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Hypothesis: The implementation of the proposal from the European Chemical Agency (ECHA) to restrict
the use of nanoplastics (NP) and microplastics (MP) in consumer products will require reliable methods
to perform size and mass-based concentration measurements. Analytical challenges arise at the nanome-
tre to micrometre interface, e.g., 800 nm–10 mm, where techniques applicable at the nanometre scale
reach their upper limit of applicability and approaches applicable at the micrometre scale must be
pushed to their lower limits of detection.
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Experiments: Herein, we compared the performances of nine analytical techniques by measuring the par-
ticle size distribution and mass-based concentration of polystyrene mixtures containing both nano and
microparticles, with the educational aim to underline applicability and limitations of each technique.
Findings: Light scattering-based measurements do not have the resolution to distinguish multiple popu-
lations in polydisperse samples. Nanoparticle tracking analysis (NTA), nano-flowcytometry (nFCM) and
asymmetric flow field flow fractionation hyphenated with multiangle light scattering (AF4-MALS) cannot
measure particles in the micrometre range. Static light scattering (SLS) is not able to accurately detect
particles below 200 nm, and similarly to transmission electron microscopy (TEM) and flow cytometry
(FCM), is not suitable for accurate mass-based concentration measurements. Alternatives for high-
resolution sizing and concentration measurements in the size range between 60 nm and 5 mm are tunable
resistive pulse sensing (TRPS) and centrifugal liquid sedimentation (CLS), that can bridge the gap between
the nanometre and micrometre range.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

1.1. Microplastics and nanoplastics threat: reasoning behind the ECHA
proposed restriction

The terms ‘microplastic’ (MP) usually refers to small, micro-
scopic (<5 mm), solid particles made of non-biodegradable syn-
thetic polymers. MPs are either intentionally added to consumer
products (primary MP) or unintentionally generated by degrada-
tion of bulk plastic litter, as a consequence of inappropriate or inef-
fective disposal in the environment and in-use degradation, e.g.
from textiles and tyres (secondary MP).

Once released or generated by litter degradation, they are asso-
ciated with long-term persistence in the environment. MP particles
have been detected in multiple environmental settings, including
fresh- and sea water, atmosphere, sediments, soils, sewage sludge,
biota, and food [1–7]. Their presence may cause adverse effects to
wide range of organisms, including invertebrates, fish, marine rep-
tiles, birds and cetaceans, either directly or via trophic transfer.
Humans are also likely to be exposed to MP, via their diet [4,6–
9]. The reported negative environmental effects of MP seem rather
alarming. As recently summarized by a report of the European
Chemical Agency (ECHA), MP particle ingestion have been docu-
mented in more than 220 species [10–12]. Particle translocation
has been observed in multiple organisms, and trophic transfer of
microplastics through food chains, including both aquatic and ter-
restrial food chains, have been demonstrated [10–12]. Ecotoxicity
testing with MP conducted on multiple species, from, zooplankton,
crustaceans, algae, mussels and fish has reported toxic effects after
short-term (acute) exposures. It is important to highlight that
results published by many studies should be treated with caution.
They are often limited by the use of unrealistically high exposure
doses, and by lack of standardized analytical methods for measur-
ing and reporting the particle physico-chemical properties in rele-
vant environmental media, including size, shape, agglomeration
state and concentrations [2,6,13–15]. Moreover, when experiments
are performed in the field (e.g. in marine environments) the har-
monization of biomonitoring control as well as the comparability
between different sampling sites is envisaged to increase the eco-
logical relevance and robustness of the assessment [16]. Neverthe-
less, some issues have been identified. First, there is strong
evidence, showing that MP particles can act as concentrator of dif-
ferent pollutants adsorbed on the particle surface, including poly-
cyclic aromatic hydrocarbons (PAH), polychlorinated biphenyls
(PCB), organochlorine pesticides, polybrominated diphenyl ethers
(PBDEs), and heavy metals [7,17–22]. They can also be a source
of plasticizers [23], that are released in the organisms after particle
ingestion and uptake [10–12]. Second, shape and surface area
influence the toxicity profile, with smaller particles and
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non-spherical shapes being a potential major source of risk
[10,12,13,16].

For this reason, attention is now rapidly shifting towards the
even smaller plastic particles in the sub-micron range, the
nanoplastics (NPs). There is still debate about the definition of
the term NP, with some authors suggesting to define NP as poly-
mer particles that present colloid behaviour within the size range
of 1–1000 nm (definition used in this paper NP: 1 nm–1 mm,
MP = 1 mm-5 mm) [24] and others that define particles between
100 nm and 1 mm as sub-micron plastics or MP, and particles below
100 nm as NPs [25]. Independently from the nomenclature used to
define NP particles according to their size, their accumulation in
the environment and the risk associated to accidental exposure
to humans and wildlife is raising concern among the general public
and awareness of the regulatory authorities [10–12]. The presence
of NP in sea water was only recently detected [24,26]. NP particles
may have a greater impact on the environment and on human
health than MP; nonetheless this is still to be ascertained. Due to
their smaller dimensions and specific colloidal properties NPs
could pose increased hazard to the environment and biota. More-
over, the NPs high surface area would increase the likelihood of
adsorption of contaminants on their surface, and the release of
contaminants contained in the particles [24]. In fact, pollutant
adsorption and release from plastic particles will depend, among
other parameters, on the total surface area, and thus on the size
of the particles. However, information on the role that these mate-
rials could play in the bioaccumulation and transport of environ-
mental pollutants or plastic additives is lacking, due to the
absence of robust methods for NP detection, identification and
for the quantification of the contaminates absorbed on their sur-
face. This lack highlights the need for the accurate measurement
of both mass and particle size distribution of plastic particles in rel-
evant media. This will pave the way to properly assess eventual
plastic toxicity and to be able to use the proper metric when com-
paring the relative effect of different plastic particles on organisms
in the environment.

Even if a quantitative risk assessment of NP and MP exposure is
not practicable due to lack of methods and reliable data, the poten-
tial hazard, coupled with the foreseen increased exposure to MP
and NP is considered a concrete threat by national and interna-
tional authorities. In fact, the quantity of intentionally added NP
and MP, released into the environment from consumer, agricul-
tural and industrial products under reasonably foreseeable condi-
tions of use, is estimated to be close to 36,000 tonnes per year
(with a range of around 10,000 – 60,000 tonnes per year) [27].
The environmental release of intentionally added MP and NP is
estimated to be less than 10% of the mass of secondary MP coming
from degradation of bulk plastic litter [10,28]. While measures to
limit inappropriate or ineffective disposal of plastic litter in the
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environment must be taken world-wide, an ‘‘easier” starting point
from the regulatory perspective is to restrict the use of intention-
ally added NP and MP in consumer products. In this context, the
European Chemicals Agency (ECHA) has recently proposed to
restrict the use of NP and MP in products where their use inevita-
bly results in particle release to the environment. In the current
proposal [11] ‘(nano)microplastic’ means particles containing solid
polymer, to which additives or other substances may have been
added, and where �1% w/w of particles have (i) all dimensions 0.
1 mm � x � 5 mm, or (ii), for fibres, a length of 0.3 mm � x � 15 mm
and length to diameter ratio of >3.” It should be noticed that, even
if the restriction applies to synthetic, not biodegradable polymers,
bioplastics may also be a source of microplastics [29]. Currently,
ECHA’s committee for risk assessment (RAC) suggested that the
restriction should not apply for polymers that are (bio)degradable,
according to the strict criteria based on already existing biodegrad-
ability test standards described in detail in the appendix of the
restriction proposal [30]. While the new restriction, if approved
in its current form, will entry into force in the near future in the
European Union, some states (such as France, Sweden, UK, Canada,
New Zealand and the USA) are already restricting the use of NP and
MP in some consumer products, (e.g. cosmetics), via national
regulations.

1.2. Methodological gaps for the identification and characterization of
MPs and NPs

As shown in Fig. 1A, development of analytical tools for the
detection and characterization of NP and MP particles both in con-
sumer products and in complex environmental media needs to
focus on three main pillars. (1) sample preparation by fractiona-
tion/isolation: NP and MP are either extracted and/or separated
from the matrices (environmental media or consumer products)
and eventually concentrated to detectable levels; (2) advanced
physical characterization (PC), including sample sizing, concentra-
tion and morphology determination; (3) chemical identification of
all the components, including the synthetic polymers backbone
but also plasticizers and other impurities contained inside the par-
ticles or adsorbed on their surface. The most promising approaches
have been recently reviewed and are summarized in Fig. 1A
[13,14,31]. Having robust analytical tools for all of the three char-
acterization pillars is critically important to obtain a robust risk
assessment and is required for th development and validation of
specific protocols. No standardized methods are available so far.

In the case of secondary NP and MP derived from environmental
degradation, challenges arise in all the three measurement pillars.
First, the isolation and identification of NP and MP, extracted from
environmental and biological matrices (that are mostly composed
of hydrocarbon chains as the synthetic polymers) may be compli-
cated. Furthermore, their characterization is challenging due to
their very heterogeneous and unknown physical–chemical proper-
ties, caused by the transformations they undergo in the
environment.

