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ABSTRACT

Inhalation therapy is an effective way for local and systemic delivery of miscellaneous drugs for pulmonary and non-pulmonary diseases. The
inhalation therapy aims to target specific cells or regions of the lung, bypassing the lung’s clearance mechanisms and thereby providing high
retention of the drug for longer periods. It helps in improved penetration of intravenously administered antibiotics into lung parenchymal tissue
and bronchial secretions, and as a result, their potential systemic toxicity is reduced when given over prolonged periods of time. The advancement in
device technology supports the development of more efficient therapy in the form of delivering finer particles into the lung in large doses. Therefore,
meticulous daily management of lung disease, together with prompt, aggressive treatment of exacerbations can be achieved through inhalation to
preserve lung function. This review summarizes the features of inhalation delivery devices, their advantages and limitations, challenges in formulation

and brief description of novel technologies currently marketed.
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INTRODUCTION

The pulmonary route of administration has been selected as an
effective route for the treatment of pulmonary and non-pulmonary
diseases. The local and systemic delivery of drugs, proteins, peptides,
and biotechnology products for the treatment of various diseases
can be administered through pulmonary delivery. Lungs offer a huge
surface area with abundant vasculature and thin air-blood barrier.
This makes pulmonary delivery very useful for rapid absorption of
drugs with the additional benefit of bypassing first pass metabolism.
Local administration of drugs to the lungs offers several advantages,
for patients suffering from pulmonary infections, asthma, and lung
cancer [1,2]. The deposition pattern and efficacy of the inhalant are
dependent on the proper apportionment of the formulation factors and
design of the delivery device efficacy. Thus, the success and effectiveness
of inhalation therapy greatly depend on parameters such as the drug
formulation, design of the inhaler device, the patient condition, and
availability of the drug at the intended site of deposition [3]. Practicing
of inhalation therapy has been seen over thousands of years by ancient
civilizations in Egypt, Greece, India, and People’s Republic of China [4].
The approaches of administration through inhalation deliver the
effective dose directly to the site of disease rather than administering
much higher doses systemically. Localization of therapies help
in economic utilization of the drug in smaller doses thus helps in
reduction in systemic side effects with elevated drug concentration at
the site of action, and reduction in the frequency of administration [5].
Recently, Center for Drug Evaluation and Research and Food and Drug
Administration (FDA) have approved Cayston™ an inhalation solution
for antibiotic Aztreonam for the treatment of pneumonia.

MECHANISM, ADVANTAGES AND CHALLENGES INVOLVED IN THE
DELIVERY OF INHALATION THERAPEUTIC DRUGS

Lung offers numerous advantages as a delivery route for non-invasive
drugs especially for localized therapy [2]. The presence of mucus,
ciliated cells and macrophages in the respiratory airway systems
provide hindrance in localization, penetration and absorption of
drugs in the lung. The location of the deposited drugs in the airways
determines the clearance mechanism of inhaled drugs. Alveolar
macrophages protect the drugs that are deposited in the lower airways

while drug localized at the upper airways are removed by ciliated cells
in the epithelial region. The alveolar macrophages detect the presence
of foreign particles, engulf through phagocytosis and are finally digested
in lysosomal of macrophages as depicted in Fig. 1. The marked increase
in bioavailability of anticancer drugs and drugs entrapped in liposome
provide an indirect reflection of the success rate of inhalant therapy [6].

Drug delivery to lungs through inhalation has several advantages:

e High bioavailability of drugs can be achieved in lungs because of
limited intracellular and extracellular drug - metabolizing enzyme
activities.

e Inhalation therapy shows rapid onset of action due to the availability
of huge pulmonary surface area and profuse vasculature.

e Localized therapy reduces the chances of non-reversible tissue
damage caused by cytotoxicity of the drug.

¢ Localization of the drug assists in the reduction of the dose and
chances of drug degradation.

e Inhalation therapy encourages self-administration and thereby
improves patient compliance.

¢ Harmonic interaction of formulation factors and design of device
enhance solute permeability due to a reduction in particle size and
use of novel technologies [2,7].

In physiological conditions, mucus, a viscoelastic gel, is secreted to
protect cellular surfaces and maintain water balance. These mucus
layers act as a filter to remove pathogens. Therefore, mucus production
by epithelial cells is a physical barrier and rate-limiting step for drug
targeting. Adhesion interactions usually occur between mucus and drug
particles through electrostatic, hydrophobic, and hydrogen bonding [8].

