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1. General Introduction

1.1. Pulmonary Mycobacterial Infections and Immuno-

Compromised Hosts

Pulmonary infections, due to a variety of pathogens, are impardarses of morbidity and
mortality today especially in immuno-compromised individuals.

The main consequence of HIV infection is a progressive depletdmliafunction of T cells,
with defects in macrophage and monocyte functions that have aalceole in anti-
mycobacterial defences. Susceptibility to opportunistic pathogensleasbeen found in
patients with congenital T cell defects and in people tdeaith chemotherapeutic agents or
irradiation that cause T cell depletion. Most prominent amongg timésctions is pneumonia
due to Pneumocystis Carinii but there has also been a highemceidof mycobacterial
infections (1,2).

Mycobacterial infection has been documented as a common opportunisiisedia patients
with acquired immunodeficiency syndrome (AIDS). At Memoriab&sl-Kettering Cancer
Center more than 400 patients with AIDS have been followed. Thawe been 90
documented cases of disseminated Mycobacterium Avium Complex \NtAéction, 11
cases of disease due to Mycobacterium Tuberculosis (MTB), andcas®e of combined
MAC-MTB infections (3).

Tuberculosis (TB) has become a significant opportunistic dissaseg populations with a
high incidence of AIDS. TB is most often due to Mycobacterium tubesis (MTB), and the
lungs are the primary site of infection for the systendthpgen but MTB can also affect
central nervous system (meningitis), lymphatic systemiculgitory system (Miliary
tuberculosis), genitourinary system, bones and joints, (4). Antbegvarious forms of
tuberculosis, pulmonary tuberculosis is most commonly charactdrzéue involvement of
alveolar macrophages harboring a large number of tubercle badi#i. bacilli secrete
molecules that prevent phagosome—-lysosome fusion. Moreover, degr teetty hydrophobic
waxy cell wall, bacilli are resistant to digestion by lysosbereymes and hence resist the
killing effects of macrophages. Inside the macrophages therlzawill be either destroyed or
begin replicating, or remain latent indefinitely. If replicatiis not prevented, the bacilli
multiply and may eventually cause the macrophage to break. Piololeeated by bacterial
infection are linked to their ability to survive and multiplyidesthe body, especially in the

lungs, and to the natural immune response of the infected host
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1. General Introduction

Even today, more than one hundred year after its first descrifi®ns still a great health
problem worldwide. It is estimated that there are 1 billiorses infected with tuberculosis
worldwide, with 8 million new cases and 3 million deaths per y8arSuch high mortality
rate seems to be due to progressive HIV infection rather & and the degree of
immunosuppression being the most important predictor of survival\6{TB patients. MTB
probably increases HIV replication by inducing macrophages to prodansattivating
cytokines (TNR, IL-1, IL-6).

However, immunocompromised patients are also at risk of mycolzaadther than
tuberculosis (MOTT) infections. Recent reports have describeeradegroups of patients
with acute leukemia, lymphoma, visceral malignancies antettesith immunosuppressive
therapy who have been infected with MOTT such as M. avium, Nuifiem, M. chelonae,
M. scrofulaceum and M. hemophilum (6, 7). Mycobacterium Avium f@lexn (MAC) can
cause pulmonary disease, subacute lymphadenitis and disseminatsgsli®. MAC was
also recognised in the AIDS pandemic as a cause of serious idisgininfection and was
the most common cause of systemic bacterial infection in A#iff€cting more than 50% of
patients in the developed countries (9). In AIDS patients withedlisgted infection, the
mononuclear phagocyte system is the predominant site of infebtibmmther organ systems
such as skin, bone and joints, eyes, thyroid, adrenals, destighe central nervous system can
be infected (10, 11). Bacteremia occurs in most of thesenpst the organism being
predominantly in circulating monocytes. Monocytes and fixed @issacrophages are full of
MAC in AIDS patients, indication of the immune deficiency vese individuals (11, 12, 13,
14, 15). Furthermore, epidemiological studies suggest that MA@sstessociated with
pulmonary disease may differ from those associated with disagedi disease in AIDS
patients. Although if the prevalence of disseminated MAC adsdcdisease was high, great
individual susceptibility, and geographic and seasonal variationdbéms described. For
instance, disseminated MAC is rare in Africa, although MA@revalent in soil and water
samples from the area where advanced AIDS patients arenpi@€d. This phenomena
remains unexplained, although it is postulated that widespread premidinsycobacterial
immunity from the high rate exposure of Africans to MTB and BCGL&cination may be
responsible. This is supported by data that suggest that pridiabBosis may be somehow
protective against disseminated MAC (17). Pathogenesis of M#gCtion is incompletely
understood. Disseminated MAC is usually believed to follow pymaquisition of the
mycobacteria. It appears that MAC first colonizes thergameéstinal (Gl) tract or respiratory
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1. General Introduction

mucosa, and then dissemination follows. In contrast to the immunpromised host, in
which MAC disease is usually limited to the lungs, in patievita AIDS, bacteremia is by
far the most common syndrome. Before the 1980s, infections wétbe thacteria were
uncommon in humans and were recognized as a slowly progressing pneumoelitisriy
patients with chronic pulmonary disorders, particularly in pasievith silicosis (18) and,
occasionally, immunocompromised leukemic patients (19). Since h@8d&ver, numerous
medical institutions began to report cases of MAC bacterem#DS patients (20) which
were responsible for significant morbidity and mortality in hunmamunodeficiency virus
(HIV)-positive patients (21). Disseminated infections with MA@anisms are diagnosed in
only 3% of HIV-positive patients at the time of AIDS diagnog®). However, these
infections are found in about half of the autopsied patients with AZ3H MAC isolates are
intracellular pathogens resistant to many of the standard antitlsis drugs. In many cases
this resistance is due to the low levels of drug permeation nrgorophages, as many
antibiotics are unable to traverse the cell membranes, makiif§igult to achieve sufficient
concentrations at the infection sites (24, 25).

Nevertheless, it was not until the post-human immunodeficency (HiINg era, that renewed
interest became widespread in mycobacterial diseaseseinnmimunocompromised host.
Several reasons for such interest are the following. Festénrergence of TB in countries
where this type of disease was in the way of eradicatias, pazzling. Second, MOTT that
were generally quite rarely isolated before the advent ofSAIBut represented before the
recently used efficient antiretroviral therapies, have aiderable role in morbidity and
mortality. This was particularly true for the M. avium compl(MAC) because these
organisms are the single most important cause of disseminat¢etial infection in AIDS
patients (26). Third the number of cases of infection with plyldrug-resistant (MDR) of
MT and MAC is increasing and this has compromised both treatmdrcatrol programmes
worldwide. The rising prevalence of MDR strains has resultedutbreaks and individual
cases that are a problem to treat and are often fataldWidd, TB and disseminated MAC
disease, both contribute substantially to morbidity and morialitlyis population.

Among the mycobacterial genus, the vast majority of speogesagrophytic belonging to the
environmental microflora. They are present at differentuldéis, and could be isolated from
soil, and water. Mycobacteria are aerobic, Gram-positive;mmatile bacilli with a high
mycolic acid content in their cell wall that enables ingthdar survival within mononuclear

phagocytes.
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1. General Introduction

Figure 1.1:
Mycobacterium Tuberculosis MT (A) and Mycobacterium Avium Complex MAC (B)

Being intracellular survivors, Mycobacteria species evoke granulomatous to
pyogranulomatous host response. Mycobacteria can be grouped conceptualtiréet
categories: (1) obligate parasites that behave as pripadinpgens and require a mammalian
host to that comprise the tubercle bacilli (Mycobacterium tubbess (MTB),
Mycobacterium bovis (MB) and Mycobacterium microti(MM)), (278, 29, 30, 31); (2)
saprophytes that can behave as facultative pathogens, causiigptboa systemic disease
depending on the degree of host compromise; these can be divitted fito slow growers,
such as the Mycobacterium avium intracellulare complex (MAE);obacterium genavense
(MG) and Mycobacterium xenopi (MX), or rapid growers, such gsdlacterium fortuitum
(MF), Mycobacterium chelonae (MC), Mycobacterium smegm@ids), Mycobacterium
phlei (MP) and Mycobacterium thermoresistible (MTH); and (3)cbhacteria species so
difficult to culture that their environmental niche has not bdetermined with certainty,
including Mycobacterium leprae (ML), Mycobacterium visib{iMV),(31, 32, 33, 34, 35).
The natural history of pathological and casual opportunist mycolzadiseases differ due to
different tissue tropisms: the MOTT opportunists appear to be nmited than M.
tuberculosis in parallel with the experimental observations of rmniged virulence. For
instance, experimental infection with M. tuberculosis igmftethal in normal non-immuno-
compromised mice, in contrast virulent strains of M. aviumctiba are only lethal in
immunodeficient mice (36).

MTB was first described on 1882 by Robert Koch, and the M. Tubercujesisme was
sequenced (37, 38) in 1999. MTB divides every 15 to 20 hours, extremely stawpared to
other bacteria, which tend to have division times measured in reiftis a small, rod-like
bacillus that can withstand weak disinfectants and can suivia dry state for weeks but can

grow only within a host organism. An important consideration in gegrirent of tuberculosis
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1. General Introduction

is the fact that the etiological agent, MTB, has thditgtid persist intracellularly in the host
macrophage for long periods of time. This becomes even more imipatian one considers
the ability of MTB to persist in a dormant state, thus givisg to a large group of infected
individuals who carry the organism in a subclinical state withauing active disease.

The term MAC was coined after debate as to whether Mycaohauteintracellulare
represented a distinct species or was merely a variditasfium (39, 40, 41). Traditionally,
the MAC has been divided into serotypes using agglutination reactronmgjnodiffusion,
skin testing with sensitins, biochemical reactions on cultur@, @mbination of these (41).
Molecular techniques have more recently been used to clagifAC group (42, 43). M.
avium and related species are ubiquitous, saprophytic organismmsocidyrfound in surface
waters such as salt or fresh-water marshes, ponds, @ksgil. Animals, including people,
are commonly exposed to these organisms (41). M. avium mey rgie to disease if
introduced in sufficient numbers through a breach in the skin oalvenlar deposition. In
immune competent hosts, such events would cause localised infeatthnsgh generalised
disease may arise in patients with compromised cell-rrezblimmunity (13).

Even though the availability of powerful anti-tubercular drugs (AEDEh as rifampicin
(RFP), isoniazid (INH) and pyrazinamide (PZA) makes TB BI@TT infections, curable
diseases, the latter is far from eradication, the neasan being that multiple anti-tunercular
dugs (ATD) need to be administered for 6-9 months. Patients oftent firmblesome to
begin their day with a mouthful of pills. Further, as clinisahptoms improve, they may not
consider the need to continue ATD and may actually forget tathakerugs. All these factors

result in non-compliance and eventually lead to therapeulicga

1.2. Alveolar Macrophages and MTB/MAC

MTB and MAC are facultative intracellular micro-organisthat can survive and multiply
intra-cellularly and are protected from host defence mechafibey interact mainly with
macrophages in the alveolar space of the lung, where theplgr¢o invade and replicate in
both cell types. Their intracellular location serves asrvegewhich is thought to be of
importance in recurrent infections.

Macrophages are present in all major compartment of the bodyhagdare particularly
involved in removing foreign particles and micro-organism from hileod. After being
removed from the blood, the behaviour of the micro-organism imtdwophage becomes of

great importance. Killing of the micro-organism could mean itgtion of the infection,
14




1. General Introduction

whereas microbial persistence and growth in the macrophage coultbl@#dction in the
organ harbouring the macrophages, and hence to current infectientdbod.

Macrophages are found at all epithelial lung surfaces buaamadre frequent in the deeper
regions of the lung (44). The number of macrophages in the lungableaand can be raised
on exposure to certain materials, for example cigarette sif#ike46, 47). In the normal
human lung, however, macrophages comprise of over 95% of the roeli@pulation and
account for 2-5% of the total alveolar cells numbering between 5QGihder alveolus (45,
48).

Macrophages are normal motile residents of the airwangsrstitial matrix, and alveolar
regions of the lungs (49). Particles deposited in the alvedj@irare taken up rapidly by
macrophages. Phagocytic times of a few minutes (50) up to ar{3igurave been reported.
The contribution of pulmonary endocytosis to the overall lung clearendetermined by the
particle size and particle shape, (52) solubility, particle byr{&® 54) and the chemical
nature of the inhaled aerosol. Alveolar macrophage-mediatedanle is a much slower
process than mucociliary clearance, with retention hakkgiim the range of 50-80 days in
rats and about 10 times longer in humans (55). Particle phagocytadisebiar macrophages
can be: 1) fast and efficient (titanium dioxide, diameterxnm), 2) not efficient (ultrafine
particles), 3) incomplete (long fibers cannot be completely plyéiged by a spherical cell
with a diameter of approximately 12 mm), or 4) overloaded (ienvplagticles occupy a large
fraction of the volume of individual alveolar macrophages) (56)edlar macrophages can
clear particles from the alveolar region in 4 ways: 1) transgdong the alveolar surface to
the mucociliary escalator, 2) internal enzymatic degrada®) translocation to the tracheo-
bronchial lymph, and/or 4) combination of the interstitial lymphatiste and mucociliary
transport. It is believed that translocation of particleetagnacrophages to the mucociliary
region is responsible for the initial rapid clearance of indelphrticles in the first 24 hours
after deposition (57). The enzymatic activity following phagocgtbyialveolar macrophages
is well known (58, 59) and its contribution to the overall pulmonararalece requires
consideration for enzyme-sensitive compounds such as biomoleculessludagtant may
cause large molecules to aggregate, which could enhanceiongastl digestion by alveolar
macrophages (60).
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1. General Introduction

1.3. Lung Anatomy

The lung is the body’s organ of respiration. The respiratory ¢@ctbe divided into upper

and lower airways, with the line of division being the jumtiof the larynx and trachea (61).

Figure 1.2: The Anatomy Of Human Lungs

The upper airways or nasopharyngeal region consists of the nose, fagutk, and pharynx.
Below the contours of the nasopharyngeal region, the lowerysmgaemble a series of tubes
undergoing regular dichotomous branching (62). Successive branchinth&drachea to the
alveoli reduces the diameter of the tubes, but markedly iresethe surface area of the
airways, which allows gas exchange (63, 64). The lower airwapsbe divided into 3
physiologic zones: conducting, transitional, and respiratory zone6%2The conducting
zone consists of the larger tubes responsible for the bulk moveiaintand blood. In the
central airways, air flow is rapid and turbulent and no gas egghaccurs. The transitional
zone plays a limited role in gas exchange. The epitheliat lafythe trachea and main bronchi
is made up of several cell types, including ciliated, basad, goblet. On the surface of the
epithelium of the proximal respiratory tract, ciliated cgdtedominate. A large number of
mucus-producing and serum-producing glands are located in the submucosa

The human lung consists of 5 lobules and 10 bronchopulmonary segmeatgyedriadjacent
to each segment are lung lobules composed of 3-5 terminal broncliatds.bronchiole
supplies the smallest structural unit of the lung, the acinughwiansists of alveolar ducts,
alveolar sacs, and alveoli. Alveolar epithelial type llsceepresent the principle cell type

lining the surface of the alveoli. The major functions of thesks,cwhich cover 93% of the
16




1. General Introduction

alveolar space, are to provide a surface for gas exchangeo ssetve as a permeability
barrier. Alveolar epithelial type Il cells have a much Benasurface area per cell and they
represent 16% of the total cells in the lung. They play & bake in synthesis, secretion and
recycling of surface-active material (lung surfactant).

The alveolar blood barrier in its simplest form consists sihgle epithelial cell, a basement
membrane, and a single endothelial cell. While this morpholagiangement readily
facilitates the exchange, it can still represent a mbgorier to large molecules. Before
entering the systemic circulation, solutes must traverdenalayer of fluid, the epithelial
lining fluid. This layer tends to collect at the corners a #iveoli and is covered by an

attenuated layer of surfactant.

Figure 1.3: Lung Surfactant Composition

Unlike the larger airways, the alveolar region is lined w&iturface active layer consisting of
phospholipids (mainly phosphatidylcholine and phosphatidylglycerol) (66) arsda$eiey
apoproteins (67). The surfactant lining fluid plays an importantirolaaintaining alveolar
fluid homeostasis and permeability, and participates in varioigncks mechanisms. Recent
studies suggest that the surfactant may slow down diffusion obedlveoli (68, 69). The
respiratory airways, from the upper airways to the termimahchioles, are lined with a
viscoelastic, gel-like mucus layer 0.5-5.0 mm thick (70). Theeiea lining consists of two
layers: a fluid layer of low viscosity, which surrounds th&djpericiliary fluid layer), and a
more viscous layer on top, the mucus (71). The mucus is a pvetémyer that consists of a
complex mixture of glycoproteins released primarily by the gatelk$é and local glands (72).
The mucus blanket removes inhaled particles from the airwaysertsapment and

mucociliary transport at a rate that depends on viscosity astodly (73). The lung tissue is
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1. General Introduction

highly vascularized, which makes pulmonary targeting diffibeltause of fast absorption of

most drugs (especially lipophilic and low molecular weight drugs).
1.4. Pulmonary Drug Delivery Following Aerosol Theapy

There are several advantages in delivering drugs, such iascaoibial agents, to the lungs
including a non invasive method of delivery; a large surface fareabsorption (~75ft thin
(0.1 to 0.5 m) alveolar epithelium, permitting rapid absorption; absenceirsf-gfass
metabolism; rapid onset of action; and high bioavailability.

Since the advent of nebulizer therapy in 1859, nebulizers have beetouseat a range of
pulmonary diseases in pediatric and adult populations, including asthroajc obstructive
pulmonary disease (COPD), and cystic fibrosis (CF).The expans$ioabulizer therapy in
the mid to late 20th century for common respiratory diseases hasdiiearefl by a focus on
use for more specific indications and certain new applications.

The development of an inhalant therapy that is efficacious aeddsgends not only on a
pharmacologically active molecule, but also on a well-designed/edel system and
formulation. It is the optimization of the whole system (dmigig formulation and device)
that is necessary for the successful development of inhalagoapies, both new and old, for
the treatment of local and systemic diseases. Drug—deweiobigations must aerosolize the
drug in the appropriate particle size distribution and concentration toreergptimal
deposition and dose in the desired region of the lung.

Although the traditional form of inhalation therapy dates backhto garliest records of
ancient cultures, the advantages of inhalation therapy havatialgeremained the same.
Several studies (1-3) have demonstrated the clinical advantdagbatdtion aerosols over
systemic therapy for the treatment of lung disorders.tiRelp small doses are required for
effective therapy, reducing systemic exposure to drug and thusiizing adverse effects.
Delivering small doses of active ingredients directly tolthwey effectively targets the drug,

thereby maximizing therapeutic effect while minimizing advexféects.

1.4.1. Delivery Device: Jet Nebulizer
Nebulizers have been used for many years to treat asthma teardregpiratory diseases.

There are two basic types of nebulizer, jet and ultrasonic izelsil Ultrasonic nebulizers

utilize high frequencies to convert liquid into a fine mist)(74
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1. General Introduction

The jet nebulizer functions by the Bernoulli principle by which competsgas (air or
oxygen) passes through a narrow orifice creating an area of losupzest the outlet of the
adjacent liquid feed tube. This results in drug solution being dravitonmpthe fluid reservoir
and shattered into droplets in the gas stream. Jet nebulizers psmdalber droplets than do

pMDlIs, and these smaller droplets penetrate more easihetsmall airways (74).

Figure 1.4: Jet-Nenulizer Device

The choice of a proper nebulizer system is very crucial for effieient delivery of
aerosolized respiratory drugs (75). Jet nebulizers areyiteld, because of their durability,
ease of maintenance, and availability at low cost. In agbtlizer, compressed air is forced
through a narrow orifice, which leads to a decrease in |lapeeslsure, thereby drawing up
liquid from the feed tube. The primary droplets are produced in thdenoegion and then
broken down into smaller droplets. The non-respirable droplets amveenby baffles (76).
The droplets may increase in diameter because of condensatioratef wapor. This
condensation occurs because the droplets are at a low tempéadtome 10°C) after being
released from the nebulizer, if the surrounding air streamumsaturated (77).
Fewer than 0.5% of the resultant droplets are small enougtate the nebulizer; the larger
droplets drip back into the liquid to start the process again. S&ebdtion data for jet
nebulizers come from a number of studies (78, 79, 80, 81, 82, &9e kKind of nebulizer are
able to produce, from physiologically isotonic saline, initial drspleith aerodinamic
diameter from 1.6 to 4.9m.
The size distribution of aerosol droplets from a jet nebulizer depamdse diameter of the
liquid inlet orifice, the air velocity at the nozzle, and thigoraf the mass flow rate of air to
19




1. General Introduction

liquid (84). The droplets at the nebulizer outlet become smallér indtreasing air velocity
and increasing ratio of the mass flow rate of air to liquidrdasing the nebulizer flow rate
increases the aerosol output rate (78). The formation of dropépsnds on the proper
alignment and placement of the jet nozzle, liquid inlet, andaatign surface; many
nebulizers have baffles to remove larger particles by ingacthus, the internal orientation
and geometry of the jet nebulizer is critical to maintaininge@oducible output and size
distribution. The output and size distribution are also affected byledsbpmpacting and
settling onto the tubing downstream of the nebulizer (79). Other $at¢hat in some
situations affect the droplet size are the gas density andigiie Isurface tension and
viscosity (84). The solution concentration itself has no effect orsiteedistribution of the
droplets except to the extent that it changes the physical tdr@stcs of the solution (78,
80). The nebulizing action causes continual reflux of a large volame surface area) of
water, which promotes extensive water evaporation. Evaporagged from the solution can
be decreased by using air from a compressor, which supplies ambant humidity, rather
than from a compressed gas cylinder, which supplies air thataisy dry. In summary, the
size and solute concentration of droplets are affected by argrediffe in vapor pressure
between the droplet and the surrounding air and the time avaftabeguilibration. Thus
gradients of relative humidity and temperature do affect the dsoptel can cause the solute
concentration in the droplets to be different from that ofhitteulized fluid (80, 85).

