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Abstract: In vitro dissolution and permeability testing aid the simulation of the in vivo behavior of
inhalation drug products. Although the regulatory bodies have specific guidelines for the dissolution
of orally administered dosage forms (e.g., tablets and capsules), this is not the case for orally inhaled
formulations, as there is no commonly accepted test for assessing their dissolution pattern. Up until a
few years ago, there was no consensus that assessing the dissolution of orally inhaled drugs is a key
factor in the assessment of orally inhaled products. With the advancement of research in the field
of dissolution methods for orally inhaled products and a focus on systemic delivery of new, poorly
water-soluble drugs at higher therapeutic doses, an evaluation of dissolution kinetics is proving
crucial. Dissolution and permeability testing can determine the differences between the developed
formulations and the innovator’s formulations and serve as a useful tool in correlating in vitro and
in vivo studies. The current review highlights recent advances in the dissolution and permeability
testing of inhalation products and their limitations, including recent cell-based technology. Although
a few new dissolution and permeability testing methods have been established that have varying
degrees of complexity, none have emerged as the standard method of choice. The review discusses
the challenges of establishing methods that can closely simulate the in vivo absorption of drugs. It
provides practical insights into method development for various dissolution testing scenarios and
challenges with dose collection and particle deposition from inhalation devices for dissolution tests.
Furthermore, dissolution kinetic models and statistical tests to compare the dissolution profiles of
test and reference products are discussed.

Keywords: orally inhaled drug products; dissolution test; fine particle fraction; particle collection;
impactors

1. Introduction

Over the years, orally inhaled drug products (OIDPs) have been created to treat lung
diseases locally. This method of administration is also presently being researched for the
systemic distribution of medications because the lungs offer a significant absorption region
and can bypass first-pass metabolism. Exubera, an insulin inhalation formulation sold in
the United States and Europe, was the first commercially available formulation with this
scope. Although this drug was withdrawn only after one year for business reasons [1], the
use of OIDP to treat systemic illnesses is still of great potential benefit to patients and a
focus area for the scientific community and pharmaceutical corporations. When compared
to parenteral delivery methods, there is no need for needles, and patient compliance is
higher [2]. The administration of OIDPs relies on the use of devices including nebulizers,
pressurized metered dose inhalers (pMDIs), or dry powder inhalers (DPIs), each suitable
for delivery of a different formulation type. The difficulties with these formulations
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are in controlling both the devices” performance and the manufactured formulations’
physicochemical qualities. The establishment of efficacy and bioequivalence for OIDPs is
considerably more difficult than that necessary for oral dosage forms due to the nature of
the administration site and the complexity of the delivery of OIDPs.

The process of solid materials being dissolved in a solvent to produce a solution is
known as dissolution. The affinity between the solid substance and the solvent, as well
as the solid’s crystal packing factors, govern the process [3]. Although performing the
in vitro dissolution test for solid oral dosage forms is a common practice recommended by
pharmacopoeias to ensure quality control of the dosage forms, this has not been the case for
OIDPs such as dry powder inhalations. Instead, traditionally only the delivery of the active
pharmaceutical ingredient (API) from the device and drug deposition in the lung were
considered important when developing OIDPs [4-6]. This is due to API deposition being
often the most complicated step of pulmonary drug delivery, especially with the small dose,
locally-acting OIDPs. It is blatant that only ideal-sized drug particles can deposit efficiently
in the lung, and particles larger than 6 um have less chance to enter the lung for deposition.
The small drug particle size also helps increase the rate of dissolution of the drug deposited
in the airways. Because of the above-mentioned reasons, the results on delivered dose and
aerodynamic particle size distribution rather than the drug dissolution profile have been
considered by the regulators. Deposition testing involves the administration of a particular
API from a designated delivery device and utilizing a pharmaceutical impactor/impinger
to determine the deposited drug content. This simulates the actual dose delivered to the
action site of the lung and is probably the most crucial stage for in vitro performance testing
for inhalation pharmaceuticals.

The dissolution of (solid) APIs is a necessary step before their absorption can occur
via epithelial cells in the respiratory tract. It seems dissolution is especially important for
poorly water-soluble drugs, as the absorption of highly soluble drugs is less restricted by
dissolution and their therapeutic effects are not remarkably affected by the presence of
other materials in the formulations. On the other hand, with poorly water-soluble drug
powders, the slow dissolution rate in the airways may be limiting the absorption. Slow-
dissolving drugs are also anticipated to be more susceptible to mucociliary clearance of
drug particles [7]. For these drugs, dissolution is more significantly reliant on the type of
excipients used [6].

In 2008, the inhalation Ad Hoc Advisory Panel of the USP decided that there was
no concrete evidence to show that the dissolution of orally inhaled drugs was kinetically
and/or clinically vital for the existing DPI formulations on the market [6]. Although
performing the dissolution test for DPIs with a small particle size and a very small dose
was not considered to be critical, with the current trends in the market moving towards
high-dose and poorly water-soluble drugs, the dissolution test is becoming increasingly
important [8].

Dissolution testing in vitro allows for the distinction between the efficiency of different
formulation types and provides an approximation of how drugs would dissolve in vivo. In
addition, it is frequently employed in quality control (QC) projects, including batch-to-batch
uniformity and stability assessments, and the identification of manufacturing errors [6].
Depending on the purpose of the orally inhaled drugs, different dissolution profiles would
be desired. For example, for a systemic effect, a formulation that allows for fast dissolution
and high permeability may often be desirable to achieve a quick onset of drug action. On
the other hand, for a long-acting local effect, a formulation with a low dissolution rate may
be more desirable, helping to achieve a long duration of action, such as in the long-acting
beta-adrenergic medicine olodaterol or other highly soluble medicines such as tiotropium
bromide. Generally, inhaled corticosteroids, such as budesonide, fluticasone propionate,
and fluticasone furoate, show low dissolution rates and hence s long residence time (2-7 h)
in the lung [9,10]. The dissolution of an inhaled drug powder is controlled by inherent
factors, such as the physiological nature of the deposition site and the physicochemical
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properties of the drug, as well as many modifiable parameters that can be adjusted. A
summary of all the important factors is listed in Figure 1.
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Figure 1. Parameters affecting the dissolution of inhaled API in the lung.

Compared with animal models, in vitro methods for assessing OIDPs offer mechanis-
tic insight into the process of pulmonary drug bioavailability, as well as being advantageous
in terms of cost-effectiveness, reproducibility, and accuracy of predictions. Contrary to
oral dosage forms with standard dissolution and permeability testing methods, the in vitro
methods for dissolution and membrane permeation of orally inhaled particles are chal-
lenging, and there is a lack of standardized testing methods for these formulations. This is
due to the additional complexity arising from the reproducibility and appropriateness of
methods for the collection of respirable particle doses (e.g., from cascade impactors) and
the difficulty of designing a reliable dissolution and/or permeability method. A further
consideration unique to inhalation products is the epithelial permeability occurring at the
air/epithelium interface rather than the liquid/epithelium interface in gastrointestinal
absorption, adding to the difficulty of simulating the process. This review will provide an
overview of all the in vitro dissolution and permeability testing methods and recent devel-
opments in the technology. In vitro methods have seen some major advancements in recent
years with technological developments such as 3D cell cultures, 3D printing of tissues, and
organ-on-a-chip microfluidic devices, which are heading to replace animal testing in the
near future. The potential applications of such advanced technology in in vitro testing of
inhalation products and some directions for future research have been discussed, including
aerosol particle collection, instrumentation, and optimization of dissolution medium for
inhaled drug particles.
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2. Process Overview of Dissolution and Permeability Testing for Inhaled Products

There are several factors to consider during the design of a dissolution or permeability
testing method for inhaled drug powders. These factors have been summarized in Figure 2.
The dose deposition device, dose collection method, dissolution methodologies, and choice
and volume of the dissolution medium are essential factors to consider for carrying out these
experiments and evaluating the results [11]. Based on Figure 2, based on the sample type, first,
a suitable method should be adopted for the collection of drug particles (mainly less than 5 pm
in size). This should closely mimic the in vivo deposition of fine drug particles in the airways
and is a crucial step for the in vitro simulation of drug dissolution and absorption through the
lungs. After dose collection, the dissolution and/or permeability method should be chosen,
followed by the conditions of the experiment, such as the volume and composition of the
dissolution medium. A suitable analytical method is also important to detect and determine
the amount of drug dissolved or permeated. More details about these have been described in
other sections of this review article.

-Paddle dissolution
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Figure 2. Potential stages of dissolution testing and parameters involved in each stage for the
dissolution of inhaled compounds (rNGI = reduced next generation impactor; ACI = Anderson
cascade impactor; TSI = twin stage impinger; FSI = fast screening impactor).
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It will be noted that, due to technical restrictions, some in vitro dissolution testing
methods may be very different from the physiological condition in the airways, where
there is a thin layer of highly viscous mucus present on a large membrane surface area,
which provides different levels of membrane permeability depending on the nature of the
drug and mucociliary clearance. Nevertheless, a measure of the dissolution rate can still
contribute to improving the prediction accuracy of in vitro-in vivo correlations. The goal
of various designs of dissolution testing and permeability assessments is to best simulate
the process of drug absorption from the lungs while accommodating various ranges of
drug particles, including variabilities in particle size, crystal form, formulation, and drugs’
physicochemical properties.

3. In Vitro Dissolution and Permeability Testing Methods

At present, there is no fixed and standardized dissolution technique accepted by regu-
lators and pharmacopoeias. With growing evidence from studies showing the importance
of the dissolution of OIDPs for better in vitro to in vivo correlations and the increasing use
of this in the pharmaceutical industry, it is highly likely the dissolution testing of OIDPs
will be implemented in pharmacopoeias in the future [12].

The efficient dissolution of inhaled drug particles is one of the key parameters that
ensures better performance of OIDPs in the lung. In the last two decades, researchers
have developed many dissolution methods that can be used to trace the dissolution of
drug particle depositions. It is vital that the methodology can provide reproducibility and
robustness and that the dissolution medium can simulate the physiological lumen and
discriminate the effect of particle size on the dissolution rate in vivo. There are several
crucial factors in dissolution testing that should be considered when developing a method,
including agitation rate, flow rate, temperature, and the viscosity and composition of the
dissolution medium [13]. In addition, the collection of the physiologically relevant drug
particles, i.e., the fine particle dose (FPD), is a crucial prerequisite stage for both dissolution
and permeability testing that will be discussed in Section 4. From the various dissolution
testing apparatuses used in other dosage forms, only some may be suitable to be adapted
for inhalation products. Researchers modify the existing dissolution apparatus or invent
new ones to suit the specific needs of OIDPs. These include adjustments made in the paddle
dissolution apparatus, Franz diffusion cell, and flow through cell to make them suitable
for the dissolution testing of OIDPs. Below is a description of how each method has been
adapted to be used in the dissolution of OIDPs. A summary of the use of these methods for
fine particle dose collections of OIDPs as reported in previous literature has been presented
in Table 1.
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Table 1. Dissolution testing methods employed to assess the dissolution of fine particle doses of OIDPs.

