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We describe the outcome of a large international interlaboratory study of the measurement of particle
number concentration of colloidal nanoparticles, project 10 of the technical working area 34,
“Nanoparticle Populations” of the Versailles Project on Advanced Materials and Standards (VAMAS). A total
of 50 laboratories delivered results for the number concentration of 30 nm gold colloidal nanoparticles
measured using particle tracking analysis (PTA), single particle inductively coupled plasma mass spec-
trometry (spICP-MS), ultraviolet-visible (UV-Vis) light spectroscopy, centrifugal liquid sedimentation (CLS)
and small angle X-ray scattering (SAXS). The study provides quantitative data to evaluate the repeatability
of these methods and their reproducibility in the measurement of number concentration of model nano-
particle systems following a common measurement protocol. We find that the population-averaging
methods of SAXS, CLS and UV-Vis have high measurement repeatability and reproducibility, with
between-labs variability of 2.6%, 11% and 1.4% respectively. However, results may be significantly biased
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for reasons including inaccurate material properties whose values are used to compute the number con-

centration. Particle-counting method results are less reproducibile than population-averaging methods,

with measured between-labs variability of 68% and 46% for PTA and splCP-MS respectively. This study

provides the stakeholder community with important comparative data to underpin measurement repro-

ducibility and method validation for number concentration of nanoparticles.

Introduction

The advancement of analytical methods for nanoparticle
measurements is critical both for the growing industrial
exploitation of engineered nanoparticles and for developing
robust strategies to understand and control the con-
centration of nanomaterials in humans and the
environment.
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For high value nanoparticles, the measurement of nano-
particle number concentration in a liquid directly impacts the
ability to assess the scale and reproducibility of the production
process, it allows optimisation of efficiency and supports regu-
latory compliance. This measurement is also useful to monitor
and control the intentional or accidental release of engineered
nanoparticles into the environment at the production plant, as
well as by end-users.'
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From a metrological point of view, the measurement of the
number concentration of nanoscale particles is challenging
due to technological limitations, and a lack of validated
measurement protocols and reference materials for cali-
bration, quality control and establishing metrological trace-
ability. Combined, these factors contribute to the inability of
laboratories to assess method performance, for example in
terms of measurement accuracy, reproducibility and result
comparability. Thanks to a number of international efforts in
recent years, this situation is improving.” "> Documentary
standards have been developed within the International
Organization for Standardisation (ISO) for a number of tech-
niques capable of performing number concentration measure-
ments including population-averaging methods such as: small
angle X-ray scattering (SAXS),"* dynamic light scattering'®"
and centrifugal liquid sedimentation (CLS),"®"” as well as par-
ticle-counting methods such as, single particle inductively
coupled plasma mass spectrometry (spICP-MS),'® particle
tracking analysis (PTA),"® differential mobility analysis with
integrated condensation particle counter®® and resistive pulse
sensing (RPS).>' Many of these standards, however, describe
aspects of particle size analysis rather than measurement of
number concentration. As such, an ISO technical report pro-
viding guidance on the measurement of number concentration
is being developed in ISO TC 229, the technical committee on
nanotechnologies.>> Within the European project 14IND12
Innanopart of the European Metrology Programme for
Innovation and Research (EMPIR), it was demonstrated that of
the above-listed techniques, both SAXS and spICP-MS measure
the colloidal number concentration with a relative expanded
uncertainty better than 10% and that both methods yield
results that are directly traceable to the relevant units of the
International System of Units (SI).° Utilizing spICP-MS and the
so-called dynamic mass flow (DMF) approach to calibrate the
mass of the particle suspension transported into the plasma,
the first quality control (QC) material, LGCQC5050, with an
assigned nanoparticle number concentration value that is
traceable to the SI unit for mass (kilogram) was released in
2019 by LGC.">** Prior to the assignment of the number con-
centration value by LGC, this material was used as basis for
the interlaboratory study reported here.