For an effective drug targeting in lung, various physiological challenges
need to be assessed. Those challenges include ability to target the drugat
the specific area or cells, penetrability of drugs through airway mucosa
and escaping mucociliary clearance, transportability of the drug across
epithelial cells into bloodstream for systemic exposure, with the ability
to overcome the hindrance of penetration and inactivation by bacterial
biofilm in cases of infections, and minimal interactions between host
protein and drug molecule [9].
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Fig. 1: Mechanism of particles deposition in lungs

It has been observed that more than 10-fold increases in mucus
production occur in chronic bronchitis patients compared to healthy
subjects. It is necessary to manipulate the physicochemical properties
of drugs such as surface charges or hydrophobicity to avoid the
entrapment of drugs in the mucus and increase the penetration of
drugs across the mucus layers [10]. The bioavailability of the drug in
lungs depends on factors such as aqueous solubility, dissolution rate,
efflux of drugs, and drug clearance by alveolar macrophages. Most
insoluble particles, with an aerodynamic diameter larger than 6 um, are
eliminated by mucociliary clearance. Hence, nano-sized particles can
travel faster to reach bronchial epithelial region and escape the action.
The major challenges lie in the formulation of drugs with poor aqueous
solubility and poor cytosolic penetration. Poor aqueous solubility
may cause local irritation and inflammation in the airways whereas
poor penetration prevents the entrance of the drug to intracellular
pathogens.

DEPOSITION OF PARTICLE TO THE RESPIRATORY TRACT

The three main mechanisms of particles deposition in healthy lungs
are inertial impaction, gravitational sedimentation, and Brownian
diffusion [8,11,12]. Deposition can also occur by electrostatic
precipitation and by interception of elongated particles. Particle size,
velocity, and settling time (Table 1) play an important role in lung
deposition.

Inertial impaction

The process of deposition by impaction depends on air velocity, mass
and the aerodynamic diameter of the particle. Although the airflow
changes in the bifurcated airways, the suspended particles tend to
travel in their original pathways and deposits on the surface due to
impaction. Particles as small as 2 pm and as large as 5 um in diameter
are deposited primarily by inertial impaction. The preferred sites of
deposition by inertial impaction are at the bronchial region, especially
at the upper respiratory tract. The inertial impaction is expressed by
Stoke’s number.

Stk = (p,d,2u)/18pd.....(1)

Where Stk= stokes number, dp is the particle diameter, and P, is the
particulate density, u is the linear velocity and pis the dynamic viscosity
of the carrier gas, and d is a characteristic length which is equal to the
diameter of the airspace. The significance of stokes’ number lies in the
fact that the higher the number, the more likeliness that particle will
deposit by inertial impaction at the respiratory tract [8]. Therefore,
particles size, the linear velocity of the inhaled air and particulate
density is the major factors that determine respiratory tract deposition.

Gravitational sedimentation

Settling of particles in the smaller airways of the bronchioles and
alveoli, under the action of gravity is the sole mechanism of gravitational
sedimentation. Rate of sedimentation in these areas depends on
terminal settling velocity of the particles. Particles achieve the terminal
settling velocity when gravitational force and the resistive forces of the
air become equal. Particles with a diameter ranging from 0.5 to 5 pm
are preferred for gravitational sedimentation at the upper respiratory
tract, small airways, and alveoli.

Table 1: Deposition of particles to the respiratory tract

Particle size Site of deposition in lungs

1-5 pm Deposits in the lung periphery and penetrate
lung periphery

5-10 um Particles deposit in the large bronchi
oropharyngeal region

10-15 pm Deposit in the upper airways

10-100 pm Deposit and removed from mostly in the nose

and mouth

The terminal settling velocity (V) for a spherical sphere is expressed by
the following equation:

V.= (p,d,’8)/18p.....(2)

Where g is gravitational acceleration. Therefore, settling velocity
increases with increasing particle size and density, and the deposition
due to settling increases residence time.

Brownian diffusion

Collisions of the particles with gas molecules initiate random wiggling
motion and result in deposition of particles by Brownian diffusion
process. Brownian diffusion is inversely proportional to particle size
and mostly occurs for particles of <0.5 pm in diameter. Deposition
by Brownian diffusion mostly seen in the acinar region of the lung
(dp<0.01 um) and in the nose, mouth, and pharyngeal airway.