Dlssomtlor} . Dose Collection Method Particle Collection Filter/Dissolution Membrane Rotation Speed or Flow Rate  Reference
Apparatus/Permeability Type
Spray drying from aqueous PVA solutions None 50 rpm [14]
United State pharmacopoeia rNGI Glass fiber filter covered with polycarbonate membrane 50—100 rpm [15]

apparatus II (paddle) . .
ACI (Andersen cascade impactor) rAn éfflf?;rfztﬁilzeeliulose membrane (0.45 um) is placed into a 140 rpm [16]
ACI A f}berglass filter between 0.45 um membrane filters in 0.4—1.5 mL/min [4]
stainless steel holder
ACI (Andersen cascade impactor) Filter membrane consisting of regenerated cellulose covered 1 mL/min [16]

Flow through cell apparatus with a second membrane

A nitrocellulose membrane with a pore size of 0.45 um is
Spray drying from aqueous PVA solutions  placed between a second membrane filter and a metal 0.5 mL/min [14]
mesh screen

Polyvinylidene difluoride (PVDF) membrane filter with a

ACl pore size of 0.22 pm N/A (171
®
Transwell™ system apparatus NGI Glass microfilter paper (GF/C™) N/A [18]
ACI Sedimentation onto filter N/A [19]
Spray drying from aqueous PVA solutions  Nitrocellulose membrane with a pore size of 0.45 pum N/A [14,20]
F 11 t i i
ranz cell apparatus ACI (Andersen cascade impactor) (? ;;ier;lerated cellulose membrane with a pore size of 100 rpm [17]
Dissolvit® PreciseInhale exposure system Glass coverslip 0.42 mL/min [21]
RespicellTM fast screening impactor (FSI) Filter from FSI collects particles less than 5 um magnetically stirred [22]
Aerosolization using a PennCentury™ Broncho-e%lthehal cell line Calu-3 mounted onto N/A 23]
Transwells
Cell-based methods o .
TSI Broncho-epithelial cell line Calu-3 mounted onto N/A [24]

Transwells®
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3.1. Paddle Dissolution Apparatus

The “Paddle over disc” method (USP apparatus V) was originally developed and
approved by the FDA for transdermal dosage forms, but it has also been used for dissolution
studies in OIDPs. The dose collected from DPIs on a membrane is placed in a cassette. The
cassette is then placed in the USP 2 vessel, and the equipment is operated as illustrated
in Figure 3. In this setup, drug release is controlled primarily by diffusion mechanisms.
The core benefit of this method is that it makes use of a standard USP 2 apparatus that can
be combined with various aerosol particle collection filters placed inside the vessel and
various filter holders. The main issue with this system could be the presence of dead space
between the insert and the bottom of the vessel, which can prevent the circulation of the
dissolution medium, around the holder [25]. This can be solved by increasing the stirring
rate of the paddle over the holder [15,16].

The paddle

The disk  with
porous membranes
sandwich holding
the powder

Figure 3. Paddle dissolution apparatus with insert holder and polycarbonate filter.

One of the critical steps in this method is dose collection, which is explained later in
the article. The setup of the dissolution testing with respect to the process of collecting
aerosol particles presents a challenge with this approach. Specifically, a porous filter is
used to keep the particles on the collection surface (see details in Section 4). This holding
filter might prevent wetting and thicken the diffusion layer. By employing a surfactant in
the dissolution medium and tailoring the membrane’s size and composition, this impact
can be reduced [25]. Another consideration is that the dissolution rate could be impacted
by the aerosol particle collector’s orientation in the bath, adding variability if it cannot be
positioned consistently throughout the experiments [25].

In this method, the volume of the dissolution medium may be modified to account for
the two extreme scenarios of dissolution: high medium volumes to create sink conditions
that simulate rapid absorption (high permeability drugs), and low dissolution medium
volumes that simulate gradual absorption of low permeability drugs. The paddle-over-disk
method has been utilized by researchers to distinguish different inhalation products [16].
Although this method has its own disadvantages, such as deviations from the real condi-
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tions in the lungs with high dissolution volumes and hydrodynamic conditions [14,26,27], a
good correlation was established between the mean dissolution time and the in vivo mean
absorption time for a range of corticosteroids [28].

3.2. Flow through Cell Apparatus (USP Apparatus IV)

The flow through cell dissolution testers are specialized USP 4 apparatuses modified
to accommodate the dissolution testing of inhalation powders (Table 1). Most often, for
dissolution testing with this apparatus, aerosol particles are collected using the particle
filter method. USP 4 is comprised of a media reservoir (the dissolution medium) that
is circulated through a dissolution cell by the use of a pump, while the filter containing
drug particles is maintained in a filter holder within the dissolution cell. More specifically,
dissolution cells are comprised of a filter holder with porous screens to contain the drug
particles and support the filter, as shown in Figure 4. The medium is normally maintained
at a constant temperature using a water bath and/or oven. Figure 5 shows an example of
such a setup; here, an HPLC pump and an HPLC column oven have been adapted [4].

» Dissolution media outlet

Membranes

Glass fiber filter

containing drug

B R

particles

Porous screens

Dissolution media inlet

Figure 4. A rough schematic of a dissolution cell (containing the filter) for dissolution testing of
powders in flow through systems.

In this method, the mechanisms of dissolution are diffusion and convection through the
filter. Permanent sink conditions and a diminished impact of membrane diffusion during
dissolution tests have been reported as the potential benefits of this method compared
with the paddle-over-disk methods. However, this is subject to the conditions of flow
through the dissolution cell. For example, very low flow rates, especially given the small
particle size of the inhalation drugs, can still lead to considerable drug concentration in
the vicinity of the powders. Hence, it is advisable that the sink conditions be examined
by measuring the API concentrations in the fractions collected during the dissolution
testing [4]. In addition, the geometry of the filter holders may be impactful. The flat design
of the dissolution cell may generate a strong fluid speed at the center but a diminishing flow
gradient towards the perimeter, resulting in possible non-sink conditions arising locally at
the periphery. Furthermore, it is important to note that the flow rate of the passing medium
can potentially change the dissolution kinetic, which is another concern when flow through
cell apparatus is used [4,11].
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Figure 5. A flow through cell dissolution apparatus (the figure was taken from reference [4]).

An additional risk with this method is the possibility of air bubbles between the two
filters in the system. This can inhibit the wetting of drug particles, which can slow down the
dissolution process due to the reduced surface area available for dissolution. Given the flexible
nature of this method, the key to overcoming any of the pitfalls is to manipulate variables of
the system, such as the flow rate, the membrane, and the geometry of the dissolution cell, to
optimize the method for better mimicking the in vivo process of dissolution.

3.3. Diffusion-Controlled Cell Apparatus

As the amount of fluid in the lung lining is very low compared to the volume of
fluid in the GI tract and as the fluid in the lung lining is more static, a suitable dissolution
apparatus should be developed to reflect the in vivo conditions in the lungs. Based on
these limitations, the Franz cell and Transwell® systems were developed for testing the
inhaled drugs.

Franz cells are widely used for diffusion experiments in assessing transdermal prod-
ucts, while Transwell® has a variety of applications, including diffusion through mem-
branes or passage through cell layers. For inhalation drugs, in these two systems, a small
volume of donor phase is used to allow for the presence of an air-liquid interface, resulting
in more biorelevant conditions for dissolution testing [14,26]. In this diffusion-controlled
device, a membrane filter containing drug particles is inserted into a modified Franz cell
(Figure 6) or a Transwell® (Figure 7) system to conduct a dissolution test. In these methods,
generally, a low volume of dissolution medium in the donor compartment is used, whereas
the volume of the medium used in the acceptor compartment could vary between a few to
1000 mL.

1

. i Insert’s opening
Transwell® insert ————
Donor
T T Y WA T Filter paper
Receptor ——, : Stirrer

Figure 6. A schematic representation of the Transwell® diffusion cell apparatus (The figure has been
taken from reference [18]).
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Figure 7. Schematic representation of the Franz diffusion cell (the figure is taken from reference [14]).

Receptor cell

With an agitated (such as a Franz cell) or non-agitated system (such as a Transwell®),
this method seeks to more accurately simulate the in vivo environment. However, it is
noteworthy that the measured effect is a sum of two distinct processes, namely dissolution
and membrane diffusion, with diffusion expected to be the main driving mechanism [29]
for most drugs and membrane pore sizes [30]. As a result, it might be quite challenging
to discriminate between the dissolution rate and membrane diffusion effects if the study
aims to identify mechanisms. Moreover, different membrane types/pore sizes will have a
profound effect on the dissolution profile. In one study using budesonide and a proprietary
drug, two membrane types, polyester and polycarbonate, interacted with the test material,
impacting the integrity of the tests, while two other membranes, regenerated cellulose and
Isopore PC, were found to be suitable for the dissolution testing [26].

In this method, each experiment should include a determination of the diffusion coef-
ficient, tests for repeatability, and measurements of the adsorption of the substance to the
membranes. This is necessary to obtain dissolution rates that are comparable between different
experimental settings. When considering the in vivo dissolution of drug particles in the lung,
even if the whole inhaled dose is not dissolved in the available amounts of the lung fluid
lining, the systemic circulation can ensure a sink condition, at least for the highly permeable
hydrophobic substances. In diffusion-controlled cells, a high diffusion coefficient through the
membrane along with low membrane retention is necessary to accurately portray this in vivo
state in the in vitro setting and to prevent an unrepresentative non-sink condition.

Respicell™ is a new custom-built dissolution apparatus for inhaled drug particles,
designed at the University of Parma, Italy, by Sonvico et al. in 2021 [22]. This apparatus is
similar to Franz cells, with a design suitable for assessing the dissolution of the respirable
dose deposited on the filter of a fast screening impactor (FSI). As shown in Figure 8, the
Respicell has two compartments for holding the donor and receptor phases. The two
compartments are connected to each other using a metal clamp, with a diffusion area of
around 30.2 cm? between the compartments for the insertion of the glass fiber filter that
contains the respirable dose of the aerosolized product. An air-liquid dissolution condition
is held in the donor compartment using a limited volume of medium [22].

3.4. Dissolvit®

Dissolvit® is a more complex in vitro technique than the Franz cell and Transwell®
diffusion cells; in addition to a membrane, it includes a mucous gel layer simulant. This
setup is expected to be more precise in simulating the dissolution and absorption of inhaled
drug particles in the lung [21,31,32]. As shown in Figure 9, it consists of a single-use
dissolution cell, a pump for the perfusion of the medium through the chamber, and an
inverted microscope for optical tracing of the dissolution of particles. After passing through
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the dissolution cell, the medium is collected in a fraction collector. The dissolution cell has
a reversed set-up, where the glass cover containing drug particles is placed at the bottom,
in immediate contact with a mucous-simulant layer glued to a porous polycarbonate
membrane at the top. The medium flows in the chamber at the top of the membrane. In this
system, the physiological environment, i.e., the air-blood barrier, mucus, blood flow, and
permeation from the lung epithelium to the bloodstream, has been taken into consideration.
The technique was able to differentiate the dissolution profiles of two corticosteroids,
fluticasone propionate and budesonide [21].

Gerde et al. further investigated this method by comparing it with the ex-vivo dis-
solution and absorption kinetics derived from the isolated, perfused, and ventilated lung
of the rat using two popular inhaled drugs, nicotine and fluticasone propionate [31]. The
dissolution and absorption of the lipophilic drug fluticasone propionate were slower in
Dissolvit® than in the isolated lung, while for nicotine, similar kinetics were observed [21].
This led to the conclusion that it is mainly lipophilic drugs (log p > 0) that benefit most from
the use of sophisticated in vitro systems, such as Dissolvit®, that mimic the morphometry
and physiological properties of the airways. This system was recently successful in securing
US FDA support for further development and method validation as a potential ‘golden
standard’ for dissolution testing of inhaled drugs [33].

