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SUMMARY

Particle size distribution (PSD) is a key parameter in under-
standing the physical characteristics of nicotine pouch
products. This study presents the results of a proficiency
testing (PT) study conducted across eight laboratories
(Labs 1-8) to assess the consistency and accuracy of
particle size analysis methods for four commercially
available nicotine pouch filler samples, two dry (CP1 and
CP3) and two wet (CP2 and CP4). Three analytical tech-
niques were employed: sieving, dynamic image analysis
(DIA), and laser diffraction. The study aimed to evaluate
inter-laboratory variability and method comparability,
providing insights into the most suitable techniques for
different nicotine pouch filler types. Four laboratories used
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sieving, two laboratories used dynamic image analysis, and
two laboratories used laser diffraction, providing particle
size distributions and distribution intercepts at 10%, 50%,
and 90% (Dx[10], Dx[50], and Dx[90]). Sieving showed
consistent Dx[50] results across laboratories but was
inefficient for high sample volumes and unsuitable for wet
samples. DIA, while offering high sensitivity and detailed
shape characterization, exhibited significant inter-labora-
tory variability due to differences in shape parameters and
sample introduction methods. Laser diffraction provided
rapid measurements with a broad dynamic range, suitable
for both wet and dry samples, though it requires accurate
refractive index and non-fibrous samples. Statistical
analysis revealed significant differences within and be-
tween methods, particularly for Dx[10] and Dx[50] values.
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For dry products, sieving yielded similar Dx[50] values
(315.3 pmto 325.4 um for CP1), while DIA showed larger
differences (327.66 pym to 381.14 pm for CP1). Laser
diffraction showed good consistency, especially for wet
samples, with low percent differences (1.9% for CP2
Dx[90]). The study underscores the importance of method
selection based on sample nature, desired sensitivity, and
application requirements, with sieving showing consistency
for dry products, laser diffraction being robust for wet
samples, and DIA valuable for shape characterization. The
results support the development of standardized protocols
for PSD analysis in nicotine pouch formulations, fostering
better understanding in the development of these products.
[Contrib. Tob. Nicotine Res. 35 (2026) 104—115]
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ZUSAMMENFASSUNG

Die Partikelgrof3enverteilung ist ein Schliisselparameter flir
das Verstidndnis der physikalischen Eigenschaften von
Nikotinbeutelprodukten. Diese Studie prasentiert die
Ergebnisse einer Eignungspriifung (PT), die in acht
Laboren (Labore 1-8) durchgefiihrt wurde, um die Kon-
sistenz und Genauigkeit von Methoden zur Partikelgréfen-
analyse flir Proben von vier im Handel erhiltlichen
Nikotinbeuteln zu bewerten, darunter zwei trockene (CP1
und CP3) und zwei feuchte (CP2 und CP4). Es wurden drei
Analysetechniken eingesetzt: Sieben, dynamische Bild-
analyse (DIA) und Laserdiffraktion. Ziel der Studie war es,
die Labor-zu-Labor-Variabilitdt und die Vergleichbarkeit
der Methoden zu bewerten und Erkenntnisse tiber die am
besten geeigneten Techniken fiir verschiedene Arten von
Nikotinbeutel-Fiillstoffen zu gewinnen. Vier Labore ver-
wendeten Siebung, zwei Labore dynamische Bildanalyse
und zwei Labore Laserdiffraktion, wodurch Partikel-
grofenverteilungen und Verteilungsabschnitte bei 10%,
50% und 90% (Dx[10], Dx[50] und Dx[90]) ermittelt
wurden. Die Siebung ergab konsistente Dx[50]-Ergebnisse
iiber alle Labore hinweg, war jedoch bei hohen Proben-
volumina ineffizient und fiir feuchte Proben ungeeignet.
Die DIA bot zwar eine hohe Empfindlichkeit und eine
detaillierte Formcharakterisierung, wies jedoch aufgrund
von Unterschieden bei den Formparametern und den
Probenzufiihrungsmethoden erhebliche laboriibergreifende
Schwankungen auf. Die Laserdiffraktion ermdglichte schnelle
Messungen mit einem breiten dynamischen Bereich, die
sowohl fiir feuchte als auch fiir trockene Proben geeignet
war, erforderte jedoch einen genauen Brechungsindex und
nichtfaserige Proben. Die statistische Analyse ergab
signifikante Unterschiede sowohl innerhalb der einzelnen
Methoden als auch zwischen den Methoden, insbesondere
bei den Dx[10]- und Dx[50]-Werten. Bei trockenen
Produkten ergab das Sieben &dhnliche Dx[50]-Werte
(315,3 pm bis 325,4 pm fir CP1), wihrend die DIA
grofere Unterschiede aufwies (327,66 um bis 381,14 um
fiir CP1). Die Laserdiffraktion zeigte eine gute Konsistenz,

insbesondere bei feuchten Proben, mit geringen prozentua-
len Abweichungen (1,9% fiir CP2 Dx[90]). Die Studie
unterstreicht die Bedeutung der Methodenauswahl auf der
Grundlage der Probenbeschaffenheit, der gewiinschten
Empfindlichkeit und der Anwendungsanforderungen, wobei
das Sieben bei trockenen Produkten Konsistenz zeigte, die
Laserdiffraktion bei feuchten Proben robust war und die
DIA fiir die Formcharakterisierung wertvoll war. Die Er-
gebnisse unterstiitzen die Entwicklung standardisierter
Protokolle fiir die PSD-Analyse in Nikotinbeutelformulier-
ungen und fordern ein besseres Verstindnis bei der Ent-
wicklung dieser Produkte. [Contrib. Tob. Nicotine Res. 35
(2026) 104-115]

