

powder, microbeads
or flakes

very soluble in
water and in alcohol

Tween o \/}OO - Polysorbate v_isc_ouse yellow
o ;i(é O/\O§OH Isloqllljjlgle in  water,
o, 0/\7Ly — ethanol, methanol,
ethyl acetate
Solutol OH 0 Kolliphor Yellowish  white
CH3{CHQhCH{l“CHz{cHgJaCH{‘Llo’N}OH Macrogol(15)-  paste
n hydroxystearate  soluble in water,
ethanol and 2-
propanol
PVA OH Mowiol a white powder
soluble in water,
slightly soluble in
ethanol
" semi-crystalline
HA oNa OH white powder
e i soulble in water, in
\EOMO alcohol-water
o NH " mixture
o
4.2. Methods

4.2.1. Preparation of formulations
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4.2.1.1. Preliminary experiments of static sonication for PS reduction of IBU and MEL

A high-power ultrasound device (Hielscher UP 200 S Ultrasonic processor, Germany)
operating at 200 W was applied as the E input in the sample preparation. The samples were
sonicated at room temperature without cooling or by using an ice bath with a standardized
temperature at around 18 °C. A range of ultrasonic amplitudes were tested in order to determine
the optimum amplitude for 10, 20 or 30 min during the procedures (Table 9) (Figure 4). During
the content optimization, different additives were applied. The effects of the concentrations of
IBU and MEL on the PS decrease were also studied (Table 10) (Bartos et al., 2014).

Table 9 Parameters applied during the sonication of IBU and MEL

Temperature (°C) room temperature, ice cooling
Amplitude (%) 30, 50, 70
Time (min) 10, 20, 30

Table 10 Applied additives; concentrations of IBU and MEL and their additives

Additives PVP, Poloxamer, Tween, Solutol
Concentration (m/v (%)*) 1, 0.25 (IBU and MEL)
0.5, 0.25 (additive)

*m/v (%): mass/volume percentage concentration

Ultrasound device

Amplitude
control
Detection of
Sonotrode temperature
Water suspension § .,.
of MEL or IBU with
- Ice bath )
_ _g :

Figure 4 Scheme of PS reduction by static sonication (A) and double-walled flow cell for

dynamic sonication (B)
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4.2.1.2. Preparation of sonicated formulations for the comparison of static and dynamic
sonication for reduction of the PS of MEL

MEL was chosen as a model drug for the comparison of static and dynamic sonication. In each
sample, 0.5% of PVP was dissolved in an appropriate volume of water (Table 11). A high-
power ultrasound device (200 W) was applied in the sample preparation. In the case of static
sonication, samples at rest were treated. In the case of dynamic sonication, the samples were
circulated continuously with a peristaltic pump (Heidolph PD 5006 Pump drive) in a double-
walled flow cell (Flow Cell GD14 K) during the sonication (Figure 4). The temperature was set
with a thermostat in both cases (Julabo, Germany). Through the use of different sonotrode
positions, the immersed surface area of the ultrasonic horn could be changed (Bartos et al.,
2015A).

Design of experiments for comparative studies of static and dynamic sonications

Six parameters were screened in the static sonication experiments, using a two-level fractional
factorial design of resolution I1l. Here, the main effects are not confounded with each other,
whereas they are confounded with two-factor interactions. This design is typically used for the
rapid identification of the main effects governing the behavior of a multi-parameter system.
High and low values for each parameter were set on the basis of our prior experience with
similar tasks (reported in Table 11). Dynamic sonication experiments were run by screening
five parameters, using the same experimental design type. High and low parameter values for
the dynamic sonication experiments are presented in Table 11. All the experiments were run as

triplicates.

Table 11 The applied sonication parameters

Static sonication Dynamic sonication
Volume (ml) 25; 100 100
Position* 0.25; 0.75 0.25
Pump speed (rpm) - 50; 100
Concentration of 2;18 2; 18
MEL (mg/ml)
Temperature (°C) 0; 36 0; 36
Amplitude (%) 30; 70 30; 70
Time (min) 10; 30 10; 30

“Position 0.25: the sonotrode was immersed to 25% of the total depth of the liquid
Position 0.75: the sonotrode was immersed to 75% of the total depth of the liquid
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Adiabatic experiments were carried out to reveal the transmission efficiency of ultrasound E in
the liquid (Figure 5). An appropriate volume of MEL-free 0.5 w/v (%) (weight/volume
percentage concentration) PVP solution was used. Temperature was measured every 5 min up
to 30 min during the sonication processing. The highest temperature rise (90 °C) was observed
in the small sample volume (25 ml) within 5 min. The dynamic and static methods were
compared by using the following fixed parameters: 100 ml sample volume and 0.25 sonotrode
position. In the case of static sonication, because of the higher E input, the temperature increase
was higher after 10 min. When the dynamic method was used, the temperature increase was

lower, due to the circulation in the vessel.

100 -

Temperature (°C)

0 5 10 15 20 25 30 35
Time (min.)

I-‘—Dyn-1 00ml-0.25 === Stat-100ml-0.25 == Stat-100m|-0.75 =—e=Stat-25ml-0.25 =#= Stat-25m|-0.75 J

Figure 5 Results of the adiabatic investigations for an appropriate volume of MEL-free
0.5 wiv (%) PVP solution

4.2.1.3. Preparation of pre-dispersions with a combination of planetary ball and pearl milling
for PS reduction
A wet milling technique (a combination of planetary ball and pearl milling) was employed.
0.5 g of PVA was dissolved in 17.5 ml of water, and the resulting solution was used as a
dispersant medium in which 2.0 g of MEL was suspended. The resulting suspensions (10%
drug content, 2.5% additive content) were wet-milled at 400 rpm in the milling chamber (50 ml)
of a planetary ball mill (Retsch PM 100 MA, Retsch GmbH, Germany). The milling balls were
0.3mm ZrO, beads. The effects of different pearl weights on the PS reduction were
investigated. 10, 20, 50 and 150 g of beads were applied and milling was carried out without

pearls as a benchmark. The milled suspensions were separated with a sieve with 150 pum mesh
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size. Suspension sampling was carried out at milling times of 10, 20, 30, 40, 50, 60, 70, 80 and
90 (end of milling) min to perform the PS analysis (PSA).

4.2.1.4. Preparation of pre-dispersions for the development of an intranasal formulation

On the basis of preliminary experiments, a modified wet milling technique was employed to
prepare the pre-dispersions. 0.5 g of PVA was dissolved in 17.5 ml of phosphate buffer solution
(PBS) (pH 5.6, the pH of the nasal mucosa) and the resulting solution was used as a dispersant
medium in which 2.0 g of MEL was suspended. The suspension was wet-milled in the planetary
mill at 400 rpm for 10 or 50 min, using ZrO. beads (Table 12). The milled suspensions were

separated from the beads by sieving.

Table 12 Pre-dispersions of MEL suspended in a dispersant medium containing PVA and PBS

Abbreviation in the text Rotation speed Milling chamber volume Milling time
(rpm) (ml) (min)

raw MEL pre-dispersion - - 0

micro MEL pre- 400 50 10

dispersion*

nano MEL pre- 400 50 50

dispersion**

*micro MEL: micronized MEL, prepared by a combined technique
**nano MEL.: nanonized MEL, prepared by a combined technique

4.2.1.5. Preparation of intranasal formulations

The intranasal formulations were prepared directly from the pre-dispersions. 3.0 ml of each pre-
dispersion was diluted with PBS (pH 5.6) in order to reach a concentration of 1 mg/ml MEL,
and 0.15 g of HA was added; the final formulation therefore contained 5 mg/ml HA. The
formulations were stored at 8 °C in a refrigerator for 24 h. The intranasal viscous liquid
formulations containing suspended MEL (referred to below as nasal sprays) were prepared and

characterized according to an investigational protocol (Figure 6).

16



Formulation VIO In vivo
Preformulation of products pem::::)lllty study

l 1 i l

Preparation of pre- Nasal spray forms Artificial membrane
dispersions impregnated with
lipophilic agent

Animal test Male

Characterization Sprague-Dawley rats

Micronization (solubility, pH,

Nanonization mucoadhesivity)

Characterization of
the samples

(PSD, SEM, solubility,
holding time)

Figure 6 Protocol of the development and characterization of nasal sprays containing MEL

4.2.2. Physical-chemical investigations of solid-state products
Pre-dispersions prepared with different wet milling techniques were dried in order to obtain
solid products for physical-chemical investigations.

4.2.2.1. Particle size analysis (PSA)

The volume-based PSD of drug in the samples was measured by laser diffraction (Mastersizer
2000) (Malvern Instruments Ltd, Worcestershire, UK) A dynamic laser light scattering method
was used. Distilled water was applied as dispersant and the obscuration was in the range of 11-
16 % for all measurements. In all cases, the volume-weighted PSD values as D10, D50 and D90
were evaluated (n = 3). The specific surface area (SSA) was derived from the PSD data. The
assumption was made that all the particles measured were spherical.

4.2.2.2. Scanning electron microscopy (SEM)

After drying of the samples, the shape and surface characteristics of the samples were visualized
by using SEM (Hitachi S4700, Hitachi Scientific Ltd., Tokyo, Japan). The samples were
sputter-coated with gold—palladium under an argon atmosphere, using a gold sputter module in
a high-vacuum evaporator, and the samples were examined at 15 kV and 10 pA. The air

pressure was 1.3-13 MPa.
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4.2.2.3. X-ray powder diffraction analysis (XRPD)

The physical state of drugs in the samples was evaluated by XRPD. The patterns were produced
with an X-ray Diffractometer Miniflex Il (Rigaku Co. Tokyo, Japan), where the tube anode was
Cu with Ka =1.5405 A. The pattern was collected with a tube voltage of 30 kV and a tube
current of 15 mA in step scan mode (4° / min). The instrument was calibrated by using Si. The
investigated 26 data were as follows: 13.22, 15.06, 26.46 and 26.67.

In case of combined milling, the crystallinity of the MEL in dried pre-dispersions was
determined semi-kvantitatively via the mean of the decrease of the total area beneath the curve
of 2 characteristic peaks (at 5.99 and 18.25 26) compared to the MEL-PVA physical mixture
(MEL-PVA PM).

4.2.2.4. Differential scanning calorimetry (DSC)

DSC measurements were carried out with a Mettler Toledo DSC 821° thermal analysis system
with the STAR® thermal analysis program V9.0 (Mettler Inc. Schwerzenbach, Switzerland).
Approx. 2-5 mg of pure API or product was examined in the temperature range of 25-300 °C.

The heating rate was 5 °C/min. Argon was used as carrier gas at a flow rate of 10 L/h.

4.2.2.5 Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra were recorded with a Bio-Rad Digilab Division FTS-65A /896 FT-IR
spectrometer (Bio-Rad Digilab Division FTS-65A/869, Philadelphia, USA) between 4000-
400 1/cm, at the optical resolution of 4 1/cm (operating conditions: Harrick’s Meridian SplitPea
single reflection, diamond, ATR accessory). Thermo Scientific GRAMS/AI Suite software
(Thermo Fisher Sciencific Inc. Waltham, USA) was used for the spectral analysis.

4.2.3. Investigation of pre-dispersions for nasal formulations

4.2.3.1. Solubility testing of MEL in the pre-dispersions

The MEL solubility in different pre-dispersions was determined. The pre-dispersions were
stirred with a magnetic stirrer at 25 °C for 24 h and then filtered (0.1 um, FilterBio PES Syringe
Filter) (Labex Ltd., Budapest, Hungary), and the dissolved drug content was analysed
spectrophotometrically (Unicam UV/VIS) (Thermo Fisher Scientific Inc., Waltham, MA, USA)

(n = 3). The pH of each nasal spray was determined (Orion 3 star pH-meter), (Thermo Fisher

Scientific Inc., Waltham, MA, USA).
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4.2.3.2. Holding time determination of MEL in the pre-dispersions

For intermediate products such as pre-dispersions, the holding time was determined using PSD.
Pre-dispersions were stored in sealed glass bottles at room temperature (25 + 1 °C) for 3 days.
The PSD of the MEL in the prepared samples were analysed on the production day (day 0) and
after 1, 2 or 3 days storage.

4.2.4. Investigations of nasal formulations

4.2.4.1. Rheology and mucoadhesion of samples

Rheological measurements were carried out at 37 °C with a Physica MCR101 Rheometer
(Anton Paar GmbH, Graz, Austria). A concentric cylindrical measuring device with a diameter
of 10.835 mm was used. Frequency sweep curves were plotted to determine the viscoelastic
character of the samples. Storage modulus (G’) and loss modulus (G”’) measurements were
made over the frequency range from 0.01 to 100 Hz. The flow curves of the samples were also
determined. The shear rate was increased from 0.1 to 100 1/s in controlled rate mode. The
shearing time was 150 s.

In order to clarify the role of MEL PS in mucoadhesion, samples with and without mucin were
also prepared (Table 13). The mucoadhesivity was determined on the basis of rheological
synergism between the polymer and the mucin. The synergism parameter (bioadhesive
viscosity component, np) was calculated (Bartos et al., 2015B).

Table 13 Samples for mucoadhesive measurements
Sample name HA (mg/ml) PVA (mg/ml) MEL PSA, D50 (um)

(mg/ml)
HA solution ) - - -
PVA solution - 0.225 - -
blank ) 0.225 - -
raw MEL spray* 5 0.225 1 34.26
micro MEL spray** 5 0.225 1 1.887
nano MEL spray*** 5 0.225 1 0.135

*raw MEL spray: nasal spray containing raw MEL

**micro MEL spray: nasal spray containing micronized MEL
***nano MEL spray: nasal spray containing nanonized MEL

D50: particle diameter below which 50% of the sample volume exists
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4.2.4.2. In vitro permeability of MEL

In vitro permeability studies were performed on a vertical Franz diffusion cell system (Hanson
Microette Topical and Transdermal Diffusion Cell and Autosampling System) (Hanson
Research, Chatsworth CA, USA) (n=5). The donor phase containing 300 mg of nasal
formulation was placed on the polyvinylidene fluoride synthetic membrane (Durapore®
Membrane Filter) (EMD Millipore, Billerica, MA, USA) impregnated with isopropyl myristate.
The effective diffusion surface was 1.33 cm?. PBS (pH 7.4, 37 °C) was used as an acceptor
phase (7 ml). The rotation speed of stir-bar was set to 450 rpm. Sampling was carried out at 5,
10, 15, 30 and 60 min diffusion time. 0.8 ml samples were taken from the acceptor phase by
autosampler and were replaced with fresh receiving medium. The amount of diffused MEL was
determined spectrophotometrically (Unicam UV/VIS). The API flux (J) was calculated from
the quantity of MEL, which permeated through the membrane, divided by the insert membrane
surface and the time duration [pg/cm?/h]. The permeability coefficient (Kp) was determined
from J and the drug concentration in the donor phase (Cq4 [ug/cm?®]):

Kp [cm/h] = J/Cq.

For residual MEL content determination in the donor phase, the vertical Franz diffusion cell
system was also used to mimic the nasal cavity. Therefore the membrane was impregnated with
simulated nasal fluid (8.77 g NaCl, 2.98 g KCI and 0.59 g CaCly, containing mucin, 1 %) (Jug
and Becirevi¢-Lacan, 2007). The donor phase content was removed after 60 min diffusion time
and the remaining MEL amount was determined with an Agilent 1260 RP-HLPC system (QP,
DAD, ALS).

4.2.4.3. In vivo study of MEL

Intranasal administration and blood sample collection

The intranasal formulations prepared directly from the pre-dispersions contained 1 mg/ml MEL
and 5 mg/ml HA. A dose of 60 pg MEL per animal was administered into the right nostril of
160-180 g male Sprague-Dawley rats (n=5) via the pipette. Directly before the drug
administration, the animals were narcotized with isoflurane. Blood samples were withdrawn
from the tail vein before and at 5, 15, 30 and 60 min post-dosing. The experiments performed
conformed to the European Communities “Council directive for the care and use of laboratory
animals” and were approved by the Hungarian Ethical Committee for Animal Research

(permission number: 1V/198/2013).
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Determination of MEL from the blood samples

The MEL contents of blood samples were quantitated with an Agilent 1260 HLPC (high-
performance liquid chromatography) system. MEL and piroxicam as internal standard (IS)
were separated on a 250 mm x 4.6 mm column packed with 5 pm Kromasil Cis, 100 A
(Phenomenex Inc., Torrance CA, USA). After the setting of the method (Bartos et al., 2015 B),
the animal blood samples (200 pl) were diluted with 500 ul of extraction liquid and spiked with
10 pl of the working IS solution at a final plasma concentration of 1.3 pug/ml. The solid-phase
extraction (SPE) cartridges used (Strata-X-C 33 um Polymeric Strong Cation tubes,
Phenomenex Inc., Torrance CA, USA) were conditioned with 0.5 ml of methanol (MeOH),
followed by 0.5 ml of extraction liquid. The prepared blood samples were allowed to run
through the SPE cartridge at the flow rate of 1.0 ml/min. Cartridges were rinsed with 0.5 ml of
extraction liquid and 0.5 ml MeOH and dried in vacuum for 5 min. The analytes were then
eluted with 0.5 ml of 5:95 (v/v) ammonium hydroxide- MeOH elute. The eluent liquids were
dried in a vacuum oven (Binder, Germany) at 20-30 mbar and 45 °C for 2-3 h. The dried residue
was reconstituted in 300 pl of mobile phase and then vortexed (30 s), sonicated (2 min) and

centrifuged at 12,000 x g for 5 min. 20 ul of supernatant was injected onto the C1g column.

Calculations of the area under the (time—concentration) curve (AUC) and statistical analysis
Pharmacokinetic parameters were analysed by means of PK Solver 2.0 software (Zhang et al.,
2010) through non-compartmental analysis of plasma data using the extravascular input model.
The AUC of the time (min)—concentration (ug/ml) curves of each animal were fitted with a
linear trapezoidal method. The statistical analysis was performed with Prism 5.0 software
(Graphpad Software Inc., La Jolla, CA, USA). All reported data are means + SD. Student's
unpaired t-test was used to determine statistical significance. Changes were considered
statistically significant at p < 0.05.

5. RESULTS

5.1. Results of preliminary static sonication experiments

5.1.1. Effects of process parameters on PSD

During the procedure, the amplitude, temperature and sonication time were varied. At room

temperature, in the case of IBU (D50 = 153.73 um), the use of an amplitude of 30, 50 or 70%
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resulted in a 50% decrease (approx. 85 um) in the average PS. In the case of MEL
(D50 = 85.39 um), the application of an amplitude of 30% resulted in a 50% decrease
(D50 =41 um) in the average PS, and higher amplitudes led to a 3-fold PS reduction
(D50 ~ 26 um). During the procedure, the temperature of the suspension increased from 25 °C
to 77-85 °C. The utilization of continuous ice cooling (Tcooling water = 18 °C) resulted in a
decrease of the temperature of the suspension to ~ 35 °C. In the case of IBU, sonication at an
amplitude of 30% caused a further 50% decrease in the average PS (D50 = 39.44 um). In the
case of MEL, cooling did not cause a further PS reduction (D50 = 22-27 um). The smallest
particles were produced at an amplitude of 70% (the highest E input) with ice cooling. Although
the sonication amplitude was increased (30->70%), the ice cooling prevented the temperature
of the suspensions from changing significantly. Increase of the sonication time (10->20 min)
had a stronger effect (a small IBU PS reduction and a considerable MEL PS reduction) than the
combination of an increased amplitude and ice cooling. Further elevation of the sonication time
(20>30 min) did not result in changes in the PSs of IBU and MEL. A sonication time of 20 min
was therefore considered to be optimum.

5.1.2. Effects of stabilizers

The choice of stabilizer depended on the drug candidate and on the formulation procedure.
When the effects of different stabilizers were investigated, the suspensions were prepared with
a fixed API concentration (300 mg/ml) and fixed parameters (70%, 18 °C and 20 min). The
stabilizer type has a pronounced effect on the PS and PSD. Four different stabilizers were tested
in order to check the effect of the nature of the surfactant on the PSD of the drug. In the case of
IBU, the smallest PS was achieved with Poloxamer: D50 ~ 11 um. In the case of MEL, the most
effective PS reduction was achieved with PVP (D50 = 4 um). The low stabilizer concentration
did not cause any significant variation in the PS.

Static sonication can be applied to decrease the PS to the um range and change the drug crystal
habit. The reduction of the PS is more efficient in the presence of additives. Because of the
small amount of sample, this method is recommended in pre-clinical studies.

5.2. Comparison of static and dynamic sonication methods

Following the preliminary experiments, MEL was used as API to compare static and dynamic
sonication by means of a factorial design. As a result of its high melting point, MEL does not
melt during sonication. Besides the other parameters, the sonication amplitude, temperature and

time were examined to compare the sonication methods.
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5.2.1. Static sonication
Laser diffractometry revealed considerable decreases (25-70%) in the PS of MEL in response
to static sonication at the various process parameters. The D10, D50 and D90 values are

reported in Table 14.

Table 14 Results of static sonication (pre-dispersion) of MEL

Volum Concentratio Temperatur Amplitud time

Sonotrod ) D10 D50 D90
e " n e e (min wm) m) (um)
e position m m m
my (mg/mi) €C) o o
108 34.0 758
2 3 1
10.1 195

25 0.75 2 36 70 30 151
6 3
23.0 46.8

100 0.75 2 0 30 30 481
7 8
18.4 428

25 0.25 2 0 70 10 275
5 7
26.5 533

100 0.25 2 36 30 10 592
2 9
19.6 415

25 0.75 18 36 30 10 395
2 1
24.1 46.9

100 0.75 18 0 70 10 519
6 8
171 29.2

25 0.25 18 0 30 30 353
2 2
20.8 36.6
100 0.25 18 36 70 30 719 3 5

D10: particle diameter below which 10% of the sample volume exists
D90: particle diameter below which 90% of the sample volume exists

The relationship with the sonication variables was analysed quantitatively on the basis of the
D50 data in the main effects plots (Figure 7) and interaction plots (Figure 8). The D10 and D90
data furnished similar results. The main effect plot for a given parameter was obtained by
averaging the results of each run, where this parameter was set to low or high, and connecting

these averages with a line. If the studied parameters are independent, the plot will give a clear
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indication of the system response to the selected variable. The main effects plots for the MEL
PSD indicated that a small sample volume, a high amplitude and a long sonication time were
preferred for efficient PS reduction, whereas the PS was less influenced by the sonotrode
position, the solution concentration and temperature (Figure 7). It can be seen that a small
sample volume, high ultrasound amplitude and a long sonication time were preferred for

efficient PS reduction.

" Volume (mL) Paosition Conc (mg/mL)
2- /

20 // —
18 /

16_ T T T T
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24
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Volume based median particle size (pm)
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0 36 30 70 10 30

Figure 7 The main effect plots of the static sonication of MEL

Interaction plots show the effects between variables, which are not necessarily independent, by
demonstrating the means of the responses, pairwise for all factors, for each level of the first and
second factors involved in the study. The D50 interaction plots (Figure 8) can be used to detect
complex interactions between the sonication parameters. A longer sonication time resulted in a
PS reduction, independently of the other process parameters. The connection between the
physical parameters of sonication (amplitude, position and volume) was unequivocal. The high
amplitude resulted in a PS decrease, independently of the sonotrode position and sample
volume. The connection between concentration, temperature and amplitude demonstrated that
the PS reduction effect of the increased amplitude occurred at low concentration and high
temperature. The temperature—concentration and temperature—volume relationships were
unidirectional, in contrast with the temperature—position relationship: increase of temperature
was useful in the lower position. The upper or lower sonotrode position resulted in smaller

particles at high or low MEL concentration, respectively.
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Figure 8 Interaction plots of main effects and PS for the static sonication of MEL

To summarize the results, the appropriate parameters for static sonication were a long
sonication time (30 min), high amplitude (70%), a small sample volume (25 ml), high
temperature (36 °C), a lower sonotrode position (0.75) and low MEL concentration (2 mg/ml).
As concerns static sonication, the ultrasound distribution was not homogeneous; the vibration
was most effective surrounding the sonotrode (small volume). Because of the large energy input
and long sonication time, increased amplitude was required to achieve small particles. The large
energy input resulted in increased cavitation activities. When the temperature was raised, the
kinetic energy of the particles increased, which affected the cohesive forces adversely. When
low MEL concentration was used, the amount of energy per particle was greater.

5.2.2. Dynamic sonication
Analysis of the product MEL measured by laser diffraction revealed that dynamic sonication at
the various sonication parameters resulted in a 15-60% decrease in average PS. The PSD

function is reported in Table 15.
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Table 15 Results of dynamic sonication (pre-dispersion) of MEL

Pump Concentration Temperature Amplitude Time

speed ) D10(um) D50(um) D90(um)
(mg/ml) (°C) (%) (min)

(rpm)

- - - - - 10.82 34.03 75.81
50 2 36 70 30 2.20 14.60 35.02
50 2 0 30 30 4.56 24.22 47.05

100 2 0 70 10 5.70 26.90 51.92
100 2 36 30 10 5.90 26.15 52.20
50 18 36 30 10 4.40 22.69 53.54
50 18 0 70 10 6.27 23.54 46.77
100 18 0 30 30 9.06 29.31 45.58
100 18 36 70 30 2.87 16.73 38.03

The relationships between the sonication variables were analysed quantitatively on the basis of
the D50 data in the main effects plots (Figure 9) and interaction plots (Figure 10). The D10 and
D90 data furnished similar results. The main effects plots for the MEL PSD indicated that the
circulation of the sample at low rpm, high amplitude and long sonication time resulted in the
most significant PS reduction, whereas the concentration of the suspension influenced the PS
to a lesser extent. High temperature had a more significant effect on the PS under dynamic

sonication than under static sonication.
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Figure 9 The main effect plots for the dynamic sonication of MEL
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The interaction plots presented for D50 in Figure 10 can be used to gain an insight into the
complex interactions between the sonication parameters. The increased amplitude and the
higher temperature resulted in a significant PS reduction. A longer sonication time did not have
an appreciable effect in the case of low temperature and low amplitude. Increase of the

concentration had an adverse effect on the PS at a low circulation rate.
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Figure 10 Interaction plots for the dynamic sonication of MEL

It was concluded that the most effective process parameters for dynamic sonication were a long
sonication time (30 min), high amplitude (70%) and temperature (36 °C), a slow rotation speed
(50 rpm) and a low sample concentration (2 mg/ml). As a result of the continuous circulation
of the samples, the distribution of the sonication effect was homogeneous. The PS was
efficiently reduced at a low circulation rate by cavitation, because the particles were situated
around the sonotrode for a longer period during one sonication cycle. The explanation of the

effects of the other parameters is the same as for the static method.