Donor phase

Filter loaded drug

Water out

Receptor phase
(dissolution medium)

Figure 8. The schematic representation of Respicell (adopted and modified from [22]).
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Figure 9. An overview of Dissolvit® (the figure was taken from reference [21]).

3.5. Cell-Based Permeability Assays

Methods that are able to deposit the drug particles onto cell culture monolayers could
potentially offer a more accurate in vitro model [23,24] of both dissolution and absorption
in vivo while also offering simplicity and high-throughput potential as compared with
ex vivo and in vivo methods. The cell-based methods may overcome the shortcomings
of the dissolution methods that are not able to factor in the effect of the mucus layer and
lipophilic membrane permeability in enhancing the dissolution and absorption of poorly
water-soluble drugs [34]. The use of permeability values from cell cultures such as Caco-2
and MDCK is a common practice for the estimation of intestinal absorption of drugs [35].
Such permeability measures have been used in the biopharmaceutics classification system
(BCS), which guides the FDA’s waivers of certain in vivo studies for immediate release,
solid oral dosage forms, and suspensions [36]. The application of cell-based models for
inhalation products has seen a rise in popularity in recent years, and there have been calls to
develop similar BCS for OIDPs [37]. A proposed framework for inhalation-based BCS has
been outlined recently. Similar to BCS for oral dosage forms, the framework incorporates
two in vitro properties of the drug molecule, solubility and permeability (measurable from
cell-based methods), but in addition, it incorporates two drug formulation properties
specific to OIDPs, namely dose and dissolution [38].

Examples of studies that incorporate cell-based models for orally inhaled formulations
are listed in Table 1. Cell-based methods rely on primary cells or immortal cell lines
from the respiratory epithelial origin (such as Calu-3) grown on filter supports, ideally
preserving the intercellular tight junctions and polarized features [39]. Various cell lines are
available from bronchial and alveolar epithelia for permeability or toxicology studies, or to
model disease states. Some of the most widely used cell lines for permeability studies are
Calu-3 cells from the bronchial epithelium and A549 cells of alveolar origin. A main feature
in modeling respiratory epithelium using cell culture is the necessity for the air-liquid
interface at the apical side of the monolayer. Hence, cells are grown on a membrane with
the medium on one side of the membrane, i.e., the basolateral side, and the apical side
exposed to air, often with oxygen concentrations [40]. This setup will facilitate polarized
differentiation of the cells, formation of intercellular junctions, and expression of native
proteins, including metabolizing enzymes [41].

Several studies have shown a reasonable correlation between permeability values from
cell-based models and the in vivo lung absorption rates in animals [42,43]. Other studies
indicate that cell-based methods may fail to account for the effect of the mucus barrier
(which is present in vivo) on increasing the absorption of poorly water-soluble drugs [34].
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Alongside developments in cell culture technology, some research efforts have fo-
cused on dose deposition devices to be used with these (mono/multiple) cell layers [44,45].
Specific deposition devices have been developed for the uniform and reproducible de-
position of particles on cell cultures and Transwell® vessels, or perfused cell systems.
Pharmaceutical Aerosol Deposition Devices on Cell Cultures (PADDOCC) [23], Vitrocell®
Powder Chamber [46], and custom-made devices [47,48] are examples of such systems.
Recent developments in cell-based methods also include the integration of fine particle
dose collection impactors with the cell culture component to allow easy application [49].

Efforts have been made to develop specialized cell cultures that improve the modeling
of the permeability properties in comparison with established cells such as Calu-3. These
include the use of new immortalization methods for alveolar cells [50], the generation of
alveolar epithelial cells from induced pluripotent stem cells (hiPSCs) [51], or co-cultured
cell types of various primary origins, e.g., alveolar epithelium and macrophages [52]. Most
cell-based systems are static and use cells cultured on Transwell®. PerfuPul is a perfusable
cell-based system designed for permeability studies that allow aerosol deposition on the
air/liquid interface of Calu-3 cells [53]. A full discussion about the characteristics of various
cell lines and their performance in modeling the permeation of OIDPs from the lungs can
be found elsewhere [54].

3.6. Recent Advancements in Technology for In Vitro Testing

Benefitting from advancements in science and technology, numerous in vitro models
have been developed to support pharmaceutical drug development as well as the safety
assessment of consumer products and environmental pollutants. These in vitro systems
aim to act as alternatives to animal testing, increase the experimental throughput, and
present a more accurate model for clinical situations than animal models. Despite the
availability of sophisticated systems such as 3D cell cultures, reconstructed tissues, and
organs-on-a-chip, many of these are specialized for toxicity testing purposes rather than for
use as pulmonary absorption models. Examples of tissue models that, according to their
suppliers, have the barrier function and potential phenotype for drug delivery experiments
are those developed commercially by Epithelix (MucilAir™ and SmallAir™) and MatTek
3D (EpiAirway™, EpiAirway-FI™, and EpiAlveolar™). A wider application of these
can be seen in the literature for toxicity studies, while the applicability for drug delivery
research is being investigated [40]. Furthermore, the authors of the current review article
recommend referring to a recent review article published by Eedara et al. (2022) where
more examples of the absorption of orally inhaled drugs can be found [55].

Another emerging field that may contribute to the future of in vitro pulmonary drug
delivery testing is organ-on-a-chip technology. This technology has been made possible due
to advancements in cell-culture techniques and biomaterial microfabrication. A review of
the currently available lung-on-a-chip models indicates greater accuracy may be achieved
with these models compared with traditional monolayer cell cultures [56]. With the advent
of more complex systems, the efficiency of lung-on-a-chip or alveolus-on-a-chip models
in lung permeability estimations will highly depend on the implementation of functional
human cells within the system [57,58].

4. Aerosol Particle Collection

Fine Particle Dose, defined as particles with an aerodynamic diameter < 5 pum, is an
established pharmacopeial method for the in vitro assessment of dry powder inhalers. This
particle size range is thought to be the dose that reaches the desirable site of deposition dur-
ing respiration [59,60], with larger particles having a higher probability of being deposited
in the oropharynx area. Therefore, when performing in vitro studies, it is advisable to
conduct the dissolution test on aerosolized particles in the potentially respirable size range
(usually less than 5 um) so the in vitro results can be an accurate estimate of the in vivo
drug delivery efficiency of the products. Despite this, some earlier in vitro investigations of
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the dissolution and permeability of DPIs have used APIs directly or powders collected in a
way that exact particle sizing is difficult to establish.

Product particles are normally aerosolized using various impactor designs and then the
desired particle size range is collected on filters or membranes, which are then transferred
to dissolution or permeability apparatus such as USP II, USP 1V, Franz cells, or Transwells
(see examples from Table 1). Some powder production methods, e.g., spray drying, can
produce particles with uniform size and geometry, allowing the direct use of a specific mass
of the powder on various dissolution apparatuses [14]. In Franz cells, Transwell® setups,
and cell-based methods, a uniform and reproducible deposition of fine drug particles
is a major consideration for the reproducibility of the results. In this case, specialized
deposition devices may be employed. Many of the deposition devices do not allow particle
size separation. Examples are Astra-type liquid impinger, customized for direct deposition
of aerosolized particles onto the cell monolayers [36], and dry powder insufflators such
as the DP-4 from Penn-Century®, which were originally designed for precise pulmonary
administration of dry powders to laboratory animals. Alternative systems may allow
size-dependent depositions, such as the widely used Astra-type multistage liquid impinger
(MSLI) [61]. Other commercial examples of deposition devices are the Preciselnhale®
exposure system (XposeALI ®3D cell exposure module) and Vitrocell® Powder Chamber,
which separate particle sizes by their time of flight.

Some of the most widely used commercial impactors for aerodynamic particle sepa-
ration are the Next Generation Impactor (NGI), Andersen Cascade Impactor (ACI), fast
screening impactor (FSI), or multi-stage liquid impinger (MSLI). For dissolution studies,
specific filters and /or membranes are used for the collection of particles from these im-
pactors [62]. Thought must be given to the possibility that filters may have an impact on
the aerodynamic flow profiles of the particles. Figure 10 shows a glass fiber filter located
on stage 3 of an NGL

Figure 10. A glass fiber filter is located on stage 3 of the NGI.

When using the USP II apparatus for dissolution testing, membranes with deposited
drug particles from impactors can be directly placed into the dissolution medium or
be covered with an additional pre-soaked filter/membrane before being placed into the
medium. In this case, a filter cassette is used to keep the filter in place (Figure 11). If
particles are collected on a glass fiber filter, a membrane filter, such as a polycarbonate filter,
can be placed over the glass fiber filter containing the API particles.
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Figure 11. Filter cassette to keep the glass fiber filter and the pre-soaked polycarbonate filter.

In an investigation aimed at developing a standardized dissolution testing strategy,
Arora et al. [17] focused on the collection of defined particle sizes and respirable parti-
cles. They achieved this by using an Anderson cascade impactor (ACI) with polyvinyli-
dene difluoride (PVDF) filters on stainless steel collecting plates placed on stages 4 and
2. Son et al. [15,25] used a modified NGI where a dissolution cup was assembled with the
detachable impaction insert at stages 4 or 5, depending on the deposited load, but with a
defined particle size range. Other researchers have mounted particulate filters on stage 3
of the NGI [35] to capture drug particles with specific particle sizes at their working flow
rate (Figure 10). Eedara et al., also modified a twin-stage impinger to collect respirable
size particles of anti-tubercular drugs to investigate the dissolution pattern of the collected
particles [63].

When using the various particle collection and deposition methods, it is important
to note the impact of the particle size distribution on the measured dissolution rates. Of
note is the fact that particle separation in impactors is based on the aerodynamic particle
size. In carrier-based dry powder formulations, the primary drug particle size (geometric
diameter) drives the dissolution process, whereas the aerodynamic particle size, which
is a function of agglomerate size, density, and aerodynamic properties, is responsible for
the deposition in the lung. Franek et al., exhibited the effect of primary drug particle size
(geometric size) on the dissolution of AZD5423 (obtained from AztraZeneca). They showed
that drug particles with an average diameter of 3.1 um have a much slower dissolution rate
than particles with a 1.7 pm mean diameter [19]. In addition, the impact of aerodynamic
size on dissolution rate has been established by comparing material collected from different
stages of impactors [15,17,25].

In these investigations, it is also important to note that the amount of drug collected at
each stage of the impactors may have an impact on dissolution rate measurements. The
effect of drug mass (e.g., the number of actuations) on the dissolution behavior has been
demonstrated for hydrocortisone particles collected from various stages of an NGI [25]. In
this example, the dissolution rate of drug particles collected from stage 6 of NGI, i.e., smaller
particles, was less sensitive to the mass of particles collected compared to larger particles.
Due to the massive impact of the particle mass on the dissolution rate, it is ideal if the same
amount of drug mass is collected when comparing various formulations. In addition, in
order to avoid having a multilayer of particles on the filter and to prevent the formation
of drug agglomerates and wetting issues [16,61,64], a single actuation may be preferable
when collecting the particles. On the other hand, for the benefit of the accuracy of analytical
determinations, especially when a high volume of the dissolution medium is used, more
than one actuation may be required to increase the sensitivity of the determination of APIs,
as in HPLC. For example, in a study to collect drug particles using reduced NGI (rNGI),
5 actuations were performed to collect drug particles to obtain a quantifiable amount [25].
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Depending on the choice of the dissolution method, the results are affected by the
membrane used to varying degrees. Cell-based methods such as Franz cell, Transwell®,
and Dissolvit® are highly dependent on the diffusion process, hence the anticipated impact
of the membrane type and efforts to mimic in vivo pulmonary membrane properties. With
USP II methods, especially if the goal of experiments is purely the dissolution mechanism
(and not permeation), an optimum membrane pore size may be identified that does not
hinder the diffusion of the dissolved drug [15]. It has been shown that the thickness of
the membrane and the tortuosity and size of its pores regulate the diffusion of dissolution
medium across the membrane, hence the dissolution rate. The widely used polycarbonate
membranes have a homogeneous thickness of 6 pm, and a bubble-free pore size of 0.05 um.
They appear to have uniform cylindrical swelling-resistant channels for easy diffusion and
unrestricted dissolution [15,65]. A detailed discussion about the effect of membranes, along
with a list of various commercially available membranes, can be found elsewhere [62].

