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The size distribution of an inhaled pharmaceutical aerosol generated by a nebulizer is a critical parameter
influencing the deposition and therapeutic effect of the medication. Relative humidity (RH) can alter size
distribution by promoting particle growth through condensation, depending on the hygroscopicity of the
formulation. In this study, we evaluate the effect of RH on mannitol, trehalose, salbutamol, and tobramy-
cin aerosols using the Comparative Hygroscopic Aerosol Particle Sizing (CHAPS) technique under varying
RH conditions, ranging from ambient to physiological levels. The results demonstrate that RH significantly
influences the aerosol particle size, with particle growth becoming more pronounced as RH exceeds
95%. The findings confirm that understanding the relationship between geometric radial growth factors
(rGFs) from single droplet size measurements and the aerodynamic rGF is essential for more accurate pre-
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diction of plume size distribution, especially at lower RH levels. We also demonstrate consistency
between the size distributions measured by CHAPS and a Next Generation Impactor (NGI), with CHAPS
providing higher resolution in size and time and data on actuation-by-actuation variability in size distri-
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1. Introduction

Nebulizers are considered a valuable tool for delivering thera-
peutic agents to the respiratory system. One of the primary
advantages of nebulizers is that they require minimal coordi-
nation as the patient can inhale the mist during tidal breath-
ing." This can be contrasted with pressurized meter-dose inha-
lers and dry powder inhalers that require appropriate inhala-
tion techniques. This ease of use is beneficial for patients with
severe respiratory symptoms as well as those with limited
coordination, such as children and elders. Another advantage
of nebulizers is the ability to deliver high doses of medi-
cation,® invaluable for delivering drugs with low bioavailability
or potency. By generating a continuous fine aerosol mist,
nebulizers can deliver a substantial amount of the medication
over an extended period directly to the target site within the
lungs. Furthermore, nebulizers can deliver a wide range of for-
mulations and active ingredients, including aqueous solu-
tions, suspensions, proteins, and peptides, which may be sus-
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ceptible to degradation or denaturation during the manufac-
turing processes required for pMDIs and DPIs, thereby
offering a versatile platform for delivering fragile or sensitive
therapeutic agents.** There are 3 main types of nebulizers: jet
nebulizers, ultrasonic nebulizers and vibrating mesh nebuli-
zers. While jet and ultrasonic nebulizers have their advan-
tages, high residual volume and heating effects limit the
efficient delivery of a wide range of medications.” Vibrating
mesh nebulizers can significantly shorten the time for dose
delivery while effectively aerosolizing suspensions, proteins,
and liposomes.>® In this study, we use a vibrating mesh nebu-
lizer to actuate formulations of different compositions.

The efficacy of inhaled medications actuated from nebuli-
zers is highly dependent on the droplet size distribution of the
generated aerosol and how this evolves in the bolus during
inhalation.””® Comprehending and optimizing the aerody-
namic characteristics and droplet size distribution are pivotal
for enhancing drug delivery to the intended site while mitigat-
ing off-target deposition and side effects. It has been long
known that the size distribution of pharmaceutical aerosols is
affected by relative humidity (RH)® with the magnitude of the
effect depending on the hygroscopicity of the ingredients
within the formulation. The typical indoor RH level in homes
across the United Kingdom ranges from 40% to 60%. However,
the RH in the human respiratory system can reach above
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99%."" Therefore, the aqueous solution aerosol generated by
the nebulizer will dry out as the bolus mixes with ambient RH
before experiencing a significant increase in RH while travel-
ing through the respiratory system. The time span of drying
can also vary. The traditional nebulizer tends to be connected
to the patient via a mask, which allows a brief mixing of the
bolus with the ambient air in between the patient’s tidal
breathing. Moreover, with the development of auxiliary tools
that aid the delivery of inhaled medication, various equipment
such as the universal spacer system manufactured by Inspiring
Holdings Pty Ltd"" allows more time for the plume generated
from the nebulizer to equilibrate with ambient conditions
prior to inhalation. Therefore, understanding how the distri-
bution of particle sizes in the aerosol plume changes under
different environmental conditions can provide meaningful
insights into the deposition profile of the inhaled medication.
Using single particle characterization methods, such as the
comparative  kinetics-electrodynamic  balance (CK-EDB)
approach, the hygroscopicity of aerosol particles formed from
nebulizer formulations can be extracted in the form of a radial
growth factor (rGF) curve showing the variation in relative par-
ticle size with RH." The measured growth factors can then be
compared with model estimates, such as from the Aerosol
Inorganic-Organic Mixtures Functional groups Activity
Coefficients (AIOMFAC) model, which are often based on
group contribution approaches to predict the extent of
aqueous solvation of organic components with varying solu-
tion phase water activity. The water activity can be assumed
equivalent to the surrounding RH for the aerosolized particles
at equilibrium and of nebuliser size, i.e. for an RH of 50%,
and the corresponding water activity would be 0.5. While
single particle approaches provide detailed information on the
idealised equilibrium response of inhaled aerosol, they do not
provide information on the transient effects that may arise and
impact size distribution during device actuation, the coopera-
tive/interaction effects that occur between particles in a cloud
and the variability in the delivered dose between actuations.
We have developed the Comparative Hygroscopic Aerosol
Particle Sizing (CHAPS) approach to measure the aerodynamic
size distribution of aerosolized particles generated by a nebuli-
zer, soft mist inhaler or pMDI simultaneously at two RHs. For
investigating the aerosol plume, CHAPS has a number of
benefits over conventional methods such as Andersen cascade
impactors and Next Generation Impactors, and over the ideal-
ised single particle approach. CHAPS provides high time
resolution (of the order of 1 second) size distribution data
allowing detailed characterization of the whole aerosol plume
and providing insight into how the size distribution generated
may vary across a single actuation. The relationship between
the particle size distributions at two RHs can be immediately
compared, and the absolute particle mass (including water
content) can be routinely estimated allowing an examination
of the reproducibility of aerosol delivery and the delivered dose
over sequential device actuations. In all cases, CHAPS reports
aerodynamic particle sizes, the size characterization appropri-
ate for understanding the inhalation dynamics of the aerosol
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bolus. Finally, the phase behaviour of the aerosol (e.g. whether
the aerosol is solution or crystalline in phase) can be inferred.

