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ABSTRACT

Pulmonary dosage forms constitute an important route of drug delivery for systemic absorption of drugs in management of respiratory diseases
as well as diseases such as diabetes, migraine, osteoporosis, and cancer. Performance of different pulmonary dosage forms is greatly influenced by
aerodynamic particle size distribution of inhalable particles, spray pattern, fraction of dose actually deposited on pulmonary epithelium, dissolution
of active pharmaceutical ingredient and ultimately absorption across pulmonary barriers. In vitro dissolution study should be designed to predict
in vivo performance precisely, providing key information on bioavailability and establishing in vitro-in vivo correlation. To obtain meaningful data
from dissolution study, focus should be on composition of dissolution medium, dissolution conditions and dissolution test apparatus. For pulmonary
dosage forms, selection of physiologically relevant dissolution medium, mimicking lung fluid (LF) is a challenging task. Attempts are being made to
develop bio-relevant dissolution medium to overcome the limitations associated with use of conventional media lacking lung surfactant proteins, or
several salts normally present in pleural fluid. Use of simulated LFs can give a better understanding of the release mechanisms and possible in vivo
behavior of pulmonary dosage forms thereby enhancing the predictive capability of the dissolution testing. In the review, efforts have been taken to
provide comprehensive information on composition, physicochemical characteristics and functions of physiological LF, challenges associated with the
design and development of dissolution study protocol for pulmonary dosage forms, criteria for selection of an appropriate bio-relevant dissolution
medium, comparative study on various reported bio-relevant dissolution media and dissolution apparatuses employed for in vitro characterization
of performance of pulmonary dosage forms.
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INTRODUCTION

Drug delivery into the lungs through pulmonary route has become
one of the most important aspects of local as well as systemic drug
delivery [1]. The origin of inhalation therapy can be traced back to India
4000 years ago where people smoked the leaves of Atropa belladonna
to suppress cough. Drug delivery to the respiratory tract is principally
performed for the treatment of local disorders, for example, asthma
and cystic fibrosis. The pulmonary route can be employed to achieve
drug absorption into systemic circulation without direct passage to
liver thereby avoiding the hepatic first-pass effect [2-4]. Moreover, drug
delivery by this route can be considered ideal for systemic absorption
of drugs owing to excellent blood perfusion of lungs and large surface
area provided by the alveoli. The pulmonary route presents several
advantages in the treatment of respiratory diseases (e.g., asthma,
chronic obstructive bronchopneumopathy) and as well as in some
other indications such as diabetes, migraine, osteoporosis, and cancer
over the administration of the same drugs by other routes. Despite
facing challenges such as mucociliary clearance, short residence time,
need for particle size optimization, etc., research is going on to develop
technology to deliver drugs through pulmonary route [5,6].

There are three main types of delivery systems for respiratory dosage
forms which include metered-dose inhalers (MDIs), dry-powder
inhalers (DPIs), and nebulizers. MDIs are pressurized hand-held devices
that use propellants for delivering micronized drug in either dissolved
or suspended state together with other excipients including surfactants
and presented in a pressurized canister fitted with metering valve. In
propellant-free DPIs, drug is inhaled as mist of fine particles. The drug
is either preloaded in an inhalation device or filled into hard gelatin
capsules or foil blister discs, which are loaded into a device before use.

DPIs are being increasingly popular with the growing concerns over
the use of chlorofluorocarbons as propellant in MDIs. Nebulizers are
devices for converting aqueous solutions preferably or micronized
suspensions of drugs into an aerosol for inhalation. Nebulizers are
frequently used for drugs that cannot be conveniently formulated into
MDIs or DPIs [7].

