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Abstract We present the use of Multi-angle Dynamic
Light Scattering (MADLS®) for the measurement of
nanoparticle concentration. We describe the theory of
the method and its application to nanoparticles made of
gold, silica and polystyrene, with diameters ranging
from 30 to 400 nm, and demonstrate some of the limi-
tations with particles of sizes 500 nm and above. We
evaluate the method accuracy, linearity and reproduc-
ibility, as well as the operational nanoparticle concen-
tration and size range. We show that the concentration
working range depends on the material’s optical prop-
erties, size and concentration. Here it is shown that the
level of accuracy that can be expected for the concen-
tration of particles is typically within 50% of the nom-
inal value across a range of materials and sizes and, for
some samples, within 20%. The repeatability of the
measurements, in terms of relative standard deviation,
is typically below 30%. A linearity of within 40% across
a concentration range of 3·108 to 2·1011 mL−1 for con-
centration measurements was also demonstrated by

using gold nanoparticles and gravimetric dilutions for
method validation. Overall, we show thatMADLS® is a
rapid and straightforward method for the reproducible
measurement of particle concentration, as well as size,
requiring minimal sample preparation, without the need
to calibrate using a pre-determined concentration series,
and applicable to a broad range of materials. These
features make it an ideal tool to support both develop-
ment and quality control of particle materials for a broad
range of applications.
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Introduction

High-added value nanoparticles are used in a range of
industrial sectors (Stark et al. 2015), including medical
(Balasundaram and Webster 2006; Boccaccini et al.
2010), pharmaceutical (Minelli et al. 2010; Schroeder
et al. 2011), energy (O'Regan and Grätzel, 1991), catal-
ysis (Corma and Garcia 2008), electronic (Talapin and
Steckel 2013) and cosmetic (Indu and Rumjhum 2007;
Monteiro-Riviere et al. 2011). Measuring the number
concentration of colloidal nanoparticles is of critical
importance to industries producing and using high-
value nanoparticle materials, as this enables the imple-
mentation of effective quality assurance (QA) and qual-
ity control (QC) protocols, formulation of related risk
assessments and compliance to regulation. For example,
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the direct measurement of nanoparticle concentration,
along with other properties of the materials, is a means
to test product stability, lifetime and variability across
different batches or production sites. The risk of expo-
sure to nanomaterials is related to their concentration,
and similarly, the dose of a nanoparticle-based medicine
depends on the concentration of the nanoparticles in
solution, as well as their loading with active ingredients.
The measurement of nanoparticle concentration also
enables compliance with present and future regulation,
linked, for example, to the EC Recommendation for the
definition of a nanomaterial (2011/696/EU) (European
Commission 2011).

A number of instruments are currently available to
the community for the measurement of nanoparticle
concentration. The choice of the instrument often de-
pends on the materials and the size range of the particle
samples. For example, UV-visible spectroscopy (UV-
Vis) is widely used to measure the concentration of gold
nanoparticles (Haiss et al. 2007; Khlebtsov 2008; Shard
et al. 2018b) but its application to other materials is
limited by the lack of knowledge of the optical proper-
ties of the materials. Small-angle X-ray scattering
(SAXS) (ISO 2015), on the contrary, can be used to
measure the concentration of a range of different mate-
rials, but the measurement of particles that are not
spherical, has unknown density or whose size is larger
than 100 nm is challenging. Particle tracking analysis
(PTA) (ISO 2016) can be used with a wide variety of
materials but requires very dilute samples, which im-
poses some constraints on the preparation of stable
samples. The minimum detectable particle size depends
on the material and is typically around 10 nm for gold,
40 nm for silica and even higher for liposomes. Tunable
resistive pulse sensing (TRPS) (Vaclavek et al. 2019;
Vogel et al. 2016) also makes use of diluted samples can
detect particles with diameters larger than 50 nm and
requires the dispersion of the samples in electrolytes.
Condensation particle counters (CPCs) (CEN 2015) can
measure the concentration of particles within a broad
size range but require these to be aerosolised. Single
particle inductively coupled plasma mass spectrometry
(spICP-MS) (ISO 2017b) is emerging as a robust meth-
od for the measurement of nanoparticle concentration
but can only be applied to nanoparticles which contain
elements detectable in ICP-MS. Its sensitivity, in terms
of the lower size limits of detection, varies from around
10 nm for gold to around 60 nm for silica and is
inappropriate for organic nanoparticles.

In this work, we have evaluated a novel method
based on dynamic light scattering (DLS) (ISO 2017a)
for measuring the concentration of nanoparticles. First
demonstrated in 1943 (Ramachandran 1994), DLS has
become an invaluable technique in the field of colloid
characterisation. Used widely across industrial and re-
search applications, DLS is employed within many sec-
tors, for example in the development and production of
biopharmaceuticals, pharmaceuticals, drug delivery
products, cosmetics, food, electronics and pigments.
The attraction of using DLS for particle size character-
isation lies in the speed of measurement, ease of sample
preparation—often dispersions can be measured with-
out dilution, and the wide size range—from sub-
nanometre up to 10 μm diameter (Ruseva et al. 2019).
DLSmeasures the hydrodynamic size of the sphere with
equivalent diffusion coefficient (ISO 2017a). The size
resolving power of DLS is typically 3. The sensitivity of
DLS to the larger particles can allow, for example,
detection of trace levels of protein aggregates or poorly
milled pigments. However, the same sensitivity to large
particle material can often prevent detection of smaller
particles, which may be present in greater number but
scatter with less intensity. Here, we demonstrate that
multi-angle DLS (MADLS®) can be used for the mea-
surement of both the size and the concentration of
nanoparticles with accuracy and precision. We describe
the method and validate the approach through the use of
well-characterised reference materials.