In this work, we undertook a large international interla-
boratory comparison of five measurement methods for
number-based particle concentration of colloidal gold suspen-
sions under the umbrella of the Versailles Project on Advanced
Materials and Standards (VAMAS), namely project 10 of the
VAMAS technical working area (TWA) 34 (Nanoparticle
Populations). VAMAS is an international organisation that sup-
ports world trade in products dependent on advanced
materials technologies, through international collaborative
projects aimed at providing the technical basis for harmonised
measurements, testing, specifications, and standards. The
lead organisation, the UK National Physical Laboratory, pro-
vided 54 laboratories across the world with colloidal gold
nanoparticle samples, together with a common measurement
protocol®! and a reporting form in October 2017. Results were
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collected largely during the year 2018, but additional results
were accepted up until 2021. To ensure comparability of
results amongst the participants, all laboratories were asked to
adhere to the provided instructions for sample storage and
preparation. Prior to sample shipment to the participants, the
supplied material was assessed for its between-unit homogen-
eity by LGC and its storage stability was monitored for the dur-
ation of the study. Different techniques were employed by par-
ticipants, namely spICP-MS, PTA, ultraviolet-visible (UV-Vis)
spectroscopy,''*> CLS and SAXS. The aim of the study was two-
fold. Primarily, the study sought to assess and compare method
reproducibility amongst different laboratories. Secondarily, the
study aimed to establish best practices in the use of the various
techniques for determination of particle number concentration
and the related sample preparation procedures.

Interlaboratory study details
Sample

The selection and preparation of the nanoparticle materials
for the study were pivotal to a successful outcome in the com-
parison. Candidate materials were examined and tested within
the EMPIR project Innanopart (2015-2018), including near-
spherical gold, silica and polystyrene colloids with nominal
diameters between 5 nm and 500 nm. Citrate-stabilised 30 nm
colloidal gold particles from BBI Solutions (Newport, UK) was
selected as source material due to its performance in terms of
sample stability evaluations.

The test materials for the study had an average core size of
30.7 nm according to manufacturer’s information. The size
distribution was measured by CLS and spICP-MS and results
are reported in section S1 of the ESL{ Representative SEM
images of the particles are also shown in Fig. S3 of the ESL¥
The test materials consisted of aqueous suspensions of near-
spherical colloidal gold nanoparticles with a nominal diameter
of 30 nm. These were ampouled and packaged by the LGC’s
facilities in Luckenwalde, Germany, as 5 mL vials labelled with
full number and value assigned for number concentration by
the NML at LGC in Teddington, UK. The vials were sterilised
using Co®® gamma-irradiation with a minimum dose of 35 kGy
and homogeneity and stability studies were performed by PTA
at LGC (Teddington, UK, see the Certificate of Analysis for
more details on homogeneity and stability assessment*?) to
ensure the product was consistent and stable for the entire
duration of the study. Each laboratory was supplied with 5
ampoules. It was recommended that the content of each
ampoule was used within a day from opening. An indication of
the value for the colloidal gold number concentration between
10" kg™ and 10" kg™ was provided to the participants, but
not the accepted reference value.

The reference value of the number concentration of the col-
loidal gold test sample, used for comparability purposes of the
results obtained under the VAMAS study reported here, was
determined by LGC through characterisation of the same
material independently of this study using spICP-MS with

This journal is © The Royal Society of Chemistry 2022
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DMF approach for the transport efficiency determination.'?
The assessed value ((1.47 + 0.28) x 10"* kg™, with a 95% confi-
dence level),”® was measured with an ICP-MS instrument
equipped with a conventional MicroMist nebuliser and a Scott-
type spray chamber cooled to 2 °C.

Measurement protocol

Both electronic and paper versions of the measurement proto-
col were provided to all participants to the study together with
the samples. The protocol was authored by a team of scientists
at NPL and LGC and published as the NPL Report AS 98.>* The
report is publicly available and a copy of it is in section S2 of
the ESI.¥ The protocol contains recommendations on how to
handle and prepare the samples, how to prepare gravimetric
dilutions and how to perform the measurements by UV-Vis,
CLS, PTA and spICP-MS. An electronic reporting spreadsheet
was provided to all participants, which was designed to
compile these details together with the measurement results.

Importantly, because different methods require different
degrees of sample dilution, a robust dilution protocol is crucial
for reproducible and comparable number concentration results.
The accuracy of the dilution factor directly impacts the measure-
ment of the number concentration of the sample. For this
reason, care was taken in developing consistent protocols for
sample dilution and part of the study was devoted to raise
awareness of the different approaches to dilution and dissemi-
nate best practice. To this end, all participants were requested
to perform some dilutions. For those participants using par-
ticle-counting methods, spICP-MS and PTA, the dilution was
necessary to meet optimum sample analysis conditions. For the
particle-averaging methods, SAXS, UV-Vis spectroscopy and CLS,
the concentration of the sample provided was compatible with
the methods and dilution was not necessary. Three out of the
five sample vials were measured as provided (sample NPL1).
However, the participants were also requested to dilute the sus-
pensions in the remaining vials by a factor of about 5 (sample
NPL2) and 10 respectively and measure the number concen-
tration of the resulting suspensions. For NPL1, measurements
were repeated on at least three independent aliquots, each one
from one of the three vials provided. For NPL2 and NPL3,
measurements were performed on at least three different ali-
quots for each sample. This enabled an evaluation of the
impact of sample dilution on measurement performance and
offered an opportunity to the various participating laboratories
to assess the available equipment and practices and address
any identified inconsistencies.

