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1. INTRODUCTION

During recent decades, the lungs have been studied asmasimg route for the
administration of drugs for both local treatment and systemic the@pgrokoposet al.,

2009, Clarkeet al, 1984) The action of the API in the lungs can be faster, and at the same
time the possible sideffects associated with tlsgstemic distribution are reduced. Moreover,

the low metabolic activity in the lungs allows systemic delivery without liver passage and the
effects of gastric stasis and pH are avoided. Further, the pulmonary route involves a large,
well-perfused surfacarea (~100 1) that permits a higher absorption rate. Administration of
the API directly to the lungs through the use of various aerosol delivery systems results in
rapid absorption across the bronchopulmonary mucosal membranes (Weibel1863).
Morenet al, 1993 Gonda et al2000).

The efficiency of treatment is related to the possibility that a substantial amount of API
reaches the proximal airways, where it can exert its therapeutic athisnamounidepends
on the physiology of breathing andmuaociliary clearance;the inhaler appliedand the
effectiveness othe compositiorcharacteristicssuch as th@erodynamic propertie#s the
physiological condition of the lungsvaries individually,scientific studies are required to
standardize thdelivery systems ang@roducts (Hinds et al1999, Hickey et al2006)

Formulation of the product to be administered tbg inhalation route is generally
complicated because it involvean active well-defined productand a speciatlevice.lt is
possible tosay that the effectiveness of inhalation therapy, especially for a drug powder
formulation, is dependent on factors that are relatedhéopatient the device and the
characteristics of thieermulation (Courrier et al2002, Chiara et gl2008)

Among pulmonary preparations, dry powder inhalers (DPIs) can ensure stability, a
high payload and patient convenience (Clarke etl8B4). The pharmaceutics of particulate
formulations are central to the performance of DHIse most important parameters of
powder for inhalation are the particle size, paetisize distributionmorphology, crystallinity
of the drug and dissolution rate (Buckton 1997, Hickey et28l06). The DPI quality is
assessed by the determination of aerodynamic properties (Wong 2014)) such as the
aerodynamic particle size distribution, mass median aerodynamic diameter (MMAD) and fine
particle fraction (FPF) (Ph. Eur. 7.2. 2012).



2. AIMS

The primary aim of this study was to establish the literature background of research
and developrmant work on DPIs. We set out to study the key factors of drugs intended for use
in powder form for pulmonary delivery. Another objective was to develop a chased,
crystalline cespraydried DPI product containing the lesolubility meloxicam (MX). MX
can be useful for the mon@and combination treatment of cancer, pulmonary fibrosis,
inflammation and pain. The pulmonary application of MX is a novelty for local anti
inflammatory treatment because it does not exhibit asjikenhypersensitivity reaatity and
may therefore be safely applied in therapy. The main steps in our experiments were the

following:

i.  the identification of important factors in the preformulation for sfhayng,
preparation @ad characterization of mannitbased (M) co-spraydried

samples containing MX;

ii. determination of the cytotoxicity of samples by using €alkells to screen
the safe MX concentration for pulmonary delivery, in order to acquire

information on the availability in pulmonary formulations;

iii. study of dfferent adjuvats (polymersand amino acid) to optimize the
pulmonary formulation properties and thereby increase the respirable
fraction of cospraydried samples, investigation of the structure of

microcomposites and aerodynamic assessment-gi@ydried powders;

iv. investigation of the accelerated stability oflidsed cespraydried products
containing MX, and the influence of the relative humidity (RH) and
temperature on the physicochemical properties aardlisationparameters

of the microcomposites during storage.

A new tendency in the development of DPIs is the design of céased
microcomposites with a particle sizee63 Om as pul monary drug del i
different carriers and adjuvants. The additives are applied in small amounts in the
microcomposites in order to promote physicochemical stability, wettability, dispersibility and

aerodynamic properties.



3. LITERATURE BACKGROUND

3.1 Physiology of the respiratory tract and pulmonary deposition

The lungs arephysiologically responsible forgas exchang, and the absorptionof
substances withnatomical andunctional characteristiadifferent from thosef the organ®f
absorptionshouldthereforenot disturbthe integrity and properties tifie airwaymucosaAn
understanding ofinhalable aerosoltherapy requires knowledge of the lung function
particularlyas it relates téthe mechanical properties the lungsduringventilation (Newman
et al., 1983, OO6Rahilly et al., 1983).

The respiratory system compriséso functional zonesa conducting zone and
respiratory zoneHig. 1).

trachea \

main bronchus

segmental
bronchus

conducting portion

’ﬁ'ﬁjﬁ@ bronchioles

terminal Yy
bronchioles

-

\ respiratory

bronchioles

respiratory

FIGURE 1: Outline of conductingairwaysand fragmentatignconducting andespiratory

zoneg(http://www.histology.leeds.ac.uk/respiratory/conducting)php

The respiratory systenitself limits the entrance oéxtraneougparticlesthrough the
geometryof the airwaysand the lungclearance mechanisniippmann 1990Darquenne
2004) Five mechanisms control particle depositisin the lung airways: inertiampaction,
gravitational sedimentation, diffusion, interception and electrostatic attractiem €t al.,
1976, Stuart 1984)

These mechanismsan affectthree variables aerosol characteristics respiratory
parameters andespiratorymorphologies Gerrity et al., 1983 Fig. 2 shows the possible

mechanisms of deposition mechanism of drug particles (Chareaal., 2011).


http://www.histology.leeds.ac.uk/respiratory/conducting.php

Inertial Impaction

FIGURE 2: Three particle deposition mechanisms occurring within the respiratory tract
(Charvdho et al, 2011)

¢ Inertial impactionis defined asinertial particle depositioron a surfaceairway. It
occurs especiallynearbifurcationsof the airwaydeadingto thelargeairways,where there is
a highflow rateandrapid changes ithe direction of thairflow. The flow velocities herera
high and there are rapid changes in the direction of the conducting airways.

e Gravitational sedimentatiotakes place in themall airways,wherethe airspeedis
low and theparticlesize<5 Om

¢ Diffusion occurs in the small airways and alveoli whé airflow is very low and for
submicrometresized particles ( < 0.8 i subject to Brownian motion (Heyder et, 41986,
Patton et a).2007).

3.2 Regional lung deposition for aerolized drugs

For particles >1 em, deposition by diffus
impaction govern the lung deposition of inhaled dr(isebrich et al, 1994 Schulzet al,
2000. Fig. 3 shows the influence of the particle diameter on regional depo# a healthy
lung in the case of slow and deep inhalation (ICRP Publicdt89%). Three regions are
determined: the extrathoracic region, the bronchial region and the alveolar region.
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The drug particlesn the range &5 ¢ nreach the intrathoracigirways which can be

consideredas the therapeutiapplication region
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alveoli, where they are absorbed by the systemic blaedlation. The advantages of this

route of administration with the aim of a systemic effect includerttilasen the surfaceo

identify the alveoli, and arich vascularization, allowingapid absorption othe deposited

drugs (Scheuch et all987, Banett et al. 1999). It prevents alsalegradationwhich often

affectsorally administered drugs igastrointestinal tracand themetabolism of thénepatic

a htyHeyldr et p).1986.posi ti on i s

particles (

first-pass. The aerodynamic diameter is the most appropriate parameter in terms of particle

deposiion by impaction and sedimentation. Diffusion depends only on the particle size, and

not on the density or shape. Bronchial deposition depends on the linear dimensions of the

particle, including its shap&esides sizethe profile ofdepositionis contrdled by mostother

characteristics of thpowder,such aghe characteristiosf the solidstate (Brand et al2000).



3.3 APIs in pulmonary therapy

Inhalation drug delivery through an aerolization system is applied for both local and
systemic therapy, becauthe alveolar epithelium is verythin (~@1 5 Om) , per mi tt
drug absorption (Patton et,&996.

A number of active ingredients can be delivered via the lungs for the therapy of many

diseases, including respiratory and systemic theraalgl€ I).