1.4.2. Mechanism of Drug Deposition
Drugs for inhalation therapy are administered in aerosol foim. ability of the aerosolized

drug to reach the peripheral airways is a prerequisite faraeffi The regional pattern of
deposition efficiency determines the specific pathways atelat which deposited particles
are ultimately cleared and redistributed (86). The pathology ohsksef the lungs may
considerably affect aerosol deposition. Patients with airalastruction (eg, emphysema,
asthma, chronic bronchitis) who inhaled radiolabeled aerosol showeehsed central
(tracheobronchial) deposition and diminished penetration to the petiphéreonary regions
(87). The mechanisms by which particles deposit in the respiraey include impaction
(inertial deposition), sedimentation (gravitational deposition), hraw diffusion,
interception, and electrostatic precipitation (86, 88, 89). rHha&tive contribution of each
depends on the characteristics of the inhaled particleseglhsas on breathing patterns and
respiratory tract anatomy. All mechanisms act simultarigobst the first two mechanisms
are most important for large-particle deposition within the amy1 mm , MMAD , 10 mm).
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Diffusion, however, is the main determinant of deposition chlkem particles in peripheral
regions of the lung (90).

Impaction occurs when a particle’s momentum prevents it fromgihg course in an area
where there is a change in the direction of bulk air flous the main deposition mechanism
in the upper airways, and at or near bronchial branching points. ®hahjlity of impaction
increases with increasing air velocity, breathing frequeawegt, particle size (91, 86, 88).
Sedimentation results when the gravitational force acting orrteclpaovercomes the total
force of the air resistance. Inspired particles will thalh dut of the air stream at a constant
rate (92). This is an important mechanism in small airwaysngaow air velocity. The
probability of sedimentation is proportional to residence timeéhéndirway and to particle
size, and decreases with increasing breathing rate.

Diffusion occur when the collision of gas molecules with sna@tosol particles exerts
discrete non-uniform pressures at the particles’ surfaces|tingsin random brownian
motion. The effectiveness of brownian motion in depositing partislesersely proportional
to particle diameters of those particles, 0B, (93) and is important in bronchioles, alveoli,
and at bronchial airway bifurcations. Molecule-size particlag deposit by diffusion in the

upper respiratory tract, trachea, and larger bronchi.

1.4.3. Factors Controlling Respiratory Drug Depasit
The factors that control drug deposition are:

(1) characteristics of the inhaled particles, such as diggibution, shape, electrical charge,
density, and hygroscopicity,

(2) anatomy of the respiratory tract, and

(3) breathing patterns, such as frequency, tidal volumefland

Of these factors, aerosol particle size and size diswibbatie the most influential on aerosol
deposition.

The size of the particles is a critical factor afiegtthe site of their deposition, since it
determines operating mechanisms and extent of penetration into thg94dhgaerosol size
is often expressed in terms of aerodynamic diameter (AD).aEmedynamic diameter is
defined as the equivalent diameter of a spherical particlenibfdensity having the same
settling velocity from an air stream as the particle in qoeg®1). Thus, particles that have
higher than unit density will have actual diameters smahan ttheir AD. Conversely,

particles with smaller than unit density will have geomatiameters larger than their AD.
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Aerosol size distributions may be characterized as pragticelhodisperse (uniform sizes) or
polydisperse (nonuniform sizes).

The upper airways (nose, mouth, larynx, and pharynx) and the branchimgngnait the
tracheobronchial tree act as a series of filters for ichphaticles. Thus, aerosol particles
bigger than 100mm generally do not enter the respiratory tract and are trappebei
naso/oropharynx. Particles bigger thanrif will not penetrate the tracheobronchial tree.
Particles must generally be smaller thaamm®in order to reach the alveolar space (92, 94, 95).
On the other hand, particles smaller thanrbin diameter penetrate the lung deeply, but

have a high tendency to be exhaled without deposition.

Figure 1.5: Particle Size And Sites Of Their Deposition

1.4.4. Respiratory Tract Anatomy
Airway geometry affects particle deposition in various wdm. example, the diameter sets

the necessary displacement by the particle before it cerdachirway surface, cross-section
determines the air velocity for a given flow, and variationdiameter and branching patterns
affect mixing between tidal and reserve air (91). In cont@shany species of laboratory
animal, humans have large lungs, a more symmetrical upper broaicivay pattern, and are
not obligate nose breathers. These anatomical differences prgdester amounts of upper

bronchial particle deposition in humans (96).
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1.4.5. Respiratory Patterns
The pattern of respiration during aerosol exposure influences regiepaisition, since

breathing volume and frequency determine the mean flow ratesach region of the
respiratory tract, which, in turn, influence the effectivenet each deposition mechanism
(91, 97, 98, 99). Turbulence tends to enhance particle depositiodedhee of potentiation
depending on the particle size. Rapid breathing is often associtltetheveased deposition
of larger particles in the upper respiratory tract, whi@vslsteady inhalation increases the
number of particles that penetrate to the peripheral pattseedfings (100). Slow breathing,
with or without breath-holding, showed a broad maximum deposition in iaéedilairways
(tracheobronchial region). The pulmonary maximum occurred betweemni&nd 2.5mm
with breath-holding and between 2rn and 4m without breath-holding. Rapid inhalation
showed similar trends: the tracheo-bronchial region maximum datisshifts to between 3
mm and 6mm. Pulmonary deposition sharpens and occurs betweemni.&nd 2nm with
breath-holding, and between rdin and 3mm without breathholding. When the above
considerations are taken into account, the ideal scenario foohexmdd be: (1) aerosol AD
smaller than %m, to minimize oropharyngeal deposition, (2) slow, steady inbalasind (3)

a period of breath-holding on completion of inhalation.

1.4.6. Pulmonary Clearance
The primary function of the pulmonary defensive response to inhalédigmis to keep the

respiratory surfaces of the alveoli clean and available fepination. The elimination of
particles deposited in the lower respiratory tract sermesnportant defence mechanism to
prevent potentially adverse interactions of aerosols with lulig ¢tesoluble particulates are
cleared by several pathways, which are only partially unoedstThese pathways are known
to be impaired in certain diseases and are thought to depend onutteeafidhe administered
material (101, 102). Swallowing, expectoration, and coughing comstitatfirst sequence of
clearance mechanisms operating in the naso/oropharynx aneldioachchial tree.

A major clearance mechanism for inhaled particulate malposited in the conducting
airways is the mucociliary escalator, whereas uptake Nigokar macrophages (86, 103)
predominates in the alveolar region. In addition to these pathwalydhle particles can also
be cleared by dissolution with subsequent absorption from the loweayasir The rate of
particle clearance from these regions differs significaathg its prolongation can have
serious consequences, causing lung diseases from the toxis effedtaled compounds. It is

now well recognized that the lungs are a site for the uptakapmadation, and/or metabolism
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of numerous endogenous or exogenous compounds. All metabolizing enzymes fthund in
liver are also found in the lung, although in smaller amounts. d@teeat which a drug is
cleared and absorbed from the respiratory tract depends on the dym@naiction of several
factors, predominantly: (1) the mucociliary clearance r@g,site of deposition along the
airways, (3) biopharmaceutical factors (particulates vs girgglution), (4) drug release rate,
and (5) the physicochemical properties of the drug, such as moleceight, partition
coefficient, and charge.

1.4.7. Mucociliary Clearance
Mucociliary clearance is a physiologic function of the resphny tract to clear locally

produced debris, excessive secretions, or unwanted inhaled paittictessists of ciliated

epithelial cells reaching from the naso/oropharynx and the uppgretrtaronchial region

down to the most peripheral terminal bronchioles. Beating otitlze together with mucus

secreted by the goblet cells, contributes to an efficieatahee mechanism.

For normal mucociliary clearance to occur it is necesshat the epithelial cells are intact,
the ciliary activity and the rheology of mucus is normal, and i depth and chemical
composition of the periciliary fluid layer is optimal. Thus, thecociliary escalator can be
impaired by altering the volume of mucus secretion, the musuaesity and elasticity, or the
ciliary beat frequency. Mucociliary clearance is known torbpaired in smokers (104), in
patients with chronic bronchitis (102), and in acute asthmatics (O@bjain diseases have

the opposite effect that of enhancing clearance rates (106).
1.5. Rifampicin

Each year, there are 8-10 million new cases of TB, whicheideading cause of death in
adults by an infectious agent (107, 108).

Rifampicin (RFP), 3-(4-methyl-l-piperazinyl-irninomethyl) rifgmin (109, 110) is one of the
most potent and broad spectrum antibiotics against bacterial pathagenss a key

component of anti-TB therapy. The introduction of RFP in 1968 greshitytened the

duration of TB chemotherapy. RFP diffuses freely into tissueisgl cells, and bacteria,

making it extremely effective against intracellular patmsgdike M. tuberculosis (108).

However, bacteria develop resistance to RFP with high frequerggh has led the medical
community in the United States to commit to a voluntary gini of its use for treatment of

TB or emergencies.
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RFP is an amphiphilic compound. It is extensively recycled irettierohepatic circulation,

and metabolites formed by deacetylation in the liver eeateially excreted in the faeces.

Formula: C43H58N4012;
Molecular Weight: 822.95.
Log P: 4,24
pKal:1,7
pKa2: 7,9

Figure 1.6: Chemical Structure of Rifampicin.

The bactericidal activity of RFP stems from its highraf§i binding to, and inhibition of, the
bacterial DNA-dependent RNA polymerase (RNAp) (111). The eséeatialytic core RNAp
of bacteria (subunit compositicawbb’v) has a molecular mass of around 400 kDa and is
evolutionarily conserved among all cellular organisms (112).

Mutations conferring RFP resistance map almost exclusivellyet rpoB gene (encoding the
RNAp b-subunit) in every organism tested, including E. coli (113, 114, 1hf) M.
tuberculosis (116, 117). Comprehensive genetic analyses have prowteEmllar details of
amino acid alterations im conferring RFP resistance (118, 119, 120, 121, 122, 123).
Variable bioavailability of RFP from separate as wslfiged dose combination formulations
has been perceived as a major bottleneck in successful treatdi® (124). In each
formulations important factor that may affect rate and/or expérdissolution is physical
characteristics of rifampicin raw material such as polymarfdrim, particle size, etc., which
in turn have a direct impact on drug substance processability pdoduct manufacturability,
and quality of dosage forms, including stability, dissolution, armhuailability (125).
Therefore, a complete physical characterization and its bioplcautic implication is
essential in order to determine the influence of polymorphisreipdly form on
bioavailability. RFP due to its complex structure exhibits palgphism and exists in two
polymorphic forms (126). It also exists as hydrates and variolwates, which eventually
convert into amorphous form at room temperature or after desoiA27).

RFP is well tolerated by most patients at currently recomde@ doses, although
gastrointestinal tolerance can be unacceptably severer @tlverse effects (skin rashes,

fever, influenza-like syndrome and thrombocytopenia) are more likelyoccur with

25



1. General Introduction

intermittent administration. Exfoliative dermatitis is mofrequent in HIV-positive TB
patients. Temporary oliguria, dyspnoea and haemolytic anaemwéaaiso been reported in
patients taking the drug three times weekly. These reactioaflyjusubside if the regimen is
changed to one with daily dosage. However, dose-related hepaitisoccur which is
potentially fatal.

RFP induces hepatic enzymes, and may increase the dosage reqtsremh drugs
metabolized in the liver. These include corticosteroids, stewmdtraceptives, oral
hypoglycaemic agents, oral anticoagulants, phenytoin, cimetidyodosporin and digitalis

glycosides.
1.6. Microspheres as Controlled Delivery Systems

Drug delivery systems (DDS) that can precisely controlr¢fease rates or target drugs to a
specific

body site have had an enormous impact on the healthcare systelastle decades in the
pharmaceutical industry have witnessed an avant-garde interagthong the fields of
polymer and material science, resulting in the developmenbwél drug delivery systems
(128). Carrier technology offers an intelligent approach for drugetglivy coupling the drug
to a carrier particle such as microspheres, nanopartiggespimes, etc. which modulates the
release and absorption characteristics of the drug.

Conventional drug administration does not usually provide rate-coutrn@lease or target
specificity. In many cases, conventional drug delivery provislegrp increases of drug
concentration at potentially toxic levels. Following a relativa&iort period at the therapeutic
level, drug concentration eventually drops off until re-admirtisina

Today new methods of drug delivery are possible: desired diemsescan be provided by
rate-controlling membranes or by implanted biodegradable polynuersicing dispersed
medication. Over the past 25 years much research has alsodoesed on degradable
polymer microspheres for drug delivery. Microspheres constitnteénportant part of these
particulate DDS by virtue of their small size and effitiecarrier characteristics.
Administration of medication via such systems is advantageoas$eenicrospheres can be
ingested, injected or inhaled; they can be tailored forretkselease profiles and in some
cases can even provide organ-targeted release. The idearollednelease from polymers
dates back to the 1960s through the employment of silicone rubber (129) aathylelye

(130). The lack of degradability in these systems impliesafeirement of eventual surgical
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removal and limits their applicability. In the 1970s biodegradablgnpeis were suggested as
appropriate drug delivery materials circumventing the requiremaenubval (131). The idea
of polymer microspheres as delivery systems was reportedrsas the 1960s (132) and
degradation was incorporated by Mason et al. (133) through the empilogfree degradable
polymer.

Recent literature shows that suspensions of degradable micracsmlaerde employed for
sustained drug release at desirable doses. Biocompatilalitybe achieved by the use of
natural polymers such as cellulose, chitin, and chitosan or Bntpéyment of semisyntetic
polymers made from naturally occurring monomers such as lactit glycolic acids.
Polymers derived from synthetic monomers also show excellenvedeliproperties.
However, their toxicity effects may require evaluation. Tdtors affecting drug release are
controllable; they are attributed to properties such as polymercolateweight, as well as
microsphere size, distribution, morphology and make-up.

For preparation of microspheres using biodegradable polymerspipastant to choose an
appropriate encapsulation process which meets the following regumtemFirst, the
chemical stability and biological activity of the incorporatedigdr should be maintained
during the encapsulation process. For example, since most protenesadity denatured upon
contact with hydrophobic organic solvents or acidic/basic aqueousossluthe process
should avoid such harsh

environments. Second, the encapsulation efficiency and treeofi¢he microparticles should
be high enough for mass production. Third, the microparticles prodimmddshave the
reasonable size range. Fourth, the release profile of the klou¢dsbe reproducible without
the significant initial burst. Fifth, the process employed shopfoduce free-flowing
microparticles, thus making it easy to prepare uniform suspeabibe microparticles. There
are a number of techniques available for microencapsulation of duafpsas the emulsion-
solvent evaporation/extraction method, spray drying, phase deparaacervation,
interfacial deposition, precipitation method, in situ polymeriratetc. Each method has its
own advantages and disadvantages. The choice of a particularqtectdepends on the
attributes of the polymer and the drug, the site of the drug actimh the duration of the
therapy (134, 135, 136).

Increasing or controlling the encapsulation efficiency (E%) igalgle, it can prevent the loss
of precious medication and it can help to extend the duration and dodaggtimient. Yang et

al. (137) have provided a revealing study which correlated thapsaolation efficiency to
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sphere preparation temperature. The authors found that the heglkegsulation efficiencies
occurred at the lowest and highest formation temperatures testedt 60% at 4 and 38°C,
and about 19% at 22 and 29°C). The non-linear drug loading trend suggesteiffehent
mechanisms governed the encapsulation process at differentratmnge When considering
the relation of the polymer itself to encapsulation efficierGhaderi et al. (138) found that
increasing the concentration of polymer in the organic phase ircrébhe encapsulation
efficiency. An increase in E% from 1 to 25% was observed dependitige concentration of
the polymer.

Microsphere size can be affected by the polymer concentragioiperature, viscosity, the
stirring rate, and the amount of emulsifier employed. Considetirgetfect of polymer
concentration, it has often been reported that increasing the nt@ime of polymer
increases sphere size (138, 139, 140, 141, 142). Yang et al. (1373aasetng electron
microscopy (SEM) to show that sphere size was temperature depelodeer and higher
temperatures produced larger spheres whereas intermedigteraéimes produced smaller
spheres. Once again, different mechanisms dominated micresfireration at different
temperatures. At lower temperatures, the solution’s higiseosity resulted in the formation
of larger spheres; this has also been confirmed by other cheeman(143). Larger spheres
were obtained at higher temperatures due to the higher ratelvaint evaporation which
resulted in higher solvent flow pressure moving more mateadal the sphere center outward
(137).

Jalil and Nixon (144) studied the variation of sphere size reipect to the stirring rate and
the influence of the emulsifier in the second emulsion stepa$t shown that microsphere
size decreased with increasing stirring rate since iseckatirring results in the formation of
finer emulsions. Little change in diameter size was repotigdvarying emulsifier
concentration.

Controlled release is an attainable and desirable charactéisDDS. The factors affecting
the drug release rate revolve around the structure of thexmadtere the drug is contained
and the chemical properties associated with both the polymehamhittg. Conventional oral
delivery is not rate controlled. A drug encapsulated in a sloe@yrading matrix provides the
opportunity for slower release effects, but polymer degradatiootithe only mechanism for
the release of a drug. The drug release is also diffusion cextra#i the drug can travel
through the pores formed during sphere hardening. In some cases, dnigficg

nucleophilic groups can cause increased chain scission gfotiimer matrix, which also
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increases the rate of drug expulsion. Polymer molecular weighd, distribution, polymer

blending, crystallinity, and other factors are important in malating release profiles. The
most desirable release profile would show a constant refassevith time. However, in

many cases release profiles are more complicated and aiftgain two main expulsion

processes: the first being an initial burst of expelled medic&tion the sphere surface; the
second, a usually more constant stage with release rapeEddmt on diffusion and
degradation (145, 146, 147).

The release profiles are also dependent on the size of thespheres; the rate of drug
release was found to decrease with increasing sphere size 1498,150, 151, 152).

Therefore, by mixing microspheres of different sizes it isiptesso obtain another degree of
controlling release. More importantly, linear, zero-order kasetire obtainable by combining
the proper formulation of microsphere sizes.

Core-shell microspheres usually refer to spheres formed by makimg units through a

normal preparative method, followed by the addition of an outer taya dipping procedure,

mixing procedure, or emulsion procedure (153, 154, 155, 156, 157, 158). Emplaymaent
shell is usually meant to enhance controlled release and possthlge the effect of the
initial burst.

1.7. Bioadhesive Microspheres as Systems Able to l&Ence

Pulmonary Drug Delivery

The success of microspheres as DDS is limited dugetoghort residence time at the site of
absorption. It would, therefore, be advantageous to have meamsolviding an intimate
contact of the DDS with the absorbing membranes. It can bevachiby coupling
bioadhesion characteristics to microspheres and developing novergalystems referred to
as “bioadhesive microspheres”.

“Bioadhesion” in simple terms can be described as the attaclwhardynthetic or biological
macromolecule to a biological tissue. An adhesive bond may fatimeither the epithelial
cell layer, the continuous mucus layer or a combination of tbeThe term “mucoadhesion”
is used specifically when the bond involves mucous coating and anivedipedymeric
device, while “cytoadhesion” is the cell-specific bioadhesiBioadhesive microspheres
include microparticles and microcapsules (having a core of the a@fud—1000mm in

diameter and consisting either entirely of a bioadhesive polpmgaving an outer coating of
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it, respectively (159). Microspheres, in general, have thenpakéo be used for targeted and
controlled release drug delivery; but coupling of bioadhesive propddienicrospheres has
additional advantages, e.g. efficient absorption and enhanced il@bdiw of the drugs due
to a high surface to volume ratio, a much more intimate cowittt the mucus layer, specific
targeting of drugs to the absorption site achieved by anchoringl@taint, bacterial adhesins
and antibodies, etc. on the surface of the microspheres. Micresplpeepared with
bioadhesive and bioerodible polymers undergo selective uptake by thepheges cells in
lung mucosa and by the M cells of Peyer patches in gastromatie&dl) mucosa. Bioadhesive
microspheres offer unique carrier system for many pharmacesutiod can be tailored to
adhere to any mucosal tissue, including those found in eyes;ani&y and throughout the
respiratory, urinary and gastrointestinal tract.

Increased residence time of particulate delivery systérigeanucosal surface may facilitate
the increased uptake of such particlres. To this end, mudsioadhesive agents provide a
strategy that may help to increase the residence time ande hthe uptake of biodegradable
particulate when administered by the pulmonary routes.

Agents such as hydroxypropylcellulose (HPC) (160, 161), chitosan (162), cai63))
carboxymethylcellulose, hyaluronic acid and polyacrylic acid (184 hall shown promise
as muco/bio-adhesive agents for potential use in pulmonary delieghgr alone, in

combination with another carrier or incorporated into the stramf the carrier itself (165).
1.8. Microspheres for Inhalation

Aerosolised administration of drugs to the lung has been employed for years to treat
primarily localised disease states within the bronchi. Sihiserbute of administration can
deliver therapeutic agents to the diseased regions whilst redheinglistribution to the other
organs, it provides an excellent example of targeted drug thassmee, a more favourable
therapeutic index can be obtained for the treatment of lung disedsms drugs are
administered by inhalation rather than by the oral route. Bronchodilatoti-inflammatory
agents, mucolytics, antiviral agents, anticancer agerdspaospholipidprotein mixtures for
surfactant replacement therapy are all routinely given msalesed formulations whilst more
recently, there has been an increasing interest in theedelof drugs via the lung to treat
pulmonary deseases in particular these associated witB.AMreover, the development of
potent protein drugs by biotechnology has also stimulated a growth fésinte inhalation

aerosols because of the possibility of systemic deliverhedet drugs via the airways (166).
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A significant disadvantage of many existing inhaled drugs igdlaively short duration of
resultant clinical effects and most medications in aerasah fequire inhalation at least 3-4
times daily (167). This often leads to poor patient compliande twé therapeutic regime and
increases the possibility of associated side effects dtetosk of self-administration of the
drug by the patients. A reduction in the frequency of dosing would be cemvgparticularly
for chronic treatments such as those for asthma. Sustainecerefesisch drugs in the lung
would be particularly beneficial since they could be delivereahntb retained at the targeted
receptors for a prolonged period of time and thus minimise the bibdigin throughout the
systemic circulation.

The potential advantages of achieving sustained release tonthénds been shown by the
improved therapeutic effects obtained with a corticosteroid idHale times a day compared
to two times a day (168). Controlled release of drugs within theqnadry tree also offers
many distinct advantages for agents which are administereg/dtansic actions. Many of
these, in the future, are likely to be potent proteins and peptidsgned to regulate
important biological responses (169) and the pulmonary route provides masmtigdot
advantages compared to other portals of delivery. Currentiyyrdoer of methods have been
investigated as potential pulmonary sustained-release systersBoittacting drugs. These
include the incorporation of drugs in liposomes and in particular in giadable
microspheres.

The use of controlled release polymeric systems is an agpribeat holds promise for
improving the duration and effectiveness of inhaled drugs, for bo#h &l systemic action
(170).