The provided protocol was not compulsory, but the partici-
pants were requested to document any deviation from it to
ensure the history of each sub-sample was known. The protocol
recommended performing the sample dilutions gravimetrically,
i.e. through the aid of an analytical balance. Pipettes were typi-
cally used to transfer the sample and the diluent, which was
either ultrapure water (resistivity of 18.2 MQ cm at 25 °C) or fil-
tered citrate buffer, but it was recommended to place the vials
on the plate of a balance, wherein the variations in weights due
to the addition of liquid were recorded. Assuming that the

This journal is © The Royal Society of Chemistry 2022
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balance was calibrated and well maintained, this permits
measurement of the dilution factor with a relative accuracy of
the order of 0.1%, well below the typical uncertainty associated
with particle number concentration measurements using cur-
rently available techniques. This means that the uncertainty
component arising from the sample dilution is practically negli-
gible. Where dilutions were prepared volumetrically, i.e. with
the use of the pipettes only, the accuracy of the dilution factor
relies on the pipette calibration, the temperature of the liquid
being measured and the skills of the operator. For particle-
counting methods, which require higher dilution factors with
respect to population-average methods, it was recommended to
use filtered 1 mM citrated buffer as a dispersant to minimise
the risk of sample instability.

For the methods of UV-Vis spectroscopy, CLS, PTA and
spICP-MS, the measurement protocol also provided rec-
ommendations on calibration strategies, instrument settings
and data handling. Some experimental details are briefly
described below for each of the methods.

SAXS

SAXS is a well-established technique to characterise nano-
particle suspensions. It is based on the scattering of X-rays
under small angles in forward direction.>® The scattering
signal is proportional to: the number of scatterers in the illu-
minated volume, and thus the number concentration, the
square of the effective electron density difference between the
particles and the suspending medium, and the 6™ power of
the particle radius. It is therefore mandatory to determine the
electron density contrast, e.g. by prior knowledge of the chemi-
cal composition, its molar mass and mass density of the par-
ticles and the medium, and the particle size, which for col-
loidal gold nanoparticles, like the ones used in this study, can
be determined from the scattering curve itself with very high
accuracy. For particles composed of metallic gold, the electron
contrast can be calculated under the assumption that the par-
ticles have the same density as bulk gold. Since scattering and
absorption cross sections of atoms depend also on the inci-
dent photon energy, the electron contrast is a function of the
photon energy which must be considered by applying the
atomic scattering factors during SAXS data
evaluation.”””® Neglecting this energy-dependence may even-
tually lead to false results of the number concentration. Prior
to SAXS data evaluation, the measured scattering signal must
be normalized by several experimental parameters which are
simultaneously measured, such as the incident photon flux,
the sample’s transmission, or the quantum efficiency of the
detector’s pixels. An uncertainty budget comprising all essen-
tial experimental parameters has been demonstrated leading
to a relative expanded uncertainty of the evaluated number
concentration of <7%,° thus making SAXS an accurate and
traceable method in determining number concentrations.

Excellent reproducibility of the SAXS method has been
demonstrated in previous interlaboratory comparisons®>*°
and for this reason the VAMAS study only included two labora-
tories that performed SAXS measurements.

known
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CLS

CLS techniques quantify the separation of colloidal particles
from a liquid under the presence of a centrifugal force. The
particle migratory motion (settling) occurs in presence of a
density contrast between the particles and the liquid. The
driving force for the particle motion is the centrifugal force,
which is opposed by the drag force. As a result, the settling vel-
ocity depends on particle characteristics such as size, density
and shape. CLS instruments consist of either disc or cuvette
centrifuges. However, all reports submitted to this study
involved the use of a disc centrifuge, in which case the
method is also known as differential centrifugal sedimentation
(DCS). In these types of instruments,” the sample is injected
at the centre of the disc and sediments towards the edge. Its
light extinction is detected close to the edge of the disc where
a laser diode and a photodetector are aligned at opposite sides
of the disc. Using Stokes’ law and assumptions on the particle
density and spherical geometry, light extinction-based particle
size distributions are generated and converted to particle
mass-based distributions using Mie light scattering theory.
Participants were requested to report the experimental settings
selected for the measurements and to record results assuming
an effective particle density of 15.0 g cm™>. We note that this
value differs from that of gold’s bulk density and is only valid
for particles with the same size and shape as those used in
this work. Reasons for this include that the value takes
account of all the material enclosed within the particles Stokes
volume, which also comprises citrate and solvent molecules
bound and adsorbed at the surface of the gold particle.
Participants were also instructed to weigh the syringe before
and after each injection as to determine the mass of the
injected dispersion. Presented results are normalised to the
injection volume.

