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Nanoparticle characterisation
methods for recognition of dimers†

D. Mehn, *a F. Caputo,cd M. Rösslein,b L. Calzolai,a F. Saint-Antonin,ce T. Courant,cd

P. Wickb and D. Gillilanda

Our article dissects the problem of understanding the origin of size heterogeneity in polydispersed

nanoparticle samples. A commercially available multimodal material representing a typical borderline

case of the nano definition is characterised with various state of the art techniques. We focus on dimer

(multimer) recognition capability of different techniques, considering the potential of single and

combined analytical solutions. The performance of dynamic light scattering (DLS), nanoparticle tracking

analysis (NTA), online coupled asymmetric field flow fractionation – multi angle light scattering (MALS) –

DLS (FFF-MALS-DLS), tunable resistive pulse sensing (TRPS), centrifugal liquid sedimentation (CLS),

analytical ultracentrifugation (AUC) and transmission electron microscopy (TEM) is discussed. NTA, TRPS

and FFF-MALS are shown to resolve the multimodal size distribution of the sample, while batch mode

DLS, the most widespread tool in characterisation laboratories, fails. Besides of complex methods like

TEM imaging after FFF separation and FFF-MALS-DLS in combination with adequate mathematical shape

factor models, centrifugal methods are documented as simple analytical tools that are able to indicate

the presence of dimers made of rigid spherical nanoparticles.
Introduction

Larger or more? Looking at multimodal particle size distribu-
tion results, the question whether a second or third peak of
a distribution corresponds to individual particles or to aggre-
gated ones may have to be addressed in the frame of nano-
material size evaluation.

Understanding the origin of size heterogeneity can help to
design better synthesis procedures, to purify samples1 to
understand environmental, pharmacological or toxicological
effects.2–4 The identication of aggregates might be a need for
following regulations or meeting labelling requirements.
According to the denition proposed by the European
Commission (EC)5 nanomaterial means a natural, incidental or
manufactured material containing particles, in an unbound
state or as an aggregate or as an agglomerate, where, for 50% or
more of the particles in the number size distribution, one or
more external dimensions is in the size range 1–100 nm. Thus,
besides the challenge of gaining reliable number based particle
Centre, 21027 Ispra, Italy. E-mail: dora.

rials Science and Technology, St. Gallen,

ance

oble, France

noble, France

tion (ESI) available. See DOI:

hemistry 2017
size distributions, recognising the presence of aggregates or
agglomerates can be also necessary to understand whether
a certain material should be considered as nanomaterial.

Among the existing techniques measuring nanoparticle size in
liquids, dynamic light scattering (DLS) is probably the most widely
used. Even if batchmode DLS is well known to have disadvantages
for the proper characterisation of polydispersed samples6–8 the
method becomes very useful when coupled online to prior size
separation steps like asymmetric eld ow fractionation (FFF).8

Calculation of particle size based only on FFF elution times is
theoretically possible9,10 but chemical nature of the sample might
also have a strong effect on retention times. However, FFF further
connected with multi angle light scattering (MALS) and DLS can
provide information even on particle morphology by analysing the
gyration/hydrodynamic radius ratio of the nanoparticles.11

Nanoparticle tracking analysis (NTA or PTA) and Tunable
Resistive Pulse Sensing (TRPS) are indirect size-measuring
techniques (compared to the direct size measurement by elec-
tron microscopy) but still provide directly number based size
distributions.

NTA (PTA) is based on the optical observation of light scat-
tering by single objects: particles or particle aggregates in
suspension. The Brownian motion of the particles is evaluated,
calculating the mean square displacement of each particle in
2D, in order to obtain their translational coefficient and thus,
the particle hydrodynamic diameter. The particle by particle
tracking method allows resolving individual populations of
spherical nanoparticles (NPs) of different sizes by reducing the
RSC Adv., 2017, 7, 27747–27754 | 27747
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effects of scattering light intensities from larger particles, which
limits batch scattering methods such as batch mode DLS.12

However, this technique does not provide information on
particles shape, since the mathematical models assume
spherical particles.

