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Abstract

Chemical and process engineering offers scientific tools for solving problems in the biomedical field, includ-
ing drug delivery systems. This paper presents examples of analyzing the dynamics of dispersed systems
(aerosols) in medical inhalers to establish a better relationship between the test evaluation results of these
devices and the actual delivery of drugs to the lungs. This relationship is referred to as in vitro—in vivo
correlation (IVIVC). It has been shown that in dry powder inhalers (DPIs), the aerosolization process and
drug release times are determined by the inhalation profile produced by the patient. It has also been shown
that inspiratory flow affects the size distribution of aerosols generated in other inhalation devices (vibrat-
ing mesh nebulizers, VMNs), which is due to the evaporation of droplets after the aerosol is mixed with
additional air taken in by the patient. The effects demonstrated in this work are overlooked in standard
inhaler testing methods, leading to inaccurate information about the health benefits of aerosol therapy,
thus limiting the development of improved drug delivery systems.
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1. INTRODUCTION

Chemical engineering finds its valuable applications in
biomedical field, e.g., by offering the possibility of deeper
physical analysis into the functioning of drug delivery sys-
tems. One of such systems are medical inhalers, where
aerosols are used as convenient carriers for targeted drug
delivery to the lower respiratory tract (Sosnowski, 2023).

The process of aerosol generation can proceed in different
ways depending on the properties of the precursor. Powders
are dispersed by aerodynamic forces, typically generated by
the flow of inhaled air in so-called passive dry powder in-
halers (DPIs) (Azouza and Chrystyn, 2012; Dorosz et al.,
2021; Longest et al., 2013). Liquid solutions or suspensions
are dispersed by atomization done with various methods,
with pneumatic or ultrasonic nebulization (including vibrat-
ing mesh nebulization) being the most common (Sosnowski
et al, 2021). In any aerosol generation system, the mass out-
put and size distribution of dispersed particles or droplets are
influenced by aerodynamic conditions of airflow through the
inhaler (Dorosz et al. 2021; Sosnowski, 2016). By affecting
the aerosol size distribution, these conditions determine the
penetration and deposition of the drug inside the respiratory
system, and thus — the effectiveness of inhalation therapies.
Regardless of the type of inhaler, the actual behavior of the
aerosol particles in the surrounding airflow field in the respi-
ratory tree depends on the way of the inhalation maneuver.

Successful application of in vitro aerosol studies in the res-
piratory drug delivery applications relies on proper consider-
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ation of the actual (in vivo) regional deposition of inhaled
particles in the lungs. This has far-reaching benefits for pul-
monary specialists, drug developers and, most importantly,
patients. This relationship is known as in vitro — in vivo corre-
lation (IVIVC) and is often studied in conjunction with Qual-
ity by Design (QbD) approaches (Newman and Chan, 2008,
2020; Buttini et al., 2018). Compendial recommendations re-
quire the use of cascade impactors, such as Andersen or NGl
(Next Generation Impactor), to assess in vitro aerosol quality
during product development and regular quality assessment
in production (EDQM, 2021; United States Pharmacopeial
Convention, 2021). The historical IVIVC studies have shown
that realistic in vivo conditions were difficult to achieve due
to technical limitations. These included e.g., unrealistic in-
halation parameters (constant instead of the realistic time-
varying airflow), neglecting inter-subject variability in respira-
tory geometry (especially — in the oropharyngeal region), but
also lack of liquid coating of the surface of the impactor inlet
resulting in particle rebound (Newman and Chan, 2020). It
shows that standard methods for testing inhalers and medi-
cal aerosols lack the appropriate physical analysis necessary
to fully understand particle dynamics. Some of these issues
have been addressed (for DPI, e. g. Colthorpe et al. (2013);
Delvadia et al. (2012 and 2013); Newman and Chan (2020);
Wei et al. (2017, 2018) and for nebulizers e. g. Corcoran et
al. (2003); Hatley and Byrne (2017); Svensson et al. (2018)).
Additional research opportunities are provided with novel ex-
perimental methods. Laser diffraction (LD) is a technique
that allows detailed and dynamic measurements of polydis-
perse aerosols with uni- or multimodal size distributions, such
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as these produced from pharmaceutical formulations (Mar-
riott et al. 2006; Shekunov et al. 2007; Telko and Hickey,
2005). Unfortunately, this optical technique does not distin-
guish the particles of the active pharmaceutical ingredient
from the carrier (lactose) typically present in powder formu-
lations, and thus it is not a standard method in the quality
assessment of medical aerosols formed from powders. Nev-
ertheless, in the fundamental research, LD allows analysis of
time-dependent disintegration process of powders with the
subsequent flow of smaller aggregates and primary particles
of different sizes. Aerosolization of powders in dry powder
inhalers (DPIs) proceeds in several stages: (1) fluidization
of the powder bed (mechanically by impaction and aero-
dynamically by shear forces), (2) resuspension, and (3) de-
aggregation (Gac et al., 2008). The final particle size distribu-
tion (PSD) determines the behavior of aerosol particles after
inhalation into the respiratory system, and it also defines their
settlement mechanisms (impaction, sedimentation, Brownian
diffusion) allowing to predict regional drug deposition in the
lungs. The fate of each individual aerosol particle is deter-
mined by elementary phenomena such as the timing of its
formation (e.g., release from the powder structure) and flow
dynamics in the inhaler and human respiratory system. The
cumulative effect of these phenomena in the entire particle
population determines the total drug dose delivered to the
desired site of action in the lungs. Therefore, studies of this
type are useful in gathering comprehensive knowledge of the
course of fine drug particles release from the surface of larger
aggregates or carrier grains in non-steady airflows.

