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1. INTRODUCTION

1.1 Pulmonary drug delivery and treatment of respatory tract infection

Inhaled therapy for medicinal purposes was uséebat 4,000 years ago but using antibiotics
in pulmonary dosage form takes back to 1948 whelmofhaboratories developed the aero-
inhaler for inhalation penicillin G powd€Anderson et al., 2005; Sanders, 2Q0Apwever
large-scale therapeutic advance dates back in 1®B&n tobramycin for inhalation was
approved by the U.S. Food and Drug AdministratiBBA) for use in patients with cystic
fibrosis(CF) Konstan et al., 2001

Respiratory tract infections affect people in @ea and are very commd@Adi et al., 2010;
Antoniu and Cojocaru, 2012%lobally, infections of the lower respiratorydtare among the
top three major causes of morbidity and every yiba@y can be responsible for approximately
3.5 million deaths in the worl(Andrade et al., 2013; World Health Organizatior08) The
most common treatment for respiratory infectionolwes oral or parenteral administration of
high doses of single or combined antibiotics whiah show undesirable side effect because
of high systemic bioavailabilit{Pilcer et al., 2013; Hoiby et al., 201Ihe ability to deliver
therapeutic agents to the site of action may abdfwcient treatments of infection diseases to
the respiratory tract and has many advantagesatkier routesGelperina et al., 2005 The
excessive surface area of the lungs which conthasufficient capillary vessels lead to a rapid
absorption and the absorbed drug can directly reathe blood circulation therefore bypass
the first- pass metabolism in the liver and cardrgeted by non-invasive metho&ung et
al., 2007; Wu et al., 2014y herefore, the delivery of even low concentratiohantibiotics to
the lung, the site of infection leads to much higb@ncentrations of antibiotics in the lung,
while reducing systemic exposure and the risk wicity and yields therapeutic effects with
smaller drug doses than the oral or parenterakrdang et al., 2009; Cipolla et al., 2013)
The other big advantage of using pulmonary dosaige bf antibiotics in treatment of chronic
infections is, that is not associated with pain #md should increase patient comfort and
compliance, causing promoted treatment outcomeareghthe quality of life, shorten the
hospitalization period and significantly decreaserbidity and mortality(Littlewood et al.,
2012; Greally et al., 2012).

Ciprofloxacin is a fluoroquinolone antibiotic, adad-spectrum synthetic agent. Its main

mechanism of action is the inhibition of the baieteznzymes DNA gyrase (topoisomerase II)



and topoisomerase |V, thus preventing bacterial i/ uncoiling and duplicating, leading
to cell death(Masadeh et al., 2015; LeBel et al., 198B)has potent and effective activity
against a wide range of Gram-positive bacteria 8kaphylococcuandBacillus species and
against most Gram-negative microorganismsMkeudomonaspecies, and it is often used in
the treatment of inhalation anthrax and other lunfigctions(Zhao et al., 2009; Bolon et al.,
2011) Liposomal ciprofloxacin for inhalation is presigrin clinical trials for the treatment of
respiratory diseaselBry powder formulations of ciprofloxacin is in tadvanced development
stage Wilson et al., 2013

1.2 Marketed Products

In considering all of these advantages developragmthaled antibiotics to treat lung infection is a
largely active field, with five approved productsthe USA and further in the late stages of clinica
progresqCipolla et al., 2013) However literature background show most of redess and
investigations of pulmonary dosage form of antikc®tfocusing on treatment of CF than
generally the treatment of respiratory tract infec{O’Sullivan et al., 2009; Davis, 2006 F

is an inherited disease caused by different mutatiof the transmembrarmnductance
regulator geneand consequently respiratory failure as follow tigio of adhesive mucus of
lungs and chronic inflammation of respiratory tréidg et al., 2014) Currently, CF is the
particular pulmonary infection disease in whichaldd antibiotics have received FDA and
European Medicines Agency (EMA) approv&uon et al., 2014)Table I. illustrates the
products of antibiotics in pulmonary dosage foriat dre present on the market.

Table 7: Marketed Products in pulmonary dosage form oftaatics

Name of Rkl Approval
Name of Products o pulmonary dosage Year Producer PP
antibiotic Agency
form
L Gilead
CAYSTON® Aztreonam Nebulization 2010 _ . FDA
Science
o o PARI
ARIKAYCE® Amikacin Nebulization 2018 FDA
pharma
TOBI . Dry Powder .
PODHALER Tobramycin Inhalation 2013 Novartis FDA
TOBI . L .
NOVARTIS Tobramycin Nebulization 2013 Novartis FDA
COLONYCIN®  Colistimethate  Dry Powder 1982 Teva FDA
Sodium Inhalation
COLOBREATHE Colistimethate  Dry Powder 2012 Teva EMA

Sodium Inhalation




1.3 Formulation aspects of Dry Powder Inhaler syems

Concerning the possible dosage forms for pulmoakery of antibiotics one can use a wide
variety of formulations such as dry powder inhaat{DPI). The most important approach of
DPI is that the time required for delivering eadsel is short and even less than one-third the
time needed for delivering same dose for nebubraind adherence of patients increase
significantly. This fact is expected to improve ipats’ adherencdGeller et al., 2007,
Westerman et al., 2007).

DPI formulations have been used for patient treatnmeore than 60 years but during this
period, the fundamental formation of DPI have nghigsicantly changedWeers et al., 2015;
Islam et al., 2008)DPI have become the first choice of inhaled fdation in European
countriegHamishehkar et al., 2012pP1 of antibiotics are more stable, quicker adstnaition
and have less risk of microbial contamination tipanallel liquid formulationsSousa and
Pereira, 2014, Blau et al., 2007)

DPI are formulated micronized drug particles wighalynamic particle sizes of less than 5um
(Islam et al., 2008 The entrance of DPI through teegways and the lung faces with three
mechanisms for deposition of particlédefder et al., 1986 These three mechanisms are:

impaction, gravitational sedimentation and diffus{€@arvalho et al., 2011

 Inertial impaction is defined as inertial particleposition on a surface airway.appears
near bifurcations of the airways driving to thegkaairways, where thereadarge flow rate
and accelerated changes in the direction of tfileai(Grgic et al., 2004 This mechanism
is essential for large particles having a diambétgger than 5 um and is frequent in the
upper airways like mouth, pharynx and large airwalise expectation of impaction is
corresponding t&q. 1 where g is the change in direction of the air ways the airways

radius, V is the airstream velocity, aldis the terminal settling velocity.

V.V sin @
gr
(1)

» Gravitational sedimentation is determined by itzesidensity and residence time in the
airways. This mechanism is important for partigjesater than 0.5 pum to 3 um, in the small
airways(Newman, 1986 According to stokes law patrticle settling undeavity, will attain
a constant terminal settling velocifyd. 2.)wherep is the particle density g is gravitational
constant, d is the particle diameter and the air velocity.
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» Brownian diffusion is produced by concussion anchbardment of small particles with
molecules in the respiratory trashere the airflow is very low. This mechanism iswe
important for particles smaller than 0.5 um. Diftusis inversely is proportional to particle
size. As stated in Stokes-Einstein equatieq. 3) where D is the diffusion coefficient,,
is Boltzmann’s constant, T is the absolute tempeeaand d is the particle diameter and
is viscosity.(Aulton, 2018; Batchelor et al., 1976)

_ Tkb
N 3nnd

3)

Different deposition mechanisms are very importanparticles with different sizHofmann

et al., 201). Particles larger than 5 um will deposit in thpper airways by inertial impaction
mechanism. Those larger than 1 um and smaller Sham will deposit by gravitational
sedimentation in the lower airways and particlealfanthan 1 um will deposit by Brownian
diffusion in the stagnant air of the lower airwdnysBrownian diffusion. Particles smaller than
0.5 um are too large for Brownian diffusion and smaall for impaction or sedimentation and
finally they were exhaled ineffectivelyéyder et al., 1986 Hence for adequate deposition in
reach to central and alveolar parts of lung thénwgdtsize of particles is in the region of 1-5

pum.

Conventionally DPI has been used as a formulatibmicronized drug incorporated in carrier
excipient Healy et al., 201 These carrier excipients such as lactose, mantrighalose and
so on ... had been applied for prevention of agwtipn of particles because these small
particles (1-5um) due to high surface free eneegyl tto stick togethewithout the presence of
carrier excipient the surface energy is reducedlamddhesive as well as cohesive forces are averco
nevertheless, the flowability of API particles dmmited. (Hickey, 2003 Moreover, DPI of
antibiotics usually have large therapeutic doses fetween 10 mg and 100 mg of antibiotics)
thus the carrier causes difficulty in applicatidrD®| due to the increased powder volume and
the scaling down of the use of antibiotics via potrary dosage formPficer et al., 2013
Around the last two decades there has been assamigmificant research on the design of
carrier free system for DPHegaly et al., 201} Applying carrier free system enable the

delivery of high dose antibiotics to the lungs ploiesby limiting the amount of excipienY(



et al., 2016. Carrier free formulations can be handled by edagiarticles by lipids, amino
acids, polymer and so on or can be applied by nrechasion dry coating proce¢Boraey et
al., 2013; Raula et al., 2010; Pilcer et al., 200B)g. 1 shows the possible mechanisms of

deposition in the respiratory system by differe®l Bystems.

ee2® '..:.
» 3350 — 333

ee®
Carrier Active agent DPI with carrier system
/ : } Inertial impaction
L ] sedimentation

