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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO document should be noted. This document was drafted in accordance with the editorial rules of the
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Introduction

Regulatory, scientific and commercial requirements for nanomaterial characterization or characterization
of particulate suspensions where particle sizing and counting is used provide a strong case for further
development of techniques such as particle tracking analysis (PTA), also known as nanoparticle tracking
analysis (NTA).[L] Due to the fact that the term PTA covers a larger size range and is more generic,! the term
PTA is used throughout this document to refer to NTA and PTA.

PTA is based on measuring the diffusion movement of objects (particles, droplets or bubbles) in a dispersion,
but can also be used to undertake gravitational migration tracking by means of laser illumination, imaging
of scattered light, particle identification and localization, and individual particle tracking.2) This document

covers two

tracking regimes.

— Browniz
— Gravitat

In both ca
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parameter

In recent )
vehicles, n
foodstuffs,
E2834-12

NTA. This

operation ;
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number of
challenge i
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One of thg
measurem
hydrodyna
with PTA ¢
dynamic li

in motion tracking for smaller particles.
ional fall tracking for larger particles.

ses, the suspension is an even dispersion of particles, gas bubbles or other-liquid dr
mic diameter of the individual particles, droplets or bubbles is related to Brown
5 via the Einstein equation and via Stokes law for gravitational migration dynamics.

hnotoxicology, viruses, exosomes, protein aggregation, inkjet inks, pigment particles,
fuel additives and ultrafine bubbles began using the PTA technology for characteriza
lvas developed to give guidance to the measurement of’particle size distribution b
document aims to broaden the scope of the specification and to introduce system te
is well as to extend the particle size range from nanoscale to microscale sizes. One wa
ne Brownian motion tracking with gravitationalimigration tracking in the same de
le.

ber of years, the stakeholders working with nanomaterials safety, regulation, comy
al research into applications such as bipmedicine, catalysis, fuel additives and others w
pbd (or a combination of methods) fer counting and sizing particles in a wide size ra
to 100 nm). Particle size distributions are often used to evaluate nanomaterials for
see Reference [41] on the definition of nanomaterial) or for material specification cor
fechniques are available for such characterization, but samples need to be monodisper
5 to provide an accurate particle count. Techniques such as PTA, electron microscopy, s
ensing zone (see ISO 13319-1) allow particle count but have method-specific issues.

key aspects of RTA”is the interpretation of data. The key measurand obtained
bnt is the number-based particle size distribution where the size is taken to
mic diameter<of the particles in the sample. The hydrodynamic particle diameters
an be different from equivalent particle diameters_obtained with different technique
bht scattetring (DLS) (see ISO 22412:2017) or electron microscopy (see ISO 21363 and |

bplets. The
an motion

Fears, the academic community working in fields such as liposomes and other dryg delivery

cosmetics,
tion. ASTM
/ means of
sts for PTA
y to do this
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from PTA
mean the
measured
53] such as
SO 19749).

1) NTA is the most recognised abbreviation for the technique described in this document. However, PTA includes NTA
in its size range of measurements.

2) For the purpose of this document, “tracking” is intended to mean “following in terms of particle’s x and y position”;

“track” is de

fined in 3.32.
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Determination of particle size distribution and number
concentration by particle tracking analysis (PTA)

1 Scope

This document specifies the particle tracking analysis (PTA) method under static (no flow) conditions for

the detern
dispersion

This docun
— Brownig
— Gravitat

This docu
advantage
used instr
reporting.

2 Norm

The follow
requireme
the latest ¢

1SO 133221
ISO/IEC 17

3 Term
For the puj
[SO and IE
ISO On

IEC El¢

Tratio of the Tamber=based particie size distribution and the mumber ToTTentratiy

5 (solid particles, liquid droplets or bubbles suspended in liquids).
hent covers two tracking regimes.

hin motion tracking for smaller particles.

ional fall tracking for larger particles.

nent outlines the theory and basic principles of the PTA methed\along with its limit
5 for both size evaluation and number concentration measurements. It also describes
iment configurations and measurement procedures as well as system qualification|

ative references

ng documents are referred to in the text in suegh a way that some or all of their content
hts of this document. For dated references;only the edition cited applies. For undated
dition of the referenced document (including any amendments) applies.

025, General requirements for the.competence of testing and calibration laboratories

s and definitions
poses of this document, the following terms and definitions apply.
[ maintain terminology databases for use in standardization at the following addresse

line browsing platform: available at https://www.iso.org/obp

ctropedia: available at https://www.electropedia.org/

n in liquid

ations and
commonly
s and data

ronstitutes
references,

1:2014, Particle size analysis — Imagetanalysis methods — Part 1: Static image analysis fnethods

2]

3.1

nanoscale

length range approximately from 1 nm to 100 nm

[SOURCE: I

3.2
nanoparti

S0 80004-1:2023, 2.1]

cle

discrete piece of material with all external dimensions in the nanoscale (3.1)

Note 1 to entry: If the dimensions differ significantly (typically by more than three times), terms such as "nanofibre"
or "nanoplate” are preferred to the term nanoparticle.

[SOURCE: I

S0 80004-1:2023, 3.3.4]
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particle
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ce of matter with defined physical boundaries

Note 1 to entry: A physical boundary can also be described as an interface.

Note 2 to entry: This general particle definition applies to nano-objects.

[SOURCE: I

3.4
particle si

S0 80004-1:2023, 3.2.1]

ze

linear dimension of a particle (3.3) determined by a specified measurement method and under specified

measurem

Note 1 to ¢
Independen|
an equivale

[SOURCE: ]

3.5
particle si
distributio

Note 1 to ¢
(distributio

Note 2 to en
[SOURCE: I

3.6

equivalen
diameter @
equivalent

Note 1 to er]
(see IS0 927

Note 2 to en
Note 3 to e
diameter li

calculation,

Note 4 to en

ntconditions

ntry: Different methods of analysis are based on the measurement of different physical

nt spherical diameter.

SO/ TS 80004-6:2021, 3.1.1]

ze distribution
n of the quantity of particles (3.3) as a function of particle size (3.4)

ntry: Particle size distribution may be expressed as cumulative ‘distribution or a distribu
h of the fraction of material in a size class, divided by the width of that class).

try: The quantity can be, for example, number, mass or volume based.

SO/TS 80004-6:2021, 4.1.2]

t diameter
f a sphere that produces a response by a given particle size (3.4) measurement met
to the response produced by the particle (3.3) being measured

try: The physical property to whichthe equivalent diameter refers is indicated using a suital
6-1:1998).

try: For discrete-particle{counting, light-scattering instruments, an equivalent optical diamet
(try: Other materialCcenstants like density of the particle are used for the calculation of thg
ke Stokes diameter{3.22) or sedimentation equivalent diameter. The material constants, y

should be reported additionally.

try: For ipertial instruments, the aerodynamic diameter is used. Aerodynamic diameter is the

a sphere of flensity 1N000 kg m3 that has the same settling velocity as the irregular particle.

[SOURCE: ]

3.7
light scatt

SO/TS 80004-6:2021, 4.1.5, modified — Note 1 to entry and Note 3 to entry changed.]

properties.

t of the particle property actually measured, the particle size can be reported as a lineat dimension, e.g. as

ion density

hod that is
le subscript
er is used.

e equivalent

sed for the

diameter of

ering

change in propagation of light at the interface of two media having different optical properties

[SOURCE: I
3.8

SO/TS 80004-6:2021, 4.2.5]

hydrodynamic diameter
equivalent diameter (3.6) of a particle (3.3) in a liquid having the same diffusion coefficient as a spherical

particle wi

th no boundary layer in that liquid

Note 1 to entry: In practice, nanoparticles (3.2) in solution can be non-spherical, dynamic and solvated.

© IS0 2024 - All rights reserved
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Note 2 to entry: A particle in a liquid will have a boundary layer. This is a thin layer of fluid or adsorbates close to
the solid surface, within which shear stresses significantly influence the fluid velocity distribution. The fluid velocity
varies from zero at the solid surface to the velocity of free stream flow at a certain distance away from the solid
surface.

[SOURCE: ISO/TS 80004-6:2021, 4.2.6]

39

particle tracking analysis

PTA

method where particles (3.3) undergoing Brownian and/or gravitational motion in a liquid suspension
(3.14) are illuminated by a laser and the change in position of individual particles is used to determine their
equivalent diameters (3.6)

Note 1 to eptry: Analysis of the time-dependent particle position yields the translational diffusion dedfficient and
hence the hydrodynamic diameter (3.8) using the Einstein relationship.

Note 2 to enftry: Nanoparticle tracking analysis (NTA) is often used to describe PTA. NTA is a subset of PTJ, since PTA
covers a lenpgth range that exceeds the nanoscale (3.1).