Table I: Active ingredients which can be delivered via the pulmonary route.

sodium cromoglycate (Aswania et,&002)

formoterol, salbutamol sulfate (Becker et 4089)
tiotropium (ZuWallack et al2004)

_ ) beclomethasonumipropionate, mometason furoate (Byron et #94)
Respiratory disease

itraconazole (Vaugh et aR007)

ipratropium (Noord et al2004)

tobramycin (Geller et g312007)
indacaterol (Dahl et 3l2010)
insulin (Lauble et a).1998)
sildenafil (Chofrani et al. 2006)
morphine (Mallet et a]1997)

Systemic disease

vaccines (LiCalsi et 411999)

Non-steroidal antinflammatory drugs (NSAIDs) are currently the most widely
prescribed medication in the world (Bianco 2000, Rabinowitz e2@04). NSAIDs, which
have few sidesffects and are not toxic to lung epithelial cells, have been proposed for
pulmonary therapy. Drugs such as lysine acetylsalicylate, indomethacin and nabumeton have
been investigated via the inhalation route (Tamaoki e@D0). MX, a cytboxygenase
(COX-2) inhibitor, is a generally used NSAID. MX is practically insoluble in water. The rate
of dissolution of MX can generally be improved by applying optimum formulation techniques
such as the preparation of binary systems with a hydroptalirier, by mixing, melting or
solvent methods, including particle size modificatiBaghirtShahroodi et 412008, Ambrus
et al, 2009, Nassab et alR006). Naidu et al.(2004) utilized cyclodextrins to enhance the
dissolution properties of MX. Thidormulation possibility can be applied for the oral
administration route for solid dosage forms, where a high proportion of carrierdecha®e

prevent the aggregatiasf the micronized active ingredient. Nassab e{(2006)found that



the use of melt hnology for the regular dissolution of MX resulted in mixed microcrystals.
However, this technology wasrriedout with 10 parts of mannitol and 1 part of MX.

MX has antiinflammatory and analgetic therapeutic effects. It is frequently used to
treat rhematoid arthritis, osteoarthritis and other joint diseases, e.g. Alzheimer's disease and
cancer lLuger et al. 1996, Tsubouchi et al2000, Frust et 811997, Goldman et al1998)

MX can be useful for the mon@nd combination treatment of cancer, putary fibrosis,
inflammation and pain (Bednarek et,d999, Tsubouchi et al2000, Souza et al2005,
Arafaetetal., 2007, Driessen et aR007). The pulmonary application of MX is a novelty for
local anttinflammatory treatment (Bavbek et,&007).

3.4 Delivery devices
In order tobe acceptable foclinical use,an inhalationdelivery systemmust satisfy

certainqualification criteria Fig. 4):

e it should generataerosoldrug carrier particlesnostly <10 microns insize (deally,

therange is 0.5 5 microng; the exact sizeepends on théesigned applicatign

¢ the drugadministratiorshould be reproducible

e thephysicaland chemical stability dhe drug should be protected

e the need for onlyninimal patientraining Chrystyn et al.2007)

Patient
compliance

Therapeutic

dose

Adequate
technology

Consisitent
dose
delivery

FIGURE 4: Criteria for an ideal inhalgChrystyn et al.2007)



The idealinhalersystemis an easyo-use inexpensiveportable devicghat promotes
patientcompliancelt shouldprotect thephysical andchemical stability othe drugproduct
In addition the deliverydevice ensuresan aerosobof suitable size andeproducibledrug
administration The equipment currently used to achieve the deposition of the drug suitable
for pulmonary administration is of three types:

e nebulizers;
¢ metered dose inhalers (MDjs)
e dry powder inhalers (DPIs).

Liquid and propellant aerosol systems involve nebulizer and MDI technologies. The
main difference between the two is that nebulizers use external energy to produce aerolized
droplets of the formulation, while MDIs incorporaepropellant into the formulation, which
provides the energy for aerolizatioNgwman 2005, Labiris et al2003) The MDI is the
leading application form in inhalation therapy, because MDIs have several favourable
properties, such as easy handling and higliabilty performance. However, the traditional
MDIs also have important drawbacks: difficult hameath coordination by the patient, and
the use of environmentally damaging propellants. The MDI as a drug delivery is inefficient:
only 1015% of the dos reaches the lundKlassawneh et al2008) In contrast with the
MDI, the nebulizer creates mists of fine droplets with high pulmonary deposition. However,
this drug delivery system utilizes compressed air, and for this reason an instrumental
backgrounds needed. On the other hand, it can take several minutes for a patient to inhale
the mist from a nebulizer (Le Brun et,&000).

The DPIshave a numbeof advantages: they are propellérge, coordination is unnecessary,
andthe patient'snspiratory fow is activated (Islam et aR008, Prime et §11997).Since the
benefits of DPI are closely related to the
diseases treated by using this route of administration generally show a progressien of t
respiratory function and consequently the patients do not have an optimum forced expiratory
volume Numerous DPI devices are to be found on the market (Smith 208B). There are
essentially two types of DPIs:

e Singledose devices

The basicmechanisn is the piercing of a pharmaceutical compositiontaining
capsule The nspirationof the patiengeneratesn air flow to rotate thecapsule and thdust
from theair stream(Rotahaler) (Hetzel et al1997). The capsule is pierced in the Aerolizer
(Chew et al, 1999), a device used in this study too. The Turb&s'p:ina breatkactivated,



reusable DPI that works with a single unit capsule (containing powders), which needs to be
loaded into the device each time prior to use (Islam ,£2G08).

e Multi-dose systems
These devices store the powder either in individual blisters (Diskus or Diskhaler), or in a

powder reservoir (Turbohaler, Pulvinal).

3.5 Formulation for DPIs

One of the key factors involved in optimizing the DPI performance is the precision
particle engineering required to produce a powder formulation that delivers accurate,
consistent and effective doses of the drug.

The FDA (the US Food and Drug Administration) and the European Inhalanda group
specify the requirements for the approval of new DRIBalanda 1998, FDA 1998). The US
Pharmacopeia specifications for test methods harmonize with the European Pharmacopoeial
requirements (European Pharmacopoeia 2012). The behaviour of particles during inhalation
depends strongly on the characteristics efghoduct, and therefore the powder itself. One of
the inherent physical properties of the final product is that it must be active, and this must be
assessed. Conventional aerodynamic optimization involves a reduction in the particle size to <
5 Om. aBides ban pe deposited in the respiratory tract, also size reduction methods,
such as jemilling, can influence drugs and introduce changes in the physical properties of
the particles. An attractive strategy to produce particles for inhalation isnipuete the size
and density of the inhaled particles. Partic
region, provided that the density of the particles is such as to give a mean aerodynamic
diameterofi5 Om, whi ch c o ryrofe<®g g/anidTelkotetal, 2805)d e n s i t

The bioavailability of poorly watesoluble or insoluble drugs is a wéthown
difficulty in the development of many pharmaceutical products. During the formulation of
NSAIDs, it is strategically important to solveeth solubility problems, which can lead to
decreasen the drug quantity applied and to the reduction of unwantedefidets, together
with an improvement of the bioavailability (Lipinsky 2000, Hassan e2@04). A number of
advanced technological netds are available with which to modify the physicochemical
properties and increase the rate of dissolution of NSAIDs. The most common technologies are
particle size reduction (Dinesh et,&004, Britain et aJ.2002), cecrystallization Basavoju
et al, 2008) spraydrying (Paudel et al., 2013)yclodextrin inclusion complexatioGainotti
et al, 2004) the use of inert watesoluble drug carriers in solid solutions or dispersions, the

production of a suspension by a solvent evaporation method angréparation of

9



nanocrystalline or amorphous forms of APBrdwster et aJ.2007, Blagderet al., 2007,
ShouCanget al.,2010, Oberoet al.,2005)

Inhalation drug products are still at the focus of drug delivery, especially because the
pulmonary delivey of drugs is recognized as an important delivery route for both locally and
systemically acting drug substances. One of the most important issues during drug
development is the choice of a suitable formulation approach and suitable excipient&(Pilcer
al., 201Q Traini et al.,, 2012 During DPI formulation, various excipients can be applied:
lipids such as dipalmitoylphosphatidylcholine can be used for the formulation of liposomes,
the most extensively investigated systems for controlled delivery (Rgsset al., 2001,
Sanneet al.,2004, Desat al.,2003). Beside lipids, several alternative excipients have been
tested. Amino acids such as leucine (LEU), glycine and alanine have been shown to decrease
the hygroscopicity and improve the surface attivand charge density of particles, and
therefore to improve thia vitro andin vivodeposition significantly (Let al.,2005, Sevillest
al., 2007, Rabannet al.,2004, Chewet al.,1999, Sevilleet al.,2007). Surfactants such as
Polysorbates are a weapproach for lowdensity particle formation (Stecket al., 2004).
Chitosan, consisting of cationic polysaccharides, has been used as an absorbtion enhancer for
proteins and peptides, besides its bioadhesive effect (Aetidil., 2008, Soyele 2008).
Polymers are used to engineer drug microparticles; tia@ginfluenceon the properties of a
microparticle by adsorbing to its surface during spieyng. Polyvinyl alcohol (PVA)
(Buttini et al., 2008 and polyvinylpyrrolidone (PVP) (Robinsoet al., 1990, Pilcer et al.,

2010) have the ability tedsorbat interfaces, and may therefore be used as microfine coating
materials and stabilizers in DPI systems.