. i} - wr 160
Active agent Excipient DPI with carrier-
- free system

Figure 1: Outline of different DPI systems with three pdetideposition mechanisms taking
place within the respiratory tract

1.4 Quality by Design methodology

Quality by Design (QbD) is a holistic, systematisk, science and knowledge based method,
focusing on extensive preliminary design in oradeemnsure the quality of medicinal products
(Yu et al., 2008 The QbD method realizes a modern quality manageithinking where the
different quality requirements define the process&ps. In this case, risk assessment (RA) is
considered to be the most accentual part, andrikgoal is to ensure the predefined product
guality. The QbD method can be applied to the entire phagataal production process, or to
certain parts of it but also in the early reseant development phag&€omba et al., 2013;
Huang et al., 2009; Zidan et al., 2007; Charoo kt 2012) Its use in the early developments
can help in having a time and cost-effective preces closing the gap between the science
and the industry, as well as can facilitate th@wation transfer process to introduce new drugs
to market(Pallagi et al., 2015; Chatterjee et al., 2011)



According to the current Regulatory Science phitdgo QbD has to be one of the key elements
of different pharmaceutical developments. Regujatagencies (FDA, EMA) strongly
recommend and welcome new drug applications tltéidie QbD aspeci{&DA, 2012; EMA,
2012. Steps of QbD based development in pharmaceué&chhology include the following:

1. Definition of Target Product Profile (TPP) anddtsality indicators (Quality Targ&roduct
Profile, QTPP). This usually comprises therapengipiirements and other quality demands
(EMA/CHMP, 2014,

2. Identification of Critical Quality Attributes (CQAsnd Critical Process Parameters (CPPs),
which have critical influence on the desired fipabduct quality. CQAs are generally
associated with the drug substance, the excipi¢imsjn-process materials or the drug
product. CPPs are those process parameters whigh draimpact on the CQAs. The
selection of the CQAs and the CPPs should be b@s@devious scientific experience and

knowledge from relevant literature sourc¥si et al., 2014

3. RA is a systematic process of organizing infornratmsupport a risk decisi@MA, 2015
and is the key activity of the QbD based methodpl®A can be both initial and final, and
it may be refined afterwards. RA results help toid\profitless efforts in later phases of the

development process.

The entire QbD methodology, including its steps elednents, is presented graphicallyig.
2. This graphical illustration is based on the ral#&vthe International Council Harmonization
(ICH) guideline EMEA/CHMP, 2009; EMEA/CHMP,19%&nd is completed by the authors
with the “primary knowledge space development” section and the rndtish of

“knowledge/design and control space” relation tipliee better understanding.

In pulmonary drug delivery the main objective ofiahation is to achieve a reproducible and
high pulmonary deposition. This may be achieved Buccessful selection of the composition
and careful process optimizatiodnibrus et al., 2011; Arafa et al., 200The aerosolization
efficiency of a powder for inhalation is highly deyent on the DPI characteristics, such as
particle size, distribution, shape, and surfaceperties Pomazi et al., 2014; Pomazi et al.,
2013. A new tendency in the development of DPI isdksign of carrier-free microparticles
with a particle size of 3-jum as pulmonary drug delivery systems involving etiéint
excipients and additivesSingh et al., 2005 The additives applied in small amounts in

microparticles serve to improve physicochemicabitity, wettability, dispersibility and



aerodynamic propertie¥€hring, 2008 DPIs have special formulation and regulatoryeasp
and their design is a highly complex tasloppentocht et al., 2014; de Boer et al., 20The
powder formula and the administration manner shbeldesigned parallel, therefore DPI are
defined as combined products.

A regulatory and QbD based DPI product developnpeotess has several parameters that
need special attention and critical thinkifgMA/CPMP, 1998; EMA/CHMP, 2006; FDA,
1994. Usually these include the following: (1) Drugbstance specifications (e.g. particle
size, particle size distribution, shape, crystéifinetc.). (2) Moisture and temperature
sensitivity aspects to avoid aggregation. (3) Sjpations of the excipients. (4) Packaging
(delivery device) for uniform dosing and for assgrithe fine particle mass. The current
research examines regulatory science, namely tiiz &bl RA based thinking in early stage

pharmaceutical technological development of a DRhffor pulmonary use.

Requirements:

‘ Industry, Regulatory, Patient

Definition of
TPP and QTPP
1 |
[ Identification of

QA-s and CQAs

. ' €< [ Selection of production method ]
Primary knowledge l 'S
|
space development |
1 <« [ Identification of CPPs ]

Initial Risk
Assessment

!

Design/development
of product/process

1

Risk Assessment !
after development v
J

1 Knowledge space

Design Space <j
development
\ J
| |
[

Scale up and industrial w Control space
manufacturing

O
New QbD for J

\_ manufacturing process

Figure 2: Steps and elements of the QbD methodology cordgigtéhe authors and applied
in the early stage of pharmaceutical developmentlégi et al., 2016)



1.5 DPI Formulation, stress and accelerated stdity tests

One of the key factors involved in optimizing th&IDperformance is the precision particle
because it is one of the most important part ofnaiping the DPI performance in order to
obtain an accurate, consistent and effective dasgsl powder formulation. Specifications for
the approval requirements of new DPI is set by RBA (FDA, 1998 and the European
Inhalanda grouplihalanda, 1998and their test methods are equilibrated. The yrbthust

be in appropriate size aimed inhalation in ordebéodeposited in the respiratory tract. This
depends on the characteristics of the product arsl be assessed. In order to achieve reduced
particle size to < 5 um spray drying method hasldesquently usedMiller et al., 2016;
Sosnik and Seremeta, 201§ is postulated that by manipulation of partickendity to produce

a mean aerodynamic diameter of 1-5 um (density @¥<g/cm3), the particles larger than 5
pum are not able to reach and presented to the lalvepace(Telko and Hickey, 2005
However, the presence of excipients is also a atdactor in terms of modifying the surface
and stabilizing particle size. L-leucine (LEU) aniao-acid, Hydroxypropyl beta cyclodextrin
(CD), a cyclic oligosaccharide and Polyvinyl alcbBe88 (PVA), a synthetic polymer are
frequently used as excipients in pulmonary drugvdey. LEU can enhance the aerosolization
behavior of DPI due to decrease the dispersityadiges Prota et al., 201). CD can intensify
thedrugdistribution in respiratory tract by cause of dasiag the cohesive and adhesive forces
(Pitha et al., 1986)PVA can decrease the particle size as a resativadring effect of polymer
(Pomazi et al.2013. Using ethanol as co-solvent can help to produceanized systems.
Belotti et al concluded that the highest lung déoswas reached upon applying a maximum
of 10% of ethanol beside the excipierelptti et al., 2011 Another objective when green
technology is applied for drug formulation, chenhipeoducts and processes are designed,
manufactured, and disposed with reduced envirorethgotlution risk and a lower burden of
hazardous substancg@4ujii et al., 2016. Green technology encompasses a group of methods
and materials, which not generating toxic produktisnce in this field the invention, design
and application of pharmaceutical products and gsees is in direction to decrease or to

eliminate the use and developing of hazardous anbss Desal, 198).

Therefore, the goal of our study was to design adRiprofloxacin hydrochloride (CIP) in

the form of a carrier-free system by applying gresathnology. The next step of our work was
to test the stability of DPI in high humidity anehtperature. In most of the reported studies,
formulations were investigated to storage unden Rl and temperature for only short periods

of time (a maximum of 7 days).



1.6 Importance of stress and accelerated stabjylitest

Stability testing is performed to confirm that dru@ducts keep their entire efficacy up to the
end of their expiration date, and a series of ditalyinvestigations are necessary for this
purposglLang et al., 2015; Rabel et al., 1999; Bajaj et @012) Test results relevant to the
stability of the product must be in the predefitiedts up till the end of the expiration date.
FDA and the European Inhalanda Group have publigiedprinciples for the tests necessary
for the approval of a new DRDepartment of Health and Human Services, 1998uacher
and Leiner, 2012 et al., 2012)he storage conditions during stability testing set on the
basis of the ICH (International Council on Harmatian) Guideline of Stability Testing of
New Drug Substances and Products Q1A (R2)€t al., 2004)The ICH Guideline specifies
the following storage conditions for stress ancebarated tests: 40 £ 2 °C with 75 £ 5 % RH

and the duration of storage is 6 months.

1.7 Cytotoxicity and permeability of DPI in epithelial lung cells

The cytotoxicity test is one of the biological asseents and screening tests that apply for
living cells in vivo to detect the cell growth, reproduction and motpgical effects by
pharmaceutical produc{Suresh et al., 2012; Marslin et al., 201Qytotoxicity assays are
extensively used by the pharmaceutical researcécteen for cytotoxicity in studying of
compounds. Considering of the sensitive respiratargosa and epithelial lung cells, the active
ingredients likewise excipients netbe examined in appropriate models for collectatp
about the safe concentration for pulmonary deligtgrvath et al., 2016 Damage of lung
epithelial cell will enhance with increasing contration of product and key point of safety of
product is that in applicable dose the concentnativactive ingredient and excipients have to
be in safe and normal ran@@e Barros et al., 2017; Kratky et al., 201(Fig. 3).