Tunable Resistive Pulse Sensing (TRPS) is based on the Coulter
principle and uses tunable polyurethane membranes with
a tunable nanopore.13–16 Nanoparticles are directed through the
nanopore by applying both pressure and voltage. Each time
a particle is forced to pass through the pore, a resistive pulse signal
is detected due to the reduction in ionic current. Since nano-
particles are characterised individually, TRPS gives a number
based statistical distribution. TRPS also allows obtaining indirect
information on particle shape, by detecting changes in particle
speed passing through the pore, which is lower for elongated
objects than for spherical particles possessing similar volumes and
surface charge.17 Centrifugal methods determine the size of sed-
imenting particles based on their sedimentation speed. Centrif-
ugal liquid sedimentation (CLS) detects light extinction and
calculates equivalent sphere diameters from sedimentation times
applying the Stokes equation. As a result it provides extinction-
based size distributions that can be further transformed to mass
or number based distributions applying the Mie theory and using
absorption, refractive index, and particle density as input param-
eters.18,19 Instead, analytical ultracentrifugation (AUC) is able to
generate sedimentation coefficient distributions from interference
measurements.20 This can be transformed to mass and number
based distributions needing only density as input parameter. Both
centrifugation techniques determine Stokes diameter of an
equivalent sphere (diameter of a sphere that sediments with the
same speed) but have the potential to use more complex models
including a shape factor (or frictional coefficient ratio in case of
AUC) that considers the effect of particle geometry on the sedi-
mentation speed.21

Transmission electron microscopic (TEM) is a highly valuable
technique for the size analysis of nanomaterials as it is possible
to obtain a direct image of the particles. Image analysis sowares
facilitate the statistical analysis of the data, providing informa-
tion on particle shape and number based size distributions.
However, the particles should be well dispersed and randomly
distributed on the grid. Unfortunately, simple TEM sample
preparation methods (by evaporation of the solution) do not
distinguish between agglomerates formed during the drying of
the sample aliquot on the support (grid) and aggregates already
present in the NP suspension. Cryo-TEMmight help to overcome
this drawback by an ultra-fast conversion of the NP suspension
into a vitried lm on the grid, allowing direct morphological
visualization of nanomaterials at near native state, and thus,
reducing the risk of aggregation and of the introduction of
artefacts due to sample preparation. However, interactions with
the carbon support of the grid may induce a preferential orien-
tation of some specic samples on the grid. Moreover, the tech-
nique needs laborious sample preparation, and the maximum
size of an object to be observed is limited by the thickness of the
vitried lm, which is about 300 nm, and thus large particles or
aggregates cannot be imaged as the technique lead to their
removal if any were present in the sample.22
27748 | RSC Adv., 2017, 7, 27747–27754
Strategies to gain reliable number based particle size distribu-
tion (PSD) of multimodal mixtures of particles of different sizes
were investigated by many, mostly by intentionally mixing stan-
dard polystyrene beads7 or metallic particles23 in known propor-
tions. Some recent works started to focus on real life samples, such
as polymeric NPs,6 mixture of exosomes24 or marketed consumer
products such as colloidal silver. It was shown that detecting the
PSD of such complex dispersions requires a combination of suit-
able number based methods (TEM, NTA (PTA), TRPS), or intro-
duction of a separation step (e.g. FFF, centrifugation) prior to size
detection by light scattering.6,25

On the other hand, ways to detect dimers and multimers
made of rigid spherical particles of the same size were much
less investigated. Simonsen et al.23 very recently proposed the
use of ow cytometry as a separation step, combined with light
scattering to determine the distribution of single particle,
dimers and multimers of gold NPs. However, the proposed
approach is limited to highly scattering metallic particles of size
>50–70 nm, and it is not compatible with NPs possessing
refractive index similar to water, such as liposomes or polymeric
micelles, where the lower detectable size would be much larger
than 100 nm.23 Thus, correctly assessing the presence of small
aggregates, such as dimers and multimer nanostructures in
complex mixtures is still an open challenge to be addressed. In
our work, we describe the performance of the above mentioned
analytical techniques that can help to uncover aggregates and
are actually available as typical state of the art instrumentation
in material science laboratories.