In this study, we investigate the dynamics of aerosol
plumes of aqueous mannitol, trehalose, salbutamol, and
tobramycin generated using a vibrating mesh nebulizer under
varying RH conditions spanning from ambient to physiologi-
cal levels. All these components are used for inhalation testing
or treatment in patients,*™*® and therefore would benefit from
an in-depth understanding of how their deposition profile may
be altered in the respiratory system due to RH. Additionally, we
explore the consistency of single particle and plume size
characterization approaches, providing insight into the time-
scale of water equilibration between the condensed and
vapour phases.

2. Experimental

2.1. Single particle characterization and hygroscopic growth
prediction

2.1.1. The comparative kinetic electrodynamic balance.
The CK-EDB approach is used to obtain single droplet hygro-
scopic properties via experimentation. This method has been
extensively described by Rovelli et al,”” so only a brief
summary will be provided here. A solution sample (equivalent
to that used in nebulizer formulations) is loaded into the
reservoir of a droplet-on-demand (DoD) generator (MicroFab,
MJ-ABP-01 30 pm orifice, USA). When combined with an
annular induction electrode positioned a few millimetres in
front of the DoD tip and held at a DC potential of typically
between —80 and 80 V,'® the DoD generator ejects charged dro-
plets into the centre of the CK-EDB trapping chamber, where
the droplets are levitated at the null point of the electrody-
namic field between two pairs of concentric electrodes. A
532 nm laser beam illuminates the levitated droplet in the
trap, and a CCD camera, centred at around 45° to the forward
propagating direction of the beam, collects the elastic scatter-
ing from the droplet over an angular range of +15°. The
pattern of interference fringes from the light scattered by the
droplet is referred to as the phase function." If the particle is
a homogeneous droplet, the droplet size can be estimated
from the phase function and, specifically, the angular spacing
of the interference fringes."® As the dispenser diameter is
30 pm, the initial radius of the droplet is approximately 26 to
30 pm. It should be noted that the physical size generated by
the DoD dispenser is not within the ideal size range for inhal-
able medications. However, data obtained from the CK-EDB
can be appropriately scaled and provide valuable information
for predicting both the equilibrium properties and the
dynamics of size change of smaller, respirable droplets.>**

A second DoD generator produces probe droplets with a
composition that has well-characterised hygroscopic response
(e.g., water or sodium chloride). Injected into the CK-EDB in
sequence with nebulizer formulation solution droplets, the
probe droplets can be used to estimate the exact RH within the
chamber based on their evaporation kinetics.>* Furthermore,
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the temperature and RH of a gas phase flow are controlled and
the flow introduced through the cylindrical electrodes into the
CK-EDB, directly establishing the environmental conditions
the droplet is exposed to. The RH can be set by adjusting the
mixing ratio of dry and humidified nitrogen gas flows using
mass flow controllers (Bronkhorst, the Netherlands), with the
resulting flow passing over the trapped particle. The tempera-
ture of the gas phase in the trapping region is controlled by
circulating ethylene glycol coolant through the electrode
assembly, adjusting the gas flow temperature before it reaches
the droplet trapping region.

As the CK-EDB approach relies on Mie theory for determin-
ing the particle size, estimates of the compositional depen-
dence of the solution density and refractive index (and, thus,
of the evaporating droplets as they change in size) are
required. A parameterization of the solution density with a
change in composition is obtained using a Densito density
meter (Mettler Toledo, UK) with an accuracy of +0.001 g cm™>;
refractive indices are measured using a Palm Abbe digital
refractometer (MISCO, USA) with a precision of +0.1 Brix. With
these parameterisations, we can retrieve the hygroscopic
response of our nebulizer formulations by measuring the equi-
librium particle size at a range of RHs using an approach we
have previously described in detail.'® As the RH increases
towards saturation (100%), the increase in equilibrated particle
size becomes increasingly steep as the particle absorbs increas-
ing amounts of water. For highly hygroscopic particles, we
expect a significant increase in the radial growth factor (rGF)
above that for less hygroscopic particles, with the exponential
rise in rGF becoming significant at a lower RH. The droplet
size estimated from the CK-EDB measurements is reported as
an optical diameter, which can be assumed to be equivalent to
the geometric diameter for spherical particles.>® The hygro-
scopic growth can be obtained based on the droplet size
retrieved at all time points during the evaporation event under
a range of RH conditions.**

2.1.2. The AIOMFAC model and the interconversion of
aerodynamic and geometric diameters. The Aerosol Inorganic—
Organic Mixtures Functional groups Activity Coefficients
(ATOMFAC) model™ is a tool used to predict the thermo-
dynamic properties of mixed inorganic-organic solution aero-
sols. The model allows the user to “build” an organic molecule
based on its constituent chemical functional groups. Due to
its extensive validation against experimental data for a wide
range of functional groups,”®> AIOMFAC can predict water
uptake and phase separation in aerosol particles under varying
environmental conditions, reflecting the hygroscopic pro-
perties of aerosols.>®

The relationship between the density and mass fraction of
the solute (MFS), measured using a Densito density meter, can
be converted into a density vs. relative humidity (RH) relation-
ship. This conversion is based on predictions from the
AIOMFAC model, which provides the water activity (equivalent
to RH) as a function of MFS. The density information is
crucial for converting a geometric rGF to an aerodynamic rGF,
the size reported by the aerodynamic particle sizers used in
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CHAPS. Eqn (1) specifies the conversion from the geometric
diameter (D) to the aerodynamic diameter (D,).

e 1)

As we are working with particles above 1 pm in diameter,
the Cunningham slip correction (C.) can be assumed to be 1
for both D, and D,.. The particle shape can also be assumed
to be spherical with a dynamic shape factor (y) of 1, provided
the measurements are made at an RH at which the aerosol
remains as aqueous droplets, i.e. is at an RH above the efflores-
cence point. By the definition of the aerodynamic diameter, p,
equals 1 g cm™>, the density of water, which leaves the density
of the particle (pp) the only factor influencing the conversion.