3.10
nanomateyial
material wiith any external dimension in the nanoscale (3.1) or having internal structure or surfacg structure
in the nangscale

Note 1 to ¢ntry: See “engineered nanomaterial”, “manufactured nanomaterial” and “incidental nanomaterial” in
ISO 80004-1 for definitions of certain types of nanomaterial.

Note 2 to enftry: The nanoform of a material is a nanomaterial.
[SOURCE: ISO 80004-1:2023, 3.1.4, modified — Reference to-1SO 80004-1 added to Note 1 to entrly.]

3.11

diluent
non-volatile homogeneous liquid which is used te decrease the concentration of particles (3.3) in a|suspension
(3.14) witHout any deleterious effects such as(changing particle total number, state of aggregatipn, particle
size (3.4) of surface chemistry

3.12
viscosity

n
ratio between the applied shear'stress and rate of shear of a liquid

Note 1 to enftry: It is a measure-of the resistance to flow or deformation of a liquid.

Note 2 to entry: The térmr "dynamic viscosity” is also used in a different context to denote a frequency-dependent
quantity in pwhich shéap stress and shear rate have a sinusoidal time dependence.

[SOURCE: 1S0.,3104:2020, 3.2, modified — Preferred terms and Note 3 to entry have been deleted|]

3.13
dispersion

multi-phase system in which discontinuities of any state (solid, liquid or gas: discontinuous phase) are
distributed in a continuous phase of a different composition or state

Note 1 to entry: This term also refers to the act or process of producing a dispersion; in this context, the term
“dispersion process” should be used.

Note 2 to entry: If solid particles (3.3) are distributed in a liquid, the dispersion is referred to as a suspension (3.14). If
the dispersion consists of two or more immiscible liquid phases, it is termed an “emulsion”. A suspoemulsion consists
of both solid and liquid phases distributed in a continuous liquid phase.

[SOURCE: ISO/TS 80004-6:2021, 3.14]

© IS0 2024 - All rights reserved
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3.14
suspension
heterogeneous mixture of materials comprising a liquid and a finely dispersed solid material

[SOURCE: ISO/TS 80004-6:2021, 3.13]

3.15

simultaneous multispectral detection

SMD

method where optically scattering objects [such as particles (3.3) or bubbles] are detected, counted and tracked
by means of particle tracking analysis (3.9), using light sources of different wavelengths and different powers.

Note 1 to entry: Detection, counting and tracking of objects is performed independently in each spectral regime.

3.16
total particle count method
particle (3{3) counting method in which the total number of particles in a certain_sample| volume is
determinegl without classification according to size

[SOURCE: ISO 29463-4:2011, 3.2]

3.17
particle cgunting and sizing method
particle (3.4) counting method which allows both the determination of the'number of particles and also the
classificatipn of the particles according to size

[SOURCE: ISO 29463-4:2011, 3.3]

3.18
particle nimber concentration
number of particles (3.3) per unit of volume of suspension’(3.14)

3.19
number concentration distribution density
distribution density (frequency) of the particle-number concentration (3.18) represented as a fun¢tion of the
particle sizg (3.4)

[SOURCE: ISO 26824:2022, 3.9.5]

3.20
limit of qulantification
quantification limit

LOQ
lowest amg@unt of an analyte that is quantifiable with a given confidence level

Note 1 to entry: The{confidence level can be calculated as ten times the standard deviation of blank measurement
results. Thi$ conceptapplies to concentration measurements only.

Note 2 to ellntry: The value LOQ can be used as a threshold value to assure quantitative measurement of an analyte
accurately.

[SOURCE: EN 1540:2021, 5.3.5, modified — Note 2 to entry has been modified and Note 3 to entry has been
deleted.]

3.21

limit of detection

LOD

lowest amount of an analyte that is detectable with a given confidence level

Note 1 to entry: The limit of detection can be calculated as three times the standard deviation of blank measurement
results. This represents a probability of 50 % that the analyte will not be detected when it is present at the
concentration of the LOD.

© IS0 2024 - All rights reserved
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Note 2 to entry: The LOD can be used as a threshold value to assert the presence of a substance with a known

confidence.

Note 3 to en

try: The LOD only refers to concentration measurements and not to particle sizing.

[SOURCE: EN 1540:2021, 5.3.4, modified — Note 3 added]

3.22

Stokes diameter
equivalent diameter (3.6) of a sphere that has the same buoyant density and terminal sedimentation velocity
as the real particle (3.3) in the same liquid under creeping flow conditions

[SOURCE: I

SO 26824:2022, 3.4.4]

3.23
migration|
absolute v

Note 1 to en
[SOURCE: I

3.24

migration
directed p
centrifuga

Note 1 to ¢
Creaming a
processes, f

[SOURCE: ]

3.25
analyte
element or

[SOURCE: |

3.26
track
path of an

3.27
frame

single static image obtained by a camera in a video recording process

Note 1 to en|

3.28

velocity
lue of sedimentation or creaming and flotation terminal velocity

try: Velocity of creaming and flotation is indicated by a negative sign.

SO 18747-1:2018, 3.3]

irticle (3.3) movement (sedimentation or creaming and flotation) due to acting grav
fields

ntry: Sedimentation occurs when the density of droplets or particles is larger than that o
hd flotation occur when the density of droplets or particles’is smaller than that of the liquid. |
articles move in opposite directions.

SO 18747-2:2019, 3.3]

constituent to be determined

SO 10136-2:1993, 3.3]

bbject through space

try: Forthe purpose of this document, the term "frame" does not include the edge of the field of

tational or

f the liquid.
n these two

view (3.31).

+F9ndizzn.
IC IIICUITUIIY

transpare

medium which has a high transmittance of light in a given spectral range

3.29

aspectratio

ratio of len
[SOURCE: I

3.30
tracking

gth of a particle (3.3) to its width

SO 14966:2019, 3.7]

process of obtaining a track (3.26) in x and y coordinates

© IS0 2024 - All rights reserved
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field of view
area viewed by the imaging probing system

[SOURCE: ISO 10360-7:2011, 3.3]

4 Symbols and abbreviated terms

For the purposes of this document, the following symbols and abbreviated terms apply.

CCD
CMOS
CRMs
DLS

MSD

charge coupled device

COMpIEMentary metal OXide Semiconductor
certified reference materials
dynamic light scattering

mean square distance

hydrodynamic diameter m
Stokes diameter m
terminal velocity m-s1
gravitational acceleration ~9,8 m-s~2
apparent density of the particle kg'm3
density of the liquid kg:m3
translational diffusion coefficient in 1*dimension m?2s1
translational diffusion coefficientiir 2 dimensions m2s1
translational diffusion coefficiént in 3 dimensions m?2s1
viscosity of the suspenSion medium N-s'm2
Boltzmann’s constant N-m-K-1
absolute temperature K

time S
meafpsquare displacement in 1 dimension m?2
TIEan SqUare dispiacement im 2 dimensions T2
mean square displacement in 3 dimensions m?
total particle number concentration m3
total particle number in a sampling volume

sensing volume m3

array of values containing original total number of particles in

size-bins before sample dilution

© IS0 2024 - All rights reserved
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s array of values containing PTA results as number of particles per m-3
unit volume in size-bins

Vy volume of diluent used m3

A original volume of the dispersion before dilution m3

¢4 array of values containing diluent number of particles per unit m3
volume in size-bins

< array of values containing original number of particles per unit m3
volume in size-bins before sample dilution

Re Reynolds number

5 Pringiples

5.1 General

In general
Brownian
particle si
document
focused on

PTA can be used to detect, size and count individual-particles, droplets or bubbl
motion or gravitational fall particle dynamics. Historically, only Brownian motion w
ve determination and construction of number-basedyparticle size distribution. Hoy
covers all known particle tracking methods, thusgincluding gravitational fall. This d
particle sizing, particle counting, particle numbeér concentration and constructing nur

bs through
hs used for
wever, this
bcument is
hber-based

particle size distribution.

NOTE ]
the text as (

'his document is applicable to particles, droplets and bubbles in liquid dispersions which are r¢ferred to in

articles.
5.2 Measurement types

5.2.1 General

Determinafion of particle size distribution by PTA commonly makes use of:

— Brownian motion of particles, or
— the grayitational fallérfloating of particles, or
— both of the above

combined yvith the light scattering properties of particles suspended in liquids.

Irradiation—of the sampte (typicatly by mmeans of omne or severat taser beam(S)of wavetength(s) in the
visible region) leads to light scattering by objects with a refractive index that is different from that of the
surrounding medium. Light scattered from each particle is collected by magnifying optics and visualized
by way of a suitable camera, equipped with a charge coupled device (CCD) or complementary metal oxide
semiconductor (CMOS) sensor. By recording a series of sequential images, the instrument’s software tracks
positions of particles as a function of time, allowing analysis of their movement.