UV-Vis spectroscopy

UV-Vis spectroscopy measures the relative intensity of a mono-
chromatic beam light passing through a sample for a range of
radiation wavelengths. Particle number concentration is
derived from the light absorption according to Beer-Lambert
law and Mie theory."’ Absorption spectra at wavelengths
between 390 nm and 700 nm were acquired in triplicate with
increments of 1 nm. Average absorption at 450 nm was ulti-
mately chosen for the measurement of the particle number
concentration, together with a recommended molar extinction
coefficient of (2.16 = 0.12) x 10° M™" ecm ™.

PTA

In PTA, a diluted suspension of nanoparticles is illuminated
with a laser light and the light scattered by individual particles
is visualised with an optical microscope and recorded over
time. The equivalent spherical hydrodynamic diameter of indi-
vidual particles is determined by tracking them over time and
measuring their translational diffusion coefficient, while the
number concentration results from counting the particles in a
known volume. Participants were requested to dilute the five
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samples provided and perform 5 independent measurements,
one for each vial. For each measurement, participants were
instructed to prepare several aliquots according to their in-
house procedure and acquire a minimum of 5 independent
videos of 60 seconds for each aliquot under repeatability con-
ditions. It was recommended to analyse a QC material at the
beginning, in the middle and at the end of each measurement
session. Because QC materials were not provided for the study,
the participants who performed such measurements were
asked to identify suitable materials and record relevant
information.

spICP-MS

In spICP-MS, a diluted sample is introduced into the ICP-MS
instrument at a set flow rate. A plasma atomises and ionises
the particles producing an ion cloud for detection by mass
spectrometry. The technique works by acquiring individual
intensity readings with very short dwell times to ensure that
signals from single particles can be resolved. With most
current instrumentations, typical dwell times between 50 ps
and 10 ms are used. To satisfy the single particle rule, the
number of detected peaks should not exceed 10% of the
maximum number of possible events per minute. As an
example, using a dwell time of 3 ms, a maximum of 20 000
particles can be registered per minute, but it is recommended
that the number of pulses in the time scan does not exceed
~1200 per minute.>*”* The overall number of peaks detected
per minute is directly proportional to the number of particles
in the suspension. Participants were requested to dilute the
five samples and perform 5 independent measurements, one
for each vial. For each measurement, participants were
instructed to prepare a number of aliquots according to their
in-house procedure and acquire a minimum of 5 measurement
replicates of 60 s scan duration per aliquot under repeatability
conditions. In addition, participants were requested to deter-
mine the instrument transport efficiency by following the in-
house practice, possibly at the start, middle and at the end of
the measurement session to be able to assess the variability of
this parameter. A known drawback in ICP-MS is the incom-
plete transport of solution from the nebulizer into the plasma.
Consequently, the transport efficiency of the system needs to
be determined in order to accurately equate the number of
detected nanoparticles to the number concentration of the
original sample. Several approaches exist,**** but none was
specifically recommended against the local laboratory practice.
The participants were requested to measure a QC material at
the beginning, in the middle and at the end of each measure-
ment session. Because no such materials were provided for the
study, the participants who performed such measurements
were asked to identify suitable materials and record relevant
information.

Uncertainties

All results are expressed as average values and relative or absol-
ute standard deviations (n = 1). As such, reported errors do not
include a full uncertainty budget for the various methods.