2.2. Plume characterization using the tandem aerodynamic
particle sizer instrument

We have recently presented the development of CHAPS as a
method to measure two aerosol size distributions from the
same plume concurrently at two RHs using two aerodynamic
particle sizers (model 3221, TSI).”” The RH of the airflow that
the aerosol from the nebulizer is first introduced into is con-
trolled by adjusting the ratio of humidified and dry nitrogen
gas flows using two mass flow controllers. The aerosol is then
divided at a splitter into two paths at two RHs. The low RH
environment is established by passing the aerosol through a
Nafion dryer: the aerosol flows into an environment with a dry
purge nitrogen gas flow, reducing the water content of the
aerosol flow and the amount of condensed phase water in the
plume. The intensity of drying can be adjusted by controlling
the flow rate through the Nafion tube, allowing regulation of
the RH entering APSq,,. The high RH environment for APS,.
is set by the RH of the initial conditioning flow that the plume
is introduced into. On both the low and high RH flow paths,
the aerosol passes into a spacer (volume of 0.5 L) that provides
a mixing volume prior to aerosol sampling by the APS (at 5 L
min~", i.e. at most a 6 s residence time in the spacer). The RH
and temperature are measured in the spacers before the
samples enter the two APSs.

The entire setup is mounted vertically on a frame to mini-
mize the tube length and reduce bending and wall loss. To
provide a flexible system and reduce costs, the parts of the
CHAPS are 3D printed using a Raise3D Pro2 printer with a
polylactic acid (PLA) filament for its water resistance. The 5 L
min~" airflow entering the APS is composed of a sheath flow
of 4 L min™ and a sample flow of 1 L min~". Particle velocity
varies according to their aerodynamic diameters. As particles
pass through two closely spaced laser beams, the time interval
between their passage through each beam is measured, provid-
ing the particle’s time of flight. Each recorded time-of-flight
event corresponds to a single particle, allowing the APS to clas-
sify it into a specific size bin, as reported using Aerosol
Instrument Manager 10.3 software (AIM, TSI Instrument, UK).
The AIM software also estimates the mass of each particle
based on its aerodynamic size and density. Summing all
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recorded events over a 1-second interval provides the cumulat-
ive particle count or mass per second. The particle size distri-
bution data exhibit a bimodal pattern, which is fitted using a
custom Python script. A size-dependent correction factor is
applied to the APSy, to avoid differences in counting
efficiency reflected in the two sets of APS results, potentially
compromising any comparison at the two RHs.>”

A MicroAir U100 (Omron, UK) nebulizer is used for the
generation of the aerosol plume, and the entire CHAPS flow
system is equilibrated to the target RHs before aerosol gene-
ration, also allowing the characterization of the baseline
aerosol count. It takes approximately 12 minutes to actuate
5 mL of solution using the Omron U100 nebulizer. Assuming
that the formulation is delivered at a steady pace throughout
the plume generation, ~7 mg of solution is actuated per
second from the device. For the CHAPS experiments, the
length of aerosol generation is kept at 3 + 1 seconds as the
nebulizer requires manual initiation and termination. A short
actuation avoids large RH fluctuations from the set points of
the two flows.>’

3. Results and discussion

3.1. Data extraction and processing

From the CHAPS measurements, we can visualize the plume
development following each actuation at two different RHs.
Fig. 1A and B present the typical evolving size distributions
with a 1-second time resolution at 52% and 95% RH, respect-
ively. The colour scale in Fig. 1 represents the particle count
(dN/dlog(D,) cm™®). Time 0 represents the start of sample
recording on the AIM software, and ~15 s of background
sample recording is collected for every run to ensure baseline
consistency. An interesting observation is that, despite starting
at the same time, the plume takes longer to dissipate at 95%
RH (approximately 30 seconds) compared to 52% RH (approxi-
mately 25 seconds). Given the dynamic nature of the plume,
the effect of varying environmental conditions is quantified
and compared in a reproducible manner by averaging the first
three seconds that no drastic changes in the size distribution
are observed, or the “first three stable seconds”. This choice is
made because these early size distributions collected by the
APS contain more particles in the larger size mode, a mode
that is entirely within the detection range of the APS. As the
plume develops, there is a shift towards a dominant mode
with a smaller size distribution, part of which may fall below
the detection limit (0.5 pm), leading to larger uncertainties in
the fitted size distributions. Fig. 1C shows the size distri-
butions of an actuation of 3% w/w mannitol during the first 3
stable seconds at 52% RH, clearly showing particles of smaller
size than observed at a higher RH of 95% (Fig. 1D).

Bimodal size distributions are fitted to CHAPS particle size
outputs generated from the nebulizer. Fig. 2A and B report
bimodal distributions fit to the averaged first 3 stable seconds
of the particle number concentration at 52% RH (Fig. 2A) and
95% RH (Fig. 2B) collected from a single actuation using
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CHAPS. The mean particle diameter of each mode can be
extracted from the bimodal distribution fittings to calculate
the ratio between the rGFs (rGFr) using eqn (2).

_ rGF(RHpign)

rGFr =
I'GF(RH]OW)

(2)

The diameter of the smaller size mode (mode 1) at a lower
RH (1.252 + 0.02 pm) is smaller than that at a higher RH
(1.826 + 0.50 pm), yielding an rGFr of 1.458 + 0.430; the dia-
meters of the larger size mode (mode 2) give an rGFr value of
1.390 + 0.050. However, part of mode 1 in the low RH falls
below the lowest size detection limit and, thus, mode 1 has a
larger fitting error range at the high RH. Hence, the rGFr cal-
culated with mode 2 provides the most accurate characteris-
ation of the hygroscopic shift in size.