By tracking individual particles undergoing Brownian motion[3Ll4] or gravitational migration (see
[SO 13317-1) from frame to frame, the average spatial displacement of the particles per unit time can be
calculated. This displacement can be related to the hydrodynamic diameter of the particles through the

Einstein equation[2] or through Stokes law for gravitational migration of particles.
NOTE In practice, the particles are either tracked in Brownian motion regime or in gravitational migration regime.

© IS0 2024 - All rights reserved
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PTA instruments use a dark field imaging configuration, with the optical capture axis (Figure 1) commonly
oriented vertically (a) or horizontally (b).

A broad range of particle sizes in a dispersion must be detected, sized and counted for the context of
this document. Different methods are used to effectively extend the size range of the PTA method. The
size working range of the method is often determined by the geometry of the instrument as well as data
processing steps, properties of the optical system, the size and optical properties of the particles. There are
a number of publications outlining optimum data processing methods used for track analysis (see ASTM
E2834-12 and Reference [6]) but their use varies from one manufacturer to another.

b) Horizontal

a) Vertical

Key

1  directign of gravity
2 is optidal capture

3 illuminption

4  sample volume

Eigure 1 — PTA configurations

The illumination may be provyided by a single wavelength laser or a number of lasers with different
wavelengths and power settings, allowing for wider particle size distribution and polydispeifsity in the
sample. De¢tailed requirenients for PTA instruments are outlined in Clause 6. Table 1 sumnparises the
availability of measurements in various instrument geometries.

Table 1 — Summary of instrument configurations and capabilities

Vertical [Figure 1 a)]

Horizontal [Figure 1 b)]

Single laser Available Available
Multiple laser (SMD) Not known to exist Available
Gravitational tracking Not possible Available

Both horizontal and vertical system geometries are available with a single laser, while no vertically
orientated instruments are known to exist for multiple laser illumination. Gravitational fall tracking can
only be implemented in horizontal geometries [Figure 1 b)].

5.2.2 Particle detection

The scattering from particles in a dispersion are detected by imaging them in a dark-field mode under a
microscope which provides a quantifiable magnification. Once a microscope is combined with a camera, this
magnification shall be calibrated. This is important for evaluation of several length measurements such as
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the track steps lengths used to calculate the diffusion coefficient as well as the effective field of view for the
device as this affects the effective sensing volume used for particle number concentration evaluation.

5.2.3 Brownian motion tracking

When a particle is detected on microscope images, its position is recorded as a function of time in a series
of steps making up tracks of individual particles. The underlying physics were described by Einstein.[2] The
Navier-Stokes equation with small Reynolds number limit is solved in Formula (1), giving Formula (2):

m —=
dt

-37nd, v +F (t)
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motion PTA has a limit'in terms of the largest particle size it can measure due to slow
Iticles. This limitis-Teached for particles of approximately a few micrometres in diam
bly immobile, Thelarge particles require better image processing to find particle centr
mes for appropriate measurement statistics. Particles of such a size also scatter a lot
t the detection and tracking of much smaller particles in the same dispersion.

to,the’ Brownian motion tracking method, it is possible to use the particle tracki
hegravitational fall or floating dynamics of larger particles in the dispersion. This 1

bly average (the so-called ergodicity), a delay (lag) of n frames should be introduced!?:
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extends the range of sizes of particles that can be sized and counted by PTA to large particle fractions.

For particles exhibiting gravity-induced motion, equivalent diameters are determined from the Stokes
constant-speed falling sphere approximation (migration velocity); Stokes diameter (d,) of a tracked particle

is then:

d. =

S

18vn

gl(p=po)l

(5)

The sensitivity of gravitational motion tracking is limited to particles with densities that are different
from the dispersion medium. The sizing process is also very sensitive to the changes in liquid viscosity and
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temperature. However, these parameters affect size measurements but do not directly affect the ability to
count particles in the number concentration measurement.

PTA instruments offering a gravitational sedimentation option for large particle sizing operate in a
“homogeneous mode” where the sample is homogenised at the start of the measurement. The terminal
velocity (v) of the particle in Formula (5) is obtained by measuring the distance that a tracked particle has
travelled in vertical direction in a given time. Such vertical motion can be virtually zero for particles with
either equivalent diameters below 1 micrometre or apparent densities close to the density of the continuous
phase, or both. For larger particle sizes (typically over 1 um diameter), the Brownian motion is negligible
compared to the gravitational migration, so they display gravitational fall with terminal velocity (v).
The terminal velocity is often reached very quickly compared to the video acquisition time. For particles
between the purely Brownian and purely gravitational regimes, there exists a range of sizes where neither

effect dom

nates and neither effect can be neglected, leading to a very high uncertainty in sizing.

NOTE ’
and particle

PTA sedin
sedimenta
Annex C.

5.3 Key

Formula (4
shall be

diamete

In order to
be known

5.4 Limj

541 Ge

Like any n
number co
apparent d
of the med
detection.

I'n;F

'he particle gravitational sizing process also shows alarge uncertainty for samples where coritinul
5 have similar densities. The effect is a very slow sedimentation because of the near-zerowalue of]

nentation tracking offers an individual particle sizing method rather *than the
ion methods that are described in the ISO 13317 series. An example of such data setg

physical parameters

) shows that the diffusion coefficient is calculated from particle positions. Sample td

individual particles, droplets or bubbles in a dispersion.

evaluate particle number concentration, the total particle number and the sampling v
br measured.

ts of detection

neral

easurement technique, PTA has‘limits of detection in terms of the particle size and t
ncentration. These limits mainly depend on the physical properties (e.g. equivalen
ensity, refractive index) of the particles and the polydispersity of the sample. The refra
um (diluent) and that of particles have an effect on the tracking ability and therefore

Particles with same dr similar refractive indexes as the diluent are possibly not readily]

ous medium

[(P=po)l

ensemble
is given in

mperature

asured. The viscosity of the sample shall be known, i “erder to calculate the hydrodynamic

lume shall

he particle
[ diameter,
ctive index
bn limits of
detectable

as they scaftter light very poorly.

rformed in
bd for long
tracks are
yerted into

Detection and tracking-of.particles are therefore two inseparable processes that should be pe
order to obtain particle tracking data. Tracking in PTA requires isolated particles to be track
enough anfd to satisfy the track rejection criteria outlined in Figure 6. For this reason, some
rejected. This is-normal and forms the basis of PTA. The tracking data can be immediately con
particle sizes/In‘other words, counting particles in a sensing volume is not possible without tragking them
for PTA dataZoutput. After this process it is also possible to obtain the total number of detectedl (tracked)
particles by adding them all together irrespective of their sizes. The resulting number is the total particle
number in a given sensing volume which gives a particle number concentration.

The lower and upper limits for particle detection are often determined by the intensity of light scattered
by the particles, the strength of illumination, and sensitivity of the detector. Depending on the physical
properties of the particles and details of PTA instrument optics, the typical working range of the PTA method
is from approximately10 nm to about 2 pm in diameter and from 106 to 109 particles/mL. The lower limit
largely depends on the instrument setup, the duration of recording and number of videos. It can be lower
than 10° particles/mL in some cases with very long measurement times.

While PTA does not have a fundamental limit on the aspect ratio of the particles in the sample, PTA should
be applied to samples of aspect ratio 0,5 to 1. Rod-like or disk-like particles display complex behaviour and
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anisotropic diffusion coefficient. The scattered light intensity can fluctuate due to particle rotation. These
concepts are beyond the scope of this document.

5.4.2 Lower size limit of detection

The lower limit of detection in terms of the particle hydrodynamic diameter is determined (apart from
sensitivity and dynamic range of the camera) by the light scattering from the particles. The difference in
refractive index between the particles and the surrounding continuous liquid phase determines how easily
particles are detected. A large difference in refractive indexes results in higher scattering and therefore
lower limits of detection for all other parameters being the same. Table 2 shows the limits of detection for
commonly used dispersions (particle-diluent combinations). In this case, the diluent used was water.

Table 2—Typicattowersize timmits of detectiom formonodisperse suspensions of manmopparticles

Particle material Approximate lower limit of detection <
smallest size detected
(Hydrodynamic diameter in nm)
Gold 10
Silver 10
Other metals or metal oxides 25
Polystyrenel€l 40
Silical8l 40
Vesicles, bacteria and viruses 65
Ultrafine bubbles (ISO 20480-1) 40

All the valyes in Table 2 are given for monodisperse samples:

General effects of samples and measurement parameters on the limits of detection are described in 5.4.3
to 5.4.5. The typical values quoted for room temperature water dispersion are provided in Table 2. These
values are ppproximate and can vary (as much as.30y%) depending on factors such as porosity of gilica or the
type of biological material.

Generally, $mall particles scatter so little light'that their presence will possibly not be detected. Additionally,
very smallf particles move very fast and require short camera exposure time which reduces the number
of photons| they get to form images~Fast moving objects also leave non-circular images on the captured
frames du¢ to movement during expesure, thus leading to localization (or positioning) errors a$ well as to
the difficulty to detect and track-such particles.