Theory

Dynamic light scattering

To perform DLS, a dispersed particle system is illumi-
nated by laser light and the scattered radiation is detect-
ed as a function of time. Since, micro- and nanometre
sized particles undergo continuous Brownian motion
when in dispersion, the amplitude of the scattered field
continuously evolves over time. Autocorrelation of the
detected intensity can be related to the translational
diffusion coefficient D of the particles via the Siegert
relation:

g 2ð Þ τð Þ ¼ 1þ β exp −Dq2τ
� ��� ��2 ð1Þ

where g(2)(τ) is the intensity autocorrelation coeffi-
cient at lag time, τ; q is the scattering vector; and β is the
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coherence factor, related to the finite solid angle of
detection. The scattering vector is a function of the
scattering angle. The translational diffusion coefficient,
D, is related to the hydrodynamic diameter, d, through
the Stokes-Einstein equation:

D ¼ kBT
3πηd

ð2Þ

where kB is the Boltzmann constant, T is the temper-
ature and η is the dynamic viscosity of the fluid in which
the particles are dispersed.

The observed autocorrelation function is the sum
of many contributions from all size populations with-
in the sample. Of the numerous methods developed to
retrieve the particle size distribution from the mea-
sured autocorrelation function, two are in widespread
use commercially. The cumulant method (ISO 1996)
expands the observed autocorrelation function into a
power series where the coefficient of each term is
equal to the nth cumulant of the distribution. Usually,
the expansion is taken to the second order to derive
the so-called Z-average (intensity-weighted harmonic
mean hydrodynamic diameter) from the first cumulant
and the polydispersity index (PdI) from the second
cumulant. The cumulants method is valid if the dis-
tribution is monomodal. Polydisperse systems are
usually analysed using the second method, a non-
nega t ive leas t squares (NNLS) a lgor i thm
(Bloomfield 1987) to derive the particle size distribu-
tion, which for DLS is intrinsically weighted by the
scattered light intensity (Ford Jr. 1987).

Particle concentration using multi-angle dynamic light
scattering

It has been shown that with the use of a reference
material, DLS can be used to measure the concentration
of a colloidal sample (Makra et al. 2015; Minelli et al.
2019; Schavkan et al. 2019; Vysotskii et al. 2009).
However, due, in part, to the lack of such reference
materials, this approach was never widely implemented.
We show in this paper that the measurement of particle
concentration distribution using MADLS® involves
measuring just the ensemble time-averaged scattered
intensity and the particle size distribution. The operating
principle of the particle concentration measurement by
DLS is based on a transformation of the intensity-
weighted particle size distribution into the absolute

concentration distribution using the derived sample-
scattered count rate and the optical properties of the
material and the dispersant. Critical to the accuracy
and repeatability of this technique is the combination
of autocorrelation information by MADLS® which is
acquired at multiple angles to improve the fidelity of the
derived particle size distribution (Malvern Panalytical).
A MADLS® measurement involves separately record-
ing scattering data at three angular positions: back-scat-
ter, side-scatter and forward-scatter to form three auto
correlation functions. For each measurement angle, an
adaptive correlation process (Malvern Panalytical) ac-
cumulates the autocorrelation function over many short
time periods so that “outlier” runs can be partitioned
from those of interest using a statistical basis, improving
signal to noise. A non-linear method is employed to
invert the measurements into a backscatter-equivalent
intensity-weighted particle size distribution (Bryant and
Thomas 1995; Cummins and Staples 1987).

The size-dependent particle-scattered photon count
rate Ipar(d) is proportional to the total number of particles
present in the scattering region according to the follow-
ing:

Ipar dð Þ ¼ N dð Þ dCsca

dΩ
d; θð ÞΔΩΦp ð3Þ

where N(d) is the number of particles of size, d,
within the scattering volume; dCsca

dΩ d; θð Þ is the differen-
tial scattering cross section of particles of size, d, at
scattering angle, θ; ΔΩ is the solid angle subtended by
the detector; andΦp is the incident photon flux (photons
per unit area per second).

The differential scattering cross section—the fraction
of photons scattered into a unit solid angle as a function
of scattering angle—is calculated usingMie theory, with
knowledge of the material and dispersant refractive
index and absorption. Here, a spherical scattering model
is assumed (Boren and Huffman 1983); however, this
could be extended to satisfy other particulate systems,
for example by using a core-shell model for coated
nanoparticles.

The particle number distribution can be represented
in terms of the concentration distribution:

N dð Þ ¼ ρ dð ÞAL ð4Þ

where ρ(d) is the particle concentration distribution,
A is the cross-sectional area of the scattering volume and
L is the interaction length of the scattering volume.
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Combining Eqs. (3) and (4), one obtains the follow-
ing:

Ipar dð Þ ¼ ρ dð Þ dCsca

dΩ
d; θð ÞΔΩI inL ð5Þ

where Iin is the photon count rate incident upon the
scattering volume (equal to the product qpA).