The analysis of NP and MP, that are intentionally added in con-
sumer products is expected to be challenging, but less daunting. In
fact: (1) their chemical and physical identity is generally known,
and primary particles may also be available as raw material, (2)
primary particles are less heterogeneous in their physical–chemi-
cal properties (compared to secondary NP and MP) and (3) the
extraction procedures from commercial product matrices are
expected to be less complex than from environmental ones. How-
ever, even for the less ‘‘challenging” analyses, required for control
and labelling purposes of consumer products, the question arises if
there are methods available to respond to the new ECHA regula-
tory requirements. As shown in Fig. 1B, in this context three main
points need to be addressed: (1) Chemical identity - are relevant
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polymers present? (relevant polymer: synthetic or modified poly-
mer that is not biodegradable); (ii) Sizing - are polymer-containing
particles of the relevant size present? (relevant size proposed:
100 nm-5 mm); (3) Is the concentration limit of the relevant poly-
mers in the relevant particles exceeded? [10–12].

1.3. Sizing and concentration measurements, what is the challenge?

From a technical perspective, the sizing analysis and quantifica-
tion of the mass-based concentration of particles in the complete
100 nm to 5 mm size range requires the combination of multiple
complementary approaches. In fact, no single technique is able to
cover the full required size range. Particles larger than 10 mm can
be analyzed with established techniques such as FT-IR microscopy,
Raman (1 mm for m-Raman) and laser diffraction, or visualized by
optical microscopy (OM), which are already well known and devel-
oped techniques [12,32]. For particles smaller than 800 nm, estab-
lished approaches developed in the field of nano-enabled
medicinal products and of nanotoxicology can be considered, such
as dynamic light scattering (DLS), nanoparticle tracking analysis
(NTA), multidetector-field flow fractionation (MD-FFF), tunable
resistive pulse sensing (TRPS), centrifugal approaches, electron
microscopy and nano flowcytometry (nFCM) [33,34].

In the nanometric range for the measurement of particle size
distribution, the most widely used technique is DLS [33,34].
Despite its known low resolution, DLS has been extensively used
for the measurement of NP and of particles at nanometre to
micrometre interface (800 nm-5 mm), both coming from commer-
cial products and from environmental sources [2,14,33,35,36].
Nanoparticle tracking analysis (NTA) is another light scattering
technique, based on the analysis of Brownian motion of single par-
ticles. It has been recently used in two studies to demonstrate the
formation of NP particles (average size of 220 nm) during the
degradation of a PS disposable coffee cup lid, monitoring the
increase of particle concentration over time [37,38]. Static light
scattering (SLS) is widely used for nano and micrometric particles
in the 100 nm-3000 mm range. All light scattering techniques men-
tioned above may suffer from limited resolution, due to being
ensemble rather than particle by particle measurement
techniques.

Adding a fractionation step, prior to performing sizing analysis
of heterogeneous samples helps to significantly increase the reso-
lution power of the measurements by light scattering in batch
mode. Asymmetric flow field flow fractionation (AF4) coupled to
light scattering detectors, e.g. DLS (AF4-DLS) or static light scatter-
ing (AF4-MALS) has demonstrated its power in measuring particle
size distribution for a variety of complex nanoplastic mixtures.
Capability for high-resolution separation and size measurements
of mixtures of NPs of different size, ranging from 10 nm to
800 nm in diameter have been reported by multiple authors
[33,37]. AF4 was also widely used to isolate and collect nanoplastic
from complex environmental samples and biological matrices prior
to off-line analysis [28,29].

TRPS is a single particle technique that has been shown to mea-
sure the particle size distribution (PSD) and concentration of syn-
thetic and polymeric nanoparticles. Interestingly, a tunable
microfluidic RPS device with a reusable lid and base that allows
the dimensions of the pore to be optimized in real time to the
dimensions of the analyte, has been recently used to measure size
and concentration of microplastics shed from teabags with sizes as
large as 21.9 lm [38]. As an alternative approach, flow cytometry
(FCM) has been used to detect extracellular vesicles and popula-
tions of plastic particles in seawater [39,40]. Less explored, but
very suitable alternative approaches to consider are centrifugal liq-
uid sedimentation (CLS) and nano flow cytometry (nFCM). Finally,
to get sizing information, but also to directly visualize particle



Fig. 1. Need for a robust MP and NP characterization and focus of this work. A) Overview of the techniques currently under evaluation for (i) particle fractionation/
isolation; (ii) physical characterization (PC), including sizing, particle concentration and morphology and (iii) chemical characterization. As underlined by the magnifying
glass this work focuses on the sizing and concentration measurement of nanoparticles and of small micrometric particles. B) Criteria proposed in the ECHA restriction of NP
and MP from consumer products, C) Summary of the nanometric and sub-micrometric multimodal mixes of NIST traceable PS particles considered in this work, D) parameter
assessed for each of the steps (E). Abbreviations used: AF4 = Asymmetric field flow fractionation, CLS = Centrifugal liquid sedimentation, DLS = Dynamic light scattering,
EDX = Energy-dispersive X-ray spectroscopy, EM = Electron microscopy, FCM = Flow cytometry, FTIR = Fourier transform infrared, HPLC = High pressure liquid
chromatography, MADLS = Multi-angle dynamic light scattering, MALS = Multi angle light scattering, nFCM = Nanoflowcytometry, NTA = Nanoparticle tracking analysis,
OM = Optical microscopy, Pyr-GC–MS =Pyrolysis gas chromatography mass spectrometry, SLS = Static light scattering, TEM = Transmission electron microscopy,
TRPS = Tunable resistive pulse sensing (TRPS).
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morphology, electron microscopy approaches such as scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM) are the techniques of choice. Coupling of TEM with elemen-
tal analysis (e.g. EDX) also allows to get qualitative indications of
the particle chemical nature, e.g. allowing to qualitatively distin-
guish polymeric particles from inorganic ones.

Each technique working in the nanometre range has its range of
applicability and different capabilities to resolve complex polydis-
perse samples, and thus the optimal choice may be related to the
properties of the analyzed samples, as reported in table S1. Impor-
tantly, the most challenging regime is the one at the nano to micro
size interface (between 800 nm and 10 mm) where techniques able
to measure particle size distribution and concentration at the
nanoscale reach their upper limit of applicability and techniques
applicable at the micro scale have to be pushed to their lower lim-
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its of detection. Detailed technical information about each of the
technique selected, is reported in the supplementary section.

1.4. Chemical identification: an additional challenge

Chemical characterization should also be implemented as com-
plementary information, for example to distinguish synthetic poly-
mer particles from inorganic particles. Based on the need to
identify synthetic polymers classical techniques such infrared
spectroscopy, m-Raman, NMR, pyrolysis GC-MS (pyr-GC-MS), and
electron microscopy coupled to EDX could be used, as summarised
in Fig. 1A. An extended description of the advantages and disad-
vantages of each of these techniques can be found in the review
work by [2,13,14,31,32]. Nevertheless, it is worth noting that there
are pioneering approaches combining size measurements with
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chemical identification. For example, Raman spectroscopy coupled
to AF4-MALS as presented by [41]. Moreover, after particle frac-
tionation carried out by field flow fractionation and MALS online
analysis, the sample fractions can be collected and analysed off-
line by FTIR, NMR, XPS, pyro-GC-MS, EM + EDX, and XPS. However,
those are advanced hyphenated approaches, which all require val-
idation studies to understand their applicability range and sensi-
tivity against the total sample concentration available in a real
scenario. Further considerations and analyses in this direction are
ongoing and will be the subject of a follow up study.

1.5. Aim of the study

In this study, we have tested and compared nine complemen-
tary analytical techniques, including DLS and AF4-MALS but also
SLS, TEM, NTA, CLS, TRPS, FCM and nFCM. The focus of this study
is to investigate their applicability for the determination of
nanoparticle size distribution of heterogeneous populations of
polystyrene particles (PS). In addition, we want to challenge the
capability of all the techniques tested to provide mass-based con-
centration estimates.

Currently, no standards truly representative of NP and MP used
in consumer products exists that could be used for such a compar-
ative study, being an important gap in the field. Despite being par-
tially different in their physical–chemical nature, NIST-traceable
polystyrene size standards have been chosen as materials with
well-defined and reproducible properties. The benefit of using mix-
tures composed of multimodal traceable PS mixtures is that their
PSDs and total concentrations are well known and hence perfor-
mance of various platforms can be evaluated in a quantifiable
way. Polystyrene is also of interest being the fourth most used syn-
thetic polymer in consumer products after polyethylene (PE),
polypropylene (PP) and polyethylene terephthalate (PET)
[10,28,42].