The ability|to detect (to image) very faint particles is further reduced in the presence of larger particles in the
same dispdgrsion. This iss@e of polydispersity is important for particle sizing and counting as the presence of
larger partlicles can sighificantly reduce the ability to detect and track smaller size fractions.

e diameter
avelengths
appropriat ample. The
particles ake acl A ing so under
counting takes place It should be noted that smgle laser 1nstruments are able to count partlcles as described
in this document but with different uncertainties.

Size-depe
is compar

dent fluctuations in the Mie scattering cross section are often the greatest when th
ble toythe illumination light wavelength. Using more than one laser with different

5.4.3 Upper size limit of detection

The upper particle size (equivalent diameter) limit is due to slowing Brownian motion at larger particle
sizes and long observation periods can be necessary. Another issue is that their size can prevent obtaining
good sizing and count statistics in a limited field of view of a PTA instrument. For this reason, a lower
magnification possibly needs to be used, reducing the sensitivity to the already slow dynamics of very
large particles. Very large particles can occupy a relatively large part of the field of view of an instrument
and can overlap by being on top of each other. This can lead to an undercount and lower reported number
concentration.
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Brownian motion tracking described in 5.2.2 can be complemented by another independent tracking method
such as gravitational tracking (5.2.3) to offer larger size working range in one instrument. In horizontal
experimental geometry Figure 1 b), it is possible to observe and measure the Stokes velocity of larger
particles. This can be used in turn to evaluate particle size via Formula (5). This is done by evaluating a
net mean particle movement in vertical direction (5.2.3). This provides a measure of the particle’s Stokes
velocity and gives Stokes diameter d,. The upper sizing limit for the gravitational motion sizing depends
heavily on the particle density (the difference of particle density and the density of the continuous medium
used as diluent). Most metallic particles with sizes over 10 pm sediment too fast to obtain good tracking
statistics.

NOTE Hydrodynamic diameter derived from Brownian motion diffusion equation d,, is not the same as the Stoke
particle diameter. Hydrodynamic diameter is often known to be slightly larger than Stoke’s diameter for the same

particle.
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d in more detail in Annex D.
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or a PTA SMD system with a 20x magnification and a nominal sensing volume of 2,5 nL and
eos (each of 300 frames) of 25 fresh aliquots of a sample, it has been found that 5-10¢ to 1(
onable lower and upper particle concentration limits. These limits were established using m
latex spheres of sizes 100.nm to 400 nm (each measured individually).

concentration limits“of quantification can vary depending on the components in the g
ctor which will'define the field of view and depth of focus and thus directly affect the
hiptured in thevideos for a sample of a given concentration. Another variable, particul
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particle size can have effects on the number concentration limits.

NOTE 3

recording
ape of the
cosity and

LOD is often calculated as three times the standard deviation of the result obtained in the blank test (as

pure diluent as possible). Hence LOD is often estimated for 10 to 20 particles per field of view per video recorded.

Samples with very low particle concentrations can be affected by a systematic effect of particle content in an
pure liquid that is used to make the dispersions for testing. Even high purity liquids used in the laboratory
can contain contaminating particles. This effect can be as large as 10 % to 15 % by number. The method for
eliminating this systematic effect is described in 7.8.3.
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At the upper end of the working range of concentration, the crossing and overlapping of tracks leads to track
rejections and can lead to particle undercounting.

NOTE4  Upper limit of the working range of concentration can be defined as the concentration at which the
deviation from liner behaviour in series dilution experiment (Annex D) exceeds ten standard deviations of a blank
sample. In this case, the upper limit coincides with the upper LOQ.

One limiting factor is the overlapping of the particle images as seen by the image capturing system or
crossing particle tracks. Overlapping particle images can be erroneously counted as one particle or be
rejected by some more advanced static image analysis algorithms (ISO 13317-1).

In addition, the highly concentrated samples where particle to particle interaction (limited Brownian
motion) can lead to agglomeratlon or other forms of instabilities, are susceptlble to changes in temperature

or presen
stricter coj

5.4.5 Sa

trol over the sample preparatlon and experlmental parameters such as temperature

mple and sampling volume

Sample and sampling volume are critical for all concentration measurementscyPypically, if

discussed 1
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ing power of the optics with an approximate focus depth of (the order of) 10 um whi
pling volume depth. This results in a sampling volume\of 0,1 nL. Larger sampling volu
r optical systems with larger field of view or lowermagnification and higher focus dej

0 obtain a representative measurement of\a” sample (especially for low partic
ions), the sampling volume should be increased. This is often achieved by sampling mu
ple and performing a new measurement as-described in Clause 7.

5.5 Measurement precision and uncertainties
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opriate statistical representation of the sample must be tracked. Ultimately the longe
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in practice
leads to hi

the lengths of tfacks are finite which allows only a finite number of tracks to be acc
her uncertaifity in measured particle sizes. In addition to this due to finite sensiti

camera andl finite shattérspeed, the image of a particle can be smeared or blurred, leading to a
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] However,
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uncertainty in the particle localization. Some manufacturers set a constant minimum track lepgth for all

particles. $tatistically, the longer the minimum track length, the more accurate each particlg diameter
but there aredess of such tracked particles. Therefore, the experiment should run longer to gccumulate
statistically(significant samples as shown in Table 3. An example of an approximate relationshp between

the number of tracks and the PTA measurement precision expressed in CV ol modal particle size for a

monodisperse 100 nm sample is reported in Table 3.
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Table 3 — Approximate values showing dependence of PTA measurement on the number of tracked

particles
Number of tracks CV of particle size
%
400 <10
700 <8
1000 <5
2000 <3
NOTE: Data were obtained for a 100 nm monodisperse sample of polystyrene spheres.

Table 3 should be used as guidance in planning experiments. Some manufacturers use the optimization
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ion of PTA measurement is affected by polydispersity. Thus, the values in Table 3 1
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w an approximate linear relationship (withinithe experimental fluctuations of Table 3
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| temperature.
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effect on particles which acquire a drift velocity due to laser heating. This is a significant effect to be avoided
since this drift velocity is not possible to compensate or remove.

5.5.2 Co

unting efficiency

This document focuses on the PTA particle counting and sizing method which means that the overall particle
counting efficiency is determined by the detection efficiency, tracking efficiency and data processing

© IS0 2024 - All rights reserved
14


https://standardsiso.com/api/?name=e07d123632eef89bae5a1993a4208eab

ISO 19430:2024(en)

algorithms (for example track rejection rules discussed in 7.7). Particle counting efficiency is often defined
as the ratio of the reported number of particles in a given size range to the actual number of such particles.

NOTE PTA counting efficiency is distinct from intrinsic issues with counting particles in dispersion. In certain
samples, the particles adhere to the vessel or the sample cell leading to lower effective concentration. In other samples,
aggregation can reduce the number of particles over time or dissolution reduces their size. Both issues are known to
affect samples over time and can affect the storage of such samples.

5.5.3 Size resolution

Size resolution refers to the ability to distinguish two closely size-related particle populations (each
monodisperse). This parameter is determined by the uncertainty in measurement of a single particle, the
reproducibility of the data in each size bin as well as the counting efficiency (see 5.5.2) in each size class of

the particl
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ers, with individually adjustable power levels, it is possiblejto divide the dynamic range of scg
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hsing volume

etails of the sensing volume and its geometry are not critical for PTA sizing measurer
for particle counting and evaluatiom of number concentration. Because of the discussid
b volume cannot be restricted by hard surfaces and is often taken for a shape of the
ctricting walls. The sensing volume refers to the volume in which particles are optical
d. The sensing volume, its geometry and uncertainties in its dimensions are very im
ion of number concentration by means of PTA.
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a) Ideally, particles of all sizés)Jmust be equally illuminated in the sampling volume in order to have a
uniform ability to track-particles of similar sizes in every part of the sampling volume.

b) Ideally, the imaging) guality (e.g., focusing) should not vary across the sampling volume ofr its depth.
Uneven imaging guality can lead to weaker detection and lower ability to track smaller particles. In
turn, this will {ead to particle undercount.

A major syjstefatic counting error can be introduced if the limited depth of focus leads to detecting and

tracking of

only larger particles where the focus is not sharp. Large particles can still be tracked a

nd counted

even if they are not in focus.

In reality, the effective sensing volume of a PTA instrument is not a perfect rectangle. Its effective shape and
size are affected by the illumination profile, polydispersity and refractive indices of particles tracked.

Common illumination of the sensing volume is done using a focussed laser(s). It is the property of every
optical system to have a slightly decreased intensity of light at the edge of the illuminating zone as shown in

Figure 2.