Instead of measuring Ipar(d) directly, the backscatter
time-averaged photon count rate Itot, which is an output
of the size measurement autocorrelation process as the
derived count rate (kcps), also contains residual back-
ground scattering which is light scattered by the medium
which the particles are suspended in. The background
scattering contribution is removed by subtraction of a
separate count rate measurement of the dispersant, such
as water or a buffer, only Idis. The size-dependent parti-
cle-scattered photon count rate is proportional to the
normalised particle size intensity distribution P(d):

Ipar dð Þ ¼ I tot−Idisð ÞP dð Þ ð6Þ
Since ΔΩ, Iin and L are unique instrument properties,

measurement of a reference material is used to remove the
explicit need for knowledge of these parameters. By mea-
suring a molecular scatterer with a known volume scatter-
ing function, such as liquid toluene, the instrument sensi-
tivity can be calibrated and the particle concentration
distribution can be derived. The count rate of a molecular
scatterer, in this case toluene, is given by the following:

I tol ¼ RtolΔΩI inL ð7Þ
where Itol is the detected scattered photon count rate

of liquid toluene, Rtol is the Rayleigh ratio of toluene—
otherwise known as the volume scattering function
since it is equal to the differential scattering cross section
per unit volume. The Rayleigh ratio of toluene is known
from the literature and is equal to 1.35·10−5 cm−1 at
632.8 nm and 25 °C (Brar and Verma 2011).

Combining Eqs. (5) and (6) and dividing by Eq. (7),
rearranging for ρ(d) gives the following:

ρ dð Þ ¼ I tot−Idisð ÞP dð ÞRtol

I tol
dCsca

dΩ
d; θð Þ

ð8Þ

Equation (8) allows the calculation of the particle con-
centration distribution from the detected scattered photon
count rate (total, corrected for the dispersant contribution),
the particle size intensity distribution, the calculated differ-
ential scattering cross section, the detected scattered

photon count rate from the reference scatterer (toluene)
and the Rayleigh ratio of toluene. Simply, the total particle
concentration is the integral of the distribution.

This measurement process is analogous to deriving
the concentration using UV-Vis: the particle size as
measured by MADLS® is used similarly as the extinc-
tion cross section in UV-Vis, the total count rate is
equivalent to the sample transmitted intensity spectrum
and the toluene count rate is used much like the cuvette
path length in UV-Vis. The dispersant count rate is
subtracted from the total count rate for MADLS®, the
same as the transmitted intensity spectrum of the blank
is subtracted from that of the sample.

MADLS® particle concentration operating envelope

We address here the theoretical limits between an upper
and a lower concentration within which MADLS® par-
ticle concentration measurements can be performed.
The concentration limits of a MADLS® measurement
are dictated by those of the component single-angle
DLS measurements. It should be noted that because
the particle size is used to compute the concentration,
the presence of number fluctuations or multiple scatter-
ing creates uncertainty in the result. The lower concen-
tration limit is thus defined by the need to sample an
appreciably unchanging number of particles throughout
the course of the measurement. The upper limit is in-
stead defined by the requirement that multiply scattered
photons are negligibly sampled.

Minimum concentration

When DLS is applied to low concentration systems, with
just a few particles diffusing through the scattering vol-
ume, measurement artefacts due to particle number fluc-
tuations are observed. The Siegert relation (Eq. (1)) is
valid only when the number of particles in the scattering
volume is sufficient that the amplitude distribution of the
scattered field is Gaussian (Hopcraft et al. 2005). When
the number of particles in the scattering volume is small,
the amplitude distribution of the scattered field is no
longer Gaussian and the intensity autocorrelation function

contains an additional term (g 2ð Þ
N τð Þ) caused by particle

number fluctuations (Bertolotti 1977):

g 2ð Þ τð Þ ¼ g 2ð Þ
D τð Þ þ αg 2ð Þ

N τð Þ ð9Þ

where g 2ð Þ
D τð Þ and g 2ð Þ

N τð Þ are the diffusive and number
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fluctuation components, respectively, and α is an ampli-
tude term. The number fluctuation component derives
from the transport of particles into and out of the scatter-
ing volume. In the low concentration limit, scattered light
intensity fluctuations are present as the number of sam-
pled particles changes over time. Given that the particle
number follows Poisson probability theory, the relative
uncertainty in the expected value increases as the concen-
tration decreases—the relative standard deviation being
equal to E(N)−0.5, where E(N) is the expected number of
particles in the scattering volume.

The amplitude α of g 2ð Þ
N τð Þ is equal to the reciprocal

expected number of particles in the scattering volume,
E(N)−1. The probability of number fluctuations for a given
sample is calculated using E(N)−1 based on the particle
concentration and the scattering volume. We established
that a criterion of E(N) ≥ 10 describes the regime for which
number fluctuation do not appreciably perturb the mea-
sured diffusion coefficient above experimental noise.
Values 4 ≤E(N) < 10 are a transition zonewhere the impact
of the number fluctuation component additionally depends
on the rate of transport through the scattering volume and if
E(N) < 4 number fluctuations are likely to manifest.

Maximum concentration

The onset of multiple scattering is used to define the
maximum concentration permissible for MADLS®
measurements. In a single-angle DLS experiment, it is
assumed that all photons reaching the detector are
scattered only once. As the particle concentration in-
creases, the probability of scattered photons becoming
re-scattered increases. The presence of multiple scatter-
ing during a DLS measurement leads to uncertainty,
with a reduction in the autocorrelation coefficient and
a measured size that is smaller than the physical size of
the examined particles (Bertolotti 1977).