RESUME

La distribution granulométrique (PSD) est un paramétre
essentiel pour comprendre les caractéristiques physiques
des sachets de nicotine. Cette étude présente les résultats
d’un essai d’aptitude (PT) mené dans huit laboratoires
(Labs 1 a 8) afin d’évaluer la cohérence et la précision des
méthodes d’analyse granulométrique pour quatre échantil-
lons de remplissage de sachets de nicotine disponibles dans
le commerce, deux secs (CP1 et CP3) et deux humides
(CP2 et CP4). Trois techniques d’analyse ont été utilisées:
le tamisage, 1’analyse d’image dynamique (DIA) et la
diffraction laser. L’étude visait a évaluer la variabilité
interlaboratoires et la comparabilité des méthodes, afin de
fournir des informations sur les techniques les plus adap-
tées aux différents types de remplissage de sachets de
nicotine. Quatre laboratoires ont utilisé le tamisage, deux
I’analyse d’image dynamique et deux la diffraction laser,
fournissant ainsi les distributions granulométriques et les
points d’intersection a 10%, 50% et 90% (Dx[10], Dx[50]
et Dx[90]). Le tamisage a donné des résultats Dx[50]
cohérents entre les laboratoires, mais s’est révélé inefficace
pour les volumes d’échantillons élevés et inadapté aux
échantillons humides. L’analyse d’images dynamique
(DIA), bien qu’offrant une sensibilité élevée et une caracté-
risation détaillée de la forme, a présenté une variabilité
interlaboratoires significative en raison de différences dans
les parametres de forme et les méthodes d’introduction des
échantillons. La diffraction laser a permis des mesures
rapides avec une large plage dynamique, adaptée aux
échantillons humides et secs, bien qu’elle nécessite un
indice de réfraction précis et des échantillons non fibreux.
L’analyse statistique a révélé des différences significatives
au sein des méthodes et entre celles-ci, en particulier pour
les valeurs Dx[10] et Dx[50]. Pour les produits secs, le
tamisage a donné des valeurs Dx[50] similaires (de
315,3 um a 325,4 um pour le CP1), tandis que la DIA a
montré des différences plus importantes (de 327,66 um a
381,14 um pour le CP1). La diffraction laser a montré une
bonne cohérence, en particulier pour les échantillons
humides, avec de faibles écarts en pourcentage (1,9 % pour
CP2 Dx[90]). Cette étude souligne I’importance du choix
de la méthode en fonction de la nature de 1’échantillon, de
la sensibilité souhaitée et des exigences de I’application, le
tamisage s’avérant cohérent pour les produits secs, la
diffraction laser étant robuste pour les échantillons humides
et la DIA précieuse pour la caractérisation de la forme. Les
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résultats soutiennent 1’élaboration de protocoles standardi-
sés pour I’analyse de la distribution granulométrique (PSD)
dans les formulations de sachets de nicotine, favorisant une
meilleure compréhension dans le développement de ces
produits. [Contrib. Tob. Nicotine Res. 35 (2026) 104—115]

1.INTRODUCTION

Nicotine pouch products are modern oral nicotine products
that do not contain tobacco leaf and are intended for adult
use (1-7). Instead of tobacco leaf, these products contain
ingredients such as microcrystalline cellulose, pH adjust-
ers, stabilizers, sweeteners, flavor additives, and nicotine
(either tobacco-derived or synthetic) (8—10). Differences in
the particle size of these products may be one physical
characteristic that results in differences in product perfor-
mance (11-13). Three analytical techniques, including
sieving, dynamic image analysis, and laser diffraction, are
commonly used across laboratories to characterize particle
size distributions (PSD). The results of these methods are
a combination of the size and shape of the particles in the
sample (14).

Sieving is a traditional and widely used method for particle
size analysis, where particles are separated based on size
by passing them through a series of sequentially smaller
mesh screens (15, 16). The largest particles collect on the
top sieve, while the smallest accumulate at the bottom of
the stack in a catch pan. Separation occurs through me-
chanical actions such as shaking, tapping, vibrating, or
other movements applied to the sieve stack. The results are
typically presented as mass-based distributions, with the
resolution of the analysis determined by the total number
of sieves in the stack. While sieving is cost-effective and
easy to understand compared to other methods, it is labor-
intensive and time-consuming, making it less efficient for
processing high sample volumes (16).