© IS0 2024 - All rights reserved
15


https://standardsiso.com/api/?name=e07d123632eef89bae5a1993a4208eab

Key
1 incidentlaser
2 (effectiye) sample volume
3 lightinfensity

Figure 2 — Light intensity variation across the sensing volume
The intengjity of illuminating light is often not uniform across the’thickness of the sensing vo
introduces|an uncertainty in the depth of that volume (L; ). In addition, the tracking algorithm
edges of thie viewing area less likely to collect long enough tragks for sizing and counting.
Yet another complication is that both deviations of the\shape of the sensing volume from a 1
shape also|depends on the wavelength. It is therefore required to use similar size and material
to experinjentally evaluate the effective sampling volume of a PTA instrument. Different mar
have their pwn methods of evaluating and calibrating the effective sample volume. A typical pro
shown in Higure 3.
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Figure 3 — Schematic process flow for estimation of effective sampling volume

Different manufacturers can employ different calibration regimes for this procedure. The method relies on
the availability of a reference sample of known size, known refractive index and known number
concentration. The size of particles and their refractive index are relevant since this affects the effective
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sensing volume. Therefore, the test sample(s) should be made as close to the sample of interest as possible in
number concentration, size and material. Alternatively, the intensity of scattered light should be comparable
between standard and measured sample. Ultimately, the effective sensing volume is different for each size
fraction and material type in polydisperse samples, reflecting the fact that different particles with different
sizes can be detected and tracked by a given PTA optical system at different depth of liquid. This makes
effective sensing volume a function of particle size Vg (dp ) and material refractive index. Some instruments

can automatically correct effective measurement volume by comparing scattered intensity of light for each
tracked particle with known standards for which effective volumes were predetermined and stored into
lookup tables.

Independent evaluation of number concentration can carry its own uncertainty and bias but is not part of
the scope of this document as it relates to independent methods. The user of this document should consult
relevant speeifieat to-as55€
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6 Apparatus

6.1 General

PTA equipment will generally comprise a common collection of basic components, with the |possibility
of additiorjal peripherals that can be desirable or required for specific expériment types. A [number of
equipment| configurations are described in 5.1. These are all composed ofja sample cell (6.2), illumination
system (6.3), image capturing (6.4) and image processing (6.5) parts.

6.2 Sample cell (with sample in dispersion)

The sample to be analysed is held in the sample cell. This cell shall be inert to the sample. It shall be able
to hold th¢ sample at a stable thermal equilibrium. There are general requirements for the gample cell
specifically for the particle counting and particle numiber concentration evaluation. The following are

required fg

r particle sizing and counting:

a) Sample cell shall have clearly stated parameters for sensing volume as outlined in 5.5.5 with specified
size urjcertainties that are used to evaluate number concentration uncertainty according to Formula 4.

b) Sample¢ cell shall allow resampling by:automatically or manually introducing fresh volume of{dispersion
in the $ensing volume. The fresh velume of the dispersion shall be allowed to stop before a ngw round of
data sampling.
NOTE This document deéals°with measurements on static liquid where no de-drifting or mathematical
subtragting of the ensemblé-average displacement at each time step[19 is used. Any such technique i outside the
scope df this document.

c) Sample cell temperature and its stability shall be within +0,5 K for sizing and particle countingusing PTA.

d) Sample cell shallbe easy to clean.

6.3 Illumination

The laser source shall be such that the intensity and wavelength provide appropriate scattering from
particles without bleaching, destroying or modifying them in any way. The wavelength and intensity shall
also be appropriate for image of scattered light collection by the digital camera. The beam shall be focused
to maximize illumination of in-focus particles, and to minimize optical noise generated by the illumination
of out-of-focus particles (coordination of laser sheet thickness and microscope depth of focus).

NOTE Strong irradiation can give rise to minimal localized heating or photophoresis.

For certain experimental procedures, such as the visualization of fluorescently labelled particles against a
non-fluorescent scattering background, the radiation shall be monochromatic and the wavelength matched
to both the excitation wavelength of the fluorophore and the optical filters used in signal collection.

© IS0 2024 - All rights reserved
17


https://standardsiso.com/api/?name=e07d123632eef89bae5a1993a4208eab

ISO 19430:2024(en)

There are general recommendations for the sample illumination in the sample cell that are particularly

relevant to

a)
b)

particle counting and number concentration measurements.

[llumination should be uniform throughout the sensing volume (see 5.5.5).

The illumination can be made by either or a combination of the following:

— one continuous light source (e.g. laser);

— several continuous light sources of different wavelengths;

— gated and modulated light source(s).

For the cag
illuminatig
intensity f
primarily

of the used optical system) from the illumination light source. This observation<lltmination

a 2D plane
essentially]
higher use
on particle

6.4 Optical image capturing

Scattered
lenses, filt4
magnificat
resolution
measured.

The image
properties

a) The c3

r a given laser power level. This optimization stems from the fact that thecdetéctio
bserving scattered light at 90 degrees (typically £15 degrees, depending dgrmhnumeric

and light scattered in directions orthogonal to this plane is not detectable by the g
useless. With polarization that removes the useless components from the illuminati
Ful illumination energy levels can be achieved without inducing.drift or other deleteri
s for a given laser power level.

or emitted) light is collected and delivered to the image capture apparatus through
brs and mirrors generally resembling a conventipfial optical microscope. It is worth
ion sufficient to clearly image the particles is unnecessary, the only requirement bein
to allow suitable measurement of the motiofof the images of light scattered by part

5 should be captured using a digital.camera. The following requirements apply for th
of the image capturing system apply/regardless of the system used:

mera detector array shall be sensitive enough to image particles with lowest scatt

sectio

b) Thec

be neefded, such as for elongated particles measurements) shall be such that sufficient displac

are co
the ca
scattel
can be
spectr
and re

of interest with the illumination provided (6.3).

era frame rate (typically 10 to 60 frames/s, but in special cases lower or higher frar

lected for each particle, allowing accurate particle tracking and determination of part
se of the multiple-illumination sources, the detection system shall be able to capturg
ed light frory’each particle in each of the relevant spectral bands (e.g. blue, green, ang
achieved-with three separate detectors if the scattered light is first separated into the
hl components, or with a single detector that is capable of individually resolving the
d images of scattered light from each particle for example a colour video recording dey

[llumination strength and wavelength should be selected to maximise the image capture quality (see 6.4).

e of multiple light sources, the power output of each should be calibrated and controlled. Such an
n system may include polarization of each wavelength, which optimizes the useful illumination

system is
h] aperture
bath forms
amera and
bn sources,
ous effects

a series of
hoting that
b sufficient
icles being

e practical

bring Ccross

ne rate can
ement data
icle size. In
images of
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individual
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6.5 Ima;

ge analysis, (racking and data processing computer.

A video of illuminated particles shall be captured. The video shall be analysed using particle tracking
software. The software should be capable of:

— processing each of the video images;

— identify

ing, localizing, and counting individual particles;

— tracking discrete particles from frame to frame by recognizing the same particle in separate frames of

the video;

— calculat

ing the diffusion coefficient of each particle;
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—integrating and outputting the gathered data.

Z
2
1
3
\
| | — "
7 /
A .
; —
) X
Key
1  trackinjg and data processing computer 5~ sample
2 sensitiye digital camera 6 laser(s)
3 optical|magnification 7  sample in dispersion
4  samplihg volume 5.4.5
Figure 4 — Schematic representation of the vertical PTA experimental

Figure 4 iJlustrates a common-geometry of the PTA experimental setup [for a vertical gegmetry, see

Figure 1 b)].

NOTE The right angles-between the illumination laser and the optical detection are not a requirem

angles, alloying dark field imaging of the sample, are also used.
Image analysis process should be able to provide the following data:

a) Identifly’particle centres (even in cases of blurred or smeared particle images).

ent as other

b) Particle positions as they are tracked from frame to frame (connected positions).

¢) Total particle count in sensing volume.

d) Total particle number concentration (taking into account the effective sensing volume).

e) Particle size distribution.

Particle size distributions and particle size distribution density shall be reported as particle number

concentrations and a function of particle sizes.

© IS0 2024 - All rights reserved
19


https://standardsiso.com/api/?name=e07d123632eef89bae5a1993a4208eab

ISO 19430:2024(en)

7 Measurement procedure

7.1 General

This clause describes procedural steps for the PTA measurement. Some manufacturers have specific
recommendations for each stage, but the schematic in Figure 5 aims to outline the common process flow.

The schematic in Figure 5 describes the process flow of the PTA measurement. Solid lines indicate
compulsory steps in the process while dotted lines indicate optional steps and procedures. Optional steps
help improve data noise levels and repeatability.

|
: If sample was prepared using a known

| dilpremt4 fremruse barekprotmmd-stbtraction
|

|

|

précedure (7.8.3) |
_____________________ |

Lo A

Sample preparation (7.2) Sample delivery (7.4) Sample illumination (7.5)

Instrument initiation (7.3) Particle imaging and video

acquisition (7.6)

Repeat to sample

more particles ove

time

Track analysis (7:%)

Particle size
evaluation (7.8.1)

(7.8.2)

Particle counting

Repeat to sample

independent subsamples

Distribution analysis (7.9)

!