Experimental

Aminated polystyrene nanoparticles (PA02N) with bimodal size
distribution and a mean diameter of 0.12 mm were purchased
from Bangs laboratories Inc, (9025 Technology Dr Fishers, IN,
USA). The sample contained surfactant (0.2% SDS) as stabiliser.
All other chemicals were purchased from Sigma Aldrich. Buffers
were ltered through a 0.22 mm 500 mL Corning® PES sterile
Filter System before use.

Batch mode DLS measurements were performed using a Mal-
vern Zetasizer Nano-ZS instrument equipped with a 633 nm HeNe
laser. The original particle suspension was diluted 100 times in the
solvent (water or 0.08% NaOH + 0.02% SDS in water) and equili-
brated for 5 minutes before the measurements at 25 �C. Size
distribution results were generated by averaging 10 consecutive
measurements of 12 times 10 s runs. A refractive index value of
1.485 and absorption of 0.01 were considered during the calcula-
tion of number based size distributions.

Nanoparticle tracking analysis was done using a Malvern
Nanosight instrument NS500-Z equipped with a 532 nm green
laser and sCMOS camera. The original particle suspension was
diluted 50 000 times in MilliQ water, and injected to the analysis
chamber using a syringe pump at 26 �C. The particle size distri-
bution was calculated by averaging 3 times 10 consecutive
measurements, each of them based on average 10 500 completed
tracks.

TRPS measurements were performed on an Izon QNano
Gold (Izon Science Ltd., Christchurch, New Zealand) with
This journal is © The Royal Society of Chemistry 2017
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a CPC100 nanopore and a measurement window of 40–230 nm.
Phosphate buffered saline containing 0.03% (w/w) of Tween®20
was used as electrolyte and dispersion medium for all dilutions
and experiments. The nanopore was rst stretched to 47.00 mm
and wetted with electrolyte for one minute under a pressure of
2000 Pa. Stretch was then optimized at 45.05 mm with an
applied voltage of 0.96 V for calibration particles. Calibration
was made using carboxylated polystyrene nanoparticles
(CPC100, Izon Sciences) at a dilution of 1/1000 (v/v) under
a pressure of 400 Pa. (According to the manufacturer, the cali-
bration particles had a mean diameter of 110 nm, a mode
diameter of 110 nm and a concentration of 1.1 � 1013 particles
per mL.) For the samples recording, PA02N was diluted to 1/
1000 (v/v) and measured in triplicate under a pressure of 400
Pa, which was kept constant during the measurements. A
minimum of 1000 events were recorded for each replicate to
obtain a good representation of particle size distribution. At the
end of the measurements, a nal calibration measurement was
performed and compared to the rst calibration in order to
check that no signicant change occurred on the nanopore
during the global experiment. Particle size distribution was
calculated using Izon Control Suite Soware v 3.2.2.268. The
raw data were exported and plotted using Origin 8.0 soware.

A Postnova AF4 asymmetric eld ow fractionation system
equipped with an absorbance detector and online connected to
a Malvern Zetasizer Nano-ZS instrument and a Wyatt Dawn
Helios multi angle light scattering (MALS) detector were used to
realise FFF-UV-Vis-MALS-DLS measurements. The particle
suspension diluted ten times in MilliQ water was injected
through a 20 mL loop into the FFF channel (350 mm spacer, 10
kDa regenerated cellulose membrane). NaOH solution (0.08%)
containing 0.02% SDS was applied as mobile phase at 0.5 mL
min�1

ow, 1.25 mL min�1 crossow and exponentially
decreasing crossow prole. Absorbance of the eluted fractions
was monitored at 230 nm. Hydrodynamic and geometric
diameters of the particles were determined at the maximum of
the absorption based elugram from the on-line DLS and MALS
measurements, respectively. FFF fractions were collected using
a Postnova automatic fraction collector.

CLS measurement was performed in a CPS disc centrifuge
equipped with a 405 nm laser, at 22 000 rpm, using a 0–8% (w/w)
sucrose gradient containing 0.2% (w/v) SDS. An aliquot of 100 mL
100 times diluted particle suspension was injected in the disk of
the centrifuge aer calibration with 239 nm PVC particles. A
refractive index value of 1.624, absorption of 0.001 and density of
1.05 g mL�1 were used as input parameters for the calculations.