Besides active agent excipients can damage epithetig cells and during their application
toxicity often occur. Despite they are necessanytlieir transport across biological barrier
(Deli, 2009. The epithelial barriers of the human body amesaderable walls for drug delivery
to the respiratory systerP@hl et al., 2009 In spite of this physical barrier, comprised!oé
mucociliary apparatus, secreted antimicrobial sarasts which helps to treat infection
prevents inhaled antimicrobial drug contacting siepithelial tissueDeli, 2009. Hence,
permeability of these barriers could significarttpmote the efficacy of the produdtds essential to

prove the diffusion of drug into epithelial lungllsan order to continue the work and further



researchn vivofor large scale up manufacturing in industry. Enare several routes in these
barriers, which drug permeability is achieved Viarm §ig. 4).

e Dby diffusion along the phospholipid bilayer

e the transcellular pathways via integral andgberal protein transporters

e the paracellular pathway

Mild and reversible Lethal and ureversible
damage damage

Apoptosis Cell death

| |

Tissue returns to
normal Tissue Necrosis
repaired

-»-3-»-»-»-»

Increase concentration of antibiotics

Figure 3: Relationship between concentration of active ageuteffect on living cells

Trachea to Bronchi

Bronchioles to Alveoli

AT
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Figure 4: Cells in different part of respiratory system inding trachea, bronchi, bronchioles
and alveoli (Camelo et al., 2014)
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2. AIMS

As the primary step of this study, the literatueelkground and marketed products of DPI in
antibiotics was collected. Secondly the introductod the key elements of QbD approach to
design dry powder for pulmonary delivery applicatiowas set up. Based on these preliminary
data, the next objective was to develop a carres-to-spray-dried DPI product containing
the broadb spectrum antibiotic ciprofloxacin (CI€)P can be useful for treatment of variety
of pulmonary infection disease such as those iep&Etwith CF. This development is a novelty
as QbD approach was applied for designing the @xpetal part and the development holds
the possibility of large scale up manufacturing imdustry. The design of carrier-free
microparticles (“green technology”) with large dagenedicine along with minimum amounts
of excipients is also a new tendency in the devakam of DPIs. The additives are carried out
in small-scale amounts in the microparticles ineordo build up greater aerodynamic
performance and physicochemical stability alonghvigast possible cytotoxicity. The main

steps in our experiments were the following:

Pre-formulation: Identification of important facsofor formulation of DPI based on
carrier-free system by applying green technologgedaon the QbD approach. Focusing
on the critical parameters, the practical develagmeonnections and effects among the
material characteristics, selected production mecénvestigation methods and final
product properties in the design phase.

Formulation: Study of different excipients (polymmesugars and amino acid) to develop
the pulmonary formulation with optimal size and sdgtive respirable fraction. Hence
analysis the physiochemical properties of formolai Afterwards investigatian vitro
release of samples.

Investigation of the stress and accelerated stalilist of co-spray-dried products:
Investigation influence of the relative humidity HR and temperature on the
physicochemical properties and aerosolization perdmce of the formulations during
storage.

Ex viva Determination of the cytotoxicity of samples pitaelial lung cell line culture to
screen the safety of formulation for pulmonary @&y along with investigation of
permeability of formulation that one may to promet®rmation on the availability in

pulmonary formulations.
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3. MATERIALS AND METHOD

3.1 Materials

CIP, a fluoroquinolone-type antibiotic was suppliegd Teva Pharmaceutical Works Ltd.
(Debrecen, Hungary). CIP is a broad spectrum syiotagent. Its main mechanism of action
is the inhibition of the bacterial enzymes DNA gggtopoisomerase Il) and topoisomerase
IV, thus preventing bacterial DNA from uncoilingdaduplicating, leading to cell death. It has
potent and effective activity against a wide ran§&ram-positive bacteria and against most
Gram-negative microorganisms and it is often usetthé treatment of inhalation anthrax and

other lung infections.Table I1).

Table I1: Properties of the active agent

Ciprofloxacin Hydrochloride
Cl

[
H
o 0O

F
Chemical structure Hom
N NA\|

& NH

1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-tdihydroquinoline-
3-carboxylic acid hydrochloride

Chemical name

Physical properties White to light yellowish powder substance
Classification A second generations fluoroquinolone antibiotic
Dosage Forms Oral, Parenteral

Dose Oral: 500mg Parenteral: 400mg

Polyvinyl alcohol 3-88 (PVA), a water-soluble syetic polymer as a coating material was
purchased from BASF (Cologne, Germa®gioh et al., 2004 The amino acid L-Leucin
(LEU) was obtained from Hungaropharma Ltd. (Budapdangary). This amino acid can be
co-spray-dried with active compounds to enhancg denosolization behavidti(et al., 2016)
Hydroxypropyl beta-cyclodextrin (CD), a cyclic ahigaccharide was donated by Cyclolab Ltd
(Pitha et al., 1986§Budapest, Hungary)able Il ).
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Tablell1: Properties and structure of the excipients

Polyvinyl alcohol 3- Hydroxypropyl beta-

Excipients 88 (PVA) I-leucine (LEU) cyclodextrin (CD)
0
Chemical structure \N‘\OH
HO |, NH,
. . a white powder a white crystalline :
Physical properties semi-crystalline powder a white powder
I a dispersity enhancer,
a stabilizing agent e o
S o . an aerosolization drug distribution
Applications a microfine coating
material performance promoter enhancer
3.2 Methods

3.2.1 QbD method

As part of the QbD methodology, knowledge spaceslbgpment and RA were performed. To
illustrate the relevant knowledge and informatiam, Ishikawa diagram was set up. The
technical tool used for the RA was LeanCteEdftware (QbDWorks LLC, Fremont, CA, USA).
In the first step, the desired product was defimed the elements of the quality target product
profile (QTPP) were determined. Next, the critiqahlity attributes (CQAS) and the critical
process parameters (CPPs) of the selected productethod were identified. CQAs have
critical influence on the quality characteristi¢shee final product and CPPs critically influence
the CQAs and QTPPs. In the following step an irgpethdence rating was performed among
the QTPPs and CQAs, and also among the CQAs and @RPwas categorized on a three-
level scale. The interaction between the elemeatsdescribed as “high” (H), “medium,” (M)
or “low” (L). Its dynamism is presented in figurgsnerated by the software. This was followed
by the probability rating step where CPPs werevesied and categorized on a 10-point scale.
Finally, Pareto charts were generated, presertimgumeric data and the ranking of each CQA
and CPP

3.2.2 Solubility of CIP at different pH

Solubility tests of CIP were carried out at 25°@er in a buffer solution (pH =1.2, 3.5, 5.6,
6.8 and 7.4) or in distilled water (pH =4.4). Salip was measured by ultraviolet/visible
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spectroscopy (UV/VIS) spectrophotometry (ATI-UNICANUV/VIS spectrophotometer,

Cambridge, UK). The concentration was determinetl after filtering the saturated system.

3.2.3 Preparation of the microparticulate systemand process parameters

The significant solubility of CIP in distilled wat allows its use as the solvent for spray-drying
feed solution. Using 10% of ethanol in an aquealhsti®on is known to decrease the particle
size because of its fast evaporation during sprggng. Therefore, the feed solution was
prepared by dissolving 1 gram of CIP using diffeérexcipients at different concentrations in
an aqueous solution containing 10% of ethankdb{e V). According to literature
background about the effects of organic solvent additives on the habit (size and
morphology) and aerosolization characteristics d?l Bxystems, the optimal excipient
concentration is achieved as shown in Table IV.

Table | V: Composition of the DPI products containing an wyati concentration of excipients

No. CIP [g] LEU [g] PVA [g] CD [g] Solvent [ml]
CIP 1 - - - 50
CIP_PVA 1 - 0.2 - 50
CIP_CD 1 - - 0.9 50
CIP_LEU 1 0.4 - - 50

CIP LEU PVA CD 1 0.4 0.2 0.9 50

Spray-drying (SPD) is a one-step process throughhwihis possible to engineer and produce
particles directly from solutions with a controlledchnique. Hence, spray-drying was
considered to be the appropriate technique to m®dulry powder for inhalation. The spray-
drying process was carried out using a Biichi Minidd B-191 (BUCHI Labortechnik, Flawil,
Switzerland); the parameters were optimized as showWwable V.

The amount of dry powder yielded was determinetvéeh 65% and 70%. Generally during
the spray-drying procedure nearly 30% of the samopldd be lost. So our produced yield
correlated with the normal sample production’s habi
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Table V: Buichi Mini Dryer B-191 parameters for spray-dryipgpcedure

Inlet temperature g?rgleérature Feed rate Aspiration air ~ Aspiration rate
[°C] [oc]p [ml min-] [Lh7] [L min ]
130 75 5 600 0.065

3.2.4 Patrticle size analysis

Particle size distributions of the spray-dried pevadwere determined by laser scattering using
Malvern apparatus (Malvern Mastersizer Scirocco 0(200lalvern Instruments Ltd.,
Worcestershire, UK). Air was used as the dispersi@dium for the microparticles from the
entrance to the sample cell. Approximately 500 rihgroduct was loaded into the feeder tray.
The dispersion air pressure was fixed to 2.0 balei@rmine even if particle attrition had
occurred. Obscuration between 10.0% and 13.0% wmased out throughout the whole
measurement duration. The particle size distrilouvas characterized by the D (0.1), D (0.5)
and D (0.9) values and the specific surface &pan values were calculated according to Eq.
4. A high Span value (> 1) means a broad partizke distribution.

D (0.9) — D (0.1)
D(0.5)

Span =

4)
3.2.5 Scanning electron microscopy (SEM)

The morphology of CIP microparticles was invesgghby scanning electron microscopy
(Hitachi S4700; Hitachi Scientific Ltd., Tokyo, Jap at 10 kV. The samples were gold-
palladium coated (90 s) with a sputter coater (Baw SC 502; VG Microtech, Uckfield, UK)

using an electric potential of 2.0 kV at 10 mA 1dr min. The air pressure was 1.3-13.0 mPa.