For in vitro performance testing of pulmonary dosage forms, dose
contentuniformity and particle size distribution are the mostimportant
parameters that need to be monitored. Delivery of API from a specified
delivery device and its deposition using a pharmaceutical impactor
on artificial surface or membrane also needs to be investigated to
estimate the actual dose delivered to lungs. Thus, an ideal dissolution
test procedure for inhalation formulations should involve particle
classification followed by evaluation of dissolution profile from sorted
drug particles that may deposit at various sites in respiratory tract.
Some of the commonly used media for dissolution testing of inhaled
products include distilled deionized water, phosphate buffered saline
(PBS) (pH 7.4), mixture of citrate buffer and ascorbic acid (pH 5.2),
mixture of water and 0.5% sodium dodecyl sulfate (SDS), etc. However,
the media mentioned so far have little physiological relevance with
the actual lung fluid (LF) thus failing to achieve in vivo dissolution
profile predictive of in vivo inhaled drug products. To overcome this
problem, bio-relevant dissolution media should be developed for
better predictability of in vivo absorption profile of pulmonary dosage
forms [8-18].

The objective of the review is to provide comprehensive information on
the need for the development of suitable bio-relevant dissolution media
to predict and characterize in vivo dissolution behavior of pulmonary
dosage forms (PDFs). No article could be found in literature describing
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various simulated LFs used till date for characterization of in vitro drug
release profiles from inhaled products and benefits of the use of such
bio-relevant media over conventional ones. Ability of the media to mimic
the physiological LF closely can enhance the in vivo predictability of drug
dissolution studies. For better understanding of need for bio-relevant
dissolution media and their selection, it is essential to have sufficient
knowledge of lung physiology, LFs, surfactant and also barriers to
pulmonary absorption which have been aptly described here.

ANATOMY AND PHYSIOLOGY OF LUNGS

Anatomically, the respiratory system consists of two parts, the upper
and the lower respiratory tract. The upper respiratory tract located
outside the chest cavity is composed of nose, pharynx, and the larynx.
The lower respiratory tract which is located inside the chest cavity
is composed of trachea, the bronchi, the bronchioles, and the alveoli,
which are the functional units of lungs. The lungs lie on either sides of
the mediastinum, within the thoracic cavity. Each lung is surrounded
by a pleural cavity, which is formed by the visceral and parietal pleura.
The lungs are made up of 300 million alveoli, highly vascularized by
280 billion pulmonary capillaries which provide a vast exposed surface
area of 50-100 m? for effective gaseous exchange. Large surface area,
good vascularization, thinness of alveolar epithelium (0.1-0.2 um) and
high permeability of lungs render them ideal for drug delivery. With
respect to pulmonary drug delivery the respiratory tract can be divided
into three regions namely nasopharyngeal (NP) region, tracheo-
bronchial (TB) region, and alveolar region (A). The NP region includes
the respiratory airways from nose down to larynx, TB region starts
at larynx and extends via trachea, bronchi, and bronchioles and ends
at terminal bronchioles and alveolar region comprises of respiratory
bronchioles, alveolar ducts and alveoli. The alveoli consist of single
cell layer of squamous epithelium containing highly vascularized
capillaries [19-26]. There are mainly two types of cells present in
alveolar epithelium termed as type 1 pneumocyte responsible for
gaseous exchange and type 2 pneumocyte cells which produce, secrete
and recycle pulmonary surfactant proteins [SP].

Lung fluid (LF): Physicochemical properties

The lung or pleural fluid is a clear ultrafiltrate of plasma that originates
from the parietal pleura. The ion content of human pleural fluid
indicates that it is significantly hypo-osmotic (222 mOsm) in relation
to plasma. The pH of healthy LF has been reported to be 7.3-7.4. About
10-30 ml of LF termed as airway surface liquid (ASL) covers the wide
surface area of lungs that lies between the airway epithelium and the
gas in the lumen which can protect the alveolar surface and bronchioles
from external damage thereby providing the first line of defense. ASL
ensures muco-ciliary transport of inhaled particles. Basically the ASL is
composed of upper viscous mucus layer followed by lower periciliary
liquid layer. The thickness of these two layers together is in range of
5-20 pum in healthy individuals. The surface tension of ASL in healthy
individual is <10 mN/m [27,28]. The various ions present in the ASL
include Sodium (Na*), Potassium (K*), Magnesium (Mg?*), Calcium
(Ca®"), Chloride (CI), Sulfate (SO4*"), Bicarbonate (HCO,), Acetate
(CH,C00"), and Phosphate (PO, *) ions. It is necessary for the inhaled
drug particles to get dissolved in respiratory tract lining fluid (RTLF)
covering the respiratory tract epithelial cells from nasal mucosa to
alveoli. RTLF is composed of 95% water, 1% proteins, 2% mucins
(glycoproteins [GP]), and 1% inorganic salt.