Dynamic image analysis (DIA) is a modern technique that
captures and analyzes high-resolution images of individual
particles in motion to directly measure their size and shape
(17). In practice, particles are dispersed in a fluid, an
airstream, or through free fall and pass through a detection
zone equipped with a light source and a high-speed camera.
The camera records the silhouettes created (or shadows
cast) as particles pass through the path of the light source.
These images are then processed using various algorithms
to extract shape and size characteristics, which are used to
generate a particle size distribution plot and distribution
intercepts (17, 18).

Examples of shape characteristics include the diameter of
an equivalent circle (or equal projection of a circle) and the
Feret minimum or maximum (the minimum or maximum
diameter of two parallel tangents around the particle). The
size distributions can be weighted by count, surface area,
or volume, with volume-weighted results being the most
commonly used. DIA offers high sensitivity and is particu-
larly suited for applications where detailed shape character-
istics are critical. The results are comprehensive and
widely applicable, but they can be influenced by the
sampling and dispersion methods used. Additionally, the
particle size range is constrained by the resolution of the
camera, making this technique traditionally unsuitable for

particles smaller than 2 pm (19, 20).

Laser diffraction is an indirect technique that determines
particle size by analyzing the relationship between the size
of a particle and the angle and intensity of scattered laser
light, as described by the Mie Theory (21). This method re-
quires relatively small sample sizes compared to traditional
techniques like sieving and enables rapid measurements
with high throughput. The results are typically volume-
weighted and rely on the assumption that particles are spheri-
cal, similar to the equivalent projection of a circle (EQPC)
used in DIA. For accurate measurements, knowledge of the
refractive index of the particles being tested is essential.
Despite these limitations, laser diffraction offers a broad
dynamic range, typically spanning from 0.1 pm to 2000 pm.
However, the resolution can be affected by the overlap of
scattering patterns, which may limit the precision of measure-
ments for certain particle size distributions (22—24).
Discrepancies in methodology, sample preparation, and
instrumentation can lead to variability in results, particu-
larly when analyzing materials of differing physical states
—such as dry and wet fillers. To address this, a proficiency
testing (PT) program was organized involving eight
laboratories. Each laboratory analyzed four nicotine pouch
filler samples, two dry (CP1 and CP3) and two wet (CP2
and CP4), using each laboratories’ routine PSD method.
Four laboratories performed sieving, two performed
dynamic image analysis, and two performed laser diffrac-
tion. Each laboratory was asked to perform its standard
particle size method and to provide the particle size distri-
butions and the distribution intercepts at 10%, 50%, and
90%, or the Dx[10], Dx[50], and Dx[90], respectively. The
results were then compared to determine if there were
differences between laboratories within each method and
between different methods. Particle size is important in
nicotine pouch products because it affects manufacturing
consistency and product quality of the filler, and differ-
ences between analytical technologies can lead to signifi-
cant variation in measured particle size values. This study
evaluates inter-laboratory performance, compares method-
specific trends, and identifies areas for standardization and
improvement in PSD analysis.

MATERIALS AND METHODS
Nicotine pouch products and reagents

Four nicotine pouch fillers without pouch material were
used in this proficiency study with the product description
and manufacturers for each product summarized in Table 1.
Two of the products tested (CP1 and CP3) were dry
nicotine pouch fillers (no added moisture), and two of the
products tested (CP2 and CP4) were wet nicotine pouch
fillers (nicotine pouch filler with added moisture). The de-
signation “CP” refers to commercial products, as all samples
were commercially manufactured nicotine pouch fillers
obtained directly from the product manufacturers listed in
Table 1 prior to being pouched. Each commercial product
was sourced from a single production lot of each filler and
was not processed further prior to distribution to the parti-
cipating laboratories. The use of commercially produced
nicotine pouch filler was intentionally selected over labora
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Table 1. Summary of products used in study.

Sample name | Product description | Manufacturer

CP1 Dry Pouch Filler 1 Helix Innovations, LLC
CP2 Wet Pouch Filler 1 Helix Innovations, LLC
CP3 Dry Pouch Filler 2 Swedish Match
CP4 Wet Pouch Filler 2 Swedish Match

tory-prepared control or reference materials to capture both
analytical method differences and inherent variability
typical of commercial nicotine pouch fillers. All products
were kept at ambient conditions and shipped to the partici-
pating laboratories by the manufacturer. Each participating
laboratory used the samples as received and ran its stan-
dard particle size method to report data.

Sieving analysis methods

Four laboratories (Labs 1-4) used sieving analysis as their
standard method. Labs 1, 2, and 4 used a Retsch AS 200
vibratory sieve shaker (Haan, Germany). Lab 3 participated
in sieving analysis using a Tyler Ro-Tap Sieve Shaker
(Ohio, USA). Sieve pans made of stainless steel and metal
screen were used in all cases. The settings for the sieve
shaker and stack of sieves pans were different for each
laboratory, with the differences described below, and the
sieve stacks summarized in Table 2. For Lab 1 the sieve
shaker was set to an amplitude of 1.5 mm/”g” with 100 g
sample size run for 5 min. Lab 2 used 50 g of sample with
the amplitude set to 2.0 mm/”g” for 10 min. Lab 3 set the
sieve shaker to 290 vibrations and 156 taps/min for 5 min
using 25 g of samples. Lab 4 used 200 g of sample with the
amplitude set to 2.0 mm/”’g” for 30 min. This laboratory
was also the only one to put rubber balls in each pan to aid
in breaking up any clumps that might be present in the
sample. Only CP1 and CP3 dry nicotine pouch filler
samples were run since the wet nicotine pouch filler
blocked the sieve screens, leading to unreliable results.
Each sample was run in triplicate.