Different carriers (e.g. microcrystalline cellulose, lactose monohydrate, M, sorbitol,
cyclodextrin, xyitol, glucose, raffinose and trehalose) are used to ensure the distribution of
drugs (Teeet al.,2000, Macet al.,2004, Steckeét al.,2004; Gloveret al.,2008) They have

an established safety and stability profiles; they are produced in differentfan@ming
processes with tight controls over purity and physical properties, they are readily available in
different grades and they are inexpensive. They are advantageous as highigoldler
compounds with low toxicity, low hygroscopicity and sigoaint sability in the DPI
formulation.

Different production techniques may be applied to obtain micronized powder suitable
for pulmonary delivery. These techniques include classical ones, such as jet milling, and other
more advanced methods of considerabigerest for many applications, not only for

medicines, such as sprdyying and sprayreezedrying and extraction with supercritical

10



fluid (Chowet al.,2007, Veinharcet al.,2008, Zijlstret al.,2004) The use of these advanced
techniques of particlengineering to achieve optimization of the fine particle fraction has led
to improved possibilities of aerosol formation and the drug dissolution. The optimum is based
on the integration of an efficient DPI device with a powder formulation. Two powder
formulation routes are commonly employed in the majority of DPIs: cdrased systems
and agglomerated systems.

In the conventional carridvased techniques, the drug particles are much smaller than
the carrier particles; the smaller drug patrticles pretenadhere to the carrier, resulting in
an adhesive mix (Kaerget al.,2006). During inhalation, the energy imparted by the patient
must overcome the adhesive bond formation, so that the drug particles can be liberated from
the carrier to penetratetmthe respiratory tract. However, the force of adhesion between the
drug and the carrier may be greater than the energy supplied, and the drug will then remain on
the carrier, to be swallowed, after impaction in the throatead of being inhaled (Youreg
al.,2003) Fig. 5).

FIGURE 5: Outline of a DPI carriedrug system.

In comparison with carrigbased formulations, agglomerdiased formulationsHg.
6) do not contain large inert material particles, buspheronized aggregates of suitable size
for inhalation. Agglomerate systems rely on the inspirational energy being sufficient to break
down the powder network, resulting in primary particles of respiratory size (Weteiin,
1988 Le et al., 201p

11



FIGURE 6: Agglomerate formation and gisrsion.

Fig. 7 illustrates a novel possibility of formulation for DPIs: the development of co
spraydried particles, where the active ingredient, the carrier and the applied additives are
located in one micronized particle. A new tendency in the developof DPIs is the design
of carrierbased microcomposites with a particle size & 3 Om as pul monary dr
systems involving different carriers and adjuvants. The additives are applied in small amounts
in the microcomposites in order to promotdygicochemical stability, wettability,

dispersibiity and aerodynamic properties.

Active ingredient

Indifferent carrier
and additives

FIGURE 7: Structure of novel cgpraydried particle.

Several studies have been reported on thgpcaydrying technique with or without a
carrier from aqueous solutiobyt spraydrying is not limited to aqueous solutions. The spray
drying of ethanolic solutions containing ipratropium bromide, salbutamol sulfate and pure
beclomethason dipropionate has also have been achieved (\Wbalfe2001, Sakagamet
al., 2002. The novel approach presented in our work was an assessment of the suitability of
the coespraydrying of MX from an aqueousnicrosuspension The final, crystalline
microcomposite was prepared in a @tep process, which additionally ensures favourable
particle size, morphology and crystallinity properties.
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4. MATERIALS AND METHODS

4.1 Materials

MX, a DPFactive pharmaceutical ingredient, was obtained from EGIS Ltd. (Hungary)
(Table ).

Table II: Properties of the active ageanidthe indifferent carrier, M.

Meloxicam (MX) b-D-Mannitol (M)

——4,\? 0o OoH
S*N% OH OH
Chemical structure H HO/\_/'\‘/'\,OH
/N? OH OH
A

4-hydroxy-2-methykN-(5-methyl-2-
Chemical name thiazolyl)}-2H-1,2-benzothiazines- (2R,3R 4R 5R)-hexanel,2,3,4,5,6hexol

carboxamidel,1-dioxide

a yellow powder a white powder
Physical properties| particle size: 85.30 6. 6 3 O nj crystalline

poor solubility in water watersoluble

Applications a NSAID, a selective COX inhibitor | an indifferent carrier

M, a hydrophilic carrier, was obtained from Hungaropharma (Hungaablé I1). M
is a sugar alcohol,nal is used as a dry powder for inhalation for the diagnosis of bronchial
hyperresponsivenesAirfdersonet al.,1997 Brannanet al.,2005) As an osmotic agent, M is
also administered to enhance the clearance of mucus in cases of bronchiectasis and cystic
fibrosis. M was primarily chosen as a model carrier in this study because its particle size can
be readily controlled by sprayrying (Chew et al., 1999) and the spray dried M has a
crystalline stateRoweet al.,2001). M is highly watesoluble compounavith low toxicity,
low hygroscopicity and significant stability by the DPI formulatiand gives an obvious
sweet aftertastéAdi et al.,2010; Zaja et al.,2005 Braunaet al.,2009).Furthermore, M is a
suitable carrier for the aerosol delivery of pmegeand significant stability in DPI
formulations Kaialy et al., 2012Kaialy et al., 2013 b, Nokhodchiet al., 2013).
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The polymer additives, polyvinylpyrrolidone-&5 (PVP) and polyvinyl alcohol-88
(PVA) were purchased from BASF (Germany) and frt® Customer Service GmBH
(Germany), respectivelyrable I11).

Table 1l : Polymer additivesind surfactanh the cespraydrying process.

Polyvinylpyrrolidone K -25 (PVP) Polyvinyl alcohol 3-88 (PVA)
L
Chenmical structure N Nn/
/P\/]/ OH
n
Synonyms Povidone, PolyvidoneKollidon Mowiol
] ) a white to lightyellow powder a white powder
Physical properties . .
amorphous semicrystalline
o o a stabilizing agent
Applications a stabilizing agent o ) )
a microfine coating material

Tween 80 (BASF, GermanyYéble V) was of pharmaceutical ggle. Amino acids
such as Heucine (LEU) (Applichem, Germany)Téble 1V) can be cespraydried with

certain active compounds to modify drug aerolization behaviour.

Table IV: Properties and structure of the surfactrddispersity enhancer

Polysorbate80 (TWEEN) L-Leucine (LEV)

HO(CH,CH, Oy, [OCH;CH), OH

(OCH, GH),OH

o]
(OCHZCHZ)Z_D)J\CI?HSS
Polysorbate 80

(Surnof w, ¥, v, and zis 20)

Chemical structure o

Synonyms Tween 80 2-amina-4-methylpentanoic acid

Physical propertieq a viscous yellow liquid a white crystalline powder

o a nonionic surfactant . ]
Applications . a dispersity enhancer
a wetting agent

14



4.2 Methods

4.2.1 Preformulation of co-spray-dried products containing MX

The compositions of samples are presentebainle V. The mass of each sample was
100 g. The MX content, if present, was 1 g.

Table V: Compositions of samples.
Sample MX (9) M(g) TWEEN(g) PVP (9

MX 1 - - -
MX spd 1 - - -
M -

M spd -
MX -M

MX -M-TWEEN 0.1 ]

MX -M-PVP - 0.05

=
= = = T

MX-M-PVP-TWEEN 0.1 0.05

Fig. 8 shows the preparation protocol for the carbased cespraydried systems. The
particle size and formfahe MX microcrystals were modified by tafjmwn technology, which
is a disintegration method involving the use of stress. The resulting microsuspensions
contained the API in homogeneous distribution. From the suspensions of the drug and carrier,
solid powders were obtained by sprdyying; a standard microsize was achieved.

