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Abstract

Commercial products containing nanomaterials are already a part of our everyday life. The dimensional
parameters play an important role for identifying nanoparticles. Various techniques are available for
measuring the particles size and shape. However, electron microscopy-based techniques are often considered
as the preferred methods for characterizing their dimensional properties. Samples preparations remain a key
step but no standardized protocol is currently available. Scanning electron microscopy measurements require
well-dispersed particle population corresponding to a statistically representative sample. This work presents
a new approach, to prepare samples based on spincoating technique in order to measure in a reliable manner
the constituent particle size. This method consists of three key processing steps: (i) extraction from complex
media, (i1) redispersion by means of probe sonication and (iii) deposition by spincoating. The approach
combines several factors such as pH, zeta potential, duration, concentration, sonication and spin coater

parameters, that can influence agglomeration state of nanoparticles.
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Introduction

Incorporation of nanoparticles in commercial products has been increasing for the past 15 years[1] and
nowadays their life cycle raises some societal issues about possible environmental and human health
consequences due to particles release [2]. In the fringes of this industrial development, many regulatory and
government agencies ask for a reliable risk assessment related to the exposure of the citizens to

nanomaterials.

According to the European Commission, a nanomaterial is defined as a “natural, incidental, or manufactured
material containing particles”, in an unbound state (isolated particles) or as an aggregate (a particle
comprising of strongly bound or fused particles) or as an agglomerate (a collection of weakly bound
particles or aggregates where the resulting external surface area is similar to the sum of the surface areas of
the individual components) and 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” (European Commission,[3]). Consequently, the
nano character of a substance is determined by establishing the number-weighted particle size distribution,
whatever they are isolated particles or constituent particles of agglomerates and or aggregates. Measuring

the size of constituent particles in commercial products becomes a major challenge.

Furthermore to assess the emerging risk linked to the nanoparticle dissemination, ISO/TC 229, the technical
committee in charge of nanomaterials for international standardization, proposed a list of parameters for a
better physico-chemical characterization and identification of engineered nanoscale materials (ISO/TR
13014:2012 [4]). The objective is to give an exhaustive and accurate description of particles based on a

reliable characterization of these physico-chemical properties.

In this list, we can find the dimensional properties such as size, size distribution, shape and
agglomeration/aggregation state. Various instrumental techniques are available for measuring the particles
dimensional properties but the most reliable ones are the microscopy-based direct techniques: AFM (Atomic
Force Microscopy), TEM (Transmission Electron Microscopy) and SEM (Scanning Electron Microscopy).
Imaging techniques are classified as direct techniques because they involve a direct observation of the
nanoparticle dimensions and provide a measurement of the “geometrical” size directly linked to the SI
length unit, the meter. That is the reason why these imaging techniques represent powerful tools for

characterizing the nanoparticle size, the size distribution as well as the shape of the nanoparticles.

In SEM techniques, the dimensional parameters can be expressed in terms of projected area equivalent
diameter corresponding to the diameter of a sphere with the same projected surface as the investigated
particle. The mean, median or modal values of this measurand are deduced from a histogram of size
distribution graphically represented from the observation and counting of individual and constituent

particles.



However, in the context of identification of nanomaterials, as with many sizing methods, the sample
preparation is a key step of the measuring process and requires a great amount of work for minimizing the
agglomeration state, which impacts negatively the measurement result of constituent nanoparticles. Indeed,
individualisation of particles on the substrate makes it possible to reduce significantly the measurement
errors. The measurements generated by automatic routines or software implemented during the step of
image analysis process and performed only on isolated particles are more reliable compared with
measurements carried out within agglomerates because the contour of each particle is more noticeable.
Furthermore, EM specimen must be statistically representative of the studied suspension/powder.
Sometimes measuring a nanoparticle population in powder form is not possible - even with sophisticated
image processing softwares - because of the too strong agglomeration/aggregation between nanoparticles.
Consequently, the powder form containing particles must be previously suspended in a specific liquid
medium. Achieving a stable particle suspension is the first crucial step. For that purpose, different
suspension methods can be found in the literature and the effects of various parameters (concentration,
solvent nature, pH, particle surface charge) or devices (ultra-sonication bath or probe) have been

investigated [5].