Data analysis and reporting
(7.9.5)

Figure 5 — Schematic of PTA measurement procedure

In some cdses, when a known diluent is used to either prepare dispersed sample from dry powder or to
dilute the ¢xisting dispérsion to a recommended concentration for PTA analysis, then the diluerlt itself can
need testinlg. The réason for this is that most diluents have some particle contaminants that areldifficult to
remove. This means that adding such a liquid to the sample can introduce new particles which cah affect the
result. Prigr t6.dispersion of a sample, it shall be ensured that the diluent has the lowest possiljle count of
background'particles.

7.2 Sample preparation

The determination of particle size distribution and number concentration by PTA requires small volumes of
sample (see 5.5.5) to be dispersed in a suitable liquid (diluent). The sample analysed by the PTA instrument
shall be representative of the population being investigated. ISO 14488 includes guidance on the problems
of representative sampling. Powders shall be dispersed before analysis. Consultation of ISO 14887 is
recommended in the case of powders. Appropriate sample preparation and sampling are critical for
reproducible measurements.

Samples shall be homogeneously dispersed in a suitable liquid (diluent), such that particles and the diluent
have different refractive indices. The diluent will be a transparent medium (see 3.12). The diluent shall be
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compatible with both the test sample, i.e. it shall not affect the physicochemical properties of the dispersed
particles, and the PTA apparatus. The diluent shall form a stable suspension of particles and be of a suitable
viscosity at the measurement temperature to allow a useful magnitude of particle displacement via
Brownian motion or motion under gravity. The user shall ensure that the sample cell is free of contamination
or other particles that can contribute to the measurement. The cleaning shall be performed according to
manufacturer’s specifications.

If dilution of the sample is required, a compatible diluent should be used. It should have similar refractive
index, concentration of salts, surfactants, pH, etc., as the original sample’s liquid, in order not to change the
surface chemistry of the particles. For accurate particle number concentration measurements, dilution of
the sample shall result in particle concentrations that are within the manufacturer’s recommended upper
and lower concentration limits as discussed in 5.4.4. Prior to dispersion of the sample, it shall be ensured

that the diluent has the lowest possible count of background particles. Methods like syringe fil
used to sufficiently reduce particle counts in most diluents if needed. Since completely particle:f
are not prdctical, the particle number concentration distribution density of the diluent should be
prior to dilutions, in order to ensure that the background counts are reasonably low relativeto t}

ters can be
ree liquids
measured
e particles

of interest|in the sample.

7.3 Instrument set-up and initialisation

Before medsurements are performed, it is necessary to initialise the instrument. Power shall be qupplied to:
— hardware (controllers);

— image capture equipment;

— irradiatjon source;

— temperdture control and readout;

—any motgrs, valves, or pumps.

Correct communication between the various components shall be verified. The system shall pe allowed
to reach thermal equilibrium in order to prdvide the most stable environment possible. The sample
temperatufe shall be known to within +0,5\K-or better. The sample temperature shall be stable over the
measurement period. Stability of the sample-and instrument are particularly important for the comparative
measurements with background subtrdetion.

The first s¢ttings to be optimised Shotld be the coordinates of particle observation. The observed position
shall be suth that illumination gfyisible particles is maximised, background interference is minimized, and

as large a proportion of particles as possible can be seen in sharp focus. Settings shall be appro
particular sample under investigation. For example, small or weakly scattering particles requir
high laser power and high.camera gain settings in order to allow sufficient signal to be detected f
purposes. Dnce the settings are optimized for a particular application, they should be saved in the
a protocol for futuré work on same or similar samples.

Once the rlegianyof the sample is in focus, suitable image capture settings should be selected.

briate for a
b relatively
br tracking
e system as

These can
lar sample

include cameéra gam and shutter and analy51s duratlon Settlngs shall be approprlate for a partICL

~but can be

dy T yd
limited by the need for a sultable exposure time in each image. It should be noted that the duratlon of the
experiment is a function of the degree of repeatability needed, with increased analysis duration leading to
an increasingly representative sampling of the particle population.

7.4 Sample delivery

The sample can be introduced manually or automatically (with optional motorised dilution and delivery).
The sample should remain stable in the sampling volume during image recording (see 5.5.5). The sample
shall avoid significant particle drift or particle immobilisation (e.g. sedimentation in case of large particles
or creaming in case of bubbles), unless gravitational migration tracking is used.
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7.5 Sample illumination

The sample is illuminated by one or several laser sources (6.3) (or another strongly directional light
source) with wavelength(s) that is appropriate for an optimum contrast of the sample (dilution medium
and particles). Typical wavelengths can range from 405 nm (violet) to 650 nm (red). Some systems offer
multiple lasers with different wavelengths, which allows detection and tracking in one or all the available
wavelengths.

The sample should be illuminated to give the best contrast for particle tracking. This means that particles
should be clearly visible on the video capture system (6.4) while the background level should be minimized.
Poor contrast in images can result in a lower number of smaller particles being successfully tracked. This, in
turn, can therefore affect the resulting particle size distribution by reducing the number of smaller particles

detected, s

7.6 Particle imaging and video capture

Requiremgq
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7.7 Trac

After seled
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known ten
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distributio

ized and counted.

nts for the optical imaging and capture have been specified in 6.4.

size calibration (nm/pixel) is usually performed by the manufacturgr’and does ng
b attention of the operator. However, if the instrument has been modified or new
icroscope lens) have been installed, then such a calibration shoulddeé-performed accor
[rer’s instructions.

st difference between the small bright spots representing the particles and the b
btimized by focusing the illuminating laser on the sample volume and by also fo
hs system for maximum particle clarity. The procedures can vary for different man
acturer’s specified settings and procedures shall be-followed in order to improve t

nal stabilization and drift settling of the sample and the selection of suitable method
deos of the illuminated sample are recorded. Typically, the sample should be change

pulation. In line with other particle size analysis methods, itis necessary to have atleast
ht sub-samples. The number of aligliots that need to be analysed under repeatability
the target measurement uncertainty to be achieved. See 5.5.1 for information reg

k analysis

tion of the appropfiaté analysis settings, the software locates the centre of each detg
in every frame o0fithe video. For each such bright spot, the distance moved between e
which it is ¥isible is measured. Over the course of a single video, hundreds or th
in be identified and tracked, and the mean squared displacement between frames is cal
le centr€ individually. This mean squared displacement per time is used in conjunctiq
perature of the sample and the viscosity to calculate the hydrodynamic diameter of th
h a‘pdrticle-by-particle basis. Finally, particle size data are combined to produce a p

t typically
pptics (e.g.
ding to the
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cusing the
ufacturers.
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ew sample should be delivered to the measurement cell), in order to introduce an entirely new
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arding the

cted small
very frame
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n with the
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.

Visual inspection of the particle movements on the screen can give a good estimate for the data quality
obtained from these tracks. A constant drift, mechanical noise patterns (all tracks have similar shapes) or a
one off (non-statistical jump) behaviour of a single particle can reduce the ability to track or even measure
the particle size from such data. A visual inspection of tracks can help the user to establish the level of
confidence in the sample under test.

Particle tracks are analysed for their completeness and some are rejected if the tracks are too short or
ambiguous due to track crossing. These are two main track rejection criteria for the particle tracks during
PTA measurements. A track is rejected:

a)

if two or more independent particles cross their paths in one of the steps during tracking (i.e. cross their
paths between two consecutive frames) [see Figure 6 d)];
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prematurely terminated tracks are shown in Figure 6 c) and e).

two un

Several types of measurements are possible with the track data. The main two types are the p

measurem
reasons fo
crossing [
samples. T

7.8 Measurements

normall

escapir
ambigy
too shd

if a particle escapes field of view (laterally or out of focus) before a set track length is reached. Such

/\)ZA '\\;\77%
full track,

hmbiguously crossing tracks

g track
ously crossing tracks
rt track

Figure 6= Particle track rejection scenarios

bnt and particle counting (particle number concentration) evaluation. Track rejection i
' counting less particles than expected in higher concentration samples, due to ambig
ee Figure 6 d)]\and premature track termination [see Figure 6 c) and €)] in higher cor
his effect iSldemonstrated in Annex D.

qrticle size
5 one of the
uous track
Icentration

B
~
o

The sampl

prpparah'nn and instrument initiation steps should be followed as described in

respectively. The process flow for the measurements shall follow the flowchart in Figure 5.