FACTORS AFFECTING PARTICLE DEPOSITION IN THE DISEASED
LUNG

Deposition of particles in lungs alters tremendously due to bronchial
obstruction, alteration in alveolar dimensions, and changes in
breathing patterns. Obstruction of airways during bronchitis, cystic
fibrosis, lung cancer, and emphysema reduces exposure to aerosolized
stream and thereby, deposition in the alveolar spaces is affected. This
is due to narrowing of the airways by inflammation, mucus secretion,
or bronchial constriction [6]. The physicochemical properties of the
composition, particle size and suitability for toxicological qualification
determine the effectiveness of the formulation, whereas the design and
performance of inhaler affect the drug deposition.

Depending on the above fact of particle deposition, to design an effective
inhaler the following parameters as mentioned in Table 2 should be
considered.

CURRENT INHALER DEVICES

Three clinically successful and competent pulmonary inhalation
devices currently available are nebulizers, pressurized metered-dose
inhaler (pMDlIs), dry powder inhalers (DPIs), and soft mist inhalers.

NEBULIZER

Anebulizer is a means for intending a medication into the lungs through
nose in the form of fine mist. A nebulizer assists a physical change of
medication from a liquid into a mist for easy inhalation of the drug
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Table 2: Consideration of essential parameters for the designing of an effective inhaler

Parameters

Type

Composition of formulation

Properties

Active ingredient Physicochemical properties

Density, pH profile and pKa (s), specific rotation, solvates
and hydrates, clathrates, morphic forms, amorphous
forms, solubility, moisture and residual solvent content
Particulate property

Particle size distribution, particle morphology
Physicochemical properties

Relative densities of the drug and excipients
Concentration of excipients

Compatibility study

Suitability with active ingredients

Compatibility with the components of container and
closure

Formulation suitability

Effect of type and number of excipients for the
determination of the internal pressure of aerosol
system [13,14]

Toxicological qualification

Particulate velocity

Mass median aerodynamic diameter of the particle
Air/particle velocity [15]

Quality test

Spray pattern and plume geometry

Leak rate

Pressure testing

Valve delivery

Leachable

Excipients

Properties of inhaler Aerosol properties

Spray properties

Table 3: Examples of nebulizers with novel technologies

Generic drug Nebulizer brand Type References
Aztreonam (Cayston®) Altera™ Nebulizer System Vibrating membrane technology [30]
Tobramycin (TOBI®) Pari LC®, Sidestream plus Breath-enhanced Jet nebulizer [31]
Pulmozyme® PARI eFlow® rapid Perforated oscillating membrane [27]

Table 4: Examples of pMDI with novel technologies
Generic drug pMDI (brand name) Type References
Ipratropium bromide HFA Atrovent® HFA Inhalation aerosol [27]
Pirbuterol acetate Maxair™ Autohaler™ Inhalation aerosol [19]
Fluticasone propionate Flovent® HFA Inhalation aerosol [31,37]
Budesonide and formoterol fumarate dihydrate Symbicort® Inhalation aerosol [5]

pMDI: Pressurized metered-dose inhaler, HFA: Hydrofluoroalkane

Table 5: Properties of various types of multiple dose DPI

Properties Flexhaler Twisthaler Diskus
Dose container Reservoir Reservoir Blister strip
Number of doses 60-120 30 60

Mechanism

Dose Indicator

Should be primed by holding it upright
and twist before use

Each incident of loading a dose the
indicator counts down, it moves at
intervals of five or so doses and marks
at intervals of 10 doses, with some
indication. When it displays “0,” it must
be thrown away

Priming before use is not
required.

Display of “01” in the dose
indicator indicates the last dose
of medicine and subsequent
refilling

Puncturing the wrapped blister on a
foil strip by Sliding the dose-release
lever

Change of number color to red in the
dose display indicates the presence of
last five doses [19]

DPI: Dry powder inhaler

into the lungs. Patient coordination between inhalation and actuation
is not required. Depending on the model and the make, nebulizers
generate 1-5 pum droplets [16,17]. Most liposomal formulations for

inhalation have been developed for use in nebulizers. Both jet and
mesh nebulization processes expose liposomal formulation to shear in
the air-liquid interface which disrupts liposomal bilayers, resulting in
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Table 6: Examples of DPI

Generic drug DPI brand Type References
Formoterol Aerolizer® Single dose DPI [47]
Tiotropium bromide HandiHaler® Single dose DPI [42]
Zanamivir Diskhaler® Multiple unit-dose DPIs [48]
Budesonide Flexhaler® Multiple-dose DPIs [19]
Salmeterol, fluticasone and its combination Diskus® Multiple-dose DPIs [42]
Beclomethasone dipropionate anhydrous and formoterol NEXThaler Single dose DPI [49]
fumarate dihydrate
DPI: Dry powder inhaler

Table 7: Example of marketed Soft Mist Inhaler
Generic drug Soft Mist inhaler (brand name) Type References
Ipratropium bromide and fenoterol hydrobromide Respimat® Soft Mist Inhaler [9]

vesicle fusion with either a corresponding increase in vesicle size or
fragmentation with its associated reduction in vesicle size [18].