Table 2. Screen size of sieve stack fractions used by Labs 1-4
for particle size analysis by sieve. The bold values indicate
fractions used by all laboratories, with the summary shown in the
composite sieve stack used for graphical analysis.

Sieve screen particle size (um)

Lab 1 Lab 2 Lab 3 Lab4  COmposite
stack

900 710 500 500 500
500 500 420 250 250
400 355 355 200 125
300 250 250 125  Catch (<125)
250 180 180 100

200 125 125 75

150 90  Catch(<125) 63

125 63 45

100 Catch (<60) Catch (<45)

90
Catch (<90)

Dynamic image analysis methods

The second method used for this study was dynamic image
analysis (DIA) conforming to ISO standards for DIA and
graphical representations (17, 18). Labs 5 and 6 performed
image analysis using the QICPIC DIA system with a
vibrating sample tray (VIBRI) from Sympatec (Pennington,
NJ, USA). Each laboratory used a different module to
disperse the sample into the DIA system, with the differ-
ences noted below.

For Lab 5, an air dispersion module (RODOS) with a
pressure of 0.3 bar and a vacuum of 45 mbar was used. The
QICPIC used by Lab 5 was equipped with an LED light
source, a camera system with an M5 lens with a measuring
range of 1.8-3755 pm, and a sensor that captures images at
an 85 Hz frame rate. The results were calculated as the
Feret minimum with distributions weighted by volume (g;).
Lab 6 used a gravity-fall dispersion module (GRADIS)
fitted with a 4.0 mm cuvette. The QICPIC used by Lab 6
was equipped with a pulsed laser light source, a camera
system with a M8 lens with a measuring range of
20—-6820 um, and a sensor that captures images at a 25 Hz
frame rate. The result outputs were calculated as the equal
projection of a circle (EQPC) with distributions weighted
by volume (gq,).

Laser diffraction methods

Laser diffraction was carried out by Labs 7 and 8, with both
laboratories using a Mastersizer 3000 with an AERO-S
sample feeder (Malvern Panalytical, Malvern, UK). For
Lab 7, 20 g of dry filler (CP1 and CP3) and 10 g of wet
filler (CP2 and CP4) were used per replicate, with six
replicates performed per sample. The instrument settings
were 2.5 bar air pressure for dry filler (CP1 and CP3) and
3.8 bar air pressure for wet filler (CP2 and CP4); feed rate
of 5% for CP1, 10% for CP3, and 70% for CP2 and CP4;
and measurement time of 10 s for dry filler and 15 s for wet
filler. The Dx[10], Dx[50], and Dx[90] were calculated, as
well as distributions using 12 pans measured as a fraction
percent.

For Lab 8, 5 g of filler was used, with six replicates
performed per sample. The instrument settings were the
same for all samples and are as follows: 1 bar air pressure
for all fillers with a feed rate between 0.1 and 15% and a
measurement time of 10 s for background and 40 s for the
filler samples. The feed rate was optimized for each
product for consistent particle size measurements. The
Dx[10], Dx[50], and Dx[90] were calculated, as were
distributions using 101 bins as the distribution percent.

RESULTS AND DISCUSSION
Sieving analysis results

The classical method for particle size analysis is sieving,
where the particles are separated based on size by passing
through a series of screens of decreasing mesh size. The
results of these experiments are mass-related distributions
(typically weight percent). This method was employed by
the greatest number of laboratories (four), each using dif-
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ferent sieve stack configurations as detailed in Table 2.
Only the dry products (CP1 and CP3) were analyzed, since
wet samples would clog the sieve screens, and drying them
would alter the particle size compared to their original wet
state in the pouch. The distribution intercepts at 10%, 50%,
and 90% (Dx[10], Dx[50], and Dx[90]) for each laboratory
are summarized in Table 3 and discussed as follows. For
Labs 1-4, the Dx[50] values were close at 315.3 um,
325.4 pm, 314.3 pm, and 315.2 um for CP1, respectively.
For CP3, the Dx[50] values for Labs 1-4 were 288.7 um,
278.3 um, 277.7 pm, and 299.2 pm. The percent differenc-
es for the Dx[50] values across the four laboratories were
3.5% and 7.5% for CP1 and CP3, respectively.

Table 3. Sieving particle size results for dry nicotine pouch
filler. The values represent the average of intercepts at 10%, 50%,
and 90% of three replicates (n = 3) and the error represents one
standard deviation (1 o).