AUC analysis of the ten times dilutes sample (in MilliQ water)
was performed using a Beckman Coulter ProteomeLabTM XL-I
analytical ultracentrifuge with interference optics. The sample
holder was placed in an 8 holes rotor and measurements were
run at a constant rotation speed of 5000 rpm at 20 �C. The ls-
g*(s) model of the Sedt soware26 was applied to t experi-
mental data to calculate sedimentation coefficient distribution.
The sedimentation coefficient distribution was transformed to
mass based size distribution using the “transform s distribution
to r distribution” option of Sedt.
This journal is © The Royal Society of Chemistry 2017
Cryo-TEM images were taken using a Tecnai Osiris (FEI)
operated at 200 kV. The NPs were rst diluted 10 times in SDS
0.05%. Then, 2 mL drop of the diluted suspension was delivered
on a Agar C-166-3 lacey carbon grid. The sample was automat-
ically Cryo-vitried using a Vitrobot (FEI) and with the help of
liquid ethane (at about�180 �C). The images were processed by
scoring the size of 300 not overlapping NPs. Particle size
distribution was obtained plotting the Feret diameter obtained
for each particle, making use of Image J soware. TEM analysis
of the separated AF4 fractions was performed aer centrifuga-
tion of the 1 mL aliquots in Eppendorf tubes for 20 min at
10 000 rpm followed by resuspension in MilliQ water. Alcyan-
blue treated ultrathin Formvar-coated 200-mesh copper grids
were applied in order to avoid aggregate formation during the
sample preparation. The grid was placed on top of the sample
drop and le there for 10minute to allow adsorption of particles
on the grid. Then the excess of liquid was removed and the grids
were le to dry at 4 �C. Images were taken using a JEOL 2100
transmission electron microscope at an accelerating voltage of
200 kV.

Long term stability of the particle suspension was veried by
FFF separation and CPSmeasurements 17 months aer the rst
experiments showing no change in particle size distribution
(results not shown).
Results and discussion
Nanoparticle tracking analysis

The optical tracking of the particle suspension clearly revealed
a bimodal size distribution of the analysed material with
prominent modes at 95 and 133 nm and a shoulder indicating
the presence of larger particles above 250 nm (Fig. 1A).

According to the Nanosight, the sample has a number based
size distribution median of 135 � 0.7 nm – classifying it as
“non-nano” material (according to the EC recommended
denition).
Batch mode DLS

Batch mode DLS can be successfully applied in some cases to
resolve multimodal particle size distributions.27 However, the
performance of DLS strongly depends on the size difference
between the modes. As observed earlier in case of multimodal
samples in similar size range,6,7 batch mode DLS was not able to
recognise the bimodal nature of the sample, providing a single
peak at 120.5 nm (mean) in the intensity based distribution and
84.5 nm (mean) in the number based distribution (Fig. 1B), a Z
average of 111.4 nm and a quite low polydispersity index of 0.07.
Nevertheless, batch mode DLS was applied as fast and simple
method to check the integrity of particles in the mobile phase of
the FFF-UV-Vis-MALS-DLS system. The overlay of the DLS
analysis of the samples diluted inMilliQ water and 0.08%NaOH
(Fig. 1B) shows perfect match, suggesting that no degradation
or particle aggregation is expected to happen in the selected
mobile phase.
RSC Adv., 2017, 7, 27747–27754 | 27749
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Fig. 1 (A) NTA (PTA) analysis results of the sample diluted in water. (B)
DLS results of the sample diluted in water (black lines) and the particles
in 0.08% NaOH + 0.02% SDS (grey lines) solid lines: intensity based,
dashed lines: number based distributions.