3.2. Hygroscopic plume dynamics for aerosolized aqueous
mannitol

Mannitol was chosen as an exemplar of a water-soluble
organic constituent with a hygroscopic response that can be
measured by CHAPS and the CK-EDB approach, and modelled
using AIOMFAC. Mannitol (C¢H,406) is a six-carbon sugar
alcohol (Fig. S1t) with 6 hydroxyl (-OH) groups, which allows
for strong intermolecular hydrogen bonding networks.>® It can
be delivered to the patient through the pulmonary route*® and
is mainly used for two purposes: as a bronchial provocation
test for assessing airway hyperresponsiveness in asthma'® and
as a maintenance treatment for cystic fibrosis patients.*® In
the bronchial provocation test, the patient inhales increasing
doses of dry powdered mannitol before each spirometry test to
challenge airway sensitivity. The degree of decline in lung
function is used to help diagnose whether the patient is asth-
matic.”® Cystic fibrosis can be caused by a variety of gene
mutations and often leads to the thickening of mucus and
insufficient clearance of the airways.”'° The buildup of mucus
results in a high prevalence of chronic bacterial infection,
which requires medical intervention.*"*> Currently, there is no
cure for cystic fibrosis, but the symptoms can be alleviated by
a range of treatment options, including a mannitol dry powder
marketed as Bronchitol.’ This treatment promotes osmosis of
water into the airways, making the secretions less viscous and
easier to remove. The patient has to pass a tolerance test
before using the mannitol inhaler for cystic fibrosis treat-
ment.>* Nebulized mannitol is also being explored for the
treatment of cystic fibrosis for children.?®

3.2.1. Single particle hygroscopic growth characterization
and prediction. The rGF value at different RHs can be obtained
experimentally using the CK-EDB or predicted using the
AIOMFAC model, with both methods ultimately providing
quantification of the change in geometric radius with RH. The
AIOMFAC-derived geometric growth factor (rGFge,) can be con-
verted to aerodynamic rGF (rGF,,) using eqn (1). A Densito
density meter enables the determination of the experimental
correlation between the density and the mass fraction of
aqueous mannitol (Fig. S2t). Since AIOMFAC provides an esti-
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Fig. 1 Plume development in an initial formulation of 3%w/w mannitol actuated from a nebulizer over 3 seconds of actuation at (A) 52% RH in
APSg,, and (B) 95% RH in APS,.. (C) and (D) show the first 3 stable seconds for lower and higher RH, respectively.

mate of the relationship between the RH and solute mass frac-
tion, the corresponding density can be applied to convert
IGFgeo t0 IGFyero at the measurement RH. The correction for
density does not significantly impact the mannitol rGF curve
above 95% RH (Fig. S31), as the MFS is low and the particle is
mainly water with a density close to 1 g em™>. However, an
increasing deviation in the two rGF values occurs at lower RHs
as the MFS increases.

The CK-EDB data are in good agreement with the AIOMFAC
predictions in the dilute limit especially above 0.9 water
activity, or 90% RH (Fig. S31). Minor differences can be
observed when the RH drops below 90% for CK-EDB and
AIOMFAC curves. From the EDB phase function output in
Fig. S4,T it is observed that the droplet becomes crystalline
upon equilibration at 40-50% RH. At 70% RH, the droplet
remains homogeneous after evaporation and equilibration. In
between these limits at an RH of 60%, the aqueous mannitol
droplet is first homogeneous but
resembles a core-shell structure or has inclusions after it has
been levitated for over 12 seconds (Fig. S4t), suggesting that
some phase separation or partial crystallisation occurs.'® The
equilibrated radius at 70% RH is just over 10 pm, which is

upon equilibration,

634 | RSC Pharm., 2025, 2, 630-643

slightly higher than the radius at 60% RH, which is just below
10 pm. The phase behaviour and non-ideal mixing become
more pronounced at low water contents.

3.2.2. CHAPS plume characterization. Obtaining the
relationship between water activity and the mass fraction of
solute from the AIOMFAC model is crucial for the conversion
to the aerodynamic rGF from the geometric rGF. However,
AIOMFAC has limitations in terms of the functional groups
(and, hence, molecules) that can be modelled. Hence, it is
informative to compare rGFr values measured by CHAPS with
calculated values based on both geometric and aerodynamic
rGFs for systems that can be fully represented by AIOMFAC, in
order to establish the extent of the difference. The extent to
which ATOMFAC represents the CHAPS measurements should
also be compared with expectations from the CK-EDB
measurements. Thus, we can still assess if the plume data and
single particle data are in agreement for substances where we
cannot obtain the aerodynamic rGFr (rGFr,ero).

The CHAPS rGFr,e,, of a 3% w/w aqueous mannitol formu-
lation in the nebulizer is compared to the rGFr,, derived from
the CK-EDB output in Fig. 3A. The data points in Fig. 3A are
expected to align with the line representing a gradient of 1 if

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 3%w/w mannitol CHAPS results in the first 3 stable seconds for
(A) 60 + 1% RH in APSy,, with a mode 1 value of 1.252 + 0.02 pm and a
mode 2 value of 3.015 + 0.040 um and (B) 95 + 1% RH in APS,,e; With a
mode 1 value of 1.826 + 0.50 pm and a mode 2 value of 4.185 +
0.105 pm. The light blue and light green in the background are the raw
CHAPS results for APSy,, and APS,.. respectively. The vertical black
dashed lines alongside the mode (vertical pink dashed lines) represent
the uncertainty of the bimodal fit.

the hygroscopic growth measurements made on the plume
and single particles are consistent. Such agreement would also
indicate that the particle sizes in the plume are fully equili-
brated at the RH of the measurement. For RHs below 90%, the
sensor uncertainty is +1%, increasing to +1.7% at RHs above
90%. However, due to consistent and reproducible size distri-
bution data in the 95%+ RH range from APS,..;,”’ an RH uncer-
tainty of +1% is included in our analysis for values above 90%.
This uncertainty is used to calculate the error bar for EDB
rGFrge,. For instance, if 95% RH is maintained in APSy.: and
60% RH in APSg,y, the upper error limit for EDB rGFr,, is cal-
culated by dividing the rGF,,, at 96% by that at 59% RH, while
the lower error limit is determined by dividing the rGF,, at
94% by that at 61% RH, as demonstrated in eqn (2). The error
bar for EDB rGFrg., remains large because of the exponential
increase in rGF at high RH (Fig. S3t). The uncertainty in
CHAPS rGFr,., stems from the error associated with the
bimodal fit, as demonstrated in Fig. 2.