5.2.3. PSA

The PSD of MEL (Figure 11) was determined in the suspensions after sonication. The raw MEL
displayed a broad size distribution. The sonication methods resulted in decreased PSs. The SSA
of the MEL increased as a consequence of acoustic cavitation in both sonication methods and
for both suspensions relative to the raw MEL. Sonication of MEL by static process (MEL Stat.)

led to smaller PSs compared with MEL, sonicated by dynamic process (MEL Dyn.) (Table 16).
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Figure 11 PSDs of raw MEL and sonicated MEL from pre-dispersions
Table 16 The SSA and PSD data on raw MEL and the sonicated pre-dispersions
SSA D10 D50 D90
(m#g)  (um) (um)  (um)
raw MEL 0.340 10.82 34.03 75.81
Static sonicated sample 2.040 151 10.16 19.53
(pre-dispersion)
Dynamic sonicated sample (pre-dispersion) 1.140 2.20 14.60 35.02
5.2.4. SEM

The SEM images (Figure 12) provided an indication of the morphology (shape and size) of the
modified particles. The crystal habit of the pure MEL was changed significantly after the
procedure. The raw MEL consisted mainly of angular, prismatic crystals with a broad PSD. The
crystal lattice presumably demonstrated defects and cracks, along which the crystals
disintegrated due to the energy input of acoustic cavitation. This factor is probably responsible
for the presence of the broken pieces found on the surface of the larger particles. The drying of
the samples could also cause cracks and broaden the PSD. The endurance during the treatment
accounts for the roundness and smooth surfaces of the crystals. The yields of the samples by
both methods were 95% at 0 °C and 90% at 36 °C. The average PS of the dried product was ~
10 um in the case of static and 15 pm in the case of dynamic sonication. Due to the high SSA
of the dried product and since PVP is washed out, agglomeration might occur. Furthermore,

aging or washing might also change the crystal size and shape.
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Figure 12 SEM pictures of raw MEL (A) and the dried products after static (B) and dynamic

(C) sonication

5.2.5. XRPD

The XRPD pattern of pure MEL demonstrated the crystalline structure, as expected. The
characteristic 26 data were as follows: 13.22, 15.06, 26.46 and 26.67. The raw MEL and the
sonicated dried MEL composite in both cases displayed the same XRPD patterns (Figure 13).
This means that the crystalline form of the micronized MEL was not changed by the sonication
and drying procedures. The intensities of the characteristic peaks were decreased in the case of
the sonicated products, due to the reduced PS.

Relative Intensity

raw MEL
w

5 10 15 20 25
2 theta
Figure 13 XRPD examination of raw MEL and dried sonicated products

5.2.6. DSC
DSC was employed to investigate the crystallinity and the melting of MEL in the pure form and in the
sonicated dried products. The DSC curve (Figure 14) of the raw MEL revealed a sharp endothermic
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peak at 259.11 °C, reflecting its melting point and confirming its crystalline structure. After drying, the
DSC curves exhibited the sharp endothermic peak of the MEL at 258.62 °C in the static case, and at
259.81 °C in the dynamic case, indicating that the crystallinity of the drug was retained. The value of
the enthalpy and the onset—endset interval were not changed significantly for the sonicated products as
compared with the values for raw MEL, and it can therefore be concluded that the degree of crystallinity
was not decreased by the treatment.
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Figure 14 DSC curves of raw MEL and the dried sonicated products

5.2.7. Chemical stability (FT-IR)

To determine whether any decomposition occurred during the sonication process, FT-IR
spectroscopy was carried out. This proved that no disintegration took place in the samples
(Figure 15). Further, contamination of the solution with titanium particles resulting from
cavitational erosion could not be detected. The E applied did not cause chemical changes in the
MEL in aqueous medium during sonication (30 min) at 36 °C. The characteristic bands of MEL
were seen in all of the curves of the raw MEL and sonicated products, at 3289.76, 1550.04,
1530.36, 1346.73, 1265.88 and 1184.90 1/cm, denoting the stretching vibration of -NH, the
thiazole ring (together with that at 1184.90 1/cm), the amide Il band of —-CO— NH-C, the

30



asymmetric stretching vibration of the sulfone and the amide Il band of —-CO-NH-C,

respectively.
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Figure 15 FT-IR curves of raw MEL and dried sonicated products

Comparative experiments revealed that dynamic sonication is also applicable for micronization.
Moreover, in the case of dynamic sonication, use of a larger volume of sample is possible, as
are standardization and scaling-up, which is important for industry.

Although the FT-IR investigations indicated that the process did not cause chemical
degradation, metal contamination via degradation of the sonotrode could be expected. This

problem should be investigated further through HPLC-MS analyses.

5.3. Results of a preliminary study of combined wet milling technique

5.3.1. Effects of milling parameters on PSD

In the course of the investigations discussed above, it could be concluded that acoustic
cavitation is feasible for micronization. Our aim was to find a possibility for the production of
pre-dispersed micro- and nanosized particles applicable for the development of a nasal
formulation. As a novel opportunity, a combined wet milling technique (planetary ball mill and
pearls, as milling media) was analysed. During the milling without pearls, the drug crystals
were fractured through collision with the drug itself and also from the impact of the drug
crystals with the milling chamber, which resulted in a PS reduction of 20 um. With the progress

of the milling time, aggregation of the particles could be observed. The application of 10 g of
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pearls resulted in a pronounced PS reduction: D50 values of ~ 3 um after 10 min, and 0.150 pm

after 30 min of milling, but aggregation occurred; the D90 value was high. The most effective

milling was observed when 20 g of pearls was applied. After 10 min micronized, and after

50 min nanonized particles were noted, with monodisperse PSD. Increase of the weight of
pearls did not result in further PS reduction (Tables 17 and 18).

With the chosen pearl weight, the milling was performed at a lower concentration of PVA

(0.5%). The use of a lower concentration of PVA led to the extensive aggregation of the MEL

particles because it was less effective in overcoming the cohesive forces. After milling for

10 min, micronization could be attained, but with the advance of the milling time, the PS

(primarily the D90 value) increased (Table 19).

Table 17 MEL PSD in pre-dispersions milled with different weights of pearls (0, 10 or 20 g)

containing 2.5% PVA solution as dispersant

Milling time Without pearls 10 g of pearls 20 g of pearls
(min)

D10 D50 D90 D10 D50 D90 D10 D50 D90

(pm)  (um)  (m)  (m)  (@m)  (@m)  (pm)  (um)  (pm)
0 11.40 34.26 7359 1140 3426 7359 1140 3426 73.59
10 10.199 26.616 52.668 0.255 2.934 10.940 0.115 1.625 5.669
20 9.239 25.285 55.202 0.108 1.254 4775 0.070 0.151 1951
30 11.207 28.768 54.147 0.080 0.151 2156 0.068 0.140 1.223
40 8.585 23.848 45489 0.069 0.146 1.667 0.070 0.135 0.729
50 7.871 24.025 50.346 0.068 0.143 1280 0.072 0.126 0.271
60 5.203 14269 27548 0.068 0.141 1.082 0.069 0.129 0.295
70 5.161 15.047 29542 0.067 0.135 0.618 0.070 0.131 0.292
80 8.966 25478 47930 0.067 0.135 0538 0.068 0.127 0.288
90 5.805 17.627 34196 0.069 0.132 0.317 0.068 0.126 0.277
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Table 18 MEL PSD in pre-dispersions milled with different weights of pearls (20, 50 or 150 Q)
containing 2.5% PV A solution as dispersant

Milling time 20 g of pearls 50 g of pearls 150 g of pearls

(min)

DI0 D50 D9 D10 D50 D90 D10 D50 D90
(m)  (um)  (um)  (um)  (um) (um) (Mm)  (um)  (um)

0 11.40 3426 7359 1140 34.26 73.59 1140 3426 73.59
10 0.115 1625 5669 0.116 1.676 7.529 0.24 296  29.40
20 0.070 0.151 1951 0.082 0.137 1.841 0.084 0.169 2.863
30 0.068 0.140 1.223 0.076 0.132 1.124 0.090 0.337 4.180
40 0.070 0.135 0.729 0.082 0.139 0.606 0.074 0.134 1.358
50 0.072 0.126 0.271 0.080 0.137 0.283 0.074 0.126 0.253
60 0.069 0.129 0.295 0.074 0.136 0.360 0.072 0.122 0.219
70 0.070 0.131 0.292 0.076 0.133 0.256 0.070 0.121 0.225
80 0.068 0.127 0.288 0.077 0.134 0.246 0.072 0.119 0.209
90 0.068 0.126 0.277 0.081 0.176 552.071 0.064 0.116 0.219

Table 19 PSD of MEL on milling with 20 g of pearls and different PVA contents

Milling time (min) 0.5% PVA 2.5% PVA

D10 D50 D90 D10 D50 D90

(um)  (um) (Lm) (um)  (um)  (um)
0 11.40  34.26 7359 1140 3426 7359
10 0.096  1.373 4515 0115 1.625 5.669
20 0.179 2907 364936 0.070 0.151 1.951
30 0.156 2996  405.118 0.068 0.140 1.223
40 0.114  2.390 160.385 0.070 0.135 0.729
50 1.156  3.109 251.947 0.072 0.126 0.271
60 1.388 2.380 4.262 0.069 0.129 0.295
70 0731  3.198  369.449 0.070 0.131 0.292
80 0.145 3116  1472.283 0.068 0.127 0.288
90 1.795 135325 336.672 0.068 0.126 0.277
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5.3.2. SEM

Pre-dispersions containing micro- and nanosized MEL particles, prepared with chosen
parameters (20 g of pearls, 10 or 50 min milling time and 2.5% PVA content), were dried and
characterized. The SEM images (Figure 16) provided an indication of the morphology of the
modified particles. The raw MEL consisted mainly of angular, prismatic crystals with a broad
PSD. The micronized MEL particles (D50-1.625 pm) consisted of aggregations of nanosized
particles. The nanonized MEL crystals (D50-126 nm) exhibited a regular shape and a smooth

surface. The treatment accounted for the smooth surfaces of the particles.

Figure 16 SEM images of raw MEL (A), and of MEL from microsized (B) and nanosized (C)
particles containing dried pre-dispersions after milling in PV A—water solution as a dispersant

medium

5.3.3. XRPD

After samples had been taken after 10 (micro MEL) and 50 (nano MEL) min of milling, the
pre-dispersions in PVVA-water solution as dispersant were dried and characterized. The XRPD
pattern of the raw MEL demonstrated its crystalline structure, as expected. In the case of MEL-
PVA PM, the intensities of the characteristic peaks were decreased due to the PVA. In the
course of the milling, a decrease in crystallinity was perceptible, which was determined semi-
kvantitatively via the mean of the decrease of the total area beneath the curve of 2 characteristic
peaks (at 5.99 and 18.25 26) compared to the MEL-PVA physical mixture (MEL-PVA PM).
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After milling for 10 min, ~ 33% of the drug remained crystalline, and this did not change

subsequently (Figure 17).
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Figure 17 XRPD patterns of raw MEL, MEL-PVA PM, and of MEL from dried, microsized
and nanosized particles containing pre-dispersions after milling in PVA—water solution as a

dispersant medium

5.3.4.DSC

DSC was employed to investigate the crystallinity and the melting of MEL in the raw form, in
the physical mixture and in the milled dried products. The DSC curves (Figure 18) of the raw
MEL and of MEL in the MEL-PVA PM revealed a sharp endothermic peak at 259.11 and
256.57 °C, reflecting the melting point of MEL and confirming its crystalline structure. After
milling and drying, the DSC curves in both cases exhibited the broad endothermic peak of MEL
at 239.81 °C (10 min), and at 240.08 °C (50 min), indicating that the crystallinity of the drug
was decreased. The residual MEL crystals in the products melted at a lower temperature than
the crystals of raw MEL. This process was promoted by PVA, which was softened at 85 °C as
glass transition temperature (Tg) value.

35



Aexo

raw MEL

1 MEL-PVA PM ) .\

| _micro MEL

nano MEL \WT
20

mw Integral -594.18 m) {
normalized -147.81Jg”~-1 X

ak 240.08 °C
dset 243.23°C

100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290

- METTLER STAR® SW 9.30
Figure 18 DSC curves of raw MEL, MEL-PVA PM, and of MEL from dried, microsized and
nanosized particles containing pre-dispersions after milling in PVA-water solution as a

dispersant medium

It can be concluded that a combination of planetary ball and pearl milling can be applied as a
wet milling procedure to decrease the PS of MEL. Depending on the milling time, micro- and
nanosized particles can be produced. In the presence of an appropriate amount of pearls and
PVA as additive, this wet milling technology was suitable for the preparation of pre-dispersions

which was applicable for further usage.

5.4. Characterization of the intranasal viscous liquid formulations prepared via the
combined wet milling technique
For the development of intranasal formulations, micro- and nanosized MEL-containing pre-

dispersions were prepared with determined parameters in PVA-PBS in order to ensure the pH,

in accordance with the nasal conditions.
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5.4.1. Characterization of the pre-dispersions

5.4.1.1. PSD

The MEL PS measured by laser diffraction decreased from ~ 35 um to 1.887 pum during the
10 min (D10 = 0.120; D90 = 6.429) and to 0.135 pm during the 50 min milling time
(D10 =0.077; D90 = 0.253) (Table 20). The SSA of MEL increased 46-fold and 135-fold as a
result of the micronization and the nanonization, respectively, relative to the raw MEL in the
pre-dispersion. The coating effect of PVA prevented aggregation, and the stability of the system

was therefore improved.

5.4.1.2. Solubility of MEL in the pre-dispersions

In order to check on the effects of PS reduction on the solubility of MEL in the pre-dispersions,
solubility tests were performed at 25 °C and pH 5.6 (Table 20). Micronization did not result in
a change in the solubility of MEL. Following nanonization, a slight increase in solubility was

observed, but the difference did not attain an order of magnitude.

Table 20 Solubility of MEL in the pre-dispersions

¢ (Hg/ml)
raw MEL pre-dispersion 6.4+0.2
micro MEL pre-dispersion 6.6+0.3
nano MEL pre-dispersion 9.3%+0.5

5.4.1.3. Holding time determination

Aggregation did not occur in the pre-dispersions during the first 24 h of storage (micro MEL
pre-dispersion: D90 = 6.462 um; nano MEL pre-dispersion: D90 = 0.270 um). On the second
day, however, aggregates were formed in both cases (micro MEL pre-dispersion:
D90 = 1035.340 um; nano MEL pre-dispersion: D90 = 695.767 um), and the number and size
of the aggregates increased still further during the third day. To avoid aggregation, the pre-

dispersions should be utilized to prepare the formulations within 24 h.

5.4.2. Characterization of the nasal sprays
Nasal sprays (raw MEL, micro MEL and nano MEL sprays) were prepared directly from the
pre-dispersions with MEL of different PS, using HA as a mucoadhesive polymer. The pH of
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the formulations did not change significantly after the addition of HA to the systems (pH 5.5)
relative to the pH of the pre-dispersions (pH 5.6).

The solubility of MEL in the nasal sprays was investigated in the freshly prepared formulations
after stirring for 24 h. The solubility of the drug in the sprays was increased ~ 3-5-fold (raw
MEL spray: 13.9 pg/ml; micro MEL spray: 32.1 pg/ml; nano MEL spray: 42.8 ug/ml). This
can be explained by the interaction between the HA and MEL, which resulted in formation of
a complex between the carboxylic groups in HA and the protonable groups in MEL (Battistini
etal., 2013).

5.4.2.1. Rheology and mucoadhesion

The viscoelastic characters of the sprays were determined by frequency sweep measurements
in the range from 0.01 Hz to 100 Hz. G’ corresponds to the elastic (storage) and G” to the
viscous (loss) modulus. Figure 19 presents frequency sweep curves of samples with different
PSs (blank = MEL-free spray, raw MEL spray, micro MEL spray and nano MEL spray). The
cross-over points of these curves, which are typical for gel-containing hyaluronans, could not
be seen (Berko et al., 2013). The ratio of G’ and G ” indicates the sol state of the samples. The
findings can be explained by the pH of the formulations (pH = 5.6) and the low concentration
of HA.
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Figure 19 Frequency sweep curves of the sprays with different MEL PSs
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The intranasal formulations containing MEL displayed shear-thinning behaviour, i.e. the shear
viscosity depended on the degree of the shear load and the flow curve displayed a decreasing
slope, which is typical for polymer solutions. The different formulations did not indicate
changes in the flow characters (Figure 20). The presence of MEL and variation of its PS did not
affect the viscosity of the samples, and this HA-containing drug carrier system is therefore

suitable for the formulation of drugs with different PS without alteration of the flow behaviour.
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Figure 20 Flow curves of sprays with different MEL PSs

For the rheological determination of mucoadhesivity, the samples were mixed with mucin (final
mucin concentration 5%) and the synergism parameter (yn) was calculated. The mucoadhesivity
values of the HA solution in PBS (pH 5.6) without PVA, of the PVA solution without HA, of
the blank and of the three sprays with different MEL PSs were investigated.
The synergism parameter indicated the mucoadhesivity of the samples, with interaction
between the HA and the mucin (Figure 21). PVA did not reveal mucoadhesive features, and it
even broke down the mucin—-HA interactions, and accordingly the mucoadhesivity of the blank
was lower than that of the HA solution without PVA. Addition of MEL to the blank increased
the mucoadhesivity of the formulation relative to the HA solution without PVA. This can be
explained by the interactions between the mucin and the dispersed particles, and significant
differences were observed between the calculated synergism data for the raw, micro and nano
MEL samples (p <0.05). The highest synergism was observed between the nasal spray
containing nanonized MEL and mucin; the mucoadhesivity increased 2-fold as compared with
that of the MEL-free blank, and hence the longest residence time could be attained. This could
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be explained by the PS of the MEL.: the nanosized particles possess an increased adhesiveness
to surfaces (Mduller et al., 2011). On the other hand, nano MEL has a PS similar to those of
polymeric molecules such as HA, PVA and mucin chains, which can result in a well-structured
complex, and better interactions among the components and it therefore displays more

pronounced mucoadhesivity.
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Figure 21 Calculated synergism parameters at a shear rate of 100 1/s of samples

5.4.2.2. In vitro permeability of MEL
The cumulative amount of MEL that diffused through a synthetic membrane from a nasal spray
was measured against time with a Franz diffusion cell system. The diffusion from the
formulation containing MEL nanoparticles was quickest, due to the rapid dissolution of the
drug. The diffusion from the nanonized MEL-containing spray started in the first 5 min (Figure
22). As concerns the fastest diffusion, the question arose as to whether it was influenced by the
PS or some other factor. It should be excluded that the nanosized MEL particles
(D50 = 0.135 um) passed through the membrane without dissolving (they dissolved in the
acceptor phase). Since the PS was larger than the membrane pore size (100 nm) and the
membrane was impregnated with isopropyl myristate, this phenomenon was not observed. In
this case, therefore, the PS and the resulting surface area had significant effects on the rate of
passive diffusion.
The flux, which shows the amount of MEL that permeates through 1 cm? of the membrane
within 1 h, was significantly higher in the case of the nasal formulation which contained
nanoparticles as compared with the sprays containing micronized or raw MEL. The
40



permeability coefficient calculated from the flux data for the nanonized MEL was also
significantly higher than in the other two cases (Table 21).
The PS was a determining factor as regards the amount of diffused MEL. In the spray containing

nanonized MEL, the faster dissolution of the particles resulted in higher permeability.
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Figure 22 In vitro permeability of MEL-containing sprays with different PSs through a
synthetic membrane

Table 21 Flux and permeability coefficient values of nasal sprays containing MEL with different PS

J (ug/cm?/h) K, (cm/h)
raw MEL spray 341 0.00341
micro MEL spray 4.25 0.00425
nano MEL spray 9.43 0.00943

It emerged that the nasal mucosa retained the MEL and its PS did not influence the permeability.
Figure 23 demonstrates significant differences between the MEL contents remaining in the
donor phase: 71.38 £6.33% (raw MEL spray), 19.52 +£4.18% (micro MEL spray) and
8.85 = 0.94% (nano MEL spray). The residual MEL content in the donor phase correlated with
the decreasing MEL PS of the spray samples.
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Figure 23 Residual MEL content in the donor phase

5.4.2.3. In vivo study of MEL

The drug concentrations in the blood plasma as a function of time after nasal administration of
the sprays are shown in Figure 24. In the case of the spray containing MEL nanoparticles, a
3times higher plasma level of MEL was observed after 5 min as compared with the
formulations containing raw or micronized MEL. This result is in accordance with the reduction
of the PS of MEL, and especially with the faster dissolution of nanonized MEL as compared
with that of the microsized agent. The plasma concentrations tended to increase slowly during
the initial ~ 30 min, but the 3-fold difference between the sprays containing nanonized or
micronized MEL remained during 60 min after treatment. The controlled release of MEL in the
case of the nano MEL spray could be explained in terms of the better adhesion and distribution
of the nanoparticles and the formation of a well-structured system. This controlled release was
enhanced by the HA-PVA system (Battistini et al., 2013). The PVA-coated particles played a
role in the release of the drug, because the synthetic polymers reduced the rate of degradation
of the natural polymers and prevented their rapid dissolution in the biological fluids (Ding et
al., 2012).

The AUC is proportional to the amount of drug absorbed during the investigated time
interval. The calculated AUC values gradually increased with decreasing PS (the highest AUC
was observed for the nano MEL spray; Figure 25). The occurrence of micronization did not
significantly increase the AUC as compared with the raw MEL (AUCraw MEL spray:
13.97 £ 3.223 min pg/ml, AUChmicro MEL spray: 21.95 £ 5.527 min pg/ml, p = 0.1552), whereas
nanonization led to a significant increase in the amount of MEL absorbed (AUChano MEL spray:
49.86 £ 5.632 min pg/ml; nano MEL spray vs raw MEL spray: p = 0.0021; nano vs micro MEL
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spray: p = 0.0061). Our results demonstrated a strict correlation between the AUC and the MEL

PS (R? = 0.9848) (Figure 26).
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Figure 26 Correlation between the AUC values and different MEL SSAs

It can be concluded that the reduction of the PS of MEL into the nano range resulted in special
features of nanocrystals (Miller et al, 2011) such as increased saturation and dissolution
velocities, and increased adhesiveness to surfaces relative to micro-sized MEL particles. In the
case of nano MEL spray, the high SSA and the increased saturation solubility resulted in rapid
dissolution and better diffusion of the drug and a high AUC value. The linear correlation
between the SSA of MEL and the AUC values (R? = 0.9848) confirmed that the dissolution of
particles with different sizes is the key factor determining the amount of absorbed drug.
Different mucoadhesivities were measured for the nanonized MEL-HA-mucin system and in
case of the micro-sized MEL-containing sprays. The in vivo studies revealed that the prolonged
residence time and the uniform distribution of the nano MEL spray throughout the nasal mucosa

resulted in higher AUC values.

6. CONCLUSIONS

In this work, effects of different wet milling techniques in reducing the PS were investigated.
The results showed that these techniques are suitable for PS reduction and for the preparation
of pre-dispersions as intermediates that which are directly applicable for the development of
innovative liquid pharmaceutical formulations. The applicability of nanosuspensions in nasal
formulations is a new approach in pharmaceutical technology. Drug delivery to the systemic

circulation via the nose is considered to be a promising route.
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i The effect of acoustic cavitation in reducing the PS, based on the collapse of the bubbles
created by ultrasound waves, was investigated. During the preliminary study, static sonication
was investigated in the cases of IBU and MEL, and the optimum process parameters
(temperature, amplitude, sonication period and stabilizers) were determined. The PSDs of these
drugs were measured after sonication and compared with those of the raw drugs (IBU:
D50 = 153 um and MEL: D50 = 85 um), as the response factor after sonication. Due to acoustic
cavitation, the PS decreased (IBU: D50 = 25 um and MEL: D50 = 14 um), but the use of a
stabilizer was needed for a further decrease (IBU-Poloxamer: D50 = 11 uym; MEL-PVP:
D50 = 4 um). It was established that static sonication can be applied to decrease the PS to the

micrometre range in the presence of additives.

ii. After the investigation of static sonication, the effects of static and dynamic sonication
on PS reduction were compared. In dynamic sonication, the samples were circulated
continuously during the sonication. The most effective process parameters were determined by
a factorial design plan for the PSD of MEL. A long sonication (30 min), high amplitude (70%),
a high temperature (36 °C) and a low concentration of MEL (2 mg/ml) proved to play important
roles in the sonication procedures. Samples sonicated with appropriate parameters were dried
and investigated. The SEM images showed that the sonication resulted in rounded, micro-sized
particles. XRPD and DSC examinations revealed the crystalline structure of the MEL produced
by both sonication methods. FT-IR demonstrated that no chemical degradation occurred.

These two methods are also appropriate for reduction of the PSs of materials, with application
of a short-term E input. Static sonication is not suitable for scaling-up; this method is
recommended primarily for PS reduction in preclinical samples, where the amount of the drug
candidate is very small, while dynamic sonication may be suitable for the wet milling of
different active substances to prepare pre-dispersions because larger volumes of sample can be
used in this method. Scaling-up and standardization are possible, which is important for

industry.

iii. A combination of planetary ball and pearl milling was investigated in the case of MEL.
In the presence of a stabilizer, at constant rotation rate, the effects of the milling time, the
applied pearl weight and the additive concentration on the reduction of the PS were determined.
Depending on the milling time, the PS of the drug could be reduced to the micro-(10 min) or

nanometre (50 min) range. Increase of the pearl weight above 20 g did not result in the higher
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effectiveness of milling. The use of a higher concentration of PVA was required to prevent the
aggregation of the MEL particles. SEM images revealed the aggregation of nano-sized particles,
resulting in micronized MEL particles (D50 = 1.625 um). The nanonized MEL crystals
(D50 = 126 nm) exhibited a regular shape and a smooth surface. XRPD and DSC examinations
revealed the change in the crystallinity of MEL. This combined technique is applicable for the
production of intermediate (in pre-dispersion form) and (after drying) dried products for
additional pharmaceutical formulations.

iv. Of the investigated techniques, the combined milling technique was suitable for the
micro- and nanonization of MEL. At pH 5.6, pre-dispersions with different MEL PSs were
prepared as intermediates for the design of intranasal liquid formulations with the addition of
HA as mucoadhesive agent. Reduction of the MEL PS into the nano range led to increased
saturation solubility and dissolution velocities, and increased adhesiveness to surfaces as
compared with microsized MEL particles. A linear correlation was demonstrated between the
specific surface area of MEL and the AUC. The in vitro and in vivo studies indicated that a
longer residence time and uniform distribution of the nano MEL spray throughout an artificial
membrane and the nasal mucosa resulted in better diffusion and a higher AUC. Nanosized MEL
may be suggested for the development of an innovative dosage form with a different dose of
the drug, as a possible administration route for pain management.