Solution of M and
additives

dispergation of MX

[ Presuspension of MX

micronization of MX
by UT

‘ Microsuspension of MX I

spray-drying

Carrier-based

co-micronized system

FIGURE 8: Preparation protocol for carridased systems.
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A microsuspension was prepared from 1 g of eachi¥fandM, 0.1 g of TWEEN
and/or 0.05 g oPVP ad 20 g with water, using ddltraturrax (UT) (F25 IKA-WERKE,
Germany) at 6500 and 24000 rpm for 10 min, and forsgrayy i ng a B¢ c-h91 Mi ni
(Switzerland) with 130 AC inlet and 70 AC ou
and the aspirator pressure was 25 migraydried MX (MX spd) and M M spd were
prepared as controls from 1 g of MX or M ad 20 g with water, using the same preparation

parameters as for the productable V).

4.2.2 Optimization of the microcomposites and the process parameters for the

aerodynamic assessment of powders

The components of the microcomposites are presenieabie VI.

Table VI: Compositions of the products.
MX M PVP  PVA TWEEN LEU

Product

(@) (@) (@) (@) (@) (9)
MX-M 5 5
MX-M-PVP 5 5 0.025
MX-M-PVP-LEU 5 5 0.025 - - 0.2
MX-M-TWEEN 5 5 - - 0.05
MX-M-TWEEN-LEU 5 5 - - 0.05 0.2
MX-M-PVA 5 5 - 0.1
MX-M-PVA-LEU 5 5 - 0.1 - 0.2

Fig. 9 shows the process of formulation of the samples. The preparation parameters and

compositions were optimized.
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Pre-suspension made [ Formulation of MX microsuspension Co-spray-dried microcomposites
with an Ultraturrax by high-pressure homogenization containing MX

FIGURE 9: Preparton of cospraydried microcomposites.

Each presuspension was prepared from MX and M, together with TWEEN, PVP or
PVA, and with LEU, and made up to 100 g with water, using an Ultraturrax operated at
24000 rpm for 10 min. The particle size of the MXtire presuspension was decreased by
cavitation with a higfpressure homogenizator at 1500 bar for 10 cycles. The process resulted
in a microsuspension of MX which contained M, PVP or PVA and LEU in dissolved form.
Such microsuspensions were spded wi h  a B¢ ¢ hi -18M The sufpengians B
were homogenized with a magnetic stirrer under a drying process.

These parameters ensured optimum drying efficiency in the case-spiragdried
samples. The spragrying efficiency was in all cases -B®%. 80%of the powder was
situated in the sample contain@®uring the cespraydrying, the final, solid products were
obtained, comprising microcomposites containing MX crystals in micronized fbafve

VIl indicates the spragirying parameters.

Table VII: Spray drying conditions for cgpray drying powders.

Inlet temperature Outlet temperature Feed rate Aspiration air Aspiration rate
(UC) (UC) (ml min?) (1h? (m® min™)
130135 77-81 4.04.5 600 0.065
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4.2.3 Drug content analysis

The MX contents in the sprayried samples were determined by dissolving 6 mg of
sample in 100 ml of methanol/phosphate buffer solution (60/40 v/v). The solutions were
sonicated for 10 min, then diluted (1:2) and analysed spectrophotometrical{JUMNTAM
UV/VIS Spectrophotometer, Caimdge, UK) at 362 nm. Three samples were analysed for

each batch, with random sampling of the powder.

4.2.4 Cytotoxicity testing

The Calu3 cell line was obtained from the American Type Culture Collection (ATCC,
USA). Cells were maintained with regular passagg Dul beccods Modi fi ed
(DMEM, SigmaAldrich Ltd.) supplemented with heatactivated foetal bovine serum (10%
v/v), sodium pyruvate 100x (1% v/v), penicillin/ streptomycin 100x (1% v/v) and non
essenti al ami no aci dsinclbatorcontairdingp5% @Ov ) at 37 AC
For the cytotoxicity tests, CaiBi cells were seeded in 9¢ell plates at a density of 10
cells/well. The confluent monolayers were used for cytotoxicity studies 7 days after the initial
seeding. The MTT method (Mosmann8BY was used to determine the cytotoxicity of the
di fferent formulations as foll ows. The f or mi
Solution (HBSS) and the cells were exposed t
Controls were procesdeadentically and incubated in HBSS simultaneously. After 1 hour of
incubation, cells were washed with HBSS and the MTT solution was added to each well at a
final concentration of 0.5 mg/ml. After 3 het
crystds were dissolved in isopropanol/l N HCI (25:1) and the absorbance was measured at
570 nm with a FLUOstar OPTIMA microplate reader (BMG LABTECH, Offenburg
Germany). Absorbance values were corrected for the background absorbance, measured at

690 nm. Cell vability was expressed as a percentage of the untreated control.

4.2 5 Particle size determination

The particle sizes of the solid samples were determined with a Leica Q500MC Image
Processing and Analysis System (Leica Cambridge Ltd., UK). The particle sizeudiisir of
MX in the microsuspensions was analysed before spnggg in all cases, and the particle
size analysis of dry Mbased systems was also carried out aftespeaydrying. The particle
size of MX in the microsuspensions was analysed before -sloyayg with the Malvern
apparatus (Malvern Hydro 2000, Malvern Instruments Ltd., Worcestershire, UK). The volume

particle size distribution was measured by laser diffraction (Mastersizer S, Malvern
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Instruments Ltd., Worcestershire, UK) with the followipgrameters: 300RF lens; small
volume dispersion unit (1000 rpm); true density of MX = 1.565 ¢ ¢ccuPyc 1330,
Micromeritics, Norcross, USA); 1.596 was taken as the refractive index for dispersed
particles, and 1.330 for the dispersion mediufe partcle size distribution of the
microcomposites from the dry dispersion unit was also estimated by laser diffraction
(Malvern Mastersizer Scirocco 2000, Malvern Instruments MthrcestershireUJK). In the

dry analysis method, air was used as the dispeesgemt for the microcomposite particles
from the inlet to the sample cell. Approximately 2 g of product was loaded into a feeding tray.
The dispersion air pressure was adjusted to 2.0 bar, in order to determine whether particle
attrition had occurred. Obsa@tion of between 10.0% and 13.0% was achieved throughout the
entire measurement duration. The particle size distribution was characterized by the D(0.1),
D(0.5) and D(0.9) values and the Span values were calculated according to Eg. 1. A high
Span value (> 1) denotes a broad particle size distribution. The higher Span value, the
broader the particle size distribution (Li et, @004.

D(0.9)— D(0.1)
D(0.5)

Span = (1)

4.2.6 Scanning electron microscopy (SEM)

The morphology of the particlewas examined by SEM (Hitachi S4700, Hitachi
Scientific Ltd., Tokyo, Japan). A sputter coating apparatus-Rid SC 502, VG Microtech,
Uckfield, UK) was applied to induce electric conductivity on the surface of the samples. The

air pressure was 1B83.0 nPa.

4.2.7 Fourier transform infrared spectroscopy (FT-IR)

For study of the interaction between the components in the microcompositesJRn FT
apparatus was used before and after storagedRFpectra were recorded with a BRad
Digilab Division FTS 65A/896 HIR spectrometer (Bidrad Digilab Division FTS55A/869,
Philadelphia, USA) between 4000 and 400 cmt an optical resolution of 4 émThermo
Scientific GRAMS/AI Suite software (Thermo Fisher Sciencific Inc., Waltham, USA) was
used for the spectral ayals. The sample, with an MX content of 0.5 mg, was mixed with
150 mg of dry KBr in an agate mortar, and the mixture was then compressed into a disc at 10
tons. Each disc was scanned 64 times at a resolution of'2een the wavenumber region
4000400 cm.
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4.2.8 X-ray powder diffraction (XRPD)

XRPD spectra were recorded with a BRUKER D8 Advancea¥ diffractometer
(Bruker AXS GmbH, Karl sruhe, Gewomanldy p486¢sté
over the interval B0A2. The measurement conditions were al¥es: target, Cu; filter, Ni;
voltage, 40 kV; current, 40 mA; time constant, 0.1 s; angular step JI1Be determination
of the degree of crystallinity, the total area of the three peaks with largest intensity was

examined, after smoothing and backgrd removal.