To obtain a range of rGFrs as shown in Fig. 3A, the RH in
APS,¢ is set to 95% =+ 1%, while the RH in APSy,, is increased
from 50% to 90% in 10% increments by varying the flow rate
of the drying nitrogen. When APSg,, reaches a high RH (90%),
the mode mean size of the largest peak of APSy.. and APSq,,
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based on the uncertainty in the RH sensors.

size distributions are in close agreement, resulting in an rGFr
value that is close to 1. Fig. 3B shows a comparison of the
IGFrye, calculated from the AIOMFAC-derived rGFg., curve
(Fig. S3t) with measurements using the CHAPS data, showing
a similar level of agreement to the EDB rGFry, results
(Fig. 3A).

Since the correlation between the RH and mass fraction of
mannitol can be modelled using AIOMFAC, the density para-
meterization can be applied to the corresponding mass frac-
tion of mannitol to convert rGFge, t0 IGFyero. Fig. 4 shows a
comparison of the density adjusted AIOMFAC rGFr,,, with the
CHAPS rGFr,er. As seen in Fig. S3,1 the density adjusted
IGF,ero is higher than the rGF,.,, particularly at a lower RH
level, which increases the rGFr when the RHs for APS,.; and
APSg,, are most disparate. When the RH of the airflow feeding
into APSg,y, is low (i.e. 50%), the mass fraction of mannitol
becomes higher due to the reduced water content, amplifying
the impact of the density correction. Consequently, while both
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AIOMFAC rGFrye, and rGFr,er, show reasonable consistency with
CHAPS measurements, the level of agreement between them
decreases as the disparity in density increases (i.e. as the RH of
APS,,y decreases). This trend suggests that the density correction
may not fully account for the change in aerodynamic size under
low RH conditions. Future work will focus on investigating the
impact of such RH and density disparities to improve the consist-
ency between single particle rGFrye,, IGFIaer,, and CHAPS
IGFr,ero Under a wider range of conditions. As there are limit-
ations in the molecular functional groups that can be represented
in AIOMFAC, we will primarily focus on comparing CHAPS
measurements with CK-EDB rGFr,., measurements in this paper.
By concentrating on this comparison, we aim to assess the con-
sistency between CHAPS and the well-established CK-EDB
method for analyzing aerosol growth factors, while avoiding
potential uncertainties associated with density parameterization
and AIOMFAC’s model limitations.

Fig. 5 reports the average cumulative particle count and
mass per second over the 3 stable seconds. During the experi-
ment, the RH in APS,,., is maintained at 95%. Under the same
RH conditions, the average particle count reproducibly
measured is around 21 000 particles per second over the stable
3-second interval (Fig. 5A). The APSg,, instrument records a
lower average particle count and mass than the APSye.
throughout the experiment, especially at lower RHs. The lower
particle count is most likely due to undercounting of particles
in the APSq,, channel with a larger proportion of particle sizes
below the detection limit (300 nm) at low RH. When the RH is
between 50% and 70%, the APSy,, records an average particle
count of around 15 000 particles per second. Within this RH
range, the expected aerodynamic rGF values are very close
(consistent with Fig. S37), reflecting that the particle radii do
not undergo significant growth. The particle count in APSgy
increases as the RH increases: at 90% RH, the average particle
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Fig. 5 (A) 3%w/w mannitol CHAPS results with 3 seconds of actuation

for a range of RHs in the APSy,, from 90% down to 50%, while maintain-
ing around 95% + 1% in the APS,,c; (n = 3 for each RH pair). The black
symbols show the average particle count of the samples over 3 seconds.
The blue symbols show the average mass over those 3 seconds. APSy,,
data are presented using open dots, while APS,,.: data are presented
using filled dots. The error bars represent the standard error of the
mean (SEM) from the 3 repeats. (B) Graph showing the cumulative mass
of mannitol throughout the entire actuation APSgy,, shown in open dots
and APS,, in filled dots. The error bars represent the SEM based on n =
3 for each data point.

count is ~20000 particles per second, close to that of the
APS,,c¢ (Fig. 5A). The rise in the particle count in APSg,
suggests that as the particles grow with RH, a larger fraction
surpass the size detection limit.

The cumulative mass delivered in APS,. in 1 second
remains just over 2 pg at 95% RH and shows good reproduci-
bility (Fig. 5A). For APSg,y, the similarity in the rGF across the
range of dry RHs means that the average mass measured per
second within this RH range remains similar (Fig. 5A). As the
RH in APSq,, increases to 80% and 90%, the average mass also
increases exponentially due to hygroscopic growth, approach-
ing that in APSy.t.

The total mass of a single actuation entering the APS can
be calculated by summing the cumulative mass per second
over the entire sampling period. The total mass of aerosolized
mannitol droplets measured with the APS,; instrument over
the 3-second plume actuation period ranges between 45 pg
and 55 pg (Fig. 5B). The variability associated with the mass

© 2025 The Author(s). Published by the Royal Society of Chemistry
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measurements may arise from the manual process of initiating
and terminating plume generation, which can lead to small
inconsistencies in the precise duration of each actuation. At
RH levels between 50% and 70%, the total cumulative mass
measured by the APS,, instrument does not exhibit significant
changes. However, a pronounced increase in mass can be
found at higher RH conditions of 80% and 90%, again
approaching that in APSy;.

3.3. Hygroscopic plume dynamics for aerosolized aqueous
trehalose

Trehalose is a non-reducing disaccharide composed of two
glucose units linked by a glycosidic bond (Fig. S5).*°
According to Richards et al.,’” trehalose in its pure form has
low hygroscopicity. However, by methods such as spray drying,
trehalose can become amorphous and have altered properties,
including enhanced hygroscopicity."® The 5% w/w trehalose
solution prepared for this experiment uses the pure form.