The work was structured in 4 steps of incremental complexity
(Fig. 1E). First, we have measured the size and concentration of
monodispersed standards, focusing on the performances of each
technique to measure not only size but also mass-based particle
concentration. In the second step, we have evaluated the capability
of each technique to measure highly polydisperse samples. Here
we have tested quadrimodal mixtures of polystyrene standards
in the 100 nm-250 nm size range (in theory well within the range
of applicability of each technique tested). The polystyrene mix-
tures were uses as mimic for the potential polydispersity of pri-
mary and secondary NP/MP samples. Finally, we have extended
the comparison of performances to smaller particles (60 nm) and
to larger ones, in the sub-micron and micron range (<2 mm), by
pushing detection limits of multiple techniques to the lower and
to the higher end. In the latter case, our aim is to investigate what
approach would be suitable for detecting MP of 1–2 mm in presence
of nanoparticles. For these tests, three mixtures with variable
amount of 220 nm and 2 mm were measured (see table S2).
2. Experimental

2.1. Polystyrene particles

NIST-traceable, spherical, polystyrene particles of 100 (±3) nm,
152 (±5) nm, 203 (±5) nm, 240 (±5) nm physical diameters were
acquired from Thermo Fisher Scientific. Particle concentrations
were provided in % (w/w) solids (1% solids in water for all above
standards). The mean diameters were certified by the providers
by using transmission electron microscopy (TEM). Polystyrene par-
ticles of 1.93 mm (diameter) and of 220 nm (diameter) were
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acquired from Polyscience. CPN220: catalogue number 07304, lot
682870: Size = 220 (±16) nm, concentration = 27 mg/ml &
CPN2000 catalogue number 19814, lot 701445: Size = 1.93
(±0.06) mm, concentration = 26 mg/ml. Each of the polystyrene par-
ticle standards (CPN60, CPN100, CPN150, CPN200, CPN220,
CPN240, CPN2000) was diluted and/or mixed gravimetrically using

D-PBS (CaCl2 and MgCl2) + 0.03% Tween-20 to produce the subse-
quent mixtures in controlled w/w % ratio, as described in Table S2.
The mixtures, along with the monomodal standards themselves,
were subject to analysis using the different techniques listed in
the table. Samples were vortexed briefly before the analysis to
ensure adequate mixing and homogeneity.
2.2. Dynamic light scattering (DLS) and multi-angle dynamic light
scattering (MADLS)

Prior to the measurements the samples were diluted at 50 mg/
ml (total concentration) in phosphate buffer saline (PBS). Multi-
angle dynamic light scattering (MADLS) was conducted on samples
A and B using the Zetasizer Ultra (Malvern Panalytical, UK). Typical
sample volumes were approximately 1 ml, loaded into a DTS0012
cuvette. Each sample’s size distribution, particle size mode and
particle concentration were measured using detectors at 3 differ-
ent angles to account for front (13�), side (90�) and back (173�)
scatter of light. Each sample was measured at each angle in tripli-
cate with adaptive correlation applied to each, in order to improve
overall data quality. Data was processed using the ZS Xplorer Soft-
ware Suite V 1.1.0.656. The Zetasizer Ultra analysis includes total
concentration, and both intensity- and volume-weighted PSDs.
The volume-weighted PSDs were post-processed in order to pro-
duce respective concentration distributions. Prior to the actual
measurements the MALDS instrument was calibrated for size mea-
surements using a mix of 200 nm and 400 nm polystyrene latex
microspheres (Malvern Panalytical, UK). Dynamic light scattering
measurements of samples D-F were conducted using the Malvern
Zetasizer ZS at two different wavelengths 633 nm and 532 nm,
according to the SOP developed by the European Nanomedicine
characterization Lab (EUNCL) [43,44]. For comparative purposes
two angles were selected for the measurements 173� (SOP EU-
NCL) and at 13�, and measurements were performed by two differ-
ent laboratories. PSD by intensity and by volume are reported. Vol-
ume based PSD was used to estimate w/w%, while size values
reported are obtained from intensity-based PSD. The Malvern zeta
sizer simulation software was used to simulate the light scattering
as function of size at different angles (173� and 13�) and at differ-
ent wavelength (633 nm and 532 nm) according to Mie theory.
Refractive index (RI) of 1.59 and absorption (ABS) of 0.01 were
used for the calculations.
2.3. Transmission electron microscopy (TEM)

TEM was used to assess the primary particles size distribution
of samples containing 0.3 mg/ml of 200 nm and 2 mm polystyrene
particles and a mixture 50:50 in mass of 220 nm � 2 mm; 3 ml of
each suspension at the final concentration of 0.03 mg/ml (dilution
in MilliQ water) were manually deposited on Formvar Carbon
coated 200 mesh copper grids (Agar Scientific, Stansted, United
Kingdom) pre-treated by glow discharge (30 sec.) and let to evap-
orate for 3 h at 4 �C and 3 h at 20 �C in desiccator. Samples were
imaged with JEOL JEM- 2100 HR-transmission electron microscopy
at 120 kV (JEOL, Italy) and analyzed by ImageJ, using NanoDefine
Particle Sizers Plugin. Particle-counted: 220 nm: 1973 particles;
2 mm : 2784 particles; Mix D: 3180 particles.
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2.4. Nanoparticle tracking analysis (NTA)

Sample dilutions for NTA were made up, using PBS + 0.03%
Tween-20 to a working volume of 1 ml, in order to obtain an opti-
mum particle concentration for NTA (between 10 and 50 particles
per field of view). The samples (~600 ll) were then loaded into the
NanoSight instrument. NTA-analyses of the polystyrene particles
and of their mixtures were conducted using the NS500 NanoSight
(Malvern Panalytical, UK) along with the Nanosight 3.2 software
package (NTA build 3.2.16) following the European Union Nano-
medicine Characterisation Laboratory (EUNCL) approved protocol
[45]. A 405 nm laser was used to visualise particles, present in a
given field of view. A minimum of three, 60 s recordings of the laser
interacting with particles were captured using an EM-CCD camera.
100 nm and 1 mm polystyrene latex microspheres (Malvern Pana-
lytical, UK) of known size were used as quality control for NTA
measurements. For most multimodal polystyrene samples PSDs
of the various modes within the mix overlapped and hence it
was not possible to determine % w/w. distribution of various par-
ticle sizes in the mix. NTA was conducted for each of the polystyr-
ene standards prior to analysis of the mixtures to give a
preliminary estimation of the mode particle diameters of the
monomodal standards.

2.5. Static light scattering (SLS)

A Mastersizer (Malvern) instrument equipped with a red and
blue laser and a Hydro SV small volume measurement unit was
used to run SLS measurements on mixtures of 200 nm and 2 mm
PS particles. Stock suspensions were diluted to a concentration of
132.5 mg/ml in MilliQ water. Mixtures with a final volume of
1 ml were prepared at 0, 10, 50, 90, 99, 100% w/w of the smaller
particle fraction. These mixtures were injected under stirring in
5 ml of MilliQ water placed in the measurement cell. Background
and sample measurement durations were set to 10 s and 5 s for
the red, 5 s and 5 s for the blue channel. Spherical particle model
with ‘NarrowModes type’ evaluation was selected for data analysis
considering Mie theory. Optical properties for polystyrene and
water were applied as pre-set material properties suggested by
the software (with absorption value of 0 for PS and refractive index
of 1.59 and 1.33 for PS and water, respectively). PSD results were
generated considering the average of 5 measurements.

2.6. Tunable resisting pulse sensing (TRPS)

TRPS was performed with a qNano Gold (Izon Science),
equipped with IZON Science Control Suite v. 3.3. The system was
equipped with an air-based pressure module to apply the required
pressure range. Tunable nanopores were fabricated in TPU mem-
branes (Elastollan1160D, BASF), as detailed in [46–49]. For the
measurements of mixtures within the 60 nm-250 nm size range,
size and concentration calibrations were performed, using
CPN100 and CPN200 standards at a concentration of 1010/ml in
PBS, containing surfactant (0.03 wt% Tween20). A NP150 nanopore
was used for measuring samples A, B and C. In the case of the
200 nm + 2 mm mixtures, the stock solutions in PBS 1x + 0.03 w/
w% Tween20 were diluted by 1:4 in MilliQ water. Two nanopores
(NPs) were used for each sample (NP300 and NP2000), to cover
the full-size range in the 200 nm � 2 mm range. Samples were
diluted at the optimal concentration range associated to each
nanopore. The results were obtained by combining the data from
the two nanopore runs for each sample. The samples were ana-
lyzed without filtering any particles. Even the 200 nm + 2 mm in
the 50:50 mixture was measured without need for filtration when
measuring with the NP300, if care was taken to avoid and resolve
pore blockages. As NP300 limits of detection/operation are typi-
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cally 150–900 nm, the populations were able to be resolved only
under carefully managed conditions. Standard operations with real
NP and MP samples may therefore most likely require the use of
two pores and prior filtration of samples. All the samples were ana-
lyzed at least in triplicates and a new calibration was performed
between consecutive samples. The alternating calibration process
virtually eliminates the impact of any change in pore geometry,
occurring during the measurement process on particle size and
concentration results and hence guarantees reliable results. All
the samples were analyzed by using a multi-point pressure
method [46], with pressures typically ranging between 0.3 and
2.0 kPa and typical sample volumes being 35–40 ll. The multi-
point pressure method eliminates the impact of pore and particle
zeta potentials (electrokinetic effects) on the measured concentra-
tion. Notably, the TRPS analysis of number-based PSD requires no
data post-processing. However, in order to calculate the mass-
weighted PSD, the number-based particle distribution was trans-
formed into mass-based particle distribution, assuming a particle
density of 1.05 g/L and a spherical particle shape.
2.7. Asymmetric flow field flow fractionation (AF4-MALS)