7.8.1 Pa

rticle sizing and number-based size distribution

Track analysis (7.7) leads to the size evaluation of the individual particles according to 5.2.2 and 5.2.3
subject to rules of track acceptance and experimental limitations. PTA method is often referred to as
“particle counting and sizing method”. The measurement procedure for this method should follow all the
steps outlined in Clause 7, including the flow diagram in Figure 5. The tracked particles are sized and

appropriat

ely allocated to size bins that make up the particle number-size distribution.
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7.8.2 Total particle number measurement

In some circumstances, it can be necessary to count particles in the sensing volume regardless of their size
or luminosity. This can be necessary in order to correlate the sample preparation procedures which can use
particle weighing and dispersing with the particle count in the PTA instrument. This can also be used to
characterise the output of a particle or bubble generator where the size of objects is not critical.

As described in 5.4, the particle sizing and counting are not separable. This means that even though the
total particle count is size-independent, the particles shall be tracked according to the PTA algorithm to be
counted in the total particle count.

Sampling limitation can be highlighted by the fact that the sensing volume is only a small fraction of the entire
sample. This means that changing the sample in the sensing volume between consecutive measurements is
necessary fo approaci the representative sampiing situation.

7.8.3 Particle background count
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samples. T
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Fturer-specific solutions for the particular case when the diluentis known and the

diluent added to (a) dry powder or a dispersion is known.

— By judidious preparation of the diluent, it is possible to reduce thesnumber of diluent particles
to less than the particle number variation from frame to frame during the sample measurem
avoids the [ssue of over-subtraction of the background level from’the sample.

per frame
ent, which

— The tot
detected irf

hl number of particles in a blank sample can b& subtracted from the total number
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Subtractio
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n of particle size distributions (sample PSD from diluent PSD) can lead to resulting
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r PSD with
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7.8.4 Volume concentration

The volum|
known as

the same |
dispersion

e concentration is derived from the particle number and sensing volume. In some arjeas, this is
particle volume concentration” which is the ratio of the particle volume to volume of diluent at
ressure and temperature. In some areas of science, this is also known as volume frjaction of a

7.9 Results evaluation

7.9.1 Gepneral

The algorithims for data analysis may vary between manufacturers but should follow the key steps outlined

in 7.1. Subclause 7.9 deals with common steps in data interpretation.

7.9.2 Particle size evaluation

Particle size is evaluated according to the derivation in Annex A, summarized in Formulae (1) to (3) in
Clause 5. The size of the particle refers to the hydrodynamic diameter (see 3.8) or Stokes diameter (see 3.22).

7.9.3 Particle count results interpretation

The results of a PTA measurement and count of particles should be taken into account in context of the
limitations of the method described in the Clause 5. Experimental data comparing PTA number concentration
measurement with other techniques such as spICPMS, UV-vis, DCS for gold particles is reported in Annex B.
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If there are intrinsic processes taking place in the sample such as sedimentation, agglomeration, flocculation
or dissolution, the results of the PTA number count and sizing are time-dependent and will possibly have to
be carefully examined. If changes to dispersion parameters are faster than the PTA measurement cycle, the
results will possibly be difficult to interpret.

7.9.4 Distribution analysis

The results from each track are analysed and placed in the size bins to construct a particle size distribution.
In order to achieve a required uncertainty, a certain minimum number of particle tracks should be used to
fill the size-bins in the particle size distribution as described in Clause 5. Data quality control shall therefore
be in place to ensure that enough data points populate the size bins.

7.9.5 Dataamalysisamdresultsdisplay

Data repon
report on {

ting can vary between manufacturers; however, the key parameters needed for(a,con
he PTA measurement should follow Clause 10.

hplete data

8 System qualification and quality control

8.1 General

The PTA s)
on system
as minimu
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used. 8.2 s

stem shall conform to the requirements outlined in this clause. These requirements
installation, maintenance, operation and qualification. These requirements should be
In requirements, since some manufacturers can impose ‘their own system-specific m
nts.

prification of instrument performance is necessary for quality control purposes. It

pm installation requirements

1 requirements for the PTA system are commonly specified by the manufac
frer guidelines can include a more detailed list of technical steps and checks before th
bts minimum requirements forthe operation of the PTA system.

ent shall be located in the area free from direct sun light and away from strong h¢

The equip
(such as lﬁéiators). The area should be well ventilated and void of excess humidity and dust
during sample insertion and injection into the measurement cell (dust can contaminate samples]

should be 1
manufactu

Vibration d
particles w|

8.3 Syst

bss than approxiniately 45 % * 10 % RH. Equipment storage requirements shall be takg
[rer’s manual.

an contribute'to apparent larger particle movements and therefore systematically sma
ill be detected. In this case, vibration isolation shall be implemented, e.g. as a vibration iso

Pm. maintenance
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should be

by the analysis of particle size reference material with metrologically traceable certified values.

turer. The
b system is

rat sources
especially
. Humidity
bn from the

ler sizes of
ation table.

Maintenance procedures specified by the manufacturer shall be followed. Subclause 8.3 specifies general
maintenance steps that are common to all PTA systems.

The PTA system should be left clean and dry when the system is not in use. After each use, the system
shall be flushed with diluent liquid to remove all traces of sample from the tubing and optical surfaces. If
using diluent with a high concentration of dissolved solids (i.e. saline solution), clean water shall be flushed
through the system after use. The controlling software should be shut down.

Optical components of the system (laser, lenses, etc.) shall be kept clear of the solvent or other contaminants
at all times.
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8.4 System operation

Before the operation of the PTA system, it is important to undertake some control steps to ensure there is
no cross-contamination with previous runs and that the system is functioning within specifications. The
following are general steps for PTA equipment operation:

— The system should be checked to determine it is clean and that the buffer or dispersing liquid used do not
contain contaminant particles.

— The system should be checked to determine that the optical part of the system is optimized (clear sharp
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Table 4 — Accuracy requirements summary

Deviation from the | CV of the measured Recommended
mean certified average number of
values values analysed tracks
nm %
100 nm sized particle 6 6 1000
150 nm sized particle 9 6 1000
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In addition to the tests for 100 nm or 150 nm sized particles, an internal reference sample should be chosen
that is similar to the sample in shape, size and material type to the samples to be investigated. At least one
size qualification measurement should be performed.

NOTE Alarger (i.e. more than one) number of size qualification measurements increases data confidence. Further
guidance for the choice of RMs for particle size determination is given in ISO/TS 4807.

For instruments that use sedimentation, one size calibration for sedimentation regime (approximately
1 micrometre and above) is necessary to qualify the instrument. The same +6 % range should apply for size
measurement qualification.

DLS is used as a comparative technique as it can give the closest reference to the hydrodynamic diameter
of the reference material. Scanning electron microscopy is often used as orthogonal technique for size

evaluation
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The validation procedure requires that the measured number concentration matches the assigned reference
material number concentration value within #10 %. A single point qualification is required at a minimum.

A single point qualification can lead to higher uncertainties. For this reason, varied concentrations should
be tested. In case CRMs are used, the method of comparing CRM values with values obtained with a
measurement method are clearly described in Reference [11].

9 Datarecording

This clause deals with the data that needs to be recorded by the instrument software in order to evaluate
data and report it in the format prescribed in Clause 10. There can be some variation on the internal data
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handling, but for maximum traceability, the equipment shall record the calculated size of each particle
successfully tracked, along with the length of time (in terms of number of frames) for which it was tracked.

The following shall be recorded:

h reference

b recorded.

e following

at the page
t

)

if different

a) videos of all aliquots analysed;

b) PTA equipment model reference or serial number;

c) camera-objective calibration constant (nm per pixel);

d) camera gain (dB) laser(s) wavelength (nm);

e) laser(s) power (mW);

f) frame [rate (frames/s);

g) measured sample cell temperature (K);

h) dynanic viscosity (N-s'm=2);

i) total number of frames recorded;

j)  processed number of frames;

k) acceptpd number of tracks;

1) measurement uncertainty level — this parameter is obtained independently from measuring
sampl¢ as described in 8.4.

For maximum reproducibility of the results, all data required-+for the test report (Clause 10) shall b

10 Test report

In addition|to the requirements specified in ISO/IE€ 17025, the test report shall contain at least th|

informatiop:

a) atitle [e.g. “Test report”);

b) uniqu¢ identification of the test teport (such as the serial number), on each page to ensure th
is recognized as a part of the test report, and a clear identification of the end of the test repor

c¢) date and time of experiment;

d) name ¢f operator;

e) the name and address of the laboratory, and the location where the tests were carried out,
from the address of the laboratory;

f) PTA equipment model reference or serial number and software version;

g) adescription of, the condition of, and unambiguous identification of the sample tested including details
of particle shape and homogeneity (if known);

h) camera-objective calibration constant (nm per pixel);

i) the suspension conditions:
1) diluent with its filtering procedure and dispersing agents and their concentration (if applicable);
2) particle size distribution density in the diluent;
3) dispersing procedure, including sonication conditions: time, frequency and applied power (if

applicable);
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4) viscosity of the suspension (N-s'm2);

5) density of diluent and particle (kg'rm=3) (only needed for non-Brownian motion-based results,

ty

pically particles over 1 micrometre diameter);

6) temperature of the sample (K);

j) the measurement conditions and inputs:

1) laser(s) wavelength (nm);
2) laser(s) power (mW);
3) camera type;
4) camera shutter (ms);
5) camera gain (dB);
6) frame rate (frames/s);
7) number of processed frames;
8) number of valid tracks;
k) results:
1) grpphical particle size distribution in either histogram with variable bin widths or
S-¢urve format;
2) imlage/frame from one video;
3) D10 (nm) - 10 % of cumulative distribution by sumber;
4) DJ0 (nm) - 50 % of cumulative distributiompy number;
5) D90 (nm) - 90 % of cumulative distribution by number;
6) avprage particle size with SD and CV;
7) mg¢asured particle number ¢oneentrations investigated;
8) particle number concentration from user defined integrated range of sizes with and v
diluent particle numpBey Concentration being subtracted;
9) kipetic process rate information if measured;
10) me¢asurementdincertainty;
1) all operating.details not specified in this document, or regarded as optional, together with de

incidellnt that can have influenced the result(s);

rumulative

yithout the

tails of any

m) the name(s), function(s) and signature(s) or equivalent identification of person(s) authorizing the test report.