3.2.6 Fourier-transform infrared spectroscopy (FFIR)

FT-IR spectra were recorded with an FT-IR specttemérhermo NicoleAVATAR 330;
LabX Midland, ON, Canada) between 4,000 and 408,ahan optical resolution of 4 ¢in
The sample was mixed with 150 mg of dry KBr in gata mortar and the mixture was pressed

to obtain self-supporting disks at 10 tons.
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3.2.7 X-ray powder diffraction (XRPD)

The crystal structure of spray-dried powders comagi different excipients was characterized
using an X-ray powder diffraction BRUKER D8 Advan¥eay diffractometer (Bruker AXS
GmbH, Karlsruhe, Germany). The powder samples Veaded in contact with a plane quartz
glass sample slide with an etched square and nmeshstth a slit-detector Cu Kl radiation

(A = 1.5406 A) source. Settings were as follow: thmgles were scanned at 40 kV and 40 mA
and the angular range was 3° to 40; & a step time of 0.1 s and a step size of 0.007&
crystallinity index (xc) values were calculatedé@dsn the Eq. 5 where A marks the area under

the whole curve:

A crystalline

Xc » 100

A cryvstalline — 4 amorphous

(5)

3.2.8 Differential scanning calorimetry (DSC)

The thermal response of each product was meassied a DSC (Mettler Toledo TG 821e
DSC Mettler Inc., Schwerzenbach, Switzerland). Ab8u5 mg of powder was precisely
weighed into DSC sample pans which were hermejicaliled and lid pierced. Each sample
was on equilibrate for 10 min at ambient temperhefore being heated to 400°C at a rate of
5°C/min. Data analysis was performed using the STgdRware (Mettler Toledo Mettler Inc.,

Schwerzenbach, Switzerland).

3.2.9 Aerodynamic particle size analysis

Aerodynamic particle size distribution was detemdiising a seven-stage Andersen Cascade
Impactor (Copley Scientific Ltd., Nottingham, UKJhe flow rate was set to 60 Lmin.
During the process, the aerosol moved along setagyes and according to the diameter and
density of the particles can be deponated anditheas washed by methanol/phosphate buffer
(60/40 viv %) to collect the deposited drug amoititsamples were investigated by UV/VIS
spectrometry at 271 nm (ATI-UNICAM UV/VIS Spectraggbmeter, Cambridge, UK).

The fine particle fraction (FPF) was establishethasnumber of particles deposited at stage 2
and lower than im, divided by the total initial amount of the peles filled in the inhaler (10
mg). The mass median aerodynamic diameter (MMAD) defined based on the graph as the
particle size at which the line crossed the 50tlcgrdile, indicating the particle diameter at

which 50% of the aerosol particles by mass areelaagd 50% are smaller. Drug-emitted dose
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(ED), defined as the percentage of CIP exiting@bffd, was determined by subtracting the
amount of CIP remaining in the DPI from the initiadss of CIP loaded. To determine the drug
content, 10 mg of the ciprofloxacin-bearing spraygd microparticles was dissolved in
methanol/phosphate buffer (60/40 v/v %)) and aredylzy UV spectroscopy.

3.2.10 Invitrorelease

To check the difference in drug release betweerptbpared products, 10 mL of phosphate
buffer (pH 7.4, as the pH in the lung) was useduspend an equivalent of 50 mg of CIP
content in all products. After 1, 2, 3, 4, and Syrsample was taken out, filtered, and the

concentration measured by UV spectroscopy at armaxi wavelength of 271 nm.

3.2.11 Stress and accelerated stability testing

Stability tests were performed as recommended byi@H Q1A Guideline named “(R2) -
Stability Testing of New Drug Substances and PrisluStability testing wasarried out in a
Binder KBF 240 (Binder GmbH Tuttlingen, Germany)ugmment, with a constant-climate
chamber. An electronically controlled APT line peating chamber and refrigerating system
ensured temperature accuracy and reproducibilitghef results in the temperature range
between 10 and 70 °C and the RH range between d®B@rf6. Accelerated testing was
performed at 40 £ 2 °C with 75 + 5 % RH. Samplesevgtored in hard gelatin capsules (size
3) (Capsugel, Belgium) in open containers; the titnmaof storage was 6 months. Sampling

was carried out after 0 and 10 days, and 1, 2d¥%amnonths.

3.2.12 Cytotoxicity testing

For cell culture A549 cells (ATCC, USA), a humanmortalized alveolar type 1l like lung
epithelial cell line, were cultured. A549 cells §sage numbet 35) were grown in Dulbecco’s
modified Eagle medium supplemented with 10 % fé@ine serum (FBS, Pan Biotech,
Germany) and 5Qg/mL gentamicin, in a humidified incubator with 3%, at 37°C.

Human endothelial cells derived from cord blood htapoietic stem cells were cultured in
endothelial medium (ECM-NG, Sciencell, Carlsbad,, C/5A) supplemented with 5% FBS,
1% endothelial cell growth supplement (ECGS, Sa&énc€arlsbad, CA, USA), 1% lipid
supplement (100x, Life Technologies, USA), 550 npdrocortisone, 10 uM retinoic acid and
0.5% gentamycin in a humidified incubator with 5%at 37°C.
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Kinetics of lung epithelial cell reaction to treant was monitored by impedance measurement
at 10 kHz (RTCA-SP instrument; ACEA Biosciences,n S@iego, CA). Impedance
measurement is a label-free, real time, noninvasnhod, and correlates linearly with
adherence, growth, number, and viability of ceBodsik et al., 2016). For background
measurements 50 pL cell culture medium was addéuketovells, then cells were seeded at a
density of 5x18 cells/well to rat tail collagen coated 96-well teka with integrated gold
electrodes (E-plate 96, ACEA Biosciences). Cellsavemiltured for 4 days and monitored every
5 min until the end of experiments. At the begimnof plateau phase of growth, cells were
treated with ciproflaxacin (1, 10, 30, 100 and B0@) alone or its formulations prepared with
leucine, cyclodextrin (CD) and polyvinyl alcohoMR) for 48 hours. Triton X-100 detergent
(10 mg/mL) was used as a reference compound inguwsh toxicity. Cell index was defined
as Rn-Rb at each time point of measurement, wheris Bhe cell-electrode impedance of the
well when it contains cells and Rb is the backgbimpedance of the well with the medium

alone.

3.2.13 Permeability testing

For the permeability test lung epithelial cells eo-cultured with endothelial cells for ten
days. Lung epithelial cells were seeded on the ugige of cell culture inserts (Transwell, 0.4
pum pore size, 1.1 chsurface area, Corning Costar Co., MA, USA). coatgth rat tail

collagen. Endothelial cells were passaged to thieimoside of the inserts coated with Matrigel

(BD Biosciences, Franklin Lakes, NJ, USA). BothHselere cultured in endothelial medium.

The transepithelial electrical resistance (TEERpresenting the permeability of tight
junctions, was measured on the co-culture modeilagly. TEER was measured by an EVOM
Volt/Ohm Meter (World Precision Instruments, USAntbined with STX-2 electrodes and
expressed relative to the surface area of the ragams Q) cn?). The resistance of cell-free
inserts was subtracted from the measured valuderdBthe permeability test the TEER was
135 + 11Q cn?.

In the permeability assay cell culture medium wiaanged in the lower compartment of the
inserts to 1500 pL Ringer-Hepes solution (118 mMCN&.8 mM KCI, 2.5 mM CagG| 1.2
mM MgSGQy, 5.5 mM d-glucose,10 mM Hepes, pH 7.4) supplentewith 0.1 % bovine serum
albumin. In the upper compartment culture mediuns weplaced by 500 pl Ringer-Hepes
solution containing 10 uM of ciprofloxacin aloneits formulations. To check the monolayer
integrity three samples were treated with 10 pMG@-dextran 4.4 kDa (FD4), a permeability
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marker molecule. The culture plates were kept 37 4C incubator with 5 % CGdor 30 min

on a rocking platform. After incubation the congation of ciprofloxacin in samples from the
apical and basolateral compartments was deterntayeHPLC. The concentration of the
marker molecule FD4 was determined by a fluoreseenalti-well plate reader (Fluostar
Optima, BMG, Labtechnologies, Germany; excitatiomvelength: 485 nm, emission
wavelength: 535 nm). The apparent permeability faoehts (Rpp were calculated as we
described previouslyK(rti, et al 2012. Briefly, cleared volume was calculated from the
concentration difference of the tracer in the Ioasal compartment\[C]g) after 30 min (t)
and upper/apical compartments at 0 hour {JCthe volume of the lower/basal compartment
(Ve; 1.5 mL) and the surface area available for pehitiga(A; 1.1 cn¥) by the Eq. 6:

C]B X VB

Popp (Cm/S)ZTLX cl, xt

(6)

3.2.14 Statistical analysis

All measurements were completed in triplicate aaldes are reported as means =S.D. unless
otherwise noted. Statistical calculations were qrened with the software Statistical for
Microsoft Windows 7. To identify statistically sigicant differences, one-way ANOVA with

t-test analysis was performed. Probability valulgs © 0.05 were considered significant.
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4. RESULTS