5. Optimization of Dissolution Medium for Orally Inhaled Drug Particles

The dissolution medium is an important factor that impacts drug solubility and, hence,
the dissolution rate of drugs. Therefore, careful consideration should be given to the
choice of dissolution media in terms of its composition, volume, and stirring rate during
the in vitro assessment of OIDPs, especially due to the lack of standardized methods.
Common APIs used in the formulation of orally inhaled products have a wide spectrum of
solubility, with current trends in drug discovery moving towards high molecular weight
and low solubility drugs [66]. Moreover, a relationship has been established between
solubility, which is a thermodynamic property in nature, and dissolution rate, which is
a kinetic property [17,67]. For an appropriate dissolution rate determination, in practice,
the dissolution medium needs to be optimized based on the drug solubility, by using
solubility enhancers for poor-solubility drugs [11]. The incorporation of a surfactant in
the dissolution medium is commonly used for assessing the dissolution of poorly water-
soluble compounds [25]. In this case, surfactants may help increase the wettability and
solubility of these drugs, allowing a readily detectible rise in drug concentration as a
function of time. Surfactants such as sodium lauryl sulfate, tween 80, phospholipids, or
other solubilizing agents such as alcohols also help preserve the sink conditions during
the dissolution process [68]. Moreover, the use of surfactants is rationalized by mimicking
the influence of natural surfactants present in the lung fluid [25,62,69]. An example of
research comparing the effects of surfactants in a dissolution medium reported the faster
dissolution of a poorly water-soluble drug (budesonide) in the presence of polysorbate 80
(~90% dissolved within 1 h) compared to the dissolution medium without any surfactant
(~55% in 1 h) and that with dipalmitoyl phosphatidylcholine (~60% in 1 h) [25]. Here,
the results indicated that polysorbate 80 offered better solubilization of the drug powder
compared to dipalmitoylphosphatidylcholine. An interesting approach to the design
of a dissolution medium was developed by Bhagwat et al., who used semi-mechanistic
models of pulmonary absorption to identify a dissolution medium that achieves the rate
of in vivo drug dissolution [68]. The dissolution medium tested here consisted of various
concentrations of Tween 80.

A number of studies have focused on the exact composition and pH of the fluid in
the lung, and it has been reported that the composition is different in various parts of the
lungs but also varies between healthy and diseased lungs [70] and changes with aging
and infections. Although the composition of fluid in the lung is very complex, several
simple aqueous media, such as water with phosphate buffer containing electrolytes (at
the physiological level) or protein and phospholipids, have been developed to be used as
biorelevant dissolution media. Some well-known simulated lung fluids that are commonly
used as dissolution media and a guide to the preparation procedures have been presented
in a review article [71]. Gamble’s solution is a model for deep lung interstitial fluid with a
pH of 7.4. Artificial lysosomal fluid is more acidic (pH = 4.5) and simulates the lung fluids
in inflammatory conditions. Modifications to these have been suggested for mimicking the
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lung environment following the deposition of particulate environmental pollutants [72].
In addition, some pulmonary surfactant extracts have been used as dissolution media in
the dissolution testing of OIDPs. Pulmonary surfactant extracts from animal sources are
typically clinically used for exogenous surfactant replacement in various disease states, such
as infantile respiratory distress syndrome [73]. Examples are Survanta®, Alveofact®, and
Curosurf®, which are commercially accessible and have been used in in vitro dissolution
investigations [69,74,75].

There is between 10 and 30 mL of aqueous fluid in the lung, including lung surfactants,
whereas the dissolution volume in the conventional apparatus ranges from 2 to 1000 mL,
often much higher than the amount of fluid in the lungs. To use a low volume of dissolution
medium, it has been suggested that the agitation rate should be enhanced to obtain the same
dissolution as the large volume of dissolution medium [76]. However, the high agitation rate
of the dissolution medium is different from in vivo conditions for inhaled products.

Another factor that should be considered when evaluating the dissolution pattern
of orally inhaled drugs is the effect of excipients used in the formulations of MDI or DPL
However, it seems the influence of excipients on the dissolution rate of drugs could be
minimized in experimental settings that incorporate dose collection from DPI formulations.
Here, the particle size of the lactose carrier is too large to enter Stage 3 of NGI when
capturing the drug particles for a dissolution test. Despite this, some DPI formulations
incorporate lactose fines (<10 pm) to boost the performance of DPI formulations [77,78].

In this case, the API may show faster dissolution due to the instant dissolution of the
lactose fines from API-lactose agglomerates in the dissolution medium. It should be noted
that the agglomerates reduce the specific surface area, hence slowing down the dissolution,
unless the agglomerates undergo deagglomeration when in contact with the dissolution
medium [28].

The Influence of excipients on the efficiency of orally inhaled drugs is more pro-
nounced in pMDI than DP]I, as a wider variety of excipients are used in PMD formulations.
For instance, it has been shown that an increase in the content of ethanol in solution-based
MDI can alter the aerosol droplet size and the evaporation rate. Furthermore, the changes in
the evaporation rate can change the morphology of particles after the evaporation, resulting
in a notable alteration in the dissolution of the drug in a solution-based pMDI [79,80]. In
another study, the use of glycerol in pMDI solution-based formulation restricted the access
of water to lipophilic drugs, which can slow down the dissolution rate of APIs [81].

As an example of a suitable dissolution medium for a poorly water-soluble drug, Al
Ayoubi et al. comprehensively studied the dissolution behavior of budesonide in diverse
dissolution media in order to correlate the in vitro data to the in vivo data [82]. They used
a modified twin-stage impinger to collect drug particles and suggested using only two ac-
tuations so a thin powder bed could be produced on the collection disk. This would reduce
the impact of powder aggregation by reducing the surface area available for the wetting
and dissolution of the drug [83]. Three media were used to study the dissolution behavior
of budesonide (BD): Gamble’s solution, 0.2 M phosphate buffer (PB), and phosphate buffer
containing 0.2% w/v polysorbate 80 (PBS). Gamble’s solution is a simulated lung fluid
frequently utilized as a model for lung fluid even though it lacks surfactant [84,85]. The
findings demonstrated that a significant amount of budesonide dissolved in these media
within the 1st hour. The dissolution values after 2 h increased to 80.8, 78.9, and 95.8%
for Gamble’s solution, PB, and PBS, respectively. These data were in agreement with the
solubility data [83,86] in these media (14, 16, and 53 pg/mL in Gamble’s solution, PB, and
PBS, respectively). The data indicates the role of the surfactant in enhancing the dissolution
rate as well as the solubility of budesonide. Hence, surfactants (as in PBS) seem to provide
a suitable dissolution medium for testing the quality of hydrophobic drugs by increasing
the wettability and drug saturation solubility and speeding up the dissolution [11,87,88].
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6. Application of Statistics to Dissolution Data

Models are used to mathematically describe the dissolution profiles of OIDPs and
allow a quantitative comparison of the dissolution profiles when examining data obtained
from dissolution tests. This is useful, for example, when aiming to make statements about
the similarity or dissimilarity of dissolution profiles. Although statistics are frequently
used in the dissolution assessment of many OIDPs, the actual details of the statistical
methodology and the data structure are not always clearly discussed, which makes it
difficult to accurately assess the quality of the results and the validity of the conclusions. To
compare two dissolution profiles, two approaches have been employed. One is comparing
the mechanism of drug release by fitting various kinetic models into the dissolution data.
Common kinetic models include zero-order release, first-order release, Higuchi, the Hixon-
Crowell equation, Korsmeyer-Peppas, and Weibull. The second approach is the statistical
comparison of two dissolution profiles by computing the difference factor (f1) and similarity
factor (f). Both approaches are briefly discussed below.

6.1. Modeling of Dissolution Profiles

Generally, statistical models based on mathematical curves or release kinetic func-
tions can be used to characterize dissolution profiles. These methods simulate individual
dissolution profiles but do not offer a comparison of profiles that may be measured directly.

Based on the kinetics of drug release and the identification of the release mechanisms,
dissolution curves can be described using model-dependent kinetic functions, such as
zero-order, first-order, Higuchi, Hixon-Crowell, and Peppas models. When different kinetic
models are used, generally the coefficient of determination (R?) is investigated to select the
model that can best fit the dissolution data. However, in some cases, other parameters such
as the sum of square residuals, the mean square error, and the Akaike information criterion
are also considered [89,90]. The model fitting is often performed without consideration
of the physicochemical properties of the drug or the expected mechanisms of its release.
The various kinetic models relate the cumulative amount of the dissolved drug (y-variable)
to the time as the x-variable. On the other hand, the dissolution kinetics can be mathe-
matically modeled based on the theoretical description of the process of dissolution using
Noyes-Whitney, Nernst Brunner, or derived models such as Hixon-Crowell to describe the
diffusion process. However, in practice, the dissolution of drugs from OIDP formulations
often does not follow the ideal diffusion process described by these theoretical diffusion
models. This is the main reason for using semi-empirical or empirical models instead of
theoretical ones. Some of the commonly used kinetic models are listed below:

Zero-order release model: Q¢ = Qqdissolved) + Kot

First-order release: Q; = Qpundissolved) (€ <1°t)
Higuchi model: Q; = QOKH-’fO'5
Korsemey-Peppas (power law): Q; = Kgp-t"
Weibull model: log[In(1 — Q)] =b-log (t — Tj) — log a

In the above kinetic equations, Q; is the cumulative amount, fraction, or percentage
of the drug dissolved at time t, and Qy is the initial amount of the drug. In the zero-order
release model, Qp(gissolved) 18 the already-dissolved amount in the dissolution medium at
time 0, while in the first-order release model, it is the full amount of drug that existed in the
formulation that will be delivered to the dissolution medium (Qqundissolved))- Ko, K1, Ky,
and Kkp are the rate constants of these models. In the Weibull model, T; denotes the lag
time before the onset of the dissolution process, which may be zero in most OIDP cases, and
a and b are model constants. In the Korsemey-Peppas model, n is the exponent parameter
that indicates the mechanism of drug release.
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Generally, poorly water-soluble APIs may show zero-order release kinetics. An exam-
ple of this has been shown for orally inhaled drugs when the flow through cell method was
employed to assess the dissolution rate of fiber filter-containing drugs [11]. Pseudo-zero-
order release was also reported for fluticasone propionate dissolution in Transwell [17].

An example of a first-order release was reported for the dissolution of budesonide
when Franz cells and USP apparatus number II were used to investigate its dissolution
profile. However, when the flow through cell method was used, the dissolution data did
not fit well with the zero-order model [16].