Lung surfactant (LS): Physicochemical properties and functions

The ions and surfactants of the ASL mainly control the surface tension.
The surfactants in ASL consist of proteins (surfactant-specific proteins
[SP] or serum proteins, such as albumin, fibrin, and transferrin) which
are associated to the phospholipids. Around 92% of LS is constituted
by lipid and 8% is constituted by the SP. The major phospholipid in
LS is dipalmitoyl phosphatidylcholine (DPPC), although it may contain
unsaturated PC, phosphatidyl glycerol (PG), and phosphatidyl inositol.
Remaining 8% LS includes four specific SP which are categorized into
two families. The collectin protein family comprises of SP-A and SP-D,
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SP-A being the most abundant hydrophilic GP. The smaller hydrophobic
SP-B and SP-C are embedded in the LS associated with phospholipid
layers. LS improves the mechanical stabilization of the lung alveoli
thereby preventing the alveolar collapse. Moreover, LS also plays an
importantrole in stabilizing the fluid balance in lungs thereby protecting
the lungs against edema. LS can also enhance the solubility, promote the
dissolution and absorption of poorly water soluble inhaled drugs due to
its inherent capabilities of reducing interfacial tension [29,30].

BARRIERS TO ABSORPTION AND TRANSPORT MECHANISMS
ACROSS PULMONARY EPITHELIUM

There are mainly three types of barriers to drug permeation into alveoli
such as alveolar-capillary barrier (air-blood barrier), interstitium,
and vascular endothelium. Capillaries can be seen lying in a slightly
asymmetrical fashion within alveolar walls, so that the alveolar-capillary
membrane is on one side relatively thick and on the other side thin.
The latter measures less than 0.5 um in cross section, and comprises
an epithelial layer of type I alveolar cells, capillary endothelium,
and between these two cell types lies a single basement membrane,
which is a continuation of the alveolar basement membrane. The lung
interstitium is the extracellular space between cells in tissue. In order for
a molecule to be absorbed from the airspaces through the interstitium
it must pass through the interstitium. Within the interstitium are
fibroblasts, tough connective fibers and interstitial fluid which slowly
diffuse and percolates through the tissue. The vascular endothelium is
the final barrier to a molecule being absorbed from the airspace into
the blood. Permeation of ions or inhaled drug molecules across the
pulmonary epithelium follows specific mechanism to overcome the
aforesaid barriers. The ion transport across airway epithelium occurs
via transcellular route. The cells in airway epithelium are required
to be polarized for the effective transport of ions. There are mainly
four steps involved in the process of ion transport across the airway
epithelium. Step 1 involves the active extrusion of sodium ions via Na-K-
ATPase from the cell to the interstitium. This is followed by step 2 which
involves the movement of anions to counteract the positive charge. Step
3 involves the accumulation of sodium ions and anions in the interstitial
space to produce an osmotic gradient from lumen to interstitium that
promotes water influx. In the final step, accumulation of salt and water
occurs in the interstitium to promote the bulk flow of solute and water
into the pulmonary capillaries. Some of the ion channels present on the
apical and basolateral membranes of the air way epithelium include
Na*, Cl7, and K* channels [31-40].