V. It can be concluded that wet milling is applicable for the preparation of pre-
dispersions, whereby dosage forms can be prepared in one step. Sonication is suitable for
reduction of the PS of drugs to the micro range, but it requires a large amount of dispersion
medium, and it is therefore not applicable to obtain intermediate products for the preparation
of dosage forms. Metal contamination through degradation of the sonotrode should be borne in
mind.

In contrast, because of low need for dispersant medium, the combined method can be
used for more efficient milling in comparison with sonication, and it is also suggested for the
preparation of pre-dispersions with micro- and nanosized particles, and recommended for the
development of PS-controlled intranasal therapeutic systems.

The applicability of a nanosuspension in a nasal formulation is a new approach in
pharmaceutical technology, and consequently few data on such systems are available (the

intranasal usage of other analgesic NSAID agents (e.g. a ketorolac tromethamine-containing
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solution) (Li et al., 2015)). A patent has been granted which describes the nasal application of
MEL in solution form (Castile et al., 2005), but there have been no publications on the

development of MEL-containing nanosuspensions for nasal application.
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1. Introduction nasal mucosa, thereby enhancing the delivery of the drugs

(Hascicek et al., 2003). Different agents are used to increase the

Intranasal administration is an alternative route for the delivery
of drugs to reach the systemic circulation (Prommer and
Thompson, 2011), offering certain advantages, including rapid
absorption, avoidance of the hepatic first-pass metabolism and
gastrointestinal side-effects and painless application, with sterility
not a requirement (Meng et al., 2014). Pharmaceutical formula-
tions delivered intranasally may be liquid (spray) (Baumann et al.,
2012), gel (Osth et al., 2002) or powder forms.

In order to achieve a systemic effect, intranasal compounds can
be mixed with different additives to ensure a longer residence
time, better mucoadhesion (Horvat et al.,, 2009) and increased
permeability (Chunga et al, 2010). Because of the rapid
mucociliary clearance in the nasal cavity, mucoadhesive formu-
lations are needed in order to prolong the contact time with the
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mucoadhesive strength in the intranasal formulation (carbomers,
chitosans, lectins, thiomers, alginate poly-ethylene glycol acrylate
or poloxamer) (Pathak, 2011 and Anand et al., 2012). One of the
most important biocompatible, mucoadhesive agent is sodium
hyaluronate (HA). This natural anionic polysaccharide has an
excellent mucoadhesive capacity (Liao et al., 2005), high biocom-
patibility and low immunogenicity (Ding et al., 2012). Besides its
mucoadhesive properties, it may enhance the absorption of drugs
and proteins via the mucosal tissues (Lim et al., 2000).

The solubility, the rate of dissolution and the permeability of
drugs are of great importance (Zelké and Siivegh, 2005), and
reduction of the particle size to the micro- or nano range is
therefore the strategy of first choise with the aim of increasing the
bioavailability of poorly-soluble drugs (Sinha et al., 2013 and
Anarjan et al., 2015). Nanoparticles are controlled by surface forces
and, if the particles are not stabilized, they may coagulate because
of the high particle mobility. Different additives are used to
stabilize these particles: polysorbate, hydroxypropyl methylcellu-
lose, poloxamer, polyvinylpyrrolidone, etc (Paltonen and Hirvonen,
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2010). Polyvinyl alcohol (PVA) is frequently used as a stabilizer,
coating the particles and promoting their separation from each
other.

For particle size reduction, dry (Branham et al., 2012) and wet
milling (Afolabi et al., 2014) processes are commonly used. Wet
milling requires less energy and time than dry milling. Thanks to
the closed system, dust is not produced and the material is less
heated up (Merisko-Liversidge and Liversidge, 2011). Dry milling is
used for micronization (Zhang et al., 2009), while wet milling is
required for nanonization (Juhnke et al., 2012). The pre-dispersion
prepared by wet milling can be utilized directly to develop liquid or
semisolid formulations.

Nanosuspension drug delivery via the nose into the systemic
circulation and the brain is considered a promising route. The
applicability of a nanosuspension in a nasal formulation is a new
approach in pharmaceutical technology, and consequently few
data are available on this system. Saindane et al. (2012)
incorporated a carvedilol-containing nanosuspension into an in
situ gelling nasal spray, in order to improve the therapeutic efficacy
and patient compliance. Bhavna et al. (2014) developed a
donepezil-loaded nanosuspension for direct olfactory administra-
tion.

MEL, a non-steroidal anti-inflammatory drug (NSAID) was
chosen in our work as a model crystalline drug because it can be
administered intranasally in order to attain an analgesic effect.
WHO (World Health Organization) developed the model to guide
the management of different pain. NSAIDs are suggested for acute
pain therapy or are co-administered as adjuvants to enhance
analgesia (WHO, web reference’). Other analgesic NSAID agents
(e.g. a ketorolac tromethamine-containing solution) have been
administered intranasally (Li et al., 2015). A dissolved MEL-
containing nasal formulation was patented by Castile et al. (2005),
but a MEL-containing nanosuspension has not been described to
date. MEL proved not to be toxic in a cell culture model of the nasal
epithelium and did not influence the paracellular pathway (Kiirti
et al., 2013). MEL has poor aqueous solubility (4.4 pg/ml) (Ambrus
et al., 2009) and high melting point (270°C) (Hughey et al., 2011).
We earlier investigated “top-down” methods with the aim of
reducing the particle size of MEL and hence improving its
bioavailability, such as dry ball-milling (Kiirti et al., 2011) and
high-pressure homogenization (Pomazi et al., 2013).

In order to enhance the bioavailability of MEL-containing
intranasal formulations, (i) its solubility should be improved
through the use of solubility-enhancing agents, e.g. co-solvents
such as benzyl alcohol, complexing agents such as cyclodextrins,
etc (for intranasal solutions) (Castile et al., 2005), (ii) its dissolution
rate should be increased, e.g. by particle size reduction (for a liquid
or gel form containing the suspended active agent), and (iii) the
residence time of the formulation in the nasal cavity should be
lengthened through the use of mucoadhesive agents.

We set out to utilize particle size reduction to increase the
dissolution rate so as to reach a higher saturated concentration of
MEL and better absorption. Pre-dispersions of micronized and
nanonized MEL were produced through wet milling, applying a
combination of planetary ball and pearl milling. PVA was used as
an aggregation inhibiting polymer. To prepare the intranasal
formulations directly from the pre-dispersions containing micro-
or nanonized MEL, a low concentration of HA was used. Pre-
dispersions were tested from the aspects of the particle size
distribution (PSD), the habit of the MEL and the holding time. The
viscoelastic character and the mucoadhesivity of the intranasal
formulation was determined rheologically. We additionally

! WHO; Pain guidelines: http://www.who.int/medicines/areas/quality_safety/
delphi_study_pain_guidelines.pdf, Accessed: 02/04/2015.

investigated the influence of the MEL particle size reduction of
the intranasal formulations on the in vitro and in vivo perme-
abilities.

2. Materials

Meloxicam (MEL) (4-hydroxy-2-methyl-N-(5-methyl-2-thia-
zolyl)-2H-benzothiazine-3-carboxamide-1,1-dioxide) was
obtained from EGIS Ltd. (Budapest, Hungary). Piroxicam, the
internal standard for the HPLC method, was purchased from Alfa
Aeasar Co. (Alfa Aeasar GmbH & Co. KG, Karlsruhe, Germany). The
grinding additive, PVA 4-98 (M,, ~ 27000), was procured from
Sigma Aldrich (Sigma-Aldrich Co. LLC, St. Louis MO, US). HA
(My,=1400kDa) was obtained a gift from Gedeon Richter Plc.
(Budapest, Hungary). Mucin (porcine gastric mucin type II) was
from Sigma Aldrich (Sigma Aldrich Co. LLC, St. Louis MO, US).

3. Methods

The intranasal viscous liquid formulations containing sus-
pended MEL (referred to below as nasal sprays) were prepared and
characterized according to an investigational protocol (Fig. 1). The
PSD, the morphology (scanning electron microscopy-SEM), the
solubility of the MEL and the holding time of the pre-dispersions
were determined. Nasal sprays prepared directly from the pre-
dispersions were characterized in terms of the solubility of MEL
and the pH and mucoadhesivity of the sprays. These intranasal
formulations were subjected to both in vitro and in vivo studies.

3.1. Preparation of pre-dispersions containing micronized or
nanonized MEL and preparation of intranasal formulations

On the basis of preliminary experiments, a modified wet milling
technique (a combination of planetary ball and pearl milling) was
employed to prepare the pre- dispersions. Intranasally adminis-
tered formulations usually contain particles with a particle size
from 5 to 40 pm (Billotte et al., 2003). In the optimization of the
milling parameters, the particle size was set to the micro- or
nanometer range in order to investigate the influence of the
particle size on the dissolution rate and absorption through the
nasal mucosa. 0.5 g PVA was dissolved in 17.5 ml phosphate buffer
(at pH 5.6, the pH of the nasal mucosa); the solution was used as a
dispersant medium in which 2.0g of MEL was suspended. The
suspension (10% drug content) was wet-milled for 10 or 50 min in
the milling chamber (50 ml) of the planetary mill (Retsch PM 100)
(Retsch GmbH, Haan, Germany), which resulted micronized or
nanonized MEL (Table 1). The milling medium for this study was
zirconium dioxide beads. The milled suspensions were separated
from the beads through sieving.

The intranasal formulations were prepared directly from the
pre-dispersions. 3.0 ml of the pre-dispersions were diluted with
phosphate buffer (pH 5.6) in order to reach 1 mg/ml concentration
of MEL and 0.15 g HA was added, therefore the final formulation
contained 5 mg/ml HA. The formulations were stored in a fridge for
24 h. (in the text: raw MEL spray, micro MEL spray and nano MEL
spray).

3.2. Determination of PSD

The volume-based PSD of MEL in the pre-dispersions was
measured by laser diffraction (Mastersizer 2000) (Malvern Instru-
ments Ltd, Worcestershire, UK) with the following parameters:
300RF lens; small volume dispersion unit (2500 rpm); refractive
index for dispersed particles 1.720; refractive index for dispersion
medium 1.330. A dynamic laser light scattering method was used
to determine the PSD. Water was applied as dispersant and the
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Fig. 1. Protocol of the development and characterization of nasal sprays containing MEL.

obscuration was in the range 11-16% for all measurements. In all
cases, the volume-weighted PSDs, D10, D50 and D90 (where, for
example, D50 is the maximum particle diameter below which 50%
of the sample volume exists—also known as the median particle
size by volume) were determined and evaluated. The size analysis
was repeated three times. The specific surface area (SSA) was
derived from the PSD data. The assumption was made that all the
particles measured were spherical.

3.3. Image analysis (SEM)

Pre-dispersions were dried in a vacuum dryer (Binder GmbH,
Tuttlingen, Germany) at 40 °C in order to obtain solid products for
physical-chemical investigations. After drying, the shape and
surface characteristics of the samples were visualized by using
SEM (Hitachi S4700, Hitachi Scientific Ltd., Tokyo, Japan). The
samples were sputter-coated with gold-palladium under an argon
atmosphere, using a gold sputter module in a high-vacuum
evaporator, and the samples were examined at 15kV and 10 p.A.
The air pressure was 1.3-13 MPa.

3.4. Solubility testing of MEL

The solubility of MEL in the different pre-dispersions was
determined. The pre-dispersions were stirred with a magnetic
stirrer at 25°C for 24 h and then filtered (0.1 wm, FilterBio PES
Syringe Filter) (Labex Ltd., Budapest, Hungary), and the content of
dissolved drug was analysed spectrophotometrically (Unicam UV/

Table 1

VIS) (Thermo Fisher Scientific Inc.,, Waltham, MA, USA). Each
sample was analysed in triplicate. The pH of each nasal spray was
determined (Orion 3 star pH-meter), (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

3.5. Holding time determination

For intermediate products such as pre-dispersions, the holding
time was determined through the PSD. Pre-dispersions were
stored in sealed glass bottles at room temperature (2541 °C) for
3 days. The PSD of the MEL in a prepared sample was analysed on
the day of production (day 0) and after 1, 2 or 3 days of storage.

3.6. Rheology and mucoadhesion

Rheological measurements were carried out at 37°C with a
Physica MCR101 rheometer (Anton Paar GmbH, Graz, Austria). A
concentric cylindrical measuring device with a diameter of
10.835 mm was used. Frequency sweep curves were plotted to
determine the viscoelastic character of the samples. Storage
modulus (G’) and loss modulus (G”) measurements were made
over the frequency range from 0.01 to 100 Hz. The flow curves of
the samples were also determined. The shear rate was increased
from 0.1 to 100 1/s in controlled rate mode. The shearing time was
150s.

In order to clarify the role of MEL particle size in mucoadhesion,
samples with and without mucin were also prepared (Table 2); the
samples containing mucin were stirred for 3h before the

Pre-dispersions: MEL suspended in a dispersant medium consisting of PVA and phosphate buffer.

Abbreviation in the text (pre = pre-dispersion) rpm Volume of the milling chamber (ml) Milling time (min)
Raw MEL pre - - 0
Micro MEL pre 400 50 10
Nano MEL pre 400 50 50
Table 2

Samples for mucoadhesive measurements.

Sample name HA (mg/ml) PVA (mg/ml) MEL (mg/ml) MEL size; D50 (m)
HA solution 5 - - -

PVA solution - 0.225 - -

Blank 5 0.225 - -

Raw MEL spray 5 0.225 1 34.26

Micro MEL spray 5 0.225 1 1.887

Nano MEL spray 5 0.225 1 0.135
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measurements (the final mucin concentration was 5% w/w). The
mucoadhesivity was determined on the basis of rheological
synergism between the polymer and the mucin. The synergism
parameter (bioadhesive viscosity component, 7)) can be calculat-
ed from the following equation:

MNp =Nt — Nm 7T]p7

where 7 is the viscosity of the mucin and polymer-containing
samples, and M, and mj, are the viscosities of the mucin and nasal
spray, respectively (Hassan and Gallo, 1990). Three parallel
measurements were used to determine the viscosity values (m,
Mm and mp) and the standard deviations.

3.7. In vitro permeability of MEL

Invitro permeability studies were performed on a vertical Franz
diffusion cell system (Hanson Microette Topical and Transdermal
Diffusion Cell System) (Hanson Research, Chatsworth CA, USA).
5 parallel measurements were carried out. The donor phase
contained 300 mg of nasal formulation, which was placed on the
polyvinylidene fluoride synthetic membrane (Durapore®™ Mem-
brane Filter) (EMD Millipore, Billerica, MA, USA) impregnated with
isopropyl myristate. The effective diffusion surface was 1.33 cm?.
Phosphate buffer (PBS, pH 7.4, 37 °C) was used as an acceptor phase
(7 ml). The rotation of the stir-bar was set to 450 rpm. Sampling
was carried out at 5, 10, 15, 30 and 60 min of diffusion. 0.8 ml
samples were taken from the acceptor phase by autosampler
(Hanson Microette Autosampling System) (Hanson Research,
Chatsworth CA, USA) and were replaced with fresh receiving
medium. The amount of MEL diffused was determined spectro-
photometrically (Unicam UV/VIS). The flux (J) of the drug was
calculated from the quantity of MEL which permeated through the
membrane, divided by the surface of the membrane insert and the
duration [pg/cm?/h]. The permeability coefficient (K,) was
determined from ] and the drug concentration in the donor phase
(Ca [pg/cm?]):

J

cm
KolF) = g

For determination of the residual MEL content in the donor
phase, the vertical Franz diffusion cell system was used to model
the nasal cavity. The donor phase contained 300 mg of nasal
formulation, which was placed on the polyvinylidene fluoride
synthetic membrane (Durapore® Membrane Filter) (EMD Milli-
pore, Billerica, MA, USA). To model the nasal environment, the
membrane was impregnated with simulated nasal fluid (8.77g
Nacl, 2.98 g KCl and 0.59 g CaCl,, containing 1% of mucin) (Jug and
Becirevic-Lacan, 2007). The effective diffusion surface was
1.33 cm?. Phosphate buffer (PBS, pH 7.4, 37°C) was the acceptor
phase (7 ml). The rotation of the stir-bar was set to 450 rpm. The
content of the donor phase was removed after 60 min of diffusion
and the amount of MEL remaining was determined with an Agilent
1260 RP-HLPC system (QP, DAD, ALS).

3.8. In vivo study of MEL

3.8.1. Intranasal administration and blood sample collection

The intranasal formulations prepared directly from the pre-
dispersions contained 1 mg/ml MEL and 5mg/ml HA. A dose of
60 g MEL per animal was administered into the right nostril of
160-180 g male Sprague-Dawley rats (n=5) via a pipette. Directly
before the drug administration, the animals were narcotized with
isoflurane. Blood samples were withdrawn from the tail vein
before and at 5, 15, 30 and 60 min post-dosing. The experiments
performed conformed to the European Communities “Council

directive for the care and use of laboratory animals” and were
approved by the Hungarian Ethical Committee for Animal Research
(permission number: 1V/198/2013).

3.8.2. Determination of MEL from the blood samples

The MEL contents of blood samples were quantitated with an
Agilent 1260HLPC system (QP, DAD, ALS). MEL and piroxicam as
internal standard were separated on a 250 mm x 4.6 mm column
packed with 5-pm Kromasil C5, 100 A (Phenomenex Inc., Torrance
CA, USA).

Isocratic elution was performed with 45:55 (v/v) acetonitrile-
potassium phosphate buffer solution (0.05M) (pH adjusted to
2.7 with orthophosphoric acid) at a flow rate of 1.1 ml/min. Before
use, the eluent was degassed and all the samples were filtered
through a 0.20 wm PES syringe membrane filter (Phenomenex Inc.,
Torrance CA, USA). The total run-time was 12 min. Detection was
achieved through the UV absorbance at 254 +4 nm. The sample
injection volume was 10 pl, and the elution was performed at a
column temperature of 30°C. Qualitative determination was
carried out by comparison of the spectra of standards. Primary
stock solutions of MEL and piroxicam (both 0.1 mg/ml) were
prepared in methanol and stored at —8°C. Working standards of
MEL and piroxicam (0.25, 0.5, 1, 2, 5, 7.5 and 10 .g/ml) were freshly
prepared by diluting the stock solution with mobile phase prior to
the HPLC analysis. Calibration plots of MEL and piroxicam were
freshly prepared and were linear (R?>>0.9996 and 0.999, respec-
tively) in the concentration range 0.25-10.0 wg/ml (n=3). The
retention times of MEL and piroxicam were 10.12+0.01 and
7.36 4+ 0.003 min, respectively.

Blank (drug-free) rat plasma was pooled, stored at —8°C and
used for the QC samples. The QC samples were spiked with the
appropriate amount of working standard MEL and piroxicam
solutions (0.5, 1, 1.5, 2 and 2.5 pg/ml (n=3). Potassium phosphate
buffer solution (0.03 M) (pH adjusted to 2.7 with orthophosphoric
acid) was prepared as an additional extraction liquid. The limit of
quantification (LOQ) was determined via the formula LOQ=SD x 3/
S in which SD is the standard deviation and S is the mean slope of
the calibration curve. Based on these data, the LOQ of MEL and
piroxicam was calculated to be 0.171 and 0.275pg/ml (n=3),
respectively.

The animal blood samples (200 1) were diluted with 500 .1 of
extraction liquid and spiked with 10 .l of the working IS solution
at a final plasma concentration of 1.3 wg/ml. The SPE cartridges
used (Strata-X-C 33 wm Polymeric Strong Cation tubes, Phenom-
enex Inc., Torrance CA, USA) were conditioned with 0.5ml of
methanol, followed by 0.5ml of extraction liquid. The prepared
blood samples were allowed to run through the SPE cartridge at a
flow rate of 1.0ml/min. Cartridges were rinsed with 0.5ml of
extraction liquid and 0.5 ml methanol and dried in vacuum for
5min. The analytes were then eluted with 0.5ml of 5:95 (v/v)
ammonium hydroxide-methanol elution solution. The eluent
liquids were dried in a vacuum oven (Binder, Germany) at 20-
30 mbar and 45 °C for 2-3 h. The dried residue was reconstituted in
300 pl of mobile phase and then vortexed (30 s), sonicated (2 min)
and centrifuged at 12,000 x g for 5 min. 20 p.l of supernatant was
injected onto the Cyg column.

Calculations of the area under the time-concentration curve
(AUC) and statistical analysis

Pharmacokinetic parameters were analysed by means of PK
Solver 2.0 software (Zhang et al., 2010) through non-compart-
mental analysis of plasma data using the extravascular input
model. The area under the curve (AUC) of the time (min)-
concentration (wg/ml) curves of each animal were fitted with a
linear trapezoidal method. The statistical analysis was performed
with Prism 5.0 software (Graphpad Software Inc., La Jolla, CA, USA).
All reported data are means + SD. Student’s unpaired t-test was
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Table 3
PSD of MEL in the pre-dispersions.
D10 (pm) D50 (pm) D90 (pm) SSA (m?/g)
Raw MEL pre 11.40 £ 1.62 3426+4.86  73.59+27.11 0.332
Micro MEL pre  0.120+0.005 1.887+0.112 6.429+0.318 15.3
Nano MEL pre  0.077+0.005 0.135+0.002 0.253+0.010 44.8

used to determine statistical significance. Changes were consid-
ered statistically significant at p < 0.05.

4. Results and discussion
4.1. Characterization of the pre-dispersions

4.1.1. PSD and morphology of MEL

The MEL particle size measured by laser diffraction decreased
from approximately 35 wm to 1.887 wm during the 10 min, and to
0.135 wm during the 50 min milling time (Table 3). The SSA of MEL
rose 46-fold and 135-fold as a result of the micronization and the
nanonization, respectively, relative to the raw MEL in the pre-
dispersion. The coating effect of PVA prevented aggregation, and
the stability of the system was therefore improved.

The SEM images (Fig. 2) provided an indication of the
morphology of the modified particles. We checked how the
surface and shape were changed after the milling and drying as
compared with the raw MEL. After milling, the pre-dispersions
were dried and characterized. The raw MEL consisted mainly of
angular, prismatic crystals with a broad size distribution. The
micronized MEL particles (1.887 wm) consisted of aggregations of
nano-sized particles. The nanonized MEL crystals (135nm)
exhibited a regular shape and a smooth surface. The treatment
accounted for the smooth surfaces of the particles.

10.0kV 12.9mm x3.50k SE(U)

10.0kV 12.8mm x20.0k SE(U)

4.1.2. Solubility of MEL in the pre-dispersions

In order to check on the effects of particle size reduction on the
solubility of MEL in the pre-dispersions, solubility tests were
performed at 25 °C, pH 5.6 (Table 4). Micronization did not result in
a change in the solubility of MEL. Following nanonization, a slight
increase in solubility was observed, but the difference did not
attain an order of magnitude.

4.1.3. Holding time determination

Aggregation did not occur in the pre-dispersions during the first
24h of storage (micro MEL pre: D90=6.462 pm; nano MEL pre:
D90=0.270 wm). During the second day, however, aggregates were
formed in both cases (micro MEL pre: D90 =1035.340 wm; nano
MEL pre: D90=695.767 um), and the number and size of the
aggregates increased still further during the third day. To avoid
aggregation, the pre-dispersions should be utilized to prepare the
formulations within 24 h.

4.2. Characterization of the nasal sprays

Nasal sprays (raw MEL, micro MEL and nano MEL sprays) were
prepared directly from the pre-dispersions with MEL of different
particle sizes, using HA as a mucoadhesive polymer. The pH of the
formulations did not change significantly after the addition of HA
to the systems (pH 5.5) relative to the pH of the pre-dispersions
(pH 5.6).

The solubility of MEL in the nasal sprays was investigated in the
freshly prepared formulations after stirring for 24 h. The solubility
of the drug in the sprays was increased approximately 3-5-fold
(raw MEL spray: 13.9 pg/ml; micro MEL spray: 32.1 pg/ml; nano
MEL spray: 42.8 g/ml). This can be explained by the interaction
between the HA and MEL which resulted in complex between the
carboxylic groups in HA and the protonable groups in MEL
(Battistini et al., 2013).

1577 P e I P e P
2.00um

Fig. 2. SEM images of meloxicam from raw (A), micro (B) and nano (C) pre-dispersions.
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Table 4
Solubility of MEL in the pre-dispersions.
¢ (pg/ml)
Raw MEL pre 6.4+0.2
Micro MEL pre 6.6+0.3
Nano MEL pre 93+0.5

4.2.1. Rheology and mucoadhesion

The viscoelastic characters of the sprays were determined by
frequency sweep measurements in the range from 0.01Hz to
100 Hz. G’ corresponds to the elastic (storage) and G” to the viscous
(loss) modulus. Fig. 3 presents frequency sweep curves of samples
with different particle sizes (blank, MEL-free) spray, raw MEL
spray, micro MEL spray, nano MEL spray). The cross-over points of
these curves, which is typical for gel-containing hyaluronans,
could not be seen (Berké et al., 2013). The ratio of G’ and G”
indicates the sol state of the samples. The findings can be explained
by the pH of the formulations (pH 5.6) and the low concentration of
HA.

The intranasal formulations containing MEL displayed shear-
thinning behaviour, i.e. the shear viscosity depended on the degree
of shear load and the flow curve displayed a decreasing slope,
which is typical for polymer solutions. The different formulations
did not indicate changes in the flow characters (Fig. 4). The
presence of MEL and variation of its particle size did not affect the
viscosity of the samples, and this HA-containing drug carrier
system is therefore suitable for the formulation of drugs with
different particle sizes without alteration of the flow behaviour.

For the rheological determination of mucoadhesivity, the
samples were mixed with mucin (final mucin concentration 5%)
and the synergism parameter (bioadhesive viscosity component,
) was calculated. The mucoadhesivity of the HA solution in
phosphate buffer (at pH 5.6), without PVA, of the PVA solution
without HA, of the blank and of the three sprays with different MEL
particle size were investigated.
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Fig. 4. Flow curves of the sprays with different MEL particle sizes.