In the case of a controlled-release formulation for inhalation use developed by
Salam et al., the dissolution rate was governed by the Higuchi model [14]. This formulation
consisted of co-spray dried drug-polymer microparticles of disodium cromoglycate, which
were tested by three different methods, namely USP apparatus II, flow through, and Franz
cells. The fit of the dissolution data into the Higuchi model indicated that wetting and
diffusion controlled the dissolution rate of the drug in these settings.

The power law model has been reported for paclitaxel and doxorubicin OIDPs [91]. In
this research work, the dissolution of nano-in-micro formulations for DPI was investigated by
suspending the formulation particles in 10 mL of buffer solution. The # values for various
dissolution profiles in various buffers were above 0.2, indicating a non-Fickian dissolution.

The Weibull model, which assumes a linear plot between the logarithm of the dissolved
amount of drug versus the logarithm of time, has been widely used for OIDPs. For example,
Bhagwat et al. employed this to fit the dissolution data for corticosteroids obtained from
a modified Transwell® system [92]. In addition, the dissolution of various inhaled APIs
(e.g., budesonide, fluticasone propionate) followed the Weibull model when the USP paddle
apparatus and Transwell® system were used [19]. The Weibull model was also employed by
Hassoun et al. when they used the Dissolvit® method to study the dissolution of OIDPs con-
taining fluticasone propionate [93]. Despite its widespread use, a lack of a kinetic foundation
and mechanistic insight into the dissolution process has been noted for this model by some
authors [89]. However, Papadopoulou et al. performed a new comprehensive analysis of
various dissolution data and suggested a correlation between constant b of the Weibull model
and the constant n of the power model [94], indicating an indirect mechanistic conclusion
may be drawn from b values regarding the dissolution process.

6.2. Methods for Comparing Dissolution Profiles

For oral solid dosage forms, a variety of techniques are frequently utilized for the
comparison of dissolution characteristics. The most widely used methods are model-
independent methods known as the difference factor (f1) and similarity factor (f5), devel-
oped by Moore and Flanner [95] and recommended by the FDA [96] for comparing two
dissolution profiles between test and reference products.

Tsong and Hammerstrom [97] offer statistical techniques for solid oral products based
on analysis of variance, either for a single dissolution time point (ANOVA or Student’s t-
test) or for multiple dissolution time points (MANOVA). Even though multivariate methods
(such as MANOVA) compare full dissolution profiles, they might not have enough statistical
power to identify significant differences. ANOVA and f-tests only compare one dissolution
time point; they might be more robust when a meaningful time during the course of the
dissolution is picked for the comparison.

The comparison of the test (T) and reference (R) dissolution profiles is currently
performed using two model-independent methods based on a difference factor (f1) and a
similarity factor (f3):

TR - T
fhi=—vr &
J=17Y

% 100

f2 =50 x log{
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L+ (1/n) ) |R; ~ Tﬂ X 100}

n
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The percent inaccuracy across all time points is measured by the difference factor, or
f1, to see if there is evidence of a substantial difference between the two dissolution profiles.
The similarity factor, f, on the other hand, evaluates if there is enough proof of similarity
between the two profiles using an equivalence approach based on mean squared differences.
The following acceptance standards for oral solid dosage forms are recommended by both
the FDA and EMA:

e If the f1 value is less than 15 (0-15), there is no difference (i.e., there is no proof of
difference or there is no “signal over noise” to be seen).

e f5 values between 50 and 100 (above 50) suggest similarity (i.e., there is evidence
that there is no important difference). Additionally, authorities (e.g., FDA) want that
the sponsor compares dissolution profiles using the similarity factor using at least
12 distinct dosage units. When comparing dissolution profiles to support “biowaivers”
for process scale-up or formulation adjustments for oral solid dosage forms, regulatory
advice has mostly focused on the f, measure. Generally speaking, “suitable statistical
testing with the rationale” is permitted under the FDA guidance [98,99]. The EMA
recommendation [100] suggests comparing distinct time points, model parameters,
and similarity variables. The addition of several acceptance limits for various size
ranges [25], which also apply to tests other than f; and f», is another factor for OIP
particles fractionated by cascade impactors.

7. Conclusions and Future Perspectives

Parallel to technological advancements in cell-based methods, tissue engineering, and
material fabrication techniques, the evaluation of the drug delivery efficiency of pulmonary
drug delivery systems has evolved substantially. These techniques aim to eventually
replace in vivo animal experiments, which can no longer be considered the gold standard
in bioavailability, pharmacokinetics, or drug safety investigations. The lifting of legal
requirements for animal testing of new drugs by the U.S. Food and Drug Administration
(FDA), signed by President Joe Biden in December 2022, is a landmark change that is
yet to be exploited by drug discovery and development disciplines utilizing the in vitro
techniques discussed here as well as an in silico information-technology-driven approach.

To be more aligned with in vivo conditions, new technology should be able to simulate
the presence of a small amount of fluid in the lungs, mucociliary clearance, the presence
of viscous mucus and its composition, along with adequate multi-cell diversity and sink
conditions. Along with these complex cell-based techniques, such as microfluidic lung-
on-chips, simpler in vitro experimental setups will continue to be used due to several
advantages. First, these methods allow for detailed mechanistic studies since they focus on
specific unit processes leading up to pulmonary drug absorption. The second advantage
of these may be their higher throughput and cost-effectiveness, which makes them more
accessible to specialized research and development entities. In addition, these less complex
in vitro methods have fewer intervening experimental parameters, reducing the variability
in experimental results. Moreover, a combination of various in vitro experiments may be
employed to mathematically model the clinical bioavailability. This review is a compilation
of various in vitro techniques that are used to simulate drug deposition, dissolution, and
permeation from the lung epithelium. It has covered both the established techniques,
with practical guidelines and experimental considerations, as well as upcoming novel
techniques that may develop in the future for widespread use in product development
research settings.

Following the drug deposition in the lungs, the dissolution of APIs is the first step be-
fore absorption occurs via epithelial cells in the respiratory tract. Due to the poor solubility
of many of the orally inhaled drugs and the recent shift in drug discovery towards highly
lipophilic, high molecular weight drugs with poor water solubility, dissolution kinetics is
an extremely important process to be considered when assessing new formulations. It is
also evident from the literature that dissolution studies may be less important for highly
water-soluble drugs, whose dissolution and absorption from lung depositions are also
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expedited due to their fine particle size. Currently, performing the dissolution test for orally
inhaled drugs is not required by the regulatory authorities due to the small dose (very small
amount of API) of current OIDPs and their fine particle size in DPI formulation. However,
with the market moving towards high-dose DPI formulations as well as an interest in DPI
formulations for systemic delivery of a wider range of drugs that may be poorly water-
soluble, this may change in the future. The established in vitro dissolution tests should have
the capability to discriminate between different formulations and different APIs” particle
sizes. Although simple dissolution methods may not be able to closely mimic the exact
in vivo conditions, they should be able to reproducibly differentiate various formulations
with different performance efficiencies.

Dissolution techniques such as the paddle dissolution tester, flow through cell appara-
tus, or Franz cell are still popular for orally inhaled drugs. The selection of a dissolution
methodology is critical, as the method of choice can impact the resulting dissolution ki-
netics. Methods differ not only in their instrumentation but also in the mechanism by
which the dissolution process happens within these experiments. In methods such as
Franz cells, where dissolution occurs mainly by diffusion, it is important to investigate the
impact of membranes. Considerations should also be given to maintaining sink conditions
since some methods, such as Transwell and Franz cells, employ only a low volume of
dissolution medium, which will saturate quickly with low-solubility drugs. In these cases,
a careful choice of dissolution medium composition becomes specifically critical to aid in
maintaining a sink condition through the use of solubility enhancers as well as mimicking
the natural surfactants present in the lungs.

When using the various particle collection and deposition methods, it is important
to note the impact of the particle size distribution on the measured dissolution rates. It
should be noted that particle separation in impactors based on the aerodynamic particle
size may be affected by the presence of the filter used for the collection of particles. Hence,
validation of particle collection methods is a crucial task required for robust results to be
obtained. In addition, consideration should be given to the amount of the collected powder
as well as a uniform powder distribution on the deposition membrane since these can
affect the dissolution rate, especially in methods such as transwell®, Franz cell, and flow
through. This is due to the variable wetting and agglomeration propensity of particles in
high powder content areas of the membrane.

Finally, it is also important to explore what statistical tests are most suitable to compare
the dissolution profiles of two inhaled products. This is important when inhaled generic
products are being developed and the dissolution behaviour of the test product should be
compared with the dissolution profile of the reference product. To overcome the hurdles and
challenges associated with the dissolution of OIDPs, a good collaboration between academic
institutions, the pharmaceutical industry, and regulatory bodies seems to be essential.

Author Contributions: Conceptualization A.N. and T.G.; investigation, A.N., S.C. and T.G.; evaluation,
AN. and T.G.; writing—original draft preparation, A.N. and S.C.; writing—review and editing, A.N.
and T.G,; supervision, A.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The company had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.
The authors declare no conflict of interest.



Pharmaceutics 2023, 15,983 22 of 25

References

1. Bailey, C.J.; Barnett, A.H. Why is Exubera being withdrawn? Br. Med. ]. 2007, 335, 1156. [CrossRef]

2. Laube, B.L. The expanding role of aerosols in systemic drug delivery, gene therapy, and vaccination. Respir. Care 2005, 50,
1161-1176. [CrossRef] [PubMed]

3. Ran, Y;; He, Y,; Yang, G.; Johnson, J.L.H.; Yalkowsky, H. Estimation of aqueous solubility of organic compounds by using the
general solubility equation. Chemosphere 2002, 48, 487-509. [CrossRef] [PubMed]

4. Davies, N.M.; Feddah, M.R. A novel method for assessing dissolution of aerosol inhaler products. Int. J. Pharm. 2003, 255, 175-187.
[CrossRef]

5. Buttini, F; Rozou, S.; Rossi, A.; Zoumpliou, V.; Rekkas, D.M. The Application of Quality by Design Framework in the Pharmaceu-
tical Development of Dry Powder Inhalers. Eur. J. Pharm. Sci. 2018, 113, 64-76. [CrossRef]

6. Gray, V.A,; Hickey, A].; Balmer, P.; Davies, N.M.; Dunbar, C.; Foster, T.S.; Olsson, B.L.; Sakagami, M.; Shah, V.P.; Smurthwaite,
M.J.; et al. The Inhalation Ad Hoc Advisory Panel for the USP Performance Tests of Inhalation Dosage Forms. Pharm. Forum 2008,
34,1068-1074.

7. Olsson, B.; Backman, P. Mouth-Throath Models for Realistic in Vitro Testing-A Proposal for Debate. Respir. Drug Deliv. 2014, 1,
287-293.