Quite different aerosolization mechanisms take place during
nebulization of liquid drugs, where aerosol droplets are typ-
ically generated by pneumatic, ultrasonic, or mesh atomiza-
tion (Ari, 2014; Mitchell et al., 2023). Aerosol released from
the nebulizer is transported with the additional airflow taken
by the patient during normal (unforced) breathing. As the
aerosol mixes with the air, the droplets can partially evapo-
rate if the conditions are far from the dew point temperature
(i.e., the air is sufficiently dry and warm). This means that
the PSDs of the aerosol both in vitro (measured by impactor
or LD) and in vivo (inhaled by patient) may be different
than originally released from the nebulizer. Evaporation de-
pends on the contact time of the aerosol with the air, as
well as on the dilution ratio. Both parameters change over
time due to the non-stationary nature of the inhalation curve.
Smaller droplets evaporate faster than larger ones, according
to the "diameter-square-law" (e.g., Ochowiak et al., 2022),
and it means that not only the mean diameter of the aerosol
is reduced, but often the finest droplets virtually disappear,
leaving an ultrafine solid residue if the liquid was a solution
or dispersion. These effects should be considered for differ-
ent nebulizers, and they are essential to correctly define the
IVIVC for drug delivery by nebulization.

This paper discusses the results of several types of experi-
mental studies focused on the influence of airflow dynamics
on the generation and transport of aerosol particles inside
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and outside various inhalers. The aim of such analysis is to
improve the understanding and development of IVIVC for
a better link between the information gained from inhaler
testing to clinically assessed lung deposition and health ef-
fects of inhaled aerosol medicine (Newman and Chan, 2020;
Pirozynski and Sosnowski, 2016).

2. METHODS

2.1. DPI studies

Essential details of the materials and methods utilized in the
DPI emission kinetics study have been given in our previ-
ous paper (Dorosz et al., 2021), and they are only briefly
summarized below.

2.1.1. Pharmaceutical powder blend and DPI

Commercial fluticasone propionate blend with lactose (Flu-
tixon, 125 ug of active pharmaceutical ingredient per dose;
Adamed Pharma S.A., Pienkéw, Poland — Batch no.
11561047) was purchased from the local pharmacy. Flutixon
was aerosolized in RS01 inhaler (RS; Plastiape Spa, Osnago
LC, ltaly). It is a passive DPI in which the powder exiting the
rotating capsule is dispersed due to turbulent energy from in-
haled airflow. Effective DPI performance requires forceful and
deep inhalation. RS inhaler has low-mid resistance (Rp =
0.055 hPa%3min/dm3, based on our own measurements).