Initial studies with polymeric aerosol systems showed that psopedineered, large porous
particles (LPP) were also capable of delivering bioacimngilin to the blood of rats and
control glucose levels for 96 h. The previous longest sustainedgedif/msulin to the blood
via the lungs was only 6 h, using liposomes that were intratrifgliestilled into rat lungs.
Since then, only limited examples of polymeric aerosol systbave been reported. For
example, cationic polymers, such as polyethyleneimine (PEI) angH-paine (PLL),
complexed with DNA have also been tested in the airways agheodn® achieve transient
gene expression.

For example albumin microspheres can be prepared by either phgsicaturation or
chemical cross-linking of albumin droplets. The role of albumirtrospheres as drug

delivery systems for targeted and sustained release aftevenbus administration has been
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the subject of extensive research. Some of these sthdies been conducted with the
intention of targeting drugs selectively to the lung (171). Harethe biodegradability, lack
of toxicity and immunogenicity, ready availability and capapilib undergo chemical
modification could render them suitable as a carrier for inlemlatf drugs. The possibility of
using drug-containing albumin microspheres (172) as an inhaled dry pavederalso
investigated, employing similar preparation and in vitro evaluapoocedures (173).
Tetrandrine, an antisilicotic alkaloid, was entrapped in albunigraspheres and factorial
design employed to optimise particle size and drug entrapmentteliaedrine recovered
from the lower stage of a twin-stage liquid impinger operateder the pharmacopoeial
conditions was 13.83 + 2.58% (n = 6) and such levels were considdifezeisu for
therapeutic efficiency. Thus, albumin microspheres have teaaitto deliver tetrandrine to
the alveolar region where they may be metabolised to incorptratelrug in alveolar
macrophages, which are thought to be the main site of auftietrandrine.

Also PGL microspheres as a successful drug delivery sys$tave, been used for targeting
and controlled release of a wide range of drugs, including peideproteins (174). Their
potential use in pulmonary delivery has also been explored. Maaitielickey (175) were
able to prepare poly(lactic acid) (PLA) microspheres withiglarsizes between 1 andrirh
by a solvent evaporation technique. After suspending the microsphesesan-surfactant
solution this was subsequently atomised by a jet nebulizer, Ipartieere generated which
were suitable for drug delivery to the lower airways, havimgeaian diameter of @m and
geometric standard deviation of 2.4/zm. Sustained bronchodilationewaged by Lai et al.
(176) after PGL microspheres with a mean diameter of 4.5/amtaining entrapped
isoproterenol (7% wi/w) were intratracheally administered togkBwmans rats. Even though
70% of the incorporated isoproterenol had been released from $hantl the instillation
medium prior to administration, the drug still significantly ediorated serotonin-induced
bronchoconstriction for more than 12 h at a dose of 0.1 mg kg -1.

The use of polymeric microparticles to deliver anti-tuberculaigslr(ATDs) by different
routes (injectable, oral and aerosol) has been reported by sevestligators. In recent years,
one of the best ways to achieve higher drug levels in the lusgbd®m the development of
new formulations (microparticle-based) that are directlyvdedid to the lungs via the aerosol
route.

For example, several groups have investigated respiratory myelioe microsphere-

encapsulated antibiotics for the local treatment of tubensul@s’/7, 178). It has been
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observed that particles reaching the lungs are phagocytosed taypialyeolar macrophages.
Although phagocytosis and sequestration of inhaled powders may be anprfusl drug
delivery to other cells comprising lung tissue, it is an adgstfor chemotherapy of TB.
Phagocytosed microparticles potentially can deliver larger amadiirug to the cytosol than
oral doses. Moreover, microparticles have the potential forriogiedose frequency and
magnitude, which is especially advantageous for maintaining drugematons and
improving patient compliance. It may therefore be advantageouscéoporate inhalable
microparticles containing multiple drugs in a inhalation sydtnchemotherapy of TB.
Because of its biodegradability and biocompatibility, poly (tssto-glycolide) (PLGA; a
synthetic polymer) has been a popular choice as a drug carrisckRatHara et all. by
employing solvent evaporation as well as spray drying method&APinicroparticles
encapsulating rifampicin were prepared (179). The microspheess administered via
insufflation or nebulization to guinea pigs, 24 h before aerosol infewtithnM. tuberculosis
H37Rv. The model was adopted as a post-treatment screening nfethadtimicrobial
efficacy. The assessment of colony forming units (cfu) 28 daysfestion showed a dose—
effect relationship, i.e. lower cfu with higher doses otmpheres. The cfu count was
significantly reduced compared with free rifampicin. Witlsimilar experimental approach,
the authors next evaluated the effect of repeated dosing of thesptieres. At 10 days post-
infection, half of the treatment group received a second dose ofithespheres. There was a
significant reduction in cfu in lungs (but not in spleens) in the adsanimals receiving a
single dose of the formulation, whereas two doses resultedigmificent decrease in cfu in
lungs as well as in spleens. It was realized that begsitesmethodology involved in
microparticle preparation, the surface characteristics yojpdwders also play a key role in
predicting particle dispersion and pulmonary deposition. Althoughethdts with rifampicin-
loaded microspheres proved to be encouraging, it was necéssaoprporate other ATDs
because the disease requires multidrug therapy for its cumceHether investigators
encapsulated isoniazid with rifampicin in polylactide micropkasi¢or dry powder inhalation
to rats. Drug concentrations inside the alveolar macrophagesowerd to be higher than that
resulting from systemic delivery of free drugs, an indicatiothefrapid phagocytic uptake
and cytosolic localization of the drug-loaded microparticles. atithors discussed that since
alveolar macrophages migrate to secondary lymphoid organs, doddéase cells with
microparticles might lead to transport of drugs to those sitesrevmacrophages migrate

(mimicking the course of spread of mycobacteria).
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A. zahoor et al. developped a natural polymer-based inhalable dgdiwgery system to
overcome the limitations associated with various drug delisgsfems. Sodium alginate, a
natural polymer with properties such as an aqueous matrix envirortmgmgel porosity and
biocompatibility, and approved by the US Food and Drug Administraib#\) for oral use
(180, 181), was used to prepare particles encapsulating thragbaritlar drugs (ATDs).
Alginate microparticles containing isoniazid (INH), pyrazinami@gA) and rifampicin (RIF)
were developed and characterised, and pharmacokinetic and phdynmeanoa evaluation
was carried out via the aerosol route in guinea pigs. The tyapdrparticles (80.5%) were in
the respirable range, with mass median aerodynamic diamelet«f.4rm and geometric
standard deviation of 1.71+0ah. The relative bioavailabilities of all drugs encapsuldte
alginate particles were significantly higher compared withl free drugs. All drugs were
detected in organs (lungs, liver and spleen) above the minimumtarkiiboncentration until
15 days post nebulization, whilst free drugs stayed up to day 1. Theottieeapeutic
efficacy of three doses of drug-loaded alginate nanoparticles sedhulb days apart was
comparable with 45 daily doses of oral free drugs. Thus, inhallaai particles can serve
as an ideal carrier for the controlled release of antitwiteardrugs.

The rising incidence of multidrug-resistant TB (MDR-TB) asmatter of great concern
because the treatment involves the use of second-line Aillidsh) are more costly and toxic
compared with the first-line drugs used to treat drug-susceptiBle Flirthermore, the
treatment schedule is more prolonged with a greater risk anpaton-compliance (182).
Some of the second-line drugs, e.g. para-aminosalicylic agiff)(meed to be administered
in very large amounts (up to 12 g daily), which is inconvenient to thienpaln order to
reduce the drug dosage, investigators have formulated an inhaledtgarticulate system
for PAS, based on dipalmitoylglycero-3-phosphocholine. The micropstigere produced
by spray drying, possessed a 95% drug loading and were administeredvia rasufflation.
The drug was maintained at therapeutic concentrations ilunigetissue for at least 3 h (the
authors did not monitor the drug levels further) following a singles adgust 5mg of the
dried formulation. Accelerated stability studies indicated thatformulation was stable for
up to 4 weeks.

Properly designed new polymeric aerosols, with the ability tetavarious regions of the
lung, should prove beneficial for prolonged non-invasive treatment of longhdisorders,
such as asthma, cystic fibrosis, mycobacteriosi and diseagesing drug delivery to the

systemic circulation.
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2. Chitosan And PLGA

2.1. Chitosan and Chitosan Microspheres as Contrat Delivery

System

Chitosan, a natural linear biopolyaminosaccharide, is obtainedkalna deacetylation of
chitin, which is the second abundant polysaccharide next tdass (183, 184). Chitin is the
principal component of protective cuticles of crustaceans suchahs, cshrimps, prawns,
lobsters and cell walls of some fungi such as aspergillus andrm@aitin is a straight
homopolymer composed ob-(1,4)-linked N-acetyl-glucosamine units while chitosan
comprises of copolymers of glucosamine and N-acetyl-glucosgitd®e 186, 187). Chitosan

has one primary amino and two free hydroxyl groups for egdiuiliing unit.

N-Acetvl-D-Glucosamine
D-Glucosamine

Figure 2.1: Chitosan Chemical Structure

Due to the easy availability of free amino groups in chitosamarries a positive charge and
thus in turn reacts with many negatively charged surfaces/polyargtsalso undergoes
chelation with metal ions (188). Chitosan is a weak base ansoilsible in water and organic
solvents, however, it is soluble in dilute aqueous acidic solupdh { 6.5), which can
convert the glucosamine units into a soluble form (RyINKL89). It gets precipitated in
alkaline solution or with polyanions and forms gel at lower pH. Comialgr, chitosan is
available in the form of dry flakes, solution and fine powdiehas an average molecular
weight ranging between 3800 and 2,000,000 and is from 66 to 95% deacetyBi¢d (
Particle size, density, viscosity, degree of deacaétylabnd molecular weight are important
characteristics of chitosan which influence the properties ofnpdeeutical formulations
based on chitosan. Properties such as biodegradability, low tcantitgood biocompatibility

make it suitable for use in biomedical and pharmaceutical forrmuga{189, 190), e.g. it is
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2. Chitosan And PLGA
used for hypobilirubinaemic and hypocholesterolemic effects (191, 192xcidntand

antiulcer activities, wound and burn healing properties (193), immatidiz of enzymes and
living cell and in ophthalmology (194). Among pharmaceutical apptinatit has been used
as a vehicle for directly compressed tablets (195, 196, 197, disintegrant (197), as a
binder (198), as a granulating agent (199), in ground mixtures (200)dagy aarrier for
sustained release preparations (201, 202, 203, 204) as wettaagrimding diluent for the
enhancement of dissolution rate and bioavailability of waterubs®ldrugs (205, 206, 207).
Chitosan has been shown to possess mucoadhesive properties (2021@0%ue to
molecular attractive forces formed by electrostatic intevacbetween positively charged
chitosan and negatively charged mucosal surfaces. These Eopeaty be attributed to: (a)
strong hydrogen bonding groups like —-OH, —COOH (211); (b) strong ch@b2s (c) high
molecular weight (213); (d) sufficient chain flexibility (209); artd) surface energy
properties favoring spreading into mucus (214). The positive charge @sashipolymer
gives rise to strong electrostatic interaction with mucus oathetly charged sialic acid
residues on the mucosal surface. Chitosan also shows good bioadinesaeeristics and
can reduce the rate of clearance of drug from the pulmonatgnsythereby increasing the
bioavailability of drugs incorporated in it (215).

Chitosan possess suitable properties as a carrier for micresgheay delivery. Chitosan
microspheres are the most widely studied drug delivery sydtamtise controlled release of
drugs, antibiotics, antihypertensive agents, anticancer agenotgins, peptide drugs and
vaccines.

Chitosan microspheres are used to provide controlled releasamyf drugs and to improve
the bioavailability of degradable substances such as protein oncenhhe uptake of
hydrophilic substances across the epithelial layers. Chitosansioasesn used as a potential
carrier for prolonged delivery of drugs, macromolecules anetedgdrug delivery. Magnetic
chitosan microspheres used in targeted drug delivery are expedieddtained at the target
site capillaries under the influence of an external magfietet(216). Also, strong interaction
between cationic microspheres and anionic glycosaminoglycan recegorsetain the
microspheres in the capillary region (216).

Reacting chitosan with controlled amounts of multivalent anionltsesn crosslinking
between chitosan molecules. The crosslinking may be achieveddie, awéutral or basic

environments depending on the applied method. This crosslinking hasxbeesively used
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2. Chitosan And PLGA

for the preparation of chitosan microspheres. Processes usdbefgreparation of the

microspheres are shown in Figure 2.

Inte_raction with anion (sulp_hate, Thermal cross- Interfa(_:ial C_ross-link!ng Coating by
tripolyphosphate, hydroxide, linking with acylation with chemical chitosan
molibdate) citric acid solution
I Solvent c?;tgr]r%gg Spray-drying
I l evaporation .p .
lonotropic Co- microparticle S
gelation acervation
Wet phase
inversion I
Glutaraldehyde Eormaldehyde
initati Complex ki Y
I_ _l Precipitation co-ace'r)vation cross-linking cross-linking
Emulsificatio Modified S ‘—I—‘
nand emulsificatio P'eﬁ'%l?““)”
ionotropic ~nand crgsg-linck?ng Single Multiple Genipin
gelation 'O”T“_’p'c emulsion emulsion cross-linking
gelation

Figure 2.2: Chitosan Microspheres: Preparation Methods

The entrapment efficiency of the drugs in chitosan microsphemese affected by many
factors, e.g. nature of the drug, chitosan concentration, gbriygaer ratio, stirring speed, etc.
Generally a low concentration of chitosan shows low encapsulaificiency (217).
However, at higher concentrations, chitosan forms highly viscougians, which are
difficult to process. A number of reports have shown that pmteat efficiency increases
with an increase in chitosan concentration. A study carriedyiishioka et al. (218) also
revealed that the cisplatin content increased with ingrgasihitosan concentration.
Microspheres made with a mixture of high molecular weight/loslegular weight chitosan
(1:2 w/w) showed good drug content and encapsulation efficiency andiéesendependent
of polymer/drug ratio.

In an attempt to incorporate the drug onto previously formed chitosarospieres,
prednisolone sodium phosphate was adsorbed to previously manufactured chitosan
microspheres (219, 220). The drug adsorption was found to be dependetiteupitial drug
concentration. A higher initial concentration led to a higher loadifigiency. It was also
observed that lipophilic steroids were adsorbed in lower amount®rapaced to their
hydrophilic derivatives. Hejazi and Amiji (221) prepared chitosanrasheres by ionic

crosslinking and precipitation with sodium sulfate. Two differenthogs were used for drug
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loading. In first method, tetracycline was mixed with chitossoiution before the

simultaneous crosslinking and precipitation. In second method, thendsigncubated with
pre-formed microspheres for 48 h. When the drug was addée jeotymer solution before
crosslinking and precipitation, only 8% (w/w) was optimally incogped in the final
microsphere formulation. On the other hand, when the drug meagbated with the pre-
formed microspheres, a maximum of 69% (w/w) could be loaded.sidngies that the drug
can be adsorbed on the chitosan microspheres to a grrtier using the latter method.
Many parameters determine the drug release behavior frowsahi microspheres. These
include concentration and molecular weight of the chitosan,yjhe and concentration of
crosslinking agent, variables like stirring speed, type ofamlitives, crosslinking process
used, drug-chitosan ratio, etc.

Drug release studies from chitosan microspheres have dgredralvn that the release of the
drug decreases with an increase in molecular weight of chitdé@imay be attributed to
swelling behavior of chitosan microspheres. An increase in malegight of chitosan
leads to increase in viscosity of the gel layer, whidluémces the drug diffusion as well as
erosion of the microspheres. Increasing the polymer condentdatig release decreases.

A number of reports studying the effect of drug release have showthéhatlease of the
drug from the microspheres increases with increase in drugntanteéhe microspheres.
However, different results have also been reported. Cnossdi density has a remarkable
effect on the release of drugs from the microspheres. Jameal. (222) revealed that highly
crosslinked microspheres released only 35% of the progesterone igs4€odapared to 70%
release from microspheres cross-linked lightly. Kumar e(223) encapsulated curcumin
(upto an extent of 79.49 and 39.66%) in bovine serum albumin and chitosamta t@pot
forming drug delivery system. Microspheres were prepared bysemuabkolvent evaporation
method coupled with chemical crosslinking of the natural polymersc@heentration of the
crosslinking agent had remarkable influence on the drug rel&éasétro release studies
indicated a biphasic drug release pattern, characterizedypycal burst-effect followed by a
slow release which continued for several days. Dini et al.)(8#lied the synthesis and
characterization of GA crosslinked chitosan microspheres oamgaihydrophilic drug,
hydroquinone. It was found that slow drug release rates were obtaomdnficrospheres
prepared by using a high initial concentration of chitosan, a haaamlar weight of chitosan

or/and a low drug concentration. It was established that tbaseerate of hydroquinone was
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mainly controlled by the polymer crosslinking density and the degreswvefling of the

hydrogel matrix.

Chitosan microspheres are very stable. In fact, only fediet have reported the instability
of chitosan microspheres (prepared by precipitation) in acidicumedserthold et al. (219)
prepared chitosan microspheres by sodium sulfate precipitation batithetability of the
microspheres was found to be poor. Lather, Berthold et al. (220) =adextensive
investigation into the acid stability of the microspheres findirag cross-linking with GA can
improve it.

Microparticles prepared using chitosan are being extensivedgtigated for various classes
of drugs like anticancer drugs, antiinflammatory drugs, cardiaentag antibiotics,
antithrombotic agent, steroidal drugs, anticalcification agentéeips, antigens, antidiabetic
agents, growth factors, DNA encapsulation, diuretics, cenémalous system (CNS) acting
agents, anti-infective agents, gastrointestinal agents.

Chitosan is a versatile polymer whose applications range froightveupplement in the

market to a drug carrier in formulation research.

2.2. PLGA and PLGA Microspheres as Controlled Deliery
System

Synthetic biodegradable polymers have gained more popularity tharalnbiodegradable
polymers. The major advantages of synthetic polymers indbigte purity of the product,

more predictable lot-to-lot uniformity, and free of concerns of imagenicity. During the

last 30 years, numerous biodegradable polymers have been synthééitdof these

polymers contain labile linkages in their backbone such as esténegsters, anhydrides,
carbonates, amides, urethanes, etc.

Among the different classes of biodegradable polymers, the dipdastic aliphatic

poly(esters) such as poly(lactide) (PLA) and its glycoliod ambpolymer poly(lactide-co-
glycolide) (PLGA) are most commonly used as drug carrier dughs&ir excellent

biocompatibility and biodegradability and mechanical strength)(226
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Figure 2.3: PLGA Chemical Structure

They can degrade by non-enzymatic hydrolysis of the ester backbdiedy fluid. The
degradation products (i.e. lactic and glycolic acids) are maetabompounds (227). Most
importantly, PLA and PLGA have been approved by the United Skded and Drug
Administration (FDA) for drug delivery.
The biodegradation of the PLGA occurs through random hydrolitic chassi@es of the
swollen polymer. The cleavage of ester bond linkages yieldsoxgic end groups and
hydroxyl groups. The formed carboxylic groups then could catalyze andewteekhe
hydrolysis of other ester bonds, a phenomenon referred as autocaldigspolymer erosion
in delivery devices is the degradation of polymers to watemsolfragments, accompanied
by a progressive weight loss of the matrix. Generallyptiigmer erosion could be classified
into two mechanisms, namely surface or bulk erosion (228). lcetbe of surface erosion, the
degradation is faster than the water diffusion. Thus theadagion and erosion take place on
the surface of the matrix; in contrast, with bulk erosion, theem@enetration is faster and the
degradation and erosion affect all the polymer bulk. PLGA are énagion polymers. The
weight loss of the polymer devices doesn’t take place at thierbeg of the degradation of
the PLGA. Accompanying with the produced water-soluble oligomignsifisant weight loss
occurs when the molecular weight of the PLGA reaches certagshiold (229). The
heterogeneous degradation of the large size PLGA devices hmasepeeted recently (230). It
was found that after subcutaneously implantation, the moleculahin@ighe outer phase of
the polymer plate was higher than that of the inner phase. Thephatse was solid but the
inner phase was sometimes semisolid (230). During the degradatitwe q@olyester, the
formed soluble acidic oligomers inside the matrix may notyedsdfuse out, which may lead
to a more acidic microenvironment inside the matrix. Therefloeeautocatalysis is more
prominent in the bulk than at the surface, which leads teutface-interior differentiation.
The physical and chemical characteristics of PLGA suchakscular weight, glass transition
temperature, and copolymer ratios are crucial to the biodegradaghavior of the polymers.
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At present, a numerous of analytical methodologies are introducetiai@cterize these

properties, which then provide the potential clue to understand, pasdicventually modify
the release behavior of the systems.

The most commonly used method to analyze the molecular weight @A R& the size
exclusion chromatograph (SEC). Polydispersity reveals the olateweight distribution.
The higher the polydispersity, the wider the molecular wedgdttibution is (231).

Lactic acid contains an asymmetric carbon atom and has two dpticadrs. PLA can exist
in two stereo forms, optically active form (L-PLA) and opllicanactive racemic form
(D,LPLA). L-PLA is found to be semicrystalline in nature dwe high regularity of its
polymer chain while D,L-PLA is an amorphous polymer because efularities in its
polymer chain structure. Hence the use of D,L-PLA is predeoneer L-PLA as it enables
more homogeneous dispersion of the drug in an optically inactive polynagrix.
Crystallinity of the PLGA can be determined by DSC or X-daf§raction. It is directly
related to the molecular weight, type, and molar ratio efdbpolymer component. PLGAs
prepared from L-PLA and PGA are crystalline copolymers witiese from D,L-PLA and
PGA are amorphous in nature. It was reported that PLGAs caorgdess than 70% glycolide
are amorphous in nature (232).

Glass transition temperature (Tg) is the temperature athwthie polymers change from
glassy state to rubbery state. At this point, the mechabé@vior of the polymer changes
from rigid and brittle to tough and leathery (plastic behavidne Tg of PLGAs is commonly
above the physiological temperature of 37 °C, which gives them kmoaghanical strength
to be fabricated into delivery devices. The Tg of the PLGAeal=es with decrease of lactic
acid content in copolymer and with decrease in their moleadaght (233).

Analysis of copolymer composition of PLGA can be accomplished bynetigresonance
spectroscopy (NMR).

The biodegradable profiles of PLGA could be influenced by the pdlysicd chemical
properties of the polymer and the additives or encapsulated idrtige polymer matrix. In
general, the degradation rate of the PLGA decreases théthdecrease of 1) polymer
molecular weight (234); 2) initial crystallinity (235); 3) laxglycolic copolymer ratio (236);
4) glass transition temperature (237); 5) hydrophilicity ofptblgmer

The degradation rate increase with incorporation of acidi@sic compounds (238)
Microparticles based on biodegradable polymer have been extensiwadgtigated as

controlled release delivery system over the past three dedadexent years, a continued
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interest in PLGA microparticles has been triggered by theiriggtigh for the controlled

release of macromolecular drugs. Biodegradable microparticlesbe prepared by several
methods, but the most widely used techniques are phase sepatatigeryation), spray
drying, and solvent evaporation.