4.1 QbD methodology and pre-formulation studiesfdDPI Products

For pre-formulation firstly an Ishikawa (fishbondjagram was set up including all the
parameters influencing the desired DPI product aiaiiig CIP as the active agent. The
parameters were ranked into four group®y( 5, namely 1. material characteristics, 2.

production method, 3. test methods, and 4. proch&tacteristics.

| Material characteristics Production method
(Spray drying)

API (CIP) 5
Feedrate — )

Water-soluble
Crystalline, size: about 10 um Outlet Temperature ————»"

LogP Inlet Temperature

pKa ——»
Aspiration rate

Excipients ——

A AN

D LEU PVA

Aspiration air——»

Yield ——» DPI product of

ciprofloxacin
hydrochloride

T 3
XRPD Size————»

2-4um
Morphology —————»

Crystallinity \
Aerodynamic DSC——m
particle size
analysis

Spherical form

FPF MMAD %ED
B Structure ————»

Laserscattering——— _ » Crystalline/amorphous

" . Size distributi . "
Dissolution rate teenisiauion Dissolution profile ——»

Release kinetics Fast drug release

FT-IR——mMM—» FPF ————»
Up to 70%
MMAD ———»

Chemical interaction
SEM ——>

Morphology Lower than 2 ym

| Test methods | | Product characteristics |

Figure 5: Ishikawa diagram illustrating the parameters inffweng the quality of the DPI
product containing CIP (Karimi et al., 2016)

This process served as a preliminary knowledgerandmation collection, which can help in
the designing of the experiments and the seleatibthe CQAs and CPPs of the drug
development procedure. The next step was the smleat the QTPPs, CQAs, and CPPs for
the aimed DPI productable VI lists these with their selected targets and flustification,

along with the explanations for the classificatodrihe factors selected in each group.
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Table VI: Selected QTPPs, CQAs, and CPPs of a CIP contaidigformula, their target,
justification, and explanation

Target Justification/explanation
QTPPs
Antibacterial therapy is essential in respiratory
tract infections. Ciprofloxacin is a second -
Therapeutic Antibiotic generation fluoroquinolone antibiotic with a
indication (respiratory tract infections) broad spectrum of activity. It is especially

effective against infections caused by Gram-
negative bacteria.

Target patient
population

Adults

Literature data support a wide use of
fluoroquinolone antibiotics in adults. It is a
pregnancy category C antibiotic, considered to
be safe during breastfeeding. It is also allowed
for pediatric therapy but is never a first-line
choice.

Target patient group, as QTPP affects the dose
selection and the route of administration.

Route of
administration

Pulmonary administration

A relatively new route of administration for
local antibacterial therapy. Pulmonary
application avoids the first-pass effect, and
reduces systemic exposure and the risk of side
effects.

Site of activity

Local effect

Producing a local effect in pulmonary infections
allows dose reduction of the antibiotics,
associated with a lower risk of side effects.
Pre-selection of the desired site of activity as
QTPP affects the API used, as well as the dose
and the dosage form selected.

Dosage form

Dry powder for pulmonary

use

Dry powders with a particle size of 2un are
required for the optimal deposition in lungs.
Pre-determination of the adequate dosage form
is a QTPP according to the ICH Q8 guideline.

Dissolution profile is a recommended QTPP as
it affects the bioavailability and

Dls]§|olut|on Increased dissolution pharmacokinetics, and is critically related to the
protiie quality, safety and efficacy of the medicinal
product.
CQAs
Polyvinyl alcohol 3-88 (PVA) is a microfine
coating material.
Excipients assure proper The amino acid L-leucine (LEU) can be well
quality characteristics by  co-spray-dried with certain active compounds to
Excipients modifying the size, modify the drug'’s aerolization behaviour.

(quality profile)

morphology,

hydrophility and stability of

the DPI product.

Dymethyl-beta cyclodextrin (CD) can be
applied as a drug distribution enhancer.

As CQAs, excipients are critically related to the
dissolution and quality profile of the final
product.

Partlc_lg size Homogenous, microsized Microsize d|men3|on_has the o_pfumal_spemflc

I/specific surface surface area and optimal administration
product of 2-4um .

area (SSA) properties for pulmonary use.
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Size is critically related to pulmonary
administration and to its local and/or systemic
therapeutic effect, thereby to product safety,
efficacy and quality.

Microparticle formulation is suitable to achieve
an increased SSA, an improved wettability and

Appearance Microparticle a high amount of dissolved drug.
It is critically related to efficacy.
The dissolution profile highly affects the
Imoroved dissolution rate therapeutic effect. Accelerated drug release
Dissolution (10po % in 5 min) induces an immediate local effect. It is related
to the modification of the SSA, wettability and
solubility.
Hvdroohile Wettability is critical for the drug’s adhesion the
Wettability r)(/)duf:)t pulmonary mucosa. It is critically related to
P efficacy.
The crystalline or the amorphous state of the
/Sa:[rrrlljg;[urr]e)(cryst. (S(;[flzlf /fz(a)rrn”(;r h) API affects stability and release properties. It is
ph. yst. P critically related to efficacy and quality.
. Solubility has a remarkable influence on the
Solubility Water-soluble bioavailability of the drug/product.
CPPs
Composition Micronized size. stabilized Additives contribute to reaching the desired and
(Co-spray drying)  structure using é dditives pre-defined quality of the final co-spray-dried
" product.
Inlet Inlet temperature has a critical influence on
temperature 130°C optimal drying and thus influences the final
(Co-spray drying) product’s appearance.
Outlet Outlet temperature has a critical influence on
temperature 75°C optimal drying of the desired co-spray dried
(Co-spray drying) final product.
Feed rate 5 ml mirtt Feed rate has a critical influence on the
(Co-spray drying) formation of co-micronized particles.

Figure 6 shows theelements and results of the QbD based Rigure 6A presents the
interdependence rating of the QTPPs and CQAs, atieedCQAs and CPPs. Each interaction
was ranked as high (H), medium (M), or low (L). Tdame three-level scale was used for the

occurrence rating of the CPPs, which is presentddigure 6B. These interdependence and

occurrence ratings were followed by risk estimatialtulations using the RA software, which

produced a precise impact score (or severity séor@ach critical influencing parameter. The

calculated and ranked severity scores for the C@#sCPPs are presented in Pareto charts

(Fig. 6C) generated by the software. Pareto charts alse gigraphical overview of the

hierarchy of CQAs and CPPs based on their calaifatenerical difference in their influence

on the aimed quality of the product.
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A QTPP Indication Population Pulmonary Local Dosage Dissolution
- (antibiotic) |(adults) administration |effect form profile
CQA (medium) (medium) (high) (high) (medium) (medium)
Excipients (12%) medium low di di medium
Size/Surface area
(24%) low low medium
Appearence
(micro-particle) low low di di
(13%)
Dissolution (16%) medium low low medium
Wettability (17%) low low medium low
Structure (8%) low low low medium low
Solubility (9%) low low medium medium
Process Co-spray drying
CPP | Composition (31%) Inlet. Temp. (23%) | Outlet Temp. (24%) Feed rate (23%)
coA N
Excipients (12%) medium low low low
Size/Surface area
(24%)
Appearence
c - (micro-particle)
(13%
Dissolution (16%) medium medium medium medium
5500 Wettability (17%) medium low low low
Structure (8%) medium low medium low
4500 Solubility (9%) low low low
g
é 3500 B.
= CPP CPP Occurrence
3 4932
“ 2500 Composition
3816 3672 3672 Inlet. Temp.
1500 - Outlet Temp. medium
Feed rate low
500 . ’ . s
Composition Outlet Temp. Inlet Temp. Feed rate
250 CPP
200
@150 -
(=]
a
-
=
b
£ 100 204
a
144 138
50 114 102
78 72
Size/surface Wettability Dissolution Appearence Excipients Solubility Structure
area quality
CQA

Figure 6: Results of (A) the interdependence rating of thi@Bs and CQAs and of the CPPs
and CQAs, (B) the occurrence rating of the CPPs(&@)dPareto charts of the CQAs and CPPs
with calculated numeric severity scores generatethk RA software (Karimi et al., 2016)
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In this special case the particle size (or theifipesurface area) of the APl is the CQA to have
the highest impact on ttgpality of the aimed final product. It is followdxy wettability and
dissolution properties. The next ones are appearand the excipients’ profile, while primer
solubility and the structure of the API are fourndhiave the lowest impact. The impact of
“particle size and SSA” is 41.6% higher than thitwettability” and is 47.8% and 78.9%
higher than the impact of “dissolution” and “ap@are”, respectively. Comparing “structure”
and “particle size”, the difference in their impactthe quality of the final product is 183% for
“particle size”. Among the CPPs product, “compasitiwas found to have the highest impact
on the desired final product’s quality. It is folled by the “outlet temperature”, then “inlet
temperature”, and “feed rate”. The impact of thermposition on product quality” is 29%
higher than that of “temperature”. Neverthelessrealhis a 34% difference between the critical
process factor with the highest effect (compos)tiand the lowest effect (feed rate) on the

final product’s properties.

These results of the software-based RA highligbséhfactors that need the highest attention
during the practical development phase when weddesdbout the exact composition and select
the materials and excipients, etc. It has beerbksit@d that the particle size of the API, the
wettability and dissolution characteristics, aslhaslthe composition of the DPI product are to
be focused on during the practical development gah@ike different DPI formulations were

prepared according to these preliminary paramatgings and priority classifying.