2.1.2. Generation of non-steady flow profiles

The realistic inhalation profiles were reproduced by the high-
capacity breathing simulator ASL 5000 XL (IngMar Medical,
Pittsburgh, PA, USA). Two different breathing profiles (RS1
and RS2) were used to mimic in vitro operation of DPI in-
halers. The summary of corresponding airflow conditions for
two studied cases is shown in Table 1.

Table 1. Flow parameters for two studied inhalation profiles.

Total volume of Total inhalation

Profile name inhaled air time tinh
[dm’] [s]
RS1 2.344 3.41
RS2 1.689 2.0

2.1.3. Light scattering-based investigation of aerosol emission
process during passive DPI performance

Fast detection of aerosol particles released from DPls was
done using light scattering-based instrument developed in
collaboration with the Faculty of Physics, Warsaw University
of Technology. The method allowed to detect the time of
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aerosol emission with the simultaneous measuring the flow
curve by anemometric mass flowmeter (TSI Inc., Shoreview,
USA). Both measuring devices were connected to the oscil-
loscope to superimpose these two signals. The aerosol was
dispersed directly into measuring flow cell by ASL 5000 XL
simulator equipped with the Auxiliary Gas Exchange Cylinder
(IngMar Medical, Pittsburgh, USA) to secure the interior of
piston from abrasion by the inhalation powder. Quadruplicate
repetitions were done to obtain mean results.

2.1.4. Laser diffraction-based analysis of aerosolization process
during passive DPI performance

Evaluation of the dispersion process of the powder blend
(Flutixon) in the RS DPI for two breathing profiles (1RS
and 2RS) was done using LD technique (Spraytec spectrom-
eter, Malvern Instruments, Worcestershire, UK). The device
allowed to determine the volumetric PSD with the sampling
rate up to 2.5 kHz for aerosols emitted from DPI mouthpiece.
The unconventional application of the open-bench configu-
ration of Spraytec spectrometer was explained in our previ-
ous work (Dorosz et al., 2021). Results were obtained in the
form of bimodal volumetric PSDs with specified modes (one
for the drug and the other for the carrier). The instanta-
neous volume concentration of particles in the aerosol cloud
was also determined (%Vol) to assess the time evolution of
aerosol emission. Each experiment was repeated in at least
quintuplicate to obtain mean results and calculate SD. What
is more, £ parameter was determined, because it indicates the
importance of the unsteady term compared to the convective
term at the same instant of time, when resolving the Navier-
Stokes equations for the respiration process (Dorosz et al.,
2016). Its values in function of process time during analyzed
breathing cycle are to be evaluated according to the formula:

1 du(t)
(u(r))® dt

where Dippaler denotes the diameter of the inhaler cross-
section (Diphaler = 0.011 m) and u(t) denotes the averaged
axial velocity at the outlet of the DPI mouthpiece. Fluid flow
Reynolds number for time-varying volumetric flow rate Q(t)
was calculated to estimate the temporary regime of flow pro-
file (Dorosz et al., 2016).

E(t) = Dinhaler (1)

2.2. Nebulizer studies

2.2.1. Droplet size distribution

A vibrating mesh nebulizer (VMN — Intec Turbo Mesh; In-
tec Medical, Krakéw, Poland) was chosen for the study be-
cause no gas flow through the VMN is required to release
the aerosol (unlike pneumatic nebulizers). This simplifies the
evaluation of the effect of additional (inhaled) air mixed
with the emitted aerosol on the final PSD value. Aerosol
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was generated using a physiological saline solution. The flow
of air mixed with the aerosol released from the mouth-
piece was measured using the anemometric mass flowmeter
(described earlier). The diluted aerosol was drawn through
the so-called inhalation chamber of the Spraytec spectrom-
eter described in the test procedure for the DPI. Four
variants were tested: aerosol without dilution, and diluted
with 10 dm3/min (L/min), 20 dm3/min, and 30 dm3/min of
air drawn from the surrounding (22 +2°C, 40% RH). These
diluting values correspond to the onset of inspiration, pass-
ing through successive phases up to the peak inspiratory flow
rate (PIFR) during the tidal breathing (mean flow rate of
15 dm3/min). Two basic parameters were evaluated from the
PSDs measured with LD: volumetric median diameter, Dv50
[wm], and fine particle fraction, FPF (mass fraction of par-
ticles smaller than 5 pm). All measurements were triplicated
to determine the mean values and the standard deviation of
the above parameters. The average values of Dv50 and FPF
for the whole inhalation period t;,, were calculated as:

tinh

1 x(t)dt (2)

tinh
0

where x denotes Dv50 or FPF.

2.2.2. Predicted pulmonary deposition of inhaled aerosol

Pulmonary deposition was calculated using Multi-Path Parti-
cle Dosimetry model (MPPD, ARA Inc., Albuquerque, USA)
for typical parameters of tidal breathing for adults using dif-
ferent PSDs obtained from the studies described in Sec-
tion 2.2.1. Based on the data of regional deposition efficien-
cies of inhaled aerosol, the benefit factor of drug inhalation,

K, was calculated:
_ DEPP

* = DEPH 3
This parameter shows the ratio of the beneficial and unde-
sired regional drug deposition efficiencies in the lungs, where
DEP P denotes the deposition efficiency in the peripheral
(pulmonary) lower airways associated with therapeutic ef-
fects, and DEP H denotes the deposition efficiency in the
upper airways (head region), which is usually related to side
effects (Pirozynski and Sosnowski, 2016).

3. RESULTS AND DISCUSSION

3.1. Powder aerosolization during emission
from a passive DPI inhaler

As shown in our previous studies (Dorosz et al., 2021),
the work of breathing (inhalation) is converted into kinetic
energy of the air used in the system: medicinal powder
— DPI. This energy is distributed over three time inter-
vals, which is an important issue from the point of view
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of optimizing the generation, transport and delivery of an
aerosolized powder drug. In the first interval (from zero
to a certain point), a threshold (critical) energy is ob-
tained, beyond which it is possible to overcome the adhe-
sion forces in the therapeutic powder and start the emis-
sion and disaggregation of the drug in the DPI-powder sys-
tem. In the second time interval (from the beginning to the
end of the emission), a portion of the energy — the effec-
tive energy — is obtained, which can be used in the pro-
cess of fluidization and entrainment of the powder drug,
and subsequent disintegration into an aerosol emitted from
the DPI inhaler. This period constitutes the emission win-
dow, which was determined experimentally and is shown in
Figure 1 for both inhalation profiles (RS1 and RS2). Dur-
ing the third interval (after the end of emission until the
end of inhalation), the remaining part of the energy can
only be used in the processes of transport and deposition
of particles and aggregates of medicinal powder particles in
the respiratory system. For this reason, a passive DPI in-
haler should be characterized by a sufficiently high inter-
nal resistance, guaranteeing the use of energy in the above-
mentioned processes, and not its dissipation. On the other
hand, the use of a low-resistance inhaler may be associ-
ated with better dispersion of the powder at a higher flow
and with higher kinetic energy, in the middle of the inhala-
tion. However, the aerosol generated at the time of emis-
sion will have a higher velocity, and its particles will have
a greater inertia and a greater ability to deposit in the up-
per respiratory tract. Penetration of particles in such con-
ditions will also be hindered by the fact that the lungs
are already partly filled with air and the time available for
transport is shorter. To sum up, there are two competing
mechanisms — effective powder dispersion to small particle
sizes and unfavorable filtration of therapeutic aerosol parti-
cles in the upper respiratory tract — which have been dis-
cussed so far.