The AF4-MALS system used in this study included an Eclipse
Dualtec separation system (Wyatt Technology Europe GmbH,
Dernbach, Germany) and an Agilent 1260 Infinity high perfor-
mance liquid chromatograph equipped with a degasser
(G1322A), an isocratic pump (G1310B), an autosampler (G1329B)
and a multi-wavelength detector (G1365C), all from Agilent Tech-
nologies (Agilent Technologies, Santa Clara, USA). A Dawn
8 + Heleos II multiangle laser light scattering (MALS) detector oper-
ating with a 658-nm laser (Wyatt Technology Europe) was coupled
to the fractionation system. The 90� detector angle was used to
monitor the signal during analysis. Regenerated cellulose
(10 kDa) membranes were used in the Eclipse SC separation chan-
nel (153 mm length). The spacer height was 350 lm. The temper-
ature of the channel was kept constant at 25 �C. The eluent was
0.05% sodium dodecyl sulphate in ultrapure water for the analysis
of polystyrene samples. The flow programme and crossflow set-
tings are reported in the Table S3. The data acquired by the online
MALS detector were processed using the ASTRA� 6.1 software
package (Wyatt Technology Europe). The geometric diameter (or
diameter of gyration, Dg) versus time was determined by applying
the Lorentz-Mie model. The total particle concentration was calcu-
lated by applying the number density model (RI = 1.59) and by
integrating the peaks over time, knowing injected sample volume
and AF4 volume flow rate. The differential mass-based PSDs, where
the particle concentration versus size is expressed in arbitrary
units, were also calculated. Low scattering intensity data is typi-
cally excluded, with the result that smaller particles in polydis-
perse samples may be underestimated by this calculation. The
following parameters were reported:

a. Complete fractogram(s) of the eluted sample, showing the
elution time on the x-axis and the detector response(s)
(UV–VIS and Dg) on the y-axis (Figure S1);

b. The differential mass-based particle size distribution in arbi-
trary units.

c. The mode value of Dg calculated by assuming a spherical
shape.

d. The w/w % distribution of the relative concentration of the
different particle populations, when peaks of different popu-
lations were resolved with sufficient resolution.

AF4-MALS was not conducted on the samples containing 2 mm
particles, being out of the range suitable for online MALS analysis
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(applicable < 400–500 nm depending on the model used for the
fitting).

2.8. Centrifugal liquid sedimentation (CLS)

Experiments were performed using a CLS Disc Centrifuge
(model DC24000 UHR, CPS Instruments, Inc., USA) applying light
extinction-based detection. For the separation of all the mixtures,
a density gradient made of 9 steps of 1.6 ml of 0–8% sucrose solu-
tion was used at a rotation speed of 22000 rpm. Refractive indices
of 1.59 and density of 1.05 g/ml were applied in the calculations for
polystyrene particles. The absorption was set to 0.001. To protect
the sucrose gradient against water evaporation, 0.5 ml of gradient
cap fluid (dodecane, CPS Instruments, Inc.) was added on top of the
last layer (8%). A CLS size calibration standard (lot. 150, CPS Instru-
ments, Inc.), i.e., an aqueous suspension of monodisperse spherical
polyvinyl chloride (PVC) particles with a diameter of 237 nm, was
injected before each individual measurement, in order to deter-
mine the actual properties (density, viscosity) of the gradient. In
our experiments the mass of the syringe loaded with about
100 ll suspension before injection and the mass of the syringe
after injection were measured using an analytical balance. Suppos-
ing that the nanoparticles at the applied concentration have negli-
gible effect on the effective density of the suspension, the mass
measurement allows the calculation of the injected volume and
thus the mass-based concentration from the mass-weighted distri-
bution data. Post-processing of the CLS data implied an additional
baseline subtraction, performed by using the Origin software.

2.9. Flow cytometry (FCM)

FCM analysis was performed using the Amnis CellStream sys-
tem (Luminex, USA) and analyzed with v. 1.2.96 CellStreamAnaly-
sis software. Samples were individually loaded at 3.66 ml per
minute from a 1 ml Eppendorf. To prevent carryover, the system
is washed with filtered, HPLC grade water between samples. Parti-
cle populations (200 nm and 2 mm) were graphed using FSC versus
SSC plots. For measuring mixtures of populations, the filtered HPLC
grade water was measured as background and 200 nm and 2 mm
particles (acquired from Polyscience, US) alone were measured at
various concentrations. Next, samples D-F were also diluted to var-
ious concentrations in HPLC grade water before being analyzed.
The FSC versus SSC plots were used to identify the different mix-
ture ratios.

2.10. Nano flow cytometry (nFCM)

Nano flow cytometry requires specialised equipment to apply
the fundamentals of standard flow cytometry to sub-micron parti-
cles. A NanoAnalyzer N30 instrument equipped with a single
488 nm laser and single-photon counting avalanche photodiodes
detectors (SPCM APDs) was used for detection of the side scatter
(SSC) (band pass filter: FF01-524/24) of individual particles. HPLC
grade water served as the sheath fluid via gravity feed, reducing
the sample fluid diameter to ~1.4um. Blanks were measured to
remove noise from the data which was generated through the
nFCM Professional Suite v1.8 software. The NanoAnalyzer (nFCM)
has been optimized to allow for side scatter measurements of par-
ticles down to 40 nm. Comparison to sizing standard cocktails
allows for intensity measurements to be converted to size.

Particle concentration was determined by calibration with
250 nm silica nanoparticles of known particle concentration to cal-
ibrate the sample flow rate. Side scatter intensities measured for
particles in mixed samples (100 nm � 240 nm) were compared
to a trimodal cocktail of CPN60, CPN100, CPN150 which provided
a standard curve for PS particles. These measurements were taken
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at a laser power of 25 mW, 0.2 ss decay, allowing for inclusion of all
particles in a single 1-minute measurement.

The 200 nm/2 mm particle samples were measured at 15mW as
was the four-modal size standard of CPN60, CPN100, CPN150,
CPN200 which was used to generate a standard curve. Due to the
upper limit of 1000 nm detection, sample D and CPN2000 were
excluded from analysis as to avoid overwhelming of the detectors.
As such this data is shared in the supplementary results to share
experimental challenges of such technique in measuring micro-
metric particles.

Data processing was handled within the nFCM Professional
Suite v1.8 software, with dot plots, histograms, and statistical data
being provided in a single PDF. Gating within the software allows
for proportional analysis of subpopulations separated by side scat-
ter (SSC) intensities with PSD and concentrations available for each
sub-population. In cases where additional contaminant particles
were observed (past the frequency observed in the blanks) thresh-
olding was applied to remove these from further processing.

2.11. Size values reported by the different techniques

For reasons of simplicity and consistency between different
measurement techniques as average size values we report mode
diameters as opposed to mean diameters. For near- Gaussian dis-
tributions as in case of the PS-traceable standard the discrepancy
between mean and mode diameters will be typically below 3%.
When comparing the size derived by different approaches, we
should consider that the diameters reported are defined in differ-
ent ways, depending on the physical principle used for measuring
size values technique by technique. While NTA, nFCM and MADLS
all measure the hydrodynamic diameter, CLS measures Stokes
diameter, AF4-MALS measures the diameter of gyration, TRPS mea-
sure the geometric particle diameter (3d equivalent of the Feret
diameter), and TEM the Feret diameter.

To be consistent with ECHA requirements for NP and MP anal-
ysis, whenever possible we report the mass-based distribution
and the total mass concentration in ng/ml as main outcome of con-
centration measurements, rather than the number-based distribu-
tion (NP/ml). To directly compare the mass-based PSD obtained by
different techniques, the data from different techniques have been
extracted and post-processed as described below.

(a) PSD: CLS measurements result in light extinction weighted
PSDs, that can be transformed into mass-based PSD and
mass concentrations (aiming to fit the requirements of the
suggested ECHA regulation), if the total injected mass is
known. The injected sample mass was therefore measured
gravimetrically, allowing to report the mass-weighted PSD
in ng/nm/ml. Differently from CLS, NTA, nFCM and TRPS
are number-weighted techniques that directly measure size
distributions in NP/ml. To assess the amount of NP in (w/w%)
the measured number-weighted PSD was converted in
mass-based PSD, with the knowledge of particle density
and average size, assuming a particle spherical shape (in
agreement with EM observations). Additionally, histograms
were converted into continuous PSDs through division by
bin size, to return mass-weighted PSD that are reported in
ng/nm/ml. This way NTA, nFCM and TRPS data can be
directly compared with techniques such as CLS or MADLS.
MADLS and DLS measurements are provided in intensity-
based PSD and can be converted in volume weighted and
number-weighted PSD by applying Mie/Rayleigh’s theory
with the knowledge of the particle refractive index. MADLS
can provide information on the total particle concentration,
whilst conventional single angle DLS is not capable to mea-
sure particle concentration. Hence MADLS can be converted
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into mass-weighted PSD that are reported in ng/nm/ml,
whilst standard DLS can only measure relative weight-
based distributions in arbitrary units. SLS data is intensity-
based as well but can be converted in volume-weighted
PSDs. However, same as DLS, the SLS only measures relative
mass-based PSD in arbitrary units. AF4-MALS PSDs come
both in number-weighted and mass format in arbitrary
units.