For instance, the application of ultrasound is often necessary to break up the agglomerates within the
suspension. But, an uncontrolled sonication method can induce processes of re-agglomeration of
nanoparticles [6][7]. The specific energy input is commonly identified as the main factor to separate
agglomerates into constituent particles [6][8][9]. In several papers, for improving dispersion and suspension
stability, the authors combine sonication and modification of the particles surface charge by changing pH.
For example Mandzy et al. [7], have studied the breakage of commercial TiO2 agglomerated particles in
aqueous suspension while controlling zeta potential at constant ionic strength. In colloids, zeta potential is
the electric potential at the slipping plane and due to the separation of charges in the electric double layer. It
is linked to the surface electrical charge of particles in water suspension [10]. Controlling zeta potential
depending on the pH makes it possible to stabilize the suspension by maximizing Coulomb interactions
(repulsion) between particles. But, this study has shown that an optimal power should be also found to well
disperse the particles and above this threshold the reduction of agglomeration is negligible or in some cases
a re-agglomeration [6] of nanoparticles occurs. Jiang et al [11] obtained similar results with TiO> (P25)

nanoparticles by changing pH and sonication conditions.

In some cases, the amount of nanoparticles in colloidal suspension is also a critical point because high
concentration can lead to an increase of the inter-particle collision frequency favouring their partial
agglomeration (in absence of repulsive forces), whereas a too low concentration would make the microscopy
measurements particularly fastidious. An optimal concentration is required to have a good dispersion

allowing direct measurement in a reasonable time.



But, even if the obtained suspension sample (particles in liquid) is stable, the air-drying of a suspension
droplet deposited on a substrate leads unavoidably to an agglomeration process. During the last fractions of
second of drying, the capillary forces tend to agglomerate nanoparticles when they are still partially

immersed [12][13]. The use of a spin-coater is a good way to prevent capillary force from acting [14].

Hoo et al. [15] detailed influence parameters such as solvent, pH, concentration or substrate nature and
compared two different deposition methods involving either a spin-coater or a specific fluid cell for an
optimal dispersion of particles on a substrate before AFM measurements. A similar method based on a spin-
coater was proposed for depositing silica nanoparticles on two substrates with different behaviours: the mica
sheet, an insulating material with a hydrophilic surface and the silicon wafer, conductor and hydrophobic
[14]. The protocol consists of two steps, (i) the spreading of the particles stable suspension on the surface at
low rotation speed and (ii) a rapid drying at high speed. The surface density of nanoparticles can be
controlled by parameters of the first step (rotation speed and duration).

Mica sheet cannot be used for analysing nanoparticles by SEM because its insulating nature can induce
damages when nanoparticles are submitted to electron beam irradiation [14]. The silicon wafer is more
suitable but the SiO> layer at the interface is negatively charged like most of metallic or oxide nanoparticles
(at neutral pH). So, NP/substrate interactions induce repulsion forces minimizing the nanoparticle adhesion
on the surface. To remedy this problem, the substrate can be functionalized with poly-L-lysine or amino-
ethane-thiol that are capable of significantly improving the attachment of isolated nanoparticles through
electrostatic interactions [16]. However, these kinds of coating can deteriorate the surface features and

disrupt the measuring process [14].

A few review papers [17][18] have discussed on the preparation methods and stability of the suspension.
Recent studies focus only on indirect measurements without tackling the microscopy-based technique case
[19][20]. Bibliography reveals information is lacking and protocols are non-homogeneous [21][22][23][24].
The objective of this study is to propose a universal approach for the sample preparation of particulate
materials suitable for microscopy technique whilst taking into account the results already published in
literature. The development of uniform metrological procedure is essential for sample preparation to assess
to the constituent particle size distribution. Based on a reasoned approach combining various factors (pH,
zeta potential, temperature, duration and power of sonication, concentration, and spin coater parameters),
our objective is to develop a new methodology to prepare sample and to establish a reliable measurement of
size distribution by SEM of particles from various sources.

The proposed protocol has been developed and tested on four samples of particulate materials representative
of manufacturing products potentially present in the market [25].

Three materials were supplied as powders (SiO», CeO; and TiO,) and one was incorporated in a consumer

product (Food-grade TiO2 in a complex medium) and has to be extracted before deposition on the substrate.



Materials and methods
Materials

Four kinds of particles have been investigated with different types of chemical composition, structure
(colloidal suspension, powder form), and morphology coming from various sources (e.g. commercial,
manufactured or synthetized in laboratory).

The food-grade TiO> (referred to as E171) used in a variety of food products (candies, chewing-gums,
industrial cheeses,...) as a white colouring agent [26] or the field of drugstore or pharmacy (including
Doliprane® or toothpaste ) have constituent particle number-weighted average sizes closed to 106 and 145
nm and with the a number-weighted size distribution range between 30 and 300 nm [27][28]. TiO> particles
can be found in cosmetics or varnishes as UV absorber. In this case their optically transparent with
constituent particle sizes around 20 nm.