4.2.9 Water content determination bythermogravimetry (TGA)

Residual water content was analysed by-DGA with a Mettler Toledo TG 871
thermal analysis system with the STARhermal analysis program V9.1 (Mettler Inc.,
Schwerzenbach, Switzerlandgiider a constant flow of dry nitrogen gas flow of 100 ml"hin
10001 alumina crucibles were used for the sam
constant heating rate °C min™) up to 300°C. The TG DTA oven was prequilibrated at
room tempeature and each sample (ranging between 12 and 20 mg) was weighed as fast as
possible in order to minimize moisture uptake or release from the sample. The mass losses
were recorded, and the moisture contents [% wet basis] were estimated from the normalized

scans, the actual mass being divided by the initial mass.

4.2.10 Contact angle
The OCA Contact Angle System (Dataphysics OCA 20, Dataphysics Inc., GmbH,

Germany) was used for studies of the wettability of the carrier systems, and products
containing MX. 0.15 g bpowder was compressed under a pressure of 1 ton by a Specac
hydraulic press (Specac Inc., USA). The wetting angles of the pressings were determined after

4. 3 ¢l of distilled water had been dropped o
wetting angle was registered from 1 to 25 s (a minimum of 5 parallel numbers), using the
circle fitting method of the OCA System. The method of Wu was applied, in which two
liquids with known polarg®) and dispersionf®) components are used for measureméhe

solid surface free energy is the sum of the pa®rand norpolar 6% components, and is
calculated via the following equatigg) (Wu 1971)

(') | o)
(1+cosB)y, = i + PP (2)
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where @ is the contact anglejs is the solid surface free energy &y iIs the liquid surface

tension. The percentage polarity can be calculated fror thred y values: §°/y)*100. The
liquids used for our contact angle measuremente bidistilled watera = 50.2 mN i, o =
22.6 mN m') and diidomethanef{= 1.8 mN nt, 2" = 49 mN m?).

4.2.11 In vitro release

Modified paddle method

The paddle method with the USP dissolution apparatus (USP dissolution apparatus,
type Il Pharma Test, Higburg, Germany) was used to examine MX and the products. The
medium was 100 ml of phosphate buffer of pH
and sampling was performed up to 120 min. £
applying a Milex-HV syringedriven filter unit, Millipore Corporation, Bedford, USA) and
dilution, the MX contents of the samples were determined by spectrophotometry (ATI
UNICAM UV/VIS Spectrophotometer, Cambridge, UK) at 362 nm.

Statistical analysis of MX dissolutigurofile

The percentage dissolution efficiency (%DE) for each sample was calculated as the
percentage ratio of the area under the dissolution curve up td torteat of the area of the
rectangle described by 100% slidution at the same time (Kha@75)as follows(3):

t
JoXat
y 100Xt

%DE = ( ) x 100(3)

A well-known method is the trapezoidal meth@)l The area undehé curve (AUC)

(Andersoret al.,1998) is the sum of all the trapezia defined by

AUC = 2;27]’-1 (tl_ti—l)zo/'i—l"'yi) (4)

wheret; is thei™ time point and}; is the percentage of product dissolved at time

The mean dissolution time (MDT) was calculated via thiefohg expression (Costa
et al.,2003):

_ Yt tmia AM
MDT = —Z?_lAM (5)

wherei is the dissolution sample numbars the number of dissolution timdg,q is the time
at the midpoint between timgsandt;.;, andgp Ms the amount of MX dissolved (mg) between

timest; andt;.;.
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4.2.12 In vitro assessment of lungepositon

In vitro aerodynamic assessment was carried out by two methods. The Next
Generation Impacto{NGI) was applied in the case of the optimization study, and the
Andersen Cascade Impact@kCl) for stability testing.The impactors are specified ihet
USP Chapter <601> and Ph. Eur. Chapter 2.9.18 for use in measuring the mass distribution of

pharmaceutical aerosols via the aerodynamic diameter.

Next Generation Impactor

The mass of the powder was 3 mg. The products were filled into hard gelatinkesapsu
(size 3). The inhaler device applied was a plastic RS01 (Plastiape, Ad\gxt Generation
Impactor (MSP Corp., Minneapolis, MN, USA) fitted with a stainless steel 90 degree
induction port was used according to the manufackiiestructions, whictincluded setting
the flow rate at 60 | mifh During impact, the aerosol was divided into seven size categories
according to the aerodynamic diameter of the particles (USP 29). Prior to use, the final stage
of the impactor was fitted with a fibreglassfier (nyl on, 0. 45 Om, Mil |
stages were coated with a 1% w/v Sparcg8ohexane mixture to control particle rebound.

The NGI was assembled and connected to a vacuum pump-¢biigitity Pump
Model HCPS5, Critical Flow Controller Model TPICopley Scientific Ltd., Nottingham, UK).
The actual flow rate through the impactor was measured by a mass flow meter (Flow Meter
Model DFM 2000, Copley Scientific Ltd., Nottingham, UK) prior to each run, to ensure that
the desired flow of 60 | mih was &hieved. The NGI impactor has a range of -off
diameters as shown ifiable VIII . The DPI device was connected to the impactor via an
airtight rubber adaptor. The pump was started and the initial pressure drop caused by the
pump allowed dose release. Eaapsule was filled with an amount of product corresponding
to ~ 3 mg of powder. Each formulation was actuated into the device through the induction
port two times, after which a single experiment was deemed complete. The impactor was
dismantled and the raler, the mouthpiece, the induction port and each of the seven stages
were washed with methanol/buffer (60/40 v/v %) to collect the deposited drug. The micro
orifice collector (MOC) was fitted with a fi

were quantified by UV/Vis spectrophotometry.
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Table VIII : Particle size cubff point for each stage at a flow rate of 60 | thin the NGI.

NGI stage Cut-off diameter at 60 | miit ( O m)

8.06
4.46
2.82
1.66
0.94
0.55
0.34
MOC 0.00

N o o0 A WN P

Andersen Cascade Impactor

The aerosol size distribution of different cumulative doses of microcomposites was
assessed by using the three cascade impactor methodology withntleesén Cascade
Impactor (Copley Scientific Ltd., Nottingham, UK). At 60 | milmthe ACI impactor has a
range of cubff diameters as shown ifable IX. The flow rate was set to 60 | rfiusing a
vacuum pump (Higitapacity Pump Model HCP5, Critical Flow Controller Model TPK,
Copley Scientific Ltd., Nottingham, UK). The actual flovwe@hrough the ACI was measured
with a mass flow meter (Flow Meter Model DFM 2000, Copley Scientific Ltd., Nottingham,
UK) prior to each run, to ensure that the desired flow of 60 'mias achieved.

Table IX: Particle size cubff point for each stagat a flow rate of 60 | mihin the ACI.

ACI stage Cut-off diameter at 60 | mih( O m
-1 9.0
0 5.8
1 4.7
2 3.3
3 2.1
4 11
5 0.7
6 0.4
Filter <04
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A variety of parameters were employed to characterize the deposition profile of MX:
The recoveed dose (RD)vas the sum of the drug collected from the capsule, the inhaler
device, the induction port and all stages of the impactor. erhited dose (EDjvas the
amount of drug released from the inhaler device. firfeeparticle dose (FPDyas definedas
the amount of drug deposited on stage 2 and below the impactor. The respirable Wastio
expressed in terms of tHePF deemed to comprise the partic
was calculated as the ratio of FPD and RD. Wtal percentage recowepf the drug was
assessed as the ratio of the RD to the theoretical dose, the latter being the dose of MX in the
capsules. The real dose of MX in one capsule was+ @38 mg, which was equivalent to
the filling weight of cesprayd r i e d s a mp.26ang, ddpéndirdy ®n tifke drug content).
The MMAD, defined as the median particle diameter of the formulation deposited within the
impactor, was determined by interpolation of the percentage undersize versus the logarithmic
aerodynamic diameter data betwestages 2 and 3. Tlyggometric standard deviation (GSD)
was calculated as the square root of the ratio of the particle size at th€ gdrdéntile to the
15.87" percentile. Both MMAD and GSD were determined from the linear region of the plot
of the cunulative mass distribution as a function of the logarithm of the aerodynamic

diameters.

4.2.13 Stability testing

Stability tests were carried out as recommended by the international guidelines
specified in ICH (International Conference on Harmonization) Q1A (R&pbility Testing
of new Drug Substances and Products. Accel er
75 N 5% RH. Under Dboth conditions, sampl es
(Capsugel, Belgium) in open containers; the duratioriavhge was 6 months. Sampling was

carried out after 0 and 10 days, and 1, 2, 3 and 6 months.