Fig. 2 Online FFF-UV-Vis-MALS-DLS results. Absorption signal:
dashed line, light scattering: solid line, geometric diameter: grey dia-
monds, hydrodynamic diameter: dark, open triangles.
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FFF-UV-Vis-MALS-DLS

Mobile phase with a pH 12.5 and containing 0.02% SDS was
applied in the FFF separation method in order to avoid the
adsorption of the particles on the negatively charged regen-
erated cellulose membrane. Zeta potential of the particle
suspension diluted in 10 mM phosphate buffer was about
�40mV that was shied to�60mV in the 0.08%NaOH solution
(ESI, Fig. S2†). Optimisation of the eluent buffer, focusing time
and cross-ow prole (ESI, Fig. S3†) allowed the separation of
the two main components of the particle suspension (Fig. 2)
with acceptably short elution time, and well resolved peaks in
the elugram. In contrast to the NTA results, UV-Vis intensity of
the two particle populations suggests that the smaller particles
are present in higher number in the sample. Geometric radii
(RG) calculated based on the MALS data by tting with the
sphere model resulted in 42.5� 0.3 nm and 66.9� 0.3 nm at the
two absorption peak maxima.

Online DLS measurements in the same experiment (Fig. 2)
indicated hydrodynamic diameter (DH) values of 92 and 123 nm
for the two particle populations. The calculated shape factors
(2RG/DH) for the rst and second component are 0.92 and 1.08,
respectively. While the ratio below 1 suggest a non-hollow (but
neither perfectly compact) sphere structure, the ratio above 1 is
usually assigned to particles with elongated shape.11,28
Fig. 3 TRPS results: (A) number based size distribution obtained from
TRPS analysis. Solid lines: Gaussian distribution fits of the three main
detected particle populations (red) and cumulative particle size
distribution (black) (B) baseline blockage duration in function of the
particle diameter.
Tunable resistive pulse sensing (TRPS)

In TRPS, nanoparticles are directed though a nanopore as
a result of electrophoresis. Fig. 3A shows the number-based
distribution obtained by TRPS. The particle size distribution
27750 | RSC Adv., 2017, 7, 27747–27754
revealing one main population of particles with an average size
of around 87 nm (mean ¼ mode obtained by tting the NP
population with a normal distribution), possesses a Gaussian
shape, with two additional secondary peaks centred at 106 nm
and 115 nm (mean ¼ mode obtained by tting the NP pop-
ulations with two normal distributions). The x50 median derived
from the number based cumulative distribution is 88 nm (see
Table 2).
This journal is © The Royal Society of Chemistry 2017
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The smaller particle population detected by TRPS is pre-
sented in higher numbers, being the 78% of the total pop-
ulation. This result is consistent with the elution prole showed
by FFF-MALS, conrming the accuracy of TRPS technique in
resolving complex multimodal particle populations.7

From TRPS analysis it is possible to obtain some indirect
information on the shape of the particles, as recently shown by
Sikora and et al.29 TRPS measures the volume of the particles
crossing the pore, which is then converted to the volume of an
equivalent sphere. Therefore, the derived diameter for particle
dimers and trimers will be the diameter associated to a sphere
of equivalent volume, which is 1.26 and 1.44 times the average
diameter (mode) of the pristine particles. The diameters of the
larger populations measured in our study are 1.25 (106/85) and
1.35 (115/85) times the measured diameter for the smaller
particles. Those values are pretty close to the expected ones;
suggesting that the second and the third peaks may be associ-
ated to nanoparticle dimers and trimers.

An additional indication of the presence of nanoparticle
multimers can be derived from the analysis of the nanoparticle
speed through the pore. Indeed, in TRPS the particle speed
through the pore is driven by particle's shape (e.g. spherical vs.
elongated), and surface charge. The soware calculates the time
each particle has travelled within the pore (blockage baseline
duration), which is inversely proportional to particle speed, by
measuring the resistive pulse signal generated by a transient
reduction of the ionic current in the pore.30 Provided that the
Fig. 4 (A) Transmission electron micrograph, scalebar represents
200 nm. (B) Histogram of particle size distribution based on Cryo-TEM
image analysis, solid line: Gaussian distribution fit.

This journal is © The Royal Society of Chemistry 2017
surface charge of the different populations does not vary
signicantly (which is a reasonable hypothesis in our case), we
were expecting to measure the same speed for the three
populations.

Surprisingly, we noticed a slight increase in the blockage
time of the pore for the different populations (Fig. 3B), implying
a reduction in particle speed with size. The fact that populations
of 105 and 115 nm spend more time in the nanopore compared
to the main population of 87 nm, suggests that the larger
particles may possess more elongated shapes.