Particle size (um)

Value = Lab1  Llab2 = Llab3 | Lab4
CP1 - Dry filler 1
DX[10] 1297+7.0 143.1%34 1391106 131.7£37

Dx[50] 315.3+14.2 3254+20 3143+24.0 3152+12.9

Dx[90] 652.3+29.9 6232+3.3 500.0+0.0 5348+6.4
CP3 — Dry filler 2

Dx[10] 165.0+8.7 151.2+09 161.9+10.1 156.4 +1.1

Dx[50] 288.7 +8.1 278.3+20 277.7+44 299.2+48

Dx[90] 438.0+10.4 434.7+25 416.0+0.7 469.2+5.1

Slightly higher differences were observed in the Dx[10],
where there was a 9.8% difference for CP1 with a range of
129.7-143.1 um between laboratories. A similar 8.7%
difference was observed for CP3, where the results ranged
151.2-165.0 pm. The sieve pan with the smallest screen
size was not the determining factor, nor was the presence
of rubber balls (only used by Lab 4) to break up clumps.
The largest differences were seen in the Dx[90] with 26.4%
difference for CP1 and 12.0% difference for CP3 between
the highest and lowest values. However, higher values
were observed with more sieve pans being closer to the
Dx[90] value being used.

Since the four laboratories used different sieve stacks to
produce results, a common sieve stack was needed to
visualize and compare the distributions. To generate this
common sieve stack, 500, 250, and 125 pm sieve pans and
a catch pan for particles less than 125 pm were used by all
four laboratories, with the weight percent between two
composite sieve pans added together to create a common
composite bin. For example, in the case of Lab 2, the
weight percent of the 710 pm and 500 um sieve pans were
added together for the 500 um composite bin; the 355 um
and 250 um weight percents were added together for the
250 pm composite bin; the 180 pm and 125 pm weight
percents were added together for the 125 pum composite
bin; and the 90 pm, 63 um, and catch pan weight percents
were added together for the composite catch pan. The
resulting composite pan distributions were then displayed
as distributions as shown in Figure 1. For both CP1 and
CP3, the results are consistent across all four laboratories,
suggesting that the differences observed in the statistical
analysis of the intercept values are driven by the sieve pan
size and the number of sieves selected (discussed in detail
later).

Dynamic image analysis results

Dynamic image analysis (DIA) captures images of particles
in motion and analyzes their shape and size. The results
derived from this method can be different from those of
other methods due to random particle orientation. DIA was
performed by Labs 5 and 6, with each laboratory using a
separate sample introduction module to the DIA camera
and different shape parameters for calculations, but with
both laboratories using volume-weighted results. The
results for the intercepts for both laboratories are summa-
rized in Table 4. The distributions for dry products (CP1
and CP3) are shown in Figure 2 and wet products (CP2 and
CP4) are shown in Figure 3.

For Lab 5, an air dispersion module was used to introduce
the sample into the DIA camera system. The Feret mini-
mum (Feret min, or F;,), the minimum of multiple diame-
ters taken between two parallel tangent planes at an arbi-
trary angle (a Feret diameter), was used for all shape
calculations in the sample.

50 66
(a) CP1 - Dry Filler 1 (b) CP3 - Dry Filler 2 alab 1
40 - 55 1
& <44 -
S 30 - G
g o
S 8 33 1
£ 20 A b
'g % 22
= S
10 1 11
0 o

<125

125 250
Sieve Pan Size (pm)

500

<125

125 250
Sieve Pan Size (um)

Figure 1. Sieving particle size distributions using a consolidated sieve stack for dry nicotine pouch fillers (a) CP1 and (b) CP3. Each bar graph
is the average of three replicates (n = 3) and the error bars represent one standard deviation (1 o).
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Table 4. Dynamic image analysis particle size results for nico-
tine pouch fillers. The values represent the average of intercepts
at 10%, 50%, and 90% of three replicates (n = 3) for Lab 5 and six
replicates (n = 6) for Lab 6. The error represents one standard
deviation (1 o). Note that CP2 and CP4 were not tested by Lab 5.

Particle size (um)

Value cP1 | cP2 | CcP3 | CP4
Lab5

DX[10] 143.97  4.18 - 156.76 £ 9.73 -

Dx[50] 327.66+ 1479 -  26225%1355 -

Dx[90] 560.68 +39.43 - 4202044263 -
Lab6

Dx[10] 17465+0.93 194.41+254 216.76 £ 1049 96.50 £ 0.95
Dx[50] 381.14 £15.44 373.68 +240 346.38 + 11.31 262.20 +0.80
Dx[90] 625.96 +8.33 650.36 +25.22 535.26 + 24.91 394.05 + 0.55

For Lab 6, a gravity-fall system was used to introduce the
sample into the DIA camera system. The equal projection
of a circle (EQPC), the diameter of a circle that has the
same area as the image of the particle captured, was used
for all shape calculations. This method forces a shape on a
particle and does not observe a minimum. This generates
EQPC results with larger values compared to using the F
shape factor.

The distributions of CP1 (Figure 2(a)) overlap between the
two laboratories; while for CP3 (Figure 2(b)), the distribu-
tion for Lab 5 was shifted slightly lower compared to
Lab 6. This behavior is expected given the use of different
shape descriptors and sample introduction modules be-
tween the two laboratories. The magnitude of this effect
depends on the underlying particle populations. For CP1,
the particle size distribution was sufficiently narrow that
the differences in shape parameter selection had minimal
impact on the resulting distribution. In contrast, CP3
exhibited a broader particle size distribution, increasing
sensitivity to shape parameter and dispersion differences
and resulting in a shift between laboratories.