The size-dependent maximum sample concentration for
single scattering can be approximated using a randomwalk
model andMie theory. According to Pine andWeitz (Weitz
and Pine 1993), the diffusive limit of multiple scattering is
governed by the photon mean free path, l, which is defined
as the average distance between scattering events. In dilute
suspensions, this is given by the following:

l ¼ 1

ρσ
ð10Þ

where ρ is the particle concentration and σ is the total
scattering cross section per particle, calculated using
Mie theory. If a photon must traverse a distance greater
than l, it is likely to be scattered more than once.

The likelihood of detecting re-scattered photons
depends on the angular position of the detector and
the average scattering angle of the particle system,
which is 90° for isotropic scatterers and tends to 0°
as the particle size increases. If the particle scatters
isotropically, there is no dependence on the detector
position and multiple scattering is equally likely in
the forward and backscatter directions. If the parti-
cle scatters predominantly in the forward direction,
photons detected in the forward angle are more
likely to have been re-scattered. The probability of
detection is increased by the following empirically
derived factor k:

k ¼ 1þ cos θsh ið Þ 1

1−cos
θd
2

� �
0
BB@

1
CCA ð11Þ

where <θs> is the expected scattering angle (weight-
ed by the differential scattered cross section) and θd is
the detection angle.

In the MADLS® particle concentration mea-
surement, all measurement angles must be free of
multiple scattering effects. Using Eqs. (10) and
(11) and the known instrument cuvette dimensions,
the theoretical maximum particle concentration for
any given particle size can be calculated. Figure 1
a illustrates the maximum measurable particle con-
centration for polystyrene spheres in deionised wa-
ter measured in a cuvette with transmission path
length equal to 10 mm for detection in backscatter,
side-scatter and forward scatter directions. The re-
quirement to measure in the forward angle limits
the maximum measurable concentration, because
multiply scattered photons are more likely to be
detected relative to other angles as soon as their
scattering becomes non-isotropic.

By analysing the autocorrelation produced by a
DLS measurement, a user can identify if multiple
scattering effects are present. If the autocorrelation
shows a significantly lowered intercept, this is indic-
ative of multiple scattering. For example, in Fig. 2 is
an autocorrelation for a measurement of 60 nm latex
in backscatter at a suitable concentration (solid line)
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which has an intercept of 0.985 and an autocorrela-
tion for a measurement of 60 nm latex at a too high
concentration (dashed line). Here the intercept has
dropped to 0.869.

Operating particle concentration range

TheMADLS® operating envelope is exceeded if any of
the angles exhibit either of the two phenomena de-
scribed: number fluctuations or multiple scattering. In
addition, sample related properties such as refractive
index and particle size affect the scattering behaviour
and therefore the measurable concentration.

Examples of accessible size-dependent concentration
ranges for gold and silica nanoparticles are presented in
Fig. 1b.

Experimental

Materials

Gold nanoparticles with nominal sizes of 30 nm and
80 nm were purchased from BBI International (Cardiff,
UK). The particle manufacturer determined the size of
the particles to be 30.7 nm and 76.1 nm, respectively, as
measured by transmission electron microscopy (TEM)
and a particle concentration of 2.00·1011 mL−1 and
1.10·1010 mL−1, respectively. Their concentrations were
measured within the EMPIR InNanoPart 14IND12 pro-
ject with UV-Vis which yielded results of 1.6 ± 0.3 ×
1011 mL−1 and 9.6 ± 1.9 × 109 mL−1, respectively
(Shard et al. 2018b).

Silica nanoparticles with nominal sizes of 44 nm and
100 nm were provided by the French Alternative

Fig. 1 a Predicted maximum measurable concentration limit for
polystyrene spheres in backscatter (continuous), side-scatter (dash)
and forward scatter (dot) directions. b Predicted concentration

range measurable for silica and gold nanoparticles with size be-
tween 1 nm and 1 μm

Fig. 2 Autocorrelation functions
of 60 nm polystyrene measured
using backscatter at a suitable
concentration (solid line) and at a
too high concentration (dashed
line) which shows the effect of
multiple scattering
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Energies and Atomic Energy Commission (CEA). Their
particle concentration was measured within the EMPIR
InNanoPart 14IND12 project with SAXS and PTA as
4.7 ± 0.5 × 1013 mL−1 and 3.3 ± 0.4 × 1012 mL−1 (Shard
et al. 2018a).

A set of polystyrene nanoparticles with nominal sizes
between 60 and 240 nm was synthesized by emulsion
polymerization of styrene using sodium dodecyl sul-
phate as surfactant, as described elsewhere (Minelli
et al. 2018). The particle concentration was determined
gravimetrically by placing five aliquots of 1.00 mL of
nanoparticle suspension in pre-weighed aluminium
dishes, drying them in a vacuum oven at 80 °C for
24 h and weighing them to quantify the residual. Stan-
dard deviation of their mass resulted of ~ 3%. Another
set of polystyrene nanoparticles with nominal sizes be-
tween 60 nm and 700 nm was sourced from Thermo
Fisher Scientific (3xxxA Series), UK. These polysty-
rene samples were dispersed in a 10.0-mM NaCl solu-
tion (Sigma-Aldrich, UK, ACS reagent grade, > 99%)
prepared using ultrapure water (resistivity of 18.2 MΩ).

For all techniques, where sample dilution was re-
quired, this was performed gravimetrically to produce
accurate dilution factor with uncertainty of less than 1%.