Spray-Drying Phase Separation
(Coacervation)

| Solvent Evaporation

Cosolventm Dispersion Multiple Emulsion Non Aqueous
ethod method method method

Figure 2.4: PLGA Microspheres: Preparation Methods

The manufacturing method has much influence on the structureelage properties of the
microparticles.

General requirements for microparticle preparation include:

» Maintain the stability of the encapsulated active idgnet

* Obtain optimal drug loading, high encapsulation efficiencyyaeid

*» Get desired drug release profiles and low initial release

* Involve a simple, reproducible, and scaleable process

Generally PLGA microspheres are prepared by using oil-watatsens that consist of an
organic phase comprised of a volatile solvent with dissolved polymerttee drug to be
encapsulated, emulsified in an aqueous phase containing dissolvedasiirfawo common
examples of volatile organic solvents used for the organicepbalsent are dichloromethane
and ethyl acetate. A surfactant is also included in the aqueous fmhapsevent the organic
droplets from coalescing once they are formed. Once the dra@pketirmed via physical
means, the organic solvent leaches out of the droplet intoxtemal aqueous phase before
evaporating at the water—air interface. Emulsions are siarpted by using a propeller or
magnetic bar for mixing the organic and aqueous phases. The oppasie-solvent should be

able to dissolve the polymer up to reasonably high concentrations buhaloascessarily
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need to be a good solvent for the drug. The solvent should be compbetelymost

completely immiscible in water such that a two-phaseesysan be easily obtained.

When the drug is not soluble in the organic solvent, it may bepeotated as a solid
provided its form is of small size. Nominally, the size ofdiheg crystals should be at least an
order of magnitude smaller than the desired microparticle deanmetorder to avoid large
bursts associated with dissolution of larger crystals. Smallgstals will be more
homogeneously distributed throughout the organic droplets created in thsioem This
results in a solid-in-oil-in-water emulsion (S/O/W) and may bedusith any hydrophilic
drug.

The most serious challenge with encapsulating hydrophilic matesidbss of drug to the
external aqueous phase during the formation of the microparticlesg Avith the loss of
drug to the external phase, the remaining material may mitygates surface of the droplet
before hardening. To minimize these problems, the organic droplaitdshbe hardened into
microparticles as quickly as possible following their formatidme method typically involves
the use of a viscous organic solution of polymer and drug and e dagpndary volume of
water that essentially extracts the organic solvent into dkiernal aqueous phase
immediately, thus leaving only the microparticle with encégied drug. The highly viscous
dispersed phase serves two purposes. First, the volume of voladaeic solvent is at a
minimum, facilitating its quick removal from the droplet. Secdrighly viscous material will
make the migration of the solid drug particles/crystals to thitacse of the droplet more
difficult, resulting in a more homogenous distribution of drug withim microparticle. As an
alternative to S/O/W emulsions, hydrophilic drugs may be encapdulata polymer matrix
using a multiple water-in-oil-in-water (W/O/W) or oil-in-oil (O) emulsions.

Cisplatin, slightly soluble in water (1 mg/mL), has beercapsulated in PLGA
microparticles by a number of research groups (239). Partreleanges have varied between
1 and 300 m with high encapsulation efficiencies (> 90%). However, deperalinte type
of emulsion used, a large burst was often observed in the mreigase profiles. Release
times, in vitro, vary between a few days to months depending ordittmeter of the
microparticles and the molecular weight of the polymer used.

Microparticles prepared from PLGA using a S/O/W emulsion coeda5-15% 5 fluoro-
uracile (5-FU) showed high efficiency and drug loadings with a al@sirelease profile with
little to no burst and relatively constant release. Duane ribBum et all., have prepared 5-

FU microparticles from high and low molecular weight PLGAswadl as a mixture of
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molecular weights. A S/O/W emulsion was used in conjunctioln avitighly viscous organic

phase and an in-liquid drying process. The resulting microparticeee W0—60 m in
diameter with encapsulation efficiencies as high as 75% and drdimdsaas high as 25%.
Release profiles in buffered saline from PLGA micropartidbewed an initial slow and
sustained release with no burst and lasts three or more wisgdending on the molecular
weight of the PLGA samples used, with higher molecular wegblymers yielding
formulations with longer controlled-release duration. After therpelydegradation reaches a
critical phase, the remaining drug is quickly released ay@eriod of about 1 week. Thus the
release is controlled by both diffusion and polymer hydrolysis ,ra¢ssiting in a biphasic
release profile. The time lag between the slower relglagse and the faster release phase can
be controlled by using different molecular weight PLGA or a bldndL&A polymers with
differing molecular weights. Because higher molecular weRb&A will hydrolyze at a
slower rate, the initial slow-release phase will lasger when using higher molecular weight
PLGA, either alone or in a blend. The release profile cand@emonophasic by including
low molecular weight PLGA and hydrophilic polyethylene glycol (fPEGhe formulation.
LHRH has been encapsulated in PLGA microparticles using @/\W//emulsion (240).
Microparticles prepared using a W/O/W emulsion containing 75: 2834 (mol wt: 14,000)
and 5% LHRH released in vitro for several weeks (>4) witimit@l burst of hormone. That
a water-soluble drug could be efficiently entrapped in a Plo@éroparticle and display no
initial burst using the W/O/W method is somewhat unusual and &ecpuraging for
researchers in the field. For example, numerous reseaotpgy have used the W/O/W
method to encapsulated various proteins (e.g., BSA) and thearreféase typically displays
a moderate to large burst. That LHRH has both high encapsul#ficieney and no initial
burst has been attributed to the formation of a micelle-liketstre: between the PLGA chains
and the drug (241). The release of the hormone is then strictijated by polymer
degradation rather than diffusion.

Hydrophobic drugs are typically much easier to encapsulataugedhey are often highly
soluble in the volatile organic solvents used in the formulatiom$ #hus lack the
thermodynamic drive to partition to the external agueous phasep$&nation efficiencies
greater than 90% are typical, with little manipulation of formataparameters. Challenges
arise only when the solubility of the drug is low in the desiéespersed-phase solvent. In
these cases, drug loadings may have to be limited to the mmaxgoncentration obtained in

the dispersed phase. Alternatively, it may be possible to usesalvent system (e.qg.,
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dichloromethane and methanol) where the second component is used tsdntne

concentration of drug in the dispersed phase. Hydrophobic drugs often pesemtf a
challenge to formulate in slowly degradable microparticle systeaelative to hydrophilic
drugs, as they are often soluble in the organic solvents usedghbnsaluble in water. Many
hydrophobicdrugs that have been encapsulated in biodegradable miclepartiude (242).
For example taxol has been successively encapsulated in PL&Apaniticles with high
efficiency (> 90%) (242, 243, 244). The maximum amount of drug encdeduln the
microparticles typically depends on its solubility in the organicvesdl used in the
formulation. Taxol is now a common anticancer agent used agawvgle variety of solid
tumors including breast and ovarian cancers. It is insoluble iervaatd has a limited
solubility in ethanol. Taxol has been encapsulated in PLGA miciolesrdf varying LA/GA
ratios using very simple O/W emulsions (244). The authors used diofdthane as the
solvent for both PLGA (mol wt: 10,000) and taxol. A 4% gelatin solutios used as the
continuous phase with simple mechanical mixing. An encapsulatianeeffy of 98% from
microparticles with an average diameter of 30 was achieved using 75:25 PLGA with no
additional additives. The in vitro release displayed a slostasned release of taxol with no
initial burst. In fact, the release was so slow that isoprogyistate was added to change the
microparticle matrix to allow the formation of channels thatkd allow for faster diffusion
of taxol from the microparticle. These results are not uneggdeaminsidering the hydrophobic
nature of the drug and the immiscible nature of the solvent$ faseboth phases of the
emulsion. Thermodynamically, taxol must remain solvated in dichloromethane until
which time the solvent is completely removed and, thus, the drugomogeneously
encapsulated in the newly formed microparticle. Because teasee of taxol from PLGA
microparticles is typically quite slow, the most significanfistacle in formulating these
microparticles is obtaining a sustained release of therapewtls of drug. Thus, additives
such as isopropyl myristate, sucrose, and the use of PLGAsyafigyanolecular weight and
hydrolytic degradation rates have been investigated as a mieaoseterating the release of
taxol (244, 245).

This biodegradable polymer can be successfully used as controllegtylel/stems for many
type of drugs and for different route of administration. Thesesystould provide sustained
release of macromolecules ranging from a few days to dewerghs, which avoid the daily
multiple administration. Furthermore, encapsulation in polymerixnatso protects labile

molecules from the degradation by enzymes. The application of toesmlled delivery
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systems result in numerous products in the market. These praduti@se on polyester

PLGA due to the favorable regulatory status of the polymer.
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During the last three decades, therapeutic systems based yonepl both natural and
synthetic, have shown to be effective in controlling rateroe tbf drug release, in enhancing
drug targeting specificity while lowering systemic drug toyicand providing protection for
pharmaceuticals against degradation.

An important consideration in the treatment of pulmonary infeci®itise fact that the MTB
and MAC have the capability of surviving intra-cellulary Ire thost macrophages for long
periods of time (246). Therefore, the ability of the antib#aitemgent to eradicate the
microrganisms within the macrophage is of key importance

However, most of the anti-mycobacteria drugs presently irfails® penetrate macrophages.
For this reason, many researchers are considering the use arégpty engineered delivery
systems for these drugs, in order to make them therapgugéaictive. It is well known that
micro-encapsulation technology can be used to accomplish sustaieasereif antibiotics,
when they are formulated in larger sizes tham®() or to target drug delivery systems to
specific cells (i.e., macrophages), when antibiotics@madlated in smaller sizes <h.

RFP, one of the first choice drugs for TB and MOTT infectiorguires high-doses and
prolonged treatment (4—6 months). Moreover, it is known that resis@decelops (247),
while several side effects have been reported in long terrapy€248). For these reasons,
several types of novel drug delivery devices have been proposedanadterized for RFP
administration, in order to maximize the therapeutic and magrttie toxic and side effects
for this drug (249, 250, 251). Polymeric drug carriers are includedebatthe various types
of drug delivery systems proposedthough experience with synthetic polymers is extensive
and encouraging, more recently the trend has been to shift towandsal polymers as
alginate and chitosan. Main advantages of these polymersearéoti cost and compatibility
with the encapsulation of a wide range of drugs, with minimal afserganic solvents.
Furthermore, bio-adhesion, stability, safety and approval for hwsarby the US FDA are
additional advantages.

The purpose of the present study was to develop particulatersdori¢he delivery of RFP in
the treatment of MTB and MAC pulmonary infections, and evalua& suitability to be
delivered to the lungs by nebulization therapy. To this purpose weaneeand characterised
RFP-loaded chitosan, PLGA or a mixtures of the two polymers q€dnt coated PLGA
particles) microspheres.

RFP-loaded chitosan microparticles have never been prepai@e.
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Biodegradable microparticles composed of poly(lactide-co-glycolil)GA) can be

considered as a well established drug delivery system, hdngig potential to serve as
carriers for drugs as well as vaccines (252, 253). One sucleatppiiis the alveolar delivery
of RFP. PLGA has been used before for the preparation of RFP lo@desspheres, and
several studies have been carried out mainly for evaluatitmredbrmulation parameters that
influence the release kinetics of RFP from particles. Furtbee, it has been established that
these particles can reach alveolar macrophages after ael@dary and enhance the
therapeutic effect of RF vivo (254) In addition, while RFP-loaded PLGA microspheres
have been prepared and evaluaied/ivo previously, no relevant pre-formulation studies
involving their behaviour during nebulization, have been carried out

In the present study we compared chitosan, PLGA or mixtures dithpolymers (Chitosam
coated PLGA patrticles) for the preparation of particulate RFiRede systems that may be
administered to the lungs by nebulization. For this, the thpsestgf particles were prepared
and their ability to encapsulate RFP was evaluatedr Alfis, using the same nebulization
device we evaluated the nebulization ability of the diffetgpes of microparticles prepared.
During this study we also compared properties of freshly preparedfrapde-dried
microspheres in order to evaluate freeze-dried formulationsafisd re-hydration just before
nebulization.

During this work we studied the influence of several formulatioamaters on microparticle
size distribution, encapsulation efficiency (E%) and nebtitimaefficiency (NE%).

Since association of RFP with particles is a prerequisite dchieving high RFP
concentrations in alveolar macrophages, the most important aréstctfor these particles is
their ability to retain the drug during the nebulization processclwwas also evaluated.
Furthermore, a morphological assessment of the particlesdyni®g Electron Microscopy
was carried out. Toxicity of the prepared microspheres wsts @laluated by using A549

alveolar epithelial cells
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In this chapter we describe the preparatione and charactemizattiRFP as a potential
effective approach to pulmonary MTB and MAC infection therapy. R¥igéled chitosan
microspheres were prepared by using precipitation and precipitat@micai-cross-linking
methods. Both of them are simple methods that do not require coaymbexatus, special
precautions and the use of organic solvents. Additionally, fewer qatrdn steps are
necessary than in other described methods. Precipitation chemasatlinking involves the
precipitation of the polymer followed by crosslinking. Preaifiitn can be done in both cases
by sodium sulphate followed by chemical crosslinking using glutainglde (220).

In particular, the influence of several parameters (chit@sacentration, and cross-linking
agents) on microparticle size distribution, (E%), nebulizatidiciency (NE%) and leakage
upon nebulization have been studied. Toxicity of chitosan microspheresewaluated by

using A549 alveolar epithelial cells.
4.1. Materials and Methods

4.1.1. Material
Medium molecular weight chitosan with a deacetilation gradebout@a87%, rifampicin

(RFP), sodium sulphate, glutaraldehyde (GA) and acetic aciel previde by Sigma Aldrich
(Germany). Lyophilised bovine submaxillary glands mucin (typg W8&s purchased from
Sigma Aldrich.

A549 cells (Passage 31) was a kind gift from Dr. Ben Forbasofof Pharmacy, Kings
College, Londonpand were cultured in Ham’s F12-K medium Biochrom (Berlin, Gegha
supplemented with 10% fetal bovine serum (Gibco BRL Life Technol@ggnd Island, NY,
USA), 100vg/ml penicillin G (Sigma Aldrich), and 108g/ml streptomycin sulphate (Sigma
Aldrich) at 37°C in a humidified 95% air and 5% £énvironment. Cultures (monolayers in
tissue culture flasks, 75 &rwere fed with fresh medium every 48 h.

All other reagents were of the highest grade commercialljadea Water was always used

in demineralised form.

4.1.2. Preparation of RFP-Loaded Chitosan Microspke
RFP was dissolved in a acqueous solution of acetic acid (2% oHitosan at different

concentration were also added. A solution of sodium sulphate (20ywas puted in, drop-

wise, during stirring with ultraturrax® at 500 rpm and ultrasomcatn a bath-type

54



4. RFP Loaded Chitosan Microspheres Prepared by Precipitatn Method

ultrasonifier, for 30 minutes. After addition of sodium sulphate,dmes formulations, a
solution of GA (25% wi/w) was also added to evaluate the infle®f cross-linking agents.

Microspheres were purified by centrifugation for 15 minutes at 3@@@. The obtained
sediment then was suspended in water. These two purificatjps\stre repeated twice. All

purified particles then were lyophilized.

4.1.3. Characterization of RFP-Loaded Chitosan Maspheres

4.1.3.1. Particle Sizing

Microspheres were analysed for their size and polydispersity inddlana-ZS (Nanoseries,

Malvern Instrumenis based on photon correlation spectroscopy, at a scattering ar#f)é of
and temperature of 25°C. Each measurement was the result ohsd2Measurements were
carried out for both fresh and freeze-dried samples.

Before counting, the samples were diluted with a 0.05% (wegen 80 water solution in

order to prevent precipitation during the measurements. Reselthe means of triplicate

experiments.

4.1.3.2. Surface Charge (Zeta-Potential)
The surface charge of the microspheres was determined witt+Z& (Nanoseries, Malvern

Instruments). The measurements were carried out in an aqueotisnsaiu KCI 0,1N.
Immediately before the determinations, microspheres weresdilwith KCI solution. The
measured values were corrected to a standard referersreprature of 20°. Results are the

means of triplicate experiments.

4.1.3.3. Particles Morphology
The Optical Microscopy (OM) (Zeiss Axioplan 2), was used for datermination of the

shape of RFP loaded chitosan microspheres. A small drop of micresphespension was
placed on a clean glass slide. The slide containing RFP laddedan microspheres was
mounted on the stage of the microscope and observed.

For scanning electron microscopy (SEM) several drops of the mleeos suspension were
placed on an aluminum stub having previously been coated with adhdseveamples were

evaporated at ambient temperature until completely driealving only a thin layer of

particles on the stub. All samples were sputter coated withgalladium (Polaron 5200, VG
Microtech,West Sussex, UK) for 90 seconds (2.2 kV; 20 mA; 150-200@dg¢r an argon

atmosphere. The SEM (Model 6300, JEOL, Peabody, NY) was opersitey an acceleration
voltage of 10 kV.
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4.1.3.4. Measurement of Loading Efficiency of RFP in Chit@ Microspheres
A series of RFP solutions of known concentrations in acetonitrilee vpeepared, and

absorbances were measured in order to generate a standard curv

The rifampicin content of each lot of microspheres wasrdehed by first extracting the RFP
and quantifying the amount of drug spectrophotometrically.

The drug encapsulation efficiency was calculated as the miagee of drug entrapped in
microspheres compared with the initial amount of drug recoveradparified samples. The
concentration of rifampicin contained in each sample was detedmay measuring the

absorbance on a spectrophotometer at 485 nm.

4.1.3.5 Nebulization Studies of Microspheres
A compressor nebuliser system (Medel Aerofamily, Italgswsed in the study. A volume of

3 ml of sample was used for the nebulization. The aerosols cogtd®fiP-loaded chitosan
microspheres were collected in water using a modified 3 siglges impinger similar to
those in Figure 4.1. The impinger device was utilized with theatoig flask containing 3 ml

of water to which the aerosol was introduced through a calibrates ¢ibe and critical
orifice delivering the jet of aerosol 5 mm above the bottotheflask.

After aerosolization (10 minutesind taking into account the dilution (after measuring the
exact volume of dispersion collected), the RFP contained in thengempivere assayed in
order to evaluate the effect of nebulization on drug leakage fm@rospheres and the total
amount of formulation nebulised into the apparatus. The Nebulizatiotie®ity (NE%) of
microsphere formulations is defined as the total output of drugotedl on the impinger as a

percentage of the total drug submitted to nebulization.

NE% = (Aerosolised drug /Total drug placed in nebuliser) x 100

Because nebulization can lead to drug leakage, it is importamtisto determine the
nebulization efficiency of the encapsulated drug (NEED%). Thiarpeter is defined as the
percentage of aerosolised drug that remains encapsulated dftdizateon. A portion of
nebulised sample was purified by centrifugation and the amount ofrdtbg sample before
and after centrifugation was assayed.
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Fig.4.1: Collecting Nebulised Formulations of Microspheresdr Evaluating Effects Upon

Nebulization

4.1.4. Release/Stability Studies
In vitro release of RFP from chitosan microspheres was rdeted using, as the release

media, phosphate buffer (pH 7.4) and acetate buffer (pH 4.4) in twdsimulate the

condition in the lungs, and SGF (pH 1.2), in order to evaluate #imlitst of chitosan

microspheres in acidic medium. Freeze-dried formulations wesgesded in 500 ml of the
dissolution medium, and the amount of microspheres was varied intorkigpt constant the
amount of drug (25 mg). The experiments were carried out:a033°C at a rotation speed of
100+ 2 rpm. A measure of 1 ml samples were withdrawn at appropiiageintervals and

centrifuged at 10000 rpm. Supernatants were diluted suitably witbréicke and absorbance
of the resulting solution was measured at 485 nm in a UV spectropétetonihe residue
(after centrifugation) was redispersed in 1 ml of the fresholdissn medium and replaced
back into the dissolution apparatus. The cumulative amount of RiSPobtained from the
calibration curve of RFP in acetonitrile. The stock standard salai RFP (2 mg/ml) was
prepared by dissolving the drug in acetonitrile and storing at 4°GtaAdard calibration
curve was built up by using standard solutions prepared by dilution oftdok standard

solution with acetonitrile.

4.1.5. Mucoadhesive Studies

4.1.5.1. Adsorption of Mucin on Chitosan Microspheres

Bradford colorimetric method (255) was used to determine thenitezn concentration in
order to assess the amount of mucin adsorbed on the microsphdrés affect on the
assessment of mucoadhesive behavior of chitosan microspheres

Standard calibration curves were prepared from 2 mL of mucinat@sdlutions (0.25, 0.5,

0.75, and 1 mg/2 mL). After adding Bradford reagent, the sam@esincubated at 37°C for
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20 minutes and then, the absorbance of the solution was recorded am58b6a UV
spectrophotometer. Triplicate samples were run.

Mucin aqueous solution with different concentrations (0.025, 0.1, a@mdn@/mL) were
prepared. Freeze-dried chitosan microspheres (20 mg) were disperéghe above mucin
solutions, vortexed, and shaken at room temperature. Then, fegsiis were centrifuged
at 4000 rpm for 10 minutes, and the supernatant was used for tseremant of the free
mucin content. The mucin content was calculated from theataudlibration curve.