This journal is © The Royal Society of Chemistry 2022
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Units

There are a number of measurement units that are commonly
used to describe the number concentration of nanoparticles.
These vary from the inverse of a volume, expressed in either
litres (L) or cubic metres (m®) and their sub-units, to the
inverse of a mass, expressed in kilograms (kg). The choice
often depends on the method that is used to measure such
concentration and whether the volume or the mass of the
initial dispersion is measured. Measuring the mass of the
initial dispersion is straightforward and can be executed with
excellent accuracy with a calibrated laboratory balance.
Furthermore, gravimetric dilutions of the dispersions, where
required, can be performed while preserving good accuracy.
For these reasons, in this work we took the approach of
measuring the number concentration of nanoparticles in the
units kg™!, but units of volume are also valid. Conversion
from units of volume to unit of mass requires some assump-
tion on the density of the dispersion. In many practical appli-
cations, including the sample we provided, the mass of the
dispersed nanoparticles is negligible with respect to that of
the dispersion media for the level of accuracy we can cur-
rently achieve in the measurement of the number con-
centration of nanoparticles.”®""'* In this case, the density
of the dispersion can be approximated to that of the
dispersant.

Participants

A total of 54 laboratories enrolled in the study, 50 of which
submitted a total of 74 measurement reports, making this
one of the largest VAMAS studies to date. The significant
interest received by the study is a testimony to the need
within the community for guidance on measurement of
number concentration of nanoparticles. Fig. 1A and B
provide information on the background and geographical
spread of the laboratories respectively. These included
national measurement institutes (NMIs), academic insti-
tutions, research organisations, instrument manufacturers,
measurement service providers and industrial laboratories.
77% of the laboratories were located in Europe, but

(A) ( B) Australasia
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America
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participation came from all five continents. As shown
in Fig. 1c, the split among the techniques was: 3%
SAXS (2 reports), 11% CLS (8 reports), 35% UV-Vis
(26 reports), 24% spICP-MS (18 reports) and 27% PTA
(20 reports).

Disclaimer

Certain trade names and company products are mentioned
in the text or identified in illustrations in order to specify
adequately the experimental procedure and equipment
used. In no case does such identification imply recommen-
dation or endorsement by the authors, nor does it imply
that the products are necessarily the best available for the
purpose.

Results

We describe in this section the results collected within this
interlaboratory comparison in terms of measurement repeat-
ability and reproducibility. These are expressed in terms of in-
lab variability, or repeatability standard deviation, and between-
labs variability, or reproducibility standard deviation. The bias
with respect to the accepted reference value of the number
concentration of the test material, .e. (1.47 + 0.28) x 10" kg™,
was also evaluated.® Definitions of these terms are found in
section S3 of the ESL{

Population-averaging methods: SAXS

SAXS measurements were performed by two laboratories, L44
and L45, as shown in Table 1. The instrumentations utilised
by the two laboratories were significantly different, one using
X-rays from a synchrotron radiation facility (L45) and the other
one using a commercial instrument (L44). L45 used two
silicon diodes (one in front and one behind the sample) to
normalize the measured SAXS signal by the incoming photon
flux to get the measured signal in absolute units, while L44
used the automatic normalization of the instrument, based on
the simultaneous measurement of the transmitted intensity.

(€)

Europe
77%

Australasia mPTA SAXS

spICPMS mUV-Vis mCLS

(A) Background and (B) geographical spread of the laboratories enrolled to the study. (C) Methods used by the of the laboratories contribut-
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Table 1 Participant instrument details for the SAXS method
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Photon Beam Pixel Type of Sample
Laboratory energy size size sample thickness Sample-detector
code X-ray source (keV) (mm?) Detector (nm) holder (mm) distance (mm)
L44 Sealed tube 8.04£0.02 0.8x0.8  Hybrid-pixel 172 Glass flow 1.4 938
PILATUS 200k cell
L45 Synchrotron radiation  8.0000 + 0.5x% 0.5  Hybrid-pixel 172 Glass 1 4616.3 + 0.6
(bending magnet) 0.0008 PILATUS 1M capillary

L45 used a model fitting approach to convert the measured
scattering intensities into number concentration, whereas L44
used an approach based on the Expectation Maximization
algorithm®®” to determine the number-based size distribution
histogram.

Taking the energy-dependence of the electron density
contrast into account, the mean concentration values for
SAXS resulted in 1.33 x 10" kg™' (L45) and 1.38 x 10"
kg™' (L44), which deviated from the reference value by
9.5% (L45) and 6.1% (L44) respectively. Despite differences

in the experimental set-up and the evaluation procedure,
the resulting average number concentration values were
within 3%, with a measurement repeatability standard
deviation of 5% of the undiluted samples for both labora-
tories (Fig. 2A). The 3% difference can be explained by
experimental uncertainties, or differences of the number
concentration of the samples respectively. Both laboratories
used a different method to analyse the scattering data,
which may also cause some variations in the concentration
values.
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Fig. 2 Results of the number concentration C of the test material as measured by the laboratories par