Advantages

e [t can aerosolize mixtures of drugs for combination therapy.

¢ Large doses can be easily administered.

e [t is easy to administer, and effective with patients distressed
breathing pattern.

¢ Least patient coordination with the inhalation technique makes it
useful for very young, very old, and debilitated distressed patients.

¢ Modification of drug concentrations and dose can be done depending
on patients need [19].

Disadvantages

¢ Treatment times can vary depending on the severity of the disease.

e Transportability is less as equipment may be large and requires a
power source to operate.

e [t shows variations in performance among different types, brands,
and models.

¢ To prevent possible contamination cleaning after each application
is required.

Small volume nebulizer (SVN)
The SVN uses compressed air, oxygen, driven by a compressor or
electrically powered device to convert liquid drug solutions or
suspensions into an aerosol. There are three different types of SVN
are available. Various types of nebulizers already in market with novel
approaches are listed in Table 3.

Types of SVN
Jet nebulizers

Certain antibiotics, mucolytic, and liposomal formulations are
effectively delivered through jet nebulizers. Jet nebulizers work on
Venturi’s principle. Their operation requires compressed air or oxygen
gas and tubing. In jet nebulizer, the air is subjected to pass through a
narrow capillary, and subsequent reduction in fluid pressure takes
place. The aerosolized solution pass through the gas stream. The
aerosol stream strikes a baffle to produce smaller droplets which are
sheared into a liquid film. This film is unstable and further breaks into
droplets [20,21]. They are the least expensive kind of nebulizer. The
recent development of smart jet nebulizer-AKITA® JET (Vectura) helps
to achieve targeted inhalation therapy. It is a breath-actuated system
and operates at a low inspirational flow.

Ultrasonic nebulizers

In ultrasonic nebulizers, electrical energy is converted to high-
frequency (1-3 MHz) vibrations with the help of a transducer. Sound
waves are generated due to the vibration of piezoelectric crystals at high
frequency. These vibrations at the surface of the solution help to create

a standing wave that generates aerosol [22]. They are of two types large
volume and small volume ultrasonic nebulizer. Small volume ultrasonic
nebulizers are mostly used for inhalation therapy.

Mesh nebulizers

Mesh nebulizers are battery operated, portable, and silent nebulizers.
They are two types (a) vibrating mesh nebulizer and (b) static mesh
nebulizer.

The basic principle of mesh nebulizer is the vibration of a piezo element
at around ~128 KHz. This vibration leads to the movement of liquid
formulations through a fine mesh to generate aerosolized stream. The
particle size of the aerosolized stream is determined by the diameter of
the mesh or aperture. Mesh nebulizers are reported to be very efficient
and result in minimal residual volume (0.1-0.5 mL).

The latest generation I Neb Adaptive aerosol delivery system is a type
of vibrating mesh nebulizer which analyses patients breathing control
pattern, has a unique metering chamber of precise dose delivery [23].

FOX®, battery-operated hand-held nebulizer system based on aerosol
bolus technology is an extension of vibrating mesh nebulizer of high
performance.

The Micro air® NE-U22V is the marketed static mesh nebulizer. It can
nebulize aqueous solutions and suspensions of the drug. Droplets
generated by this mesh nebulizer have a size of 3 pm [24]. Marketed
vibrating mesh nebulizers such as Pari eFlow® rapid and Omron U22
have a mesh plate. When the plate vibrates due to the action of the
piezoelectric element, it breaks the liquid into very fine droplets [25].
The aerosol, thus, produced at a moderate velocity inside the nebulizer,
leaves from the valve as a standing cloud at a low velocity. In Pari
eFlow® system an inspiratory and expiratory valve mechanism during
inhalation minimizes leakage of aerosol and can be useful with a
maximum volume of 6 mL.

Breathe actuated nebulizer

The AeroEclipse® II nebulizer aerosolizes the solution of the drug as
per patient’s inspiratory effort. It is clinically proven that it can deliver
a high respirable dose to its optimal particle size to the affected areas
of lungs. In this technology, the drug can be available during inhalation
and exhalation phase, and it depends on inhalation: Exhalation (I: E)
ratio. This property minimizes loss of drug and economic utilization of
drug. Its one-way valve mechanism provides protection against harmful
viruses [26].