These differences are observed in the intercept values,
where the Dx[50] values for CP1 showed a 15% difference
between 327.66 pm and 381.14 um for Labs 5 and 6,
respectively.
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Figure 3. Dynamic image analysis particle size distribution
(PSD) plots for wet nicotine pouch products (CP2 and CP4).
Distributions are calculated as the equal projection of a circle
(EQPC) with the volume-weighted (qg,) distributions of six replicates
(n = 6) shown. The error bars represent one standard deviation (1
o). Results performed by Lab 6.

Differences were larger for CP3 (28%) with values of
262.25 um and 346.38 um for Labs 5 and 6, respectively.
Differences in the capability of methods to capture fine
particles are observed through the Dx[10] values. Here,
CP1 was 19% higher for Lab 6 (143.97 um for Lab 5 and
174.65 pm for Lab 6), and CP3 had a 32% difference
(156.76 um for Lab 5 and 216.76 um for Lab 6). This larger
difference may be due to the lens used to capture images as
well as the sample introduction module used. The lens used
by Lab 5 can focus on particles as small as 1.8 um, while
the limit for Lab 6 was 20 um. The air dispersion module
used by Lab 5 can separate any small agglomerates held
together by weak forces, whereas the gravity fall module
used by Lab 6 lacks additional force to break apart agglom-
erates. Unlike sieving, the DIA results for the Dx[90]
values had the lowest percent difference. For CP1, the
percent difference of the Dx[90] values for Labs 5 and 6
was 11% (560.68 um and 625.96 um), and for CP3, the
percent difference was 24% for the Dx[90] values of
420.29 um and 535.26 um for Labs 5 and 6, respectively.
Due to the air dispersion module not being suitable for wet
material, Lab 5 was unable to perform DIA measurements
on CP2 and CP4. The gravity-fall module used by Lab 6
allowed the wet filler to pass through and separate particles.
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Figure 2. Dynamic image analysis particle size distributions (PSD) plots for dry nicotine pouch fillers (a) CP1 and (b) CP3. For Lab
5, distributions are calculated as the Feret minimum diameter with the distribution percent shown and each bar is the average of three
replicates (n =3). For Lab 6, distributions are calculated as the equal projection of a circle (EQPC) with the volume-weighted (g;) distribution
of six replicates (n = 6) shown. The error bars represent one standard deviation (1 o).
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Table 5. Laser diffraction particle size results for nicotine
pouch fillers. The values represent the average of intercepts at
10%, 50%, and 90% of six replicates (n = 6) and the error bars
represent one standard deviation (1 o).

Particle size (um)

Value CP1 | CP2 | CP3  CP4
Lab 7

DX[10]  1147+52 682%07 134732 27.7%26

DX[50] 284.2+97 2543%23 2505+80 173.5%8.9

DX[90] 570.7+132 556.3+9.6 4583187 384847
Lab8

DX[10] 165.3+122 97.8+53 139.2+58 33.6£02

DX[50] 354.8+10.1 273.8+49 2558+4.8 198.2+13

DX[90] 6433:146 567.2:89 4455:93 376.0+4.4

The DIA distributions for CP2 and CP4 are shown in
Figure 3. Both products have a single mode with a Dx[10]
0f 194.41 pm for CP2 and 96.50 pm for CP4. The Dx[50]
values for CP2 and CP4 were 373.68 um and 262.20 pum,
respectively. The Dx[90] values were 650.36 um and
394.05 pm, respectively.

Laser diffraction results

During laser diffraction particle size measurements, particles
pass through a laser, and the pattern of light scattered is used
to measure the particle size. This is an indirect method of
particle size determination that is fast and able to measure
a wide range of particle sizes, particularly smaller particles
(<1 um). Laser diffraction was the only method capable of
measuring all four products. The intercepts at 10%, 50%,
and 90% for the laser diffraction results are summarized in
Table 5 with the distributions shown in Figure 4. Both
Labs 7 and 8 used the same instrumentation, but the
distribution output is displayed differently (fraction percent
for Lab 7 and distribution percent for Lab 8).

The greatest differences between Labs 7 and 8 were seen
for product CP1. The Dx[10] was 114.7 um and 165.3 um
(36% difference), the Dx[50] was 284.2 um and 354.8 pm
(22% difference), and the Dx[90] was 570.7 pmand

25 12
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®
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Particle Size (um)

% uonnqusia
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643.3 um (12% difference), respectively. CP3 values were
closer between these laboratories, with all differences less
than 4%. The Dx[10] values were 134.7 um and 139.2 pum,
the Dx[50] values were 259.5 pm and 255.8 pm, and the
Dx[90] values were 458.3 um and 445.5 pum, respectively.
The differences in these values may be explained by
looking at the distributions in Figure 4(a). The distributions
of Lab 7 are narrower than those of Lab 8, and more
particles are captured in the initial bins, which can skew the
Dx[10] values lower. This may also explain the higher
Dx[90] values since the wider distributions of Lab 8 can
skew those values higher.