In the case of NTA, MADLS and TRPS the PSD plotted are calcu-
lated by averaging the PSD obtained by three replicate runs, while
CLS is based on two runs and AF4-MALS on one single run. The
results obtained by averaging three PSD against the PSD of one sin-
gle run are compared in the SI (Figure S2) for sample A.

(b) Total particle mass determination: CLS, NTA, TRPS, MADLS
and nFCM allow for the determination of the total particle
mass (concentration mg/ml) measured, whilst DLS and FCM
have not shown such capability. Total particle mass is calcu-
lated by integrating over respective mass-weighted PSD (av-
erage of the results obtained by single runs as described
above). Using a proprietary method patented by Wyatt
[45,47], Mie theory can be used to derive the total number
of particles measured by AF4-MALS, but not the particle
based total mass. When available the number-based PSD is
shown in the inset of the main Figs. 2–4.
Fig. 2. NTA, TRPS, nFCM, CLS, AF4-MALS and MADLS mass-based and number-
based (inset) particle size distribution measurements of monomodal CPN100,
CPN150, CPN200 and CPN240. NTA, TRPS, nFCM and MADLS measurements were
averaged over 3 runs and CLS over 2. For AF4-MALS the derivative PSD of a single
run is reported in arbitrary units.
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(c) Calculation of average size and % w/w of multimodal sam-
ples: The average mode diameter, % w/w fraction and total
mass were extracted by the average PSD calculated as
described in a-b). Exceptions are nFCM data, where mode
diameter, % w/w fraction and total mass were extracted from
3 single runs and averaged after that. In fact, for nFCM data,
loose of resolution by averaging the PSD information is more
significant than for the other techniques and the analysis of
three single runs is preferred not to lose information on the
samples.

3. Results

3.1. Measurement of polystyrene monomodal samples in the 100–
250 nm range

Mass and number-weighted size distributions of the monomo-
dal polystyrene samples (100 nm, 152 nm, 203 nm, and 240 nm)
are compared in Fig. 2, while mode diameters and total concentra-
tions (mass- and number-based) are listed in Table 1. With regards
to sizing measurements, the mode diameters of the monomodal
distributions measured by NTA, TRPS, MADLS, nFCM and AF4-
MALS are in close agreement (within 5%) with nominal diameters
for all samples. Only CLS shows consistently smaller particle diam-
eters (up to 11%), with a similar shift being observed in a previous
comparison study [50]. In terms of the widths of the size distribu-
tions, nominal distribution standard deviations should theoreti-
cally be 7.8 nm (CV = 7.8%), 5.0 nm (3.3%), 5.3 nm (2.6%), and
3.7 nm (1.5%) for CPN100, CPN150, CPN200, and CPN240 respec-
tively. If the expected values are compared with the measured par-
ticle size distribution widths, TRPS, NTA, CLS, nFCM and AF4-MALS
are in close agreement with the nominal widths (standard devia-
tion of the PSD), whereas MADLS PSD are far broader than the
others. The total concentrations (Table 1) measured with NTA are
slightly higher than the other methods for all four monomodal
standards. TRPS provides accurate concentration measurements,
except for 240 nm that are slightly overestimated. CLS also mea-
sure concentration precisely, except for the smaller particles tested
(100 nm), where the estimated number concentration is double of
the expected value. nFCM is generally slightly underestimating the
total particle concentration. Finally, MADLS is significantly under-
estimating the concentration of larger particles. To summarize, in
the case of monomodal samples < 250 nm size measurements
agreed well for all tested techniques. On the other hand, particle
concentration measurements are generally prone to a larger error.
nFCM, TRPS and CLS are the most accurate techniques in estimat-
ing the total mass-based particle concentration (within 30%).

3.2. Measurement of polystyrene quadrimodal and trimodal samples
in the nanometric range

Differently from the measurement of monomodal standards,
the measurement of the PSD of a highly polydisperse sample
may be very challenging. The results obtained by measuring the
size and particle concentration of the multimodal samples A, B
and C are reported in Fig. 3 and Fig. 4. Tabulated values of size
and mass-based concentration derived are summarized in Table 1.
MADLS completely fails to resolve various modes within the mix-
tures only showing broad distributions. This result may not be sur-
prising for particle metrology experts, considering the known low-
resolution power of batch dynamic light scattering based methods
[33,34,36,51]. However, it is very important to take these limita-
tions into consideration when analysing polydisperse samples.

NTA is another technique used by researchers to analyze NP, e.g.
during the degradation of bulk plastic litter [52,53]. Herein we
show that NTA cannot resolve the populations within a complex



Fig. 3. NTA, TRPS, nFCM, CLS, AF4-MALS and MADLS mass-based and number-based (inset) particle size distribution measurements of samples A and B. Differential PSD (solid
lines) and cumulative PSD (dotted lines) are reported. NTA, TRPS, nFCM and MADLS measurements were averaged over 3 runs and CLS over 2. For AF4-MALS PSD of a single
run are reported in arbitrary units.
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mixture sufficiently. To identify the different populations, the
number-based PSDs obtained by NTA can be fitted with Gaussians
curves in order to quantify contributions of various modes within
the mix (data not shown). This is possible since the size of the dif-
ferent populations within the samples are known, corresponding
to the sizes of the monomodal standards. However, for environ-
mentally collected NP and MP samples such a fitting procedure
might not be relevant. Whilst for sample A only 3 (as opposed to
4) populations could be resolved, for samples B and C only two
populations each could be resolved (as opposed to four and three
respectively) (Table 2). The Gaussian fitting is not possible when
number-based PSD are transformed in mass-based PSD, since dis-
tributions get skewed. In fact, the post processing transformation
of the number to mass-based PSD further reduced NTA resolution.
Therefore, by analysing the mass-based PSD, it was not possible to
derive a reliable % wt distribution for the different populations pre-
sented in the samples with NTA. Finally, the total particle concen-
tration of the larger particles measured by NTA is highly
overestimated, similarly to what was previously measured on the
monomodal standards.

Possible alternatives to MADLS and NTA for the analysis of par-
ticles in the nanometric range are CLS, TRPS, nFCM and AF4-MALS.
Interestingly, they can all resolve the 4 populations within the mix
for the quadrimodal samples A and B (100–250 nm range). How-
ever, when a 60 nm particle population is added (sample C), AF4-
MALS and CLS struggle to detect the 60 nm population within
the mix, showing limitations to detect smaller particles in a poly-
disperse sample at the applied concentration. In the case of the
AF4-MALS the underestimation of smaller particles is also evident
in the case of the 100 nm subpopulation in samples A and B that is
underestimated by 50%. The underestimation of the smaller frac-
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tion in a polymodal sample is possibly associated to the higher
noise in the light scattering signal of the smaller vs larger particles
when multiple populations are detected. In the case of CLS, post-
processing data analysis is required, including a manual baseline
subtraction to obtain accurate concentration results. This process
is particularly hard for the 60 nm population in sample C, making
it impossible to detect the CPN60 within sample C for the particle
concentrations at hand (~3.3*1010/ml). TRPS and nFCM, on the
other hand, can clearly identify all the subpopulations and show
agreement with the expected weight distributions, including the
expected percentage of the 3 sub-populations within sample C
(Table 1).

3.3. Measurement of polystyrene bimodal samples in the 200 nm �
2 mm range

As final step, we wanted to investigate how the different tech-
niques behave in the nano to micron size-interface where many
of them reach their upper limit of applicability. Three mixtures
of particles of 220 nm and 2 mm were prepared for this scope, by
varying the w/w % of the smaller versus the larger particles
(50:50, 90:10, 99:1, see table S2). AF4-MALS was excluded from
this study because their higher measurable size is well below 2 mm.