4.1.6. Cell Culture
The human A549 alveolar epithelial cell line (Passage 31) shiavilarsfeatures as type |l

alveolar epithelial cells. The cells were grown as monolaye8% mm tissue culture dishes
incubated in 100% humidity and 5% ¢&t 37°C. HAM’'S medium containing 365 mg/L L-
glutamine, supplemented with 10% heat-inactivated fetal bovine setOfh, units/mL
penicillin, and 100rg/mL streptomycin was used as the growth media. The bali$drm the
monolayers were harvested with trypsin (0.25%) centrifuged aspmed (160®, 4 min),
resuspended in fresh medium and plated at a concentration a02cells/dish. The cells

were grown to confluence on tissue culture dishes for 3 tg<l da

4.1.6.1. MTT Assay
For dose-dependent studies, cells were treated with RFP ahoh&FP-loaded chitosan

microspheres at different concentration in RFP. The effe®F® in microspheres on the
viability of cells was determined by [3(4,5-dimethylthiazol-2-3)%-diphenyltetrazolium
bromide] MTT assay (256). The dye is reduced in mitochondria yrsacehydrogenase to
an insoluble violet formazan product. A549 cells®(&6lls/well) were cultured on 24-well
plates with 5001 of medium for 24 h, with and without the tested compounds. Then &0 pl
MTT (5 mg/ml in PBS) were added to each well and after 2 imdran crystals were
dissolved in DMSO. Absorbance at 580 nm was measured with acgfestbmeter. On the
basis of this assay IC50 values were obtained in three indepesglperiments for each
formulation. In all assays three different concentrations wesed. In order to evaluate
changes in viability caused by the tested compounds, livinga=liell as those in early and
late stages of apoptosis and necrosis were counted. All ot#tbods were also carried out
after 24 h incubation. The data in this study were expressed as#m®ed of at list three

experiments.
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4.1.7. Statistical Analyses
All experiments were repeated at least three timesulReare expressed as means + standard

deviation. A difference between means was considered sgmifif the “p” value was less

than or equal to 0.05.
4.2. Result and Discussion

4.2.1. Preparation of RFP-Loaded Chitosan Microsphks
The primary goal of this study was to prepare microsphere foriondathat could be used to

target the delivery of effective doses of RFP to macroghafier aerosol therapy.
Precipitation and precipitation chemical-cross-linking methods ramd and simple
techniques for producing RFP-loaded microspheres with small sizgomadreproducibility
from batch to batch. This production process is based on the gplbbthaviour of chitosan,
which is poorly soluble in water. Addition of an acid improvessahubility as a result of
protonation of amino groups. Chitosan solubility is also affected by atiens present in
the solution. In the presence of phosphate, polyphosphate and suipisatehitosan shows a
decreased solubility. For this reason, sodium sulphate was chosemitrosphere
formulations, since sulphate leads to a poorly soluble chitosan dezivavhereby
microsphere formulation become possible.

Composition of RFP-loaded chitosan microspheres is reportatl4.1.

Table 4.1: Chitosan Microspheres Composition

Sodium Sulphate  Acetic GA 25%

RFP CTS (20% wiw) Acid (Wiw)

Form.@  2mg/ml  0.20% 0.16 ml 2% -
Form.1 2mg/ml 0.25% 0.2 ml 2% -
Form.2 2mg/ml 0.50% 0.4 ml 2% -
Form.3 2mg/ml 0.75% 0.6 ml 2% -
Form.@ G 2mg/ml  0.20% 0.16 ml 2% +
Form.4 2mg/ml 0.25% 0.2 ml 2% +
Form.5 2mg/ml 0.50% 0.4 ml 2% +
Form.6 2mg/ml  0.75% 0.6 ml 2% +
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4.2.2. Size and Morphological Characteristics of &ospheres
RFP-loaded chitosan microspheres were obtained in the size rangingdlfto 3mm. All

formulations were monodispersed as shown by the polidispersity indexabkalways in the
range 0.16-0.29 (table 4.2). all particles in this study werefadeae-dried and tha influence
of this procedure on microspheres properties was evaluatedin ordesigm a freeze-dried
formulation capable of being rapidly hydrated nad nebulized for tlreedelbf RFP to lung
macrophages. PCS analyses showed that lyophilization did not aififactsphere size (data
not shown).

As can be seen from the table, microsphere size increasetitasan concentration and,
therefore, solution viscosity increased. As expected crossdinkicrospheres were smaller
than the corresponding uncross-linked particles: these differamsgze indicate that cross-

linked microspheres were more compact in structure becatise ofoss-linkage.

Table 4.2: Particle Size and Zeta Potential of Chitosan Miospheres

Formulation | Particle Size (hm + SD) P.l+SD Zeta Poterdl (mV + SD)

Form.@ NM NM NM
Form.1 2310 + 106 0.160 + 0.027 +32.5+ 0.4
Form.2 2470 £ 50.99 0.2380.011 +34.7 + 0.1
Form.3 2710+ 77.88 0.252 0.013 +37.0+ 0.2

Form.@ G NM NM NM
Form.4 1470+ 20.13 0.21G: 0.089 +23.7 + 0.6
Form.5 1730+ 26.30 0.29x 0.018 +21.9+ 0.2
Form.6 2190 + 47.60 0.243 + 0.092 +15.6 + 0.2

Microsphere formation and particle morphology were studied with optgaioscopy and
SEM. Optical micrographs showed round particles, in a rangezeftsat confirmed PCS
measurements. SEM micrographs showed that uncross-linked micrasprene spherical
and more regular in shape than the cross-linked ones. As caebdrom figure 4.2, cross-

linking with GA gave particles different in shape and veittough surface.
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a b
Figure 4.2: Sem Micrographs of Uncross-Linked Particles (aand Cross-Linked

Particles (b)

4.2.3. Surface Charge
Zeta potential has a substantial influence on the stabiliguspensions, the interaction of

microspheres with charged drugs, and also on the adhesion of drugrndslgtems onto

biological surfaces. Consequently, investigation of the zetnpat is an important part of

microsphere characterization. Phosphate buffer influenced messref zeta potential, due
to the effect of the counterions on the positively charged chitosarospheres. For this

reason a solution of KCI 0.1N was used for charge surfaesunements.

Chitosan microspheres were positively charged (Table 4tBhualh sulphate ions were used
as precipitant. This indicates that only a part of the amgimups are neutralized during
microsphere formation. A different behaviour could be observedeeetwncross-linked and

cross-linked microspheres zeta potential. In fact, while tteepmential of the uncross-linked
particles slightly increased as chitosan concentration iresleake contrary was obtained
with the cross-linked particles formulations. Moreover, théa zeotential of these last

formulations was smaller than the corresponding uncross-linked foromslai-3 as a

consequence of reduction of amino groups because of interadtioGA.

4.2.4. Entrapment Efficiency (E%)
Figure 4.4 shows the encapsulation efficiency (E%) of the preparedspheres. In the

present work, the influence of chitosan concentration and cross-liaigjegt on the RFP
entrapment in microspheres was evaluated. The highest E%fowad in formulations
prepared with the lowest amount of chitosan, that are FormnddFarm. @G obtained
without and with GA respectively. Chitosan concentration affectensiderably the E: in
particular the loading capacity increased as the chitosan riosiben decreased. This is
because the increase in chitosan concentration led to increasginsaliscosity that

drecreased the loading capacity of the microspheres as egoemse of the reduced drug
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solubilization. Part of the drug was not dissolved during prepargrocess and/or it was
probably lose from the microspheres during the washing steps.

GA does not affect significantly the E% that was very lsimio that obtained with the

corresponding uncross-linked particles.

Encapsulation efficiency were estimated before and aféezé-drying. As can be seen in
figure 4.4, freeze-drying does not cause any leakage of thesetated drug from the

chitosan microspheres. Additionally, it should be stated that the pgwdduced by the

freeze-drying was very easily re-hydrated by one-step addifithe appropriate volume of
water, a fact that is important for the desired use inttfolethe RFP loaded microparticles.
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Figure 4.4: Encapsulation Efficiency (E%) Before and AfterFreeze-Drying

4.2.5. Nebulization Studies of Chitosan Microsphsre
Nebulization studies were carried out in order to evaluate #i@ist and the suitability of

chitosan particles for pulmonary/nasal administration. For thsoredifferent analyses were
performed on nebulized samples. All these studies were perfdognesing both freshly
prepared and freeze-dried microspheres. It must be pointed thanheblfized particles
trapped in water was assayed, while the material deposited avathef the impinger was
not included in the analysis since it might have drieddisidipted causing drug leakage.
After nebulization, particles size was measured in orderdtuate the effect of this process
on mean particle size and size distribution, table 4.3.

Uncross-linked particles, especially Form. 1, showed a deer@amean particle size. This
result could be due to a low stability of the uncross-linked fortiomsi that probably suffered

the nebulization energy that caused particle breaking. Crosstpdaticles, as can be seen in
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the table, did not vary significantly in size after the nelatilon process thus confirming their

higher stability. All samples were still monodispersedtasvn by their low P.l. value.

Table 4.3: Particle Size of Chitosan Microspheres Befor@nd After Nebulization Process

Particle Size (nm P.I+ SD Particle Size P.l + SD
Formulation + SD) (nm + SD)

Before Nebulization After nebulization
Form. @ NM NM NM NM
Form. 1 2310 + 106 0.160 + 0.027 1697 + 54,62 0,234 +£ 0,046
Form. 2 2470 + 50.99 0.2380.011 2120+ 72,11 0,2320,028
Form. 3 2710+ 77.88 0.252- 0.013 2440t 47,44 0,291% 0,017

Form. @G NM NM NM NM

Form. 4 1470+ 20.13 0.213 0.089 177G: 18,16 0,213 0,076
Form. 5 1730+ 26.30 0.29x 0.018 1693 92,37 0,29% 0,022
Form. 6 2190 + 47.60 0.243 £ 0.092 2480 + 44,22 0,364 + 0,054

Using the nebulization device described in the experimentdloseave evaluated the
nebulization ability of the different types of prepared micrbgias. Since association of RFP
with particles is a prerequisite for achieving high RFP conagotr in alveolar macrophages,
the most important characteristic for these particldses ability to retain the drug during the
nebulization process, which was also evaluated.

As can be seen in figure 4.5, the percentage of RFPctadlen nebulized microparticle
samples (NE%) ranged from 34.35 to 53.0% although the differerdpaiticle formulations
showed different nebulization ability for RFP loaded particlegadt, significant differences
were measured for NE% among the different nebulized chitosanpaiticles. Indeed, as the
chitosan concentration in the particles decreased (which r@swdtslecrease of the particle
dispersion viscosity), their NE% increased. A negativectfof viscosity on NE% was
demonstrated previously during nebulization of liposomes (257).

However, the cross-linked chitosan particles (with GA) alwdgmsmonstrated slightly higher
NE% compared to the non-cross-linked ones.
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Figure 4.5: Nebulization Efficiency (NE%) Before and Afte Freeze-Drying

The retention of the drug in the nebulized particles (NEED%)agbe the most important
parameter when a formulation is studied for nebulization delivEms parameter, in fact,
gives important information on the capability of the produced mictiofes to retain the
encapsulated drug in high amount during the nebulization procedure. Cross-tihkivgan
particles with GA definitely resulted in an increased stghduring nebulization as it can be
concluded by comparing the NEED% values measured for the correspomdings-linked
chitosan formulations (figure 4.6). In fact, as we said befofejsGble to stabilize chitosan
microspheres by immobilizing also the drug encapsulated. NEED®/aisa affected by the
chitosan concentration: it increased as the chitosan coatientdecreased.

Freeze-dried microspheres were re-suspended in water ard #igcase all the parameters
were evaluated. As can be seen in figures 4.5 and 4%, atel NEED% remained almost the
same after freeze-drying, and these results suggested thatstability of chitosan
microspheres was not affected after liophilization and redigpeprocess.
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Figure 4.6: Nebulization Efficiency of The Encapsulated Dug (NEED%) Before and
After Freeze-Drying

4.2.6. Release/Stability Studies
Release studies were carried out by using three differemtseelmedia. Phosphate buffer at

pH 7.4 and acetic acid buffer at pH 4.4 were used in order toatgdhe influence of the pH
inside phagosome and lysosome on RFP release from chitosan micessphe~igure 4.7
and 4.8, RFP release profiles from RFP-loaded chitosan microsgiey 4.4 and 7.4 buffer
solutions respectively, are shown.

As can be seen from the figures, an initial burst effect alaserved from all chitosan
microparticles (between 19 and 30% of loaded RFP). After thimli burst, all studied
microspheres released RFP at a lower rate. RFP releametie was pH dependent (faster
release at pH 4.4 than at pH 7,4). This is attributed to the rhsgihebility of the polymer at
lower pH. In fact, as proposed earlier (258), chitosan microsploaresalso provide pH-
responsive release profile by swelling in acidic environmenthef gastric fluid. When
comparing the release profiles from cross-linked (with GA) ancrass-linked chitosan
microspheres, we see that at pH 7.40 the release osRUbstantially decreased in the cross-
linked patrticles. It has been proposed before that GA additiarhitosan particles can be
used as a method to modulate release kinetics of drugs, as deteoh&br theophylline
(259). However, the difference between the release kinefiRFP from the two types of
chitosan particles is more or less diminished (or is a lotlshat pH 4.40, possibly due to
the rapid swelling and increased solubility of this polymdoatpH, which results in a very
fast release of particle- loaded RFP from all chitosanasptreres during the first 8 hours of

incubation.
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Stability of chitosan microspheres at pH 1.2 was also evalistetudying the drug release.
As can be seen in figure 4.9, the release in this acidic madiewen faster than that obtained
at pH 4.4. Obviously, this is related to the highly acidiease medium that caused the higher
ionization of the D-glucosamine residues with a resultingefaand higher swelling degree,
and a very fast release of the drug. As it is evident ftmengraph, a strong burst effect was
found with from 22.3 to 41.5% of RFP released in the first 2 hrs axperiments. However,

also in this case the crosslinking with GA led a decresiee drug release rate.

4.2.7. Mucoadhesive Studies
Advantages of mucoadhesive properties of particles for inbaldkierapy are a cause of

argue among scientists. In fact, considering the meaning obadbesion and taking into
account the lung mucociliary clearance it could seems a distadyga However, it is well
known that the mucociliary clearance is more important iugdper airways while particulate
adhesion to the mucus layer of the lungs can activate macropttagey.aFinally, it is also
important to underline that chitosan exerts a transient inhibitdgctebn mucociliary
clearance of the bioadhesive formulations due to its sudiaaege, molecular contact and
flexibility, and this is a further advantage for the deliveryR&P to the lungs and in particular
to macrophages where the MTB and MAC are able to replicate.

Since a strong interaction exists between mucin and chitosaim shauld be spontaneously
adsorbed to the surface of the chitosan microspheres. For this rédasamucoadhesive
behaviour of chitosan microspheres was assessed by suspending chiwssphares in
different amounts of mucin aqueous solutions at room temperatu@nAlse seen in figure
4.10 the amount of mucin adsorbed increased by increasing mucinntatioa. These
results confirmed that chitosan microspheres have the abil#ggigorb mucin. No statistically
difference could be observed in the capability to adsorb mucin betwemoss- and cross-
linked microspheres (Figure 4.10) although a higher mean val@ssarbed mucin was
always obtained from the uncross-linked microspheres. The adsorptiarcof to chitosan is
expected to be dominated by the electrostatic attraction hetpesstively charged chitosan
and negatively charged mucin (the negative charge of mucin igodhe ionization of sialic
acid). Therefore, surface charge of chitosan microsphereseeped by zeta potential would
influenced the amount absorbed. For all the batches the amaanéabed mucin decreased

with decreasing in zeta potential.
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Figure 4.10: Mucoadhesive Studies of Chitosan Microspheres

4.2.8. Viability Studies with A549 Cells
The cytotoxic effects of RFP against A549 cells were examimedITT assay. In the

experiments, the cytotoxicity was evaluated by varying ¢bacentration of free and
microsphere-encapsulated RFP. This study was carried out orffgrarulation 1 (uncross-
linked) and Formulation 4 (cross-linked), which had been prepared with G@2B¥%tosan.
Cytotoxicity was observed to be RFP concentration-dependent fohealtested samples
(Figure 4.11). The highest cytotoxic effects were found for fre®,R¥hich even in the
lowest concentration (0.1%) showed only a 55% cell viability theher decreased to 12%
when the free drug was used in the highest concentration (0.5%ge Tesults show the high
toxicity of RFP that can cause side effects also whenntlmilized directly into the lung,
where is the site of infection. The viability assay alkovged that RFP toxicity can be
reduced by encapsulating the drug in chitosan microspheres. &lltyiwas generally not
affected by chitosan concentration, in fact empty particles sti@hvays the best results in
term of viability. As can be seen in figure 4.11 the presenc&A decreased the viability of
cells probably because same cross-linking agent was in the gmglsb after the purification
steps.
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Figure 4.11: Viability Studies whit A549 Cells

4.3. Conclusion

Chitosan is a versatile polymer whose applications range froightveupplement in the
market to a drug carrier in formulation research. Cross-linagents such as GA has been
used for preparation of microspheres. The particle size ebsam microspheres can be
modified approximately for the pulmonary delivery of drugs. The pntemt efficiency of
drugs in the chitosan microspheres is dependent upon the chitosan cdoceritao the
release of drug from chitosan microspheres is dependent upon thetcatimef chitosan,
but also upon drug content and density of cross linking.

The potential bioadhesiveness of these microspheres are intqudaerties required for the
treatment of MTB and MAC infections. Taking together the gooddeiegtibility of chitosan,
its positive charge that seems to be very advantageous fadhbgian to the normally
negatively charged biological membranes, the suitable refeafike for RFP, the possibility
to modulate RFP release from chitosan microspheres by addindinkiisg-agent (GA), the
above presented microspheres may represent useful tools for itrerydef antitubercular

drug by aerosol therapy.
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Spray drying is a well-known process, which is used to produce dry pgwgtanules, or
agglomerates from drug-recipient solutions and suspensions. In teenpretudy, RFP
entrapped chitosan microspheres, were prepared by using spiy+tiethod. Particles were
characterized for particle size, drug encapsulation efficieaog in vitro suitability for
aerosol delivery.

In particular, preparation and characterization of rifampicidddachitosan microspheres as a
potential effective approach to pulmonary MTB and MAC infections fyenaas studied; the
influence of several parameters (chitosan concentration, caoss-linking agents) on
microparticle size distribution, entrapment efficiency (E%}utieation efficiency (NE%)

and leakage upon nebulization have been studied.
5.1. Materials and Methods

5.1.1. Material
Medium molecular weight chitosan with a deacetilation grade of taBé%, rifampicin

(RFP), GA and acetic acid were provide by Sigma Aldrich Ché@ermany). Lyophilised
bovine submaxillary glands mucin (type I-S) was purchase from&gdrich.
All other reagents were of the highest grade commercialljadea Water was always used

in demineralised form.

5.1.2. Preparation of RFP-Loaded Chitosan Microspbe
RFP-loaded chitosan microspheres, obtained by spray drying metieoe, prepared by

dissolving different amounts of chitosan in an aqueous solution of ¢t acid (v/v). RFP
with and without cross-linking agent (GA 4%, GA) were addedeéactiitosan solution, under
stirring with Ultraturrax® at 500 rpm, and the mixtures weraglried from a 0.5 nozzle at
a feed rate of 6ml/min (BUCHI Mini Spray Dryer B-290). The trded outlet temperature
were maintained at 150°C and 95°C, respectively. The spray mhoeluct was collected by a
cyclone separator.

Microspheres were purified after redispersion in wather by ¢egation for 15 minutes at
3000 rpm in order to evaluate the encapsulation efficiency. The ebitagdiment then was

suspended in water. These two purification steps weretezptece.
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5.1.3. Characterization of RFP-Loaded Chitosan Maspheres

5.1.3.1. Particle Sizing and Morphology
The microspheres were analysed for their size and polydisperdéyx on Dynamic Light

Scattering (N4 Plus Beckman Coulter), based on photon correlatiotrospepy, at a
scattering angle of 90° and temperature of 25°, using a matkbahyatonstrained regulation
(SDP analysis CONTIN program) to overcome the limitatidnunimodal analysis for
complex distribution. Each measurement was the resultsurfs4

Before counting, the samples were dissolved with a 0.05% (wegn 80 water solution in
order to prevent precipitation during the measurements. Resealthe means of triplicate

experiments.

5.1.3.2. Surface Charge (Zeta-Potential)
The surface charge of the microspheres was determined efi#tsiZer Nano ZS, Malvern

Instruments. The measurements were carried out in an aqueousnsaftkKCl 0,1N.
Immediately before the determinations microspheres were dilutbdKCl solution. The
measured values were corrected to a standard referersrepsrature of 20°. Results are the

means of triplicate experiments.

5.1.3.3. Particle Morphology
The surface morphology of microparticles was observed by both scamhéugron

microscopy (SEM) and optical microscopy (OM). The optical muwpg (Zeiss Axioplan 2)

was used for the determination of the shape of RFP loaded chituseospheres. A small
drop of microspheres suspension was placed on a clean glass sfiddidélcontaining RFP
loaded chitosan microspheres was mounted on the stage oictbscaope and observed.

The morphological characteristic features of RFP loaded chitoganspheres were studied
using a scanning electron microscope. Spray-dried microspheresneanted on metal stubs
and then coated with a 150A layer of gold. Photographs were taken ZeisgsDSM962

Scanning Electron Microscope.

5.1.3.4. Analisi Frattale

5.1.3.5. Measurement of Loading Efficiency of RFP in Chit@n Microspheres
A series of RFP solutions of known concentrations in acetonitril vpeepared, and

absorbances were measured in order to generate a standard beriR&P content of each lot
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of microspheres was determined by first extracting the RFRyaadtifying the amount of
drug spectrophotometrically.

The drug encapsulation efficiency was calculated as the magee of drug entrapped in
microspheres compared with the initial amount of drug recoveradparified samples. The
concentration of rifampin contained in each sample was determinecheaguring the

absorbance on a spectrophotometer at 485 nm.

5.1.3.6 Nebulization of Microspheres
RFP-loaded chitosan microspheres aerosols were generated usiffgciant énigh-output

continuous-flow Markos Mefar MB2 nebulizer, driven by a Nebula compre@Markos
Mefar) operated at 7l/min. A volume of 3 ml of sample was dsedhe nebulization. The
aerosols containing RFP-loaded chitosan microspheres were abliacte water solution
using a modified 3 stages glass impinger. The impinger devicaisemswith the collecting
flask containing 3 ml of water to which the aerosol was introducedighra calibrated glass
tube and critical orifice delivering the jet of aerosoh& above the bottom of the flask.

After aerosolization (10 minutes), the impinger contents weggyadsn order to evaluate the
effect of nebulization on drug leakage of microspheres. The segaadanf this experiment
was also to determine the total amount of formulation nebulisedthe apparatus. The
nebulization efficiency (N.E%) of microsphere formulations isrdef as the total output of

drug collected on the impinger as a percentage of the totaltsedbto nebulization.
NE% = (Aerosolised drug /Total drug placed in nebuliser) x 100

Because nebulization can lead to drug leakage, it is importamtisto determine the
nebulization efficiency of the encapsulated drug (N.E.E.D%). fidsiameter is defined as the
percentage of aerosolised drug that remains encapsulated dftdizateon. A portion of
nebulised sample was purified by centrifugation and the amount ofidthe sample after

and before centrifugation was assayed.