8.  Tolman, J.A.; Williams, R.O., IIl. Advances in the Pulmonary Delivery of Poorly Water-Soluble Drugs: Influence of Solubilization
on Pharmacokinetic Properties. Drug Dev. Ind. Pharm. 2010, 36, 1-30. [CrossRef] [PubMed]

9.  Mollmann, H.; Wagner, M.; Krishnaswami, S.; Dimova, H.; Tang, Y.; Falcoz, C.; Daley-Yates, P.T.; Krieg, M.; Stockmann, R.;
Barth, J.; et al. Single-Dose and Steady-State Pharmacokinetic and Pharmacodynamic Evaluation of Therapeutically Clinically
Equivalent Doses of Inhaled Fluticasone Propionate and Budesonide, Given as Diskus®or Turbohaler®Dry-Powder Inhalers to
Healthy Subjects. J. Clin. Pharmacol. 2001, 41, 1329-1338. [CrossRef]

10. Allen, A.; Bareille, PJ.; Rousell, V.M. Fluticasone Furoate, a Novel Inhaled Corticosteroid, Demonstrates Prolonged Lung
Absorption Kinetics in Man Compared with Inhaled Fluticasone Propionate. Clin. Pharmacokin. 2013, 52, 37-42. [CrossRef]

11. Riley, T.; Christopher, D.; Arp, J.; Casazza, A.; Colombani, A.; Cooper, A.; Dey, M.; Maas, ].; Mitchell, J.; Reiners, M.; et al.
Challenges with developing in vitro dissolution tests for orally inhaled products (OIPs). AAPS PharmSCiTech 2012, 13, 978-989.
[CrossRef]

12.  Forbes, B.; Backman, P; Christopher, D.; Dolovich, M.; Li, B.V.; Morgan, B. In Vitro Testing for Orally Inhaled Products:
Developments in Science-Based Regulatory Approaches. AAPS J. 2015, 17, 837-852. [CrossRef] [PubMed]

13.  Velaga, S.P.; Djuris, J.; Cvijic, S.; Rozou, S.; Russo, P.; Colombo, G.; Rossi, A. Dry powder inhalers: An overview of the in vitro
dissolution methodologies and their correlation with the biopharmaceutical aspects of the drug products. Eur. J. Pharm. 2018, 113,
18-28. [CrossRef] [PubMed]

14. Salama, R.O.; Traini, D.; Chan, H.K.; Young, PM. Preparation and charcterisation of controlled release methodologies for
controlled release respiratory aerosols. Eur. |. Pharm. Biopharm. 2008, 70, 145-152. [CrossRef] [PubMed]

15.  Son, Y.-J.; McConville, ].T. Development of a standardized dissolution test method for inhaled pharmaceutical formulations. Int.
J. Pharm. 2009, 382, 15-22. [CrossRef]

16. May, S.; Jensen, B.; Wolkenhauer, M.; Scheneider, M.; Lehr, C.M. Dissolution techniques for in vitro testing of dry powders for
inhalation. Pharm. Res. 2012, 29, 2157-2166. [CrossRef]

17.  Arora, D.; Shah, K.A.; Halquist, M.S.; Sakagami, M. In vitro aqueous fluid-capacity-limited dissolution testing of respirable
aerosol drug particles generated from inhaler products. Pharm Res. 2010, 27, 786-795. [CrossRef]

18.  Amini, E.; Kurumaddali, A.; Bhagwat, S.; Berger, S.M.; Hochhaus, G. Optimization of the Transwell®System for Assessing the
Dissolution Behavior of Orally Inhaled Drug Products through In Vitro and In Silico Approaches. Pharmaceutics 2021, 13, 1109.
[CrossRef]

19. Franek, F; Fransson, R.; Thorn, H.; Baickman, P.; Andersson, P.U.; Tehler, U. Ranking in Vitro Dissolution of Inhaled Micronized
Drug Powders including a Candidate Drug with Two Different Particle Sizes. Mol. Pharm. 2018, 15, 5319-5326. [CrossRef]

20. Salama, R.O.; Traini, D.; Chan, HK.; Sung, A.; Ammit, A.J.; Young, PM. Preparation and evaluation of controlled release
microparticles for respiratory protein therapy. J. Pharm. Sci. 2009, 98, 2709-2717. [CrossRef]

21. Gerde, P; Malmlof, M.; Havsborn, L.; Sjoberg, C.O.; Ewing, P.; Eirefelt, S.; Ekelund, K. DissolvIt: An In Vitro Method for
Simulating the Dissolution and Absorption of Inhaled Dry Powder Drugs in the Lungs. Assay Drug Dev. Technol. 2017, 15, 77-88.
[CrossRef]

22. Sonvico, F; Chierici, V.; Varacca, G.; Quarta, E.; D’Angelo, D.; Forbes, B.; Buttini, F. RespiCellTM: An Innovative Dissolution
Apparatus for Inhaled Products. Pharmaceutics 2021, 13, 1541. [CrossRef]

23. Hein, S.; Bur, M.; Schaefer, U.F.; Lehr, C.M. A new pharmaceutical aerosol deposition device on cell cultures (PADDOCC) to
evaluate pulmonary drug absorption for metered dose dry powder formulations. Eur. J. Pharm. Biopharm. 2011, 77, 132-138.
[CrossRef] [PubMed]

24. Grainger, C.I; Greenwell, L.L.; Martin, G.P,; Forbes, B. The permeability of large molecular weight solutes following particle
delivery to airinterfaced cells that model the respiratory mucosa. Eur. J. Pharm. Biopharm. 2009, 71, 318-324. [CrossRef] [PubMed]

25.  Son, Y.J.; Horng, M.; Copley, M.; McConville, ].T. Optimization of an in vitro dissolution test method for inhalation formulations.

Dissolution Technol. 2010, 17, 6-13. [CrossRef]


http://doi.org/10.1136/bmj.39409.507662.94
http://doi.org/10.1186/2213-0802-2-3
http://www.ncbi.nlm.nih.gov/pubmed/25505695
http://doi.org/10.1016/S0045-6535(02)00118-2
http://www.ncbi.nlm.nih.gov/pubmed/12146628
http://doi.org/10.1016/S0378-5173(03)00091-7
http://doi.org/10.1016/j.ejps.2017.10.042
http://doi.org/10.3109/03639040903092319
http://www.ncbi.nlm.nih.gov/pubmed/19640248
http://doi.org/10.1177/00912700122012913
http://doi.org/10.1007/s40262-012-0021-x
http://doi.org/10.1208/s12249-012-9822-3
http://doi.org/10.1208/s12248-015-9763-3
http://www.ncbi.nlm.nih.gov/pubmed/25940082
http://doi.org/10.1016/j.ejps.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28887232
http://doi.org/10.1016/j.ejpb.2008.04.009
http://www.ncbi.nlm.nih.gov/pubmed/18534832
http://doi.org/10.1016/j.ijpharm.2009.07.034
http://doi.org/10.1007/s11095-012-0744-2
http://doi.org/10.1007/s11095-010-0070-5
http://doi.org/10.3390/pharmaceutics13081109
http://doi.org/10.1021/acs.molpharmaceut.8b00796
http://doi.org/10.1002/jps.21653
http://doi.org/10.1089/adt.2017.779
http://doi.org/10.3390/pharmaceutics13101541
http://doi.org/10.1016/j.ejpb.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/20951200
http://doi.org/10.1016/j.ejpb.2008.09.006
http://www.ncbi.nlm.nih.gov/pubmed/18845252
http://doi.org/10.14227/DT170210P6

Pharmaceutics 2023, 15,983 23 of 25

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

May, S.; Kind, B.; Jensen, M.; Wolkenhauer, M.; Schenider, M.; Lehr, C.M. Miniature in vitro dissolution testing of powder for
inhalation. Dissolution Technol. 2015, 22, 40-51. [CrossRef]

Sakagami, M.; Li, H.; Venitz, ].]. In-vivo relevant transwell dish-based dissolution testing for orally inhaled corticosteroids
products. Pharm. Res. 2019, 36, 95. [CrossRef] [PubMed]

Price, R.; Shur, J.; Ganley, W.; Farias, G.; Fotaki, N.; Conti, D.S.; Delvadia, R.; Absar, M.; Saluja, B.; Lee, S. Development of an
aerosol dose collection apparatus for in vitro dissolution measurements of orally inhaled drug products. AAPS J. 2020, 22, 47.
[CrossRef]

Frenning, G.; van der Zwaan, I; Franek, F.; Fransson, R.; Tehler, U. Model for the analysis of membrane-type dissolution tests for
inhaled drugs. Mol. Pharm. 2020, 17, 2426-2434. [CrossRef]

Rohrschneider, M.; Bhagwat, S.; Krampe, R.; Michler, V.; Breitkreutz, J.; Hochhaus, G. Evaluation of the transwell system for
characterization of dissolution behavior of inhalation drugs: Effects of membrane and surfactant. Mol. Pharm. 2015, 12, 2618-2624.
[CrossRef]

Gerde, P; Malmolf, M.; Selg, E. In Vitro to ex Vivo/In Vivo Correlation (IVIVC) of dissolution kinetics from inhaled particulate
solutes using air/blood barrier models: Relation between in vitro design, lung physiology and kinetic output of models. J. Aerosol
Sci. 2021, 151, 105698. [CrossRef]

Noriega-Fernandes, B.; Malmlof, M.; Nowenwik, M.; Gerde, P.; Corvo, M.L.; Costa, E. Dry powder inhaler formulation
comparison: Study of the role of particle deposition pattern and dissolution. Int. J. Pharm. 2021, 607, 121025. [CrossRef] [PubMed]
Inhalation Sciences Receives Landmark FDA Approval for Co-Financing of Its Study to Validate DissolvlIt as a Standard Research
Method in the US. Available online: https:/ /news.cision.com/inhalation-sciences/r/inhalation-sciences-receives-landmark-fda-
approval-for-co-financing-of-its-study-to-validate-dissolv,c3610227 (accessed on 15 January 2023).

Cingolani, E.; Alqahtani, S.; Sadler, R.C.; Prime, D.; Stolnik, S.; Bosquillon, C. In vitro investigation on the impact of airway
mucus on drug dissolution and absorption at the air-epithelium interface in the lungs. Eur. |. Pharm. Biopharm. 2019, 141, 210-220.
[CrossRef] [PubMed]

Newby, D.; Freitas, A.A.; Ghafourian, T. Decision trees to characterise the roles of permeability and solubility on the prediction of
oral absorption. Eur. |. Med. Chem. 2015, 90, 751-765. [CrossRef] [PubMed]

Food and Drug Administration. M9 Biopharmaceutics Classification System Based Biowaivers Guidance for Industry; Center for
Drug Evaluation and Research, Food and Drug Administration: Silver Spring, MD, USA, 2021. Available online: https:
//www.fda.gov/media/148472/ (accessed on 15 November 2022).