IN VITRO QUALITY CONTROL (QC) TEST PARAMETERS FOR
PULMONARY DOSAGE FORMS

Various QC tests are performed on pulmonary aerosols and the
propellants to guarantee that the ultimate product is at its optimum
performance with the highest safety and that it fulfils product
specifications and deliverables. Tests on propellants include
determination of flammability and combustibility. Other tests on
propellants include estimation of vapor pressure, density and moisture
content. Aerosol valve discharge rate is determined by taking an aerosol
product of known weight and discharging the contents for a given period
of time using a standard apparatus. Spray pattern testing is based on
the impingement of spray on a piece of paper that has been treated
with a dye-talc mixture. Cascade impactor and light scatter decay
methods are used for determination of particle size distribution (PSD)
of aerosol. Other QC tests for aerosol include leak testing, foam stability
testing, net content determination, etc. Delivered dose uniformity test
is one of the important QC test applicable for MDI/DPI [41]. However,
various other QC tests which are performed in case of MDI include
physical characterization of drug substance and excipients, tests for
minimum fill justification, actuator or mouth piece deposition, effects
of environmental moisture on formulation, robustness, etc.

Two aspects which are primarily important in determining the in vivo

performance of an inhaled formulation include total amount of dose
deposited in the lung and its size distribution. The deposition is a
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consequence of the breathing pattern, the device used and the particle
engineering. The dissolution profile of inhaled particles depends on the
method used for collecting the amount of inhaled particles and their
mass. Drug release is affected by the size of the particles collected
after impaction (as the dissolution rate is inversely proportional to
the radius of the particles, especially for particles within the range
of 1.5-10 wm), drug solubility, diffusion layer thickness, and particle
shape [41,42]. Detailed information on different apparatuses used for
dose collection and subsequent drug release testing has been provided
in a later section.

CHALLENGES TO DESIGN AND DEVELOPMENT OF DISSOLUTION
STUDY FOR PULMONARY DOSAGE FORMS: SELECTION OF
DISSOLUTION MEDIUM

Dissolution testing is considered to be a valuable tool which can provide
key information about bioavailability or bio equivalency as well as batch
to batch consistency of any pharmaceutical dosage form. The selection
of appropriate dissolution medium is a critical factor which depends
on the purpose of study and drug molecule being investigated. It is
advisable to select medium which can mimic more closely the biological
fluid for prediction and modeling purposes. Limitations associated with
the preparation of conventional media in study of dissolution profile of
pulmonary dosage forms include increased risk of salt precipitation and
use of citrate instead of protein, use of acetate replacing organic acids
to avoid foaming which lead to deviation from original components in
LF [43]. Although some of the dissolution media being used have some
physiological relevance, these media are not capable to simulate the
LF properly. In some cases, these media exhibit insufficient buffering
effect leading to inappropriate prediction of dissolution profile for
formulations showing pH-dependent release or sustained release.
Actually the main problem associated with the identification of most
physiologically relevant medium is that only the relative and not the
absolute concentration of SP in human epithelial LF is known [44].

Rohrschneider et al. performed an experiment to evaluate the
Transwell® system for characterization of dissolution behavior of three
corticosteroids (ciclesonide, budesonide and fluticasone propionate
(FP)) differing in their lipophilicity. In this study, Andersen cascade
impactor (ACI) and Next generator impactor (NGI) were used for
sample collection. For dissolution study, PBS with 0.5 % SDS was
used as simulated RTLF dissolution medium for budesonide and
ciclesonide, whereas PBS (pH 7.4) was used for FP. It was observed
that in the absence of surfactant, less than 10%FP dissolved over a
period of 24 h, indicating slow and incomplete dissolution. Analysis
of dissolution profile for ciclesonide was unsuccessful because of its
even lower solubility in medium without surfactant which resulted
in concentrations below the limit of quantification of ultraviolet-high
performance liquid chromatography. In case of budenoside, it was
observed that about 90% of the drug dissolved in 24 h in presence of
surfactant (0.5% SDS) in the dissolution medium. It is to be kept in
mind that the composition of LF is altered in pathological conditions,
when it becomes challenging for the conventionally used media to
mimic the composition of physiological LF. Hence, the development
of a “fit for purpose” simulant demonstrating physiological relevance
becomes essential [45]. Some of the commonly used simulated RTLF
for in vitro dissolution study of inhaled drugs (for example, salbutamol
(SB), voriconazole, fluticasone, itraconazole (ITZ), budenoside, and
clarithromycin) include distilled deionized water, combination of PBS +
Polyethylene oxide (PEO) + L-alpha-phosphatidylcholine, combination
of Survanta™ + Normal Saline, PBS + Tween 80, Citrate buffer + ascorbic
acid and PBS + PEO [46-49].