Similar results are observed with the distributions of the
wet products, CP2 and CP4, as shown in Figure 4(b). The
initial bins of Lab 7 have more particles captured than
Lab 8 compared to the dry product. This results in lower
Dx[10] values for Lab 7 (68.2 um for CP2, and 27.7 um for
CP4) relative to Lab 8 (97.8 um for CP2 and 33.6 pum for
CP4). This calculates to a 36% difference for CP2 and a
19% difference for CP4. The Dx[90] values are higher for
CP2 due to the wider distributions of Lab 8; 556.3 um for
Lab 7, and 567.2 pm for Lab 8 (1.9% difference, respec-
tively). The same is not true for CP4, where the value for
Lab 7 is higher than Lab §8; 384.8 um and 376.0 um (2.3%
difference, respectively). The low percent difference would
indicate that laser diffraction is an effective technique for
wet nicotine pouch product measurements.

Method comparison and statistical analysis

A composite graph of all Dx[10], Dx[50], and Dx[90] for all
four products across all eight laboratories is shown in
Figure 5. This can be used to give a visual comparison of all
results. A statistical analysis of all results was performed by
looking at differences within a technique and between
techniques, with the box and whisker plots shown in Figure 6
for the dry products and Figure 7 for the wet products. The
Tukey means comparisons are summarized in Table 6.
Limited data for some methods, such as dynamic image
analysis for CP2 and CP4, as well as the limited number of
samples tested, suggest that some differences may not be
statistically significant but may be of concern, and are
therefore included in this discussion.

20 10
——CP2(Lab7)
——CP4(LabT)
15 4 —cr2(abs) |[ &
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e &
10 A g
L4 8
=®
5 4
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Figure 4. Laser diffraction particle size distribution (PSD) plots for nicotine pouch fillers where (a) summarizes dry pouch fillers (CP1
and CP3) and (b) summarizes wet pouch fillers (CP2 and CP4). Samples tested by Lab 7 are measured as fraction % and samples tested
by Lab 8 are represented as distribution %. Distributions are the average of six replicates (n = 6) shown and the error bars represent one

standard deviation (1 o).
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Figure 5. Graph representing the distribution intercepts at
10%, 50%, and 90% (Dx[10], Dx[50], and Dx[90]) for the four
nicotine pouch fillers tested by Labs 1-8. The Dx[10] results are
represented as triangles and dashed lines. The Dx[50] results are
represented as circles and solid lines. The Dx[90] results are re-
presented as squares and dotted lines. Labs 1-4 performed sieving
analysis, Labs 5 and 6 performed dynamic image analysis, and
Labs 7 and 8 performed laser diffraction analysis.

Examination of the CP1 results (Figure 6(a)—(c)) reveals
statistically significant differences among the particle size
analysis methods when all three techniques are considered
collectively. Specifically, the Dx[10], Dx[50], and Dx[90]
values differed in both absolute magnitude and statistical
grouping, reflecting method-dependent measurement be-
havior. Notably these differences were driven by dynamic
image analysis, which was significantly different from both
sieving and laser diffraction. In contrast, sieving and laser
diffraction were not significantly different from one
another for certain distribution intercepts, indicating that
these two methods can yield comparable results under
specific conditions despite presence of overall inter-method
differences. For the Dx[50], the same grouping of dynamic
image analysis was significantly different from sieving and
laser diffraction, but laser diffraction was the only method
with a significant difference within the methods.

All methods were equivalent for the Dx[90], but there was
variation within the method for dynamic image analysis and
sieving. The equivalence at Dx[90] may reflect a convergence
in the detection of larger particle fractions, where methodologi-
cal differences are less pronounced. The variation within the
dynamic image analysis results appears to be within the results
of Lab 5, while in all other cases for CP1, the differences
within a method are due to differences between laboratories.
For the other dry product CP3 (Figure 6(d)-(f)), the Dx[90]
showed similar results with dynamic image analysis being
significantly different from sieving and laser diffraction
(which were equivalent). This pattern reinforces the observa-
tion that dynamic image analysis tends to produce higher or
more variable values for larger particle intercepts, possibly due
to its enhanced sensitivity to particle morphology. However,
the Dx[10] and Dx[50] showed that all methods were signifi-
cantly different. Similarly, there was a significant difference
observed within the dynamic image analysis results across all
three distribution intercepts. Significant differences within
laser diffraction were only observed with the Dx[90] results
and were mostly due to an outlier with Lab 7. Overall, these
findings emphasize that both methodological and procedural
factors must be carefully considered when interpreting inter-
laboratory particle size data, and that harmonization of
protocols could improve comparability and reproducibility
across studies. For the wet products, CP2 (Figure 7(a)—(c))
and CP4 (Figure 7(d)—(f)), both dynamic image analysis and
laser diffraction were significantly different across all distribu-
tion intercepts. For CP2 there is a significant difference in
method variation for both methods. Such inter-method
variability suggests that wet samples may present unique chal-
lenges, such as agglomeration or inconsistent sample flow,
which can affect the reproducibility between laboratories and
accuracy of particle size measurements. This is only true for
the Dx[50] for CP4; there is no significant difference in within
method variation for both the Dx[10] and Dx[90]. These
differences may be due to the difficulty in conducting particle
size measurements for wet nicotine pouch filler.