4.2 Characterization of formulated DPI containingciprofloxacin hydrochloride
4.2.1 Solubility of CIP

Solubility test at different pH as a preliminarypeximent was carried outable VII shows
the solubility of ciprofloxacin hydrochloride atfféirent pH and in distilled water. It is
important to do this test to find out the optimalubility and consequently the best solvent for
CIP at different pH. According to the data showrthe Table VII the solubility of CIP is
reducing in opposite direction to pH reduction. Rekably, distilled water showed the best
solubility for CIP.
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Table VII: Solubility of ciprofloxacin hydrochloride in défent pH and distilled water.

Concentration A max
Solvent pH

[mg/ml] [nm]
Buffer solution 1.2 12.6 277
Buffer solution 3.5 36.0 277
Buffer solution 5.6 13.3 275
Buffer solution 6.8 0.4 272
Buffer solution 7.4 6.3 271
Distilled water 4.4 41.9 275

4.2.2 Micrometric and morphological properties

Since all the powders were prepared under sinditging conditions, in the spray-drying
process the final particle size distributions o ttamples were comparable. The smallest
particle size was measured for the DPI of CIP domtg PVA due to covering effect of PVA
when used as excipient, while the largest value waasured for the DPI of CIP containing
PVA, LEU, and CD as excipients. This size intestabuld be optimal for lung deposition, so
a local treatment of the respiratory tract can tl@eved by any of the compositions tested.
Microparticulate DPIs had a narrow particle sizgrbution which is highly advantageous for
pulmonary DPI, because it enables the particlgsotently target a specific lung region. In
consequence, it enables a high deposition of daniicpes. Results of the particle size analysis

are shown imable VIII .

Table VIII: Particle size of the microparticles of variouswpositions prepared

D (0.1) Specific
Material : D (0.5) pm D (0.9) um surface area

[um] 2

[ mg]

CIP_SPD 1.31+0.01 2.44+0.02 4.44+0.01 2.7610.03
CIP_PVA_SPD 1.22+0.04 2.38+0.03 4.57+0.03 2.85+0.02
CIP_CD_SPD 1.68+0.03 3.02+0.06 5.24+0.04 2.20+0.09
CIP_LEU_SPD 1.62+0.05 2.84+0.02 4.84+0.00 2.33+0.01
CIP_PVA_CD_LEU_SPD 1.58+0.06 3.271+0.01 6.42+0.02 2.14+0.02

25



Field-emission scanning electron micrographs ofsii@ay-dried microparticles are shown in
Fig. 7. The DPI of CIP containing PVA has a relativelyosth surface with spherical geometry
in contrast to the DPI of CIP containing LEU whialas found to be cavitated. Such deep
cavities can also be observed in the DPI contai@ibg but those cavities are less deep than
those in the DPI of CIP containing LEU. The DPIG@IP containing PVA, LEU and CD
contains no cavities, which may result from the gwnt effect of PVA to produce smooth

surfaces.

CIP_CD_SPD CIP_PVA_SPD

Figure 7: Scanning electron micrographs of the spray-driedroparticles (Karimi et al.,
2016)

4.2.3 Structural characteristics

A sample containing only raw CIP was prepared leystime method to serve as a reference.
The thermal response of CIP alone had a broadseifendothermic peak at about 145°C
indicative of recrystallization and a sharp endatiie peak at 312°C indicative of melting.

In the thermograms of microparticles containing @l PVA, characteristic peaks were
detected. There were two exothermic peaks at 15RtC190°C due to recrystallization during
spray-drying, and a sharp endothermic peak wascteteat 312°C indicative of melting.

Interestingly, the microparticles containing CD wahown to have a lower melting point at
207°C due to their amorphous structure resultirggnfrspray-drying. The microparticles

containing LEU were shown to have two different @hérmic peaks at 270°C and 308°C
indicating the melting points of LEU and CIP, resjpeely. Fig. 8 shows the DSC thermograms
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of raw CIP and of the different CIP-containing nojgarticles investigated.
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Figure 8: Thermograms of raw CIP and of the different Caining microparticles
investigated (Karimi et al., 2016)

The XRPD diffractogram of raw CIP shows many chiamastic peaks indicating a high degree
of crystallinity, but the peak with the highestansity is at 9.09° @area.

Since the spray-drying parameters were similaralbthe formulations, the differences in
crystallinity must be attributable to the presentehe different excipients. The spray-dried
products containing excipients exhibit a large degrf amorphicity and a very low degree of
crystallinity. The only product that shows sigréfint crystallinity is the DPI of CIP containing
LEU, suggesting that the co-spray dried formulatisrcomposed of crystalline LEU and
amorphous CIP. Formulations containing CD have raptetely amorphous character. The
characteristic peaks of spray-dried micropartiee$ 2-Theta degree show the tendency of

CIP to recrystallize from its polymorph.
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Figure 9: XRPD diffractograms of raw CIP and of the CIP-@ning microparticle
compositions investigated (Karimi et al., 2016)

The FT-IR spectrum revealed that raw CIP exhibipgak at 1707 crhas a consequence of
the cyclic C=0 stretching that induces a shift taigsathe higher wave numbers due to the
association with the OH groups of other componerte magnitude of the shift in the C=0
stretching for the bounded dimer form is invergeiyportional to the strength of the interaction
between CIP and the excipients. The other feataetecthble at the FT-IR spectrum is the
widening of the C=0 stretching bond, caused bythdiguration of the hydrogen realignment
between the excipients and the C=0 bond of cipxafttn. The shift of the above bond
indicates that the interaction between CIP and IEBVA is weaker than that between CIP
and CD. The bands assigned to N-H in the FT-IR tspecare seen at 1612 dmFor the
microparticles containing excipients several peaks missing. The peaks at 987tmave

completely disappeared in all cases due to thegehttaom the dimeric to the monomeric state.
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The bands assigned to N-H in the FT-IR spectrunbesseen at 1612 chboth in the raw CIP
and in the spray-dried microparticle compositidfig. 10 Shows the FT-IR spectra of the raw

material and the microparticle compositions in\gesed.
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Figure 10: FT-IR spectra of the raw material and the micrapaes (Karimi et al., 2016)
4.2.4 In vitro characteristics

Generally, the single CIP_SPD formulation had a loaerosol performance
(FPF=31.68%z=1.43). In contrast, the combined spirégd formulations containing CIP plus
excipients exhibited a significantly improved a@igserformance. While even the presence of
PVA or CD raised the FPF value of the microparticl¢hose containing LEU were
characterized by the highest aerosol performanesd results show that the use of excipients
can significantly improve the aerodynamic behaviou€IP-containing microparticles. LEU
has the highest potential to improve the aerosdbpeance FPF=80.27%z1.65). This value
indicates that more than 80% of the particles éedid from the inhaler have a volume
aerodynamic diameter less than 5 um. Drug conteéRs, MMAD and ED values are shown
in Table IX.

Dissolution tests focused on free CIP release fiteensampleskig. 11 shows ciprofloxacin
release from the microparticles at pH 7.4. A slovege of CIP release was observed for the
spray-dried micropatrticles containing PVA, compatedhose without PVA. This behaviour
can be interpreted by the controlled release indllogePVA. Drug release was shown to rise
substantially in the presence of LEU and CD, ancroparticles containing LEU as the only
excipient were shown to be characterized by thédsgrate of CIP release, with full API

release within three minutes.



Table IX: Drug content, fine particle fraction (FPF), massedian aerodynamic diameter
(MMAD) and emitted dose (ED) of the CIP-contaimimgroparticle compositions investigated

DPI Drug content (%) FPF (%) MMAD (um) ED (%)
CIP_SPD 100%=0 31.68%+1.4 7.234+0.01 99.95%=0.5
CIP_PVA_SPD 85%+0.07 60.18.%+1.3 3.61+0.05 95.92%+0
CIP_CD_SPD 59%=+0.03 58.54%z=1.1 3.19+0.01  96.93%z0
CIP_LEU_SPD 72%+0.08 80.27%=x1.7 2.15+0.08  95.80%+
CIP_PVA_CD_LEU_SPD 45.%+0.24 45.93%+1.4 4.53+0.02 97.68%+
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Figure 11. Kinetic plots of free ciprofloxacin release fronmethmicroparticles investigated
(Karimi et al., 2016)

The different DPI formulations were prepared, alhthe particles produced are in acceptable
particle size for optimal deposition in the lunggsing PVA as an excipient for the CIP-
containing DPI was shown to decrease the size efntiicroparticles significantly. The
application of LEU to the microparticles inducedignificant improvement in the FPF and in
the aerodynamic behavior, and also allows a vesy diaug release. Besides the adequate
formula development, this study confirmed thatlad microparticles after spray-drying are in
amorphous form and it is crucial to study of siapibf them further in the process as we did
that.
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4.3 Physicochemical stability testing and influere of humidity and temperature on
aerodynamic properties

4.3.1 Particle size and morphological analysis

From patrticle size analysis aspect, since all tloelycts are in the optimal range of particle
size for DPI systems (2-5 um), the studying of ipErtsize during storage is of great
importance in order to detect which of the prodketsp the particle size in the optimal range
until the end of the storage time. The averageigharsize of single spray-dried CIP during
storage ranged from 2.44 um to 2.54 um and didmow significant difference during storage.
Specifically, particles in this size range are atieadequately target and reach the deep
bronchiolar and alveolar regions. The mean dianwteo-spray-dried CIP particles with LEU
during storage ranged from 2.84 um to 2.89 um, lwicsuitable for targeted inhalation
delivery as dry powders. In general, after storageian volume diameters of 20.78 £ 0.1 um
were observed for the spray-dried CIP with PVA, lehialues of 51.08 + 0.1 um were
observed for samples containing CD. It means tlmevihe polymer chains interact, they can
lead to a reduction in physiochemical stabilizatilue to various potential interactions of the
polymer chains and their ability to accept divezeaformations. Furthermore, CD can lead to
an increase in particle size and the agglomeratigrarticles by reason of complex formation.
The results also indicate that when the LEU is us@dmbination with CD or PVA, it exhibits
a dominant effect and decreases the agglomeratiamoooparticles, but CD or PVA alone
exhibits agglomeration and increases the size afaparticles greatly. The results of the
particle size analysis (D 0.5) are showmable X.