3.3.1. Single particle characterization and prediction. The
AIOMFAC 1GFg, curve and CK-EDB rGF,,, curve are depicted
in Fig. S6.f The model predictions align closely with the
experimentally obtained rGF values. At a lower water activity
(0.6-0.85), trehalose exhibits a gradual increase in the rGF gra-
dient, with a more pronounced increase observed at water
activity levels above ~0.95. Green®® demonstrated that treha-
lose droplets remain homogeneous at 60% RH, according to
the CK-EDB phase function output.

3.3.2. CHAPS plume characterization. Following the pro-
cedure for mannitol, Fig. 6 shows a comparison of CHAPS
IGFTaer, With CK-EDB 1GFrg.,. As expected, the error bar
remains substantial since APS,,¢; is maintained at 98 + 1% RH.
The RH in APSy,y is increased from 60% to 80% in 10% incre-
ments. The data points in Fig. 6 are located close to the line
gradient unity, which suggests that CK-EDB and CHAPS show
good agreement.

_CHAPS IGFr,, _

1 1.25 1.5 1.75 2

EDB rGFrg,

Fig. 6 Comparison between the CK-EDB rGFrqe, of aqueous trehalose
and the CHAPS rGFraero-
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Fig. 7A presents the cumulative particle count and mass of
trehalose during the first 3 stable seconds of CHAPS output.
The APS,.; humidity conditions are maintained at 98 + 1%,
with a consistent average particle count of approximately
23 000 particles per second observed over the stable 3-second
interval (Fig. 7A). As the RH in APSg,y, increases from 60 + 1%
to 80 + 1% RH, the particle count also rises from ~10 000 par-
ticles to ~23 000 particles with the number tending towards
that measured by APS.. This trend is attributed to hygro-
scopic growth, leading to a greater number of particles exceed-
ing the lowest detection limit of the APS.

The mass of aqueous trehalose delivered to APS,. in 1
second reproducibly measures 4 pg, which is higher than that
of mannitol (Fig. 5). This difference is explained by two key
factors. Firstly, the RH in the APS,. for trehalose (98 + 1%) is
higher than that for mannitol (95 + 1%). This 3% difference in
RH significantly affects the rGF in this RH range and the con-
densed phase mass of the aerosol. Secondly, the higher con-
centration of trehalose promotes more agglomeration, leading
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Fig. 7 (A) 5% w/w trehalose CHAPS results with 3 seconds of actuation
for a range of RHs in the APSy,, from 80% down to 60%, while maintain-
ing around 98 + 1% in the APS,e: (n = 3 for each RH pair). The black
symbols show the average particle count of the samples over 3 seconds.
The blue symbols show the average mass over those 3 seconds. APSy,,
data are presented using open dots, while APS,,.; data are presented
using filled dots. (B) Graph showing the cumulative mass of 5% w/w tre-
halose throughout the entire actuation with APSy,, shown in open dots
and APS,,: in filled dots.
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to the formation of larger particles and an increase in the
average mass of trehalose particles.

In APSg4, when the RH is at 60 = 1%, a considerable
amount of particles are lost below the detection limit and
those that are sized by the APS are relatively small and carry
limited mass. As the RH increases to 70 + 1%, a minor rise in
average mass is observed. When the RH reaches 80%, there is
a substantial increase in particle mass due to hygroscopic
growth tending towards that of APS,.; (Fig. 7A).

The total mass of trehalose particles entering the APS,; is
around 110 pg (Fig. 7B). The total mass in APSy,y, on the other
hand, shows an increasing trend as the RH increases, from
3 pg at 60 = 1% RH to 50 pg at 80 + 1% (Fig. 7B). The increase
in total mass is associated with the hygroscopic growth as
shown in the rGF curve and amplified due to the cubic
relationship between the particle radius and mass.

3.4. Hygroscopic plume dynamics for aerosolized aqueous
salbutamol sulphate

A salbutamol sulphate molecule contains several polar func-
tional groups including the hydroxyl and the amino groups
(Fig. S71). Davidson et al>® have demonstrated significant
hygroscopicity of salbutamol sulphate at its deliquescence RH
of ~92%.

3.4.1. Single particle characterization. The CK-EDB data for
salbutamol sulfate (Fig. S81) indicate greater hygroscopicity
compared to mannitol and trehalose at water activity levels
below 0.95. Beyond 0.95 water activity, the rGF of salbutamol
sulphate increases exponentially. Due to the modelling limit-
ations of the AIOMFAC model, sulphate ions could not be
incorporated into the salbutamol model, hindering the conver-
sion to the aerodynamic diameter. Consequently, only the geo-
metric rGF derived from CK-EDB will be utilized to character-
ize the single droplet dynamics of salbutamol sulphate.
According to the phase function data from the CK-EDB output
(Fig. S97), there are indications of crystallinity in the levitated
droplet upon equilibration at 55% RH. Under RH conditions
above 65%, the droplet remains homogeneous upon reaching
equilibrium and can be assumed to be spherical.

3.4.2. Plume characteristics. The rGFru., of 0.1% w/w
aqueous salbutamol sulphate obtained from CHAPS is com-
pared against that of the rGFr,., based on the CK-EDB output
in Fig. 8. For this experiment, APSy,, covers RH ranges from 60
+ 1% to 90 + 1%, while APS,.; maintains an RH of 96 + 1%.
Overall, CHAPS rGFraer, Shows good agreement with EDB
rGFrg, within the error range, as illustrated in Fig. 8.