Excipient used in nebulization

The various excipient used in nebulization

¢ [sotonicsolvent system - sodium chloride is widely used to adjust the
osmolality of solutions to approximately 300 mosmol/l. Particulate
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and alcohol-based Proliposomes can readily be converted to isotonic
liposomes formulations with the help of jet or mesh nebulizer.

¢ pHadjustment system - hydrochloric acid, sodium hydroxide, citric
acid, and phosphate salts are commonly used to adjust the pH of the
solution.

e Surfactants - surfactants such as polysorbates and sorbitan are
generally present to aid dispersion or dissolution of the drugs in the
solvent system.

¢ Cosolvent - cosolvent such as ethanol may be used only in small
amounts as it may irritate pulmonary epithelium.

e Preservative - methylparaben and propylparaben are used as
preservative [27-29].

MDI

The most popular inhalers used in the treatment of local respiratory
diseases are pMDI [32]. The conventional pMDI consists of a canister,
metering valve, actuator and a mouthpiece. MDIs contain a solution
or suspension of drug dispersed in a propellant that on actuation
delivers an aerosol bolus. It is an inexpensive and pocket-sized device,
but, has a greater potential for misuse and are generally appropriate
for molecules that are potent at low doses [33]. A few scientists have
found some success formulating liposomes in MDIs or using MDIs that
facilitate the spontaneous formation of liposomes once the aerosol

deposits in an aqueous environment as would occur in the airways [34].

The basic components of a pMDI system are described as below:

¢ Canister - canister is made of inert materials of plastic, stainless steel,
glass, and aluminum. The canister should be able to withstand the
high pressures of the propellant gas equilibrium with its liquid state.

¢ Metering valve - metering valve is made to deliver a fixed amount of
aerosol (20-100 pL) of potent medication per actuation. It is either
crimped onto the container or sealed with elastomeric valves and
thus preventing drug loss due to leakage.

e Actuator - actuator is made to deliver the aerosol product in its proper
and desired form. It includes a spray nozzle (actuator orifice) and an
expansion chamber. In the expansion chamber or “boot,” the released
propellant from the metering chamber expands and partially volatizes
due to the decrease in pressure. The orifice helps to aid in producing
required type of discharge in the form of spray, foam or solid stream.
Each boot is unique to a specific pMDI with a specific drug.

e Propellants - liquefied compressed gases in which the drug is
dissolved or Suspended. It is the key component for developing
pressure within the container which helps to expel the product on
the opening of valve. A blend of fluorocarbons propellants is generally
used to produce a desired vapor pressure inside the canister [32,35].

Advantages
e Portable, light, and compact assembly of pMDI are easily
transportable.

e Multiple doses can be dispensed conveniently in a single assembly.

e A dose can be removed without contamination of the remaining
product, sterility can be maintained throughout its use.

e As medication is delivered directly to the affected area, it reduces
dose and treatment time.

¢ It minimizes number of administration errors with reproducibility
of the emitted doses [30].

Disadvantages

e Presence of chlorofluorocarbon (CFCs) or hydro fluoro alkane (HFAs)
lead to produce extra fine particles of the emitted dose, this may cause
a high proportion of drug deposition in the mouth and oropharynx
regions, increases the chances of local and systemic side effects due
to rapid absorption.

e Itisdifficult to determine the dose remaining in the canister without
dose counter and a phenomenon called tail-off; i.e. release of aerosol
plume with little or no drug, can happen beyond the labeled number
of actuation.

» Toachieve success in delivery patient’s proper inhalation pattern for
“extrafine” aerosols (particle size in the range of 1 pm), breath-hold
technique is required.
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¢ Some patients show a reaction to propellants.
e Improper inhalation technique leads to high oropharyngeal
deposition and thereby medication errors.

Types of pMDI
Conventional pMDI

In the conventional pMDI system, the medication comprises only 1-2%
of the mixture is made to suspend or dissolve in the propellant/excipient
mixture constituting 80% of the mixture. To prevent aggregation of the
drug particles and to ensure lubrication of the metering valve, a surface-
active agent is occasionally used. Addition of surfactants ensures well
distribution of the drug in the formulation. In the metering valve, the
volume varies from 25 to 100 uL and provides 50 pg-5 mg of drug
per actuation, depending on the drug formulation. The two types of
propellants used with pMDI are CFCs and HFAs [36].

Breath-actuated pMDI

The Autohaler™ (Graceway Pharmaceuticals, Bristol, TN) uses a
breath actuate nozzle, which helps to eliminate the need for hand-held
coordination during drug administration by inhalation and provides
an automatic response to the patient’s inspiratory effort [36-38]. It
contains a pressurized canister with a spring-loaded mechanism to
trigger the flow automatically during inhalation. It can dispense the
aerosol even at a medium to low inspiratory flow rate.