Table 2 shows the values of work of breathing attained dur-
ing inhalation, and potentially (assuming no losses) trans-
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ferred to the passive DPIl-powder blend system in three
above-mentioned time intervals. The results indicate that the
threshold level of energy necessary to supply the powder was
practically negligible in both studied cases. It seems that the
more intensive profile RS1 may be a more appropriate flow
profile for the studied inhaler, because the kinetic energy of
the gas imparted during the release of the aerosol was higher.
The RS tested inhaler provided a more even distribution of
energy during and after emission in the RS1 profile, while
for the RS2 profile, the distribution was in favor of the emis-
sion period. Therefore, for tested DPI its efficiency is clearly
related to the cost of work performed by the respiratory mus-
cles during inhalation. This is an important aspect to con-
sider when choosing an inhalation device for a patient with
impaired breathing mechanics.

Table 2. Work of breathing potentially transferred to the passive
DPIl-powder blend system in three time intervals:
before, during and after aerosol emission process from
the inhaler.

Work of breathing potentially transferred

ok to the passive DPI-powder blend system [J]
Before emission During emission After emission

Case RS1 0.0002 0.8592 1.1328

Case RS2 0.0012 1.4975 0.6707

To further analyze the influence of the inhalation dynamics
on the course of aerosol generation and release processes
from the passive DPI, a series of emission time moments
was isolated, which included successive values of the nor-
malized dimensionless time: normalized emission start time,
0.1, 0.2, 0.3, 0.4, 0.5 of inspiration and normalized emission
end time (the extreme values for this range are respective for
the given test variants RS1 and RS2). The contributions of
particles in the PSD on a log-normal plot as datasets were
plotted against the particle size values. The PSD was stud-
ied in a function of time, depicted in Figure 2. The shape
of the PSD distribution curve underwent dynamic transfor-
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Figure 1. Experimentally determined periods of aerosol emission (emission window) for each inhalation profile (Case RS1 and RS2).
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Figure 2. Time evolution of the volumetric particle size distribution for both tested flow profiles: (A) Case RS1, (B) Case RS2. Legend

indicates the normalized instant of time.
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Figure 3. Fine (FMV) and coarse modal value (CMV) in time series determined based on the volumetric particle size distribution for
Case RS1 and Case RS2. Error bars show the standard deviation.

mations during the aerosol emission, which proved that the
aerosol cloud was reorganized in the progressing dispersion
process. Two main modal values (dominants) of the distribu-
tion were distinguished, corresponding to the local maxima,
which in a way identify fractions of particles of various sizes.
The first dominant, marked as FMV (fine modal value), ob-
served in the area of fine particles with a size not exceed-
ing 10 microns and the second dominant, marked as CMV
(coarse modal value), observed in the area of large particles,
the size of which ranges from about one hundred to sev-
eral hundred microns. As a supplement to the analysis of the
time evolution of the volumetric PSD distribution of aerosol
particles, the FMV and CMV modal values are additionally
shown in the graphs (Figure 3) at the times indicated ear-
lier for comparisons of results between variants RS1 and RS2.
These results took the analysis deeper into understanding the
aerosol dispersion behavior (the breaking up of agglomerates
to regenerate the primary particles and bigger aggregates).

The dominant FMV corresponded to a range of particle sizes
dispersed from 0 to approximately 10-15 um, which can cer-
tainly be attributed to the fraction of primary API particles,
as well as aggregates of API particles with fine carrier parti-

https://journals.pan.pl/cpe

cles. Based on the graphs of dominants’ variation over time,
the FMV modal value oscillated around 5 um in both ana-
lyzed RS1 and RS2 variants. The percentage share of dom-
inant FMV in the distribution, with an initial upward trend,
then gradually decreased, which was noted in all the tested
variants. This was the consequence of shifting the distribu-
tion shares to the area of larger particles, which in turn re-
sulted from the fact that dispersion occurs most effectively in
the first moments of inhalation, and then the dispersion be-
comes weaker. In the case of the “RS” inhaler, the reduction
of the fine particle mode share was from 3.4% vol. for RS1
and from 4.2% vol. for RS2. The CMV modal value represents
large aggregates of particles and coarse carrier grains, occur-
ring alone or together with smaller particles — API or carrier
— deposited on its surface. The “RS” inhaler produced an
aerosol characterized by a stable CMV dominant of 150 um,
only at the beginning of the analyzed inhalation curve 1 the
value of the mode in one analyzed time moment was 170 um.