Fig. 9A illustrates the cumulative particle count and mass of
nebulized salbutamol sulphate per second during the interval
of the first 3 stable seconds. In APS,,;, with RH maintained at
96%, the average particle count consistently measures just
under 20000 particles per second (Fig. 9A). In contrast, in
APSg., at 60 + 1%, the particle count falls below 10 000, indi-
cating a significant reduction, as many particles do not meet
the detection threshold. However, when the RH reaches 70%,
the particle count in APSq,, recovers to the same level as that
of APS,.. Although similar trends are observed for mannitol
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Fig. 9 (A) 0.1% w/w salbutamol sulphate CHAPS results with 3 seconds

of actuation for a range of RHs in the APSy,, from 90% down to 60%,
while maintaining around 96% + 1% in the APS,e; (n = 3 for each RH
pair). The black symbols show the average particle count of the samples
over 3 seconds. The blue symbols show the average mass over those 3
seconds. APSy,, data are presented using open dots, while APS,,; data
are presented using filled dots. (B) Graph showing the cumulative mass
of 1% w/w salbutamol sulphate of the entire actuation with APSy,
shown in open dots and APS,,; in filled dots.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4pm00310a

Open Access Article. Published on 10 April 2025. Downloaded on 3/8/2026 10:11:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

and trehalose, salbutamol exhibits a more pronounced
increase in particle count over a narrower RH range. This
effect is likely due to the higher hygroscopicity of salbutamol
at lower humidity levels. The average particle count in APSyy,
reproducibly measures ~22 500 from 70% to 90% RH (Fig. 9A),
which suggests that most particles are above the detection
threshold. The change in the RH continues to influence the
size distribution of the plume in APSq,, as evidenced by the
varying rGFr values shown in Fig. 9A. The average mass deli-
vered in 1 second in APSy,; remains around 3 pg at 96 + 1%
RH showing good reproducibility between actuations (Fig. 9A).
For APSg,y, the mass gradually increases from ~0.5 pg at 60 =+
1% RH and reaches over 2 pg at 90 + 1% RH.

The total mass measured by the APS,,., consistently falls
around 110 pg (Fig. 9B) with some fluctuations likely due to
the manual process of actuating the nebulizer. The total mass
in APSy,y increased from ~5 pg at 60 + 1% RH to ~60 pg at 90
+ 1% almost linearly, which agrees with the high sensitivity to
the water content of salbutamol (Fig. S77).

3.5. Hygroscopic plume dynamics for aerosolized aqueous
tobramycin

Tobramycin in dry powder form is classified as hygroscopic,
necessitating additional storage precautions.® The molecule
contains multiple amino and hydroxyl groups, along with gly-
cosidic linkages (Fig. S101). In a previous study, Haddrell
et al** demonstrated that nebulized tobramycin exhibits an
increase in radius as a function of RH. For this study, a 6%
w/w tobramycin solution is prepared for CK-EDB and CHAPS
measurements.

3.5.1. Single particle characterization. The CK-EDB rGFy,
curve (Fig. S11}) reveals that exponential growth in particle
size begins around 0.85 water activity. Below this threshold,
the gradient of the rGFg, values remains relatively flat com-
pared to that of salbutamol. Based on the EDB rGFg,, curves,
tobramycin demonstrates a lower hygroscopicity than salbuta-
mol. It is not possible to estimate the relationship between the
MFS and water activity for tobramycin with the AIOMFAC
model. Therefore, only the geometric rGF will be utilized for
further analysis and comparisons.

3.5.2. Plume characteristics. Fig. 10 shows a comparison of
the CK-EDB derived tobramycin single droplet rGFr,,, against
the CHAPS-based plume rGFr,.,. Similar to salbutamol, the
phase function data for tobramycin (Fig. S121) indicates signs
of crystallization upon equilibration at 55% RH. Hence, the
RH range in APSy,, is set between 65% and 85%. APSy,; main-
tains a constant RH of 97 + 1% for comparison. Most of the
data points in Fig. 11A7 align with the gradient line indicating
a good agreement between CHAPS and EDB measurements
once again. This consistency suggests that both methods
provide reliable and comparable results under the set environ-
mental conditions.

In APS,., maintained at 97 + 1% RH, the average particle
count consistently measures just over 20000 particles per
second during the first 3 stable seconds (Fig. 11A). In APSgy,
the particle count increases from under 10000 particles at
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Fig. 11 (A) 6%w/w tobramycin CHAPS results with 3 seconds of actua-

tion for a range of RHs in the APSy,, from 85% down to 65%, while main-
taining around 97 + 1% in the APS,,e: (n = 3 for each RH pair). The black
symbols show the average particle count of the samples over 3 seconds.
The blue symbols show the average mass over those 3 seconds. APSy,,
data are presented using open dots, while APS,,.; data are presented
using filled dots. (B) Graph showing the cumulative mass of tobramycin
throughout the entire actuation with APSy,, (open dots) and APS,c¢
(filled dots).
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65% RH to over 20 000 particles at 85% RH, converging on the
value for APS,,... This pattern is again likely due to the increas-
ing number of particles surpassing the lower detection limit of
the APS as a result of hygroscopic growth. In APSt, 3-4 pg of
6% w/w aqueous tobramycin aerosol is consistently delivered
per second during the first 3 stable seconds. The average mass
delivered in APSg,y is lower than in APS,., but gradually con-
verges with APS,,.. as the RH increases (Fig. 11A).

The total mass over the 3-second actuation of tobramycin
in APS,. measures ~100 pg (Fig. 11B). The total mass in
APSy,y increased from ~8 pg at 65 + 1%RH to ~30 ug at 85 +
1% RH. The trend of increasing mass with an increase in RH
conditions for tobramycin is consistent with the patterns
observed in previously tested substances. Like other ingredi-
ents, tobramycin exhibits hygroscopic growth upon aerosoliza-
tion, leading to greater mass at higher RH levels.

The CHAPS rGFr values are in strong agreement with those
obtained using CK-EDB across various pharmaceutical ingredi-
ents. Additionally, as presented in Table 1, the CHAPS
measurements exhibit high reproducibility for all tested com-
pounds, demonstrating consistent particle counts and mass
delivery at 96 + 2% RH. The slight deviations in mass can
likely be attributed to minor variations in RH during the
experiments. APS,,.; maintained the lowest RH (95%) for man-
nitol and the highest (98%) for trehalose, which is reflected in
the corresponding mass differences. These variations may also
be influenced by the intrinsic properties of the different
compounds.