The TRPS results support the assumption derived by the
calculation of shape factors from FFF-MALS-DLS. However,
since both FFF-MALS-DLS and TRPS can provide only indirect
information on particle shape, direct imaging of particle
morphology by electron microscopy is needed to conrm our
hypothesis.
TEM analysis

Considering that NTA, TRPS and FFF separation results lead to
the conclusion that there are two or three particle populations
with different size, Cryo-TEM images might be surprizing at the
rst glance (Fig. 4A).

The micrographs show spherical particles with fairly similar
diameter. The results of the image analysis indicates a rather
monomodal size distribution with an average diameter of about
85 nm (Fig. 4B). Moreover, the diameter is below 100 nm for all
Fig. 5 Normalised mass (solid line) and number (dotted line) based
particle size distribution measured by centrifugal methods. (A) CPS, (B)
AUC results.

RSC Adv., 2017, 7, 27747–27754 | 27751
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Fig. 6 (A) Single particles in the fraction of the first FFF peak and (B)
particle aggregates in the second FFF peak.

Table 1 Mass based size distribution modes corresponding to the first
two particle populations, calculated ratio of the apparent diameters
(Dapp) and theoretical apparent diameter of rigid sphere dimers
(theoretical Dapp,2)

Method Dapp,1 (nm) Dapp,2 (nm) Dapp,2/Dapp,1

Theoretical
Dapp,2 (nm)

CPS 98 118 1.2 117.5
AUC 100 120 1.2 119.9
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observed particles, identifying the sample as nanomaterial
(according to the EC recommendation on denition).

Confronting the TEM images with the different shape factors
of the two particle populations obtained by FFF-MALS and with
the difference in NPs speed obtained by TRPS, suggests that the
second population corresponds to NPs that are not simply
larger, but have a different, more elongated shape – they are
most probably dimers or multiple aggregates.
Centrifugal methods

Centrifugal methods conrm our hypothesis regarding dimers.
Both CPS and AUC analyses (Fig. 5) revealed a multimodal
distribution with peak diameters associated to the rst (Dapp,1)
and second peak (Dapp,2) collected in Table 1.

Dimers, due to their elongated shape, have to face more
friction during sedimentation than perfect spheres and –

accordingly – sediment slower than a sphere of the same mass.
Apparent Stokes diameter of a dimer (Dapp,2), corresponding to
Table 2 Diameter mode and median values of the number based size
techniques

Method Mode 1 (nm) Mode 2 (

DLS 79a n.a.
PTA (NTA) 95 133
TRPS 87 105
Cryo-TEM 84 n.a.
FFF-MALS-DLS n.a. n.a.
FFF-TEM n.a. n.a.
CPS 98 117
AUC 99 119

a Mode of log scale differential size distribution. b Indirect dimer recogni

27752 | RSC Adv., 2017, 7, 27747–27754
the diameter of an equivalent sphere sedimenting at the same
speed, has a well-dened correlation to the apparent diameter
of the constituting monomers (Dapp,1). The observed Dapp,2/
Dapp,1 ratio in case of homodimers of rigid nanospheres seems
to be quite independent from the material and in our case even
from the centrifugal measurement method. The empirical
correlation suggested by Bondoc and Fitzpatrick31 for small
aggregates made of N # 6 adenovirus particles was shown to
work very well also in case of other nanomaterials, including
silica NPs1 and BSA coated polypyrrole particles.32

Dapp;N ¼ �
0:518þ 0:481N1=2

�
Dapp;1

The Dapp,2/Dapp,1¼ 1.2 ratio calculated from this equation for
dimers is matching perfectly with the results of our centrifugal
sedimentation experiments.

Gaussian t of the differential mass distribution (CPS data)
gives also good t of theoretical diameters for the peaks at
higher sizes (ESI, Fig. S7†). Trimers appear at slightly smaller
diameter than expected, most probably because of the aggre-
gates with unusual, close-to-linear morphology shown also in
Fig. 6B.

FFF-TEM combination

Final conrmation of our hypothesis is provided by the TEM
micrographs of the collected FFF fractions (Fig. 6) showing
single particles in the fraction belonging to the rst while
dimers and trimers appearing in the second elution peak.