5.1.4. Release Studies/Stability Studies
In vitro release of RFP from chitosan microspheres was rdigted using as the release

media, phosphate buffer pH 7.4 in order to simulate some obtigitions in the lungs, and
pH 1.2 in order to evaluate the stability of chitosan microgshier acidic medium. Freeze-
dried formulations were suspended in 500 ml of the dissolution medinnthe amount of

microspheres was varied in order to kept constant the amount of (ABugng). The

74



5. RFP Loaded Chitosan Microspheres Prepared by Spray-Dryinylethod

experiments were carried out at80.3°C at a rotation speed of 18@ rpm. A measure of 1
ml samples were withdrawn at appropriate time intervals @drifuged at 10000 rpm.
Supernatants were diluted suitably with acetonitrile and absarhanihe resulting solution
was measured at 485 nm. The residue (after centrifugationjedapersed in 1 ml of the
fresh dissolution medium and replaced back into the dissolution appafdte cumulative
amount of RFP was obtained from the calibration curves of RFRatonitrile. The stock
standard solution of RFP (2 mg/ml) was prepared by dissolvingrtitgin acetonitrile and
storing at 4°C. A standard calibration curve was built up by ustisngdard solutions prepared

by dilution of the stock standard solution with acetonitrile.

5.1.5. Mucoadhesive Studies

5.1.5.1. Adsorption of Mucin on Chitosan Microspheres

Standard calibration curves were prepared from 2 mL of mucinatsadlutions (0.25, 0.5,
0.75, and 1 mg/2 mL) and then, the absorbance of the solutiecneea@ded at 500 nm in a
UV spectrophotometer. Triplicate samples were run.

Mucin aqueous solution with different concentrations (0.025, 0.05, @2.1afd 0.5 mg/mL)
were prepared. Chitosan microspheres (20 mg) prepared by spray-dngithpd were
dispersed in the above mucin solutions, vortexed, and shaken at roperdéure. Then, the
dispersions were centrifuged at 4000 rpm for 2 minutes, and the atgrgrwas used for the
measurement of the free mucin content. The mucin contental@adated from the standard

calibration curve.

5.1.6. Statistical Analyses
All experiments were repeated at least three timesulReare expressed as means + standard

deviation. A difference between means was considered semiificthe p value was less than

or equal to 0.05.
5.2. Result And Discussion

5.2.1. Preparation of RFP-Loaded Chitosan Microspbe
In order to find the best microsphere formulations for the ésfliof effective doses of RFP

to macrophages after aerosol therapy, we also prepared and tetizedc chitosan
microspheres of by using an alternative preparation metladdstbpray drying.
Also in this case uncross- and crosslinked (GA) microparticlee weepared and the

influence of different parameters was studied..
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Composition of RFP-loaded chitosan microspheres, preparee Isptay drying method, is
reported in table 5.1.

Table 5.1: Spray-Dried Chitosan Microspheres Composition

RFP CTS Acetic Acid GA 4 % (w/w)

Form.A  2mg/ml  0.25% 2% +
Form.B  2mg/ml  0.50% 2% +
Form.C  2mg/ml  0.75% 2% +
Form.D  2mg/ml 1% 2% +
Form.E  2mg/ml  0.25% 2% -
Form.F  2mg/ml  0.50% 2% -
Form.G  2mg/ml  0.75% 2% -
Form.H  2mg/ml 1% 2% -

5.2.2. Size and Morphological Characteristics of dospheres
Spray-dried chitosan microparticles showed a mean particlessigeng from 0.6 to 1.5m.

As can be seen in table 5.2, microsphere size and polidiyp@rsieased as chitosan
concentration and, therefore, solution viscosity increased. &t was probably due to the
effect of the solution viscosity on the droplet size during thenefation step. In general, the
mean size of droplets formed by atomization is proportional tadligiscosity and surface
tension and it indirectly affects the spray-dried powder $iz@g an important processing
variable.

The cross-linking degree controls chitosan microspheres propertieBabtel 5.2 shows a
little increase in the mean size of cross-linked mcirosghere

Morphology of microparticles was verified with optical microsco@®M) and SEM. OM
images showed round patrticles, with size in the same range fouR@®yanalysis. (Figure
5.2a and 5.2b). SEM images showed that microspheres obtained byayersfong method
were of good morphological characteristics, spherical shapenamatls surface. Figures 5.3a
and 5.3b show a sample of both cross-linked and uncross-linked chitosasphéres (batch
A and E respectively). No morphological difference was highligfidedhese two different
microspheres. Therefore results seem to indicate that GAraesffect the morphological

characteristics of cross-linked microspheres obtained bypthg-grying method.
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Table 5.2: Particle Size and Zeta Potential of Spry-Drie€hitosan Microspheres

Formulation Particle Size (nm % P.l £ SD Zeta Potential (mV £
SD) SD)

Form. A 577.0 + 68.6 0.854 + 0.020Q +23.7+ 0.6
Form. B 914.3 £59.9 0.689 +0.028 +21.9+0.2
Form. C 1003.2 + 24.7 0.717 £ 0.020 +15.6 £ 0.2
Form. D 1181.0+ 121.6 0.593 £ 0.029 +154+0.1
Form. E 661.5 £ 13.7 0.728 £ 0.030Q +32.5+0.4
Form. F 1070.5 +103.1 0.215 £0.027 +34.7+0.1
Form. G 1202.1 + 27.7 0.840 £+ 0.014 +37.0+0.2
Form. H 1306.0 + 41.1 0.926 + 0.02§ +38.07 £ 0.05

Moreover, SEM micrographs confirmed the high heterogenicity ofcfmsize distribution,
which is a consequence of the preparation method. In facwitlisknown that using spray-

drying method it is not possible to control size distribution efgarticles.

a b
Figure 5.1: Optical Micrographs of Cross-Linked Spray-DriedMicrospheres (a) and
Uncross-Linked Spry-Dried Microspheres (b)

—-'

_

a b
Figure 5.2: SEM Micrographs of Cross-Linked Spray-Dried Miaospheres (a) and
Uncross-Linked Spry-Dried Microspheres (b)
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5.2.3. Surface Charge
Investigation of zeta potential is an important part of microsploaracterization. This

parameter was investigated by using a solution of KCI 0.1N gihasphate buffer could not
be used due to the effect of the counterions on the positikiahged chitosan microspheres.
All chitosan formulations were positively charged as carebe & table 5.2.

It was found that the cross-linking with GA led to a decreasheofeta potential of chitosan
microspheres as a consequence of diminution of free amino groupgasachstructure. In
fact, GA reacts with chitosan through the formation of covalent baasly with the amino

groups of the polysaccharide.

5.2.4. Entrapment Efficiency (E%)
Figure 5.4 shows the encapsulation efficiency (E%) of the preparedspheres. All

formulations showed very good E%, always ranging between 50% for utickess-
particles and 80% for cross-linked microspheres. E% of spray-aniedospheres was
affected by chitosan concentration: E% decreased as chitosaantration increased. The
increase in chitosan concentration led to highly viscous solutionsetthated drug solubility
and therefore the loading capacity.

The influence of the cross-linking agent on the RFP entrapmeitosan microspheres was

also evaluated.
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Figure 5.3: Entrapment Efficiency (E%) of Spray-Dried Microspheres

As can be seen in figure 5.4, cross-linked particles (ForronlatD) showed the best E%

because of their stability during atomization and washing steps.
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5.2.5. Nebulization Studies of Chitosan Microsphsre
Nebulization studies were carried out in vitro in order to evalstability and suitability of

chitosan microparticles for the pulmonary administration. Adsthstudies were performed by
dispersing the spray-dried microspheres in water. RFP-microspleysols, generated using
a continuous-flow nebulizer, were collected in a buffer solutiontimese stage glass impinger
and analysed for the study of nebulization efficiency (NE%) abdlization efficiency of the
encapsulated drug (NEED%) that is the percentage of aerosalizeg that remains
encapsulated after nebulization. These studies are of particoiportance to have
information of the capability of the microspheres to be aerosobhredalso to retain the
entrapped drug during the process. To this purpose, the study wiasl cat only on the
microspheres that were able to reach the aqueous compartmehé ampinger. The
microparticles deposited on the impinger walls were not indudethe study since their
likely dehydration could have caused drug leakage.

During this study, we evaluated the influence of the nebulizgtiocess on the particle size.
In general, nebulized microspheres showed and increased meanndiza &duced
polydispersity index, as can be seen in table 5.3. It is impodamiderline that formulation
H, the most chitosan concentrated uncross-linked formulation, shbedughest increase of
particle size. The mean size increase observed in the rexbylarticles is probably due to
chitosan swelling after their dispersion in water, before tlbulization study. This is

particular true for the uncross-linked particles where thelisgeirocess is faster.

Table 5.3:Particle Size of Spray-Dried Microspheres Bef@ and After Nebulization

Process
. Particle Size (nm Particle Size
Formulation + SD) P.I £ SD (nm = SD) P.l+£SD

Before nebulization After nebulization
Form. A 577.0 £ 68.6 0.854 + 0.020 671,3+1,3 0,187 + 0,013
Form. B 914.3 £ 59.9 0.689 +0.028 883,4+2,7 0,457 + 0,030
Form. C 1003.2 +£ 24.7 0.717 £ 0.020 1164,1 + 12,1 0,439 + 0,041
Form. D 1181.0 £ 121.6 0.593 £ 0.029 1567,5+ 1,7 0,505 + 0,021
Form. E 661.5 + 13.7 0.728 £ 0.030 780,8 + 13,2 0,155 + 0,035
Form. F 1070.5 + 103.1 0.215 +0.027 1177,2+8,1 0,626 £ 0,022
Form. G 1202.1 £ 27.7 0.840 £ 0.016 1277,8+5,4 0,407 £ 0,012
Form. H 1306.0 £+ 41.1 0.926 £ 0.028 2058,3+1,2 0,606 + 0,040
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As can be seen in Figure 5.4, cross-linked formulations A-D showgdr B¢E% than
uncrossed linked formulations: almost 80% of rifampicin was reedvafter nebulization
from formulations A-C. On the contrary, NE% was quite low for thecross-linked
formulations E-H, thus confirming their stability is lower thaattof the corresponding GA

containing formulations.
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Figure 5.4: Nebulization Efficiency (NE%) of Spray-Dryed Mcrospheres

Since nebulization can lead to drug leakage, it is also impodanaiuate how much of the
aerosolized drug is still encapsulated after the nebuliz@&fD%). Best results in terms of
NEED% were obtained from the cross-linked formulations A-D Wexe able to retain up to
70% of the encapsulated drug. NEED values were affected itps@h concentration: they
decreased as chitosan concentration increased. Once agaosstimdted formulations E-H
showed very poor nebulization properties since NEED values rarmedsfto 20%. Results
obtained in this analysis seem to point out that the most impdaetor affecting NEED is
polymer cross-linkage, as can be seen by the comparison of N&E&&s\irom formulations
obtained using the same amount of chitosan in Figure 5.5. Crkagdincontributes to

improve chitosan microsphere stability by immobilizing thea@salated drug
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Figure 5.5: Nebulization Efficiency of the Encapsulated Bug (NEED%) of Spray-Dryed

Microspheres

5.2.6. Release/Stability Studies
Release studies were carried out by using two different medpmsphate buffer at pH 7.4

and SGF at pH 1.2, in order to evaluate the effect of pH on RERse from chitosan
microspheres. In Figure 5.6 and 5.7, RFP release profiles R&f-loaded chitosan
microspheres in both release mediums are shown. Reported vadube arithmetical mean
of at list three measurements. Only dissolution profiles frammd@ilations A and E (the most
stable and with) the slowest amount of chitosan) are showreifighre in order to better
evaluate the influence of the cross-linking agent, withothcdimgr variable.

Rifampicin release from the chitosan microspheres is pH deperidis faster at pH 1.2 than
at pH 7.4. This is the consequence of the higher solubilithibddsan at lower pH, where the
D-glucosamine residues are ionized resulting in an extensiympobwelling and faster drug
release. Moreover, rifampicin solubility is pH dependent:dtéases as the pH increases. In
fact, as proposed earlier, chitosan microspheres can also provigspbhsive release profile
by swelling in acidic environment of the gastric fluid. When carmg the drug release
profiles from cross-linked and un-cross-linked chitosan microspharssbstantial decrease
of the release rate is obtained from the cross-linked midrolearat pH 7.4.

As can be seen from the graphs, in both cases theregsificant burst effect, which is more
important for formulation E that in only 0.5 hours released 24 (pHand)43% (pH 1.2) of
the encapsulated drug while formulation A in the same period egld&and 25% at pH 7.4
and pH 1.2 respectively.

Obtained results show that cross-linkage with GA can delayreétagse as a consequence of

the higher stability of the hydrogel network. In fact, in both metlie cross-linked
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formulation A is more capable of controlling the drug release thianuiation E that released
the 90% of the drug in 48 hours at pH 1.2.
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Figure 5.6: Release Studies pH 7.4 Figure 5.7: Releasadis pH 1.2

5.2.7. Mucoadhesive Studies
Aerosol inhalation therapy via the respiratory tract isrdeg for delivering drugs since it

has the following advantages over other routes: lung surfaceisrextremely large and
mucosal permeation of drug is comparatively easy because thalarasystem is well

developed and the walls of alveoli are extremely thin. Finddéy intra-cellular or extra-

cellular activity of drug-metabolizing enzymes is relagvelw.

Since a strong interaction exists between mucin and chitosaim shauld be spontaneously
adsorbed to the surface of the chitosan microspheres. The dhesboge behaviour of

chitosan microspheres was assessed by their suspension in differemnts of mucin in

aqueous solutions at room temperature. As can be seen in Figuhe mZimount of adsorbed
mucin increased with increasing mucin concentration. These resuifsm that chitosan

microspheres have the ability to adsorb mucin. The amount of musinbed was affected
by the presence of the cross-linking agent. In fact cross-linkespheres interacted with a

lower amount of mucin, probably because of the cross-linkage rendetiuced positive
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charge since amino groups are partially neutralized by GAadn for all the batches the
amount of mucin adsorbed decreased as the zeta potential tixflepardecreased.
Microspheres with the highest zeta potential (uncross-linked fotionga E-H) had the
largest amount of adsorbed mucin.
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Figure 5.8: Mucoadhesive Studies of Spry-Dried Chitosan Miospheres

5.3. Conclusions

Results obtained during this work showed that the spray drying metlagodcapid and simple
technique for producing RFP loaded microspheres in good vyields, higharioegood

reproducibility from batch to batch. In particular, microspherespgmed by this method
showed to possess suitable properties for aerosol delivery. Indiagtarison of results with
those obtained with the precipitation method pointed out that microparpcepared by the

spray-drying process showed higher stability during nebulization.
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Poly(lactide-co-glycolide) (PLGA) is a the most used polymewing to its
biocompatibility/biodegradability and PLGA microparticles haverbsuccessfully employed
as ATD-carriers.

PLGA microspheres can be able to achieve slow releaseofd®<> in alveolar macrophages
that are essential to treat MTB and MAC infections, sirfeesd bacillus are facultative
intracellular parasites in alveolar macrophages and microsphean penetrate into the
infected macrophages by phagocytosis.

RFP loaded PLGA microspheres were prepared by using solvent ev@poreethod that
need the use of organic solvents (CgCl

In this chapter we describe the preparation and characterizdtidiampicin loaded PLGA
microspheres as a potential effective approach to pulmonary MTBM&@ infections
therapy. In particular microparticle size distribution, entraptefficiency (E%), nebulization
efficiency (NE%) and leakage upon nebulization have been studiectoXicey of PLGA

microspheres were evaluated by using A549 alveolar epithellal ¢
6.1. Materials and Methods

6.1.1. Material
PLGA (75:25), rifampicin (RFP), polyvinil alcool (PVA) weregwide by Sigma Aldrich

Chemie (Germany). Lyophilised bovine submaxillary glands mucie(tyS) was purchase
from Sigma Aldrich.

The A549 epithelial alveolar cell line (passage 31) was a kiftdrgm Dr. Ben Forbes
(School of Pharmacy, Kings College, London) and these cellseméitgred in Ham'’s F12-K
medium (Sigma Aldrich), supplemented with 10% fetal bovine sef@ibco BRL Life
Technology, Grand Island, NY, USA), 18®/ml penicillin G (Sigma Aldrich), and 100
nmg/ml streptomycin sulphate (Sigma Aldrich) at 37°C in a huneidiB5% air and 5% CO
environment. Cultures (monolayers in tissue culture flasks, 7 were fed with fresh
medium every 48 h.

All other reagents were of the highest grade commercialljadl@ Water was always used

in demineralised form.

6.1.2. Preparation of PLGA Microspheres
PLGA microspheres were prepared by an O/W solvent evaporatidrognatiapted from

Prieto et al. (1994). For the preparation of RFP-loaded PLGAospberes, two different
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methods were chosen. In the first PLGA and RFP were dissoivibe iorganic phase and in
the second the drug was dissolved in the aqueous phase. Briefly twdligram of PLGA
was dissolved in 1 ml of dichloromethane (DCM). This was déguein 4 ml of an aqueous
phase of 4% PVA. The resultant emulsion was homogenised for 1@ithian Ultraturax®
homogeniser at 800 rpm. Subsequent evaporation of the DCM wasd catrie with
mechanical stirring over night at room temperature. Microgasti were collected by
centrifugation and washed by dispersion in water with subsequenifugmation, this step

was repeated three times. Microspheres were than freiege dr

6.1.3. Characterization of RFP-Loaded PLGA Microsgies

6.1.3.1. Particle Sizing and Morphology
The microspheres were analysed for their size and polydispierséy on Zetasizer Nano ZS,

Malvern instruments, based on photon correlation spectroscopycatteriag angle of 90°
and temperature of 25°. Each measurement was the resusuoi.

Measurements were carried out both for fresh and freeze-drigulesa Before counting, the
samples were diluted with a 0.05% (w/v) tween 80 water soluith order to prevent

precipitation during the measurements. Results were the robaimicate experiments.

6.1.3.2. Surface Charge (Zeta-Potential)
The surface charge of the microspheres was determined efi#isiZer Nano ZS, Malvern

instruments. The measurements were carried out in an aqueluti®ns of KCI 0.1N.
Immediately before the determinations microspheres were dilidKCI solution. The
measured values were corrected to a standard referersrepsrature of 20°. Results are the

means of triplicate experiments.

6.1.3.3. Particle Morphology
In preparation for scanning electron microscopy (SEM) several dvbplse microsphere

suspension were placed on an aluminum stub having previously been wihtedhesive.
The samples were evaporated at room temperature until colpplaesl, leaving only a thin
layer of particles on the stub. All samples were sputtetedoaith gold-palladium (Polaron
5200,VG Microtech,West Sussex, UK) for 90 seconds (2.2 kV; 20 mA; 150-°p00der an
argon atmosphere. The SEM (Model 6300, JEOL, Peabody, NY) was expersing an

acceleration voltage of 10 kV.
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6.1.3.4. Measurement of Loading Efficiency of RFP in PLGMicrospheres
A series of rifampin solutions of known concentrations in acetoniteile prepared, and

absorbances were measured in order to generate a calibtatien The rifampin content of
each lot of microspheres was determined by first extradiegitampin and quantifying the
amount of drug spectrophotometrically.

The drug encapsulation efficiency (E%) was calculated aseiwentage of drug entrapped in
microspheres compared with the initial amount of drug recoveradparified samples. The
concentration of rifampin contained in each sample was determinecheaguring the

absorbance on a spectrophotometer at 485 nm.

6.1.3.5. Nebulization of Microspheres
A compressor nebuliser system (Medel Aerofamily, Ital@s used in this study. 3 ml of

purified sample were used for the nebulization studies. Thesa@ercontaining RFP-loaded
chitosan microspheres were collected in a water solution usingd#fien 3 stages glass
impinger. The impinger device was used with the collectirgkftaontaining 3 ml of water to
which the aerosol was introduced through a calibrated glass tubeitarad arifice delivering
the jet of aerosol 5mm above the bottom of the flask.

After aerosolization (10 minutes), the impinger contents wegyadsn order to evaluate the
effect of nebulization on stability of microspheres and the drakalge during this process.
After the experiment was also determined the total amoufuriwiulation nebulised into the
apparatus. The nebulization efficiency (N.E%) of microspherediations is defined as the
total output of drug collected on the impinger as a percentagbeofotal submitted to

nebulization.

NE% = (Aerosolised drug /Total drug placed in nebuliser) x 100

Because nebulization can lead to drug leakage, it is importantsto determine the
nebulization efficiency of the encapsulated drug (N.E.E.D%). fidsiameter is defined as the
percentage of aerosolised drug that remains encapsulated dftdizateon. A portion of
nebulised sample was purified by centrifugation and the amount ofidithg sample after
and before centrifugation was assayed after complete eatramft the drug from particles

with acetonitrile.

6.1.4. Release Studies/Stability Studies
In vitro release of RFP from PLGA microspheres was detemhusing as the release

mediums, phosphate buffer pH 7.4 and acetate buffer at ph 4.0 intoré@mulate the
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condition in lungs. Freeze-dried formulations were suspended in 5@ tihé dissolution
medium, the amount of microspheres was varied in order to kept cotitaarhount of drug
(25 mg). The experiments were carried out at 873°C at a rotation speed of 16@ rpm. A
measure of 1 ml samples were withdrawn at appropriate tireevatié and centrifuged at
10000 rpm. Supernatants were diluted suitably with acetonitrile adosdrbance of the
resulting solution was measured at 485 nm. The residue (aftefugmation) was redispersed
in 1 ml of the fresh dissolution medium and replaced back intdiis®lution apparatus. The
cumulative amount of RFP was obtained from the calibration cui/&-P in acetonitrile.
The stock standard solution of RFP (2 mg/ml) was prepared bghdigs the drug in
acetonitrile and storing at 4°C. A standard calibration curae buwilt up by using standard

solutions prepared by dilution of the stock standard solutionagionitrile.

6.1.5. Mucoadhesive Studies

6.1.5.1. Adsorption of Mucin on PLGA Microspheres

Bradford colorimetric method was used to determine the freenncoacicentration in order to
assess the amount of mucin adsorbed on the microspheres anecttoefthe assessment of
mucoadhesive behavior of chitosan microspheres.

Standard calibration curves were prepared from 2 mL of mucinat@sdlutions (0.1, 0.25,
0.5, 0.75, and 1 mg/2 mL). After adding Bradford reagent, a&mepkes were incubated at
37°C for 20 minutes and then, the absorbance of the solution veededat 595nm in a UV
spectrophotometer. Triplicate samples were run. All the sanwpége determined with the
same procedure.