Hastedt, ].E.; Bickman, P; Clark, A.R.; Doub, W.; Hickey, A.; Hochhaus, G.; Kuehl, PJ.; Lehr, C.M.; Mauser, P.; McConville, .; et al.
Scope and relevance of a pulmonary biopharmaceutical classification system. AAPS Open 2016, 2, 1. [CrossRef]

Hastedt, J.E.; Bickman, P,; Cabal, A.; Clark, A.; Ehrhardt, C.; Forbes, B.; Hickey, A.J.; Hochhaus, G.; Jiang, W.; Kassinos, S.; et al.
iBCS: 1. Principles and framework of an inhalation-based biopharmaceutics classification system. Mol. Pharm. 2022, 19, 2032-2039.
[CrossRef]

Ehrhardt, C.; Fiegel, J.; Fuchs, S.; Abu-Dahab, R.; Schaefer, U.E; Hanes, ].; Lehr, C.M. Drug Absorption by the Respiratory Mucosa:
Cell Culture Models and Particulate Drug Carriers. J. Aerosol Med. 2002, 15, 131-139. [CrossRef]

Frohlich, E. Replacement Strategies for Animal Studies in Inhalation Testing. Sci 2021, 3, 45. [CrossRef]

Cao, X; Coyle, J.P; Xiong, R.; Wang, Y.; Heflich, R.H.; Ren, B.; Gwinn, W.M.; Hayden, P; Rojanasakul, L. Invited review: Human
air-liquid-interface organotypic airway tissue models derived from primary tracheobronchial epithelial cells-overview and
perspectives. In Vitro Cell. Dev. Biol. Anim. 2021, 57, 104-132. [CrossRef] [PubMed]

Forbes, B.; Ehrhardt, C. Human respiratory epithelial cell culture for drug delivery applications. Eur. ]. Pharm. Biopharm. 2005, 60,
193-205. [CrossRef]

Ong, H.X,; Traini, D.; Young, PM. Pharmaceutical applications of the Calu-3 lung epithelia cell line. Expet. Opin. Drug Deliv. 2013,
10, 1287-1302. [CrossRef]

Gerde, P. Deposition of aerosols for dissolution experiments: How to combine the one with the other. In Proceedings of the Drug
Delivery to the Lungs Conference (DDL25), Edinburgh, Scotland, 10-12 December 2014; The Aerosol Society: Portishead, UK, 2014.
Haghi, M.; Traini, D.; Young, P.M. In vitro cell integrated impactor deposition methodology for the study of aerodynamically
relevant size fractions from commercial pressurised metered dose inhalers. Pharm. Res. 2014, 31, 1779-1787. [CrossRef]
VITROCELL®;PowderX: For Cell Culture Exposure to Smallest Quantities of Dry Powders. Available online: https://www.
vitrocell.com/inhalation-toxicology /exposure-systems/vitrocell-powder-chamber (accessed on 10 February 2023).
Horstmann, J.C.; Thorn, C.R,; Carius, P,; Graef, F.; Murgia, X.; de Souza Carvalho-Wodarz, C.; Lehr, C.M. A custom-made device for
reproducibly depositing pre-metered doses of nebulized drugs on pulmonary cells in vitro. Front. Bioengin. Biotech. 2021, 9, 643491.
[CrossRef] [PubMed]

Cingolani, E.; Stolnik-Trenkic, S.; Sadler, R.C.; Bosquillon, C. A Simple In-Vitro Deposition System to Understand the Role of
Inhaled Particle Characteristics on their Fate in the Lung. J. Aerosol Med. Pulm Drug Del. 2016, 26, A9.

Simkova, K.; Thormann, U.; Imanidis, G. Investigation of drug dissolution and uptake from low-density DPI formulations in an
impactor—integrated cell culture model. Eur. J. Pharm. Biopharm. 2020, 155, 12-21. [CrossRef]

Kuehn, A.; Kletting, S.; de Souza Carvalho-Wodarz, C.; Repnik, U.; Griffiths, G.; Fischer, U.; Meese, E.; Huwer, H.; Wirth, D.;
May, T.; et al. Human alveolar epithelial cells expressing tight junctions to model the air-blood barrier. ALTEX 2016, 33, 251-260.
[CrossRef] [PubMed]


http://doi.org/10.14227/DT220315P40
http://doi.org/10.1007/s11095-019-2635-2
http://www.ncbi.nlm.nih.gov/pubmed/31073686
http://doi.org/10.1208/s12248-020-0422-y
http://doi.org/10.1021/acs.molpharmaceut.0c00163
http://doi.org/10.1021/acs.molpharmaceut.5b00221
http://doi.org/10.1016/j.jaerosci.2020.105698
http://doi.org/10.1016/j.ijpharm.2021.121025
http://www.ncbi.nlm.nih.gov/pubmed/34418472
https://news.cision.com/inhalation-sciences/r/inhalation-sciences-receives-landmark-fda-approval-for-co-financing-of-its-study-to-validate-dissolv,c3610227
https://news.cision.com/inhalation-sciences/r/inhalation-sciences-receives-landmark-fda-approval-for-co-financing-of-its-study-to-validate-dissolv,c3610227
http://doi.org/10.1016/j.ejpb.2019.05.022
http://www.ncbi.nlm.nih.gov/pubmed/31154066
http://doi.org/10.1016/j.ejmech.2014.12.006
http://www.ncbi.nlm.nih.gov/pubmed/25528330
https://www.fda.gov/media/148472/
https://www.fda.gov/media/148472/
http://doi.org/10.1186/s41120-015-0002-x
http://doi.org/10.1021/acs.molpharmaceut.2c00113
http://doi.org/10.1089/089426802320282257
http://doi.org/10.3390/sci3040045
http://doi.org/10.1007/s11626-020-00517-7
http://www.ncbi.nlm.nih.gov/pubmed/33175307
http://doi.org/10.1016/j.ejpb.2005.02.010
http://doi.org/10.1517/17425247.2013.805743
http://doi.org/10.1007/s11095-013-1282-2
https://www.vitrocell.com/inhalation-toxicology/exposure-systems/vitrocell-powder-chamber
https://www.vitrocell.com/inhalation-toxicology/exposure-systems/vitrocell-powder-chamber
http://doi.org/10.3389/fbioe.2021.643491
http://www.ncbi.nlm.nih.gov/pubmed/33968912
http://doi.org/10.1016/j.ejpb.2020.07.023
http://doi.org/10.14573/altex.1511131
http://www.ncbi.nlm.nih.gov/pubmed/26985677

Pharmaceutics 2023, 15,983 24 of 25

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Kanagaki, S.; Ikeo, S.; Suezawa, T.; Yamamoto, Y.; Seki, M.; Hirai, T.; Hagiwara, M.; Suzuki, Y.; Gotoh, S. Directed induction of
alveolar type I cells derived from pluripotent stem cells via Wnt signaling inhibition. Stem Cells 2020, 39, 156-169. [CrossRef]
Hittinger, M.; Janke, J.; Huwer, H.; Scherlief;, R.; Schneider-Daum, N.; Lehr, C.M. Autologous co-culture of primary human
alveolar macrophages and epithelial cells for investigating aerosol medicines. Part I: Model Characterization. Altern. Lab. Anim.
2016, 44, 337-347. [CrossRef]

Carius, P.; Dubois, A.; Ajdarirad, M.; Artzy-Schnirman, A.; Sznitman, J.; Schneider-Daum, N.; Lehr, C.-M. PerfuPul—A Versatile
Perfusable Platform to Assess Permeability and Barrier Function of Air Exposed Pulmonary Epithelia. Front. Bioeng. Biotechnol.
2021, 9, 743236. [CrossRef]

Selo, M.A; Sake, J.A.; Kim, K.J.; Ehrhardt, C. In vitro and ex vivo models in inhalation biopharmaceutical research—Advances,
challenges and future perspectives. Adv. Drug Del. Rev. 2021, 177, 113862. [CrossRef]

Eedara, B.B.; Bastola, R.; Das, S.C. Dissolution and Absorption of Inhaled Drug Particles in the Lungs. Pharmaceutics 2022, 14, 2667 .
[CrossRef] [PubMed]

Lagowala, D.A.; Kwon, S.; Sidhaye, V.K.; Kim, D.H. Human microphysiological models of airway and alveolar epithelia. Am. ].
Physio. Lung Cellular Mol. Physio. 2021, 321, L1072-L1088. [CrossRef] [PubMed]

Stucki, A.O.; Stucki, ].D.; Hall, SR.R.; Felder, M.; Mermoud, Y.; Schmid, R.A.; Geiser, T.; Guenat, O.T. A lung-on-a-chip array with
an integrated bio-inspired respiration mechanism. Lab Chip 2015, 15, 1302-1310. [CrossRef] [PubMed]

Konar, D.; Devarasetty, M.; Yildiz, D.V.; Atala, A.; Murphy, S.V. Lung-on-a-chip technologies for disease modeling and drug
development. Biomed. Eng. Comput. Biol. 2016, 7, 17-27. [CrossRef]

Carvalho, T.C,; Peters, J.I; Williams III, R.O. Influence of particle size on regional lung deposition—What evidence is there? Int. ].
Pharm. 2011, 406, 1-10. [CrossRef]

Usmani, O.S.; Biddiscombe, M.E,; Barnes, P.J. Regional lung deposition and bronchodilator response as a function of 32-agonist
particle size. Am. J. Resp. Critical Care Med. 2005, 172, 1497-1504. [CrossRef]

Bur, M.; Huwer, H.; Muys, L.; Lehr, C.M. Drug transport across pulmonary epithelial cell monolayers: Effects of particle size,
apical liquid volume, and deposition technique. J. Aerosol Med. Pulm. Drug Deliv. 2010, 23, 119-127. [CrossRef]

Floroiu, A.; Klein, M.; Krdmer, J.; Lehr, C.M. Towards Standardized Dissolution Techniques for In Vitro Performance Testing of
Dry Powder Inhalers. Dissolution Technol. 2018, 25, 6-18. [CrossRef]

Eedara, B.B.; Tucker, I.G.; Das, S.C. In vitro dissolution testing of respirable size anti-tubercular drug particles using a small
volume dissolution apparatus. Int. J. Pharm. 2019, 559, 235-244. [CrossRef]

May, S.; Jensen, B.; Weiler, C.; Wolkenhauer, M.; Schneider, M.; Lehr, C.M. Dissolution testing of powders for inhalation: Influence
of particle deposition and modeling of dissolution profiles. Pharm Res. 2014, 31, 3211-3224. [CrossRef]

Marre, S.; Palmeri, J. Theoretical study of aerosol filtration by nucleopore filters: The intermediate crossover regime of Brownian
diffusion and direct interception. J. Colloid Interf. Sci. 2001, 237, 230-238. [CrossRef]

Stegemann, S.; Moreton, C.; Svanbéck, S.; Box, K.; Motte, G.; Paudel, A. Trends in oral small-molecule drug discovery and product
development based on product launches before and after the Rule of Five. Drug Discov. Today 2023, 28, 103344. [CrossRef]
Shekunov, B.; Montgomery, E.R. Theoretical Analysis of Drug Dissolution: I. Solubility and Intrinsic Dissolution Rate. J. Pharm.
Sci. 2016, 105, 2685-2697. [CrossRef]

Bhagwat, S.; Schilling, U.; Chen, M.].; Wei, X.; Delvadia, R.; Absar, M.; Saluja, B.; Hochhaus, G. Predicting Pulmonary Pharma-
cokinetics from In Vitro Properties of Dry Powder Inhalers. Pharm. Res. 2017, 34, 2541-2556. [CrossRef]

Kumar, A.; Terakosolphan, W.; Hassoun, M.; Vandera, K.K.; Novicky, A.; Harvey, R.; Royall, P.G.; Bicer, EM.; Eriksson, J.;
Edwards, K.; et al. A Biocompatible Synthetic Lung Fluid Based on Human Respiratory Tract Lining Fluid Composition. Pharm
Res. 2017, 34, 2454-2465. [CrossRef] [PubMed]

Shelley, S.A.; Balis, ].U.; Paciga, ].E.; Espinoza, C.G.; Richman, A.V. Biochemical composition of adult human lung surfactant.
Lung 1982, 160, 195-206. [CrossRef] [PubMed]

Marques, M.R.C.; Loebenberg, R.; Almukainzi, M. Simulated Biological Fluids with Possible Application in Dissolution Testing.
Dissolution Technol. 2011, 18, 15-28. [CrossRef]

Calas, A.; Uzu, G.; Martins, ].M.; Voisin, D.; Spadini, L.; Lacroix, T.; Jaffrezo, ].L. The importance of simulated lung fluid (SLF)
ex-tractions for a more relevant evaluation of the oxidative potential of particulate matter. Sci. Rep. 2017, 7, 11617. [CrossRef]
Schulz, A.; Pagerols, R.L.; Kolman, ].P.; Kénigs, I.; Trochimiuk, M.; Appl, B.; Reinshagen, K.; Boettcher, M.; Trah, J. The Inhibitory
Effect of Curosurf®and Alveofact®on the Formation of Neutrophil Extracellular Traps. Front. Immunol. 2021, 11, 582895.
[CrossRef]