Figure 4 illustrates the time evolution of two important
flow parameters: Re and & for both flow profiles (cases
RS1 and RS2). At the beginning of inhalation, the regime
of the flow changed from laminar to transient for both

50f 9



A. Dorosz, A. Moskal, T.R. Sosnowski

inhalation profiles. With a further increase in the air flow
rate forced through inhaler, turbulence of the flow occurred.
After reaching the peak inspiratory flow rate (PIFR) which
corresponds to the maximum of Re, the flow evolves into
transitional and back to laminar until the end of inspiration.
This type of flow regime evolution has been reported
previously (Dorosz et al., 2016).

The results obtained here allow to demonstrate that aerosol
release from the inhaler started when Re reached approx-
imately 1400 (RS1) or 1500 (RS2), which corresponds to
the transition from laminar to partly turbulent flow. This
result is in line with the understanding of the dispersion pro-
cess, which is favored by the developing turbulence of the
flow in the internal channels of the inhaler. Considering the
effect of non-stationarity of the inspiratory flow for uptake
and de-aggregation of medicinal powder, the value of the
€ parameter should be carefully monitored in real-time. At
the initial moment of inhalation, ¢ is infinite, after which it
rapidly decreases to almost zero (within approx. 2% of the
total time of inhalation). The aerosol cloud emission from
the inhaler was recorded when ¢ was equal 0.044 (RS1) or
0.026 (RS2). After that it was practically equal to zero for
the remaining part of inspiration, respectively. At the end
of inspiration, the course of change in the £ parameter was
reversed, with a rapid decline to minus infinity in a short pe-
riod before reaching zero flow. It was found that in each case
studied, the moment of aerosol emission occurred shortly af-
ter crossing the time corresponding to the turning point of
the g-curve, where the function is represented by a straight
line and its values are constant (close to zero). The asymp-
totic rate of decrease of ¢ is because the flow and velocity
are just beginning to increase from zero, so the flow accel-
eration is the highest in these first moments of inhalation.
Despite the low values of flow and respiratory power in this
crucial period when the kinetic energy of air starts to increase
from zero and the energy transfer to the inhaler-capsule with
medicinal powder system begins, the non-stationarity of the
fluid movement in the system plays a fundamental role in
the process of excitation of the medicinal blend powder.

Chem. Process Eng., 2023, 44(4), e39

Then, the powder bed is fluidized and resuspended in the
flow field. The results presented in Figure 4 therefore con-
firm the high importance of the initialization and acceleration
of the airflow in the passive DPI inhaler, for the entrainment
of medicinal powder and its emission as aerosol. They also
indicate the limitations of typical analyses of aerosolization
process with constant-flow conditions which can be a reason
of poor IVIVC.

3.2. Nebulization

The studies concerning VMNs were focused on the effect
of air taken in during inhalation on the actual properties of
the aerosol delivered from the nebulizer. Figure 5 shows the
variation of the volumetric median diameter (Dv50) and the
fine particle fraction (FPF) after aerosol mixing with different
amounts of air. A gradual decrease of Dv50 and an increase
of FPF are observed, and the relationships vs. airflow rate
are not linear. There is a strong increase (from 25 to 35%)
in FPF after dilution with the small airflow (10 dm3/min).
FPF remains approximately constant for dilution with 10—
20 dm3/min but increases again (to 38%) at the highest di-
lution corresponding to PIFR (30 dm3/min).

These results are in general agreement with the recent results
of aerosol fate in the nebulizer mouthpiece obtained with
CFD (Sosnowski et al., 2022). Assuming the inhalation curve
(profile) at rest, Q(t) can be approximated by sinus function,
the airflow variation during inhalation is represented by the
line shown in Figure 6. This pattern is valid for the breath-
ing at rest (so-called tidal breathing, typically applied dur-
ing nebulization), i.e., the frequency equal to 12 cycles/min
and inhalation period equal to 40% of the total time of the
breathing cycle (ti,n = 2 seconds) (Sosnowski et al, 2021).