Amorphous Silica (SiO2) nanoparticles are used in various areas such as, in cosmetic products, food
(additive E151), automotive industry, paints... Additive E151 is employed as anticaking agent, antifoaming
agent or flow aid in powdered food.

Cerium oxide nanoparticles (CeO2) are widely used in fuel additives, polishing agents, catalysts, heat

stabilizers, microelectronics, and nanomedicine [29][30].

Sample preparation

A titanium dioxide (anatase-type as raw material) (TiOy) particles (mentioned TiO»-Lab), was prepared by a
hydrolysis process of a mixture of titanium (IV) butoxide and triethanolamine under microwave heating as
described by Marchetti 2013 [31]. A cerium oxide (CeO>) powder (mentioned CeO»-Lab) has been obtained
by heating a cerium (III) nitrate in an ammoniac or soda medium [32]. A commercial food product
containing TiO> nanoparticles have been chosen in solid form. TiO particles (noted TiO>-Food) have been
extracted and isolated from the solid sample of the chewing-gum (Freedent®). A commercial sample of
silica nanoparticles has been supplied in powder form (Tixosil 43 noted SiO: precipitated synthetic
amorphous silica due to the manufacturing process).
The powder form of the different samples was suspended in ultrapure water and carried out in several steps.
The steps differ for the nanoparticles without matrix (e.g. pristine nanoparticles synthetized or commercial
powder form) and nanoparticles with matrix (e.g. nanoparticles embedded in food).
- For nanoparticles in powder form, 0.1 g was dispersed in 10 ml of ultrapure water. The suspension
was sonicated in a bath 20 min to improve the redispersion of the particles.
- For nanoparticles in food matrix such as chewing gum, only one part was extracted from the food,
the coating of the chewing gum containing TiO,. This step corresponds to suspension of five

chewing-gums plunging in 10 mL of ultra-pure water. Then, in order to remove the sugar included in
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the coating, the white suspension is washed 5 times by following a three-step protocol. The first step
was the centrifugation (Sovrall ST8 centrifuge) at 4 500 rpm (3260 x g) during 20 minutes.
According to several authors [28][33], the size of TiO; nanoparticles used in food is around 130 nm.
Consequently, a rotation speed of 4 500 rpm (3 260 x g) is sufficient to separate the solid phase from
the liquid phase.

- The second step was the replacement of the supernatant liquid by ultra-pure water. This step must be
carried out as quickly as possible to avoid the redispersion of the smallest nanoparticle fraction.
Choice of the solvent is crucial: an efficient washing needs residues to be soluble in the solvent. The

last step was the sonication with an ultrasonic bath to re-suspend the particles in the solvent.

Methods

a) Desagglomeration step by ultra-sonication

The dispersion of particles in a solvent (e.g. ultra-pure milliQ water) is a crucial step and the sonication
method is widely used in laboratory in order to break the agglomerates naturally occurring in the particles
colloidal suspension. In this study, the ultrasonication was conducted using a Vibracell 75043 Ultrasonifier
(750 W, 20 kHz, Fischer Bioblock Scientific, 13 mm horn). The dispersions were sonicated in a cold-water
bath maintained at a constant temperature. Calorimetric energy density (J/mL) was calculated as a function
of input power, time and dispersion volume. The energy densities required in our sonication process is
similar to previously published work [7][34], which demonstrates that the power delivered to the
suspensions is 378 and 1 667 J/mL. The power is the main parameter to separate agglomerates into primary
particles. To achieve a stable dispersion of nanoparticles, we started with guidelines developed in the
framework of the European project NANOREG [35], and in parallel we have examined the feasibility of
maximum dispersion by probe sonication for suspensions of pyrogenic powders and incorporated
recommendation previously published in earlier literature [34]. Recent studies led by Retamal Marin et al
[36] underline that the energy density is the main parameter for sample preparation based on ultrasonication
probe for suspension of various pyrogenic powders. Power applied on ultrasonication probe (with a separate
vial) is not the only one parameter to obtain sample homogeneity and to achieve a minimal state of
agglomeration.