Table X: Average particle size of the microparticles of vas compositions before and
during storage

Before
10 days 1 month 3 months 6 months
Samples storage
[um] [um] [um] [um]
[um]
CIP_SPD 2.44+0.02 2.04+0.03 2.52+0.01 2.57+0.1 2.534+0.6
CIP_PVA_SPD 2.38+0.03 10.05#0.1  12.15+0.09 15.76+0.9 20.78+0.1
CIP_LEU_SPD 2.84+0.02 2.82+0.01 2.82+0.04 2.88+0.02  2.89+0.01
CIP_CD_SPD 3.02+0.06  3.32#0.02  6.22+0.03 7.7310.05 51.20+0.1
CIP_PVA CD LEU SPD 3.27+0.01 3.35+0.02 3.36%0.03 3.39+0.02  6.02+0.01
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From patrticle form morphology perspective, a repnéative SEM image of the microparticles
is shown inFig. 12 In general, spray-dried microparticles with PVévk a relatively smooth
surface with spherical geometry, typical of thesei@ents. During storage this morphology
is retained but the agglomeration of particles lmambserved. This agglomeration can also be
seen in the microparticles which contain CD, buisihot as substantial as in the case of
microparticles containing PVA. The use of LEU shosavitated morphology. The stored
products maintained the cavitated form, no changesurface area and aggregation were
detected. LEU stabilized the morphology and did notlergo any RH-induced changes,
therefore the taking up of moisture during storages prevented. The microparticles
containing CD, LEU and PVA did not exhibit partielggregation but the microparticles could
not keep their spherical morphology, which is falae for the aerodynamic behavior of DPI.

CIP_LEU_SPD CIP_CD_SPD CIP_PVA_LEU_CD_SPD

@ e

Before _
storage | |,

6
months

Figure 12: Morphology of the prepared spray-dried samplesmiyithe storage (Karimi et al.,
2018)

4.3.2 Structural characterization

From structural characterization point by XRPD gsial of the samples according to the
Cambridge Crystallographic Database, there is oy&alline structure of CIP and there are
two existing polymorphs of ciprofloxacin base, thelrate and hexahydrate forms. In order to
investigate the crystallinity, amorphicity and polgrph form of the stored compositions, the
X-ray powder diffraction method was used. The aggpéxcipients (which are semi crystalline
or amorphous) and spray-drying could affect thesmtochemical properties of CIP. The
XRPD patterns of the single spray-dried and coysgreed powders before and after storage
are shown irFig. 13 and the crystallinity fractions of microparticlbefore and after storage
are presented in th€able XlI. The XRPD diffractogram of spray-dried CIP showatt
amorphization took place in the sample. After 1@sdaf storage, the recrystallization of the
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amorphous form began. By evaluating the diffractogs it can be observed that the amorphous
microparticles recrystallized to CIP, and duringragge no polymorphic changes occurred. The
crystallinity fraction of the sample before storagas 5.49%, but after 6 months of storage it
reached 95.76%. This significant and noticeablesia®e in the crystallinity fraction means that
CIP has a tendency to fast recrystallization withreowy crystallinity inhibitor excipient during
storage. The diffractogram of the sample contai™f and CIP shows that spray-drying
resulted in amorphization, but under storage clpkaicin recrystallized into its starting
hydrochloride form. The tendency to recrystalliaativas lower than without excipient, and
after 6 months the degree of crystallinity was dst#y81%. Micropatrticles containing LEU as
excipient were mostly in amorphous form after spitaying. After 10 days of storage, the
characteristic peak of LEU appeared at 5.97ar2d the recrystallization of CIP was detected,
which increased in samples stored for 1, 3 and fthsoand resulted in 98.28% crystalline
fraction. The microparticles containing CD exhiditamorphization after spray-drying. CD
protected CIP from fast recrystallization, aftem®nths the crystalline content was only
41.50%. The samples containing PVA, LEU, CD and @#Pe amorphous and the tendency
to recrystallization decreased, only 39.65% criisgfraction was detected in the sample after

6 months.

Table X7 Crystallinity fraction of microparticles of diffené products before and after
storage

Crystallinity fraction before 10 days 1 month 3 months 6 months
storage

CIP_SPD 5.49% 65.17% 90.04% 90.36% 95.76%

CIP_PVA_SPD 11.38% 29.23% 33.86% 80.20% 95.81%

CIP_LEU_SPD 21.52% 36.61% 55.50% 82.50% 98.28%

CIP_CD_SPD 6.30% 7.99% 25.88% 54.57% 81.50%

CIP_PVA _CD _LEU SPD 17.75% 18.38% 25.65% 32.76% 39.65%
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Figure 13: Structural investigation of the products by XRPIobe and

after storage
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4.3.3 Thermoanalytical measurements

From thermo analytical measurements three polymorfaims of CIP are reported in the
literature byKakkar et al1997, Form | (Tm=313.5°C), Form II, (Tm=312°C) and Fotth
(Tm=316.3°C) [34]. DSC experiments were carriedtoutivestigate the thermal behavior of
CIP containing microparticles before and duringrage (Fig 3.). When analyzing the
thermogram of the single spray-dried CIP, the istgnnelting point of CIP at 311.05°C and
the glass transition temperature at 149.93°C cateberted. Altogether it means spray-drying
caused amorphization in the sample but some cliystalfraction was preserved, which
melted at 311.05°C. Consequently, after 1, 3 amb6ths the crystallinity fraction increased.
According to the thermogram kig. 14 of microparticles containing PVA, amorphizatiooko
place and the glass transition temperature carbbereed at 151.01°C. This exothermic peak
can be attributed to the recrystallization of anhays ciprofloxacin at 190.02°C and this
recrystallized CIP was melted at 312.55°C. Howegkass transition after storage cannot be
detected, which was in good agreement with incngasrystallinity in the compositions.
Microparticles containing LEU exhibit glass trarmmit at 158.82°C, LEU melts at 271.12°C,
but the remaining crystallinity structure melt8&8.70°C. After 10 days, stored microparticles
exhibited an exothermic peak at 182.86°C due tordueystallization of CIP. The first
endothermic peak at 270.67°C is the melting pairtEl) and the other can be related to CIP
at 309.72°C. Microparticles containing CD as exampiexhibit glass transition at 138.58°C.
The melting of CD at 232.3°C was not observed anest microparticles.

Microparticles containing PVA, LEU and CD have atothermic peak at 202.3°C, where
amorphous ciprofloxacin recrystallized into CIFdim, and an endothermic peak at 232.3°C
where CD melts. The melting of CIP was not detediedorrelation with the XRPD results it
was found that amorphous and crystalline form & €buld be detected in the samples after

storage.
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4.3.4 Aerodynamic particle size analysis

And finally, from most important property of DPle@dynamic particle size analysis of the
microparticles were completed as established bynmeéthe Pharmacopoeia test which is
mentioned in detail in the Method part. To analjlze effects of excipients on the aerosol
performance, the advancing deposition of the dwas calculated. Single CIP_SPD showed
a FPF value of 31.68 + 1.4 %, which was enhancemhglistorage and reached the value of
67.35 + 1.1 %. The MMAD of microparticles decreasean 7.23 + 0.01 to 3.58 + 0.03 after
storage. Since single spray-dried CIP does noagoany excipient, it can be explained by the
loss of water content and lowering the density afraparticles. In view of literature data,
LEU is one of the excipients with the ability toh@mce aerosol dispersibility, therefore before
storage the FPF of microparticles containing LEWs\88.27 £ 1.7 % and the MMAD value
was 3.52 + 0.13 um. However, in this experimentalkwour interest was focused on retaining
high aerosol dispersibility during storage. Aftesrage, the FPF value and the MMAD value
of the stored formulations was 79.78+£1.22 and 20Q#um, respectively;T@ble XII and
Table XIII'). After storage, the FPF values of the samplesidicchange significantly. This is
connected with retaining the particle size and rmolgpgy, as discussed before. This cavitated
morphology and suitable particle size are favorabterms of the aerosolization performance
of the formulated DPIl. Before storage, the FPFno€roparticles containing CD was
58.54+1.1, although after storage the FPF valuéseosamples decreased because of the fine
particle aggregation. This is associated with therdased particle size and retaining the
amorphous structure for 3 months. Likewise, PVAmbtihave strong protecting effect in these
formulations. As discussed in the previous pars, polymer agent induced aggregation in the
formulation. Therefore, increasing particle sizelused the FPF of the PVA-containing
microparticles to 25.00 + 2.1%. CIP_PVA_CD_LEU_S#&dntaining micropatrticles did not
keep the FPF value, which could be explained byntih@oparticles losing their spherical
morphology. In conclusion it was found that solul@é& consisting of PVA and CD’s
physiochemical property decline during storage. rggtion was minimized in formulations
with LEU and the other two formulations due to $teilizing effect of LEU, and we continued
the work (cytotoxicity and permeability test) withis three microparticles which exhibited

acceptable aerosol performance, while maintairiegiPF during storage.
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Table XII: FPF value in % of microparticles before and aftesrage.