Multi-angle dynamic light scattering

Particle concentration measurements using MADLS®
were carried out using a Zetasizer Ultra (Malvern
Panalytical Ltd., Malvern, UK) equipped with a He-Ne
laser at a wavelength of 633 nm and maximum power of
10 mW. All experiments were performed at 25 °C using
a sample volume of 1 mL and disposable cuvettes
(DTS0012, Malvern Panalytical Ltd., UK). The instru-
ment settings were optimised automatically by means of
the ZS XPLORER software (Malvern Panalytical Ltd.,
UK). Each concentration result reported is the average
of seven or more repeat Malvern Panalytical Better DLS
2018) MADLS® measurements, performed with an
acquisition time of approximately 200 s each (Malvern
Panalytical Muli Angle 2018). In Table 1 below are the
refractive index values used for each material.

Particle concentration by UV-Vis

UV-Vis spectra were acquired in quartz cuvettes using a
LAMBDA 850 spectrophotometer (PerkinElmer Inc.,
MA, USA). The cuvettes’ optical path was 1 cm and
the width sufficiently large for the eternity of the beam

to traverse the sample. Samples were analysed over the
wavelength range 250 to 800 nm. The number concen-
tration N of the particles was derived from the absorp-
tion of the particles according to the formula:

N mL−1� � ¼ 0:001 � NAA450

Lϵ450

where NA is the Avogadro number, A450 is the ad-
sorptionmeasured at 450 nm, L is the optical path (1 cm)
and ε450 is the particle molar extinction coefficient cal-
culated according to Mie theory (Haiss et al. 2007). For
this calculation, the size of the particles was estimated
from the absorption spectra of the particles according to
the method described by Khlebtsov (2008). For 30 nm
and 80 nm nanoparticles, this method produces an esti-
mate of the diameter of 30.5 nm and 78.3 nm, respec-
tively, in close agreement with the diameter measured
by TEM (30.7 nm and 78.8 nm). We used values of the
refractive index of gold (Johnson and Christy 1972) at
450 nm of n = 1.38 and k = 1.92 and molar extinction
coefficients (Haiss et al. 2007) of 2.07·109 M−1 cm−1

and 3.69·1010 M−1 cm−1 for the 30 nm and 80 nm
particles, respectively. The extinction coefficients have
a typical uncertainty of 20%, estimated by comparing
theoretical and experimental data (Haiss et al. 2007;
Khlebtsov 2008). Another potential source of uncertain-
ty is the fact that the position of the local surface plas-
mon resonance peak depends on the refractive index of
the surrounding medium, and, therefore, it is affected by
the presence of coatings at the surface of the particles.
The particles used in this work are stabilized with citrate
molecules, which have been shown to adsorb flat on a
gold surface, resulting in a coating thickness of less than
2 nm (Nichols et al. 2004). By applying Mie’s theory, it
is estimated that the effect of this coating on the extinc-
tion coefficient is below 5%. For this reason, in this
work, all gold nanoparticles were treated consistently
as uncoated.

Table 1 Refractive index values for the materials used in this
work for a wavelength λ = 633 nm (Johnson and Christy 1972;
Malitson 1965; Sultanova et al. 2009)

Materials Refractive index, n Absorption, k

Polystyrene 1.59 0.010

Gold 0.18 3.433

Silica 1.46 0.001
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Differential centrifugal sedimentation

Differential centrifugal sedimentation (DCS) was per-
formed using a CPS 24000 disc centrifuge (CPS Instru-
ments Inc., Stuart, FL, USA) equipped with an LED
laser emitting light with wavelength between 385 and
425 nm and with a spectral intensity peak at 405 nm.
The instrument was operated with a sucrose gradient in
water according to manufacturer instructions, whose
density was selected depending on the particles
analysed. Table S1 of the Supporting Information sum-
marises the average densities of the gradients for each
type of particles. The sucrose gradient was generated by
injections of decreasing sucrose concentration, followed
by a final addition of 0.5 mL dodecane as an evaporation
barrier. A period of 30 min was allowed prior to mea-
surement acquisition to facilitate thermal equilibrium.
Calibration of the instrument was performed before each
sample injection by using either polyvinyl alcohol
(PVA) or polystyrene (PS) calibration particles with
nominal sizes of 237 nm and 522 nm and density
1.385 g cm−3 and 1.052 g cm−3, respectively, provided
by the instrument manufacturer. The injected sample
volume was measured by weighing the syringe contain-
ing the sample before and after each injection and as-
suming a density of the sample solution of 1 g cm−3.
Table S1 summarises the values of materials density,
refractive index and absorptions used for the data
analysis.

Results and discussion

In this paper, we introduce the MADLS® method
for the measurement of nanoparticle concentration
and evaluate the accuracy, linearity, size range,
repeatability and within-laboratory (intermediate)
precision for a range of materials such as gold,
amorphous silica and polystyrene nanoparticles,
which differ in both size and refractive index. Mea-
surements were performed across a wide range of
sample concentrations. The size distributions of
these materials were measured with high resolution
by DCS and are shown in the Supporting Informa-
tion in Figures S1, S2 and S3 for gold, silica and
polystyrene materials, respectively. The size distri-
butions of the same materials, as measured by
MADLS®, are also shown in Figures S4, S5 and
S6 of the Supporting Information.