May et.al. performed an experiment to investigate factors affecting
dissolution of powders for pulmonary delivery with USP apparatus
2 (paddle apparatus) and ACI was employed for dose collection.
Budenoside was used as model drug and mixture of PBS (pH 7.4) and
0.02% DPPC was employed as RTLF medium. Addition of 0.02% DPPC
improved the wettability of active pharmaceutical ingredient, resulting
in better discrimination of dissolution profiles and good reproducibility
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as confirmed by the fit factor test [48]. Haghi et al. performed another
experiment to investigate and compare deposition, dissolution and
transport of salbutamol sulfate (SS) and free SB inhalation powders
by employing Franz diffusion cell. It was observed that release of
salbutamol base was relatively slow with time for 50% drug diffusion
(t5,) at 120 min whereas diffusion of SS was fast with a t, of 30 min. Such
observations are predictable and suggest that DPPC has little impact on
dissolution behavior of SS since this drug is freely soluble in aqueous
HBSS and SLE, compared to the slightly soluble SB. Subsequently,
it is evident that SS undergoes faster wetting, and therefore, a faster
dissolution and diffusion in the Franz cell apparatus. Addition of
DPPC to SLF has been shown to improve wetting of hydrophobic drug
particles [50].

A variety of fluids that have been used through past 30 years as
dissolution media to mimic the LFs for the assessment of inhaled drug
products include water, salt solutions having similar composition
to that of PBS (pH 7.4), Gamble’s solution of low pH, Eagle’s basal
medium, Hanks’ Buffered Salt Solution (HBSS), etc. Gamble’s solution,
which contains Mg*, Ca*, Na*, ClI, HCO,, citrate ions, amino acids,
antioxidants, Polysorbate (Tween) 80 or natural surfactant in different
concentrations was developed to mimic the interstitial fluid of the lung.
PBS contains ingredients such as NaCl (8.77 g/1), Na,HPO, (1.28 g/I),
and KH,PO, (1.36 g/1) resulting in pH of 7.3+0.1. Hanks’ Buffered Salt
Solution contains ingredients such as NaCl, KCI, CaClZV MgSO0,.7H,0,
MgClL,.6H,0, Na,HPO,2H,0, KH,PO, D-glucose (Dextrose), and
NaHCO, [51-53]. The actual LF contains all the ions mentioned in case
of HBBS but in addition LF also contains ions such as citrate, acetate
and proteins such as glyco-mucoproteins and various SP. Survanta® is
another conventionally used medium which contains phospholipids
(25 mg/ml), triglycerides (0.5-1.75 mg/ml), free fatty acids (1.4-
3.5 mg/ml), and protein content less than 1.0 mg/ml. Eedara et.al
performed an experiment on in vitro dissolution testing of respirable
size anti-tubercular drug (moxifloxacin and ethionamide) particles
using flow perfusion cell as dissolution apparatus and modified Twin
Stage Impinger as sample collection apparatus. Dissolution behavior
of the fine particle dose was studied at either various perfusate flow
rates (0.2, 0.4, and 0.8 mL min™ of PBS) keeping mucus simulant
concentration fixed at 1.5% w/v PEO (MW of 5000 kDa) in PBS (pH 7.4),
or in media containing varying concentrations of mucus simulant (1.0,
1.5 and 2% w/v) maintaining constant flow rate of 0.4 mL min™! and
in the presence of LS such as Curosurf [46]. Curosurf is a surfactant
containing PC and two hydrophobic SP-B and SP-C. It was concluded
that in presence of the Curosurf surfactant the dissolution profile of the
two mentioned drugs mimicked more closely to the in vivo dissolution
profile. The limitation of using conventional medium is the fact that it
does not contain SP due to which such medium fails to predict the in
vivo dissolution profile of inhaled drugs accurately.