To go in depth, and to control the dispersion and the stability process, it’s important to study how different
parameters such as the pulse and the time duration can affect the dispersion and need to be adjusted to obtain
a stable colloidal suspension. This approach was tested and optimized in NANOMET project [37] as
followed: each suspension has been sonicated with a probe-sonicator (20 minutes with cycles of 10 seconds
ON with amplitude of 20% and 30 seconds OFF), that correspond to sonication energy at 378 J/mL. The
erosion of the used ultrasonic probe may induce contaminations of the sample. In order to avoid

contaminating the suspension with pieces of metal or metallic oxide due to probe erosion, this latter is not
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directly immersed in the suspension. A plastic tube filled with the particle suspension is placed in a bath
containing the probe. Consequently, the suspension is totally protected from the probe contamination.
Furthermore, during sonication step, the suspension temperature may dramatically increase, which may lead
to aggregation between NP in some cases. For this reason, the bath with the probe and the tube is constantly

cooled with ice.

b) Method of deposition by spin-coating
A droplet of particle colloidal suspension is deposited on the centre of the silicon wafer substrate and put on
the spin coater. The spin coater used is a LabSpin 6 SUSS Microtec. The recommended protocol for getting
a good dispersion of particles on the substrate consists in two steps [14][38]. The first step is the spreading
phase, where the rotational speed is fixed at 1000 rpm/min with a 500 rpm/min? acceleration if the solvent is
aqueous, and 300 rpm/min if the solvent is more volatile (ethanol, acetone ... ) during 60 seconds. The

second step is the drying phase with a rotational speed fixed at 8000 rpm/min during 10 seconds.

The performance of this method depends on the ability of particles to adhere to substrate. But, most of
particles (metal or metal oxide) are generally negatively charged on surface like the silicon substrate
commonly used. Consequently, two ways to promote an efficient attachment between particle and substrate
are proposed in this study: (i) modifying the particle surface charge by changing pH of the medium or (ii)
functionalizing the substrate surface with Poly-L-Lysine (PLL). This molecule is positively charged at each
end and form a bridge between particle and substrate. To prepare a substrate functionalized with PLL, the
silicon wafer is immersed during 30 min in Poly-L-lysine (PLL) suspension with a concentration fixed at 0.1
g/L. The choice between the both approaches (i) and (ii) depends on the isoelectric point (IEP) of the

considered particles as shown in the “results and discussion” section.

c¢) SEM image acquisition and data analysis with statistical tools
SEM images have been performed with a Zeiss ULTRA-Plus equipped of a Field Emission Gun (FEG)
microscope and in-Lens SE detector. The provider claims that the resolution of this microscope is roughly
1.7 nm at 1kV and 1.0 nm at 15 kV (for a working distance, WD, close to 2 mm). All images have been
carried out through secondary electrons collected by InLens detector. From images, the particle area-
equivalent diameter, Darea-eq., 1S determined and this measurand is defined as the diameter of a sphere that
would have a projected surface similar to the projected image of particles to be measured. Image analysis
processing has been performed with a specific semi-automatic routine Software [39][14]. This program

enables the user to measure and count the constituent particles through control interface.

The mean, modal and median diameters and number-weighted size distribution are estimated using a well-
known statistical method: the Maximum-Likelihood estimation. The principle is to estimate the parameters
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of a theoretical probability distribution from the information conveyed by the different single particles
considered in the SEM image. However, prior to the estimation process, a choice has to be made regarding
the theoretical probability distribution which would be suitable to represent the size distribution. The
histograms obtained on a given sample are very informative to this extent and Gaussian distributions or Log-
Normal distributions often seem to be a good choice, whatever the material considered [40]. Of course, the
mean, modal and median diameters could be determined directly from particle count data without going
through the stage of histogram construction. But, this is a precaution to identify a multimodal population or

the eventual presence of a shoulder on the main mode characterizing a second mode.

d) DLS measurements

The hydrodynamic mean diameter of particles (Dng) was measured by Dynamic Light Scattering (DLS) with
a Zetasizer Nano ZS from Malvern equipped with a Helium-Neon laser (4 mW - 632.8 nm). Particle size
was measured by collecting the scattered light with a detector located at 173°. Around 1 mL of sample was
deposited onto the cell as dispersion and was irradiated by a laser. The hydrodynamic diameter value
corresponds to the number weighted mean diameter of nanoparticles surrounded by an ionic layer in the
suspension determined by the NNLS method. This latter is an algorithm specifically developed for
polydispersed particles populations and regarding actual case seems always closer to SEM equivalent
diameter than the Z-average parameter. In fact, the cumulant method (z-average) yields the harmonic mean
of the intensity-weighted size distribution, while the NNLS method is more consistent with SEM
measurement. Six specimens were prepared with dilutions factors (x10, x20, x50, x100, x200, and x500).