4. Comparison between CHAPS and
next generation impactor size
distributions for a typical inhaled
formulation

The NGI is a conventional and accepted tool for the character-
ization of the aerosol particle size distribution from inhaled
medications. It can be deployed for the measurement of
nebules generated from a vibrating mesh nebulizer.’® The NGI
features 7 stages that allow for precise classification of the
aerodynamic size distribution of particles.”' Stage 1 corres-
ponds to the largest cutoff diameter, while stage 7 corresponds
to the smallest. In the experiments reported here, the NGI was

Table 1 Reproducibility of particle count and mass delivered per
second by CHAPS APS,.: at 96 + 2% RH for different pharmaceutical
ingredients

Average Standard Mass

particle deviation of  delivered Standard

count per particle per second  deviation of
96 +2% RH second count (ng) mass
Mannitol 18 056 1695 2.478 0.2
Salbutamol 18552 912 3.11 0.247
Trehalose 22091 1667 3.978 0.263
Tobramycin 20 635 1575 3.489 0.316
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kept in a ClimateZone™ (CTS, UK), which sets and controls
the temperature and RH within the enclosure.*> For consist-
ency with the CHAPS procedures, the ClimateZone™ was set
to maintain the temperature at 20 °C and with an RH set at
either 50% or 96%.

Formulation X, a formulation provided by Chiesi, consists
of multiple pharmaceutical active ingredients and is used to
assess the performance of CHAPS against the NGI method for
a typical inhalable formulation. A 10 mg ml™" aqueous solu-
tion of Formulation X is actuated for 10 seconds from the
Omron nebulizers for both NGI and CHAPS testing. The
extended actuation time ensures that a sufficient number of
particles reach the NGI stages, enabling the generation of a
clear size distribution pattern. The APS categorizes particles
into 52 size bins, ranging from 0.5 to 20 pm,** whereas the
NGI has 7 stages, capable of covering particle sizes from below
0.5 pm to over 15 pm, depending on the flow rate.*! The cutoff
diameters of the NGI for nebulized Formulation X are provided
in Table S1,f and the APS size bins have been combined to
correspond to the particle size ranges covered by each NGI
stage.

Fig. 12 illustrates the mass percentage distribution of the
emitted dose across all NGI stages compared to the corres-
ponding CHAPS size bins, which have been grouped to align
with the bin widths of the NGI stages in both low (50%) and
high (96%) RH environments. The comparison is presented
using mass percentage rather than absolute mass because of
the fundamental differences in how the NGI and CHAPS
record mass. The NGI combined with high performance liquid
chromatography analysis quantifies the mass of the solute
alone, whereas CHAPS measures the mass of the entire dro-
plets, including both the solute and solvent. Hence, it is
necessary to use a normalized metric, such as mass percen-
tage, to facilitate a meaningful comparison between the two
instruments.

At 50% RH (left panel), the NGI data (orange bars) show an
increase in deposition at stages 5 and 6, which suggests that
there is a larger proportion of smaller particles under drier
conditions. At 96% RH (right panel), the deposition profile
shifts to the left, with a higher mass percentage in stages 2-4.
The higher recovery in earlier stages is indicative of hygro-
scopic effects in high humidity leading to particle growth. The
CHAPS data (blue bars) present a similar shift in the depo-
sition profile to the NGI under both RH conditions.

The standard error in the NGI data is larger compared to
CHAPS. The larger SEM observed in the NGI data may be
attributed to the shorter actuation duration used in this
method. Typically, nebulizer runs with NGIs require
10-30 minutes of actuation to minimize variability and achieve
smaller SEM values. In this study, a shorter 10-second actua-
tion was used, potentially leading to increased fluctuations in
the data. In contrast, CHAPS consistently achieves reproduci-
ble results with actuation times as short as 3 seconds. Using
CHAPS can be an efficient approach for screening a large
number of samples for rapid preliminary assessments. Once
the desired aerosol characteristics are identified, the NGI can

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Deposition profile of Formulation X emitted from a Respimat® SMI device at 20 °C using the NGI (orange) and CHAPS (blue) at 50 + 1% RH

and 96 + 1% RH. Data are expressed as mean + SEM, n = 3.

be used for detailed analysis, as it remains the industry stan-
dard for comprehensive aerodynamic particle size distribution
and regulatory compliance. This two-step strategy can optimize
workflow by combining the high-throughput capabilities of
CHAPS with the rigorous validation provided by the NGI.

5. Conclusion

To understand and optimize the drug deposition profile of
nebulized inhaled medicines, it is crucial to fully comprehend
the aerosol dynamics of the plume. In this study, we present a
novel approach for measuring the aerosol dynamics of various
aqueous solutions generated via a nebulizer and demonstrate
that RH affects the size distribution of the plume. The magni-
tude of the RH effect depends on the hygroscopicity of the
ingredient. Additionally, the particle growth also increases
exponentially as the RH surpasses 95%. The particle count and
mass measured by CHAPS are reproducible. We also show that
the rGFr values obtained from CHAPS are in alignment with
those calculated from CK-EDB. These results suggest that
single droplet characterization can be compared with plume
measurements.

We have also demonstrated that CHAPS and NGI results
exhibit similar trends under different RH conditions. However,
it is important to recognize the differences in how these tech-
niques establish deposition profiles, and selecting the appro-
priate method depends on the specific research objectives. For
example, the NGI is more widely referenced in the literature,
making it easier to benchmark and compare results.
Additionally, while the NGI is capable of capturing smaller
particles that may fall below the detection limit of CHAPS,
these smaller particles contribute minimally to the overall
mass and are unlikely to have a significant impact on the total
mass delivered. On the other hand, CHAPS offers a unique
advantage with its time-sensitive output, allowing for detailed
investigations of plume development in real time. In contrast,

© 2025 The Author(s). Published by the Royal Society of Chemistry

the NGI provides a comprehensive particle size distribution for
the entire sample. By combining CHAPS and the NGI, a more
complete approach for aerosol particle analysis is achieved,
with CHAPS delivering high-resolution aerodynamic size data
in real time, while the NGI offers a robust and established
method for overall size distribution analysis.
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