The synergism parameter indicated the mucoadhesivity of the
samples, with an interaction between the HA and the mucin
(Fig. 5). PVA did not reveal mucoadhesive features, even destroy
the mucin-HA interactions, accordingly the mucoadhesivity of
blank decreased compared to the HA solution without PVA.
Addition of MEL to the blank increased the mucoadhesivity of the
formulations compared to the HA solution without PVA. This can
be explained by interactions between the mucin and dispersed
particles, and significant differences were observed between the
calculated synergism data for the raw, micro and nano MEL
samples (p < 0.05). The highest synergism was observed between
the nasal spray containing nanonized MEL and the mucin, the
mucoadhesivity increased 2-fold compared to the MEL-free blank,
and hence the longest residence time could be reached. This could
be explained in the one hand by the particle size of MEL; the
nanosized particles have increased adhesiveness to surfaces
(Miller et al., 2011). On the other hand nano sized MEL is in
size of polymeric molecules, such as HA, PVA and mucin chains,
which can result a well-structured complex, and better interaction
among the components and thus it shows more remarkable
mucoadhesivity.
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Fig. 3. Frequency sweep curves of the sprays with different MEL particle sizes.
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4.2.2. In vitro permeability of MEL

The cumulative amount of MEL that diffused through a
synthetic membrane from a nasal spray was measured against
time on a Franz diffusion cell system. The diffusion from the
formulation containing MEL nanoparticles was the quickest, due to
the rapid dissolution of the drug. The diffusion started in the first
5min from the nanonized MEL-containing spray (Fig. 6). As
concerns the fastest diffusion, the question arose as to whether it
was influenced by the particle size or some other factor. It should
be excluded that the nanosized MEL particles (D50=0.135 pm)
passed through the membrane without dissolving (they dissolved
in the acceptor phase). Since the particle size was larger than the
membrane pore size (100 nm) and the membrane was impregnat-
ed with isopropyl myristate, this phenomenon was not observed.
In this case, therefore, the particle size and the resulting surface
area had significant effects on the rate of passive diffusion.

The flux (J), which shows the amount of MEL that permeates
through 1cm? of the membrane within 1h, was significantly
increased in the case of the nasal formulation which contained
nanoparticles as compared with the sprays containing micronized
or raw MEL. The permeability coefficient (Kj) calculated from the
flux data for the nanonized MEL was also significantly higher than
in the other two cases (Table 5).

Table 5
Flux (J) and permeability coefficient (Kp) values of nasal sprays containing MEL with
different particle sizes.

J [pg/cm?/h] Kp [cm/h]
Raw MEL spray 341 0.00341
Micro MEL spray 4.25 0.00425
Nano MEL spray 9.43 0.00943
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The particle size was a determining factor as regards the
amount of diffused MEL. In the spray containing nanonized MEL,
the faster dissolution of the particles resulted in higher perme-
ability.

It was revealed that the nasal mucosa retained the MEL and its
particle size did not influence the permeability. Fig. 7 demon-
strates significant differences between the MEL content remaining
in the donor phase: 71.38 +6.33% (raw MEL spray), 19.52 +4.18%
(micro MEL spray) and 8.85 4 0.94% (nano MEL spray). The residual
MEL content in the donor phase correlated well with the
decreasing MEL particle size of the spray samples.

4.2.3. In vivo studies of MEL

The drug concentration in the blood plasma as a function of
time after nasal administration of the sprays is shown in Fig. 8. In
the case of the spray containing MEL nanoparticles, a 3 times
higher plasma level of MEL was observed after 5 min as compared

with the formulations containing raw or micronized MEL. This
result is in accordance with the particle size reduction of MEL, and
especially with the faster dissolution of nanonized MEL as
compared with that of the microsized agent. The plasma
concentrations tended to increase slowly during the first
approximately 30min, but the 3-fold difference between the
sprays containing nanonized or micronized MEL remained during
60 min after treatment.

The AUC is proportional to the amount of drug absorbed during
the investigated time interval. The calculated AUC values gradually
increased with decreasing particle size (the highest AUC was
observed for the nano MEL spray; Fig. 9). Micronization did not
significantly increase the AUC as compared with raw MEL
(AUC awMELspray:  13.97+£3.223 minwg/ml, AUCnicroMELspray:
21.95 +£5.527 min pg/ml, p=0.1552), whereas nanonization led
to a significant increase of the amount of MEL absorbed
(AUChanoMELspray: 49.86 £5.632 min ug/ml; nano MEL spray vs
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Fig. 8. Plasma drug concentration vs. time profiles in rats after intranasal administration of the sprays containing MEL with different particle sizes.
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raw MEL spray: p=0.0021; nano vs micro MEL spray: p=0.0061).
Our results demonstrated a strict correlation between the AUC and
the MEL particle size (R?=0.9848) (Fig. 10).

5. Conclusions

A combination of planetary ball and pearl milling can be applied
as a wet milling procedure to decrease the particle size of MEL.
Depending on the milling time, micro- and nanosized particles can
be produced. This wet milling technology was suitable for the
preparation of pre-dispersions in the presence of PVA as additive,
which were then directly applicable for the development of
innovative liquid nasal pharmaceutical formulations.

Intranasal viscous sprays were prepared from micronized and
nanonized MEL-containing pre-dispersions with HA as mucoad-
hesive agent, which is important from the aspect of a longer
residence time. The pre-dispersions as intermediate products were
suitable for preparing intranasal formulations for use within 24 h.

Nasal absorption can be improved not only by increasing the
transcellular and paracellular uptake of a drug through the nasal
mucosa; increase of its saturation solubility in the nasal fluid
results in passive diffusion and a higher plasma concentration.
Reduction of the MEL particle size into the nano range resulted in
special features of the nanocrystals (Miiller et al., 2011), such as
increased saturation solubility and dissolution velocities, and
increased adhesiveness to surfaces as compared with microsized
MEL particles. The higher SSA and the enhanced saturation
solubility of the nano MEL spray resulted in rapid dissolution of
the drug and a higher AUC. The linear correlation between the SSA

of MEL and the AUC (R?=0.9848) confirmed that the dissolution of
particles with different sizes is the key factor determining the
amount of drug absorbed.

The adhesiveness of nanonized MEL to the nasal mucosa is
another important advantage of this system because of the longer
contact time in the nasal cavity. Different mucoadhesivities were
measured for the nanonized MEL-HA-mucin system and micro-
sized MEL-containing sprays. The in vitro and in vivo studies
indicated that the longer residence time and the uniform
distribution of the nano MEL spray throughout an artificial
membrane and the nasal mucosa resulted in better diffusion
and a higher AUC. Thanks to the better adhesion and distribution of
the nanoparticles and the formation of a well-structured system,
the release of MEL was controlled. This controlled release was
enhanced by the HA-PVA system (Battistini et al., 2013). The PVA-
coated particles played a role in the release of the drug, because the
synthetic polymers reduced the rate of degradation of the natural
polymers and prevented their rapid dissolution in the biological
fluids (Ding et al., 2012).

Our results indicate that nanosized MEL may be suggested for
the development of an innovative intranasal liquid dosage form to
decrease the acute pain or it may be added as an adjuvant to
enhance analgesia.
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This article reports on particle engineering by a top-down method involving organic solvent-free acoustic
cavitation as a wet-grinding procedure. The effects of static and dynamic sonication on particle size
reduction methods were compared to each other. The most effective process parameters were
determined by a factorial design plan for the particle size distribution of an important active
pharmaceutical ingredient, meloxicam, as response factor after sonication. Samples sonicated with
appropriate process parameters were dried and investigated. Scanning electron microscopy images
showed that the sonication resulted in a rounded shape and micronized size of the particles. Differential
scanning calorimetry and X-ray powder diffraction examinations revealed the crystalline structure of the
produced meloxicam by both sonication methods. Fourier transform infrared spectroscopy demonstrat-
ed that no chemical degradation occurred. Static sonication is recommended primarily for particle size
reduction in preclinical samples, where the amount of the drug candidate is very small (e.g. nasal
formulation), while dynamic sonication may be suitable for wet-grinding of different active substances to
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prepare pre-suspension (e.g. micronization and nanonization).

© 2014 Published by Elsevier B.V.

1. Introduction

Particle design techniques are widely used for the modification
of the physico-chemical and biopharmaceutical properties of
Active Pharmaceutical Ingredients (APIs) [1]. Particle engineering
techniques, controlling the crystal size distribution and morphol-
ogy can offer improvements for the solubility, dissolution rate and
permeability of poorly water-soluble drugs and can open up new,
alternative administration routes, e.g. intranasally route, where the
particle size (over 10 wm) is a determining factor [2-4]. Process
Intensification (PI) has the goal of making substantial improve-
ments to the efficiency of chemical processes and plants by
developing innovative methods and equipment [5]. Innovative
methods for these improvements can be the useage of alternative
energy forms, like centrifugal fields, ultrasounds, microwaves,
solar energy, electric fields, or plasmas [6]. The advantages of

* Corresponding author. Tel.: +36 62545571.
E-mail address: kefehu@gmail.com (N. Radacsi).

http://dx.doi.org/10.1016/j.cep.2014.10.015
0255-2701/© 2014 Published by Elsevier B.V.

intensified product design processes consist of intensified process
control, and/or improved product quality.

There are many different types of size reduction techniques; dry
and wet grinding can be distinguished. During the wet grinding,
due to the closed system the formation of dust is prevented. Less
energy and time is required for grinding, the heating of the
materials is reduced and after grinding the suspension can be
directly used for production formulations.

Acoustic cavitation is a novel wet grinding possibility for
controlling the crystal size distribution and morphology of drugs,
primarily with the aim of particle size reduction [7,8]. It has the
ability to erode and break down particles and increase the specific
surface area of crystals [9]. It has been proven that application of
ultrasound technology in the frequency range of 20-100 kHz can
induce particle size reduction [10]. During the sonication process,
the ultrasound waves that form in the liquid media result in
alternating high-pressure and low-pressure cycles, with rates
depending on the frequency. In the low-pressure cycle the high-
intensity ultrasonic waves evolve small gas- or vapor-filled bubbles
(cavities) in the liquid. When the bubbles reach a volume at which
they can no longer absorb energy, they collapse violently during a
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high-pressure cycle. This phenomenon is called ultrasonic cavita-
tion. The implosion of vacuum bubbles breaks down particles [11].
Ultrasonic liquid processing is described by a number of
parameters (amplitude, pressure, temperature and concentrations
of compounds). The effect of the process may be determined as a
function of the energy (E) divided by the processed volume (V):

effect = f (5)

The energy (E[Ws]) can calculate from the power output (P[W]) and
the duration of exposure (t[s]):

EJ] = PW] x tS]

The function alters with changes in the individual parameters.
Additionally, the actual power output per surface area of the
sonotrode of an ultrasonic unit depends on the parameters as was
written by Hielscher [12].

There are two sonication routes for wet-grinding to achieve
particle size reduction. One is the static method, which means that
a sample at rest is sonicated. Another possibility is the dynamic
method, which allows the continuous circulation of the sample by
means of a pump during the sonication. These two methods are
appropriate for particle size reduction of materials with different
physico-chemical properties [13]. The production of intermediates
(suspension form for example for preparation of nasal spray and
gel) and powder products (after drying) is carried out by applying a
short-term ultrasound energy input. Application of ultrasounds
can be easily scaled up, e.g. sonification is successfully applied at
industrial level for the preparation of metal nanoparticles [14].
Sonochemistry involves the use of an ultrasound technique to
promote chemical reactions [15]. As regards pharmaceutics, power
ultrasound can be applied for emulsification and to investigate the
sedimentation of emulsions and suspensions [16,17]. Supercritical,
solvent diffusion [18] and melt emulsification are well-known
bottom-up methods techniques in the field of sonocrystallization
for solving solubility problems of drugs [19]. The disintegration of
drug particles (top-down approach) has not widely investigated so
far for improving properties of drugs.

Meloxicam (MEL) is a NSAID (non-steroidal anti-inflammatory
drug) with anti-inflammatory, analgesic and antipyretic effects, it
can be used intranasally. MEL was chosen as a model crystalline
drug because of its poor aqueous solubility [20] and high melting
point (270°C) [21].

This research investigates the applicability of ultrasound
technology for intensified particle size reduction and the setting
of the process. Since the literature data relating to the application
of ultrasound for the particle size reduction of drug materials are
lacking, in this study the static and dynamic sonication methods
are compared to each other (as organic solvent-free wet-grinding
techniques) and their effects in reducing the particle size of MEL
are investigated, using the excipient, PVP K-25, as an

Amplitude
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temperature
Aqueous } 0.25 sonotrode position
suspension of
MEL with PVP

agglomeration inhibitor. A two-level fractional factorial design
was used to determine the most effective process parameters, and
the effects of ultrasound on the physico-chemical properties of
MEL were studied.

2. Experimental
2.1. Materials

Meloxicam  (4-hydroxy-2-methyl-N-(5-methyl-2-thiazolyl)-
2H-benzothiazine-3-carboxamide-1,1-dioxide) was obtained from
EGIS Ltd. (Budapest, Hungary). The grinding additive, PVP K-25
(polyvinylpyrrolidone), was purchased from BASF (Ludwigshafen,
Germany).

2.2. Methods

2.2.1. Preparation of sonicated formulations

In our systems water was used as a liquid for the sonication
studies. Meloxicam has poor aqueous solubility (4.4 pg/mL). PVP is
a dispersant, it is used in the pharmaceutical industry as a
synthetic polymer vehicle for dispersing and suspending drugs.
The presence of weak bonding between the carboxyl group of
Meloxicam and the PVP helps the molecules to separate from each
other. The aggregation is prevented, therefore stability of the
system could be improved. In other case, PVP can work as a wetting
agent, but does not increase the solubility and dissolution of the
drug significantly. In each sample, 0.5% of PVP K-25 was dissolved
in an appropriate volume of water (25 and 100 mL respectively for
static and dynamic sonication) at pH 5.56. Before sonication, the
suspensions were stirred with a magnetic stirrer for 5 min. A high-
power ultrasound device (Hielscher UP 200 S Ultrasonic processor,
Germany) operating at 200 W was applied as the energy input in
the sample preparation in order to achieve a particle size
reduction. The working wavelength of the ultrasound used in
the treatment was 6.6 cm. T. During the sonication energy is
transmitted from the probe directly into the sample with high
intensity and the sample is processed quickly. In the case of static
sonication, samples at rest were treated (the suspensions were not
circulated). In the case of dynamic sonication, the samples were
circulated continuously with a peristaltic pump (Heidolph PD
5006 Pump drive) in a double-walled flow cell (Flow Cell GD14K)
during the sonication. The temperature was set with a thermostat
in both cases (Julabo, Germany).

The height of the medium was 8 cm in case of the dynamic
sonication and 2 cm by 25 mL and 3.5 cm by 100 mL in the case of
static sonication. The wavelength of the ultrasound used in the
treatment was 6.6 cm. Applying different sonotrode positions, the
immersed surface area of the ultrasonic horn could be changed
(Fig. 1). The surface area of the ultrasonic horn in contact with the
sample was determined by the amount of the immersed area of the
cylinder and of the tip surface of the probe. It was 0.15 cm? in case

Amplitude .
control |Detection of
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Fig. 1. Sonotrode positions in the aqueous suspension of MEL with PVP.
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of the static sonication using 25mL sample volume and at
0.25 position (means that the sonotrode was immersed to 25%
of the total depth of the liquid); and 8.8 cm? by the position of 0.75
(the sonotrode was immersed to 75% of the total depth of the
liquid). In the case of the static sonication and 100 mL sample
volume, at the 0.75 position the immersed surface area was
6.77cm? and at position 0.25 the immersed surface area was
1.23 cm?. During the dynamic sonication the immersed surface
area of the ultrasonic horn was constant 12cm?2. The applied
sonication parameters are given in Table 1.

Adiabatic experiments were carried out to reveal the efficiency
of the transmission of the ultrasonic energy into the liquid (Fig. 2).
The appropriate volume of 0.5% PVP-solution was used without the
presence of meloxicam. The temperature was mesured in every
5min, from 0 to 30minutes under sonication processing. The
temperature rise was the most notable in the case of small sample
volume (25 mL). Within 5 min 90 °C could be reached using 25 mL
solution. The dynamic and static methods were compared with the
following parameters: 100 mL sample volume, 0.25 sonotrode
position. In the case of static sonication after 10min the
temperature was higher, meaning higher energy input. In the
case of the dynamic method the temperature increase was slower,
due to the circulation in the vessel.

2.2.2. Preparation of solid products for physical-chemical
investigations of pure MEL

Suspensions prepared with the chosen parameters were dried
in order to obtain solid products for physical-chemical inves-
tigations. Samples were filtered through filter paper (MUNKTELL
Filter Discs, Grade: 1290, pore size: 3-5 um, diameter: 185 mm),
the filtrate was washed with the medium of the suspension (0.5%
aqueous solution of PVP K-25, pH 5.56) and the wet crystals were
dried in a vacuum dryer (Binder, Germany) at 40°C in order to
obtain solid products. After drying, the percentage yield was
determined and the physico-chemical properties of the products
were investigated.

2.2.3. Determination of particle size distribution and specific surface
area by a laser diffraction method

The volume based particle size distribution (PSD) of the raw
MEL was measured by laser diffraction (Mastersizer 2000, Malvern
Instruments Ltd. Worcestershire, UK) with the following param-
eters: 300RF lens; small volume dispersion unit (2500 rpm);
refractive index for dispersed particles 1.720; refractive index for
dispersion medium 1.330. Dynamic Laser Light Scattering method
was used to determine the PSD. The MEL particle size was
determined directly on the initial suspension in water in which PVP
was dissolved. The size analysis was repeated three times. Water
was used as dispersant and the obscuration was in the range 11-
16% for all measurements in both cases. In all cases, the volume
weighted particle size distributions, D10, D50, and D90 (where for
example D50 is the maximum particle diameter below which 50%
of the sample volume exists-also known as the median particle
size by volume) were determined and evaluated.

Table 1
The applied sonication parameters.

Static sonication Dynamic sonication

Volume (mL) 25; 100 100
Position 0.25; 0.75 0.25
RPM (pump) 50; 100
Concentration of MEL (mg/mL) 2;18 2;18
Temperature (°C) 0; 36 0; 36
Amplitude (%) 30; 70 30; 70
Time (min.) 10; 30 10; 30
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Fig. 2. Results of the adiabatic investigations for appropriate volume of 0.5% PVP
solution without the presence of MEL.

The specific surface area was derived from the particle size
distribution data. The assumption was made that all the particles
measured were spherical.

2.2.4. Image analysis

The shape and surface characteristics of the samples were
visualized by using a scanning electron microscope (Hitachi S4700,
Hitachi Scientific Ltd. Tokyo, Japan). The samples were sputter-
coated with gold-palladium under an argon atmosphere, using a
gold sputter module in a high-vacuum evaporator and the samples
were examined at 15kV and 10 pA. The air pressure was 1.3-
13 MPa. In suspensions prepared with the most effective param-
eters PVP was washed out and the crystals were dried in order to
obtain solid particles for SEM analyses.

2.2.5. Design of experiments

Six parameters were screened in the static sonication experi-
ments, using a two-level fractional factorial design of resolution III.
Here, the main effects are not confounded with each other,
whereas they are confounded with two-factor interactions. This
design is typically used for the rapid identification of the main
effects governing the behavior of a multi-parameter system. High
and low values for each parameter were set on the basis of our
prior experience with similar tasks (reported in Table 1). Dynamic
sonication experiments were run by screening five parameters,
using the same experimental design type. High and low parameter
values for the dynamic sonication experiments are presented in
Table 1, as well. All the experiments were run as triplicates.

2.2.6. Further investigations of the products

2.2.6.1. X-ray powder diffraction analysis (XRPD). The physical state
of the MEL in the samples was evaluated by XRPD. XRPD patterns
were produced with an X-ray Diffractometer Miniflex II (Rigaku Co.
Tokyo, Japan), where the tube anode was Cu with Ko =1.5405 A.
The pattern was collected with a tube voltage of 30kV and a tube
current of 15 mA in step scan mode (4° min~!). The instrument was
calibrated by using Si.

2.2.6.2. Differential ~ scanning  calorimetry (DSC). DSC
measurements were carried out with a Mettler Toledo DSC 821¢
thermal analysis system with the STAR® thermal analysis program
V9.0 (Mettler Inc. Schwerzenbach, Switzerland). Approximately 2-
5mg of pure drug or product was examined in the temperature
range between 25°C and 300°C. The heating rate was 5°Cmin~".
Argon was used as carrier gas at a flow rate of 10Lh~! during the
DSC investigations.
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2.2.6.3. Fourier transform infrared (FI-IR) spectroscopy. FT-IR
spectra were recorded with a Bio-Rad Digilab Division FTS-65A/
896 FTIR spectrometer (Bio-Rad Digilab Division FTS-65A/869,
Philadelphia, USA) between 4000 and 400cm™!, at an optical
resolution of 4cm™!, operating conditions: Harrick’s Meridian
SplitPea single reflection, diamond, ATR accessory. Thermo
Scientific GRAMS/AI Suite software (Thermo Fisher Sciencific
Inc. Waltham, USA) was used for the spectral analysis.

For all of these investigations PVP was washed out and the
crystals were dried.

3. Results and discussion
3.1. Effects of process parameters on particle size distribution

3.1.1. Static sonication

An analysis of the results measured by laser diffraction revealed
that the static sonication under the various sonication parameters
resulted in a roughly 25-70% decrease in average MEL particle size.
The D10, D50 and D90 values are reported in Table 2.

Their relationship with the sonication variables was analyzed
quantitatively on the basis of the D50 data in the main effects plots
(Fig. 3.) and interaction plots (Fig. 4.). The D10 and D90 data
furnished similar results. A main effect plot for a given parameter is
obtained by averaging the results of each run where this parameter
was set to low or to high, and connecting these averages with a line.
If the studied parameters are independent, the plot gives a clear
indication of the response of the system to the selected variable.
The main effects plots for the MEL particle size distribution
indicated that the small sample volume, the high amplitude and
the long sonication time were preferred for efficient particle size
reduction whereas the position of the sonotrode, the concentration
of the solution and the temperature influenced the particle size
less (Fig. 3.). It can be seen that small sample volume, high
ultrasound amplitude and the long sonication time were preferred
for efficient particle size reduction.

Interaction plots show the effects between variables, which are
not necessarily independent, by showing the means of the
responses for each level of a factor for each level of a second
factor pairwise for all factors involved in the study. The interaction
plots presented in Fig. 4 for D50 can be used to gain insight into the
complex interactions between the sonication parameters. Longer
sonication time resulted in a particle size reduction, independently
of the other process parameters. The connection between the
physical parameters of sonication (amplitude, position and
volume) was unequivocal. The high amplitude resulted in a
particle size decrease independently of the sonotrode position and
sample volume. The connection between concentration, tempera-
ture and amplitude demonstrated that the particle size reduction
effect of the increased amplitude occurred at low concentration
and high temperature. The relationships between temperature and
concentration, and temperature and volume, were unidirectional,

in contrast with the temperature position relationship: increase of
the temperature was useful in the lower position. At the high
concentration the upper, while at the low concentration the lower
position resulted in smaller particles.

To summarize the results, the appropriate parameters found for
static sonication were the long time sonication (30 min), the high
amplitude (70%), the small sample volume (25mL), the high
temperature (36 °C), the lower position of the sonotrode (0.75) and
the low MEL concentration (2 mg/mL). In the sample at rest, the
distribution of the sonication effect was inhomogeneous; the
region near the sonotrode (therefore in a small volume) was the
most effective. Because of the large energy input and long
sonication, increased amplitude was required to achieve small
particles. The larger energy investment resulted in increased
cavitation activities. When the temperature was raised, the kinetic
energy of the particles increased, which adverse affected the
cohesive forces. When the low concentration of MEL was used, the
amount of energy per particle was greater.

3.1.2. Dynamic sonication

Analysis of the produced MEL measured by laser diffraction
revealed that the dynamic sonication under the various sonication
parameters resulted in a roughly 15-60% decrease in the average
particle size. The size distribution function is reported in Table 3.

The relationship between the sonication variables were analyzed
quantitatively on the basis of the D50 data in the main effects plots
(Fig.5.)and interaction plots (Fig. 6). The D10 and D90 data furnished
similar results. The main effects plots for the MEL particle size
distribution indicated that the circulation of the sample at the low
rpm, the high amplitude and the long sonication time resulted in the
most significant particle size reduction, whereas the concentration
of the suspension influenced the particle size less. The high
temperature had a more significant effect on the particle size under
dynamic sonication than under static sonication.

The interaction plots presented in Fig. 6. for D50 can be used to
gain insight into the complex interactions between the sonication
parameters. The increased amplitude and the higher temperature
resulted in significant particle size reduction. The longer sonication
time had no appreciable effect in the case of the low temperature
and the low amplitude. The increase of the concentration had an
adverse effect on the particle size at the low circulation rate.

As a conclusion, it may be stated that the most effective process
parameters for dynamic sonication were the long sonication time
(30 min.), the high amplitude (70%) and temperature (36°C), the
low rotation rate (50rpm) and the low concentration of the
samples (2mg/mL). Due to the continuous circulation of the
samples, the distribution of the sonication effect was homoge-
neous. The cavitation reduced the particle size efficiently at the low
circulation rate. The sample was resident in the cavitation space for
a longer period during one sonication cycle. The explanation of the
effects of the other parameters is the same as in the case of the
static method.

Table 2
Results of static sonication (suspension).
Volume (mL) Position of sonotrode Conc (mg/mL) Temp (°C) Amplitude (%) Time (min) D10 (pm) D50 (m) D90 (m)
10.82 34.03 75.81
25 0.75 2 36 70 30 1.51 10.16 19.53
100 0.75 2 0 30 30 4.81 23.07 46.88
25 0.25 2 0 70 10 2.75 18.45 42.87
100 0.25 2 36 30 10 5.92 26.52 53.39
25 0.75 18 36 30 10 3.95 19.62 41.51
100 0.75 18 0 70 10 5.19 24.16 46.98
25 0.25 18 0 30 30 3.53 1712 29.22
100 0.25 18 36 70 30 719 20.83 36.62
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3.2. Particle size distribution and specific surface area the sample is circulated continuously by a pump, which ensures
the homogeneous sonication effect. In case of the static sonication
The particle size distribution of MEL (Fig. 7) was determined in a sample at rest is sonicated, so the cavitation effect distribution

the suspensions after sonications. During the dynamic sonication can be inhomogeneous. The raw MEL had a broad size distribution.

Table 3
Results of dynamic sonication (suspension).
Pump (rpm) Conc (mg/mL) Temp (°C) Amplitude (%) Time (min) D10 (m) D50 (pm) D90 (m)
10.82 34.03 75.81
50 2 36 70 30 2.20 14.60 35.02
50 2 0 30 30 4.56 24.22 47.05
100 2 0 70 10 5.70 26.90 51.92
100 2 36 30 10 5.90 26.15 52.20
50 18 36 30 10 4.40 22.69 53.54
50 18 0 70 10 6.27 23.54 46.77
100 18 0 30 30 9.06 29.31 45.58

100 18 36 70 30 2.87 16.73 38.03
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Table 4

The specific surface area and size distribution of the raw MEL and the two suspensions from sonication.