Accuracy

In this section, we investigate the accuracy of the concen-
tration measurements performed byMADLS® in the case
of gold, silica and polystyrene nanoparticles of different
sizes. To date, nanoparticle referencematerials certified for
their number concentration do not exist. The EMPIR
project 14IND12 Innanopart (Minelli et al. 2019;
Schavkan et al. 2019) addressed this gap by developing
a range of referencemethods that were used tomeasure the
number concentration of different types of nanoparticle
materials. These techniques are different for each type of
material and are, respectively, UV-Vis for gold nanoparti-
cles, SAXS and PTA for amorphous silica nanoparticles
and drying followed by gravimetric measurements for
polystyrene nanoparticles. These methods were used to
measure the concentration of the stock solutions of the
gold, silica and polystyrene nanoparticles used in this
work. All samples, including the diluted solutions, were
measured by MADLS®, and results are shown in Fig. 3a
and Table 2. In Fig. 3a, the dashed line represents the
identity relationship, while the dotted lines identify the
region of accuracy within a factor 1.5 of the nominal
concentration. The concentration measurements per-
formed byMADLS® exhibited excellent agreements with
the reference values, with an average deviation of a factor
1.3. It is notable that this is the case for the three types of
materials investigated, which have significantly different
optical properties and whose size varied from 30 to
240 nm. The measurements are in agreement over a 6
orders of magnitude-wide range of particle concentrations,
from ~ 107 to ~ 1013 mL−1.

We note that while the accuracy of the dilute silica
samples is typical of the MADLS® measurements of PS
and gold, the most concentrated silica samples were
underestimated with respect to the reference values. This
may be due to the assumption that the viscosity is that of
water, while at high particle concentration, the effective
viscosity may be higher, resulting in an overestimated
particle size. The MADLS® size measurement is used to
calculate the expected scattering cross section, and its
accuracy is therefore critical to that of the concentration
measurement. Since the scattering cross section does not
depend linearly on particle size (Boren and Huffman
1983), error in the measured concentration is strongly
dependent on the local behaviour of the differential scat-

tering cross section function, dCsca
dΩ d; θð Þ. For the simple

case of a Rayleigh scatterer, the scattering cross section is
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proportional to the sixth power of the diameter. In this
specific case, an overestimation of the particle size by, for
example, 10% will give rise to an underestimation in the
total particle concentration of 1.1−6 = 56%.

This behaviour indicates the need for optimising the
sample concentration for optimal measurement condi-
tions. Some of the differences in the concentration re-
sults from the reference values may also be due to
sample agglomeration. This was observed, for example,
in the high-resolution size distributions of the silica
nanoparticle samples measured by DCS, shown in
Figure S2 of the supporting information. This is also
confirmed by the size measurements reported in Table 2,
whereMADLS® appears tomeasure larger diameters of
the silica particles with respect to SAXS. The latter is

insensitive to agglomeration, whileMADLS®measures
the hydrodynamic size of the particles, where agglom-
erates are interpreted as single (larger) particles. As a
result, the average particle size of a sample is skewed
towards larger sizes in the presence of agglomeration.
As previously discussed, the overestimation of the size
of the particles leads to an underestimation of the parti-
cle concentration. In extreme cases, agglomeration can
manifest itself as a large peak in the particle size distri-
bution measured by DLS, whereas minor amounts of
agglomeration are more difficult to detect as it only
results in an increase in size. By filtering a sample of
suspected larger material, a user may then see a change
in the size result which would indicate that the sample
has agglomeration present.

Fig. 3 a Concentration values measured by MADLS® for poly-
styrene (PS, white), silica (grey) and gold (black) nanoparticle
(NPs) samples of various sizes plotted against reference concen-
trations. The dashed line represents the identity relationship and
the dotted lines are a factor of 1.5 deviation. b Percentage

difference between the measured MADLS concentration and the
nominal concentration for the same samples. The darker shaded
region represents 20% discrepancy, and the lighter shaded region
represents 50% discrepancy

Table 2 Hydrodynamic diameter and concentration of the most concentrated particle samples as measured by MADLS® and reference
methods. Errors are standard deviations from repeat measurements (n = 5)

Materials Nominal diameter (nm)* Hydrodynamic diameter
measured by MADLS® (nm)

Reference particle
concentration (mL−1)

Concentration measured
by MADLS® (mL−1)

Au 30.7 ± 1.5 34.7 ± 0.7 1.6 ± 0.3 × 1011 1.6 ± 0.3 × 1011

Au 76 ± 4 82 ± 3 1.1 ± 0.2 × 1010 1.8 ± 1.2 × 1010

SiO2 46 ± 2 63.0 ± 1.7 4.7 ± 0.9 × 1013 3 ± 3 × 1013

SiO2 105 ± 5 113 ± 3 3.3 ± 0.5 × 1012 1.21 ± 0.14 × 1012

PS 59 ± 3 62.4 ± 1.2 4.0 ± 0.8 × 1014 4.9 ± 0.3 × 1014

PS 79 ± 4 82.0 ± 1.7 1.1 ± 0.2 × 1014 1.22 ± 0.14 × 1014

PS 169 ± 9 162 ± 2 1.5 ± 0.3 × 1013 1.93 ± 0.12 × 1013

PS 243 ± 12 215 ± 3 7.0 ± 1.4 × 1012 5.62 ± 0.17 × 1012

*All diameters measured by electron microscopy, with the exception of the SiO2 materials, whose diameters were measured by SAXS
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The reference measurements of the particle diameters
of the gold and polystyrene materials are consistent with
MADLS® results, and this is reflected in the good
agreement achieved in their concentration measure-
ments. The only exception is the most concentrated
polystyrene samples with nominal size of 240 nm,
whose diameter is measured at 215 nm by MADLS®.
A more in-depth analysis of the measurements results
for this sample seem to evidence the occurrence of
multiple scattering at the side and forward angles, which
causes a smaller size to be reported in MADLS®, as
discussed in “Theory.”