4.2.14 Statistical analysis

Al | measurements were carried out in tri
S.D. unless otherwise noted. Statistical calculations vperformed with the software
Statistical for Windows. To identify statistically significant differences,-wag ANOVA

with t-test analysis was performed. Probability values of p < 0.05 were considered significant.
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5. RESULTS

5.1 Preformulation studies of M-basedco-spray-dried samples

The wettability and the rate of dissolution of MX are the factors primarily limiting its
formulation for pulmonary administratioihe main aim of our research was to achieve an
adequate crystal habit, good wettability and the rapldase of MX, whereby to achieve
better bioavailability in the respiratory system. Another objective was to reduce the amount of
the watersoluble carrier M to cover the homogeneously distributed MX.

In particle engineering, espraydrying is a onestepprocess via spragirying, which
can be used as a formulation platform to improve the particle habit of formulations containing
MX and excipients together. The main advantage ebpraydrying is to improve the
processability and bioavaibility of MX thrgh the production of spherical, micronized
particles coated by additives.

The particle size analysisevealed that the crystal sizes of the MX and its products

were decreased significantlygble X).

Table X: Particle sizes of samples and MX in products

Particle size of D Particle size of MX in

SD

Sample sample (R sample [
[ € m] [ € m]

MX 85.39 6.63
MX spd 19.05 2.63
M 86.74 5.12
M spd 1.61 0.81
MX-M 1.37 0.31 4.07 3.50
MX-M-TWEEN 4.11 1.97 1.84 0.34
MX--M-PVP 4.05 1.79 2.93 0.53
MX-M-PVP-TWEEN 5.18 3.95 3.01 0.25

The size of the MX crystals was 85 ¢&m, [
of the MX was first decreased with the UT in an agueous suspension without aq@4ies
rpm for 10 mir). After spraydrying of the aqueous suspension, the size of the MX spd was
decreased only to Drowetmbiity and eggragatoa MX. Sprait he p o

drying of the aqueous solution of M resulted in a size@fé.m (M spd) . 't i s i
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compare the size of M1 (1. 37 € m) wi t h t hat of extr acd
demonstrated the aggregation of MX.

The wettability study(Table XI) indicated that the microcomposites had a more
hydrophilic character as compared with MX. Significantly lower contact angles wittr wat
were measured for all samples, the decrease
(75.30) was relatively high, showing its poor hydrophilicity. Following spdaying, the MX
particle size was decr e asTabke Xk bugtmeiwéttabdity did | vy, f
not change significantly7@.00). As concerns the espraydried products, MX had a contact
angle of 54.9U because of the wetting charac
same contact angl es ageddnhd theOwvetting dnar@@r.could )alsoibe b o
perceived PVP can help stabilize the decreased size and improve the wettabiliB6t89. (

The polarity of MX spd was increased slightly (20.9%) as compared with the raw MX. Co
spraydrying with M improved tk polarity a little (31.4%). With TWEEN and PVP, similar
surface free energy and polarity values were manifested as in the case of pure M (~44%).

Table XI: Contact angles, surface free energies and polarities of the materials.

Sample Uater Udiodomenane o i P i 2 i Polarity
[ el [ el [MNmT]  [mMNm7]  [mNmT [%]
MX 752W5. 16. 23N: 4474 9.25 53.99 17.13
MX spd 72.00 248XN2.9 4221 11.12 53.33  20.85
M 213N 4 . 175 6. 3 4370 33.95 77.65 43.72
M spd 20.13 248N5.1 4164 35.06 76.70 4571
MX -M 54.90 239N2.7 4217 19.32 61.49  31.41
MX -M-TWEEN 19. 08 163N0. 2 43.97 34.57 78.54  44.01
MX -M-PVP 26.35 2800N1.5 4061 33.22 73.83  44.99
MX-M-PVP-TWEEN 2 0. 93 1840N0. 8 43.49 34.16 77.65  43.99

The dissolutionof raw MX at pH 7.4 was prolonged. MX spd exhibited nearly the
same profile as that of raw MX, but the reduced size with the increased specific surface
yielded a level of 30% in the dissolutidfig. 10 presents the dissolution profiles of MX, MX

spd and theo-spraydried systems.
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FIGURE 10: Extent of dissolution of MX from cepraydied samples.

Table XlI presents the drug release from the physical mixt{#®y at 15, 60 and 120
min. Differences in dissolution rate and dissolved concentrafidtiXowas observed between
the cospraydried samples and the physical mixtures. The products containing the additives
gave close to 100% release in the first 5 min. The dissolution in the first 5 min was ~30 times
higher than that for MXKig, 10).

It may be seen that small amounts of additives can play a great role in the dissolution
of the drug, and it is therefore important to achieve a correct formulation. PVP itself is not
such a good wetting agent as TWEEN. The inhibition of aggregation inhibiticihdsg
excipients is necessary as concerns the particle size decrease and protection, which results in

enhanced dissolution.

Table XlI: In vitro drug release of MX from the physical mixtures.

Sample 15 min (%) 60 min (%) 120 min (%)
MX 6.8 18.88 28.04
PM-MX-M 8.13 33.16 55.07
PM-MX-M-TWEEN 46.15 67.85 69.33
PM-MX-M-PVP 27.88 41.38 43.51
PM-MX -M-PVP-TWEEN 52.57 76.37 78.64
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5.2 Determination of cytotoxicity of spray-dried MX and microcomposites

Cytotoxicity testing is required for the novel inhalation delwsystems. In the human
lung, the submucosal glands are a major source of airway surface liquid, mucins and other
immunologically active substances, and Calcells reflect these properties. The cytotoxicity
of MX-containing microcomposites was studiaa monolayers of Cai8 cells, in order to
acquire information on the availability in pulmonary formulations. To compare the
cytotoxicity with the drug dissolution, the applicable amount of MX was determined for dry
powder inhalation. PVP and TWEEN as fliaing and wetting agents can be safely applied
for pulmonary use; toxic effects are not detected in the respiratory tract (RolEhsbn
1990).

To check on the applicability of microcomposites, we investigated the toxicity of
samples on CaiB lung epthelial cells. Ten different concentrations of products between 0.01
and 50 mg mt were applied, i.e. 0.0085 mg mi* MX content.Fig. 11 shows that, up to a

concentration of 0.1 mg mMiall of the products are safely applicable in the lung.

120 -

100 -

(o]
o
1

Living cells (%)
Iy (2]
o o

N
o
1

0.01 0.1 1 2 5 10
Product concentration mg mk1

B MX spd ® MX-M = MX-M-TWEEN ®MX-M-PVP B MX-M-PVP-TWEEN

FIGURE 11: Cytotoxicity of MX spd and products containing MX.

Between 1 and 10 mg hlonly the MXM-PVP-TWEEN products resulted in more
than 80% cell viability. However, there was a large decrease in the living cell concentration
when both TWEEN and PVP were dipd between 10 and 25 mg s compared with the
other products. Above 10 mg Thlall of the samples were toxic. During the dissolution
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testing under al veol ar conditions (37 AC,
medium (which is on¢enth ofthe oral dose) means 0.036 mg'mfoduct containing 0.0167

mg mi* MX. The cytotoxicity tests indicated that, in the case of-MXPVP-TWEEN, the

dose can be increased up to 10 m@,nmcluding a maximum of 5 mg mMIMX, and the
applicable amount of th drug can therefore be increased -8l through use of our

formulation.

5.3 Optimization of the product parameters and applied additives for the aerodynamic

assessment of MX

The rate of dissolution of MX microcomposites was improved through the use of
addtives such as PVP and TWEEN. The aerodynamic properties of these samples were
characterized: MMAD was < 4.z+ 0.01. Nevertheless, the respirable fraction was low; the
FPFs for the samples were < 30+ 4.44. The aerodynamic assessment of the
microcompogdies was improved by optimization of the preparation protocol and composition.

The aim of this study was to develop respirable microcomposites of MX and adjuvants
(different polymers and an amino acid) for inhalation as drug delivery systems for local lung
therapy. MX was transformed into microcomposites, i.e. crystals of drug embedded in M and
other adjuvantsWe focused on the influence of the concentrations of the polymers on the
physicochemical properties of the microparticl&8he objective was to optize the
aerodynamic parameters of the particles and to achieve the rapid releaseRédtdes PVP
and TWEEN, PVA, as a microfine coating matef@ MX crystalsand LEU were applied
during caespraydrying. Amino acids such as LEU can bespgraydried with certain active
compounds to modify drug adimation behavio(Sevilleet al.,2007, Protaet al.,2011).