Specific surface area (m?/g) D10 (pm) D50 (m) D90 (m)
raw MEL 0.340 10.82 34.03 75.81
Static sonicated sample (suspension) 2.040 1.51 10.16 19.53
Dynamic sonicated sample (suspension) 1.140 2.20 14.60 35.02

The sonication methods resulted in decreased particles size. The
specific surface area of the MEL increased as a consequence of
acoustic cavitation in both sonication methods and for both
suspensions relative to the raw MEL. The static sonication
produced smaller particle sizes compared to the dynamic
sonication (Table 4).

3.3. Characterization of the dried products

3.3.1. Particle shape and size

The SEM images (Fig. 8) provided an indication of the
morphology of the modified particles. PVP was washed out to
check how the surface and shape changed after the sonications
compare with raw MEL. The crystal habit of the pure MEL has
changed significantly after the procedure. The raw MEL consisted
mainly of angular, prismatic crystals with a broad size distribution.
The crystal lattice presumably demonstrated defects and cracks.
Along them the crystals disintegrated due to the energy input of
acoustic cavitation. Probably this factor is responsible for the
presence of the broken pieces, which are found on the surface of
the larger particles. The drying of the samples could also cause
cracks and widen the PSD. The endurance during the treatment is
accounted for the roundness and smooth surfaces of the crystals.
The yields of the samples were 95% at 0 °C and 90% at 36 °C by both
methods. The average size of the dried product was approximately
10 wm in the case of static and 15 um in the case of dynamic
sonication. Due to the high specific surface area of the dried
product and since PVP is washed out, agglomeration might occur.
Furthermore, aging or washing might also change the crystal size
and shape.

3.3.2. X-ray diffraction

The XRPD pattern of pure MEL demonstrated its crystalline
structure, as expected. The raw MEL and the sonicated dried MEL
composite in both cases displayed the same X-ray diffraction
patterns (see supporting information, Fig. S1.). This means that the
crystalline form of the micronized MEL was not changed by the
sonication and drying procedure.

3.3.3. Differential scanning calorimetry (DSC)

DSC was employed to investigate the crystallinity and the
melting of MEL in the pure form and in the sonicated dried
products. The DSC curve (Fig. 9) of the raw MEL revealed a sharp
endothermic peak at 259.11°C, reflecting its melting point and
confirming its crystalline structure. After drying, the DSC curves
exhibited the sharp endothermic peak of the MEL at 258.62°C in
the static case, and at 259.81 °C in the dynamic case, indicating that
the crystallinity of the drug was retained. The value of the enthalpy
and the onset-endset interval were not changed significantly for
the sonicated products as compared with the values for raw MEL,
and it can therefore be concluded, that the degree of crystallinity
was not decreased by the treatment.

3.3.4. Chemical stability

To determine whether any decomposition occurred during the
sonication process, FT-IR spectroscopy was carried out. This proved
that no disintegration took place in the samples (Fig. 10). Also the
contamination of solution with titanium particles by the cavita-
tional erosion could not be detected. The applied energy did not
cause chemical changes in the MEL in aqueous medium during
sonication (30 min) at 36 °C. The characteristic bands of MEL were

Fig. 8. SEM pictures of raw MEL (A) and the dried products after static (B) and dynamic (C) sonication after 30 min treatment (PVP was washed out).
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Fig. 10. FT-IR curves of raw MEL and dried sonicated products.
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seen in all of the curves of the raw MEL and sonicated products, at
3289.76, 1550.04, 1530.36, 1346.73, 1265.88 and 1184.90cm™},
denoting the stretching vibration of -NH, the thiazole ring
(together with that at 1184.90cm™!), the amide Il band of-CO-
NH-C, the asymmetric stretching vibration of the sulfone and the
amide III band of-CO-NH-C, respectively.

4. Conclusions

Acoustic cavitation, as a wet-grinding procedure, can be applied
to decrease the particle size and change the crystal morphology of
drugs. High-intensity ultrasound equipment is easy to clean
because of the few moving parts. The parameters can be set
precisely and reproduced. Sonication in aqueous medium adheres
to green technology: the product does not contain organic solvent
residues.

This study applied a two-level factorial design plan to compare
the process parameters of static and dynamic sonication methods
based on their particle size reduction effects. A long sonication, a
high amplitude, a high temperature and a low concentration of
MEL proved to play important roles in the sonication procedures.
Both of these disintegration methods with adequate process
parameters involving a change in crystal habit, may decrease the
particle size of MEL significantly in the presence of PVP as additive.

The investigation of the dried products showed that in both
cases the crystallinity of the MEL was retained during the
sonication and the process did not cause chemical degradation.

The static method is applicable for the preparation of preclinical
samples with a reduced particle size of the drug candidate, for
which a small sample volume is sufficient.

Dynamic sonication is suitable for preformulation of a micro-
suspension, because a larger volume of sample can be used in this
method. Standardization is possible, which is important for
industry.

These two methods are also appropriate for particle size
reduction of materials with different physico-chemical properties,
applying a short-term energy input, and for the production of
intermediate (in suspension form) and (after drying) dried
products for additional pharmaceutical formulations.
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Summary

Bartos, Cs., Ambrus, R., Szab6-Révész, P.: Particle
size reduction using acoustic cavitation

Different pharmaceutical technological processes have been used
for modification of the physico-chemical and biopharmaceutical
properties of drugs. Changes of crystal size, distribution and mor-
phology can open up new, alternative administration routes, e.g.
intranasally and the pulmonary route, where the particle size is a
determining factor. A wet grinding method based on acoustic cav-
itation (the collapse of bubbles or voids formed by sound waves)
is a novel possibility for modification of the properties of particles.
During our work this wet grinding technique was studied. The
effect of this method was investigated on particle size reduction.
The samples were treated with extreme sonication parameters.
The effect of the concentration of the polymer was examined on the
particle size reduction. Meloxicam was chosen as a model crystal-
line drug because of its poor aqueous solubility. The structural
characterization and the morphological analysis of the dried prod-
ucts were carried out by DSC, XRPD and SEM. It was found that
the acoustic cavitation resulted in crystalline micronized product.

Keywords: meloxicam, particle size reduction, acoustic cavita-
tion, extreme sonication parameters

Osszefoglalé

A hatéanyagok fizikai-kémiai és biofarmdciai sajdtsdgainak vdl-
toztatdsdra szdmos gyogyszertechnolégiai megoldds ismeretes. A
részecskeméret csokkentés és a morfoldgia médositdsa egy hato-
anyag esetében 1ij, alternativ beviteli kapukat nyithat meg, mint
pl. a nazdlis vagy a pulmondris bevitelt. Ilyen gyégyszerformdk
esetében a szemcseméret, szemcseméret megoszlds meghatdro-
20 paraméter. A szénikus kavitdcion alapuld 6rlés 1ij lehetdséget
nyijt a hatéanyagszemcsék sajdtsigainak meguvdltoztatdsdra.
Munkdnk sordn akusztikus kavitdcion alapuld ultrahangos ned-
ves Orlést alkalmaztunk szemcseméret csokkentés céljabol. Adott
szonikdcids paraméterek mellett az alkalmazott polimer koncent-
dellanyagként meloxikdmot, mint rossz vizoldékonysdgu, nem
szteroid gyulladdsgadtlot alkalmaztunk. A szildrd fdzis kinyerését
kovetben vizsgdltuk a termékek fizikai-kémiai és morfoldgiai sa-
jatsdgait (DSC, XRPD, SEM). Megdllapitottuk, hogy kristdlyos
szerkezetii, mikronizdlt hatéanyagot tartalmazo termék dllithato
elé.

Kulcsszavak: meloxikam, szemcseméret csokkentés, akusztikus
kavitdcid, szélsdséges szonikdcids paraméterek

1. Bevezetés

A nedves Orlés jol ismert eljaras kiilonb6z6 hato-
anyagok pre-szuszpenzidjanak eléallitasara, ame-
lyek kozti termékként felhasznalhatok gyogyszer-
forma el6allitasara (kapszula, tabletta, injekcid,
orrspray, orrgél stb.) [1]. Mint ismeretes, a nedves
Orlés a szaraz Orléshez képest kevesebb energiat és
id6t vesz igénybe. A zart rendszer miatt nincs ki-
porzas, tovabba csokken az anyag felmelegedése is
[2]. Nedves 6rlés golyos malmok, kolloid malmok
és kavitacion alapulo eljarasok segitségével valo-
sithaté meg.

Az ultrahangos szonotroddal generalt kavi-
tacion alapulé homogenizalds széles korben hasz-
nalt a gyogyszertechnolodgia teriiletén [3]. Alkal-
mazhat6 emulzidk [4], szuszpenziok [5] el6allitasa-

! A szerz6k a cikket Kata Mihdly emeritus professzornak
ajanljak 80. sziiletésnapja alkalmabol, tiszteletiik jeléiil.

ra, valamint kristalyositasndl alkalmas a szemcse-
méret csokkentésére (bottom up- integrald eljaras)
[6]. A szonikus kavitacion alapuld ultrahangos
nedves Orlés, mint dezintegralé mivelet (top
down) 4j irdnyvonalként jelenik meg ebben a té-
maban. Az akusztikus kavitacié fizikai jelenség,
amely akkor kovetkezik be, amikor az ultrahang
hullamok altal keltett buborékok, tiregek 6sszerop-
pannak, az egymasnak csattand folyadékfeliiletek
lokéshullamot keltenek, ami rezgéssel és a kornye-
z0 szilard testek erozidjaval jar [7]. A méretcsok-
kentés — dezintegracio révén — a kavitacié eredmé-
nye; az altala generalt nagy nyirderd képes szétsza-
kitani a részecskéket, legy6zve az azokat Osszetartd
erOket. A részecskék elsésorban a racshibdk, repe-
dések mentén dezintegralédnak [8]. Szemcseméret
csokkentésre az ultrahangos energiat 20-100 kHz
kozotti frekvencia tartomanyban alkalmazzak [9].
A statikus szonikacid esetében a nyugalomban
lévé mintat ultrahangozzuk, igy a kavitacié hatasa
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a szonotrédtdl tavolodva
csOkken (a rendszerre nézve Amplitudo
inhomogén). bealiitasa

Hamérséklet-

Az ultrahangos folyadék-
kezelést szamos paraméter
befolyasolja (amplitadd, nyo-
mas, homérséklet, a kezelen-
dé mintdban 1évé komponen-

ellenarzes

sek koncentracidja). A szoni-
kalas hatékonysdga az egy-

MEL szuszpenzio
(PVP-tartalmu oldat)

ségnyi térfogatra (V) jutd
energiamennyiség (E) fligg-
vénnyel (f) fejezhetd ki:

} 0,75 szonotrod pozicio

hatas =f (E/V),

1. dbra: Az ultrahangos homogenizalds sematikus dbrdja

ahol az energia (E) a teljesitménybdl (P) és a keze-
lés id6tartamabdl (t) tevédik Gssze:

E[J] = P[W] * ts]

A tliggvény az egyes paraméterek valtoztatasaval
modosul [10].

Jelen kisérletes munka el6zményeként ultra-
hangos nedves Orlést alkalmaztunk. Faktorialis ki-
sérleti tervet készitettiink és meghataroztuk az el-
jarasi paramétereket. Az optimalizalas a termék
szemcsemeéretére tortént [11]. Munkank soran az
optimalizalt paraméterekhez képest olyan ,,sz€ls6-
séges” paramétereket alkalmazva készitettiink
mintakat, amelyekkel tovabb kivantuk csokkente-
ni a szemcseméretet. Modellanyagként rossz viz-
oldékonysagu hatéanyagot, a meloxikamot (MEL)
valasztottuk. Célunk volt annak vizsgalata, hogy
az igy eldallitott termékben a MEL szemcseméret
csokkenthetdségén kiviil, a kavitacié milyen valto-
zasokat idéz el6 a termék fizikai-kémiai és morfo-
logiai sajatsagaiban.

2. Anyagok és termék eldallitasa ultrahangos
technikaval

Anyagok

Felhasznalt anyagok: meloxikdm (MEL) - EGIS
Gydgyszergyar (Budapest, Magyarorszag), PVP
K25 (PVP) (polivinilpirrolidon) — ISP Customer
Service GmBH (K&ln, Németorszag).

Szemcsemeéret-csokkentés ultrahangos eljdrds
alkalmazasdaval

A MEL szemcseméretét nagy intenzitasu ultra-

hanggal (Hielscher UP 200S, 200W, Németorszag),
statikus szonikacioval csokkentettiik. A koradbban
optimalizalt paraméterekhez képest (70%-o0s amp-
litado, 36 °C, 30 perc) ,,széls6séges” paramétereket
alkalmaztunk. A mintakat 90%-os amplituddval,
50 °C-on (Julabo, Németorszag), 60 percen at ultra-
hangoztuk, a szonotréd minden minta esetében a
teljes folyadéktest 75%-aig mertilt a rendszerbe (1.
dbra). A MEL koncentracidja 20 mg/10 ml volt. Az
eljards soran minden minta esetében diszperzios
kozegként 25 ml térfogatu, kiilonb6z6 koncentra-
ciéja PVP K-25-oldatot (0,1, 0,5 és 2,0%) alkalmaz-
tunk. A PVP, mint polimer a gyogyszeriparban is
széles korben alkalmazott diszpergaloszer. A MEL
karboxil-csoportja és a PVP kozott kialakulo gyen-
ge masodlagos kotés segit egymastol tavol tartani
a hatoanyag-részecskéket csokkentve ezzel az
aggregacio veszélyét [12].

3. Vizsgalati modszerek
3.1 Szemcsemeéret megoszlds, morfologia

A MEL szemcseméretét és méreteloszlasat
Malvern Mastersizer 2000 késziilékkel (Malvern
Instruments, Worcestershire, UK) hataroztuk
meg, Hydro 2000 SM kis térfogatui diszpergalo
egységgel. A DO,1, D0,5, D09 értékeket térfogat
szerinti méretanalizissel hatdaroztuk meg.

A kiindulasi hatéanyag €s a szilard minta mor-
fologiai jellemzése pasztazd elektronmikroszkop-
pal tortént (Hitachi S4700, Hitachi Scientific Ltd.,
Japan). A minta toltédésének megakadalyozasa
céljabol arany-pallddium bevono anyagot hasznal-
tunk, 18 mA plazmadram alkalmazasaval. A fel-
vételek 15 kV nagyfesziiltség, 10 pA elektrondram
és 0,1 Pa élovakuum beallitasaval késziiltek.
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3.2 Szerkezeti sajdtsdgok

A termékek termoanalitikai

sajatsagait Mettler Toledo
STAR® termoanalitikai ké-
szlilékkel  (Mettler  Inc,

Schwerzenbach, Svdjc) hata-
roztuk meg. A DSC (differen-
cidl pasztdazd kalorimetria)
méréseket argon gdz atdra-

UH MELPVPO A1
moltatasaval (101/6ra) végez-
tik (2-5 mg-os minta, 25-300
°C, 5 °C/perc flitési sebesség). me s ow am
A hatdanyag kristalyos jel- | | i mernen =~ " °

all R . = at - A R d B & : - L Ll - L3

TR A B O BT . e e O Y e

- -
B R BW B3

legét porrontgen diffrakcios
vizsgalatokkal = hataroztuk
meg (Miniflex II Rigaku por-

2. dabra: A MEL PVP-vel alkotott fizikai keverékének (MEL-PVP PM) és a 0,1% PVP-
tartalmii szuszpenziobol nyert szildrd fizisi termék (UH MEL/PVP, ) DSC girbéje

rontgen diffraktométer, Rigaku Co. Tokyo, Japan).
Mérési paraméterek: Cu (Ka=1,5405 A), 30 kV, 15
mA.

4. Eredmények értékelése

4.1 MEL szemcsemeéret csokkentése kiilonbozd PV P-
koncentrdcio mellett

A mintak szemcseméret megoszlasat ultrahango-
zott pre-diszperzidban hatdroztuk meg. Az ered-
mények az 1. tabldzatban lathatdk, amelyek alap-
jan elmondhato, hogy a kiinduldsi mérethez ké-
pest mindhdrom minta esetében jelentés mérték-
ben lecsokkent a MEL szemcsemérete. Mivel a
PVP mennyisége nem befolyasolta lényegesen a
szemcsemeéret-megoszlast, egymashoz viszonyitva
a hdrom termékben, ezért a legkisebb PVP-tar-
talma mintat vizsgaltuk tovabb. Az alacsony se-
gédanyag-koncentracié mellett végzett mikroni-
zalds mind gazdasagi, mind citotoxicitds szem-
pontjabol is elénydsebb.

4.2 Szildrd fazisu termék jellemzése

A 01% PVP-tartalmu szuszpenziobol (UH MEL/
PVP,)) 40 °C-on vakuum szaritoban tavolitottuk el
a vizet (Binder, Németorszag) abbdl a célbdl, hogy
szilard fazisu terméket nyerjiink. A szaritast kove-

téen a termék fizikai-kémiai sajatsagait vizsgaltuk
és annak fizikai keverékével (MEL-PVP PM) ha-
sonlitottuk Ossze. A kezelt minta hémérséklete
szonikalas soran 53 °C-ig emelkedett, tehat hé ha-
tasara bomlas nem kovetkezett be.

DSC felvételek

A kezeletlen MEL-nek 259,27 °C-on jol definidlhatd
olvadaspontja van. A PVP amorf sajatsagu segéd-
anyag, olvadasponttal nem rendelkezik. A MEL-
PVP fizikai keverékében és a szilard fazisa minta
gorbéjén is megfigyelhetd a hatdéanyag kristalyok
olvadadspontja, amivel a MEL kezelés és szaritas
utani kristalyos jellegét bizonyitottuk (2. dbra). A
fizikai keverék esetében az olvadaspont-csokkenés
annak koszonhet6, hogy a PVP az tivegesedési ho-
mérsékletén (T, = 34 °C ) meglagyul, ennek kovet-
keztében a MEL olvadéasa alacsonyabb hémérsék-
leten kovetkezik be (242 °C). A kezelt, szaritott
mintdban megfigyelhetd tovabbi olvaddspont-
csokkenés (236 °C) azzal magyarazhato, hogy a ki-
sebb kristalyok megolvaddsahoz kevesebb energi-
ara van sziikség.

XRPD eredmények

A porrontgen-diffrakciés eredmények ugyan-
csak a minta kristalyos jellegét bizonyitjak. A ka-

1. tablazat
Szonikdlt termékek szemcseméret-megoszldsa kiilonbézé PV P-koncentrdcié mellett
PVP-oldat (%) DO0,1 D0,5 D0,9
MEL__ ... - 10,82 34,03 75,81
UH MEL/PVP_, 01 0,16 3,08 16,80
UH MEL/PVP . 0,5 0,14 2,79 19,09
UH MEL/PVP, 2,0 0,28 3,93 12,91
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pos kristalyok. A szilard fa-

Intenzitas (%)

ilelobuiaBolabod laliBal

3 10 ) 0

UH MEL/PVPO,1

MEL-PVP PM

zist termék hatéanyag kris-
talyai szabdlytalan alaku-
ak, egyenetlen felszintek.
A MEL kristalyok a felvéte-
leken is lathatd, nagymére-
tt, amorf PVP-részecskék
kozott  detektalhatok (4.
abra).

5. Osszegzés

Koézleményiink 0Osszefogla-
16t adott a kavitacid jelensé-
40 gérdl, az ultrahangos ned-

felvétele

3. dbra: A MEL PVP-vel alkotott fizikai keverékének (MEL-PVP PM) és a 0,1% PVP-
tartalmil szuszpenziobol nyert szilard fazisi termék (UH MEL/PVP, ) porrontgen

ves Orléses eljarasrol. Mun-
kank soran statikus szo-
nikaciét alkalmaztunk a
MEL szemcseméretének

rakterisztikus csticsok a fizikai keverék és a szi-
lard fazisa minta esetében is megjelennek. A
MEL-re jellemz6 csucsok 13,22, 15,06, 26,46 és
26,67 20 értékeknél olvashatdk le (3. dbra). Mivel
a fizikai keverék és a termék jellemzd csticsai
egybeesnek — azon tul, hogy a MEL kristalyos
maradt — az is megallapithatd, hogy polimorf
modosulat a kezelés hatasara nem keletkezett. A
szonikacioval eléallitott mintaban a cstcsok in-
tenzitasa kisebb a fizikai keverékben taldalhato
MEL cstcsaihoz képest, ami a méretcsokkenés-
sel magyarazhato.

Elektronmikroszkopos felvételek

Az elektronmikroszkopos képek alapjan latha-
to, hogy a kiindulasi MEL kristalyai nagy, oszlo-

csokkentése céljabdl, s vizsgaltuk a kiilonb6zd
PVP-koncentracio szemcseméretre gyakorolt ha-
tasat. Megallapitottuk, hogy az alkalmazott elja-
rasi paraméterekkel (90%-os amplitudo, 50 °C, 60
perc, 75% szonotrdd pozicio) mikronizalt MEL-t
tartalmazd pre-szuszpenzid allithatd el6, amely
alkalmas kozvetleniil szuszpenzids orrspray és
orrgél fejlesztésére. A 0,1% PVP-t tartalmazo
mintak szaritasat kovetben, fizikai-kémiai vizs-
galatokat végeztiink. Megallapitottuk, hogy kris-
talyos szerkezet(i, mikronizalt hatdéanyagot tar-
talmazo termék allithato el6. Terveink kozott sze-
repel natrium-hialuronat, mint mukoadheziv se-
gédanyag, tovabba Cremophor RH 40, illetve
kitozdn, mint permeabilitast fokoz6 segédanya-
gok alkalmazasaval nazalis gyogyszerforma fej-
lesztése.

4. abra: A kiinduldsi MEL és a 0,1% PVP-tartalmii szuszpenziobdl nyert szildrd fazisi termék (UH MEL/PVP, )
elektronmikroszkdpos felvétele
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Abstract

This article reports on particle engineering by a top-down method involving the
organic solvent-free acoustic cavitation of ibuprofen (IBU). The process parameters
(temperature, amplitude, sonication period and stabilizers) were optimized. The particle
size distribution of IBU was measured after sonication and compared with the raw IBU (D
0.5=153 um). Due to acoustic cavitation, the particle size decreased (D 0.5=25 um), but the
use of a stabilizer was needed for further decrease (D 0.5=11 um). Samples sonicated with
optimized process parameters, containing the most efficient stabilizer, were dried, their
morphology was characterized by scanning electron microscopy and the structure was
determined by differential scanning calorimetery and X-ray powder diffraction (XRPD).
During the thermoanalytical and XRPD characterization, the crystalline structure of IBU
was detected after the sonication procedure.

Rezumat

Prezentul articol se incadreazd in domeniul ingineriei particulelor prezentand o
metodd de cavitare acustica fdra solvent organic a ibuprofenului (IBU). Parametrii
procedeului (temperaturd, amplitudine, timp de sonicare §i stabilizatori) au fost optimizati.
Dupa sonicare s-a masurat distributia marimii particulelor de IBU. Datoritd cavitdrii
acustice, dimensiunea particulelor a scazut (D = 0.5=25 um), dar a fost necesara utilizarea
unui stabilizator pentru o scadere mai pronuntatd (D 0.5=11 pm). Probele sonicate, cu
parametrii de proces optimizati, continand cel mai eficient stabilizator, au fost uscate si
caracterizate morfologic prin microscopie de scanare electronicd, precum si structural, prin
calorimetrie de scanare diferentiald si difractie de raze X (XRPD). In timpul analizei
termice si XRPD, structura cristalind a IBU a fost identificata dupa sonicare.

Keywords: Acoustic cavitation, Particle engineering, Particle size reduction

Introduction

Particle engineering techniques have been developed to produce
drug particles with modified physico-chemical and biopharmaceutical
properties. Different procedures are employed in order to optimize the habit
of the particles [17, 15, 21]. The procedures involve either particle size
reduction of larger crystals (top-down approach - disintegration) or the
building-up of particles (bottom-up approach-integration) [4, 5, 3, 2].
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Energy input may be important for the particle size reduction of
active substances, and is possible by cavitation [20]. Cavitation is the
formation and immediate implosion of cavities in a liquid. Cavitation is
usually divided into two classes: inertial and non-inertial cavitation. Inertial
cavitation is the process where a void or bubble in a liquid rapidly collapses,
producing a shock wave. Non-inertial cavitation is the process in which a
bubble in a fluid is forced to oscillate in size or shape due to some form of
energy input. In pharmaceutical technology, hydrodynamic (high-pressure
homogenization) and acoustic (power ultrasound) cavitation, are generally
used, which are of non-inertial cavitation type. Acoustic cavitation, a novel
possibility to decrease particle size [2, 8, 22], has the ability to erode and
break down particles [13]. Particle engineering uses ultrasound power in the
frequency range 20-100 kHz to induce particle size reduction [23].

Power ultrasound is used for the processing of liquids, e. g. mixing,
emulsifying, dispersing and de-agglomeration or milling. During sonication,
the sound waves that propagate into the liquid media result in alternating
high-pressure and low-pressure cycles, with rates depending on the
frequency. During the low-pressure cycle, high-intensity ultrasonic waves
create small vacuum bubbles or voids in the liquid. If the acoustic intensity
is sufficiently high, the bubbles will first grow in size and then rapidly
collapse during a high-pressure cycle. This phenomenon is termed
ultrasonic cavitation [24]. Ultrasonic liquid processing is described by a
number of parameters (amplitude, pressure, temperature and concentrations
of compounds). The effect of the process may be determined as a function
of the energy per processed volume:

effect=f(E/V)
where the energy (E) is the product of the power output (P) and the duration
of exposure (7):
E[Ws] = P[W] * t[s]

The function alters with changes in the individual parameters.
Additionally, the actual power output per surface area of the sonotrode of an
ultrasonic unit depends on the parameters [10].

Ibuprofen is a non-steroidal anti-inflammatory drug, which is often
used for the relief of symptoms of arthritis or fever, and as an analgesic [26,
16]. We chose IBU as a model crystalline drug because of its large particle
size (D 0.5=153.73 um) and low melting point (approximately 75 °C) [12].
Formulation of the IBU-B-cyclodextrin complex [6] and amorphization of
this drug are known as feasible ways to increase its solubility [25]. The
rapid expansion of supercritical solutions (supercritical fluid technology)
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[11, 19], melt emulsification [14] and the solvent diffusion method [12] are
well known to decrease the particle size of IBU through use of an organic
solvent, but the residual organic solvent may be a problem in the
pharmaceutical formulation.