First, we visualized the monomodal particles with TEM, to ver-
ify their size and spherical shape, since EM characterization was
not available in the certificate of analysis for the particles provided
by Polyscience. Results are shown in Fig. 5 and reported in Table 2.
We are aware that electron microscopy is not suitable for robust
concentration measurements, but for educational purposes we also
performed the analysis of sample D (50:50% w/w), counting more
than 3800 particles. Interestingly, the % number and w/w % ratio



Fig. 4. NTA, TRPS, nFCM (NFC), CLS and AF4-MALS mass-based and number-based
(inset) particle size distribution measurements of sample C. Differential PSD (solid
lines) and cumulative PSD (dotted lines) are reported. NTA, TRPS and nFCM
measurements were averaged over 3 runs and CLS over 2. For AF4-MALS PSD of a
single run is reported in arbitrary units.
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greatly underestimate the presence of the smaller 220 nm particles
in the mixture (12/88 w/w% instead of 50/50). Smaller particles
visualized in sample D (Fig. 5C), are often hidden behind the larger
objects, which could partially explain their underestimation. EM,
both in scanning and in transmission mode, is one of the tech-
niques of choice for the visualization of particle morphology and
for the determination of particle size distribution. If coupled with
EDX it can also be used for obtaining qualitative information about
the chemical composition of the particles. However, we strongly
discourage to consider EM approaches (both SEM and TEM) for a
quantitative estimation of the particle concentration and chemical
composition.

As second step, we tested the performance of batch DLS, the
most widely used analytical technique for sizing measurements
worldwide, to measures samples D, E and F. Instrument providers
claim that their instrument can be used for sizing
measurements < 5 mm, so in theory well within our testing range
with mixtures D,E and F. Is this really so? As shown in Fig. 6, Fig-
ure S3 and Figure S4, batch mode DLS does not detect the presence
of the two populations in any of the mixtures tested. Very surpris-
ingly, batch mode DLS not only does not resolve the presence of the
two particle-populations, but the instrument largely underesti-
mates the contribution of the larger, 2 mm particles in the mixtures.

In the standard DLS instrumental configuration settings
(backscattering measurements at 173�, with a 633 nm laser), even
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whenmeasuring sample D, the particle size distribution is still cen-
tred at around 200 nm: the diameter mode of PSD by intensity is
peaked around 266 nm (Fig. 6 and Table 3). The latter results were
replicated in two different laboratories as proof of their robustness
(data not shown). For many of the scientists working in the nan-
otechnology field, including the authors, those results were unex-
pected at first glance, because it is usually expected that DLS
tends to largely overestimate (and not underestimate!) the larger
particles, due to the fact that light scattering intensity strongly
increases with particle size. But here, we are beyond the true size
range of applicability of batch mode DLS, and there are other
important factors to consider. At particle sizes approaching the
upper size range for DLS, sedimentation, thermal currents and
number fluctuations start to dominate in the correlation curve vs
the purely diffusive motion, and sizing measurements become less
accurate. Severe fluctuations generate noise in the scattered inten-
sity at the longer time points in the correlation curve (blue arrow
in Figure S4, in the 105 ms range), which masks the fluctuations
due to Brownian motion (what you want to measure). In this sce-
nario, the system is not able to reliably perform the fitting of the
data anymore, generating a completely unrealistic PSD [54,55].
Changes in the data analysis settings from general purpose to mul-
tiple narrow mode cannot improve the outcome of the calculated
particle size distribution, due to the intrinsic noise of the correlo-
gram function to be fitted. Thermal stabilization for 300 s prior
to the measurements, as reported in [43] did not help to reduce
fluctuation effects either.

After obtaining the first unsatisfactory results by using the most
widely used instrumental setup in two different labs (Malvern
Zetasizer NanoZS backscattering at 173�, 633 nm laser), we tested
other configurations, e.g., varying the angle of measurement to 13�
and/or using a green laser (532 nm) to investigate if DLS perfor-
mance could be improved. The approach was driven by the idea
of improving sensitivity toward larger particles, being guided by
Mie theory, that predicts the intensity of light scattered vs size
for particles below 50 mm (ISO 13321:2009). As demonstrated by
the simulation of the scattered light vs size at different angles
and the laser wavelength (Figure S5), when the size of the particles
becomes equivalent to or greater than the wavelength of the laser
(600 nm in this case), the scattering becomes a complex function
with maxima and minima with respect to angle. In this context,
forward scattering at 13� or the use of a smaller wavelength should
help to improve sensitivity toward larger particles. As shown in
Figure S3 the measurement performed with those conditions
slightly improved the sensitivity toward the 2 mm population,
but unfortunately the resolution power was not improved. The
noise of the correlogram function was still very high and obtaining
a good fitting to the data was not possible. Particle size distribu-
tions still showed very broad peaks more sensitive to larger parti-
cles (higher mode), but strongly shifted toward smaller sizes.

To conclude, in any of the tested instrumental set ups, results
obtained by batch mode DLS are not reliable in the nano to micron
size interface. The performances of DLS with NP & MP polydisperse
samples in the nano to micron range, e.g., heterogeneous sec-
ondary MP particles produced by environmental degradation,
may be even worse, due to complication induced by non-
spherical morphologies. Therefore, as conclusion of this study, we
would not recommend the use of batch mode DLS for analysing
MP in the sub-micron range (>800 nm).

NTA, depending on the configuration setup, has a limit of appli-
cability for larger sizes of around 600–800 nm. However, consider-
ing that its use is reported in the literature for testing secondary NP
and MP samples we decided to critically evaluate its performances
by analyzing a particle standard in the micrometric range before
attempting the measurements of samples D-F, as reported in Fig-
ure S6. The instrument tested in this work was equipped with a



Table 1
NIST-traceable polystyrene mode diameters and measured concentration in mg/ml and in particles/ml (in brakets) of the monomodal samples CPN100, CPN150, CPN200 and
CPN240, of sample A, sample B and sample C are reported. Results obtained by averaging the values extracted by the PSD of 3 runs for NTA, TRPS, nFCM and by 2 runs for CLS. For
AF4-MALS values are based on 1 run. na = not available. *for all samples: particle concentration: 1010/ml.

Samples/Theoretical values Techniques Mode diameter (nm) % Distribution Measured concentration
mg/ml*

Name:
Monomodals
Size:100 or 152 or 203 or 240 nm
Concentration*: 5.5/19.3/46.0/76.0 mg/ml

NTA 105/153/198/233 na 11/27/76/133
(1.1/1.39/1.85/2.06 1010 /ml)

TRPS 100/151/204/244 na 6/22/53/104
(1.06/1.10/1.15/1.33 1010 /ml)

CLS 93/136/184/227 na 11/15/41/69
(0.77/1.14/1.08/1.11 1010 /ml)

AF4-MALS 101/151/201/241 na NA
(1.07/1.01/0.97/5.80 1010 /ml)

MADLS 94/147/198/228 na 7/20/32/36
(1.43/1.20/0.85/0.62 1010 /ml)

nFCM 97/147/207/242 na 4/16/35/75
(0.79/0.94/0.72/0.96 1010 /ml)

Name:
Sample A
Size: 100/152/203/240 nm
w/w%: 4/13/30/53
Concentration*:
36.7 mg/ml

NTA 109/160/226* na 64 mg/ml
(1.58 1010 /ml)

TRPS 107/154/207/247 3/11/28/58 36 mg/ml
(0.85 1010 /ml)

CLS 92/136/184/226* 8/13/26/52 28 mg/ml
(0.74 1010 /ml)

AF4-MALS 101/148/196/230 2/10/17/71 na
(1010 NP/ml)

MADLS 211 100 27 mg/ml
(0.63 1010 /ml)

nFCM 99/147/212/243 3/13/30/55 26 mg/ml
(0.66 1010 /ml)

Name:
Sample B
Size: 100/152/203/240 nm
w/w%: 2/30/43/25
Concentration*:
31.6 mg/ml

NTA 155/213 na 78 mg/ml
(1.56 1010 /ml)

TRPS 103/158/205/247 2/25/43/30 39 mg/ml
(0.99 1010 /ml)

CLS 91/136/185/225 3/28/41/28 26 mg/ml
(1.02 1010 /ml)

AF4-MALS 96/148/197/232 1/26/40/33 na
(1.14 1010 /ml)

MADLS 198 100 25 mg/ml
(0.73 1010 /ml)

nFCM 97/148/216/247 2/29/43/26 28 mg/ml
(0.84 1010 /ml)

Name:
Sample C
Size: 60/100/152 nm
w/w%: 5/21/74
Concentration: 8.7 mg/ml

NTA 102/152 10/90 28.7 mg/ml
(1.88 1010 /ml)

TRPS 67/102/152 7/17/76 10.9 mg/ml
(1.32 1010 /ml)

CLS 90/135 9/91 3.7 mg/ml
(0.66 1010 /ml)

AF4-MALS 101/150 9/91 na
(0.77 1010 NP/ml)

nFCM 60/102/152 4/21/75 6.6 mg/ml
(0.74 1010 /ml)

NTA 102/152 10/90 28.7 mg/ml
(1.88 1010 /ml)
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blue laser, to improve performance when analyzing smaller rather
than larger particles. Thus, this setup did not perform reliably
when analyzing the particles of 1 mm. The rationale behind is that
the slow Brownian motion of particles of such dimensions leads to
very small displacements that are difficult to distinguish from the
flow of mobile phase in the measurement cell, and hence a large
uncertainty in measured size. Manual settings, such as changing
the sensitivity of the camera, modifying shutter, gain and the his-
togram of intensities captured by the camera during the recording,
were tested too, but despite these attempts, it did not lead to any
sensitivity improvement in the measurements. For this reason, the
measurements of samples D-F were not attempted. Other instru-
mental configurations may be more accurate in the measurement
of particles larger than 1 mm [52,53]. However, considering the
great challenge for NTA in this size range, to demonstrate robust-
ness in specific different instrumental configurations, standard
particles of the same size (e.g., 1 mm) should be tested first, and
measurements of unknown samples may be attempted only if
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the measurement accuracy, tested with the particle standards is
satisfactory.

nFCM in its current configuration is optimized for the nano
range and is only suitable to quantify the concentration of
200 nm particles while only size information can be provided
for > 1000 nm particles. The narrow diameter of the sample stream
(~1.4 mm) within the NanoAnalyzer excludes particles within the
micron range, moving them into the sheath fluid and preventing
damage to the Single Photon Counting Module detector. The
attempts shown in the supplementary material (Table S4) to mea-
sure samples E and F, possessing low concentrations for 2 mm par-
ticles, provides an interesting first look at the potential for
specialized NanoAnalyzer instruments in the micrometer range.