Considering the above, one can calculate the changes in Dv50
and FPF during aerosol inhalation, based on the experimental
data for selected flows (shown in Figure 6) and interpolated
values of these parameters for other flows. The results of
such calculations are shown in Figure 7.
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It is interesting to note that data measured at PIFR under-
estimate Dv50 and overestimate the FPF that are represen-
tative for the whole inhalation. Based on Eq. 3, the Dv50
and FPF values averaged across the whole inhalation period
are 6.2 um and 35.1%, respectively. These values roughly
correspond to the data measured for the diluting airflow
equal to 20 L/min.

Figure 8 shows a comparison of k values calculated for
aerosol Dv50 obtained at different dilutions. The data were
obtained by calculating the predicted deposition of aerosol
droplets delivered from VMN (after dilution with air) in dif-
ferent parts of the respiratory system (see: Eq. (4)). Again,
neither the size determined at no dilution nor at PIFR can be
used to correctly predict the beneficial effects of drug delivery
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[Ty ]
>
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35
®
= 30
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Figure 5. Change in Dv50 and FPF after aerosol dilution with
external air (22 £ 2°C, 40% RH). Error bars denote
standard deviation (n = 3).
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Figure 6. Airflow rate during inhalation (tidal breathing with 12
cycles/min, inhalation lasts 40% of the breathing
cycle).
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by inhalation. However, the k value for the entire inhalation
is close to that measured at a dilution rate of 20 L/min.
Therefore, it may be suggested that using this dilution to
determine the PSD in this VMN tested under typical condi-
tions (room temperature, average humidity) should result in
the best IVIVC.

4. CONCLUSIONS

The results presented in this work clearly demonstrate that
airflow dynamics plays an important role in the generation
and fate of aerosol particles released from different inhaling
devices. In the passive DPlIs, the flow intensification during
the initial phase of inhalation strongly influences the time
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Figure 7. Temporary values of Dv50 and FPF during inhalation.
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Figure 8. The benefit factor of drug inhalation k (Eq. (3)) for
different aerosol dilutions with air and realistic
breathing.
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evolution of particle size distribution, so in general the results
obtained during measurements at constant flow are not re-
alistic. The unsteadiness acquired from initial and relatively
small values of flow rates are determinants of the energy
threshold value necessary to overcome adhesion and cohe-
sion forces within the powder blend to initiate aerosol gen-
eration and release. Another finding is that the process of
aerosol emission occurs only in the first part of the inhala-
tion process, before the peak inspiratory flow rate (PIFR) is
achieved. The importance of these results for in vitro—in vivo
correlation issues (IVIVC) is that in general there may be
no arguments for testing DPIs at flows equal to PIFR, since
no aerosol is generated nor released at such conditions (the
drug has been already emitted). The presented DPI study
also presents the laser diffraction method and optical detec-
tion technique of aerosol measurement in the light of their
advantages when applied in in vitro — in vivo correlations
(IVIVCs) and in studies using Quality by Design approach.

In the nebulization studies it was found that aerosol PSD is
significantly altered due to the dilution of ambient air that
is always taken in by the patient during inhalation. It follows
that neither direct sampling of undiluted aerosol directly at
the nebulizer mouthpiece nor measurements at high dilution
(corresponding to PIFR, commonly considered as the repre-
sentative flow in aerosol therapy) provide reliable informa-
tion about the properties of aerosol generated and inhaled
throughout inhalation. FPF values measured without dilu-
tion underestimate deposition in the lungs and consequently
overestimate the side effects caused by drug deposition in the
mouth and throat. This also was confirmed by the values of
the benefit factor k, which indicates the ratio of the proba-
bility of deposition in both regions of the respiratory system.
Interestingly, the values measured at dilution with 20 L/min
of air show the best agreement with FPF calculated as an
average for the whole inhalation and with k for real inhala-
tion. Thus, the correct IVIVC conditions for the VMN under
study can be suggested.
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