In the present work, the use of acoustic cavitation, as a novel organic
solvent-free, static wet grinding technique in pharmaceutical technology is
reported. The aims of our work were to reduce the particle size of IBU to
the micrometer range by using power ultrasound, with optimization of the
process parameters (temperature, amplitude and sonication period) and
excipients, and to study the effects of power ultrasound on the physico-
chemical properties of IBU.

Materials and Methods

Materials

IBU 2-[4-(2-methylpropyl)phenyl]propanoic acid, was purchased
from  Aldrich  Chemie, Deisenhofen, Germany; PVP  K-25
(polyvinylpyrrolidone) was purchased from ISP Customer Service GmBH,
Koéln, Germany; Poloxamer 188 (polyethylene-polypropylene-glycol) was
from BASF, Ludwigshafen, Germany; Tween 80 (Polysorbat 80;
polyoxyethylenesorbitan-monooleate) was from Hungaropharma, Budapest,
Hungary; and Solutol HS 15 (polyethylene glycol 15-hydroxystearate) was
from BASF, Ludwigshafen, Germany.

Methods

Optimization of process parameters

A power ultrasound device (Hielscher UP 200S Ultrasonic processor
with 200 W, Germany) was applied for energy input in the sample
preparation. The samples (suspensions containing 300 mg of pure IBU in 30
mL of water) were sonicated at room temperature without cooling (the
initial suspension temperature was 25°C ) and using an ice bath with
standardized temperature at around 18°C (the initial suspension temperature
was 18°C, the temperature of the cooling water was monitored
continuously). A range of ultrasonic amplitudes (30%, 50% and 70%) were
tested in order to determine the optimum amplitude via a 200 W model
ultrasound device for 10, 20 or 30 min during the procedures (Table I)
(Figure 1).
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Table I
Parameters applied during sonication
Temperature (°C) room temperature, ice cooling
Amplitude (%) 30, 50,70
Time (min) 10, 20, 30

Amplitude
control

Detection of

temperature
Water A—
suspension SRS
of IBU with L. - b
or without Sa
additive / Ice bath

Figure 1
Scheme of preparation

Effects of stabilizers on particle size distribution
During the content optimization, different additives were applied:

PVP K-25, Poloxamer 188, Tween 80 and Solutol HS 15. PVP K-25 is a
stabilizer, Poloxamer 188 is a non-ionic surfactant, Tween 80 is an
emulsifier and solubilizer, and Solutol HS 15 is a non-ionic solubilizer.
These may promote particle size reduction and prevent agglomeration by
stabilizing the particles against inter-particle forces [9, 8]. When the
influence of these stabilizers was investigated, the stabilizer was dissolved
in water and a fixed concentration of IBU was suspended in an aqueous
solution of the excipient. The effects of the concentration of IBU (1 and
0.25 m/v %) on the particle size decrease were also studied (Table II). The
concentrations of the stabilizers were determined as in previous studies: 0.5
and 0.25 m/v % of excipients were tested [12].

Table 1T
Applied additives, concentration of IBU and additives

Additives PVP K-25, Poloxamer 188, Tween 80, Solutol HS 15
Concentration (m/v %) 1,0.25 (IBU)
0.5, 0.25 (additive)
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Preparation of solid products

Suspensions prepared with the optimized parameters with efficient
stabilizer were dried in a static bed dryer (Memmert, Germany) at 50 °C in
order to obtain solid products. 50 °C was chosen because of the low melting
point of IBU, which could fuse at higher temperature. The yield of IBU was
approximately 90%. After drying, the physico-chemical properties of the
products were investigated.

Particle size distribution and morphology

The volume particle size distribution of raw IBU was measured by
laser diffraction (Mastersizer 2000, Malvern Instruments Ltd,
Worcestershire, UK) with the following parameters: 300RF lens; small
volume dispersion unit (3000 rpm); refractive index for dispersed particles
1.4364; refractive index for dispersion medium 1.330. Water was used as
dispersant and the obscuration was in the range 11-16% for each
measurement. The IBU particle size was determined immediately on the
initial water suspension. After drying, the solid product was resuspended in
water using an ultrasonic bath for 5 min. Water was applied as dispersion
phase, in which the additives were dissolved, and therefore only IBU
particles could be detected. In all cases the average size volume distribution,
D 0.1, D 0.5, and D 0.9 were determined and evaluated.

The shape and surface characteristics of the various samples were
visualized by using a scanning electron microscope (Hitachi S4700, Hitachi
Scientific Ltd., Tokyo, Japan). Briefly, the samples were sputter-coated with
gold—palladium under an argon atmosphere, using a gold sputter module in
a high-vacuum evaporator and the samples were examined at 15 kV and 10
HA. The air pressure was 1.3-13.0 mPa.

Structural analysis

DSC measurements were carried out with a Mettler Toledo DSC 821°
thermal analysis system with the STAR® thermal analysis program V9.0
(Mettler Inc., Schwerzenbach, Switzerland). Approximately 2-5 mg of pure
drug or product was examined in the temperature range between 25 °C and
300 °C. The heating rate was 5 °C min™'. Argon was used as carrier gas at a
flow rate of 10 L h™' during the DSC investigations.

The physical state of IBU in the samples was evaluated by X-ray
powder diffraction (XRPD). XRPD patterns were produced with an X-ray
Diffractometer Miniflex II (Rigaku Co. Tokyo, Japan), where the tube
anode was Cu with K, = 1.5405 A. The pattern was collected with a tube
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voltage of 30 kV and a tube current of 15 mA in step scan mode (4° min™).
The instrument was calibrated by using Si.

Results and Discussion

Effects of process parameters on particle size distribution

During the procedure, the experimental parameters were first
investigated. The amplitude, temperature and sonication time were varied
(Table III). In the starting suspensions, the concentration of IBU (with an
average particle size of about 154 pm) was 300 mg in 30 mL of water. For
each sample, three parallel measurements were performed to check the
reproducibility.

At room temperature, the application of an amplitude of 30, 50 or
70% resulted in a 50% decrease in the average IBU particle size. During the
procedure, the temperature of the suspension increased from 25 °C to 77-
85 °C. We presumed that some of the invested energy was transformed to
heat, and the D 0.9 value was therefore increased by amplitudes of 30 and
50% (Sample 1 and Sample 2) relative to raw IBU (Figure 2 on the left).
The reason for these phenomena is the melting of IBU, due to the
temperature of the system increasing to above the melting point of IBU
(75°C). After the impaction, therefore, the sample presented large
precipitated IBU crystals.

For Samples 4-6, continuous ice cooling (Tcooling water = 18 °C) was
applied. After the procedure, the temperature of the suspension was
decreased to approximately 35 °C, which prevented the melting of IBU.
Furthermore, the cohesive forces (which promote the aggregation of the
particles) were lower at low temperature, and this helped achieve smaller
particles. Sonication with an amplitude of 30% caused a further 50%
decrease in the average particle size. The smallest particles were produced
by the application of an amplitude of 70%, with the largest energy
investment, on use of an ice bath (Sample 6).

Increase of the amplitude of sonication did not cause a significant
alteration in the temperatures of the suspensions relative to one another at
18 °C on ice cooling. Increasing of the duration of sonication to 20 min
resulted in a lower size reduction than with a combination of increased
amplitude and cooling (Figure 2). No difference in particle size was
observed when the sonication time was increased from 20 min to 30 min. A
sonication time of 20 min was therefore, considered to be optimum (Sample
7 and Sample 8).
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Consequently, the increased amplitude-due to the largest energy
investment and decreased temperature-due to lower cohesive forces and less
energy-transformation to heat-jointly resulted in the most effective particle
size reduction; the best combination was sonication with an amplitude of
70% for 20 min with ice cooling, which resulted in an average IBU particle
size of more than 25 pm because of grinding resistance (Figure 2).

The use of a lower concentration of active substance might be
predicted to yield a smaller particle size after the sonication, energy is
directed to less material and the cohesive forces are weaker. Decrease of the
concentration of IBU (0.25 m/v%) did not cause a further particle size
reduction (Sample 9) as compared with the results at a higher concentration
of IBU (Figure 2), which allows formulation with a larger quantity of active

substance.
Table 111
Effects of acoustic cavitation on particle size distribution at different parameters
Batch Investi-  Amp- Starting Temperature of Time Conc.of  Particle size
code gated litude temperature of suspension after (min) IBU distribution
factor % suspension sonication (mg/30 (pm)
(W9 (§(O) mL
water) D 0.5
RawIBU = cemeee e mmmmmee mmmmmes mmeeeee 153.73
Sample 1 30 25 77.7 10 300 85.16+9.14
Sample 2 Amp. 50 25 73.7 10 300 85.35+3.85
Sample 3 70 25 85.0 10 300 84.49+1.63
Sample 4 30 18 323 10 300 39.44+2.10
Sample 5 Temp. 50 18 345 10 300 31.9242.63
Sample 6 70 18 40.0 10 300 28.1942.30
Sample 6 70 18 40.0 10 300 28.19+£2.30
Sample 7 Time 70 18 40.0 20 300 25.7842.20
Sample 8 70 18 37.6 30 300 24.88+2.87
Sample 7 70 18 40.0 20 300 25.78+2.20

Sample 9 Conc. 70 18 37.8 20 75 22.2445.82
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Figure 2
Particle size distribution of IBU after sonication under different conditions
(Samples 1-9)

Effect of stabilizers

The choice of stabilizer is specific for each drug candidate and each
formulation procedure. The stabilizer should exhibit sufficient affinity for
the particle surface in order to stabilize the suspension. When the influence
of different stabilizers was investigated, the suspensions were prepared with
a fixed concentration of the drug and optimized parameters (see Sample 7).
The type of compound employed for stabilization has a pronounced effect
on the particle size and distribution (Table IV). Four different stabilizers
were tested to check the effect of the nature of the surfactant on the IBU
particle size. Micronized drugs have a tendency to agglomerate as a result of
their hydrophobicity, thus reducing their available surface area [8, 1]. One
of the most common methods to reduce the tendency to drug agglomeration
is a steric technique. Steric stabilization is achieved by adsorbing polymers
onto the drug particle surface [9], forming a protective layer on the surface
of the particles and overcoming the cohesive forces. Solutol was least
effective, followed by PVP and Tween 80. The smallest particle size was
achieved with Poloxamer: the average size was approximately 11 pm. When
Poloxamer was used, this stabilizer exerted a strong steric stabilization
effect preventing aggregation of the particles. An important function of
polymers (e. g. Poloxamer) is that they can form a substantial mechanical
and thermodynamic barrier at the interface, which retards the approach and
coalescence of individual emulsion droplets [7]. Non-ionic non-polymeric
surfactants (e.g. Tween) offer an advantage over polymers in that they have
a higher adsorption potential than an equal-chain-length polymer [18].

The use of a lower concentration of Poloxamer might be expected to
lead to a large IBU particle size because it could well be less effective as
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regards overcoming the cohesive forces. However, a decreased
concentration of Poloxamer did not cause a particle size reduction: no
significant change in average particle size occurred.

Table IV
Effects of additives on IBU particle size distribution
Sample Type of additive Size

D 0.1 (um) D 0.5 (um) D 0.9 (um)
Sample7 - 10.97+1.65 25.784+2.20 59.18+1.73
Sample 10 0.5% PVP 5.82+0.08 12.56+0.11 24.55+1.09
Sample 11 0.5% Tween 5.29+0.03 11.14£0.11 23.64+2.33
Sample 12 0.5% Solutol 6.71+0.11 14.57+0.28 27.74+0.63
Sample 13 0.5% Polox 5.13+0.23 11.09+0.03 21.47+0.62
Sample 14 0.25% Polox 5.26+0.43 11.534+0.40 22.494+0.23

Table V lists the optimum experimental factors for the most efficient
IBU particle size reduction. The batch containing 0.25% Poloxamer as
stabilizer and sonicated with an amplitude of 70% for 20 min under ice
cooling was dried in a static bed dryer at 50 °C in order to obtain a solid
product.

Table V
Sample produced with optimized parameters using the most appropriate additive
Additive Amp/T T (Susp) Time Conc. Size
(%)/(°) ©) (min)  (mg/30mL) D 0.5 (um)
Dried Sample 0.25% Polox. 70/ 18 35.5 20 300 11.5

14

Characterization of dried product

Particle size distribution and morphology

The change in average particle size on drying was not significant as
compared with the suspension of Sample 14: aggregation did not occur. The
specific surface area of IBU increased 10-fold due to acoustic cavitation and
was not altered after drying (Table VI).

Table VI
Specific surface and size distribution of pure IBU and two samples
Spec. surface D 0.1 D 0.5 D 0.9
(m?/g) (nm) (nm) (nm)
Raw IBU 0.062 48.50 153.73 319.36
Sample 14 0.598 5.26 11.53 22.49

(suspension)
Dried Sample 14 0.614 5.52 12.44 25.38
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The SEM pictures (Figure 3) provided an indication of the
morphology of the modified particles. The crystal habit of pure IBU
changed significantly. The raw IBU consisted mainly of roundish crystals
with a broad focal size distribution. The dried product comprised irregular-
shaped crystals with an average size of 10-15 pm. Poloxamer adsorbed
strongly onto the surfaces of IBU particles via its poly(ethylene oxide)
central block and formed a layer on the IBU surface after drying. The crystal
lattice of IBU demonstrated defects and cracks, along which the crystals
were disintegrated due to acoustic cavitation. These two factors accounted
for the relatively rough surface.

= = e e e
10.0kV 12.7mm x600 S 50.0um B

Figure 3
SEM picture of raw IBU (A), and dried Sample 14 (B)

Structure (DSC and XRPD)

DSC was employed in order to investigate the crystallinity and the
melting of IBU and Poloxamer in the pure forms and in the sonicated dried
product. The DSC curve (Figure 4) of pure IBU revealed a sharp
endothermic peak at 76.93°C, which is its melting point, confirming its
crystalline structure. Poloxamer is a semi-crystalline additive (melting point:
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55.84°C). The DSC curves exhibited sharp endothermic peaks of the two
materials at 72.80°C (IBU) and 42.18°C (Poloxamer), indicating that the
crystallinity of the drug was retained in the product. The IBU crystals in the
product melted at a lower temperature than the melting point of pure IBU.
This is due to the smaller particle size of IBU and the fact that the
Poloxamer melted at a lower temperature, which promoted the melting of
IBU. Both components melted at lower temperature in the product
compared with melting point of pure materials. Several different materials
alongside each other are present such as impurity of other components,
which causes the melting of substances at lower melting points.

Aexo
Dried SampN
F\ Raw IBU I

Poloxamer 188 ~J

o

Lab: METTLER STAR® SW 9.3
Figure 4
DSC curves of raw materials and of the product

The XRPD pattern of pure IBU demonstrated its crystalline structure,
as expected. The characteristic 20 data: 6.50, 17.00 20.20 and 22.00. The
XRPD pattern of pure Poloxamer exhibited peaks at 20 values of 19.50 and
22.00. The raw IBU and the sonicated dried IBU composite displayed
similar X-ray diffraction patterns (Figure 5). This means that the crystalline
form of the micronized IBU was not changed by the sonication and drying
procedure.The differences in intensity of the IBU diffractogram peaks in the
product as compared with raw IBU are due to the Poloxamer, a semi-
crystalline additive with a crystallization inhibitory effect besides its
stabilizer effect.
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XRPD examination of IBU, Poloxamer and dried Sample 14
Conclusions

The top-down method can be applied to decrease the particle size and
change the crystal habit, and in this way may it be useful for the formulation
of original preparations and also to facilitate generic formulation.

Our study has illustrated the important role of power ultrasound in
drug formulation. Because of the small amount of the samples, this method
is recommended in preformulation studies. Acoustic cavitation, a static
disintegration method with optimized process parameters, involving a
change in crystal habit, may decrease the IBU particle size to the
micrometer range. For further particle size reduction, additives are needed.
The most efficient combination proved to be sonication with an amplitude
of 70% for 20 min under ice cooling, with Poloxamer 188 as a stabilizer,
which resulted in an average particle size of approximately 11.5 um. The
specific surface area of IBU increased 10-fold compared to the initial
particle size of pure drug due to the treatment. The crystallinity of the drug
was retained in the product after the sonication and drying procedure.

Wet grinding at a controlled temperature may be favourable in the
grinding of materials with low melting points: the melting of the materials
may be avoided.

In the future, we plan to compare static sonication with dynamic
sonication in a double-walled flow cell, which allows a continuous flow of
the sample during sonication.
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Pharmacokinetics

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Alternative sites of drug administration for systemic delivery
and novel solutions of pharmaceutical technology offer numerous
opportunities for the development of innovative pharmaceutical
compositions (Mdder and Weidenauer, 2010). The nasal pathway
represents a non-invasive drug administration route (Illum,
2003), although the nasal epithelium forms a restricting barrier
(Wolburg et al., 2008). The tightness of the intercellular junctional
complex is low in the nasal mucosa, it is considered as a leaky epi-
thelial tissue, while brain capillaries and the skin epithelial cells
form very tight barriers (Deli, 2009).

During the formulation of a pharmaceutical dosage form in-
tended for intranasal application, several factors should be taken
into consideration (Ugwoke et al., 2005). The poor aqueous solubil-
ity of a drug and the low rate of dissolution can lead to insufficient
absorption or delayed pharmacological effect. Indeed the nasally
administered pharmaceutical preparations will be cleared rapidly
from the nasal mucosa into the gastrointestinal tract by the muco-
ciliary clearance (Chien et al., 2008).

* Corresponding author. Address: H-6720 E6tvds utca 6, Szeged, Hungary. Tel.:
+36 62 545 572; fax: +36 62 545 571.
E-mail address: revesz@pharm.u-szeged.hu (P. Szabd-Révész).

0928-0987/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ejps.2013.03.012

Nanonization is a way to increase drug solubility (Miiller et al.,
2011) and permeability through mucosal barriers (Morgen et al.,
2012). Two basic technologies are involved in the production of
nanoparticles, the integration techniques (controlled precipitation,
crystallization) and the disintegration methods (high pressure
homogenization, wet milling, co-grinding).

A possible approach to augment drug absorption is the applica-
tion of different types of polymers. Polymer additives of the grind-
ing process enhance the efficacy of size reduction and particle
agglomeration can be prevented by steric stabilization (Rabinow,
2004). Mucoadhesive polymers increase residence time of the
pharmaceutical formulation on the nasal epithelium (Schiller
et al,, 2011). Sodium hyaluronate, a naturally occurring anionic lin-
ear polysaccharide has an excellent mucoadhesive capacity and is
used in many bioadhesive drug delivery systems. In our previous
work sodium hyaluronate was selected as a component of an intra-
nasal formulation (Horvat et al., 2009). This study further con-
firmed that viscosity and mucoadhesion are key factors in nasal
drug delivery.

For successful formulation of a nasal delivery system, testing
with reliably established in vitro, cell culture, ex vivo tissue and
in vivo animal models are crucial. Vertical Franz cell diffusion mod-
el is a valid in vitro model for evaluating drug penetration (Siewert
et al., 2003). Basically, donor and acceptor compartments are
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separated by a membrane of artificial-, animal- or human-origin
(Osth et al., 2002; Schmidt et al., 1998). Several in vivo models were
reported to deliver pharmacons via the nasal route (Chien et al.,
2008; Costantino et al., 2007). Although there are drawbacks of
the ex vivo tissue and in vivo animal models, including differences
between the species, specialities in many anatomical and physio-
logical features in various animal nasal cavities (Chien et al., 2008).

A cell culture model based on human RPMI 2650 cell line has
been mostly used for nasal metabolism studies and toxicity assays
but it can provide information on nasal permeability as well (Bai
et al., 2008; Wengst and Reichl, 2010; Kiirti et al., 2013).

Undoubtedly animal experiments are unavoidable in preclinical
studies, but the number of animals can be reduced by the use of
proper in vitro screening techniques. Based on the in vitro results,
the most promising pharmaceutical formulations will further un-
dergo in vivo pharmacokinetic verifications in animals.

In an earlier study the preparation of meloxicam (MEL) nano-
particles was investigated, the influence of different parameters
on MEL particle size reduction was discussed and the optimization
of the co-grinding process was performed by using a three-level
full factorial design (Kiirti et al., 2011).

The aim of the present study was to investigate MEL nanoparti-
cles, intended for nasal and oral drug delivery, by in vitro and
in vivo methods to verify their potential relevance helping to con-
sider their further use in therapy.

2. Materials and methods

2.1. Preparation of meloxicam nanoparticles and the nasal
formulations

MEL was obtained from Egis Ltd. (Hungary). The grinding addi-
tive, polyvinylpyrrolidone C30 (PVP) was purchased from BASF
(Germany). Sodium hyaluronate (HA; Mw = 1400 kDa) was ob-
tained as a gift from Gedeon Richter Ltd. (Hungary).

MEL was co-ground with PVP in a planetary monomill (Fritsch
Pulverisette 6, Fritsch GmbH, Germany) in 1:1 drug-carrier ratio
(Kirti et al., 2011). All experiments were carried out with two
MEL formulations: (i) physical mixture of MEL and PVP and (ii)
co-ground product of MEL and PVP. The nasal formulations con-
tained MEL in 1 mg/mL concentration and HA in 5 mg/mL concen-
tration, the vehicle was phosphate buffer (PBS; pH 7.4) or cell
culture medium (pH 7.4). All samples were prepared freshly
1 day prior the in vitro and in vivo experiments.

2.2. Meloxicam thermodynamic solubility and extent of dissolution

The thermodynamic solubility of MEL was determined in PBS at
pH 7.4, 37 °C, and the content of dissolved drug was measured
spectrophotometrically at 362 nm (Unicam UV/vis spectrophotom-
eter, Germany).

The extent of MEL dissolution was studied in 50 mL PBS at
pH 7.4, 37 °C with Pharma test equipment (Germany) at a paddle
speed of 100 rpm. At predetermined time points, 1 mL samples
were withdrawn and immediately filtered (cut-off 0.2 pm, Minisart
SRP 25, Sartorius, Germany) and the amount of dissolved drug was
determined spectrophotometrically. Withdrawn samples were re-
placed with 1 mL of fresh medium.

2.3. In vitro permeability of meloxicam

In vitro permeability studies were performed on a vertical
Franz-diffusion cell system (Microette Topical and Transdermal
Diffusion Cell System, Hanson Research, USA) containing six cells
(Makai et al., 2003; Cséka et al., 2005) in PBS at pH 7.4, 37 °C.

The donor phase contained MEL at 1 mg/mL and sodium hyaluro-
nate at 5 mg/mL concentration, which were placed on the syn-
thetic membrane impregnated with isopropyl myristate. The
effective diffusion surface was 1.8 cm?. PBS (pH 7.4, 37 °C) was
used as an acceptor phase. The rotation of the stir-bar was set to
100 rpm. At predefined time points, samples of 0.8 mL were taken
from the acceptor phase by the autosampler (Microette Autosam-
pling System, Hanson Research, USA) and were replaced with fresh
receiving medium. The diffused amount of MEL was determined
spectrophotometrically.

2.4. Nasal epithelial toxicity and permeability of meloxicam
nanoparticles

MEL nanoparticles were tested on a cell culture model of the
nasal epithelium (Kiirti et al., 2013), RPMI 2650 human nasal epi-
thelial cell line (ATCC, USA) was applied for toxicity and perme-
ability assays. Cells were grown in Eagle’s minimal essential
medium (Invitrogen, USA) supplemented with 10% foetal bovine
serum (Lonza, Switzerland). For all assays confluent RPMI 2650
layers were used. Cell confluency was checked by phase contrast
microscopy and measurement of transepithelial electrical resis-
tance. The resistance of RPMI 2650 layers varied between 50
and 100 Qcm?, in accordance with our previous data (Kiirti
et al,, 2012, 2013).

To study the effects and toxicity of MEL nanoparticles on the
human nasal epithelial cells a colorimetric viability assay was per-
formed. Living cells convert the yellow dye 3-(4,5-dimethyltiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) to purple, insoluble
formazan crystals. RPMI 2650 cells were cultured on sterile, colla-
gen-coated 96-well plates. After 1-h treatment the cells were incu-
bated with 0.5 mg/mL MTT solution for 3 h in CO, incubator. The
amount of formazan crystals was dissolved in dimethyl-sulfoxide
and determined by measuring absorbance at 570 nm with a micro-
plate reader (Fluostar Optima, BMG Labtechnologies, Germany).

To measure the flux of MEL across the cell layers, RPMI 2650
cells were seeded onto Transwell filter inserts (polycarbonate
membrane, 0.4 um pore size, 1.1 cm? surface area, Corning Costar
Co., USA) and grown for 2 days (Kiirti et al., 2013). The inserts were
transferred to 12-well plates containing 1.5 mL Ringer-Hepes solu-
tion in the basolateral compartments. In apical chambers culture
medium was replaced by 500 pL formulations containing 1 mg/
mL MEL prepared in Ringer-Hepes buffer. The plates were kept
for 1 h in a 37 °C incubator containing 5% CO, on a rocking plat-
form. After incubation, the concentration of MEL was determined
spectrophotometrically from the basolateral compartments. The
flux of the drug was calculated from the quantity of MEL, which
permeated through the RPMI 2650 cells, divided by the surface of
the filter insert and the duration of time.

Real-time cell microelectronic sensing (RT-CES) was used
(XCELLigence, Roche, Switzerland) to measure changes in the
impedance of individual microelectronic wells. Electric impedance
correlates linearly with cell index reflecting cell number, adher-
ence and cell growth (Solly et al., 2004; Kiirti et al., 2012). The cells
were seeded into a special 96-well E-plate (Roche, Hungary), which
was coated with gelatine-PBS solution. Culture media was added to
each well for background readings, than cell suspension was dis-
pensed at the density of 6 x 10> cells per well. The cells were kept
in an incubator at 37 °C for 24 h and monitored every 5 min. The
cell index at each time point was defined as (R, — Rp)/15, where
R, is the cell-electrode impedance of the well when it contains cells
and R, is the background impedance of the well with the medium
alone. After cells grew to confluency and the cell index reached a
plateau level, nasal formulation containing MEL nanoparticles
and sodium hyaluronate was added to the wells. The control group
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Table 1
Instrumental operating conditions for UHPLC-ESI-MS/MS.
RP-UHPLC
Column Kinetex C18 (100 mm x 2.1 mm x 2.6 pm)

(A): 20 mM ammonium-acetate
(B): methanol

0-1 min: 80% A-20% B

1.1-3 min: 0% A-100% B

3.1-6 min: 80% A-20% B

Mobile phases

Flow rate 400 pL min~!

Injection volume 15 uL

Column heating 40 °C

ESI-MS/MS

CAD 4

CUR 25

GS1 40

GS2 50

IS 5500

TEM 400 °C

MRM transitions Compound MRM (m/z) DP CE CXP
Meloxicam 352/115 81 25 8
Piroxicam 332/95 76 31 8

received cell culture medium and the toxicity control group was
treated with 10 mg/mL TritonX-100 detergent.