Excipient used in MDIs

In an MDI, the drug is either suspended or dissolved in a propellant

mixture [27,34,39]. The vapor pressure of the liquefied propellant

serves as the source of energy and expels the formulation from the valve

in the form of rapidly evaporating droplets. The liquefied propellant

serves as a dispersion medium for the drug and another excipient also.

¢ Propellants: CFC-based MDIs generally contains amixture ofaliquefied
low boiling-point propellant like CFC 12 (dichlorodifluoromethane)
and a liquefied higher boiling-point propellant such as CFC 11
(trichlorofluoromethane) or CFC114 (dichlorotetrafluoromethane).
The international communities environmental protection agency,
American FDA (USFDA), and consumer products safety commission
agreed to replace CFC propellants in 1979 and later under the
agreement of the United Nations Montreal Protocol the use of CFCis
restricted worldwide from the 21 century. HFAs replaces the use of
CFC propellants. HFA 134a (1,1,1,2-tetrafluoroethane) and HFA 227
(heptafluoropropane) are now considered as established excipient.
The disadvantages associated with HFAs are, that commonly used
surface-active agents are almost totally insoluble in it. Hence, physical
stabilization of drug particles in suspension is inadequate.

¢ Surface active agents: The surface active agents commonly used to aid
dispersion of suspended drug particles or dissolution of a partially
soluble drug and to lubricate the metering mechanism are Sorbitan
trioleate (SPAN 85), oleic acid, and soya lecithin, at a concentration
between 0.1% and 2.0% (w/w).

e Other additives: Flavors, sweeteners, antioxidants, and chelating
agents can be added for increasing palatability and enhancement of
stability of the formulation.

The various types currently marketed pMDI are listed in Table 4.

DPI

An active therapeutic agent in powder form can be delivered through
pulmonary route effectively by means of DPI for local and systemic
effect. DPIs are portable, inspiratory flow-driven inhalers devices. In
the year 2008, USFDA had put an end to selling of MDI with CFC. As an
alternative to pMDI, DPIs are developed. They are free of propellant and
are breath-actuated. In DPIs, fine drug particles of size less than 5 um
are blended with the suitable large carrier (e.g., lactose). Presence of
carrier materials not only improves the flow properties but also provide
dose uniformity of potent drug [40]. The drug particles disperse in the
form of microdispersion from the device during inspiration. Powder
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deagglomeration and aero ionization of the formulation occurs through
patients own inspiratory effort. Dry powder devices which operate at a
low inspiratory flow rate, e.g.: Diskhaler and Turbohaler are clinically
desirable for children and adults with decreased lung function either
because of age or disease [41].

Industrial advantages

e Devices are free of propellant.

e Easedelivery of poorly water-soluble drug, protein and peptide drugs
can be achieved in stable powder form.

¢ Encapsulation of the drug with carriers promotes stability of the
drug.

¢ An extended release profile with improved penetrability can be
achieved with dried liposomal inhalation [42].

Clinical advantages

e DPIs are generally small and portable.

e Presence of inert carrier and propellant-free system improves
tolerability and reduction of toxicity among patients.

¢ DPIsare suitably designed in built-in dose container, make them easy
to use.

¢ Asthey are breathing actuated device, there is less need for patient
coordination, so they are easy to use.

e Preparation and administration time are short.

¢ They possess less potential for formulation problems.

Disadvantages

e Effectivity and success of drug delivery are largely dependent on
patient’s inspiratory flow rate and pulmonary condition.

e Oropharyngeal impaction is high.

e Care should be taken on exposure of powder to atmospheric
humidity and exhaled humidity into mouthpiece as it may affect the
deagglomeration process of conversion into finer particles.

e [t provides less protection from environmental effects and patient
abuse.

e DPIs are comparatively expensive than pMDIs.

e This system of pulmonary delivery is suitable for a limited range of
drugs.

Types of DPIs

Based on the design of dose containers, DPIs can be classified into three
categories, i.e., single-dose DPIs, multiple unit-dose DPIs, and multiple-
dose DPIs [19,43].

Single dose DPIs

In single-dose DPIs powder drug is made to evacuate from a punctured
capsule. The capsule in the drug holder is pierced, and air enters the
device for dispersion into fine stream of particles during inhalation. The
main drawback of single-dose DPIs is the time needed to load a dose
for each use and patients should be instructed not to eat the capsules.