Pham, S.; Wiedmann, T.S. Note: Dissolution of aerosol particles of budesonide in Survanta, a model lung surfactant. J. Pharm. Sci.
2001, 90, 98-104. [CrossRef]

Eedara, B.B.; Tucker, I.G.; Das, S.C. A STELLA simulation model for in vitro dissolution testing of respirable size particles. Sci.
Rep. 2019, 9, 18522. [CrossRef]

Scheubel, E.; Lindenberg, M.; Beyssac, E.; Cardot, ].M. Small volume dissolution testing as a powerful method during pharmaceu-
tical development. Pharmaceutics 2010, 2, 351-363. [CrossRef] [PubMed]

Kaialy, K.; Nokhodchi, A. Engineered mannitol ternary additives improve disper-sion of lactose—salbutamol sulphate dry powder
inhalations. AAPS J. 2013, 15, 728-743. [CrossRef] [PubMed]


http://doi.org/10.1002/stem.3302
http://doi.org/10.1177/026119291604400404
http://doi.org/10.3389/fbioe.2021.743236
http://doi.org/10.1016/j.addr.2021.113862
http://doi.org/10.3390/pharmaceutics14122667
http://www.ncbi.nlm.nih.gov/pubmed/36559160
http://doi.org/10.1152/ajplung.00103.2021
http://www.ncbi.nlm.nih.gov/pubmed/34612064
http://doi.org/10.1039/C4LC01252F
http://www.ncbi.nlm.nih.gov/pubmed/25521475
http://doi.org/10.4137/BECB.S34252
http://doi.org/10.1016/j.ijpharm.2010.12.040
http://doi.org/10.1164/rccm.200410-1414OC
http://doi.org/10.1089/jamp.2009.0757
http://doi.org/10.14227/DT250318P6
http://doi.org/10.1016/j.ijpharm.2019.01.035
http://doi.org/10.1007/s11095-014-1413-4
http://doi.org/10.1006/jcis.2001.7458
http://doi.org/10.1016/j.drudis.2022.103344
http://doi.org/10.1016/j.xphs.2015.12.006
http://doi.org/10.1007/s11095-017-2235-y
http://doi.org/10.1007/s11095-017-2169-4
http://www.ncbi.nlm.nih.gov/pubmed/28560698
http://doi.org/10.1007/BF02719293
http://www.ncbi.nlm.nih.gov/pubmed/6896735
http://doi.org/10.14227/DT180311P15
http://doi.org/10.1038/s41598-017-11979-3
http://doi.org/10.3389/fimmu.2020.582895
http://doi.org/10.1002/1520-6017(200101)90:1&lt;98::AID-JPS11&gt;3.0.CO;2-5
http://doi.org/10.1038/s41598-019-55164-0
http://doi.org/10.3390/pharmaceutics2040351
http://www.ncbi.nlm.nih.gov/pubmed/27721362
http://doi.org/10.1208/s12248-013-9476-4
http://www.ncbi.nlm.nih.gov/pubmed/23591748

Pharmaceutics 2023, 15,983 25 of 25

78.

79.

80.

81.

82.

83.
84.

85.
86.
87.
88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Hamishehkar, H.; Emami, J.; Najafabadi, A.R.; Gilani, K.; Minaiyan, M. Influence of carrier particle size, carrier ratio and addition
of fine ternary particles on the dry powder inhala-tion performance of insulin-loaded PLGA microcapsules. Power Technol. 2010,
201, 289-295. [CrossRef]

Myrdal, P.B.; Sheth, P; Stein, S.W. Advances in metered dose inhaler technology: Formulation development. AAPS PharmSciTech
2014, 15, 434-455. [CrossRef]

Buttini, F.; Miozzi, M.; Balducci, A.G.; Royall, P.G.; Brambilla, G.; Colombo, P.,; Bettini, R.; Forbes, B. Differences in physical
chemistry and dissolution rate of solid particle aerosols from solution pressurised inhalers. Int. J. Pharm. 2014, 465, 42-51.
[CrossRef]

Haghi, M.; Bebawy, M.; Colombo, P.; Forbes, B.; Lewis, D.A.; Salama, R.; Traini, D.; Young, P.M. Towards the bioequivalence
of pressurised metered dose inhalers 2. Aerodynamically equivalent particles (with and without glycerol) exhibit different
biopharmaceutical profiles in vitro. Eur. J. Pharm. Biopharm. 2014, 86, 38—45. [CrossRef] [PubMed]

Al ayoub, Y.; Buzgeia, A.; Almousawi, G.; Mazhar, HR.A.; Alzouebi, B.; Gopalan, R.C.; Assi, K.H. In-Vitro In-Vivo Correlation
(IVIVC) of Inhaled Products using Twin Stage Impinger. J. Pharm. Sci. 2022, 111, 395-402. [CrossRef]

Jouyban, A. Handbook of Solubility Data for Pharmaceuticals; CRC Press, Taylor and Francis Group: Boca Raton, FL, USA, 2010.
Stopford, W.; Turner, J.; Cappellini, D.; Brock, T. Bioaccessibility testing of cobalt compounds. J. Environ. Monit. 2003, 5, 675-680.
[CrossRef] [PubMed]

Colombo, C.; Monhemius, A.J.; Plant, J.A. Platinum, palladium and rhodium release from vehicle exhaust catalysts and road dust
exposed to simulated lung fluids. Ecotox. Environ. Safe. 2008, 71, 722-730. [CrossRef]

May, S. Dissolution Testing of Powders for Inhalation. Ph.D. Thesis, University of Saarlandes, Saarbriicken, Germany, 2013.
Wiedmann, T.S.; Bhatia, R.; Wattenberg, L.W. Drug solubilization in lung surfactant. J. Control. Release. 2000, 65, 43—47. [CrossRef]
Kaiser, H.; Aaronson, D.; Dockhorn, R.; Edsbacker, S.; Korenblat, P.; Kallen, A. Dose-proportional pharmacokinetics of budesonide
inhaled via turbuhaler. Br. J. Clin. Pharmacol. 1999, 48, 309-316. [CrossRef]

Costa, P; Lobo, ].M.S. Modeling and comparison of dissolution profiles. Eur. J. Pharm. Sci. 2001, 13, 123-133. [CrossRef]
Mendyk, A.; Jachowicz, R.; Fijorek, K.; Dorozyriski, P.; Kulinowski, P.; Polak, S. KinetDS: An open source software for dissolution
test data analysis. Dissolution Technol. 2012, 19, 6-11. [CrossRef]

Restani, R.B.; Pires, R.E.; Tolmatcheva, A.; Cabral, R.; Baptista, P.V.; Fernandes, A.R.; Casimiro, T.; Bonifacio, V.D.B. Poxylated
Dendrimer-Based Nano-in-Micro Dry Powder Formulations for Inhalation Chemotherapy. Chemistry Open 2018, 7, 772-779.
[CrossRef] [PubMed]

Bhagwat, S.; Rohrschnieder, M.; Sandini, L.; Hochaus, G.; Alfadehl, S.; Hochhaus, G. Development of an in vitro dissolution test
method for inhaled corticosteroids. JAMPD 2013, 26, A58-A59.

Hassoun, M.; Malmlof, M.; Scheibelhofer, O.; Kumar, A.; Bansal, S.; Selg, E.; Nowenwik, M.; Gerde, P,; Radivojev, S.; Paudel, A.;
et al. Use of PBPK Modeling to Evaluate the Performance of Dissolvlt, a Biorelevant Dissolution Assay for Orally Inhaled Drug
Products. Mol. Pharm. 2019, 16, 1245-1254. [CrossRef]

Papadopoulou, V.; Kosmidis, K.; Vlachou, M.; Macheras, P. On the use of the Weibull function for the discernment of drug release
mechanisms. Int. . Pharm. 2006, 309, 44-50. [CrossRef]

Moore, ].W.; Flanner, H.H. Mathematical comparison of dissolution profiles. Pharma Tech. 1996, 20, 64-74.

US Food and Drug Administration. Guidance for Industry: Dissolution Testing of Immediate Release Solid Oral Dosage Forms; Center
for Drug Evaluation and Research (CDER): Silver Spring, MD, USA; United States Department of Health and Human Services:
Washington, DC, USA, 1997.

Tsong, Y.; Hammerstrom, T.; Sathe, P.; Shah, V.P. Statistical assessment of mean differences between two dissolution data sets.
Drug Inf. ]. 1996, 30, 1105-1112. [CrossRef]

FDA; CDER. Guidance for Industry. Immediate Release solid Oral Dosage Forms. Scale-Up and Postapproval Changes: Chemistry,
Manufacturing, and Controls, In Vitro Dissolution Testing, and In Vivo Bioequivalence Documentation. 1995. Available online:
http:/ /www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation/Guidances /ucm070636.pdf (accessed on
15 February 2023).

FDA; CDER. Guidance for Industry. SUPAC-MR: Modified Release Solid Oral Dosage Forms Scale-Up and Postapproval Changes:
Chemistry, Manufacturing, and Controls; In Vitro Dissolution Testing and In Vivo Bioequivalence Documentation. 1997. Available
online: http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070640.pdf
(accessed on 15 February 2023).

EMEA; CPMP. CPMP/QWP/604/96. Note for Guidance on Quality of Modified Release Products: A: Oral Dosage Forms. B.;
Transdermal Dosage Forms. Section I (Quality). 1999. Available online: http://www.ema.europa.eu/docs/en_GB/document_
library /Scientific_guideline /2009 /09/WC500003664.pdf (accessed on 15 February 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.powtec.2010.04.017
http://doi.org/10.1208/s12249-013-0063-x
http://doi.org/10.1016/j.ijpharm.2014.01.033
http://doi.org/10.1016/j.ejpb.2013.02.020
http://www.ncbi.nlm.nih.gov/pubmed/23528797
http://doi.org/10.1016/j.xphs.2021.09.042
http://doi.org/10.1039/b302257a
http://www.ncbi.nlm.nih.gov/pubmed/12948248
http://doi.org/10.1016/j.ecoenv.2007.11.011
http://doi.org/10.1016/S0168-3659(99)00230-8
http://doi.org/10.1046/j.1365-2125.1999.00008.x
http://doi.org/10.1016/S0928-0987(01)00095-1
http://doi.org/10.14227/DT190112P6
http://doi.org/10.1002/open.201800093
http://www.ncbi.nlm.nih.gov/pubmed/30338202
http://doi.org/10.1021/acs.molpharmaceut.8b01200
http://doi.org/10.1016/j.ijpharm.2005.10.044
http://doi.org/10.1177/009286159603000427
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070636.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070640.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003664.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003664.pdf

	Introduction 
	Process Overview of Dissolution and Permeability Testing for Inhaled Products 
	In Vitro Dissolution and Permeability Testing Methods 
	Paddle Dissolution Apparatus 
	Flow through Cell Apparatus (USP Apparatus IV) 
	Diffusion-Controlled Cell Apparatus 
	Dissolvit® 
	Cell-Based Permeability Assays 
	Recent Advancements in Technology for In Vitro Testing 

	Aerosol Particle Collection 
	Optimization of Dissolution Medium for Orally Inhaled Drug Particles 
	Application of Statistics to Dissolution Data 
	Modeling of Dissolution Profiles 
	Methods for Comparing Dissolution Profiles 

	Conclusions and Future Perspectives 
	References