Each suspension has been sonicated by following the protocol described in Methods section. The use of
probe sonication is in accordance with the majority of dispersion studies [34][36][41][42]. In DLS
technique, the random changes in the intensity of scattered light measured by the instrument are due to
Brownian movement of NP in the liquid. From these intensity fluctuations, a diffusion coefficient is then
evaluated and a hydrodynamic diameter, Dnq, is finally deduced from the Stokes-Einstein relationship. But,
if the suspension is too concentrated (low dilution factors), the signal is negatively impacted by the multiple
scattering phenomenon wherein the photons are scattered multiple times by the sample before being
collected by the detector. As a result the Dn¢ measured value will be incorrect. In contrast, if the suspension
is too diluted (large dilution factors) the signal to noise ratio is too bad and the measured Dng values
dramatically increase. Between these both situation, this curve exhibits a range of dilution factors where
(Dng) reaches a plateau [43]. Then, we choose a concentration of the suspension corresponding to Dnd

defined by this plateau to ensure reliable values.



e) Zeta potential measurements
For each sample, the measurement of zeta potential at initial pH of the colloidal suspension was carried out.
The presence of charged sites at the surface of nanoparticles immersed in an electrolytic suspension strongly
impacts the spatial distribution of ionic species in their surroundings. Due to this surface charge,
nanoparticles tend to attract ions with an opposite charge and inversely repel ions of same charge in the
suspension. As a result, the interface nanoparticle/suspension consists of two different layers. The stern layer
is formed by a compact layer of ions strongly linked to the particle surface and a diffuse layer located
between stern layer and bulk suspension. The zeta potential corresponds to the theoretical electric potential
difference between the potential occurring at the slipping plane of this double ionic layer and a null
reference potential at infinity. The slipping plane is usually defined as the interface where the Stern and

diffuse layers meet.

The zeta potential is linked to the charge of particles in a colloidal suspension and an indicative parameter of
the stability of this suspension. It depends on the nature of the dispersion medium and the physico-chemical
properties of the nanoparticles (size, shape, concentration, chemical composition) [44].The value of the zeta
potential is also related to the ionic strength of the suspension. Increasing the ionic strength induces a

compression of the electric double layer and decreases the zeta potential of the nanoparticles [10].

Typically, the higher the zeta-potential is, the more stable the colloid is. Even if it is difficult to generalize,
in the case of metal oxide nanoparticles such as TiO2, SiO; or CeO; in aqueous suspensions, the stability
areas of colloidal suspensions formed by charged particles can be typically achieved by zeta potentials
higher than 30 mV in absolute value [45][46][47]. The stability of a colloidal suspension can be also
achieved by providing steric interactions between particles. In this case, the particles are functionalized with
a polymer layer for instance. But, for our purpose, this approach is not chosen because the size of particles is

artificially increased and their real dimension impossible to be accurately determined.

The range from -15 mV and 15 mV typically represents an area where the agglomeration process begins to
occur. When the zeta-potential is equal to zero (Isoelectric Point, IEP), the agglomeration will be maximum
and all agglomerates will precipitate. In this study, the zeta potential measurements were carried out for
assessing the stability of NP in the suspensions. The measurements were performed by using the Zetasizer
Nano ZS by keeping constant the ionic strength in all the pH range investigated. The physical principle of
the used technique is the Electrophoretic Light Scattering (ELS). Then, a set of suspensions at different pH
have been prepared by adding few amounts of acid (perchloric acid) or base (NaOH) in an aqueous
suspension of nanoparticles made by diluting the originate suspension in ultra-pure Milli-Q water. The ionic
strength (0.1 M) has been maintained constant over the whole set of prepared suspensions by adding sodium

perchlorate in the suspensions. Note that sodium and perchlorate ions seem to be indifferent to the metal



oxide surface investigated here because no shift of IEP has been observed. Each suspension has been

sonicated with the protocol described above prior to zeta potential measurements.

Results and discussion

Before depositing a droplet of colloidal suspension composed of nanoparticles onto a substrate, the first step
is to ensure that the suspension is stable and the particles are well-dispersed. Applying sonication techniques
for breaking the agglomerates potentially present can be effective but only when the repulsive interaction
forces between nanoparticles are sufficiently strong to prevent re-agglomeration. As detailed in the previous
section, the stability electrostatically obtained depends especially on zeta potential value. Then firstly, each
suspension has been sonicated by following the protocol described in Material and Method section.