The accuracy of themeasurements of particle number
concentration also depends on the accuracy of other
parameters that are required for its computation. This
is true for all ensemble methods that rely on the use of a
model or theory. For example, the accuracy of the num-
ber concentration of gold nanoparticles, as measured by
UV-Vis, is limited by that of their extinction coefficient,
which to date is knownwith an accuracy of around 20%.

Uncertainties in viscosity, particle size, shape and
optical properties are contributing factors to the uncer-
tainty in the concentration measurements. As a result,
the accuracy to which these properties are known im-
pacts the accuracy of the number concentration mea-
surement by MADLS®. For a Rayleigh scatterer (parti-
cles with diameter at or below approximately one-tenth
of the wavelength (633 nm)), the impact of viscosity
error will be of the same order as discussed previously.
However, for samples larger than this, more complex
scattering behaviour occurs which means that error in
any given parameter does not translate linearly into error
in the concentration. In addition, for simplicity, just as
when measuring particle size, we assume a spherical
model when calculating the concentration, for non-
spherical particles a level of inaccuracy can be expected.
Quantifying the error in this case is complex as it is
unreliable to relate deviation from sphericity to an error
in concentration. Therefore, it is recommended that
samples that contain rod-like particles or other structures
with a high aspect ratio are not measured usingMADLS
concentration measurements. It is similarly complex
when considering uncertainty in the optical properties;
the error in the concentration both increases and de-
creases as the refractive index increases. Using values
readily obtained from the literature is sufficient to
achieve the accuracies demonstrated here, of typically
within a factor of 1.5 and possibly as good as a factor of
1.2 (approximately ± 20%). It is therefore important to

consider and minimise all sources of uncertainty for the
attainment of accurate concentration measurements.

Linearity

We demonstrated in the previous section that the
MADLS® method allows the accurate measurement
of particle concentration for different types of particle
materials, sizes and level of dilutions. It should be noted,
however, that the optimal operating concentration range
will differ depending on the scattering properties of the
particle material.

In general, when performing particle concentra-
tion measurements, one of the critical parameters to
optimise is the operating sample concentration. An
instrument with large operating concentration range
minimises the need to dilute any samples, which in
turn reduces the risk of sample contamination, loss
of stability and inaccuracies due to errors in sample
dilutions. Furthermore, a large operating concentra-
tion range allows contaminants or populations with
significantly different concentrations to be quanti-
fied during the same measurement.

In Fig. 1b, we have calculated the theoretical linear
range measurable by the MALDS® technique. To con-
firm this, different dilutions of a sample of 30-nm gold
nanoparticles were prepared gravimetrically as de-
scribed in the Experimental section. The stock solution
and all the diluted samples were measured using UV-
Vis. The results were compared to the concentration
measurements performed using MADLS®, as shown
in Fig. 4. The MADLS® results are in good agreement
with the UV-Vis measurements across particle concen-
trations between 3·108 and 2·1011 mL−1.

The relative standard deviation of the number
concentrat ion measurements performed by
MADLS® increases from 10 to 40% with increas-
ing sample dilution. In this specific case, the de-
crease in repeatability with dilution in water may
be as a result of a change in the dynamic equilib-
rium between the citrate molecules adsorbed at the
surface of the particles and those dispersed in
solution. This may cause some particle instability
or agglomeration at high levels of dilution. This is
reflected in the poorer repeatability in the size
measurements with increasing dilution where the
relative standard deviation increases from 1 to 7%.
This information is shown in Table S2 of the
Supporting Information.
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Size range

As previously discussed, the lower and higher limits of
the optimal concentration range for particle concentration
measurements by MADLS® depend on the particle size.
As the size increases, the concentration range in which
neither number fluctuations nor multiple scattering occur

narrows and eventually there is no concentration that
satisfies these conditions. To demonstrate the effective
size range suitable for MADLS® concentration measure-
ments, a range of polystyrene particles with nominal
diameters ranging from 60 to 700 nm were measured at
nominally the same mass concentration of 0.004% w/v.
These are shown below in Fig. 5.

Fig. 4 Comparison of MADLS®
and UV-Vis measurements of
concentration of 30-nm gold
nanoparticle dispersions across a
threefold dilution range. The
identity relationship is shown as a
dashed line

Fig. 5 a Average number concentrations measured by MADLS®
vs. reference concentrations of a set of polystyrene nanoparticles
with size ranging from 60 to 700 nm. Particle concentration
increases with decreasing particle size. Error bars represent the
standard deviation of repeat measurements (n = 10), while the

nominal accuracy of the reference concentration is ± 10%. The
dashed line represents the identity relationship, and the dotted lines
are a factor of 1.5 deviation. b Relative difference of the concen-
tration measurements as a function of particle size
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For particles sizes below 500 nm, the chosen dilu-
tions were suitable for the concentration measurements,
which are demonstrated by the accuracy of the size
result (Tables S3 and S4 of the Supporting Information).
However, we note that MADLS® size measurement
repeatability was poor for particles with diameters of
500 nm and 700 nm, resulting in larger uncertainties in
the concentration result. For these particle sizes, the
samples appeared turbid. Turbidity has the effect of
suppressing the total count rate, as well as causing
multiple scattering. Both effects introduce error into
the derived particle concentration.