Multiple unit-dose DPIs

The Diskhaler is an example of multiple unit-dose DPI. It has a refill
disk that contains 4 or 8 unit-dose blisters. On actuation, each blister is
punctured mechanically inside the device. With an inspiratory flow rate
>60 1/min an adequate drug deposition into the lungs can be achieved.
It does not have a dose counter, so doses must be tracked manually.
Visual inspection confirms the use of all packets. The disk is disposed of
when all the doses have been used.

Multiple-dose DPIs

Multiple-dose DPIs come with integrated mechanical devices. An
account of the number of doses remaining in the inhaler can be obtained.
The devices give an alert display to the patient for new procurement.
They are three types Flexhaler, Twisthaler, and Diskus. The differences
in the types of multiple dose DPIs are illustrated in Table 5.

Excipient used in DPIs
Particle-size distribution affects drug’s deposition in the respiratory
tract. Hence, in the formulation of a DPI system, four parameters play a
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keyrole, i.e.,, a dose-metering mechanism, an aerosolization mechanism,
a deaggregation mechanism, and an adaptor to direct the aerosol into
the mouth. In general, very fine particles exhibit stronger cohesive
forces, resulting in poor flow properties. Hence, careful selection of
blending process with the excipient is needed [44-46].

The commonly used excipient are listed as below

e Sugars - lactose, glucose, mannitol, and Trehalose are used as carriers.

e Hydrophobic additives - to protect the drug from moisture,
magnesium stearate is used.

e Lipids - dipalmitoylphosphatidylcholine, distearoyl
phosphatidylcholine, dimyristoyl phosphatidylcholine, and
cholesterol are used for liposomal drug delivery and coating of the
particles.

¢ Amino acids - leucine and trileucine are used to improve the aerosol
efficiency and targeting at lungs.

e Surfactants - to produce light and porous particles poloxamer is used.

e Absorption enhancers - hydroxypropylated - beta-cyclodextrin,
natural gamma-cyclodextrin, bile salts, chitosan, and
trimethylchitosan are used for absorption enhancers for proteins
and peptides.

¢ Biodegradable polymers are also used for sustained release
formulations.

The currently marketed DPIs are listed in Table 6.

SOFT MIST INHALER

The Respimat® (Boehringer Ingelheim Pharmaceuticals, Ridgefield,
CT) system is a propellant-free Soft Mist inhaler as listed in Table 7.
It utilizes a tensioned spring to generate the soft aerosol plume. The
device is free from propellant; hence, shaking of the canister is not
required. It represents a novel approach to the inhalation therapy and
overcomes few limitations of pMDI, DPI, and nebulizers. The Respimat®
can produce droplets of diameter between 1 and 5.8 pm. The droplet
size in this range helps to avoid loss of small droplets during the
subsequent exhalation and facilitates efficient lung deposition [50,51].

Advantages

e They are small and portable.

e Supply of power is not required for its operation.

e Device is propellant-free and spacer free.

¢ The soft aerosol plume reaches the pulmonary tissue efficiently, so
medication loss due to oropharyngeal deposition can be overcome.

e It has a dose indicator and gets locked when medications are
exhausted [Ibrahim].

e Itisinspiratory flow rate independent.

Disadvantages

e They are comparatively expensive.

e [tisnot breathing controlled device.

e Itrequires filling of capsule followed by rotation of the device before
inhalation, so handling becomes difficult especially for elderly
patients.

CHALLENGES IN INHALER PERFORMANCE AND DRUG DELIVERY

Nebulizer
There is wide availability of nebulizers in the market. However, the
performance of nebulizers varies from manufacturer to manufacturer.

Drug delivery is largely dependent on the rate of nebulization and
greatly affected by particle size. The physicochemical properties of
the formulation such as viscosity, ionic strength, osmolality, pH, and
surface tension affect the performance of nebulizer. Inhalation through
nebulization may induce bronchoconstriction, coughing and irritation
of the lung mucosa at low pH, or at hyper- or hypo-osmolality of the
formulation. High drug concentrations can affect the drug output with
some nebulizers, e.g. colomycin at concentrations >75 mg/ml foams in
all nebulizers, making aerosolization of the drug very inefficient [36].
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pMDI
The effectiveness and efficiency of an MDI depend on a patient’s
breathing pattern, inspiratory flow rate and hand-mouth coordination.
For an effective delivery of drug and prevention of oropharyngeal
loss through pMD], it requires spacers or holding chambers or valve
holding chambers (VHC) in clinical practice. Use of improper technique
can decrease drug delivery eventually loss of dose. The reasons for
decreased drug delivery through pMDI can be due to electrostatic
charge, inhalation before actuation, multiple actuations into the device,
or delay between actuation and inhaling the dose. Lack of a proper mask
fit, a spacer volume greater than tidal volume is considered problematic
for children [19].