The preparation protocol was optimized by cavitation, as the effective particle
reducing procedure; to achieve a homogeneous particle sizeuisttiand an enhanced FPF
of the formulations (seEig. 9).

The drug content is a limiting factor in the case of syhgyng. The drug contents of
the spraydried powders are shown ifable Xllil . Values close to 50% were expected. In
reality, depending othe additives applied, different values of MX content were observed. It
can be seen that without additives (MX the highest loss of MX resulted after spidying.

This significant loss of MX was ascribed to the poor wettability of the drug during the

preparation of the suspension for spdaying. Separations of the solid phases and MX
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adhesion to the glass walls of the spdayer were observed. With a surfametive agent in
the solution, the real and theoretical MX contents were closer.

Table XIII : Drug contents in the spradried powders.

Product Drug content
MX -M 27.74 N 0.
MX-M-PVP 48. 95 N 0.
MX -M-PVP-LEU 47.43 N 0. ¢
MX -M-TWEEN 47.11 N o0.°¢
MX -M-TWEEN-LEU 33.95 N 1.
MX -M-PVA 47.69 N 0.
MX -M-PVA-LEU 37.02 N 0. ¢

The mearsi ze D(0.5) of the raw MX crystals w
same as for MTable XIV). Microcomposites were obtained by spdrying. D(0.9) was
increased in the case of MM due to the aggregation of the particles. The D(0.9) value of the
MX-Msampl e in the suspension -dviayi Mg 9i. t7 5wasn, 2 4
In the other cases, the additives exerted an aggregahntory effect during the procedure.
Size analysis of the espraydried samples revealed that the particle sizes wypical of
micronized powders (< 10 Om). The distribu

applied.

Table XIV: Particle size distributions of dried powders.

oroduct D(0~.1) D(0~.5) D(0~.9)
( Om) ( Om) ( Om)
MX 8.56 30.85 63.71
M 5.32 36.37 65.45
MX -M 1.3 3.09 243.68
MX -M-PVP 1.65 3.29 6.19
MX -M-PVP-LEU 1.53 3.05 5.68
MX -M-TWEEN 2.48 5.09 10.52
MX -M -TWEEN-LEU 2.08 4.16 8.88
MX -M-PVA 1.57 3.11 5.81
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The microcomposite formulations after the spdaying procedures exhibited water
contents ranging bewen 0.23% and 0.64%Tdble XV). MX-M-TWEEN and MXM-
TWEEN-LEU displayed the highest water contents (0.43% and 0.64%) as TWEEN exerts a
hygroscopic effect in the sample during the drying. Lower moisture contents were detected in
the polymercontaining formiations, because hygroscopic growth can be prevented by
coating the drug particles witholymer layers. Moisture sorption also affected the drug
dispersion and daggegationbehaviour, which in turn impacted on the respiratory drug

delivery performance.

Table XV: Residual water contents (%) in thegmraydried formulations.

Formulation Residual water content (%
MX-M 0.23
MX-M-PVP 0.28
MX-M-PVP-LEU 0.35
MX-M-TWEEN 0.43
MX-M-TWEEN-LEU 0.64
MX-M-PVA 0.29
MX-M-PVA-LEU 0.37

The crystal morphologysi a critical parameter for DPI development, because the
particle shape affects the aerodynamic behaviour and thus lung deposition. The SEM pictures
demonstrated the changes in the habit of the produced microcompbsjtek2]. The large
anisodimensionalaw MX crystals A) had a smooth surface with a regular prismatic form,
whereas the M crystals had an irregular shape with a rough suBacehé cespraydried
particles displayed a nearly regular and spheroidal shape. The control produd?l)(MX
showedthe presence of a large number of single spherical particles probably constituted by M
alone F). The particles produced with the polymers (PVP and P\ZAr(dE) appeared to be
spheroidal without aggregation, and this could be a beneficial feature imtaktory
application of these powders. The products containing PVA and PVP possessed optimum
morphological characters for pulmonary usd@eowder et al., 2002. The microparticles
containing TWEEN had an irregular shape and a stratified surface inqoense of the
crystallizationinhibitory effect of the TWEEN concentrated on the surface of the suspension
droplets during the spragrying (D). LEU did not modify the morphology of the particles,
which were individually separated and displayed a regulee &ata not shown). The
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spherical and regular forms met the requirements for formulation for DPISMMMX -M-
PVA, MX-M-PVP and formulations with LEU).

10 pm 10 pm

FIGURE 12: SEM images of MXA) and M @) before spraydrying, MX-M-PVP (C), MX-
M-TWEEN (D), MX-M-PVA (E), and a control sample of Xafter cemicronization with M
in a ratio of 1:1F).

Different polymorphs can be discerned in terms of various physicochemical properties.
To reduce the risk of transformation during processing or storageptimorphisn of the
components of the productgas controlled XRPD investigatiorof the products revealed
numerous peaks in the spectfag( 13). The characteristic peaks of MX were at diffraction
angles2d of 13.22, 15.06, 26.46 and 26,6@dicating its crystalhe structurdWeyna, 2011)
The <char act e DiVswerie cleany elsénsed ab diffrabtion angles of 10.62,
14.74, 16.9, 21.15, 23.9 and 2¢ %@ampbellet al.,2002. The samples containing PVA,
PVP and TWEEN -potyrdowph éodn of M.€ a tUt e r n s -pofymorph t h e
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appeared in these @prayd r i ed sampl es M wkre at:2cp e ®®8,513.98,0 r U
17.44, 20.14, 21.46 and 273nder nor mal storage conditions
considered tde stable (Burgest al.,2000, Huseet al.,2009

MX-M-PVA-LEU

“Lm A JL“ N A MX-M-PVA
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FIGURE 13: XRPD patterns of cepraydried products.

The dissolution of raw MX was analysed at pH 7.4 during 45 lnmay be observed
in Table XVI that the dissolution efficiency at 30 min (%#£&i») was enhanced from 8.1 for
raw MX to 71.1 for MXM (as a control) and to 95.3 for the micronized product formulated
with TWEEN. Similarly to %DEky min, RD at 30 min (RB min was over 80% for the
microcomposited products formulated with additives. The difference relative to the control
product (MX-M) was significant. %Dk min Wwas > 80% when PVP and PVA were used.
%DE;20 min Was highest (97.6 and 90.2, respectively) for MXTWEEN and MXM-

TWEEN-LEU, which also revealed the highest improvement in the rate of MX dissolution.
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Table XVI: Percentage dissolution efficiency (%DE), relative dissolution (RD), and mean

dissolution time (MDT) of cespraydried products in comparison with raw MX.

Products %DE 16 min % DE 30 min % DE 120 min RD30 min MDT

MX 2.9 8.1 17.9 1.0 14.2+1.02
MX-M 59.5 711 78.6 8.8 2.7+ 0.66
MX-M-PVP 74.9 81.7 83.3 10.1 1.3+£0.53
MX-M-PVP-LEU 77.0 82.5 83.7 10.2 0.8+0.17
MX-M-TWEEN 88.0 95.3 97.6 11.8 1.1+£0.13
MX-M-TWEEN-LEU 77.1 87.8 90.2 10.8 1.8+£0.49
MX-M-PVA 71.3 82.3 87.1 10.2 2.1+0.32
MX-M-PVA-LEU 732 86.0 91.1 10.6 3.0£0.21

Impactors are used to determine the particle size distribution of aerosols generated
from medical inhlers. They directly measure the aerodynamic particle size, which affects how
particles move in an airstream. Threvitro aeplization properties of the microcomposites
were determined according to the Pharmacopoeia test, with the NGI as a multistage impactor
model, using the RS01 (Plastiape, Itay0 | min’. The drug recovery was in the range
between 97.z4+ 1.25 and 100.0+ 2.09%. These values were in the acceptable range (75
125%) for the mass balance according to the quality stant@abde(XVIl , XVIII ). The FPFs
were between 24.4% and 53.6%, depending on the compositions of the particles. Products
formulated with TWEENdisplayed low aerolization properties, where the FPF was < 29%,
because stratification of TWEEN on the surface caused aggregation. These products were not
disaggregated in the air flow, as confirmed by their elevated MMAD values. The FPFs of the
control saples (MXM) were relatively high4 3 . 0 N 1 aerbl&gtionperfolmances
of the polymerembedded microcomposites were compared with those of the control. PVP
and PVA, as polymer agents, exhibited an aggregation inhibitory effect and ensured the
dispesion of individual particles. Such particles underwent disaggregation in the air flow of
the device and their FPFs were improved. The highest FPF was that -dM-MXA-LEU
(57.5 N 1.0%). The MMAMDb eddadss st enise weorl ey mt
0017 Om and 3.90 N 0.10 Om.