As (according to the information from the supplier) the
PA02N particles did undergo a surface conversion (–COOH to
–NH2) to obtain the amine function, most probably chemically
induced cross linking occurred during the functionalisation,
producing dimers and trimers.

Dimer recognition by the various techniques

Table 2 collects the diameter mode and median values of the
number based size distributions obtained using the various
nanoparticle characterisation techniques. The variability of size
values reects also the different nature of the determined
diameters. As described above, TEM image analysis was done
measuring Feret diameters, DLS and NTA (PTA) determine
distributions obtained using the various nanoparticle characterisation

nm)
x50,0 median
(nm) Dimer recognition

80 NO
135 NO
88 YESb

84 NO
n.a. YESb

n.a. YES
98 YESb

101 YESb

tion based on mathematical or empirical model.

This journal is © The Royal Society of Chemistry 2017
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hydrodynamic diameters, MALS provides geometric diameters,
TRPS calculates diameters from the apparent particle volume,
and centrifugal techniques compute Stokes diameters from the
sedimentation speed of equivalently behaving spheres. As
a result, the apparent diameter of particle dimers is never
simply the double of the diameter of monomers. Nevertheless,
the presence of dimers can be forecasted by analysing the ratio
of geometric and hydrodynamic radii (FFF-MALS-DLS) or by
applying empirical models as in the case of TRPS and centrif-
ugal methods. Finally, dimers were denitely identied by TEM
aer separation of particle populations by FFF.

Conclusions

As we demonstrated above in case of a representative nano-
material example, no unique characterisation method can
unquestionably reveal particle dimers. Even direct visualization
imaging techniques as transmission electron microscopy and
Cryo-TEM can fail to recognise them because of possible
particle aggregation – if nanoparticles adopt preferred orienta-
tion on the grid. In our case, the polystyrene beads were
concentrated near the border of the open areas of the mesh
structure of the lacey carbon. The preferred orientation adopted
by the particles on the borders of the carbon support of the
grid22 did not allow a reliable statistical analysis of single
particles, dimers or larger aggregates by direct Cryo-TEM
observations. However, combined with a separating and char-
acterising systems, like FFF-UV-Vis-MALS-DLS, centrifugal
methods, TEM analysis can denitely identify small particle
aggregates. Indubitably, the introduction of online separation
method prior to scattering detection techniques (FFF-UV-Vis-
MALS-DLS measurement) provides more accurate size infor-
mation about the particles than the batch mode DLS and the
ratio of the geometric and hydrodynamic radius gives a good
hint about particle shape.

PTA (NTA), TRPS and centrifugal methods were also capable
to resolve the multimodal size distribution of the sample, but
with different performance. PTA (NTA) might underestimate the
amount of monomers simply because of the lower efficiency of
tracking small objects in the presence of larger (shinier) ones,
while TRPS, CPS and AUC had sufficient resolution to detect the
three particle populations in comparable, and probably more
realistic, proportions. TRPS analysis also gave multiple indirect
indications of the presence of elongated particles – the multi-
mers – associated to larger particles, e.g. by calculating the ratio
between the diameters associated to multiple populations in
the sample and also by observing a reduction of NP speed
through the pore for larger particles.

Centrifugal methods, such as CPS and AUC that combine
separation and detection steps in one measurement, provide
very realistic size distribution results, even if the calculation of
number based size distributions requires conversion steps from
the originally recorded data.

Importantly, CPS and AUC not only separate particles with
good size resolution at the nano denition borderline size, but
also give indications of the presence of particle aggregates by
the recognition of typical size distribution patterns. As the
This journal is © The Royal Society of Chemistry 2017
peaks of dimers and small N element rigid multimers appear
with typical Dapp,N/Dapp,1 in the mass based size distribution
independently from the composition of the material analysis of
the size distribution patterns might be a simple and efficient
tool to indicate aggregates.1,31,32

In special cases like this, the correct recognition of the
nature of the multimodal distribution has a strong effect on the
classication of the sample as nano or non-nano material.
Considering that the second peak belongs to particle dimers,
and the smaller diameter of these dimers is equal to the
diameter of particle monomers, both centrifugal methods
would classify the sample as nano material – in accordance with
the TEM results.
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