The evaluation of mucoadhesive properties was carried out by imgepaucin aqueous
solution with different concentrations (0.025, 0.1, and 0.5 mg/fAL{5A microspheres (20
mg) were dispersed in the above mucin solutions, vortexed, akdnsaaroom temperature.
Then, the dispersions were centrifuged at 4000 rpm for 10 minutetheisdpernatant was
used for the measurement of the free mucin content. The mucientevds calculated from

the standard calibration curve.

6.1.6. Cell Culture
The human A549 alveolar epithelial cell line shows similatuies as type Il alveolar

epithelial cells. The cells were grown as monolayers in 35 igsud culture dishes incubated
in 100% humidity and 5% CO2 at 37°C. HAM’'S medium containing 365 meglutamine,

supplemented with 10% heat-inactivated fetal bovine serum, 100ninig&nicillin, and 100
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ng/mL streptomycin was used as the growth media. The balidrm the monolayers were
harvested with trypsin (0.25%) centrifuged at low speed (§6d@0min), resuspended in fresh
medium and plated at a concentration of 21X cells/dish. The cells were grown to

confluence on tissue culture dishes for 3 to 4 days.

6.1.6.1. MTT Assay
For dose-dependent studies, cells were treated with RFP af@hérlEP-loaded PLGA

microspheres at different concentration in RFP. The effe®F® in microspheres on the
viability of cells was determined by [3(4,5-dimethylthiazol-2-3J%-diphenyltetrazolium
bromide] MTT assay (256). The dye is reduced in mitochondria yrsadehydrogenase to
an insoluble violet formazan product. A549 cells (105 cells/wedljewcultured on 24-well
plates with 5001 of medium for 24 hours, with and without the tested compounds. Then 50
ul of MTT (5 mg/ml in PBS) were added to each well andr&fth, formazan crystals were
dissolved in DMSO. Absorbance at 580 nm was measured with agpetmeter. On the
basis of this assay IC50 values were obtained in three indepesgperiments for each
formulation. In all assays three different concentrations wesed. In order to evaluate
changes in viability caused by the tested compounds, livinga=liell as those in early and
late stages of apoptosis and necrosis were counted. All ot#tbods were also carried out

after 24 h incubation. The data in this study were expressetkan + S.D.

6.1.7. Statistical Analyses
All experiments were repeated at least three timesulReare expressed as means + standard

deviation. A difference between means was considered smmificthe p value was less than

or equal to 0.05.
6.2. Result and Discussion

6.2.1. Preparation of RFP-Loaded PLGA Microspheres
Solvent evaporation method is the most popular technique of preparing iigBoparticles.

It involves emulsifying a drug-containing organic polymer solutido a dispersion medium.

Depending on the state of drug in the polymer solution and the d@pensidium, it can be

further classified into oil in water (o/w), water in oil (w/@nd water in oil in water (w/o/w)

double emulsion method. The o/w method was used in this work. Foethisique, drug is

dissolved or dispersed in a solution of the polymer in a waterisoible and volatile organic

solvent (DCM). This dispersion is emulsified into an aqueous phi&aseorganic solvent then
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diffuses into the aqueous medium and finally evaporates into thelnaithe solvent
evaporation method, poly(vinyl alcohol) (PVA) is widely used asranlsifier in the external
aqueous phase and dichloromethane is the most commonly used solvergotee dise
polymer. The o/w emulsion method was varied in our laboratory irr tsdeake particles by
adding the drug not only in the organic phase but also in the aqueases ph

In fact two types of particles were prepared: the first ovege obtained by dissolving RFP in
the organic phase (1) and the second ones were obtained by dissol#rig RE aqueous
phase (2). These different samples were prepared in ordealiat/the influence of drug
solubility on different parameters (E%, NE% and NEED%) angagticle characteristics.

Composition of RFP-loaded PLGA microspheres is reportedla &l.

Table 6.1: RFP-loaded PLGA Microspheres Composition

RFP PLGA PVA

Form.1 2mg/ml 2 mg/ml 4%
Form.2 2mg/ml 2 mg/ml 4%

6.2.2. Size and Morphological Properties of PLGA dvlospheres
RFP-loaded PLGA microspheres were obtained in the size rangada nm and good

polidispersity index as shown in table 6.2. The size distributidAL&A microspheres was
evaluated before and after freeze-drying process. Lyophilizedspiceres were mixed with
water, vortexed for few minutes and than measured. No change iagavparticle size

appeared after lyophilization and resuspension (data not shown).

Table 6.2: Particle Size and Zeta Potential of PLGA Microgheres

, Particle Size (nm + P.1+SD Zeta Potential (mV £
Formulation
SD) SD)
PLGA 1 2563 £ 49.32 0.192 £ 0.030 460+02
PLGA 2 2606 + 61.10 0.208 0.049 480+0.1

As can be seen in table 6.2 the addition of the drug in the orgamcahe agueous phase did
not affect particle size and this is probably because RER @mphipatic drug and it can be

dissolved in both organic and aqueous phases, although it isipoghilic.
91




6. RFP Loaded PLGA Microspheres Prepared by Solvent EvaporatioMethod

PLGA microparticles size is normally affected by the pneseof an emulsifier. In this case
PVA was used to prevent aggregation of the emulsion droplets anmgyadyicking during
stirring. 4% of PVA was able to stabilize particles alsorutheir storage. This is confirmed
by the polydispersity index tha was very low because aggregatiamotiioccur and particles
mantained a narrow distribution, as confirmed also by SEMystu

When working with microparticulate systems, it is often helpduvisualize particle shapes
and surface characteristics in order to correlate other piegpsrtch as surface area and size
distribution. RFP-loaded PLGA microspheres prepared using thensevaporation method
were spherical in shape with a very smooth surface, as showgure§ 6.1a and 1b. The
loading of the antimicrobial agent did not cause any sigmifichange in morphology.

SEM micrographs confirmed the narrow distribution of particles $mend by PCS
measurement, for each batch. As can be seen, no différepadicle morphology was found

as a consequence of the preparation method.

a b
Figure 6.1: SEM Micrographs of PLGA Microspheres Obtainedby Adding the Drug in

the Aqueosus Phase (a) or in the Organic Phase (b).

6.2.3. Surface Charge
Microparticle formulations were characterized also in tefraeta potential because, as well

known, it can influence particle stability as well as p&timucoadhesion. In theory, more
pronounced zeta potential values, being positive or negative, tenthlilize particle
suspension. The electrostatic repulsion between particles tivdthsame electric charge
prevents the aggregation of the spheres. The PLGA panticde by the solvent evaporation
method were negatively charged as can be seen in tablan@,2hence, were poorly
mucoadhesive. At a neutral pH value the mucus layer is @&mnianpolyelectrolyte.

Mucoadhesion is promoted by a positive zeta potential value and,thieupresence of the
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positively charged groups on the particles could lead to eleatheagje interactions between
the mucus and the particles. PLGA negatively charged microsplveresstable and dit not
aggregate as confirmed also by SEM investigation, but siiface property make them

poorly mucoadhesive.

6.2.4. Entrapment Efficiency (E%)
Encapsulation efficiency (E%) is an important index to evaldaig-loaded microspheres as

it is more economical when high encapsulation efficiency can laénelt An O/W emulsion
technique is mostly used for the encapsulation of drugs. One objeétites study was
therefore to investigate the influence of drug solubility o RFP entrapment in PLGA
microspheres.

Figure 6.2 shows E% of the prepared microspheres. As can bensesgnificant difference
was found between formulation 1 and 2. However, formulation 1, waé e@btained by
adding the drug in the organic phase, showed a higher E% (72%) thaulaoon 2 (E% =
65%). This small difference could be related to the higher sffioi RFP for the organic
phase.

Encapsulation efficiency was measured before and afterefidiging in order to evaluate the
effect of this process on the drug retention. As can be se@urg 6.2, freeze-drying did not
cause any leakage of the drug encapsulated in chitosan micrasphesas important to
evaluate the effect of the freeze-drying process on this ptgafmecause the aim of this
study, like for chitosan particles, was to obtain a stable prosupgwder form, able to be

rapidly rehydrated just before its use.
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Figure 6.2: Encapsulation Efficiency (E%) of PLGA Microspreres
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6.2.5. Nebulization Studies of PLGA Microspheres
Nebulization studies were carried out in order to evaluate &tdist and the suitability of

PLGA patrticles for pulmonary/nasal administration. All thetedies were performed by
using both freshly prepared and freeze-dried microspheres. Difaralytses were performed
on the nebulized samples. As for chitosan microspheres, onlyripestapped in water was
assayed, while the material deposited on the impinges wal$ not included.

Size of particles was evaluated after the nebulization paes, as can be seen in table 6.3,
there was an important decrease of mean particle size anc agmificant increase of
polidispersity index. The decrease on mean size during nebulization explaaed taking
into account that during this process small particles can be petbudasily. Nebulization
proved that PLGA microspheres, prepared during this work, werediménsional as it is
shown by the high P.I. value. In fact, three different microsppepulations were obtained in
the three different impinger stages. The increase in P.ld@sb be related to the fact that
size analysis was carried out by DLLS, whose sensitiwitot really appropriate for particles

in the micron range.

Table 6.3:Particle Size of Spray-Dried Microspheres Bef@ and After Nebulization

Process
Particle Size (nm Particle Size
Formulation + SD) P.l+SD (nm + SD) P.1+SD
Before nebulization After nebulization
PLGA 1 2563 £ 49.32 0.192 +0.030 1073 + 35.11 0.778 + 0.053
PLGA 2 2606 £ 61.10 0.2080.049| 1166 + 32.61 0.857 + 0.013

For all microsphere formulations nebulization efficiency and deagdge after nebulization
were evaluated. Both these parameters depend on thetptatbyarticles.

As can be seen in figure 6.3 all formulations showed a good nebulizticiency (NE%)
from 72% for PLGA 1 obtained by adding RFP in the organic phasgé5%o for PLGA 2
obtained by adding RFP in the aqueous phase. During the nebulizationspiuaf the
drug can be lost as a consequence of different processes. Bofaetparticles, which are too
big, can not be nebulized while others can be disrupted during the rateslittle lower
NE% of PLGA 2 formulation is probably connected to the preparatiethod. In fact, by
adding RFP in the aqueous phase it is possible to have some drug ottitkee uaface, from

which can be lose easily during the nebulization process.
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Figure 6.3: Nebulization Efficiency (NE%) of PLGA Microspheres

This behaviour was also confirmed by studing the drug leakagenatbettization. PLGA 1
showed the highest medium NEED% value, (figure 6.4), although ndisamt difference
can be observed between the two formulations. Freeze-dried micresphere rapidly re-
hydrated and also in this case all the parameters (NE% and Mf®&Bre evaluated. As can
be seen in figures 6.3 and 6.4, NE% and NEED% remained alheosiame after freeze-
drying and these results suggest that the stability of PLGAospberes was not affected by

the liophilization and redispersion process.
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Figure 6.4: Nebulization Efficiency of the Encapsulated tug (NEED%) of PLGA

Microspheres
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6.2.6. Release/Stability Studies
In vitro drug release profile reveals fundamental informationhenstructure (e.g., porosity)

and behavior of a formulation on a molecular level, as weflossible interactions between
drug and polymer, and their influence on the rate and mechanidmigfelease and model
release data.

Release studies were carried out by using two differeragelenedium, phosphate buffer at
pH 7.4 and acetic acid buffer at pH 4.4, in order to have the pdmealues present inside
phagosome and lysosome and to evaluate the effect of pH onrékFe3e from PLGA
microspheres. In Figure 6.5 and 6.6, RFP release profilesHt@bA microspheres at pH 7.4
and 4.4 buffer solutions respectively are shown.

The release profiles were very similar in the two differssiease media. Normally, the
release medium pH is able to affect the drug releasampétben PLGA-based micropatrticles.
In this case it was found the same behaviour at pH 7.4 and atdp#lAng the 72 hours
experiments.

The main reason that can explain this behaviour is correlatéte transition temperature
(Tg) of the polymer. In fact it is well know that PLGA polymiy is commonly above the
physiological temperature of 37 °C, which gives it enough mechlasitength to be
fabricated into delivery devices. Tg increases with irggeaf lactic acid content in
copolymer, because the extra methyl group on the lactic acidynogeeases the rigidity of
the polymer chain because of the steric hindrance. Moreowgyolgmer molecular weight
increases a reduced polymer chain mobility is obtained. Inifarease in the polymer chain
length enhances the intra- and interpolymer chain interactiohsasuchain entanglement and
packing, which decrease the polymer chain mobility and consequeatbase Tg. On the
other hand, it has been found that the release of RFP or otlysr fdomn PLGA particles is
influenced by PLGA monomer composition (lactid acid/glycolicac

As seen from the results in both cases the PLGA microparticesble to control RFP
release rate, and the initial burst effect demonstratechi®rytpe of particles (12% of RFP
loaded in particles) is significantly low if compared to thhtained from chitosan particles.
Moreover, after this initial burst, PLGA microspheres reldadREP at a lower rate (chapter
4).
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Figure 6.5: Release Studies pH 7.4

6.2.7. Mucoadhesive Studies
The mucoadhesive behaviour of PLGA microspheres was studiexbrat temperature by
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Figure 6.6: Releasedés pH 4.4

suspension of particles in different mucin aqueous solutions ateiffeoncentrations. As

can be seen in figure 6.7, the amount of mucin adsorbed is velyuloivincreased with the

increasing of mucin concentration. These results confirm th&APmicrospheres are not

able to adsorb mucin. This is in agreement with zeta potefdtal In fact it is well known

that interaction between particles and mucus are prevaldatiyastatic attractions but both

mucus and PLGA particles are negatively charged and thusdheyot interact.

Therefore, the slow amount of mucin adsorbed is only due to thecphgsitanglement of

mucin strands. And the flexible polymer chains (diffusion theory).
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Figure 6.7: Mucoadhesive Properties of PLGA Microspheres

6.2.8. Viability Studies with A549 Cells
The cytotoxic effects of RFP against A549 cells were examimedITT assay. In the

experiments, the cytotoxicity was evaluated by varying the comtemtrof RFP and RFP
entrapped in PLGA microspheres. Cytotoxicity was observed tmoheentration-dependent
for free RFP and for the formulations. Higher cytotoxic effeatse found for free RFP. In
fact, as can be seen in figure 6.8, also with the lowest nbatien of RFP the viability is

very low. This means that the free drug can cause sidetgfivhen it is nebulized directly
into the lung, where the infection is. Even using the smallestecdration, the free RFP is
able to kill the lung cells (epithelial cells similar to A549I$e As written before, the target
of this work was especially the macrophages where mycobacteriable to survive and
replicate. As can be seen from the figure, encapsulation BfiiRthe PLGA microspheres led
to a decrease of the cytotoxicity, which was quite close to thidieofree drug only at the

lowest tested RFP concentration .
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Figure 6.8: Viability Studies with A549 Cells

6.3. Conclusions

Results obtained during this study have shown that PLGA microspteerdead RFP in very
good yields. These particles showed good properties and stdhilibg nebulization.
Summarizing the results of this study, we may conclude th#t thié exception of their
substantially lower mucoadhesive properties, the PLGA polymbetier that chitosan, for
the formation of particles that could deliver RFP to alaealacrophages by nebulisation.
Thereby, an interesting addition to the properties of RIF-loaded\RidBticles would be to
improve their mucoadhesive properties through surface modification.
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Biodegradable microparticles made of poly(lactide-co-glycol{@&)GA) are well-established
delivery systems for therapeutics, and have a high potentigiefatide, protein and other
therapeutic substances. Thanks to its established safatydreeLGA continues to be
prevalently used in the field, although the stability of éerentrapped drug like protein,
remains a major issue. Nevertheless, one of the typid@iedeies of aliphatic polyesters
such as PLGA is their lack of suitable functional groups for aniefii and stable deposition
or conjugation of bioactive agents under mild conditions. Surfacesdcodth functional
polymers or bearing bioactive ligands represent an increastieglyable feature for drug
delivery through microparticulate or nanoparticulate systbessdes controlled release and
protection of bioactive agents from premature clearance anddiggm. Various approaches
have been proposed to functionalize the surface of biodegradablepariales and
nanoparticles. The negatively charged surface of PLGA midioles has been
functionalized by the electrostatic binding of cationic surfactargach as
cetyltrimethylammonium bromide (260). An alternative to cationicfagtants is the
electrostatic coating with polycationic polymers such as dmitg261, 262, 263). Typically,
the establishment of cationic microparticles surfaces mapep®rmed by incubation of
previously prepared particles in an aqueous solution of the catigeit. Direct coating of
nascent particles in the course of a typical solvent evapofattraction process is achieved
by addition of cationic surfactants or polymers to the aqueous eatraattase (264, 265). A
third approach to obtain PLGA particles with cationic surface ehiarthe coencapsulation of
a cationic lipid or a polyelectrolyte through spray drying (26B)e purpose of PLGA
microparticles bearing a cationic surface charge may be aader a positively charged
binding site for the adsorption, condensation and stabilization of iouceid
biopharmaceuticals (plasmid DNA, mRNA), or antisense oligonudient through
electrostatic interaction (267, 268), or to render the particlesoadhesive, e.g. in view of
nasal and pulmonary delivery (269).
Chitosan is highly bioadhesive and has been reported to enhancentiealpéty of the nasal
mucosa (270, 271, 272). Thus, besides offering a substrate for the dsdgposition or
conjugation of bioactive ligands, chitosan microparticlegufeaintrinsic bioadhesive and
permeation enhancing properties, which make them particularlgbtiitfor nasal and
pulmonary administration.
Results obtained with PLGA microspheres led us to develop a noisdlg mucoadhesive
PLGA microspheres system to improve pulmonary delivery of BfRoating the particle
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surface with the mucoadhesive polymer chitosan. RFP-encagsuPAtGA microspheres

coated with chitosan were prepared by the emulsion solvent diffugthrochin water (WSD
Method).

The influence of chitosan concentration on microparticle sizérildion, entrapment
efficiency (E%), nebulization efficiency (NE%) and leakage upehulization was studied.

The toxicity of chitosan microspheres were evaluated by Us#@ alveolar epithelial cells.
7.1. Materials and Methods

7.1.1. Material
Medium molecular weight chitosan with a deacetilation gradebafut 87% was, PLGA

(75:25, mol. Wt 85,2 kDa), rifampicin (RFP), acetic acid,ypohyl alcool (PVA) were
provide by Sigma Aldrich Chemie (Germany). Lyophilised bovine subfaaxiglands
mucin (type I-S) was purchase from Sigma Aldrich.

The A549 epithelial alveolar cell line (passage 31) was a kiftdrgm Dr. Ben Forbes
(School of Pharmacy, Kings College, London) and these cellsauéitged in Ham’s F12-K
medium (Sigma Aldrich), supplemented with 10% fetal bovine sef@ibco BRL Life
Technology, Grand Island, NY, USA), 10@/ml penicillin G (Sigma Aldrich), and 100
ng/ml streptomycin sulphate (Sigma Aldrich ) at 37°C in a huiedi95% air/5% CO2
environment. Cultures (monolayers in tissue culture flasks, 7 were fed with fresh
medium every 48 h.

All other reagents were of the highest grade commercialljadea Water was always used

in demineralised form.

7.1.2. Preparation of RFP-Loaded PLGA Coated ChaosMicrospheres
Also in this case WSD Method was used. Chitosan was dissatv8@ ml of acetic acid

buffer solution at pH 4.4, PVA (1%) was also dissolved in thiselbuThe PLGA (100 mg)
and RFP (2mg/ml) were dissolved in 5 ml of DCM which was poured5@tml of aqueous
coating polymer solution prepared beforehand at 2 ml/min undengtiati 600 rpm using
Ultraturrax® at room temperature. The PVA dissolved in the @ggesolution of coating
polymer prevented aggregation of the emulsion droplets and stickig gfotymers to the
propeller shaft during agitation. The entire dispersed systasntiwen centrifuged (4500 rpm
15 min) and the sediment was resuspended in distilled waterpiduess was repeated and

the resultant dispersion was then subjected to freezegdoyiernight.

103



7. RFP Loaded PLGA Coated Chitosan Microspheres Obtained byw'SD Method
7.1.3. Characterization of RFP-Loaded PLGA Coatetitosan Microspheres

7.1.3.1. Particle Sizing and Morphology
The microspheres were analysed for their size and polydispeéty on Zetasizer Nano ZS,

Malvern instruments, based on Photon Correlation Spectroscopgcattaring angle of 90°
and temperature of 25°.

Measurements were carried out both for fresh and freeze-drgulesa Before counting, the
samples were diluted with a 0.05% (w/v) tween 80 water soluith order to prevent

precipitation during the measurements. Results are the metiicdte experiments.

7.1.3.2. Surface Charge (Zeta-Potential)
The surface charge of the microspheres was determined efitsiZer Nano ZS, Malvern

instruments. The measurements were carried out in an aquelui®ns of KCI 0,1N.
Immediately before the determinations microspheres were dilwidKCI solution. The
measured values were corrected to a standard referermrepgrature of 20°. Results are the

means of triplicate experiments.

7.1.3.3. Particle Morphology
In preparation for scanning electron microscopy (SEM) severgisdod the microsphere

suspension were placed on an aluminum stub having previously been wihtedhesive.
The samples were evaporated at ambient temperature untileteippdried, leaving only a
thin layer of particles on the stub. All samples were sputbated with gold-palladium
(Polaron 5200,VG Microtech,West Sussex, UK) for 90 seconds (2.2 kiviA2A.50-200A°)
under an argon atmosphere. The SEM (Model 6300, JEOL, Peabody, N6pesated using

an acceleration voltage of 10 kV.

7.1.3.4. Measurement of Loading Efficiency of RFP in PLGACoated Chitosan
Microspheres

The rifampin content of each lot of microspheres was detedriyefirst extracting the
rifampin and quantifying the amount of drug spectrophotometricallyeres of rifampin

solutions of known concentrations in acetonitrii were prepared, sdorstrbances were
measured in order to generate a standard curve.

The drug encapsulation efficiency was calculated as the rgagee of drug entrapped in
microspheres compared with the initial amount of drug recoveradparified samples. The
concentration of rifampin contained in each sample was determinecheaguring the

absorbance on a spectrophotometer at 485 nm.
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7.1.3.5. Nebulization of Microspheres
A compressor nebuliser system (Medel Aerofamily, Italgswsed in the study. A volume of

3 ml of sample was used for the nebulization. The aerosolsimiogtaRFP-loaded PLGA
coated chitosan microspheres were collected in water usingdified 3 stages glass
impinger. The impinger device was utilized with the collegflask containing 3 ml of water
to which the aerosol was introduced through a calibrated glassandbecritical orifice
delivering the jet of aerosol 5mm above the bottom of thek fla

After aerosolization (10 min.), the impinger contents werayaskin order to evaluate the
effect of nebulization on drug leakage of microspheres. Italssimportant to determine the
total amount of formulation nebulised into the apparatus. The nabafizefficiency (N.E%)
of microsphere formulations is defined as the total output of drugotetl on the impinger as

a percentage of the total submitted to nebulization.
NE% = (Aerosolised drug /Total drug placed in nebuliser) x 100

Because nebulization can lead to drug leakage, it is importaot taldetermine the
nebulization efficiency of the encapsulated drug (NEED%). Thiarpeter is defined as the
percentage of aerosolised drug that remains encapsulated dftdizateon. A portion of
nebulised sample was purified by centrifugation and the amount ofidthe sample after
and before centrifugation was assayed.