BIO-RELEVANT DISSOLUTION MEDIUM IN STUDY OF PULMONARY
DOSAGE FORMS

Bio-relevant is a term, used to describe a medium that has relevance
to the in vivo dissolution condition for the compound. The factors that
need to be considered while developing the bio-relevant dissolution
medium for pulmonary dosage forms include the hydrodynamic
conditions of respiratory fluid, physicochemical characteristics of drug,
predictability of plasma profile and lastly establishing in vitro-in vivo
correlation (IVIVC). Artificial simulated RTLFs are often used for in
vitro dissolution studies to determine the solubility and dissolution
of inhaled drug particles. However, an important criterion to develop
such appropriate media includes the ease of manufacturing the media
in a simple, standardized and cost-effective manner. Truly predictive
dissolution medium should correctly simulate in vivo dissolution in the
lung. Data obtained with such media in dissolution studies should be
accurate, reproducible and amenable to validation [54].

To establish the [VIVCrelationship for inhaled drugs, itis crucial to develop

abio-relevant simulated LF (SLF) with well-defined composition. The SLF
contains DPPC, di palmitoyl phosphatidyl glycerol (DPPG), cholesterol,

32



Das et al.

albumin, immunoglobulin (IgG), transferrin, and antioxidants. Freshly
made SLF has pH 7.2, viscosity of 1.138 x 10-% Pa.s, conductivity of 14.5 ms,
surface tension of 54.9 mN/m, and density of 0.999 g/cm?[28]. The main
ingredients of SLF include 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
and  1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol)  sodium
salt (DPPG), purified human IgG, lyophilized human serum albumin,
transferrin, cholesterol, ascorbate, urate, glutathione and gentamicin
solution and HBSS. There are mainly five types of SLF used as bio-
relevant media for in vitro dissolution study of pulmonary dosage forms
and are designated as SLF 1, SLF2, SLF3, SLF4 and SLF5 [55]. Detailed
composition of five different types of SLF has been enlisted in Table 1.
Among all these types of SLF, mainly SLF 3 and SLF 4 are used in drug
release study. SLF2 represents a modified version of Gamble’s solution
which was used to estimate potential human exposure to mercury due
to inhalation of airborne calcine particulates from mine waste [56]. SLF3
models the interstitial fluid where ionic equivalent amount of citrate was
used to replace protein to avoid foaming. Care must be taken in mixing
the components to prevent precipitation while preparing SLF 3. SLF 3
was used to evaluate the in vitro release of insulin from poly(lactide-
co-glycolide) (PLGA)/cyclodextrin porous particles intended for its
pulmonary delivery. Insulin release was found to be biphasic with an
initial burst followed by a controlled release of 85% of entrapped insulin
in 10 days [57]. SLF4 was used to characterize in vitro release of ITZ
from nebulized nanoparticle dispersions. In this study, ACI was used for
sample collection and ITZ nanoparticles were found to dissolve rapidly
in simulated LE. Nebulized aqueous colloidal dispersions of itraconazole
nanoparticles exhibited aerodynamic characteristics suitable for deep
lung delivery. An in vivo single-dose 24 h pharmacokinetics study of the
nebulized ITZ nanoparticle dispersion demonstrated substantial lung
deposition and systemic absorption with blood levels reaching a peak of
1.6 ug/mL serum in 2 h. The particles dissolved rapidly in simulated LF to
produce super-saturation levels up to 27 times of equilibrium solubility
(Ceq) for the crystalline form [58].