2.5. In vivo pharmacokinetics of meloxicam nanopartices in rats

For nasal delivery, MEL was dispersed in PBS (pH 7.4) contain-
ing 5 mg/mL sodium hyaruronate to reach a final concentration
of 1 mg/mL. A dose of 60 g per animal was administered to the
right nostril of male Sprague-Dawley rats (n=>5) via a polyethyl-
ene tube by using a syringe. During drug administration the ani-
mals were narcotised by isoflurane. Blood samples were
withdrawn from the tail vein before and at 5, 15, 30, 60, 120,
360 and 1440 min post-dosing, respectively.

For oral delivery, the formulation, which was diluted 10 times
with PBS (pH 7.4) from that prepared for nasal delivery, was given
at a dose of 60 pg MEL per animal to male Sprague-Dawley rats
(n=5) by gastric gavages. During drug administration the animals
were narcotised by isoflurane. Blood samples were withdrawn
from the tail vein before and at 5, 15, 30, 60, 120, 360 and
1440 min post-dosing, respectively.

The experiments performed conform to European Communities
“Council directive for the care and use of laboratory animals” and
were approved by the Hungarian Ethical Committee for Animal Re-
search (permission number: IV/01758-0/2008).
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2.6. Determination of meloxicam from biological samples

The blood samples were centrifuged (4000 rpm, 10 min) in CR
132 centrifuge (Jouan, France) to obtain blood plasma for further
analysis. The biological samples were stored at —20 °C, protected
from light.

An LC-MS/MS system was applied to the analysis of MEL in bio-
logical samples. For sample introduction an Agilent 1260 chro-
matographic system with an HTS autosampler was used (Agilent
Technologies, Japan). A triple-quadrupole mass spectrometer (API
4000 MS/MS AB Sciex) equipped with a TurboV ion source in posi-
tive mode.

Multiple-reaction-monitoring (MRM) mode was used for quan-
tification by monitoring the transitions: m/z 352 —» 115 for MEL
and m/z 332 — 95 for piroxicam (internal standard).

Gradient chromatographic separation was performed on a Kine-
tex C18 column (100 mm x 2.1 mm x 2.6 pm) (Phenomenex, Tor-
rance, USA) using ammonium acetate and methanol as mobile
phases. Supplementary information is listed in Table 1. The meth-
od had a detection limit of 0.2 ng/mL. The calibration curve was
demonstrated to be linear over the concentration range of 1-
1000 ng/mL.

2.7. Materials and reagents for analytical procedures

MEL (purity; 99.2%) and piroxicam (purity; 98.4%) were pur-
chased from Egis Ltd. (Hungary) and Sigma-Aldrich (USA). Ammo-
nium acetate, acetonitrile and methanol of analytical grade were
obtained from Merck KGaA (Germany).

2.8. Sample preparation before analytical procedures

To a 50 pL of plasma sample, 100 pL acetonitrile containing pir-
oxicam (internal standard at 30 ng/mL concentration) was added
and the mixture was vortex-mixed for 30 s. Supernatant was ob-
tained by centrifugation of the mixture for 25 min at 16,100 g at
4 °C. The resulted supernatant was injected into the LC-MS/MS
system for analysis.

Rat plasma calibration standards and quality control samples of
MEL were prepared by spiking the working standard solutions (2-
1000 ng/mL) into a pool of drug-free rat plasma and the procedure
described above was followed.

0 Ll 1 Ll 1

0 15 30

Time (min)
-& (1) nanoMEL/PVP
-©- (2) MEL/PVP

Fig. 1. (A) Thermodynamic solubility of meloxicam in case of the physical mixture (MEL/PVP) and the co-ground product (nanoMEL/PVP) in phosphate buffer (pH 7.4, 37 °C).
(B) The extent of dissolution of meloxicam in case of the MEL/PVP and the nanoMEL/PVP in phosphate buffer (pH 7.4, 37 °C). MEL/PVP, meloxicam and polyvinylpyrrolidone
C30 mass ratio 1:1. Data are presented as mean * S.D., n = 3. Statistically significant differences between groups are indicated as “P < 0.05; **P <0.01 and ***P < 0.001.
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2.9. Calculations of the pharmacokinetic parameters and statistical
analysis

Pharmacokinetic parameters were analyzed by PK. Solver 2.0
software. In case of oral data the analysis was made with one com-
partment extravascular model, while the nasal data were analyzed
with non-compartmental extravascular model. The statistical anal-
ysis was performed with Prism 4.0 (Graphpad Software Inc., USA)
software through unpaired t-test.

All data presented are means * S.D. The values were compared
using the analysis of variance followed by Dunnett tests using
GraphPad Prism 5.0 software. Changes were considered statisti-
cally significant at P < 0.05.

3. Results
3.1. Meloxicam thermodynamic solubility and extent of dissolution

Our earlier study described and characterized binary mixtures
of MEL and PVP-C30 which were co-ground for 2 h in a planetary
monomill. The optimum co-grinding parameter set was a MEL to
carrier ratio 1:1, and a rotation frequency of 400 rpm. The nanon-
ized MEL particles displayed an uniform size distribution and an
average particle size of 140.4 (£69.2) nm. Due to the co-grinding
process the crystallinity of MEL was decreased, the typical charac-
teristic peaks of MEL disappeared (Kiirti et al., 2011).

In the present work amorphous MEL nanoparticles showed
favorable dissolution properties at 37 °C, pH 7.4. In one hand the
thermodynamic solubility of MEL elevated up to 1.2 mg/mL
(Fig. 1A), on the other hand the extent of dissolution also increased,
complete dissolution of MEL was observed in 15 min (Fig. 1B). In
lower, acidic pH the thermodynamic solubility of MEL remained
poor in artificial gastric fluid (37 °C, pH 1.2), 3.6 pg/mL in the case
of MEL nanoparticles vs. 1.1 pg/mL in the case of MEL with PVP.

3.2. In vitro permeability experiments through an artificial membrane

The cumulative amount of MEL that diffused through a syn-
thetic membrane from the different pharmaceutical formulations
was measured against time on a Franz cell diffusion system. The
diffusion from the formulation containing MEL nanoparticles and
sodium hyaluronate was quicker, 25% of MEL was diffused from

Amount of MEL diffused (%)

0 60 150 1;}0 24'10 3(I)0 3&0 450 4;30
Time (min)

- (1) nanoMEL/PVP+HA

-~ (2) MEL/PVP+HA

Fig. 2. In vitro permeability of meloxicam through an artificial membrane in case of
the physical mixture (MEL/PVP) and the co-ground product (nanoMEL/PVP) in
phosphate buffer (pH 7.4, 37 °C). MEL/PVP, meloxicam and polyvinylpyrrolidone
C30 mass ratio 1:1; HA, sodium hyaluronate (5 mg/mL). Data are presented as
mean +S.D., n=6.

the formulation containing MEL in nanonized form vs. 10% in case
of the physical mixture after the first 2 h (Fig.2).

3.3. In vitro cell culture experiments on human RPMI 2650 cells

To test the biological effects of the MEL nanoparticles a cell cul-
ture model of the nasal barrier, human RPMI 2650 cells were used.
The effect of the pharmaceutical formulations, which contained
MEL in nanonized form or the pure drug, was studied by MTT cell
viability assay. The viability of human RPMI 2650 cells did not
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Fig. 3. (A) MTT dye conversion cytotoxicity assay provides information from the
nasal epithelial cell viability after 1-h treatment with the physical mixture (MEL/
PVP) and the co-ground product (nanoMEL/PVP) as compared to vehicle-treated
cells (control). Data are presented as mean +S.D., n = 8. (B) Flux of meloxicam in
case of MEL/PVP+HA and nanoMEL/PVP + HA across human RPMI 2650 nasal
epithelial cell layers. Data are presented as mean S.D., n=3. C: Real-time cell
microelectronic sensing measurement of cell viability and integrity of human
RPMI 2650 nasal epithelial cells treated by vehicle and the nanoMEL/PVP + HA. Data
are presented as mean + S.D., n = 4. MEL/PVP, meloxicam and polyvinylpyrrolidone
C30 mass ratio 1:1; HA, sodium hyaluronate (5mg/mL); MTT, 3-(4,5-dim-
ethyltiazol-2-yl1)-2,5- diphenyltetrazolium bromide; TX-100, TritonX-100 (10 mg/
mL). Statistically significant differences between groups are indicated as *P < 0.05;
**P<0.01 and **P<0.001.
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Fig. 4. Plasma drug concentrations vs. time profile in rats after nasal and oral administration of 60 pg meloxicam. MEL/PVP, meloxicam and polyvinylpyrrolidone C30 mass

ratio 1:1; HA, sodium hyaluronate (5 mg/mL). Data are presented as mean = S.D., n=5.

Table 2

Pharmacokinetic parameters after nasal and oral administration of 60 pig meloxicam in rats.

Per os Per os Nasal Nasal P P P p.os/ P nano p.os/nas
MEL/PVP + HA nanoMEL/PVP + HA MEL/PVP + HA nanoMEL/PVP + HA p.os nas nas
(+S.D.) (¢S.D.) (¢S.D.) (¢S.D.)

kq (1/min) 0.13+0.12 0.12+0.10 NA NA ns NA NA NA

ke (1/min) 5.3 (£2.0) x 1074 8.3 (£1.9) x 107* 5.6 (£3.6) x 1074 8.8 (+0.7) x 107* * ns ns ns

tmax (Min) 110.6 (+140.8) 88.0 (+90.2) 312.0 (£107.3) 5.0 (¥0.0) ns Hkk * ns

Crnax (LM) 2.15 (20.32) 5.03 (+0.59) 2.92 (+0.96) 7.95 (+0.23) ok ok ns ook

AUC 0-t (pmol « min/L) 2.287.0 (+466.7) 4.478.0 +(412.1) 3,342.0 (+1,236.0) 4,838.0 (+384.4) ok * ns ns

AUMC (pumol + min?/L) 1.42 (+1.65) x 107 0.89 (+0.39) x 107 3.24 (+3.69) x 107 7.17 (+1.32) x 107 ns ns ns ns

MRT (min) 2.292 (+1.346) 1.277 (£293) 2.882 (£2.298) 1.064 (+98) ns ns ns ns

Statistically significant differences between groups are indicated as “P < 0.05; **P < 0.01 and ***P < 0.001. Abbreviations: AUC, area under the curve; AUMC, area under the first
moment curve; Cpax, the peak plasma concentration; k,, absorption rate constant; k., elimination rate constant; MEL/PVP + HA, meloxicam and polyvinylpyrrolidone C30
mass ratio 1:1 with sodium hyaluronate (5 mg/mL); MRT, mean residence time; NA, not applicable; nanoMEL/PVP + HA, nanonized meloxicam and polyvinylpyrrolidone C30
mass ratio 1:1 with sodium hyaluronate (5 mg/mL); ns, not significant; p.os, per os drug administration; S.D., standard deviation; ty,.x, time to reach Cpax.

decrease after 1-h treatment with various MEL-containing liquid
formulations in the applied concentrations as compared to the con-
trol group which was treated with culture medium used as the
vehicle of the formulations. These results indicate that nasal for-
mulations do not influence nasal epithelial cell viability (Fig. 3A).

The flux of MEL through human RPMI 2650 cell layers was sig-
nificantly increased in the case of the nasal formulation which con-
tained nanoparticles and sodium hyaluronate (Fig. 3B).

Impedance measured by RT-CES non-invasively quantifies
adherens cell proliferation, viability and cell layer integrity. The
RT-CES results indicated no sign of disruption in the integrity of
the human RPMI 2650 cell layers, which could be observed in the
toxicity control group (Fig. 3C).

3.4. In vivo experiments on rats to study nasal and oral delivery of
meloxicam

Nasal and oral administration of MEL nanoparticles to Sprague-
Dawley rats led to completely different pharmacokinetic profile of
MEL. During the first 60 mins after intranasal and oral treatment
with 60 pg MEL/animal, the drug concentration in blood plasma
vs. time is shown in Fig. 4. The differences in maximum plasma
concentration (Cpax), time to reach the maximum plasma concen-
tration (tmax) and other important pharmacokinetic parameters
were summarized by the plasma concentration-time profile
(Table 2).

In the case of nasal administration of MEL nanoparticles extre-
mely high, about 8 M plasma level of MEL was observed in the
first time point, after 5 min. The differences between the nasal
and oral drug administration route almost disappeared after
30 min, but the two formulations remained entirely different, the
average plasma level of MEL was 6 pM vs. 2 uM.

The absorption coefficients (k,), the t,ax values were not signif-
icantly different in case of the oral administration route, nor the
mean residence time (MRT) of MEL, although the C.x and AUC
were doubled in case of oral delivery of nanoparticles. Concerning
nasal administration of both the formulations, there was no statis-
tical difference in MRT but almost 5 pmol x min/L AUC could be
reached with the nanonized drug. The AUC and C;,.x were found
to be significantly elevated when meloxicam was administered na-
sally to rats as drug nanoparticles compared to orally given phys-
ical mixture of the drug and the excipients (2-fold higher AUC, 4-
fold higher Cpayx).

4. Discussion

MEL, a non-steroidal anti-inflammatory drug (NSAID) with
analgesic properties, is an enolic acid oxicam derivative (Hanft
et al., 2001; Fahmy, 2006). The aqueous thermodynamic solubility
of MEL is poor (4.4 pg/mL in water) and the rate of dissolution is
low (15% in 5 min). MEL has low molecular mass (351.4 kDa) and
relatively well-permeable. The poor dissolution property of the
drug is a limiting factor for its absorption rate and its onset of ac-
tion, although its bioavailability is 89% after dissolution (Del Tacca
et al.,, 2002; Ambrus et al., 2009). The usual recommended oral
dose is 7.5-15 mg/day; a dose as high as 30 mg/day may also be
applied (Euller-Ziegler et al., 2001). A parenteral formulation of
MEL (15 mg/1.5 mL) has been developed for situations requiring
rapid analgesia, such as acute mechanical lower back pain, sciatica
and acute flares of osteoarthritis (Davies and Skjodt, 1999).

However the mean C,,x value was achieved within 4-5 h after
oral administration of MEL incorporated to a solid dosage form,
indicating elongated drug absorption (Busch et al., 1998). Accord-
ing to our results with MEL nanoparticles the C,.x was reached
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within 90 min in the case of oral liquid formulation and 5 min in
the case of the nasal formulation. However Illum et al. (2001)
and Wang et al. (2011) described that very short tn.x values (15-
20 min) could be achieved by nasal administration of hydrophilic
and lipophilic active agents as well. Considerably the plasmakinet-
ics of MEL in the case of nasally applied drug nanoparticles was
similar to an intravenous injection, the Cy.x was reached in the
first time point (5 min).

The relationship between solubility and permeability was
investigated by other research groups (Frank et al., 2012a,b). Solu-
bility enhancement is not always accompanied by increase in per-
meability; it depends on the chosen method. Of all the strategies to
increase the apparent solubility of poorly soluble drugs, enhance-
ment of the molecularly dissolved drug concentration (induction
of true supersaturation) would lead to better permeation though
membranes as demonstrated by di Cagno and Luppi (2013).

Nanonization of MEL led to significant increase in thermody-
namic solubility and subsequent permeability. Several factors
may contribute to the significantly better dissolution properties
of MEL nanoparticles, namely (i) the particle size reduction, (ii)
the increase in specific surface area, (iii) the presence of hydro-
philic polymers, (iv) the amorphization of MEL and (v) the interac-
tion between the drug and the polymer additive. These differences
in the dissolution properties of MEL were more remarkable in case
of nasal conditions (pH 5.6; 30 °C; Kiirti et al., 2011), while the
thermodynamic solubility of MEL is pH-dependent (Seedher and
Bhatia, 2003).

NSAIDs, including MEL, can cause serious gastrointestinal ad-
verse events including inflammation, bleeding, ulceration, and per-
foration of the stomach, small intestine, or large intestine, which
can be fatal (Hanft et al., 2001). Therefore nasal pathway of drug
administration is preferable to reduce gastrointestinal side-effects
and to circumvent the first-pass metabolism in the liver (Illum
et al., 2001).

Information on epithelial toxicity is crucial for pharmaceutical
use of nanoparticles. In vitro cell culture assays are useful tools
to investigate the toxicity of nanonized drugs. In comparison to
animal models, cell viability assays allow for a simpler, faster
and more cost-efficient assessment of toxicity. Limitation of
in vitro test systems is the lack of the complexity of animal models
or the human body. Nanoparticles can interfere with conventional
end-point colorimetric in vitro toxicity assays (Kroll et al., 2009).
Therefore novel technologies such as marker-free, real-time assays
greatly help to reveal the interaction of nanoparticles with cells.
Furthermore the continuous monitoring of the biological status
of the cells can be integrated in conventional medium or high-
throughput plate formats (Ressler et al., 2004; Ozsvari et al., 2010).

By using a MTT test and a real-time assay we demonstrated for
the first time that the liquid pharmaceutical formulation contain-
ing MEL nanoparticles and sodium hyaluronate is not toxic for hu-
man nasal epithelial cells. By comparing the results of RT-CES on
nasal epithelial cells with other data from the epithelial toxicity
of sucrose esters (Kiirti et al., 2012), the lack of change in cell index
indicates that MEL nanoparticles are not toxic and do not influence
the paracellular pathway.

The in vitro permeability results on a synthetic membrane and
the cell-based assays suggest the potential usefulness of the phar-
maceutical formulation containing nanoMEL/PVP + HA for nasal
delivery. In animal experiments the MEL drug nanoparticles
administered nasally or orally to rats as compared to physical mix-
ture of the drug and the excipients showed better pharmacokinetic
parameters. In the case of drug nanoparticles administered either
by the nasal or oral route the individual differences in plasma drug
levels were smaller indicating a more uniform absorption.

Based on our results it can be concluded that the pharmacoki-
netic parameters were significantly increased when MEL was

administered as nanoparticles to rats either nasally or orally as
compared to physical mixture of the drug and the excipients. Drug
nanoparticles administered intranasally show a very quick and
high plasma peak. Further experiments are necessary to prove
the therapeutic relevance of this innovative pharmaceutical
formulation.
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Summary

Ambrus, R., Bartos, Cs., Szab6-Révész, P.:
Optimization of technological parameters using acustic
cavitation to reach particle size reduction of pharmacon

The main aspect in the field of pharmaceutical technology is
the preformulation of the poorly water soluble drugs. The habit
of particles can effect the physico-chemical properties which are
important factors by drug administration. In the past years the
role of the procedures by acustic cavitation increased in the field
of particle engineering. Application of high power ultrasound by
integration and dezintegration can lead to particle size decreas-
ing. Meloxicam as a nonsteroid anti-inflammatory model drug
was used to study the effect of power ultrasound on the particle
size decreasing. During our work technological parameters, as
amplitude, temperature, time, excipients and concentration were
optimized based on particle size distribution. Physico-chemical
stability tests were also performed (XRPD, DSC, SEM, particle
size). With optimized parameters (70% amplitude, 20 min, 47 °C)
using excipients, crystalline micronized product was produced.

Key-words:_meloxicam, particle size decreasing, acustic cavita-
tion, optimization.

Osszefoglalo

Napjainkban az egyik legnagyobb kihivdst a gyogyszertechnold-
gus szdmdra a rossz vizoldékonysdgii hatéanyagok preformuld-
ldsa jelenti. A szemcsék habitusa, morfoldgiai sajitsigai nagy
befolydssal vannak a hatéanyagok fizikai-kémiai sajdtsdgaira,
ezen kiviil meg kell felelniiik egyes formuldldsi és alkalmazdsi
kovetelményeknek. Az utébbi években a szemcseméret csokkentés
teriiletén az akusztikus kavitdcion alapuld eljardsok elGretorése
figyelheté meg. Aktiv ultrahanggal integrdldson vagy dezintegrd-
ldson alapulé szemcseméret csokkentés érhetd el.

Modellanyagként a meloxikdmot, nem szteroid gyulladds-
csokkentdt vdlasztottuk a szonikus kavitdcio szemcseméret csok-
kentésre gqyakorolt hatdsdnak tanulmdnyozisa céljabdl. Vizs-
gdlataink sordn technoldgiai paraméterek, mint amplitiido,
homeérséklet, idd, segédanyag és koncentrdcié optimalizdldsdt
végeztiik el. Az eljardsi paraméterek optimalizdldsandl a mintdk
szemcseméret megoszldsdt vettiik alapul. Munkdnk sordn fizikai-
kémiai stabilitdsi vizsgdlatokat (XRPD, DSC, SEM, szemcse-
méret) végeztiink. Optimalizalt paraméterekkel (70% amplitiido,
20 perc, 47 °C) segédanyag jelenlétében kristalyos, mikronizdlt
terméket kaptunk.

Kulcsszavak: meloxikam, szemcseméret csokkentés, szonikus ka-
vitdcié, optimalizdlds.

1. A kavitacio jelensége és csoportositasa

A kavitacid (1. dbra) fizikai jelenség, amely akkor
kovetkezik be, ha egy anyag folyadék fazisbdl hir-
telen gz fazisba megy at a nyomads esése kovet-
keztében. Ha a folyadék sebessége hirtelen megnd,
akkor az energia-megmaradds torvénye értelmé-
ben (Bernoulli torvénye) a nyomasa leesik. Ha a
keletkezd gdézbuborék, az dramlds mentén olyan
helyre ér, ahol a nyomas nagyobb az ottani hdmér-
séklethez tartoz¢ telitett g6z nyomasnal, akkor a
buborék hirtelen 6sszeroskad, az egymasnak csat-
tand folyadékfeliiletek erds akusztikus 1okéshulla-
mot keltenek, ami egyrészt erds zajjal, rezgéssel,
masrészt a kornyezd szilard testek erozidjaval jar

[1].

VITACIO
/
-

AN

RESZECSKE

HIDROD|NAMIKAI

sz

L\

QPTinﬂ\i

AK11V _PASSZIV_
P s e e I o e ey
(INTEGRALAS »  DEZINTEGRALAS

1. dbra: A kavitdcid jelensége és csoportositdsa
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Tranziens kavitdcio soran a kavitacids iireg egy
ciklus sordn megndvekszik, majd hevesen Gssze-
omlik. A folyamat soran a molekuldk széttorede-
zése is megfigyelhetd, a vele szemben elhelyezke-
do szilard falat, igy példaul sejteket, késziiléket
erdteljesen erodalja [2]. Stabil kavitdcié akkor torté-
nik, ha a buborék szdmos cikluson keresztiil osz-
cillal, a térbdl valo tavozas, vagyis felszinre van-
dorlas, illetve 6sszeomlas nélkiil, és a depresszid
alatt mérete csokken, majd az ellenkezd fazisban
yjra kitagul, mivel g6zt tartalmaz. Bizonyos ese-
tekben a depresszios akusztikai/mechanikai ciklus
alatt tagul, az ellenkezd fazisban pedig zsugoro-
dik a buborék, amelynek erételjes tobb ezer kelvi-
nes hoképzddés lehet az eredménye. A stabil
kavitacios buborék az oszcillalo akusztikai tér mi-
att sajat frekvencidaval rendelkezik, illetve altala-
ban tovabbi feliileti rezgések is kialakulhatnak raj-
ta, amelyek a buborék kornyezetében erételjes tur-
bulencidkat indukalnak. Ezeket a turbulencidkat
nevezzitk mikrodramldsoknak, amelyekre nagy
nyirderd a jellemzd [3].

Az ultrahang 16 kHz frekvencia feletti mechani-
kai hulldmokat jelent. Az ultrahangot aktiv és
passziv tartomanyra oszthatjuk, vagyis megalla-
podas szerint az 1 W/cm? vagyis a 10000 W/m? tel-
jesitmény alatt passziv, mig felette aktiv ultra-
hangrdl beszéliink. A passziv ultrahangot legin-
kabb az anyagtulajdonsagok vizsgalatara, mig az
aktiv ultrahangot az anyag tulajdonsadgainak meg-
valtoztatasara alkalmazzuk. Tipikusan nemlinea-
ris jelenség az allando folyadékmozgas, amit az
intenziv ultrahang okoz. Ennek sordn a folyadék-
ban szemmel lathatd keveredés, turbulencia ta-
pasztalhato. A keverés mellett megvalosithatd a
diszpergalas is (pl. emulzio és szuszpenzio eldalli-
tas). Az ultrahangot rezgéskeltkkel allitjuk eld.
Legelterjedtebbek az elektromechanikus atalaki-
tok. Az adszorpcio miatt az ultrahang intenzitasa
a tavolsaggal exponencidlisan csokken. A modern
ultrahang-berendezések aktiv elemei legtobbszor
olom cirkonat titanat (PZT) keramiak [4-7].

Munkank soran célul ttztiik ki a nagyintenzita-
su ultrahang alkalmazhatdsaganak tanulmanyo-
zasat a gyogyszerformulalas teriiletén, tovabba ki-
sérletes eredményekkel mutatjuk be a szemcsemé-
ret csokkentésben betoltott szerepét.

2. Aktiv ultrahang a gyogyszerészet teriiletén
A nagyintenzitdsi ultrahang alkalmazasa a

gyogyszertechnologiai preformuldcidban 4j irdny-
vonalként jelent meg az utobbi idében, ahol az

akusztikus kavitacié szemcseméretre és morfolo-
gidra gyakorolt hatdsdt mind integral6, mind
dezintegralé miiveleteknél hasznosithatjuk [8].