After nebulization particle size distribution was measuredrifer to ervaluate the effect of

this process on this parameter.

7.1.4. Release Studies/Stability Studies
In vitro release of RFP from PLGA coated chitosan microsgh&es determined using as the

release mediums, phosphate buffer pH 7.4 and acetate buffed pid drder to simulate the
condition in lungs and in particular the conditions inside lysosomeplaagbsomes. Freeze-
dried formulations were suspended in 500 ml of the dissolution mediwinthe amount of
microspheres was varied in order to kept constant the amount of (ABugng). The
experiments were carried out at80.3°C at a rotation speed of 18@ rpm. A measure of 1
ml samples was withdrawn at appropriate time intervals amntfriftgged at 10000 rpm.
Supernatants were diluted suitably with acetonitrile and absabafrihe resulting solution
was measured at 485 nm. The residue (after centrifugationjedapersed in 1 ml of the
fresh dissolution medium and replaced back into the dissolution appafdte cumulative

amount of RFP was obtained from the calibration curves of RFeatonitrile. The stock
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standard solution of RFP (2 mg/ml) was prepared by dissolvingrtiggin acetonitrile and

storing at 4°C. A standard calibration curve was built up by ustiengdard solutions prepared

by dilution of the stock standard solution with acetonitrile.

7.1.5. Mucoadhesive Studies

7.1.5.1. Adsorption of Mucin on Chitosan Microspheres

Bradford colorimetric method was used to determine the freenncocicentration in order to
assess the amount of mucin adsorbed on the microspheres anecttoefthe assessment of
mucoadhesive behavior of PLGA coated chitosan microspheres.

Standard calibration curves were prepared from 2 mL of mucinatsadlutions (0.25, 0.5,
0.75, and 1 mg/2 mL). After adding Bradford reagent, the sam@esincubated at 37°C for
20 minutes and then, the absorbance of the solution was record®d atm in a UV
spectrophotometer. Triplicate samples were run. All the sampéze determined with the
same procedure. The mucin content was calculated from thesdaradibration curve.

Mucin aqueous solution with different concentrations (0.025, 0.1, @mdn@/mL) were
prepared. Freeze-dried chitosan coated PLGA microspheres (2eng)dispersed in the
above mucin solutions, vortexed, and shaken at room temperaturg tidelispersions were
centrifuged at 5000 rpm for 10 minutes, and the supernatant was udeel floedsurement of

the free mucin content.

7.1.6. Cell Culture
The human A549 alveolar epithelial cell line (passage 31) showkasfeatures as type |l

alveolar epithelial cells. The cells were grown as monolaye8% mm tissue culture dishes
incubated in 100% humidity and 5% CO2 at 37°C. HAM’S medium mediunaicaomy 365
mg/L L-glutamine, supplemented with 10% heat-inactivated fetaine serum, 100 units/mL
penicillin, and 100m/mL streptomycin was used as the growth media. The balifdrm
the monolayers were harvested with trypsin (0.25%) centrifugedvatpeed (160@, 4 min),
resuspended in fresh medium and plated at a concentration @D2 &ells/dish. The cells

were grown to confluence on tissue culture dishes for 3 tggl da

7.1.6.1. MTT Assay
For dose-dependent studies, cells were treated with both RFRH&AARA coated CTS

microspheres at different concentration in RFP. The effe®F® in microspheres on the
viability of cells was determined by [3(4,5-dimethylthiazol-2-3J%-diphenyltetrazolium

bromide] MTT assay (256). The dye is reduced in mitochondria yrsadehydrogenase to
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an insoluble violet formazan product. A549 cells (105 cells/wedljewcultured on 24-well

plates with 500r of medium for 24 hours, with and without the tested compounds. Then 50
pl of MTT (5 mg/ml in PBS) were added to each well andrdth, formazan crystals were
dissolved in DMSO. Absorbance at 580 nm was measured with acgestbmeter. On the
basis of this assay IC50 values were obtained in three indepengperiments for each
formulation. In all assays three different concentrations wesed. In order to evaluate
changes in viability caused by the tested compounds, livinga=lieell as those in early and
late stages of apoptosis and necrosis were counted. All o#taods were also carried out

after 24 h incubation. The data in this study were expressatean + S.D.

7.1.7. Statistical Analyses
All experiments were repeated at least three timesulReare expressed as means * standard

deviation. A difference between means was considered semiificthe p value was less than

or equal to 0.05.
7.2. Result And Discussion

7.2.1. Preparation of RFP-Loaded Chitosan Microsphks
Microparticulate drug delivery systems are of consideraleiaffeutic interest. Currently, this

field is dominated by the use of poly(lactide-co-glycolide) GRl) type microspheres.
However, because of the deficiency of suitable functional grompstheir surface,
conventional PLGA microspheres lack the possibility of surface finations for specialized
targeting or other purposes. Such modifications are thought to imprmaglyg the
effectiveness of microparticulate delivery systems.

To solve this problem, a WSD process to coat conventional PLGAlparby means of a
biocompatible polymer, chitosan, was used.

Whit this method a direct coating of nascent particlesaghgeved in the course of a typical
solvent evaporation/extraction process by addition of the polymer tagineous extraction
phase.

Four chitosan concentrations (0.1%, 0.25%, 0.5% and 0.75%) were chosen rirntcorde
evaluate the relationship between the polymer concentration lfareblution viscosity) and
different parameters like encapsulation efficiency, stgbilif microparticles during
nebulization process and drug leakage after nebulization.

Composition of chitosan coated RFP-loaded PLGA microspherepasted in table 7.1.
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Table 7.1 : Rfp-Loaded Plga Coated Chitosan Microspheres: Conagition

RFP PLGA PVA Chitosan

No Chit. 2mg/ml 2mg/mi 1% -
0,1% Chit.  2mg/ml  2mg/ml 1% 0.1%
0,25% Chit. 2mg/ml  2mg/mi 1% 0.25%
0,5% Chit.  2mg/ml  2mg/ml 1% 0.5%
0,75% Chit. 2mg/ml  2mg/mi 1% 0.75%

7.2.2. Size and Morphological Characteristics Of d¢dospheres
Mean diameter of the surface-modified PLGA microparticlath vdifferent amount of

chitosan, prepared by the WSD method, are shown in Table 7ePadesdiameter of coated
microspheres ranged from 2.9 to 1, while uncoated PLGA particles had a mean size of
2,9 mm. Freeze-dried microspheres, readily redispersed in aqueousnmadder manual
stirring, showed almost the same particle diameter as tliatebkyophilization, (data not
shown).

As can be seen from te table, coating of particles with ehitded to an increase of
microsphere size, which was particularly evident when the losresunt of the hydrophilic
polymer was used. However this is probably due to the stabileféett of PVA/chitosan
combination and also to increasing interactions between the two @aslyfohitosan and
PLGA) as the amount of chitosan increased. Moreover, pasimde distribution did not
change significantly from batch to batch. In fact, polydispeidex of all prepared batches
was always quite big as a consequence of the high polydispersidghe obbtained
formulations. However, no aggregation could be observed as confirmedBM

investigations.
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Table 7.2: Particle Size and Zeta Potential of RFP-LoadedlfsA Coated Chitosan

Microspheres

Particle Size Zeta Potential Zeta Potential
Formulation ("M + SD) P.l £ SD (mV £ SD) (mV £ SD)
- Withouth RFP With RFP
No Chit. 2535 + 58,01 0.506 + 0,055 +4.70 + 0.1( -4.80 £ 0.10

0,1% Chit. 2900 + 59.54 0.5740.018 +6.90 + 0.10 +14.9 + 0.10
0,25% Chit. 2807+ 85.89 0.45% 0.053 +8.40 + 0.20 +19.10 £ 0.40
0,5% Chit. 2567+ 19.76 0.494 0.059 +9.40 + 0.10 +31.10 £ 0.40
0,75% Chit. 1407+ 51.23 0.392: 0.020 +19.50 £ 0.40 +37.00 £ 0.40

As can be seen, a different morphology can be observed from the whewatecoated

particles. In fact SEM micrograph 2a shows that uncoated PLG&GPosgheres have regular

and uniform spherical shape with a smoooth surface. However cédt{Bg microparticles

with chitosan led to a modification of microspheres surfatech became rough. Figure 7.1.

c

d

Figure 7.1: Sem Micrographs of RFP-Loaded PLGA Coated ChitosaMicrosferes:

0,1% chitosan (a and b), 0,75% chitosan (c and d)
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7.2.3. Surface Charge
Zeta potential of microparticles differed significantly betwaincoated PLGA and chitosan-

coated PLGA microspheres (Table 7.2). Chitosan coating shikeuktative zeta potential of
pure PLGA microspheres to positive values, in relation to tlee ghitosan concentration.
Increasing chitosan concentrations shifted the zeta potential froativeeto highly positive

values, as a consequence of the increasing amount of freahilenamino groups. But zeta
potential is also affected by the presence of RFP. In f&& &capsulated microparticles
showed an increased zeta potential value. For instance, endapsofaRFP shifted the zeta
potential of uncoated PLGA particles from 2.80mV to -4.80 mV, edefor chitosan-coated
particles the zeta potential values changed from 4mV to 14m& from 19mV to 37mV for

the lowest chitosan concentration and the highest chitosan conicentesipectively (Table

7.2). It means that the zeta potential of the PLGA gdediavas affected by chitosan

concentration in the external phase.

7.2.4. Entrapment Efficiency (E%)
Figure 3 shows encapsulation efficiency (E%) of prepared microspHa the present part of

the work the influence of chitosan coating concentration on the éREBpment in PLGA

coated chitosan microspheres was evaluated. The presencéitofae coating on

microspheres enhanced E%, which increased as chitosamtatioa increased.

In fact the highest E% were found for formulations with the reghenount of chitosan (0.5%
and 0.75%). It has been reported that added hydrophilic polymers tayemalsion as a

stabilizer could prevent loss of drug from the external phase.

The presence of chitosan on particle surface is probably capfapteventing drug leakages
during preparation but in particular during purification process (273).

Figure 7.2 also shows that freeze-drying of microparticles didresult in statistically

relevant RFP leakage from any of the prepared microspheres.
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Figure 7.2: Entrapment Efficiency (E%) of Rfp-Loaded Plga Coated Chitosan

Microsferes

7.2.5. Nebulization Studies of Chitosan Microsphere
Nebulization studies carried out to evaluate stability and sliiyabf chitosan coated PLGA

particles for pulmonary/nasal administration.

Nebulization led to a reduction of mean particle diamditet not a reduction of P.1.

These results demonstrate that the prepared microspheresninatinaodal distribution and
that nebulization led to a separation of the particles inthel three stages of the used

impinger.

Table 7.3: Particle Size of RFP-Loaded PLGA Coated ChitosaMlicrospheres Before
and After Nebulization

Particle Size (nm Particle Size
Formulation + SD) P.1 + SD (nm * SD) P.1 + SD
Before nebulization After nebulization
No Chit. 2535 + 58,01 0.506 * 0,055 1463 + 50,33 0,637 £ 0,018
0,1% Chit. 2900 + 59.54 0.5720.018| 1746 = 25,16 0,558 0,039
0,25% Chit. 2807+ 85.89 0.45% 0.053| 1786%+ 38,15 0,523 0,084
0,5% Chit. 2567+ 19.76 0.494- 0.059| 1700+ 32,28 0,754 0,092
0,75% Chit. 1407+ 51.23 0.392: 0.020| 1266+ 32,14 0,756 0,098
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For all microsphere formulations nebulization efficiency and deagdge after nebulization

were evaluated. Both of these parameters depend orathktysdf particles.

As can be seen in figure 7.3 all coated formulations showembd gebulization efficiency

that increased as chitosan concentration increaed. This is prdiedayse chitosan on the
surface can reduce the drug leakage during the nebulization qaroces

Similarly to chitosan particles described previously (chagtand 5), chitosan coated PLGA
microsphere dispersions showed a viscosity that increasedeashitosan concentration
increased. However, in this case particles showed good aeradlipeopertiesas they could
be easily nebulized (figure 7.4).

A similar trend was observed when NEED% was calculatedshdsvn in figure 7.5, the

amount of RFP still encapsulated after the nebulizationinvpsoved by coating the PLGA

particles with the hydrophilic polymer.once again, results detraird that nebulization

properties of the prepared microspheres improved as chitosan watioanincreased. In

particular formulation 0,75% was able to retain 63,51% of theyepé¢d drug

100

80

% RFP

No chit 0,1% chit  0,25% chit ~ 0,5% chit  0,75% chit

\u NE% before FD m NE% after FD \

Figure 7.3: Nebulization Efficiency (NE%) of RFP-Loaded Pya Coated Chitosan

Microsferes
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Figure 7.4: Nebulization Efficiency of the Encapsulated Bug (NEED%) of Rfp-Loaded

Plga Coated Chitosan Microsferes

Freeze-dried microspheres were re-suspended in water and #igocase all the parameters
were evaluated. As can be seen in figures 7.3 and 7.4 NE% d&fid%Eemained almost the
same after freeze-drying and these results suggested thatathiéty of PLGA coated

chitosan microspheres was not affected after liophilizatnohradispersion process.

7.2.6. Release/Stability Studies
Release studies were carried out by using two differerdgelenedium, phosphate buffer at

pH 7.4 and acetic acid buffer at pH 4.4, in order to have the pdmalues present inside
phagosomes and lysosomes and to evaluate the effect of pH on R&se rgEbm chitosan
microspheres. In Figures 7.5 and 7.6, RFP release profiesdhitosan coated RFP-loaded
PLGA microspheres at pH 7.4 and 4.4 buffer solutions respectiasdyshown. At both pH
values, about 25% of the drug is immediately released (2 hour) fhr@muncoated
microspheres. This finding indicates that some of the drugcedited on the surface of the
microspheres due to the partition of the drug into the surfacesamtjent layer adsorbed at
the surface of the emulsion droplets. After this initialshudrug release is almost constant,
and after 72h 55% of the drug is released from the microspheres. FmatethdLGA
particles the fastest release was observed at pH 7.4 althoudjfference in the initial burst
could be noticed. However, as can be seen drug release from unpediekks was not
affected by the medium pH. On the contrary, coating the microspléth chitosan altered
the drug release pattern: the initial burst was reduced arrddhbetion increased as chitosan

amount increased, from 24 to 7% for uncoated and coated psargdpectively.
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This behaviour is more evident at pH 7.4. In fact, at pH 4.4sel&om the coated particles is
faster even if there is, also in this case, a reduction ofnilial burst. Therefore, results
confirm the capacity of chitosan on the particle surface toeptedrug leakage in the initial
phase of the release. The increased release at pH 4.4 cgridieesl as a consequence of the
ionization of D-glucosamine residues that resulted in extersimealling and faster drug
release.

However, as can be seen in figures 7.5 and 7.6, pH of lfeseemedium does not affect drug

release

7.2.7. Mucoadhesive Studies
It has been reported that chitosan has preferable propertiemgorving drug absorption,

such as protection of the drug against enzymatic degradation (By4ppening the
intercellular tight junction of the lung epithelium and absorption-ecing effects in the
nasal/pulmonary mucosa (275, 276, 277). However, whether or not chitosartesaug
absorption in the lungs remains to be determined. For this rédasomucoadhesive properties
of RFP-loaded PLGA coated chitosan microspheres were ewhlbgtemeasuring the

adsorption/association of mucin with the microspheres.
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As can be seen from figure 7.7, the chitosan coating of PLG#clearimprouves greatly the

mucoadhesive properties of the RFP-loaded microspheres. This mmfirm those obtained
with chitosan microspheres and PLGA particles described abcvapters 4 and 6).
Moreover, they are also a logical consequence of the zeta potahtek measured (table
7.2). indeed, it is well known that the main mechanism of mucasamthds interaction
between opposite charged molecules.

Therefore, the positive charge of the chitosan coated micresphercreased the
mucoadhesive properties of the negatively charged uncoated RiiGéspheres.

As can be seen from the graph, for chitosan coated pattielgercentage of mucin adsorbed
increased as the mucin concentration increased from 0.025 toghnil meaching a 100%

mucoadhesion.
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No chit. 0,1% Chit  0,25% Chit 0,5 % Chit  0,75% Chit

Figure 7.7: Mucoadhesive Behaviour of Rfp-Loaded Plga Coated Gbisan Microsferes

7.2.8. Viability Studies with A549 Cells
The cytotoxic effects of RFP against A549 cells were examimedTT assay. In the

experiments, the cytotoxicity was evaluated by varying the comtmemtrof RFP and RFP
entrapped in PLGA coated chitosan microspheres. Cytotoxicig wbserved to be
concentration-dependent for free RFP and for all the formulatidms. highest cytotoxic
effects were found for free RFP. In fact, as can be seéigure 7.8, also with the lowest
concentration of RFP the viability is very low and it medra the free drug can cause side
effects also when it is nebulized directly into the lung, whine infection is. RFP
incorporated in PLGA coated chitosan microspheres were less baitoxicity was still a

function of RFP concentration. In fact, empty microspheres wesgys less toxic than RFP-
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coating particles. The highest cellular viability was founddarticles more concentrated in

chitosan while the lowest for the uncoated PLGA particles. Tdrerechitosan reduced
toxicity effects of plain PLGA as a consequence of its depositiothe surface of PLGA

microspheres.

100 -

80 -

Viability
Y (o))
o o

N
o
I

0,1 0,25 0,5 Empty
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Figure 7.8: Viability Studies of RFP-Loaded PLGA Coated Chiosan Microsferes with
A549 Cells

7.3. Conclusion

PLGA microspheres coated with mucoadhesive polymer were ssialtg prepared by the
emulsion solvent diffusion methods in water (WSD). The surfacangoat microspheres
with chitosan, was confirmed by the change in zeta poteiiti. excellent mucoadhesion
properties of chitosan-coated PLGA microspheres were proved ibgit@ficant adsorption
to the mucin solution mainly due to the electrostatic attractitwdss the amino groups of
chitosan and the negatively charged mucin. The chitosan-cBatA microspheres, which
improved the RFP loading, were applied to improve the pulmonaiyedelof the drug by
nebulization. The particle diameter of the aqueous dispersitheomicrospheres was an
important factor to enclose the particles in the aerosoligadaus droplets produced with the
nebulizer.

The elimination rate of chitosan-modified microspheres from lthrggs can decrease
significantly due to the mucoadhesive property after pulmonary adratie® compared to
that of the unmodified microspheres. Furthermore, it was supposechitasan on the
surface of the microspheres enhances the drug absorption by openintetbellular tight

junctions in the lung epithelium. These findings demonstrated thigatchitosan-modified
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PLGA microspheres is useful for improving drug delivery via a pulany route due to

prolonged mucoadhesion for sustained drug release at the absorgtiandsthe absorption-
enhancing action of the surface modifier, chitosan.

Viability studies showed that the presence of chitosan osutiace of particles was able to
reduce the toxicity of uncoated PLGA particles and alsathiggincrease of chitosan did not
affect the viability of A549 cells. However the viabiliyas for both plain RFP and RFP

loaded particles, concentration dependent.
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In this thesis we described the preparation of RIF-loaded micidpartdesigned for use as
freeze-dried formulations for rapid re-hydration-nebulization andP REElivery to lung
macrophages. During this study we evaluated particles matie synthetic or natural
polymers, (PLGA and chitosan) as well as mixtures of the twpmmks (PLGA/chitosan),
under identical conditions in order to compare the differentscdaaticles were evaluated in
terms of RFP loading and stability during freeze-drying atzlihization.

Comparison of the results obtained from the three differenicleatypes, let us to conclude
that RFP loading is generally higher in the order PLGA/chitosBhGA>chitosan (although
this does not apply for all the different samples evaluated mgratip). Within the chitosan-
group, RFP E% is affected by the chitosan concentration used dumitogan particle
formation, but in all cases RFP-loading is considerably lowechitosan microspheres
compared to PLGA. For the PLGA microparticles it seemsRiER loading is higher when
RFP is initially added in the system through the organic phase (dumicgosphere
preparation) a fact that is in line with the lipophilic natof¢his drug.

Considering the important characteristics of nebulization abilftfg%) and stability
(NEED%), the order for particles is again (as for E%) Rldhitosan > PLGA > chitosan,
while significant differences between the different partadenpositions within the groups
were observed. For chitosan microparticles NE% increasedicigniy with decreasing
chitosan concentration, due to the easier nebulization of dispessibnlower viscosity
(Bridges et al, 2000). The microspheres that exhibited the higtadxlity during nebulization
(PLGA 1 and 2, and PLGA/chitosan 0,75%), were those with a higimpact and stable
structure (compared to chitosan particles), as proven by thepghwlogical assessment. The
PLGA-based particles showing the highest stability during nebigiizatere also found to
have constant mean diameter before and after the process.

The high stability demonstrated for PLGA-based particles,nduriebulization, may be
related to the possibility of reaction between the amino groug@F8f and the terminal
carboxyl groups of PLGA (278). This also explains the higher E% foundthiese
microparticles than those of chitosan particles. Nevertheflbessfact that chitosan-coated
PLGA particles are even better in terms of RFP E%, N&% NEED% compared to
uncoated PLGA patrticles suggests that chitosan acts as lestdbr the particles, possibly
by interacting with PLGA (the amino groups of chitosan with themiteal carboxyl groups of
PLGA). This explains the almost linear dependence of pasiability on their chitosan
content.
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Recently, it was proposed that for improved product shelf-lifdiges intended for alveolar

delivery of drugs could be prepared as freeze dried formulatiansvill be re-hydrated only

prior to nebulization (279). All particles prepared herein werend to be very stable after
freeze-drying and the freeze-drying/re-hydration cycle didcaffett their NE% and NEED%.

Additionally, the quality of the powder produced was always good s#inoelld be easily re-

hydrated).

Summarizing the results of this study, we may concludethieaPLGA polymer is better that
chitosan, for the formation of particles that could deliver Ré-Rlveolar macrophages by
nebulization. However, the combination of the two polymers at pepntities results in the

formation of very stable microspheres with high loading cap&mitRFP.
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