DPI

The delivery efficiency of a DPI depends on the intrinsic resistance of
patients breathing pattern, exposure of powder material to moisture
and the particle size.

Intrinsic resistance - as they are inspiratory flow-driven inhalers,
patient’s inspiratory effort plays a crucial role in deaggregation of
powder into finer particles. This type of delivery may not be suitable for
very young population and patients suffering from chronic obstructive
pulmonary disease as they may not be able to generate an adequate
inspiratory flow.

Exposure to humidity - the flow properties of aerosolized powders in
a DPI system are affected by humidity and moisture. This can cause
powder clogging and problem in fine-particle development during
inhalation, so they must be kept dry.

Particle engineering - most important factor involved in evaluating DPI
performance is the engineering of particle size. In a review, Staniforth
explained the Pascal system. This is an example of improved DPI system
with carrier formulation technology. It uses a novel single step process
called as Corrasion. In this process, mixing and surface modifications
of mixtures of aLactose monohydrate and amino acid L-leucine take
place simultaneously, and thereby produces a powder formulation that
delivers accurate, uniform and efficient doses of the drug [52].

Medspray’s inhalers and sprays are the next generation inhalers, under
clinical study, aims to generate aerosols with a narrow distributed
particle size of micro and nanotechnology. It is designed to aim for more
efficacious and simple aerosol delivery of drugs to the specific targeted
sites with improved patient compliance.

IMPORTANCE OF PATIENT’S BREATHING PATTERN IN INHALATION
THERAPY

The design of inhalation system and patient respiratory effort play
a key role to maximize drug uptake into lungs. Incorrect inhaler
technique and poor device technology lead to inhaler misuse. Age and
illness of the patient are the determinants of affectivity of inhalation
system. The variation in deposition varies from 20% to 95% with a
standard inhalation device. Long period of treatment increases the
chances of patient’s noncompliance and dose-related toxicity. Hence,
breathing pattern should be controlled to ensure adequate, effective
and quick therapy. Medical personnel should train the patient at
the time of initiation of therapy. For the aerosol system patients are
advised to take an initial deep breath and holding of breath for 10 s
to allow the settlement of the particles in the deep pulmonary region.
In case of pMDIs addition of spacer can help in coordination between
actuation of the device and patient inhalation by slowing the velocity
and reduction in particle size. Similarly, a VHC for pMDI system opens
easily with patient’s inspiratory effort through one-way opening of the
valve. However, improper techniques, multiple actuations, inhaling
before actuating the pMDI system may decrease drug delivery through
spacer and VHC. Recent development of AKITA technology aims in
individualization and controlled inhalation with popular nebulizers
using a smart card to ensure consistent and optimal dosing [53].
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CONCLUSION

Pulmonary administration through inhalation technique has become
an attractive route of drug delivery to treat chronic and severe disease
conditions with target specificity, economic utilization of drug and
toxicity-limiting point of view. It also avoids problems associated with
intravenous delivery. To maximize drug concentration at the site of
action and to improve the drug efficacy, the therapeutic agent is made to
localize in the airways during the inhalation therapy. Hence, the particle
diameter and its aerodynamic velocity play a crucial role. It has been
reported that targeting drug through nanoparticles reduces chances
of resistance of antibiotics [54-57]. To achieve success in inhalation
therapy through a harmonic interaction with breathing and inhaler
mechanism patient should be trained properly. Recent advancement
in pulmonary drug delivery has been achieved by introduction of new
particle engineering technologies through spray drying, freeze drying,
spray freeze drying, use of biodegradable polymers and binding of
drug formulations with specific ligands for effective site-specific lung
targeting [58-60]. The structure and design of inhaler play a major
role on the aerosol deposition to the lungs. An ideal inhaler should
deliver precise and consistent doses to the targeted region of the lungs
keeping the stability of the formulation throughout its shelf-life. In
the development of new inhalation medications, consideration must
be given to the formulation ingredients to ensure chemically stability,
non-irritability with improved bioavailability of the formulation. It
should also be compatible with a suitable metering system to produce
a convenient device that is comfortable and easy to use by the patient.
Hence, the inhaler drug combination should serve as a one in all,
compact, single medication for effective use, of which the in vitro
performance and in vivo efficacy must be demonstrated.
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