The dependency of the zeta potential on the pH reflects the electric properties of the particle surface in
acidic and alkaline media, of course on condition that particles are not soluble: the solubility of titania or
ceria is very low in our considered pH range (2-12), silica begins to dissolve at pH>10. The {—curves of
Ti0»-Lab, CeO,-Lab, SiO; and TiO2-Food have therefore been built at constant ionic strength (Figure 1).
The isoelectric points for TiO>-Lab and for CeO;-Lab have been found at pH=5.2, which are consistent with
the values reported in literature [48]. The dashed lines delimit the ranges were |{| > 30 mV, generally
considered as stability zones for the materials studied here [7][49] where the agglomeration state is
minimum and the suspension stability is maximum: the electrostatic repulsion between particles is
sufficiently strong to avoid or limit agglomeration phenomena. We should note here that the zeta potential
values measured at 0.1 M ionic strength are lower than expected ones in the particle suspension in ultrapure
water due to the strong compression of the diffuse layer at high salt content inducing a reduction of the
electric potential at the slipping surface. But, in these conditions the IEP remains unchanged whatever the
ionic strength. The best way for fully stabilizing the suspension is to increase the surface charge of the
nanoparticles maximizing the NP-NP repulsive interactions. By changing the pH of the suspension, the
surface charge state of NP can thus be adjusted.

The stability range is reached for pH > 7 and pH> 9 for TiO»-Lab and for CeO,-Lab (Figure 1), respectively.
However, for pH > 9, zeta potential is negative which is not suitable for a proper deposition on a silicon
substrate.

A balance must be attained between suspension stability and maximum adhesion of nanoparticles on the
substrate during deposition phase. Consequently, for an optimal deposition, it has been decided to use a
suspension with pH = 2, which corresponds to the maximum positive zeta potential value (+20 mV), even if
this value is strictly speaking not in the stability zone.

Nanoparticles of silica used in this study (SiO2) have a negative zeta potential at initial pH of 5.3. By adding
the NaOH base, the potential decreases gradually to reach a negative value of -45 mV at pH 11 passing

through an isoelectric point around pH 3.
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On the full pH-range explored (from 2 to 11) for TiO»>-Food, zeta potential is always negative and the
isoelectric point is below pH = 2. This result may seem surprising because in the literature, the isoelectric
point of TiO; has been found around pH = 5-6 [48]. But TiO2-Food particles may be coated by SiO; to
annihilate their surface photo-catalytic properties [SO][28]. As isoelectric point of SiO is around pH =2
[50], it can be deduced that the particles studied here are TiO2-Si0; core-shell particles.

Briefly, adjusting the pH to a value maximizing |{| for the deposition of the suspension on a substrate for
SEM observations enhances the possibility of having isolated particles and minimizes the amount of
agglomerates on the substrate. Another condition for a good deposition is an adequacy between the charge
state at the substrate surface and the charge of the deposited particles. If the substrate surface and particles
are both negatively or positively charged, the particles will not be able to adhere to the surface. The chosen
substrate is a silicon wafer, which is negatively charged at the surface. So the particles must be positively
charged for an optimal adhesion.

The simplest way to deposit particles for SEM observations consists in depositing a drop of the suspension
on the substrate and let dry naturally with the air. This method generally leads to agglomeration of particles
on the substrate and is not appropriate for observation and measurement of individual nanoparticles. As
shown in our previous paper [14], a good dispersion of nanoparticles on silicon wafer can be reached using a
spin-coater during the deposition. The substrate is placed on the rotating plate of the spin-coater, a drop of
the particles suspension is placed on the substrate, and the deposition is made in two steps as described in
materials and method section. The choice of speed and duration for the first step depends on the substrate
and the solvent and they have to be adjusted to obtain an optimal deposition with well-dispersed and
separated particles and limited 2D-agglomeration of particles occurring during deposition. To demonstrate
the effect of spin-coating process and the impact of nanoparticle surface charge, two different suspensions of
TiO2-Lab at pH=2 ({ = +40 mV) and pH=6 ({ = -5 mV), have been prepared and one droplet (7.5 uL) of

each one has been deposited following two methods of sample preparation.

SEM images of four prepared samples are reported in Figure 2; (a) pH=6 without spin-coater, (b) pH=6 with
spin-coater, (c) pH=2 without spin-coater, (d) the sample prepared with the method described above at pH=2
with spin-coater.