Additionally, conventional FCM was tested as an alternative to
nFCM for the 220 nm/2 mm mixes and for concentration measure-
ment of particles in the micron and high sub-micron range. FCM,
however, could not accurately distinguish either population of par-
ticles. Various concentrations of 220 nm and 2 mm particles were



Table 2
Measured mode diameters, w/w% distributions and total concentration for mixtures D, E, F, and monomodal samples. * TRPS measures concentrations in particles/ml that were
consecutively converted into mass-based concentrations, assuming a solid spherical shape and a density of 1.05 g/ml. **not able to resolve multiple peaks. ***estimated by
gravimetrical sample preparation. ****measure performed on another batch of particles (Fig S6). SD = standard deviation of the mean. na = not available. DLS results acquired at
173� with a 633 nm laser are reported here. DLS = average of 5 measurements; the mode of the intensity-based PSD is reported. TRPS = average of 3 measurements for
concentration and of 9 measurements for size. SLS and TEM = results of 1 measurement.

Sample Technique Mode diameters (SD) nm % w/w Concentration (SD) measured
(mg/ml)

Theoretical concentration***
(mg/ml)

Mix D DLS 266 (6)** na na 13.5/13.0
TRPS 215(5)/1725(27) 48/52 11 (2)/12 (1)*
CLS 216/1729 51/49 13.4/12.7
SLS 132/1760 53/47 na
TEM 209/1979 12/88 na

Mix E DLS 243 (3)** na na 24.2/2.6
TRPS 215(6)/1718(25) 90/10 20 (3) /2.3 (0.1)*
CLS 216/1729 90/10 22.5/2.5
SLS 119/1790 90/10 na

Mix F DLS 245 (2)** na na 26.7/0.26
TRPS 211 (2)/1747 (25) 99/1 22 (3)/0.29 (0.03)*
CLS 216/1727 99/1 25.0/0.33
SLS**** 176/1750 92/6 na

CPN220 DLS 232 (3) na na 27
TRPS 214 (6) 100/0 23 (5)/0*
CLS 216 100/0 26.4
SLS 117 100/0 na
TEM 209 100/0

CPN*2000 DLS 2100 (64) na na 26
TRPS 1738 (32) 0/100 0/24 (3)*
CLS 1721 0/100 31.4
SLS 1759 0/100 na
TEM 1979 0/100

Fig. 5. TEM analysis of sample D. Images acquired for A) CPN220, B) CPN2000 and C) Mix D (50:50 wt%) are shown on the top. On the bottom respective number-based
particle size distributions are reported.
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tested alone and as mixtures (samples D, E, and F) and the follow-
ing challenges became apparent. The 220 nm particles appeared to
be at the limit of sensitivity of the instrument and could not be
accurately discriminated from the background introduced by the
filtered, HPLC grade water it was diluted in. The 2 mm particles also
proved difficult to be resolved, as they appeared as aggregates in
the dot plots with multiple populations and hence particle concen-
trations for the individual particles or their mixtures could not be
determined accurately in any case (Figure S7).
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As a final step, multiple alternatives to batch mode DLS, NTA
and flow cytometry were considered for characterization. SLS
may be a better light scattering based approach in the > 800 nm
range. As expected, SLS was able to discriminate the two fractions
at all the %wt tested but was not very precise in determining the
size of the 220 nm population that is at the lower size limit of
the instrument. The analysis of two different batches of 220 nm
and 2 mm particles, confirmed that the mode diameter of the
220 nmparticles is always slightly underestimated (Fig. 6, Figure S8



Fig. 6. Mass-based particle size distribution derived by FCM, TRPS, CLS, SLS and DLS of the bimodal samples D (50/50 w/w % of 220 nm/1.93 mm, green), E (90/10 w/w % of
220 nm/1.93 mm, pink) and F (99/1 w/w % of 220 nm/1.93 mm, blue). The measurements performed on the monomodal standards are also reported (100/0 220 nm/1.93 mm,
red; 0/100 220 nm/1.93 mm, black). Normalized differential PSD (left panel) and cumulative PSD (right panel) are reported. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 3
Results obtained by the comparison of the orthogonal methods considered in this paper, according to their size range, performances in resolution for size and concentration
measurements. sample needs, costs, and measurement complexity. All the categories in the table refers to the results obtained by PS standard tested in this work. Parameters such
as the applicable size range, resolution, performances in concentration measurements may vary when samples of different nature (e.g., inorganic samples) are tested. Legend:
na = not applicable; parameter quantification: low < moderate < medium < high.

Parameters NTA TRPS DLS
(MADLS)

AF4-MALS CLS SLS (Mastersizer) nFCM TEM

Applicable range* 100 nm –
800 nm

40 nm
�20 mm

1 nm-
800 nm

100 nm-800 nm 100 nm �
50 mm

200 nm-1000 mm 60 nm-
1000 nm

>5nm**

Resolution high very high Low high very high high very high very
high

Performances in total
concentration
measurements

medium nm
(overestimation)

high low High for %w/w, total
conc. not available

high high for %w/w, total
conc. not available

high na

Spherical shape assumed by
default?

yes no yes no no yes no no

Cost per sample low low very low medium moderate low low high
Technical expertise required moderate moderate low medium moderate low moderate high
Data analysis complexity moderate moderate low medium High (baseline

subtraction)
low moderate medium

Calibration required no yes no no yes no yes no
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and Table 2). Furthermore, concentration measurements with SLS
are usually not easy to carry out, due to the unknown mass,
injected in the measurement cell following a typical protocol
(Mastersizer).

TRPS and CLS performed well in the measurements of all the
three mixtures, being able to resolve all the populations and to pre-
cisely quantify their size and relative amount (Table 2 and Fig. 6).
The measured mean diameters of various populations agree with
the nominal diameters (within 10%). Moreover, the % wt ratio of
the different populations was adequately measured even in the
case of the more challenging 99:1 mixture (sample F), showing a
high potential for mass-based concentration measurements of
NP. Mass-based concentrations are typically within the expected
range (within 20%) for all tested mixtures (Table 3).
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4. Discussion

As shown by the results obtained in this study, each technique
has its own strengths and disadvantages, in terms of ease of use,
instrumental cost, range of applicability and capability to measure
polydisperse samples (Table 3). In terms of applicable size ranges,
SLS does work well in the micron range but is not precise with
200 nm particles, while NTA, AF4-MALS and DLS, nFCM cannot reli-
ably measure the size and mass-based concentration of micromet-
ric particles. Additionally, FCM has proven reliable for measuring
fluorescently- stained extracellular vesicles but could not accu-
rately determine concentrations of 220 nm or 2 mm particles via
light scatter alone. TEM is the only technique that allows to visual-
ize sample morphology but is not suitable to measure particle
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concentrations. Mass-weighted PSDs can be derived from light
extinction-based distributions measured by CLS, while in the case
of NTA, TRPS, nFCM and MADLS it must be calculated from
number-based concentrations. As a result, all these methods
require information on the particle density.

The results obtained in the previous section for the measured
polystyrene samples in the nano and in the sub-micron range, have
underlined some method specific issues that we would like to dis-
cuss more in detail, method by method, for educational purposes
before drawing the final conclusions.

DLS in batch mode, at one or at multiple angles (MADLS), is a
low-resolution technique. Due to light scattering intrinsic limita-
tion, it is not able to resolve multiple populations in a complex
mixture. In the nano-range it strongly overestimates large particles
due to the dependence of light scattering intensity to particle size.
On the other hand, when approaching the micron range particle
fluctuation starts to impact the measurements, resulting in a
strong underestimation of the large particles. Despite being sug-
gested as one of the measurement approaches of choice to measure
size and particle size distribution of very small particles, we
strongly discourage its use as a single analytical tool for sizing
and concentration measurements of polydisperse samples or of
samples containing particles > 800 nm in size.