Table 6. Summary of the results of Tukey means comparison for each distribution intercept to compare differences between particle
size methodologies. Levels not connected by the same letter (in different group) are significantly different.

Mean particle size (um)

Dx[10] Dx[50] Dx[90]
Methodology Mean ‘ Group ‘ Group Mean ‘ Group
CP1 - Dry filler 1
DIA 162.43222 A 355.49111 A 607.00000 A
Laser diffraction 140.00000 B 319.50000 B 601.49556 A
Sieving 135.87500 B 317.56667 B 577.56667 A
CP2 — Wet filler 1
DIA 195.03833 A 376.17667 A 672.88167 A
Laser diffraction 82.99167 B 264.08333 B 561.75000 B
CP3 — Dryfiller 2
DIA 196.88000 A 319.03556 A 497.84778 A
Laser diffraction 158.64167 B 285.95000 B 451.91667 B
Sieving 136.91667 C 257.66667 C 439.46667 B
CP4 — Wet filler 2
DIA 97.396667 A 263.04500 A 396.70333 A
Laser diffraction 30.633333 B 185.83333 B 380.41667 B
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Figure 6. Box and whisker plots used for particle size method comparison of dry pouch products. Left: CP1 (Dry Pouch Filler 1) (a-c)
and right: CP3 (Dry Pouch Filler 2) (d-f) where (a) and (d) show Dx[10] results, (b) and (e) show Dx[50] results, and (c) and (f) show Dx[90]

results.

CONCLUSIONS

This proficiency study provides a comparison of the three
most common particle size analysis techniques (sieving,
dynamic image analysis, and laser diffraction) applied to
both wet and dry fillers of nicotine pouch products. Each
method demonstrated unique advantages and limitations,
through evaluation of standard particle size methods across
eight participating laboratories. The particle size distribu-
tions and Dx[10], Dx[50], and Dx[90] values (distribution
intercepts at 10%, 50%, and 90%) provided critical insights
into the performance and variability of these techniques.

Sieving, a traditional and cost-effective method, demon-
strated consistent results for dry fillers, particularly for the
Dx[50] value, which represents the median particle size in
aunimodal distribution. However, its limitations include its
time-consuming nature, hindering high sample throughput,

112

and an unsuitability for wet samples due to clogging. These
challenges highlight the need for careful consideration of
sample type. Variability in results was influenced by dif-
ferences in sieve stack configurations, underscoring the
importance of standardizing these factors to improve repro-
ducibility for dry nicotine pouches.

Dynamic image analysis (DIA) offered high sensitivity and
the ability to characterize both particle size and shape,
making it particularly valuable for research and develop-
ment applications. However, the method exhibited inter-
laboratory variability driven by differences in shape para-
meter settings, sample introduction modules (and therefore
sample separation), and the dynamic range of the system
due to the optics used. Wet samples also caused challenges
due to dispersion issues when using an air dispersion
module.
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Figure 7. Box and whisker plots used for particle size method comparison of wet pouch products. Left: CP2 (Wet Pouch Filler 1) (a-c)
and right: CP4 (Wet Pouch Filler 2) (d-f) where (a) and (d) show Dx[10] results, (b) and (e) show Dx[50] results, and (c) and (f) show Dx[90]

results.

Laser diffraction was shown to be a robust approach
capable of analyzing both dry and wet samples across a
broad dynamic measurement range. The consistency across
laboratories, particularly for wet samples, makes laser
diffraction a strong candidate for a standardized testing
technology. However, the approach assumes spherical
particle shape and accurate refractive index data, which
requires refinement for non-spherical particles.

The statistical analysis revealed a significant difference
both within and between the three particle size methods,
particularly for the Dx[10] and Dx[50] values. These dif-
ferences were primarily attributed to the inherent limita-
tions of each method and the variability introduced by
equipment settings and sample introduction protocols
across participating laboratories. For Dx[10], the challenges
associated with sieving and DIA in measuring smaller
particles were evident. The difference in weighting

CTNR - 35 (2) - 2026

of bin fractions across methods likely contributed to the
observed variability in Dx[50] values. DIA consistently
showed a significant difference from sieving and laser
diffraction, emphasizing the impact of shape characteriza-
tion on particle size distribution results. The findings
highlight the need for standards to act as a reference for
differences between method technologies.

This study underscores the critical importance of selecting
the appropriate particle size analysis method based on the
specific data application requirements. For nicotine pouch
fillers, sieving provided consistent results for dry products,
laser diffraction demonstrated robustness for a wide range
of particle size sample types (both dry and wet), and DIA
offered valuable shape characterization when such informa-
tion is of interest. However, the observed differences
between methods highlight the necessity of accounting for
methodological variability when comparing particle size
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results. Exploring complementary approaches that combine
the strengths of multiple techniques may offer a more
comprehensive understanding of the particle size distribu-
tion of a product.
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