Each suspension has been sonicated with the protocol indicated above prior to deposition. Image (a) exhibits
strong 3D-agglomeration. At pH=6, zeta potential is close to point of zero charge (PZC) or iso-electric point
(IEP), so agglomeration process can occur in the suspension and the sonication seems to break the
agglomerates, but the step of deposit induced a re-agglomeration step. Moreover, the deposition method
without spin-coater did not enable the agglomerates to be dispersed on the substrate. On image (b), 3D-
agglomerates formed in the suspension at pH=6 are still present but the advantage of using the spin-coater is
visible: a better dispersion was reached but numerous agglomerates remain. Image (c) demonstrates the

effect of changing the pH of the suspension: particles are less agglomerated than on image (a). As a matter
11



of fact, the image (a) exhibits more particles layers. Nevertheless, without the spin-coater, the particles are
not dispersed and separated on the substrate. Finally, image (d) shows the result of the combination of a pH
change and the use of a spin-coater: as expected, due to the pH change, an important proportion of particles
are isolated, only a limited number of small agglomerates remain, and the use of the spin-coater enabled the
particles to be well-dispersed on the substrate surface. Consequently, image (d) is much more suitable for
counting and measuring constituent particles and the evaluation of the size distribution of the particles
population.

Initially the same protocol than TiO»-Lab should have been applied for TiO2-Food. But the surface charge is
negative (the isoelectric point, IEP, = 2), see Figure 1. Thus, for TiO>-Food and SiO., the charge changes
being impossible by modifying the pH, the protocol has to be adapted. So, the charge of the substrate surface
has been changed by applying on it a fine layer of Poly-L-Lysine (PLL). In opposite, Figure 1 shows that the
CeO»-Lab nanoparticles have an isoelectric point, IEP, = 5 similar to TiO-Lab. Consequently, the deposit of
the CeO»-Lab colloidal suspension could be done on silica wafer without PLL. For the deposition, all
suspensions have been sonicated with the probe-sonicator with the same parameters as used for TiO>-Lab. A
drop of suspension with negative zeta potential (SiO2 and TiO2-Food with silica coating) has been deposited
on a silicon substrate covered with a fine layer of PLL by spin-coating with the same parameters as those
used for TiO»-Lab (Fig.2). An example of image is shown on Figure 3.

Results indicate that concerning two types of TiO> (Fig.3 a and b), the dispersion of particles on SEM
images reaches an optimum with a maximal fraction of isolated nanoparticles. On the SEM images it is
possible to distinguish isolate and agglomerated particles. To obtain a more quantitative data, the SEM
images were analyzed to determine the particle size distribution. Only isolated particles have been selected
by the user and measured by Platypus software. The total number of measured particles was 436. As the
particles are not spherical, the measured diameter is an area-equivalent diameter, Darea-eq. Then, the

histogram of the size distribution of the population has been established and is shown on Figure 4.

On opposite on the SEM pictures from CeO;-Lab or SiO» (Fig.3 ¢ and d), large agglomerates are visible and
no isolated particles are present although the difference of charge between particle and substrate is favorable
for a better adhesion of particles. In this case, the observed behaviour is probably due to an initial suspension
composed of many aggregates. Thus, the sonication process described in the previous section is not strong
enough to break the agglomerates consisting of small nanoparticles with sizes smaller than 20 nm as seen in
Figure 3.

The state of agglomeration/aggregation of CeO»-Lab and SiO; as seen in Fig. 3 could originate from initial
state of the colloidal suspension. The difference of behavior observed in Fig.3 between both TiO»
naneparticles and the CeOz-Lab or SiO: particles could be explained by their different physico-chemical
properties. The agglomerates/aggregates are originally present in the powder. That is the reason whys, it is

often difficult to obtain a suspension with isolated particles when a powder is re-suspended in a solvent. In
12



the case of CeO»-Lab and SiO> even after a sonication phase of the suspension, the nanosized constituent

particles the most rigidly bounded are not easily dispersible.

Indeed, for instance, the destabilization of a colloidal suspension can be monitored by measuring the
changes of measured hydrodynamic diameter by DLS over time due to the emergence of agglomeration

process [51] (see section Materials and Methods).

For CeO»-Lab and SiO», the sample preparation protocol has to be adapted taking into account the influence
of the ultrasonic energy by applying ultra-sonication probe with amplitude fixed at 20%, 30% or 40%. The
effectiveness of the applied sonication conditions (energy and cycles) was evaluated by measuring the
evolution of the hydrodynamic diameter after ultra-sonication during 20 or 60 minutes. In principle, the
reduction of the hydrodynamic diameter indicates a decrease of agglomeration state and a better effective
dispersion. The best results have obtained at 1 667 J/mL probe sonication energy (amplitude 40 %) for SiO».
The hydrodynamic diameter is minimal and reaches roughly 200 nm. Moreover, this value remains stable
over the full measuring time. Regarding CeO,-Lab, the amplitude of 40% seems also required and the
minimum mean hydrodynamic diameter (number weighted) has been found to be nearly 50 nm. However,
the reduction of the size is less significant and the measurements exhibit a behavior more fluctuating than in
the case of SiO» particles demonstrating a likely dynamic process of agglomeration/sedimentation linked to
the high density of CeO; particles.