NTA showed only a limited capability to properly resolve all the
populations present in quadrimodal polystyrene
mixtures < 300 nm, as shown in a previous study [50]. Multimodal
Gaussian fitting could be used to determine % distributions but fit-
tings were non-obvious and prior knowledge of the exact compo-
sition of the mixtures was required, in order to calculate %
distributions reliably. Moreover, in the transformation from
number-based to mass-based PSD resolution power is lost. Fur-
thermore, NTA cannot be reliably used above 800 nm.

SLS is a better alternative to determine the size distribution and
% wt of the different populations in a mix of submicron (220 nm)
and micron particles (2 mm). However, sizing analysis may not be
precise for particles smaller than 200 nm (diameter) where the
lower sizing detection limit of this technique is reached. Moreover,
since it is typically not possible to reliably quantify the mass
injected in the measurement cell, no absolute concentration mea-
surements can be performed. It should also be considered that this
technique requires a relatively high amount of sample, which may
not be a limitation for the characterization of raw materials inten-
tionally added in commercial products but would be definitely be
an issue for the sizing analysis of environmental MP samples.

In the nano-range, the coupling of AF4 separation to a light scat-
tering detector (either DLS or MALS), helps to improve the intrinsic
limitation of light scattering measurements in batch mode. AF4-
MALS is therefore very well suited to measure the size of polydis-
perse samples in the nanometre range but presents some limita-
tions in the measurement of mass-based particle concentrations.
There are multiple reasons for this. First, the sample can be lost
in the measurement process, e.g. due to the particle interactions
with the membrane, that could bias the measurement of particle
concentration. Secondly, there is a high uncertainty of predicting
the refractive index of real-life sample particles which will cru-
cially affect AF4-MALS concentration measurements.

TRPS resolved the size of various populations of polystyrene
particles within each sample, with mode diameters in good agree-
ment with nominal diameters, which is in line with findings
reported by Anderson et al [50]. It measured mass- and number-
based particle concentration very accurately, with % w/w distribu-
tions for various modes within a mix agreeing well with nominal
values. If the suitable instrumental configuration is selected it
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can be used to measure particles from 60 nm to 20 mm and larger
[48]. However is not possible to cover the complete size range with
the same instrumental configuration, and the combination of mul-
tiple measurements by using different pore sizes, calibration beads
and electrolyte buffers may be needed, as in the analysis of the
220 nm/ 2 mm mixtures. In order to cover particle size ranges out-
side the normal range of individual nanopores a panel of nanopores
can be used. However, with each nanopore, a specific filtering step
may have to be included before analysing samples. The filtration
step will prevent particles, larger than the individual pore size,
from occluding the nanopore.

CLS can also easily resolve various particle populations within
samples in all the mixture tested. Mode diameters of various pop-
ulations within a mix are consistently smaller (by 5–11%) than
nominal diameters, possibly due to an incorrect estimation of the
real density of the polystyrene nanoparticles. Provided, that PSDs
are baseline-subtraction corrected (additionally to automatic base-
line subtraction) and the composition (density) of the sample is
well known, the measured concentrations agree with the nominal
concentration and % w/w values for various modes within a mix.
The fact that there is a clear need for the knowledge of the particle
optical properties and density of a sample and data post-
processing, PSD and concentration measurements of unknown sec-
ondary NP and MP samples using CLS will need to use independent
estimations of the particle properties, including density, refractive
index and absorption at the measurement wavelength (425 nm).
Moreover, for an unknown sample, manual baseline subtraction
cannot be performed reliably and the measurement of the quanti-
tative contribution particular of smaller particles (100 nm and
smaller) to the number- and mass-based PSD and concentration
of polydisperse mixes will have a very high uncertainty. Impor-
tantly CLS is the only technique tested that directly derives
mass-based PSD, without the need to transform number-based
PSD into a mass-based PSD.

nFCM demonstrated a high capability to resolve monomodal
and quadrimodal polystyrene particles within the nanometric
range (<1000 nm), with mode diameters in good agreement
(within 12%) with the nominal diameters. Concentration ratios of
various sub-populations within polydisperse samples showed
good accuracy and reproducibility. Flow cytometry in its nFCM
variant possesses very high resolution and accuracy < 1000 nm,
but due to it focused design it is not suitable for analysis of larger
micrometric particles. Moreover, calibration for sizing measure-
ments are required to share refractive indices with measured sam-
ples and may lead to uncertainty when standard particles with
similar optical properties are unavailable. Concentration measure-
ments may require two different sets of calibration, one for size
and the other for concentration. Despite this, Figure S7 demon-
strates that large particles were detectable for quantification and
in low levels did not interfere with measurements of NPs.

FCM, while showing potential for detecting fluorescently-
stained extracellular vesicles, proved unreliable for picking up
accurate concentrations of particles at 200 nm or 2 mm size-
range, if particles do not contain fluorescent dyes. In fact, 200 nm
NP are at the very limit of sensitivity of the instrument and 2 mm
MP appeared as multiple populations of aggregates and individual
particles making it difficult to establish the true particle number.

TEM is obviously sub-optimal for quantitative concentration
measurements. Moreover, particle aggregation on the grid during
sample preparation could induce misleading results with larger
particles masking smaller ones. Nevertheless, EM remains the only
approach to have direct information about particle morphology.
Furthermore, it can be combined with elemental analysis (e.g.,
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EDX) to have qualitative information about particle chemical com-
position (e.g., organic vs inorganic materials).
5. Conclusions and outlook

Particle sizing and the measurement of mass-based particle
concentration are two of the key parameters that are taken into
consideration as criteria for the possible upcoming legislative
restrictions of the NP and MP intentionally added in consumer
products. As demonstrated in this work, the measurement of par-
ticle size distribution, and mass-based concentration is a complex
task even for samples with spherical particles of known physical
and chemical composition, if they are polydisperse. Bridging the
gap between the nanometre and micrometre size range (800 nm-
5 mm) is an even greater challenge for conventional techniques.
As a general, maybe obvious conclusion, no single analytical tech-
nique evaluated fits all requirements for sizing and concentration
measurements. We therefore suggest combining at least two com-
plementary methods, to be selected on a case-by case basis
depending on the sample at hand. Importantly, care should be
taken not to use techniques beyond their true limit of applicability
or outside their scope. In this context, we have demonstrated that
light scattering sizing methods commonly used and accepted by
regulatory authorities are not suitable to measure particle size
and concentration accurately and reliably. Interestingly, none
among DLS, FCM, NTA, AF4-MALS and nFCM in the standard config-
uration tested can cover the gap between the nanometre and
micrometre range (800 nm- 5 mm), despite their use being pro-
posed by multiple authors for the study of nano and micro-
plastics [12,14,31,35,39,40,53]. Nevertheless, nFCM have shown
to be very accurate if used for particles in the 60–300 nm range.

TRPS and CLS are very suitable for high-resolution particle siz-
ing and mass-based concentration measurements over a broad size
range. They reliably work both in the nanometre range when ana-
lysing complex polydisperse mixtures and in the nanometre to
micrometre interface when mixtures of nanometric particles and
of particles of a few micron are present. Despite their limitations,
and not being mainstream approaches that you would typically
find in every standard environmental analytical laboratory, they
are robust and are cost-effective techniques, to be used extensively
in the future for NP and MP analyses. As an alternative, simpler
analytical approaches to measure particle size distribution, such
as DLS or SLS, can be combined with quantitative chemical analy-
ses, by Pyr-GC-MS, FTIR or Raman spectroscopy, to obtain sizing
and mass-based concentration information from two different ana-
lytical approaches. But, sizing should be performed only with suit-
able and robust techniques. Care should be taken about possible
misleading results obtained by mainstream light scattering tech-
niques used outside their true range of applicability, that may dif-
fer from the one indicated by the instrumental providers.

Extra care needs to be taken when measuring samples of non-
spherical morphology, where some of the techniques considered
are not applicable, due to a spherical assumption assumed by
default in data analysis (e.g. DLS, NTA). This is particularly critical
when analysing environmental samples, presenting irregular mor-
phologies as a consequence of the particle degradation process.
Testing of polymeric samples with higher aspect ratio (e.g. rods
or fibres) using various techniques, is currently ongoing and will
be subject of a follow-up paper. As previously stated, sizing and
mass-based concentration analysis considered here is just one of
the different characterization steps, required to respond to the pro-
posed ECHA restriction of NP and MP in consumer products. Chem-
ical characterization should be added as complementary
information, in order for example to distinguish synthetic polymer
particles from inorganic particles. Chemical identification could be
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obtained using classical techniques (such as infrared spectroscopy,
m-Raman, NMR, pyrolysis GC-MS, and EDX) and coupled, off-line
(or in-line), with size and concentration measurements.

To conclude, this work is aiming at supporting researchers in
the NP and MP field, plastic producers, as well as regulatory
authorities to define a robust characterization strategy for measur-
ing particle size and mass-based concentration of NP and MP that
could be applicable in the frame of the upcoming legislative
restrictions. The data, here presented, provides experimental evi-
dence to assess the relative limitations of the available techniques
for sizing plastic particles in nano to micron interface. It is also
expanding the landscape of available techniques for the analysis
of particle size distribution and mass-based concentration beyond
the commonly used light scattering techniques.
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