Repeatability and intermediate precision

The precision of the MADLS® concentration mea-
surements was evaluated from repeated measure-
ments of the same samples in Fig. 1. This was found
to depend on the nature of the sample. The typical
relative standard deviation for 7 measurement re-
peats was 10% or better. This increased to up to
30% for dilution factors greater than 1000-fold. It
is interesting to note the case of the agglomerated
sample made of 44-nm SiO2 nanoparticles. At the
highest sample concentration, the precision, which
was measured as the relative standard deviation of 7
repeat measurements, was 80%. However, this de-
creased to values between 20 and 30% with sample
dilution. One of the primary causes for low repeat-
ability in concentration measurements is poor preci-
sion in the measurement of particle size. This is
typically affected by issues with the sample, such
as particle number fluctuations due to large compo-
nents or the sample concentration being too high or

too low. Overall, these results indicate that 10% or
better relative precision in number concentration
measurements can be achieved with MADLS® for
monodisperse and non-agglomerated samples at op-
timal sample dilution.

The precision achieved with the MADLS® method
is of the same order as other laboratory methods
available on the market. For example, in the case of
30-nm gold nanoparticles, the relative precision
achieved with the MADLS® method is 7%. A recent
international interlaboratory study (VAMAS PWA34
Project 10) indicates that the typical relative precision
achieved for the measurement of number concentra-
tion of 30-nm gold nanoparticles is 3% for PTA, 2%
for spICP-MS, 0.2% for UV-Vis and 5% for centrif-
ugal photo-sedimentation.

To evaluate the intermediate precision, defined as a
measure of precision performed using the same proce-
dure, instrument and laboratory across a period of time,
of the particle concentration measurements using
MADLS®, stock solutions of 30-nm gold nanoparticles
were measured over a period of 5 days (Fig. 6).

The relative intermediate precision was measured at
10% and the relative intra-day repeatability shows a
general increase with time but remains approximately
10%. These results show that the MADLS® particle
concentration measurements can achieve both good re-
peatability and reproducibility with consistent measure-
ments across multiple days.

By providing a high level of intermediate precision,
the MADLS® method appears ideal for quality control
purposes, enabling, for example, the assessment of the
stability of a sample over time or batch to batch
variability.

Fig. 6 Intermediate precision
study of number concentration of
30-nm gold colloidal nanoparti-
cles in water. The boxes represent
the interquartile range of the re-
sults, and the bars represent the
total range of results. The median
is represented by the horizontal
line across each box
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Conclusions

We introduce the MADLS® method for the measure-
ment of particle concentration, and we assessed the
accuracy, repeatability and linearity of the Zetasizer
Ultra instrument manufactured by Malvern
Panalytical Ltd., UK. We applied the method to gold,
silica and polystyrene particle samples of different
sizes and concentrations and demonstrated accuracies
of 50% or better and typical precisions of 10% for
monodisperse samples. The different sizes measured
showed these levels of accuracy up to sample diam-
eters of 400 nm with samples above this size having
data quality issues due to the difficulty in reaching a
suitable concentration. The instrument accuracy was
evaluated by means of reference materials and
methods that were previously developed and
assessed within the EMPIR 14IND12 InNanoPart
project with the results agreeing with accurate
methods such as SAXS, spICPMS and UV-Vis. Both
the accuracy and linearity of the instrument were
assessed across a threefold concentration range by
comparing MADLS® with UV-Vis, the latter having
a 20% accuracy for the concentration measurements
of gold nanoparticles (Shard et al. 2018b). Results are
consistent within uncertainty across a broad concen-
tration range, with MADLS® underestimating the
concentration of the particles at high levels of dilu-
tions. The effect of particle size on the accuracy of
concentration measurements was also evaluated. We
demonstrated that the method can be widely applied
across a broad range of sizes. The levels of accuracy
shown here have been achieved with measurement
times of only a few minutes as part of a simple
measurement process, which is carried out much the
same as a typical DLS measurement. However, the
MADLS® particle concentration measurement does
require some characteristics of the particles to be well
known such as the particle refractive index and sam-
ple viscosity to maintain the levels of accuracy dem-
onstrated here (Malvern Panalytical Measuring
2019).

Overall, we demonstrated that theMADLS®method
for the measurement of the size and concentration of
particles is straightforward in terms of sample prepara-
tion, rapid and versatile, as it can be applied to a range of
sample materials, sizes and concentrations. As in the
case of the traditional DLS method, MADLS® is also
capable of measuring weakly scattering particles at

smaller sizes than many other techniques. For example,
MADLS® is now being used to measure the concentra-
tion of adeno-associated viruses (Malvern Panalytical).
These particles are typically around 25 nm in size, and
the number concentration is traditionally measured
using Capsid ELISA, a laborious technique that is based
on the intensity of a colour change due to the number of
antibodies binding to the virus (Grimm et al. 1999).
However, this means that any fragments or aggregates
of the viruses will be included, thus contributing to
inaccuracies in the concentration value. As MADLS®
can measure the concentration of multiple populations,
the number concentration of just the viruses can be
accurately determined without influence from other
components in the sample.
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