DISSOLUTION STUDY APPARATUSES FOR PDFS

Dose or sample collection technique is a critical step that needs to be
carefully considered to obtain an accurate, precise and reproducible
dissolution profile of inhaled products. For sample collection, the
European Pharmacopeia describes four apparatuses (identified as A,
C, D and E) while the United States Pharmacopeia USP describes six
apparatuses identified with numbers from 1 to 6 [59,60]. The apparatuses
which are used for sample/dose collection before carry out the in vitro
dissolution testing of pulmonary dosage forms include ACI (Apparatus
D as per EU Pharmacopeia or Apparatus 1 as per USP), ACI with pre-

Asian ] Pharm Clin Res, Vol 15, Issue 2, 2022, 30-35

separator(Apparatus 3 as per USP), Glass twin impinger (Apparatus A
as per EU Pharmacopeia), Marple-Miller impactor (Apparatus 2 as per
USP), Multi-stage liquid impinger (Apparatus C as per EU Pharmacopeia
or Apparatus 4 as per USP), NGI(Apparatus E as per EU Pharmacopeia or
Apparatus 5 as per USP), and NGI without pre-separator (Apparatus 6
as per USP) [60]. Following sample collection, conventional apparatuses
used to study dissolution profile of pulmonary dosage forms include
the compendial paddle apparatus, flow-through apparatus, diffusion-
controlled cell systems, namely Transwell® system, and DissolvIt®
system. In USP Type 2 apparatus, drug release from particles suitable for
inhalation is assessed by directly dispersing the powder in dissolution
medium. However, drawbacks associated with the use of paddle apparatus
include adherence of the particles to the apparatus surfaces, difficulties in
achieving a homogenous dispersion, poor wettability, and floating of the
particle. Due to these drawbacks, modified paddle over disk apparatus
has been employed. In the case of paddle over disk apparatus, a stainless
support disk is placed under the paddle and the membrane filter used
to collect the respirable fraction can be directly positioned on top of the
support. The main advantage of this technique is that different types of
aerosol particle collection filters in different filter holders can be used as
an integral part of paddle apparatus. Examples of drug substances that
have been studied using paddle apparatus include budesonide, fenoterol,
hydrocortisone, disodium cromoglycate, etc. [61,62]. The flow-through
cell apparatus known as USP Type 4 apparatus consists of cylindrical cell
with a filter placed at the top. The dissolution medium is pumped through
the cell from a reservoir. Small glass beads are placed at the bottom of the
cell and membrane used to collect the particles from inhaler is placed
on the beads. The advantages of this apparatus include its suitability for
poorly soluble drugs and ability to maintain sink condition. Examples
of drugs that have been investigated using flow-through cell apparatus
include FP, budesonide, and triamcinolone acetonide [63]. In Transwell
apparatus, a membrane filter is placed on the top of the membrane and
NGI is employed for collection of deposited drug particles. The principal
advantage of such system is the fact that very low volume of dissolution
medium on the donor chamber is used in comparison to receiver chamber
which enables the opportunity to mimic the limited volume of LF [64,65].
Examples of drugs which have been tested using Transwell apparatus
include beclomethasone, ciclesonide, budesonide, and triamcinolone
acetonide. In case of Dissolvit system, a glass surface called as Precise
Inhale is used for the deposition of aerosol particles which is then
brought into contact with simulated LF mucus made up of PEO gel. This
system is thermostatically maintained at 372 C. Real-time dissolution
of particles can be monitored by optical microscope. The advantage of
Dissolvlt system is that it can simulate the physiological conditions

Table 1: Composition on five different types of SLF [55]