2.1. Emulgedlis és szuszpenddldis ultrahanggal, szo-
nokémia

Az aktiv ultrahang, emulzioképzd berendezésben
vagy szuszpenzidk akusztikai {iilepitésére alkal-
mas szeparald késziilékben és szonokémiai gene-
ratorban funkcionalhat a gyogyszerészet teriile-
tén. Az emulzioképzés elvi séméja alapjan az ola-
jos és vizes fazis egymassal szembe 1ép be a rend-
szerbe, majd a kozépvonalon, az addigi dramlas-
sal merdleges ultrahangsugarban képzdédik az
emulzié. Tobb ultrahangos emulzid-el6allitd be-
rendezéssel szemben elényt jelenthet, hogy az ult-
rahangsugdar hosszabb tdvon érheti az anyagokat,
igy sokkal stabilabb emulzidk készithetdek [9]. To-
vabbi felhasznalasi lehetdsége az ultrahangnak az
emulzidk és szuszpenzidk {ilepitésének gyorsita-
sa. A technika lényege az, hogy specialisan terve-
zett akusztikai kamraban allohullamot kialakitva
torténik meg az eltérd fizikai tulajdonsagu koze-
gek szétvalasztasa, a vivokozeghez képest stirt-
ség, fajsuly, kompresszibilitasbeli kiilonbség, alaki
részecskejellemzdk stb. alapjan. Meghatdrozhato,
hogy milyen szemcsekoncentracio sziikséges egy
adott intenzitds mellett, vagy milyen intenzitas
sziikséges egy adott szemcsekoncentraciohoz az
ultrahangtérben, hogy akusztikai allohullam,
vagy akusztikai kavitdci6 alakulhasson ki.
Amennyiben a rendszerben allohullam kertil ki-
alakitasra, akkor a szeparacid és szedimentacio,
amikor viszont kavitaci6 dominal a hangtérben,
akkor a diszpergalds, az emulgedlds és a szusz-
pendalas valdsithaté meg az ultrahang segitségé-
vel [10]. A kémia specidlis teriilete a szonokémia,
melyben specidlis reakciokat, tj reakcié utakat és
reakciotermékeket nyerhetiink ultrahang hatasa-
ra, és az eljarasokat pedig szénikus reaktorokban
folytatjuk. Az ultrahang f6 kémiai szerepe a
kavitacios buborékon kialakulé katalizis, vagyis a
reakciok aktivaldsi energidjanak csokkentése,
szonokemikalidk kialakitdsa, reakciok gyorsitasa,
reakciopartnerek diszpergaldsa, diffazids feliilet
novelése és az enzimaktivitds szabalyozasa,
preparativ termékek eldallitasa stb. [11].

2.2. Ultrahang alkalmazdsa a szemcsék habitusinak
vdltoztatdisa céljabil

Az ultrahangos homogenizalds egy mechanikai
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I tablazat
Az ultrahang szemcseméretre gyakorolt hatdsa

Anyagok Médszer Méret Eljaras jellemz6 paraméterei
Cefuroxim [14] Ultrahangos 80-130 nm Oldoészer: aceton
kristalyositas (amorf) Antiszolvens: izopropil-éter
T~5°C; t=1 perc
Kaolinit [15] Ultrahang 360 nm Diszpergaloszer: ioncserélt viz
T:20°C;t=20h
20 kHz; 750 W
Glicin [16] Ultrahangos htitéses | 100 um Diszpergaldszer: ioncserélt viz
kristalyositas 20 kHz
Dipiridamol [17] Szuperkritikus 300-600 nm Oldoészer: metilén-klorid
antiszolvens eljaras T:37°C
ultrahanggal Amplitadé: 20-40%
kombinalva
Nitrendipin [18] Ultrahangos 209 nm Oldoészer: PEG 200 + aceton (30 mg/ml
kristalyositas nitrendipin konc.)
Antiszolvens: PVA +viz T: 3 °C alatt
t=15 perc; 400 W
Celluléz [19] Hidrodinamikai 301 nm (amorf Diszpergaldszer: ioncserélt viz
kavitacié kombinalva |és kristalyos) 22 kHz
ultrahanggal
Natrium-klorid [20] Szonokristalyositds | 1,23 um Diszpergalodszer: ioncserélt viz
T: 5 °C alatt; 20 kHz; 35 W
Ibuprofen [21] Olvadék-kristalyositds |13,01 pm Minta: ibuprofen olvadék + ionmentes viz
T: 25 °C; t =2 perc; Amplitadé: 80%
Meloxicam [22] Emulzié-diffazié 165 nm Oldoészer: benzil-alkohol + 3 perc ultrahang
modszer + (Tween 80 + viz) + Gijabb 3perc ultrahang
Amplitadé: 30%; 500 W
Gemfibrozil [23] Emulzid-diffzio 2,89 pm Oldoszer: etil-acetat, az oldat 0,5% PVP
modszer K-25 oldatba lett csepegtetve
t=7,5 perc; Amplitado: 30%

II. tablazat
Szonikdcid sordn viltozd paraméterek

Hémérséklet (°C)

szobahd, jeges hiités

Amplitudé (%) 30, 50, 70
1d6 (perc) 10, 20, 30

folyamat, amely a részecskeméret csokkentésére,
egyenletes méreteloszlas elérésére iranyul, javitva
ezaltal az egységességet és a stabilitast, novelve a
részecskeszamot és a fajlagos feliiletet, csokkentve
a részecskék kozotti atlagos tavolsagot. A részecs-
kék (diszpergalt rész) lehetnek sziladrd vagy folyé-
kony halmazallapotuak. Tovabbi nagy elény, hogy
a paraméterek (amplitudd, pulzacio, id6, hémér-
séklet) pontosan beallithatok és ellendrizhetdk, az
ultrahangos homogenizéalas reprodukalhatd. Az
ultrahangnak két f6 része van, a szonotrod és az
aramlasi cella, mindkettd egyszer(i geometriai fel-
épitésiti, nem rendelkeznek Kkicsi, rejtett nyilasok-
kal. Az ultrahangos homogenizalas egyik nagy
elénye, hogy kevés a mozgo alkatrész, igy megbiz-
hatobb, kevésbé kopik €s a tisztitasi id6 is rovidebb
[12].

A méretcsokkentés, dezintegracié révén, a kavi-
tacio eredménye. Az ultrahangos kavitacié nagy
nyirderdt general, ami képes szétszakitani a ré-
szecske-aggregatumot, legy6zve a részecskék ko-
zOtti vonzoerdket. Az ultrahangos kezelés altal el-
érhetd a részecskék homogén eloszlatasa is. A ré-
szecskeméret akar 500 pum-r6l 10 nm-re csokkent-
hetd, ahol a nagy fajlagos feliileti részecskék mé-
retének egységességét lehet elérni [13].

Az I. tabldzat az ultrahang alkalmazasanak le-
hetdségeit szemlélteti kiilonb6z6 hatdanyagok
szemcsemeéret csokkentése céljabol.

3. Anyagok és eljaras

Felhasznalt anyagok: meloxikim (MEL) — EGIS
Gyodgyszergyar (Budapest, Magyarorszag);, Tween
80 (Tween) — Hungaropharma (Budapest, Magyar-
orszag); Poloxamer 188 (polox) (polietilén-polipro-
pilén glikol) — Fluka (Ljubljana, Szlovénia); Solutol
HS 15 — BASF (Ludwigshafen, Németorszag); PVP
K25 (PVP) (polivinilpirrolidon) — ISP Customer
Service GmBH (Ko6ln, Németorszag).
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Ultrahangos eljdrds

Az eljards soran a mintdkat (vizes szuszpenzid —
300 mg hatéanyag / 30 ml viz) szobahémérsékle-
ten (25 °C), illetve jeges hiités (a mintat kezelés
kozben 18 °C-os jéggel hitott fiirdobe helyeztiik)
mellett ultrahangoztuk (Hielscher 200 W
Ultrasound system, Németorszag), az amplitadot
30 és 70% kozott valtoztattuk. A megjelolt parameé-
terekkel 10, 20, illetve 30 perces szonikaciot végez-
tink (II. tablazat).

4. Vizsgalati modszerek
4.1. Szemcseméret megoszlis, morfoldgia

A MEL szemcsék méretét és méreteloszlasat Malvern
Mastersizer 2000 késziilékkel (Malvern Instru-
ments, Worcestershire, UK) hatdroztuk meg (Hydro
2000 SM kis térfogatu diszpergald egység). A hato-
anyag és szilard minta morfoldgiai jellemzése paszta-
z6 elektronmikroszkdppal tortént (Hitachi S4700,
Hitachi Scientific Ltd., Japan). A minta toltédésének
megakaddlyozasa céljabdl arany-palladium bevond
anyagot hasznaltunk 18 mA plazmadram alkalma-
zasaval. A felvételek 15 kV nagyfesziiltség, 10 uA
elektronaram és 0,1 Pa élé6vakuum beallitasaval ké-
sziiltek. A D 0,1, D 0,5, D 09 értékeket térfogat sze-
rinti méretanalizissel hatdroztuk meg. A D 0,1, D
0,5, D 09 azok a méretek mikrométerben, amelyek-
nél a minta 10, 50 illetve 90%-a kisebb [24].

4.2. Szerkezeti jellemzok

A termékek termoanalitikai viselkedését Mettler To-
ledo STAR® termoanalitikai késziilékkel (Mettler
Inc., Schwerzenbach, Svéjc) hataroztuk meg. A
DSC (differencidl pdsztizé kalorimetria) és TG
(termogravimetria) méréseket argon gaz ataramolta-
tasaval (10 1/6ra) végeztiik (2-5 mg-os minta, 25—
300 °C, 5 °C/perc flitési sebesség).

A hatéanyag kristdlyos jellegét porrontgen
diffraktométerrel hatdroztuk meg (Miniflex II
Rigaku por-rontgen diffraktométer, Rigaku Co.
Tokyo, Japan). Mérési paraméterek: Cu (Ka =
1,5405 A), 30 kV, 15 mA.

5. Eredmények értékelése
5.1. Eljardsi paraméterek és az dsszetétel optimalizdldsa
Munkank soran elszor az eljards paramétereit

vizsgaltuk, valtoztatva a hémérsékletet, a szoni-
kacio amplitadojat, illetve az ultrahangozas idejét.

II1. tablazat
A MEL kiindulasi D 0,1, D 0,5, D 0,9 értékei

D 0,1 D05 D09
(um) (um) (pum)
24,80 85,39 237,92

Ezutan segédanyagok alkalmazasaval, a minta
Osszetételét optimalizaltuk.

Az Osszetétel optimalizalasanal kiilonboz6 sta-
bilizal6 segédanyagokat hasznaltunk, mint a PVP
K-25 (kristalyosodast gatld, stabilizalo szer),
Poloxamer 188 (nemionos feliiletaktiv anyag),
Tween 80 (nemionos szolubilizalé szer), Solutol
HS 15 (nemionos szolubilizalo szer), illetve tanul-
manyoztuk a hato- és segédanyagok koncentracio-
janak szemcseméretre gyakorolt hatdsat. A hato-
anyag koncentracioja 1 m/v %, a segédanyagé pe-
dig 0,5 illetve 0,25 m/v % volt. A III. tabldzatban a
MEL kiindulasi méretmegoszlasa lathato, amelyre
jellemzd a heterodiszperzitas.

30%-o0s amplitudoval 10 perces ultrahangozas
utan megallapitottuk, hogy a szemcseméret a kiin-
dulasihoz képest a felére csokkent. 50%-0s ampli-
tado esetében a méret tovabb csokkent, de az
amplitadd tovabbi novelése (70%) jelentds valto-
zast nem okozott, a D 0,5 érték kortilbeliil 26 um
maradt (2. dbra bal). A kezelés soran a minta ho-
mérséklete kb. 85 °C-ra emelkedett, ami a hato-
anyag olvadaspontja (260 °C) ala esik, igy az végig
szilard formaban volt jelen.

Jéggel torténd hitéssel (T, . = 18 °C) és 30%-
os amplitudoval torténd szonikacidval ugyanazt a
méretet értiik el, amit szobahémérsékleten az 50
és 70%-os amplitudoval sikeriilt megvaldsitani (26
um). A minta kezelést kovetd hémérséklete kb. 47
°C volt, azaz felére csokkent a htités nélkiili elja-
rashoz viszonyitva, ezzel segitve a kisebb méret
elérését, mérsékelve a szemcsék kozotti kohézid
nagysagat. A legjobb eredményt — mind a D 0,1, D
0,5, D 0,9 értékek esetében — a 70%-0s amplitado-
val torténo kezelés biztositotta, a szemcsék atlago-
san 22 um-esek lettek (2. dbra jobb).

A kovetkezokben azt vizsgaltuk, hogy a kezelé-
si id6 20 illetve 30 percre novelése eredményez-e
tovabbi szemcseméret csokkenést. 20 perces keze-
lést kovetden a méret 14 um-re csokkenthetd, a 30
perces szonikdcié azonban ezen jelentésen nem
valtoztatott (dbra nem lathato).

Az eddigiek alapjan tehat a kovetkezd eljarasi
paramétereket valasztottuk a tovabbi vizsgalatok-
hoz: jeges flird6t (T, . = 18 °C), 70%-o0s amplitt-
dot és 20 perces kezelést. Az Osszetétel optimaliza-
lasa céljabol kiilonbozé segédanyagok hatasat
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Segédanyagok MEL szemcseméretére gyakorolt hatdsa

IV. tablazat

- 0,5% PVP 0,5% Tween 0,5% Polox. 0,5% Solutol 0,25% PVP
D01 3,71 0,25 1,27 1,27 0,46 0,75
D 0,5 14,65 4,07 11,79 11,09 7,70 5,60

D 0,9 36,34 20,73 30,03 40,21 25,71 17,11
V. tablizat
Optimalizalt paraméterekkel elddllitott megfeleld dsszetételii minta
Szaritas Segédanyag Amp/T T (Szuszp) 1d6 Konc. Kiindulasi
°C) (70%)/(°C) (°C) (perc) (mg/30 ml) meéret
D 0,5 (um)
50 0,25% PVP Jeges fiird6, 18 46,20 20 300 5,60

vizsgaltuk a MEL szemcseméret megoszlasara. A
segédanyagokat, illetve azok koncentraciojat ko-
rabbi tanulméanyok alapjan valasztottuk meg [14-
23]. Eredményeinket 0sszevetve a segédanyag nél-
kiili kisérletek eredményeivel (D 0,5: 14 pm), a leg-
kevésbé hatékonynak a Tween 80 bizonyult, ezt
kovette a Poloxamer és a Solutol (IV. tablazat). A
legkisebb szemcseméretet, atlagosan 5 um-t PVP-
vel értiik el. Ez az érték a PVP koncentracidjanak
csokkentésekor sem valtozott. Lathatd, hogy a
PVP, mint stabilizdlé és kristalyosodast gatld
anyag mindenképpen sziikséges az Osszetételben.
A PVP koncentracio csokkentésének jelentésége az
esetleges toxicitasi problémak megelézésében rej-
lik, hiszen kiilénb6z6 beviteli kapuk (pulmondlis,
nazalis) is el6térbe keriilhetnek a kis szemcsemé-
ret(i termék altal, ahol az Osszetétel sejt toxicitasa-
ra is kiemelten figyelni kell. Tehat a vizsgalt rend-
szerek kozil a 0,25% PVP tartalmi MEL szemcse-
méret megoszlasa bizonyult optimalisnak.

5.2. Szilard fazisi termék jellemzése
(§Z-MEL-UH)

Az el6kisérletek alapjan az eljarasi paraméterek és
Osszetételek optimalizalasat kovetéen a kapott
szuszpenziobol (V. tablazat) 50 °C-on, nyugvo ré-
teges szaritoban tavolitottuk el a vizet (Memmert,
Németorszag) abbdl a célbol, hogy szilard termé-
ket nyerjiink (SZ-MEL UH). A szaritott termék fi-
zikai-kémiai sajatsagait az alabbiak szerint vizs-
galtuk. Meg kivanjuk jegyezni, hogy a kezelt min-
ta hémérséklete nem haladta meg a 46,2 °C-ot, te-
hat hé hatasara bekovetkezé bomlas nem tortént.

DSC felvételek

A DSC gorbén a MEL-nek 259,27 °C-on jol de-
finialhato olvadaspontja van, amit bomlas kovet.
A PVP amorf sajatsdgu segédanyag, olva-
dasponttal nem rendelkezik (3. abra).

W% 50%

Amplitudé (%)

70%

100 100
90
80
70
6
Méret Méret
(wm) (um)
D0,9 D 0,9

2. dbra: MEL szemcseméret megoszldsa hiités nélkiil (bal) és jegesfiirdd (jobb) alkalmazdsdval

30% 50%

Amplitudé (%)
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Integral -739.70 mJ
normalized -127.98 Jg™-1
MEL Peak 259.27 °C
e o
PVP K25
Integral -210.28 mJ | —
- normalized -44.36 Jg~-1
SZ-MEL UH Peak 244.10 ;H\
Integral -214.17 m)
normalized -46.36 Jg™~-1
MEL-PVP K25 FK Peak 245.35 °C [\\_’—/

Lab: METTLER

3. dbra: A kiinduldsi anyagok és a termék DSC gorbéi

STAR® SW 9.30

A szilard fazisa minta (SZ-MEL-UH) gorbéjén
is megfigyelhet6 a hatéanyag kristalyok olvadas-
pontja, amivel a MEL kezelés és szaritas utani
kristalyos jellegét bizonyitottuk. A mintdban lat-
haté olvadaspont-csokkenés (244,10 °C) egyrészt
annak koszonhet6, hogy a kisebb kristalyok meg-
olvaddsdhoz kevesebb energiara van sziikség,
masrészt pedig a PVP az tivegesedési hGmérsékle-
tén (Tg = 34 °C) meglagyul, ilyen koriilmények
kozt a MEL olvadasa alacsonyabb hémérsékleten
kovetkezik be. Referenciaként a termékkel azonos
aranyban fizikai keveréket (MEL-PVP K25 FK) ké-

szitettlink, igy Osszevetve a normalizalt integral
értékeket az anyagok kristalyossagi indexét hata-
roztuk meg. A fizikai keverékben levé MEL krista-
lyossagat 100%-nak véve a szilard fazisa minta-
ban jelen levé hatdanyag kristalyossaga kismér-
tékben csokkent (96%-ban kristalyos frakciot de-
tektaltunk).

XRPD eredmények

A porrontgen-diffrakcids vizsgalatok ugyancsak a
minta kristalyos jellegét bizonyitjak, mert a karak-
terisztikus csucsok a kiinduldsi anyagnal és a szi-

lard fazist termékben is megje-

Intenzitas (%)

lennek. A MEL-re jellemz6 csu-
csok 13,22, 15,06, 26,46 és 26,67
20 értékeknél olvashatoak le
(4. abra). A PVP amorf sajatsa-
gat bizonyitja, hogy esetében a
kristdlyos anyagra jellemzd
csucsok nem jelennek meg a

2 theta

5 10 15 20 25 30

diffraktogramon. Mivel a kiin-
dulasi anyagok (MEL és PVP)
és a termék (SZ-MEL UH) jel-
lemz6 cstcsai egybeesnek —
azon kiviil, hogy mintdnk kris-
talyos maradt — az is megalla-
pithatd, hogy polimorf mddo-

35 40

4. dbra: A MEL, a PVP és a szildrd fizist termék porrontgen felvételei

sulat a kezelés hatdasara nem
jott létre.
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5. dbra: A kiinduldsi MEL (bal) és a termék (jobb) elektr

v/ 12 K &

SE(L

onmikroszkopos felvételei

VI. tabldzat
A kiinduldsi anyag és a mintdkban levd hatdanyagok
fajlagos feliilete és méreteloszlisa

Spec.fel | D01 | D05 D 0,9

(m?/g) (um) | (um) (um)

MEL 0,091 24,80 | 85,39 237,92

MEL UH 1,923 0,75 5,60 17,11

SZ-MEL 0,969 2,57 11,92 53,48
UH

Elektronmikroszkopos felvételek

Az elektronmikroszképos képek alapjan lathato,
hogy a kiindulasi MEL kristalyai nagy, hexagonalis,
sima feliiletd kristdlyok, mig a MEL-t, PVP-t tartal-
mazo ultrahanggal kezelt termék kristalyai a kezelést
kovetden szabdlytalan alaktak, egyenetlen felszinfi-
ek, a mérések alapjan atlagosan 10 pm-esek (5. dbra).

Szemcseméret megoszlis és specifikus feliilet

A VI. tablazat 6sszehasonlitasban mutatja a kiin-
dulasi MEL, a szuszpenzioban levd, mar ultrahan-
gozott (MEL UH) és az abbol nyert szilard fazisu
termék (SZ-MEL UH) szemcseméret megoszlasat
és a részecskék specifikus feliiletét. A szemcsemé-
retet egy nagysagrenddel csokkentettiik, ez jol 1at-
haté a D 0,1, D 0,5 és D 0,9 értékek esetében is. A
fajlagos feliilet vizes szuszpenzidban 21-szeresére
novelhetd. A MEL-nél szaritds hatasara a stabili-
zalo PVP alkalmazésa mellett is aggregacio kovet-
kezett be. A szilard fazisti termék szemcsemérete
ennek ellenére is kedvezdbb a kiinduldsi anyag-
hoz viszonyitva. Megallapithatd, hogy a mikro-
szuszpenzio €s a szilard fazisu termék is alkalmas
gyogyszerforma fejlesztéséhez.

6. Osszegzés, jovokép

Dolgozatunk dsszefoglalét adott a kavitacio jelensé-

gérol és csoportositasardl, az ultrahang fizikai alap-
jairol  és  alkalmazdsdnak lehetOségeirdl a
gyogyszerformulalds teriiletén, elsésorban a kris-
talyméret megvaltoztatdsa céljabdl. Munkank so-
ran az eljarasi paramétereket és az dsszetételt opti-
malizaltuk. Megallapitottuk, hogy ultrahangozas-
sal a meloxikdm kristalyok mérete a mikrométer
tartomanyba csokkenthetd. A termékekben a hato-
anyag kristalyossagat fizikai-kémiai vizsgalatokkal
bizonyitottuk. Az eredmények azt igazoltdk, hogy
a hatéanyag fizikai-kémiai sajatsaga, illetve az al-
kalmazott segédanyagok befolyasoljdk mind a
szemcseméret-csokkenést, mind a szaritas soran az
aggregacio mértékét. Az aggregacio gatlasa céljabol
célszertinek tartjuk hordozoé segédanyag (pl. man-
nit) alkalmazasat is. Terveink kozott szerepel tjabb
modellanyagok vizsgdlata, a kavitacio szemcsemé-
ret-csokkentd hatdsanak tovabbi tanulmanyozasa,
paraméterek, Osszetételek optimalizalasa.

7. Koszonetnyilvanitas

A TAMOP-4.2.1/B-09/1/KONV-2010-0005 azonositd
szamu, ,Kutatéegyetemi Kivalosagi Kozpont 1ét-
rehozasa a Szegedi Tudomdanyegyetemen” cimt
projekt az Eurdpai Unidé tdmogatasaval, az Eurd-
pai Regionalis Fejlesztési Alap tarsfinanszirozasa-
val valosul meg.

IRODALOM

1. Caupin, F., Herbert, E.: Comptes Rendus Physique, 7(9-
10), 1000-1017 (2006).

2. Church, C.C., Carstensen, L.E.: Ultrasound Med Biol,
27(10), 1435-1437 (2001).

3. Servant, G., Caltagirone, ]. P., Gérard, A., Laborde, ]. L.,
Hita, A.: Ultrason Sonochem, 7(4), 217-227 (2000).

4. Laborde, ].L., Bouyer, C., Caltagirone, |.P., Gérard, A.: Ul-
trasonics, 36(1-5), 581-587 (1998).



519-530 (2007).

8 Acta Pharmaceutica Hungarica 2011/2.
5. Moholkar, V.S., Kumar, S.P., Pandit, A.B.: Ultrason Sono- 14. Dhumal, S.R., Biradar, V.S., Yamamura, S., Paradkar, R.A.,
chem, 6(1-2), 53-65 (1999). York, P.: Eur ] Pharm Biopharm 70, 109-115 (2008).
6. Bunkin, N.F., Kochergin, A.V., Lobeyev, A.V., Ninham, 15. Franco, F.L., Pérez-Maqueda, L.A., Pérez-Rodriguez, |.L.: ]
B.W., Vinogradova, O.I.: Colloid Surface A, 110(2), 207- Colloid Interf Sci 274, 107-117 (2004).
212 (1996). 16. Louhi-Kultanen, M., Karjalainen, M., Rantanen, ].,
7. Miller, L.D., Thomas, M.R.: ] Acoust Soc Am 93, 3475- Huhtanen, M., Kallas, |.: Int ] Pharm 320, 23-29 (2006).
3480 (1993). 17. Sanganwar, P.G., Gupta, B.R.: Powder Technol 196, 36-
8. Franco, F., Cecila, |.A., Pérez-Maqueda, L.A., Pérez-Rodri- 49 (2009).
guez, |.L., Gomes, C.S.F.: Appl Clay Sci, 35(1-2), 119-127 18. Xia, D, Quan, P., Piao, H., Piao, H., Sun, S., Yin, Y., Cui,
(2007). F.: Eur ] Pharm Sci 40, 325-334 (2010).
9. Behrend, O., Ax, K., Schubert, H.: Ultrason Sonochem, 19. Pinjari, V.D., Pandit, B.A.: Ultrason Sonochem 17, 845-
7(2), 77-85 (2000). 852 (2010).
10. Benes, E., Grosschl, M., Handl, B., Trampler, F., Nowotny, 20. Abbas, A., Srour, M., Tang, P., Chiou, H., Hak-Kim Ch.,
H.: Das europaische TMR-Netzwerk Ultrasonic Separation Romagnoli, A.].: Chem Eng Sci 62, 2445-2453 (2007).
of Suspended Particles. Proc. Joint Symposium AAA and 21. Manish, M., Harshal, ]., Anant, P.: Eur ] Pharm Sci 25,
OPG TC Acoustics, Graz, Austria. 2, 14-15 (1998). 41-48 (2005). 5
11. Torok, B., Baldzsik, K., Felfoldi, K., Barték, M.: Ultrason 22. Ambrus, R., Kocbek, P., Kristl, ]., Sibanc, R., Rajké, R.,
Sonochem, 8(3), 191-200 (2001). Révész, P.: Int ] Pharm 381, 153-159 (2009).
12. Dhumal, S.R., Biradar, V.S., Paradkar, R.A., York, P.: Int ] 23. Ambrus, R., Amirzadi, N.N., Sipos, P., Révész, P.: Chem
Pharm, 368(1-2), 129-137 (2009). Eng Technol 33(5), 827-832 (2010).
13. Patil, N.M.., Pandit, B.A.: Ultrason Sonochem, 14(5), 24. Farkas, B., Révész, P.: Kistalyositastol a tablettazasig.

Universitas Szeged Kiado, Szeged 125-145 (2007).

[Erkezett: 2011. méjus 5.]




3. sz. melléklet: nyilatkozat az értekezés eredetiségérol

NYILATKOZAT SAJAT MUNKAROL

Név: Bartos Csilla

A doktori értekezés cime: Application of wet milling techniques to produce micronized and
nanonized drug pre-dispersions for the development of intranasal formulations

En, Bartos Csilla teljes felelésségem tudataban kijelentem, hogy a Szegedi Tudomanyegyetem
Gydgyszertudomanyok Doktori Iskoldban elkészitett doktori (Ph.D.) disszertaciom sajat kutatasi
eredményeimre alapulnak. Kutatbmunk&m, eredményeim publikalasa, valamint disszertaciom
megirasa soran a Magyar Tudomanyos Akadémia Tudomanyetikai Kodexében lefektetett alapelvek

és ajanlasok szerint jartam el.

Szeged, 2016. februar 16.