Operators should record all other relevant evaluation and measurement parameters. These, however, do not
have to be added to the test report
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Annex A
(informative)

Theory

This annex gives the derivation of the n-dimensional diffusion coefficient that is used[13 to evaluate the size of
tracked particles. By definition, a particle flux through point, length or an area per unit time is given by J(x,,,t).

J(x,,t)=c(x,,t)0(x,,t)

(A1)

where x,,
movement
local prob3

M(xp 0

where
given by ge

F=-V
Since the ¥
numbers f(

For spherig

]
o =—]
3r

According

k
D=1t
3r
Assuming
particles i

—c(x

ot

is the set of coordinates in n dimensions (n=2 for diffusion in the plane of-2D"an

in x, y and z directions). Statistical mechanics gives the chemical potentialwhich i
bility density (or local concentration) as:

|

hnd ¢, are constants. The variation of chemical potential in spa€e creates a force on th

c(xp,t)

Co

neral differential Navier-Stokes equation:
kgT
c(x,,t)

elocity of particles v(x,,,t) is proportional to, the force applied in the regime of loy
r the liquid, the v(x,,,t)=0F(x,,t) whereconstant o is the mobility of particles.

[(x,,t)=— Ve(x,,t)

al particles with diameter d, o is givénrby the inverse of the Stokes drag:

1d
bo Fick’s law J(x,,,t)=-DV¢(x,,,t) where the diffusion constant D is given by:

T
hd

that, during{a-rniormal diffusion process, particles cannot be created or destroyed,

) VI(x,,t)=0

to a volume'shall be equal to that out of the volume. This leads to a continuity formula}

d n=3 for
b related to

(A.2)

e particles

(A.3)

v Reynolds

(A4)

(A.5)

the flux of

(A.6)

This therefore leads to the following differential formula:

d
gc(xn

0=V (DV(x, 1))

(A7)

Assuming that there is no spatial variation of the diffusion constant D, the diffusion formula is recovered:

0
EC(XH

,£)=DV?¢(x,,,t)
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The above diffusion formula has two main features: it is linear and it is separable. This means that the
diffusion processes in three orthogonal directions are independent of each other and the solution to the

formula ca

n be written as:

c(x,,t)=X(x)-Y(y)-Z(2)-T(¢)

(A9)

By substituting for ¢(x,,t) in the diffusion formula one obtains a separable form for all four dimensions.

2 2 2

9.p ag azc ag (A.10)

dat ox“ dy“ oz
This leads to the separate form:

2 2 2

DT ot| | X ox? Y gy? Z 9z?
This form ¢an be further split to demonstrate that the left-hand side and the right-hand’side of this formula
can only be¢ equal if they are both equal to the same constant.

——=—|\mj+m5 +m Al2

o7 3¢~ +m3 +m3) (112)
This allows the whole Formula (A.11) to be rewritten in a linear operater form:

) 2.

S=§—DV with 3[c]=0 (A.13)
By using the main property of linearity, one can represent‘the solution to this formula as a superjposition of
all solutior]s of the formula. This allows us to use Fouriet*transform and Green’s function methods to show
that the diffusion in three dimensions is simply the siimultaneous 1-dimensional diffusion procdss in three
orthogonal directions. This statement has the impact on the evaluation of the statistics of particle diffusion
and it can|be shown that in n dimensions, the root-mean-square (RMS) motion of the partig¢les can be
represented as:

— -2\ 2

(X)=\/ X >—<x> =+2nDt (A.14)
where averages are ensemble ayerages, assuming same particles are being observed. The fact thiat the time

average oV
meant to b
can be diff
equal to th
measurem

This mean

er a given period isfequal to the space average, which is what the result of PTA measy
e is based on th€theorem by George Birkhoff.[12] In general, the time average and spa
erent, but if the transformation is ergodic and the measure is invariant, then the timg
e space average almost everywhere. In 2017, Hartman and Kirby[1% demonstrated f
bnt that the'time averaging over t—oo is equivalent to ensemble averaging for N —co.

5 that'for every unrestricted diffusion dimension there is a V2Dt contribution to the

of the part

rements is
ce average
average is
or the PTA

RMS value
pctions are

icle)position. In most PTA measurements, the positions of particles in the x and y dir

tracked (in ZD). The RMS value is therefore ZD. Note that the movement of the particles in the sample is 3D
and it is only the projection of that movement that is recorded during the tracking. Evaluating the RMS
positions independently in x and y directions allows one to reconstruct the vertical component under the
assumption that the diffusion movement and particle statistics is equivalent in all three dimensions, as it
was proven in Annex A.

__kgT _
¥ 3mnD,

2kpTt
3m](x_)2

where d, is the spherical diameter of the tracked particle due to the x direction of movement. The same

(A.15)

result (dy) should be available from the movement in the y direction. Again, the average is ensemble
average, assuming the same particles are being observed.
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The assumption of the spherical symmetry of the particle can set a limitation on the applicability of the
above derivation to the sizing of particles with aspect ratios different from 1. The statistics of movement of
fibres or plates can be different from that of a spherical particle due to the Stokes’ drag.

The derivation also assumes that the particles are not created or destroyed during the measurement time, ¢t
. This can therefore impose a limitation on the studies of agglomeration, aggregation or dissolution where
particles change shape, size or disappear altogether. The key is that the particle state (size or shape) should
not change during the observation time, ¢.
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Annex B
(informative)

Comparative study of number concentration evaluation of gold

nanoparticles in suspension

The results of the PTA were compared to other established particle counting and sizing techniques in a
comprehensive study.[13] In this study, small-angle X-ray scattering (SAXS) and single particle inductively

coupled pldSmamass spectroscopy (SpICP-MSJwere compared to PTA, differential centrifugal sed
(DCS), ultraviolet visible spectroscopy (UV-vis), and electrospray-differential mobility cang
a condengation particle counter (ES-DMA-CPC) for the purpose of particle number) cor
measurements and evaluation of relevant uncertainties (see Figure B.1). An attempt was made 1
gold nanoparticles with nominal diameters of 5 nm, 10 nm, 30 nm, 100 nm, 250 nm.and 500 nr
the samplefs larger than 100 nm displayed strong sedimentation limiting their use férymost of the
used in thip study. A 5 nm sample was below the LOD of several techniques including that of PTA.

The data was obtained in the VAMAS TW34 Project 10.[14]
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Figure B.1 — Results of the VAMAS TW34 Project 10 on number counting of 100 nm gold particles

The study found that while PTA can detect 10 nm gold particles, it was not possible to measure their
concentration reliably. Particles of 30 nm and 100 nm were analysed by this technique. The following table
compares PTA with reference methods and shows it agrees with the latter within uncertainties for both

samples.
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Table B.1 — Number concentration of the gold suspensions

Method

Cau10/mL! (a)

Cau30/mL1 (b)

Cau100/mL1 ()

SAXS

(7,08 + 1,13)-1012

(1,85 +0,13)-1011

spICP-MS

(1,80 + 0,14)-1011

(4,10 + 0,26)-109

PTA

(1,78 £ 0,08)-1011

(4,31 % 0,24)-109

UV-vis

(7,64 + 1,53)-1012

(1,88 + 0,38)-1011

(4,27 + 0,85)-102

DCS/DLS

(8,42 + 2,53)-1012

(1,61 + 0,48)-1011

(2,08 £ 0,62)-10°

ES-DMA-CPC

(9,03 + 0,32)-1011

(3,22 +0,12)-1010

Nominal

(4,84 + 1,45)-1012

(1,76 + 0,53)-1011

(4,16 + 1,25)-109

Table B.1

acquired with reference for:

a) Aulo;
b) Au30;

¢) Au100 samples.

Only “nominal” did not have a full uncertainty budget.
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