Ingredients SLF 1 (g/1) SLF2 (mg/1) SLF3 (g/1) SLF4 (g/1) SLF5 (mMol/1)
Magnesium chloride 0.095 0.2033 0.2033

Sodium chloride 6.019 6800 6.0193 6.0193 116
Potassium chloride 0.298 0.2982 0.2982

Disodium hydrogen phosphate 0.126 1700

Sodium sulfate 0.063 0.0710 0.0710

Calcium chloride dihydrate 0.368 290 0.3676 0.3676 0.2
Sodium acetate 0.574 580 0.9526 0.9526

Sodium hydrogen carbonate 2.604 2300 2.6043 2.6043 27
Citric acid 420

Glycine 450 5
Ammonium chloride 5300 10
Phosphoric acid 1200

Sodium carbonate 630

Potassium hydrogen phthalate 200

Sulfuric acid 510 0.5
Sodium citrate dihydrate 590

Sodium phosphate monobasic monohydrate 0.1420 0.1420 1.2
L-Cysteine hydrochloride 1.0
DPPC* 0.02 %(w/v)

DTPA* 0.2
ABDCB* 50

DPPC: Dipalmitoyl phosphatidyl choline; DTPA: Diethylenetriaminepentaacetic acid; ABDCB: Alkylbenzyldimethyl ammonium chloride
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in lungs more closely in comparison to methods thereby enabling the
monitoring of both permeation and dissolution process. The limitation
to this system is that it can simulate the absorption kinetics in trachea
and larger bronchi rather than transport across thinner barriers in rest
of bronchi and alveoli [47]. Budesonide, fluticasone are the examples of
drugs which were characterized by employing DissolvIt system.

Suitability of different types of apparatuses used for drug release study
varies with the type of pulmonary dosage forms. While flow-through cells
were deemed more suitable to conduct the dissolution of nanoparticles
compared to the basket or the paddle methods, Franz diffusion cell
was preferred for characterization of drug release from polymer
microparticles, compared to the faster dissolution rates obtained using
the paddle and flow-through methods. When only the respirable fraction
of the drugs was evaluated, the paddle apparatus with membrane holder
produced more reproducible data compared to flow-through apparatus
and Franz cells. Most of the methods described belong to agitated
(stirred) systems [66-68]. Caution regarding agitation is required
because an increase in flow rate causes an increase in dissolution rate in
flow-through cells or as the stirring speed of either paddles or baskets is
increased in their respective apparatus. To facilitate low-dose dissolution,
some of the apparatuses have been adapted with either mini baskets or
paddles [69,70]. The Transwell system, in particular, involves very small
volumes for dissolution testing in which maintaining sink conditions
could be challenging especially for poorly soluble particles.

It is essential to consider the type of formulation that needs to be
tested while selecting the appropriate apparatus to carry out the
dissolution study of inhaled drug products [71-73]. Based on the type
of formulation, these apparatuses should be used for the quantification
of the total mass of the drug released, the amount of drug collected in
each location of the apparatus, and the aerodynamic PSD (APSD) of the
inhaled product.

CONCLUSION

Dissolution testing is employed for in vitro assessment and prediction of
the in vivo behavior of a pulmonary dosage form. Therefore, selection of
appropriate dissolution medium which can mimic the physiological LF
more closely, especially during pathological condition is an important
step in design and development of dissolution study protocol for
pulmonary dosage forms. Conventional media devoid of lung SP and
specific salts failed to produce desirable results capable of predicting
in vivo performance. Bio-relevant dissolution medium and appropriate
dissolution apparatus may achieve drug release data in vitro that can
predict in vivo behavior of pulmonary dosage forms. In this context,
simulated LF of definite composition has been found to achieve the
goal of developing in vitro dissolution study protocol with satisfactory
level of relevance to physiological LF and can thus be regarded as bio-
relevant dissolution medium for characterization of pulmonary dosage
forms, suitable for establishing IVIVC in later stages of dosage form
development.
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