Samples BB 10 days 1 months 3 months 6 months
storage

CIP_SPD 31.68+x1.4 52.98+1.9 54.96x1.4 64.60£2.1 67.351.1

CIP_PVA _SPD 60.18£1.3 56.90£1.5 34.47+2.0 30.86+1.1 25.00£2.1

CIP_LEU_SPD 80.27+1.7 84.71+£1.0 80.21+2.1 77.31+1.9 79.78+1.2

CIP_CD_SPD 58.54+1.1 47.01+1.3 40.13t£1.2 38.21+1.1 36.32t1.3

CIP_PVA CD_LEU_SPD 45.93+1.4  48.00+1.1 39.17#1.9 39.00+1.0 28.28+2.3

Table XIl11: MMAD value inum of microparticles before and after storage.

Samples FETIE 10 days 1 months 3 months 6 months
storage

CIP_SPD 7.23£0.01 4.52+0.02 4.31+0.04 3.62+0.01  3.58+0.03

CIP_PVA _SPD 3.61+0.05 4.10£0.04 7.57+0.03 8.4+0.01 11.18+0.02

CIP_LEU_SPD 2.15+0.08  2.59+0.02 2.15+0.06 2.67+0.03 2.01+0.01

CIP_CD_SPD 3.19+0.01 5.30#0.03  6.65+0.02 6.52+0.05 7.52+0.06

CIP_PVA CD_LEU_SPD 4.53+0.02 5.47+0.05 6.55+0.03 6.98+0.02  9.11+0.07

This study presented the effects of different ercifs (PVA, CD and LEU) during stability

testing to find the appropriate excipients and Istabicroparticles to continue the work.

Accordingly, it was found that CIP aggregation astisg of PVA and CD occurred during

storage. However, this aggregation was minimizefbimulations with LEU regardless of

presence of other excipients, due to the stabgiafiect of LEU, and the powders exhibited

acceptable aerosol performance. In conclusionjlgyalwas improved by formulations with

LEU.

It should be mentioned that we could also obseppeapriate physio-chemical stability in the

samples spray-dried without any excipients whiclild¢dbe explained by the increasing

crystallinity.
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4.4 Determination of cytotoxicity and permeabiliy of spray-dried microparticles into
epithelial lung cells

Following the physicochemical stability testingwias shown that from five different types of
microparticles three presented acceptable stabili€IP_SPD, CIP_LEU_SPD,
CIP_LEU_PVA _CD_SPD). Thus, the work was proceedid tiese three microparticles.

4.4.1 Cytotoxicity test

From cytotoxicity view microparticles contain CIHtmout excipient and CIP with LEU or
combinations of excipients did not change the inapee of A549 lung epithelial cell
monolayers in the range of 1-300 uM concentnatiandicating no cellular toxicityzig. 15
illustrates Kinetics of lung epithelial cell reamtito treatment with ciprofloxacin at 1, 10, 30,
100 and 300 uM alone or its formulations preparéd WEU, CD and PVA for 48 hours.
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Figure 15: Kinetics of lung epithelial cell reaction to treagmt with CIP
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4.4.2 Permeability test

The TEER value of the co-culture model was 135 #€1dn? before the permeability study
and the Ry for the marker molecule, FD4 was 0.9 x@n/s in concordance with previous
results (Walter et al., 2016). No significant diface was found in the permeability value of
ciprofloxacin compared to its formulatiokig. 16 explainspermeability of CIP (10 uM, 30
min) and its formulation on a co-culture modelwid epithelium. FD4: FITC-dextran 4.4 kDa,
permeability marker molecule. Values presentednagans + SEM. Statistical analysis: one-
way analysis of variance followed by Bonferroni pest. ***P < 0.001, compared to FD4

treated group, n = 4.
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Figure 16: Permeability of CIP (10 uM, 30 min) and its forntida on a co-culture model of
lung epithelium. FD4: FITC-dextran 4.4 kDa, permbggtmarker molecule. Values presented
are means + SEM. Statistical analysis: one-wayyargabf variance followed by Bonferroni
posttest. ***P < 0.001, compared to FD4 treatedugron = 4.
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5. SUMMARY

The primary aim of this study was to carry out eeshk relating to the formulation of DPI

antibiotics. We studied the key features of QbDrasts for use in pulmonary delivery system.
Another objective was to develop a carrier-freespmy-dried DPI product containing high
soluble CIP.

Quiality by design (QbD), an up-to-date regulatoagdd quality management method, was
used to predict the final quality of the producualty by design (QbD) is a holistic,
systematic, risk, science and knowledge based metbousing on extensive preliminary
design in order to ensure the quality of medicpralducts. The basis of this thinking is
described in the guidelines of the Internationau@ul for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use (I@Hhas been established that the
particle size of the API, the wettability and disgimn characteristics, as well as the
composition of the DPI product are to be focuseddoring the practical development
phase. According to the QbD-based theoreticalprelry parameter ranking and priority
classification, DPI formulation tests were succegperformed in practice. The different
DPI formulations were prepared according to thegdéirpinary parameter rankings and
priority classifications.

According to significant solubility of CIP in difed water we decided to use it as the
solvent for feeding solution Spray drying showetéa trustworthy technique to produce
CIP microparticle. Then dry powder formulations e/prepared and examined by particle
size analysis, scanning electron microscopy, Fotrdasform infrared spectroscopy, X-
ray powder diffraction, differential scanning caloetry, and in vitro drug release and
aerodynamic particle size analyses were also peddr The different DPI formulations
were prepared, and all the particles producedragecceptable particle size for optimal
deposition in the lungs. Using PVA as an excipfenthe CIP-containing DPIl was shown
to decrease the size of the microparticles sigaifily. The application of LEU to the
microparticles induced a significant improvementttve FPF and in the aerodynamic
behavior, and also allows a very fast drug reled$mse formulations displayed an
enhanced aerosol performance with fine particletiiva up to 80%.

Besides the adequate formula development, thiy stafirmed that all the microparticles
after spray-drying are in amorphous form and itriscial to study of stability of them

further in the process as we did that. The next stehis work was to test the stability of
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co-spray dried CIP. Since the micropatrticles indhepowder system do not contain any
stabilizer, the effects of temperature and RH oa& physicochemical properties and
aerosolization behavior are investigated. Hencegtigation of the role of excipients such
as PVA, LEU and CD on physicochemical stability aaetosolization performance is
essential element prior designing the final dodaga. Particle characterization and size
measurement as the most important parametersoadyaemic behavior were examined.
The overall stability results (against RH and terapee) showed that microparticles
containing CIP and LEU alone and in combinatiorhvifie other excipients were more
stable than those containing PVA or CD alone. latian to fine particle fraction and mass
median aerodynamic diameter (determining the aérasion parameters), it was found
that the particle size and particle shape did howssignificant changes after the storage.
Among the excipients LEU was found to have manyaathges, including relatively
simple formulation, enhanced aerosolization behavimonvenient portability and
inherently improved stability.

Following the physicochemical stability testingweis shown that from five different types
of microparticles three presented acceptable #tab{CIP_SPD, CIP_LEU_SPD,
CIP_LEU PVA CD_SPD). Thus, the work was proceedeith wthese three
microparticles. For cytotoxicity test firstly calulture human immortalized alveolar type
Il like lung epithelial cell line like, were don&rom cytotoxicity view microparticles
contain CIP without excipient and CIP with LEU anebinations of excipients did not
change the impedance of A549 lung epithelial calholayers in the range of 1-300 uM
concentrations, indicating no cellular toxicity Asresult, microparticles did not change
the impedance of lung epithelial cell and did nbbw any cellular toxicity. For the
permeability test lung epithelial cells were cotargd with endothelial cells for ten days.
From permeability perspective formulations have egarmeability value compared to

CIP formulations.
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6. NOVELTY AND PRACTICAL ASPECTS

This study has created the ability of developmenDBIl and spray-drying techniques to

produce microparticles containing CIP for pulmondrnyg delivery. The development of DPI

of antibiotics in carrier- free system is a novéttylocal treatment of respiratory tract infection

In this current work the application of an up-tdedand regulatory-based pharmaceutical
guality management method demonstrated as a neglagenent concept in the process
of formulating DPI. This formulation produced aatioig to the QbD methodology and
Risk Assessment thinking. This innovative formwatiechnology and product appear to
have a great potential in pulmonary drug deliv&uybsequent to no examples of QbD and
RA based CIP containing DPI system formulation Haeen described so far.
Co-spray-drying of CIP from an aqueous solutionna®vative technology was used to
prepare the novelty-type of microparticles. Theambed technology was prepared the
formulation of CIP in one-step and fast procese fiital microparticles which developed
in green technology ensures the respirable parsizie range (3-5 um), with spherical
morphology. The microparticles displayed an enhdramerosol performance with fine
particle fraction up to 80%. This high ability terasolization of particles is uniqueness in
the DPI development.

The formulated microparticles as innovative prodested for the stability in stress and
accelerated test in long term (6 months). Sincerticeoparticles in the dry powder system
are amorphous and do not contain any stabilizemedbults of this test are very important.
The stable product which may be considered suitéescaled-up processes and
pulmonary application.

The formulated DPI illustrate a novel possibilitytreatment of respiratory tract infection
and the innovative technology and product preseietof great potential in pulmonary

drug delivery systems.
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