Fig. 14 and15 show the amounts of drug deposited on the throat, on stagesd on
the filter, expressed as percentages of the total amount of powder recovered. PVP or PVA
formulated with LEU reduced the impact of MX in thedht (< 20%) and increased its
deposition in the lowest stageBid. 15), respectively. With the exception of the samples
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containing TWEEN, all of the products exhibited favoura®eolisationcharacteristics, these
powder particles impacting on stage®.2The aerodynamic properties of MX-PVP and
MX-M-PVA were further improved (p < 0.05) when LEU was introduced into the
formulation. The FPFs were increased, in both cases to more than 53%. The use of LEU as
excipient proved effective in reducing the ceioa between the particles and improving the

powder dispersion delivered from the DPI.

Table XVII : Loaded amount and delivery froRS501 (n = 3).

Emitted powder  Emitted dose

Product Loaded powder (mg)
(mg) (mg)

MX -M-PVP 3.03 N ( 3.03 N 1.48 N
MX -M-PVP-LEU 3.25 N ¢ 3.25 N 1.54 N
MX -M-TWEEN 3.21 N < 3.21N 0 1.51 K
MX -M-TWEEN-LEU 3.55 N ( 3.5 5N 1.21 N
MX-M-PVA 3.31 N ¢ 3.31 N 1.58 N
MX -M-PVA-LEU 3.12 N ¢ 3.12 N 1.15 N
MX-M 340N 0.07 3.40 N 0.94 K

Table XVIII: Deposition of cespraydried microcomposites in the ACI at 60 | Rivia
RSO01 (n = 3).

Product FPD (mg) FPF (%) MMAD (O GSD

MX-M-PVP 0.60 N 46.35 3.90 N 1.72 N
MX -M-PVP-LEU 0.671N 53.05 3.52 N 2.02 N
MX -M-TWEEN 0.24 N 24. 44 5.83 N 1.90 N
MX-M-TWEEN-LEU 0.29 N 28.08 6.18 N 2.46 N
MX-M-PVA 0.64 N 53.53 3.39 N 2.01 N
MX-M-PVA-LEU 0.54 N 57.60N 3.04 N 2.23 N
MX -M 0.31 N 43.01 3.74 N 2.27 N
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FIGURE 14: Drug deposition profiles of espraydried microcomposites in the NGl at 60 |
min via theRS01 (n = 3).
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FIGURE 15: Drug deposition profiles of espraydried microcomposites in the NGI at 60 |
min via theRS01 (n = 3).
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5.4 Physicochemical stability testing and influence of humidity and temperature on
aerodynamic properties

The aim of the present work was the accelerated stability testing of -theesédl co
spray-dried products containing MX as DPI forms. The samples that were investigated were
chosen in aptimizationstudy. We examined the influence of the RH and temperature on the
physicochemical properties and akzation parameters of the @praydried
microcomposites during storage. Our overall aim, based on the results of the stability tests,
was to suggest an M¥ontaining composition as DPI form faurther investigation (in vivo
test)

The FDA and the European Inhalanda Group have published thmeenagnts on the
tests required for the approval of new DPIs. The FDA requires the stability testing of DPI
powders, with determination of the appropriate storage conditions and the effects of storage
on the particle size distribution, including the effeadtsnoisture FDA 1998 Inhalandal998
Byron 1994 Ashurstet al.,2000.

The storage conditions during stability testing are determined on the basis of the ICH
harmonized Guideline of Stability Testing of New Drug Substances and Products Q1A (R2).
ThelCH Gui del ine specifies the following stora
with 75 N 5% RH. Samples are stored in har
duration of storage is 6 monthBréunet al.,1996 Hindle et al.,1996 Young et al., 2004
Lida et al.,2004 Younget al.,2003 Zenget al.,2007, Daset al.,2009.

Thelongt er m st orage conditions: 25 N 2 UC wi
of 12 months. The results of logrm stability testing have not been describedeicent
studies. We discussed the accelerated stability testing of thasktl cespraydried products
containing MX as DPI forms. We examined the influence of the RH and temperature on the
physicochemical properties andaerolisation parameters of the espray-dried
microcomposites during storage. The effects of PVA and PVP were additionally investigated
in terms of particle size, shape, physicochemical stabilityagnadlisationof the DPI form by
using the ACI.

The most important parameter of the stored@amis the residual water content. The
microcomposite formulations before storage exhibited water contents ranging between 0.35%
and 0.37% Table XIX). For MX-M-PVP-LEU, the change in water content was higher than
that for MX-M-PVA-LEU. MX-M-PVA-LEU is mae resistant to the RH and higher

temperature because of the low solubility of PVA in the hydrophilic medium. In contrast, as a
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watersoluble agent, PVP cabsorbthe water on its surface. Moisture sorption also affected
the drug dispersion and -@ggegaion behaviour, which in turn impacted on the respiratory

drug delivery performance.

Table XIX: Residual water content in @praydried samples.

Residual water content (%) Residual water content (%)
Formulation
Before storage After storage
MX-M-PVP-LEU 0.35 0.64
MX-M-PVA-LEU 0.37 0.45

Since the two samples were prepared under similar sjpyéryg conditions, the final

particle size distributions ahe samples were similaSize analysis of the espraydried

samples revealed that the particle sizewat y pi ¢ al of micr ofdableed

XX). The median volume diameter of MI-PVP-LEU bef ore storage

after storage was 3MBWALEW. bBHeorR( &.tD) agfe

that after stordage was 3.38 Om (n =

pov

wa s
Moa

The particle size distribution indicated

values were nearly the same and exhibited a relatively uniform size distribution before and

after storage; the change -M-PVPOEUsat d i Bu®6 oN ®va

for MX-M-PVA-LEU.

Table XX: Particle size of cepraydried samples before and after storage.

D(0.1) D(0.5) D(0.9)
Sample N N N Span
Om Om Om
MX-M-PVP-LEU -
1.53 3.05 5.68 1.36 N
Before storage
MX -M-PVP-LEU -
1.75 3.58 6.03 1. 2@6 N
After storage
MX-M-PVA-LEU -
1.64 3.11 5.81 1.34 N
Before storage
MX-M-PVA-LEU -
1.79 3.37 6.11 1.28 N

After storage

A representative SEM image of the-Ihdsed particles is shown iRig. 16. The

morphology of the cepraydried samples was determined by Mewhich recrystallized on
the surface of the MX microcrystals during thespraydrying process. In general, spray
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dried M has a spherical morphology with a clearly crystalline structure, typical of this carrier.
The polymers (PVA and PVP) modified tharface of the MX cesprayed with M and

exerted an aggregatianhibitory effect, thereby furnishing individual particles.

FIGURE 16: SEM of microcomposites before and after storage.

To investigate the interactions between MX and the polymers (PVAPYAJ, we
compared the FTR spectra of the formulations before and after storkge {7 and18). The
FT-IR spectrum of MX exhibited distinct peaks at 329I%ct620 cni (N-H) and 1580 ci
(C-0O). In the prepared samples, MX had a crystalline form,itsemicronization and co
spraydrying process did not result in an amorphous product. The intensity increase in the
interval 35003100 cn" was induced by the espraydrying procedures, which resulted in the
increases in the associatedHObonds and Fbonding interactions in the solid state between
MX and the different polymers. The spectra revealed no difference in the positions of the
absorption bands, especially with respect to OH, =O and NH, thereby providing evidence of
the absence of #Honding inteactions in the solid state between the polymer and MX. The
interactions between the surface groups of PVP and PVA and the OH groups of MX on the
surface do involve Hbonding (Jafaet al.,2010. In MX-M-PVP-LEU, the interactions are

reduced during storag@s indicated by the decreases in the associatedbOnds and H
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