The energy value defined as optimum for each kind of particles is fixed at 1 667 J/mL and sonication cycles
were modified to further break down agglomerates. The Figure 6 presents the effects of direct application of
pulse sonication on agglomeration kinetics of particles (SiO2 and CeO»-Lab) and on decreases of the
agglomerate size.

Decreasing the cycle time (10 s ON and 10 s OFF) promotes clearly the desagglomeration of silica particles
(Fig. 6 a). The effects of the ultra-sonication force with an amplitude fixed at 40% on SiO; agglomerates
generate a better breakage of the linked particles through a combined effect of reduction of cycle time and
increasing of the number of the pulses cycles. In contrast, regarding CeO.-Lab particles, no significant
differences were noticed by changing the couple of pulses (Fig. 6 b).

Duration time of sonication should have an impact on the reduction of particle agglomeration as well [41].
This parameter has been modified in Figure 7 and the combination of time duration and pulses of ultra-
sonication shows a clear trend in the agglomerate breakage, only for SiO; particles.

As a conclusion, faster cycles of pulses (10 s ON and 10 s OFF) coupled with the maximal amplitude (40 %)
and a total measuring time of 20 nm lead to a more stable and homogeneous colloidal suspension without re-

agglomeration process.
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Samples have been prepared following this protocol of re-dispersion. Suspensions of CeO»-Lab (pH = 2)
and SiO; (pH=8) have been sonicated with new parameters for the probe sonicator. A drop of the CeO»-Lab
and Si0O; suspension has been deposited on a silicon substrate with the spin-coater (spreading phase: 60 s at
1 000 rpm, drying phase: 10 s at 8 000 rpm). Regarding CeO»-Lab, note that the deposition has been made
just after the sonication in order to limit agglomeration process between sonication step and deposition (a
zeta potential is not sufficiently high to guarantee the stability of the suspension over time). The silicon
wafer has been functionalized with PLL prior to depositing SiO: particles because it is not possible to make

positive the surface charge of these particles with adjusting high zeta potential from Figure 1.

Then, SEM images were performed to visualize particles morphological features and determine their size
(Figures 8 and 9). Furthermore, SEM images obtained with the initial parameters are reported in Figure 8a)
and 9a) in order to demonstrate the impact of optimized re-dispersion protocol on the agglomerate size. For
these new sonication parameters, SEM images show silica nanoparticles aggregates with an average size
around 150 nm. Compact aggregates are composed of SiO> constituent nanoparticles corresponding to a
Darea-eq. at around 18 nm (see figure 8). These aggregates measured by DLS present a mean hydrodynamic
diameter Dpg¢ equal to 145.6 nm + 10.4nm corresponding to the maximal size reduction of aggregates

observed by SEM. Consequently, the DLS and SEM measurements are consistent.

SEM images of the aggregates of the CeO»-Lab nanoparticles with modified sonication cycles are shown in
Figure 9. The CeO,-Lab formed anisometric aggregates (Fig. 9 a). Here again, the aggregate size evaluated
by SEM seems to be very close to hydrodynamic diameter measurements performed by DLS ranging from
50 to 100 nm.

The various images obtained by SEM are suitable for building histogram of the size distribution of particles
using Platypus software. The histograms of both NP populations are shown in Figure 10. Only constituent
nanoparticle within each aggregate has been counted.

The histogram corresponding to CeO»-Lab (Fig. 10 a) has been fitted with a mixture of Log-Normal
distribution with two peaks. The diameter corresponding to the first peak is Darea-eq. = 9.6 nm and the size
distribution is 0= 0.7 nm and the second peak is D area-eq. = 16.1 nm and the size distribution is 0 = 3.5 nm.
The histogram corresponding to SiO2-Lab (Fig. 10 b) has been fitted with Log-Normal distribution. The

mean diameter is Darea-eq. = 15.6 nm and the size distribution is 0 = 3.7 nm.

Finally to answer to the regulatory classification of nanomaterials, we have developed a methodology to
analyze the size of constituent particles by SEM. The table 1 summarized relevant parameters fixed to
achieve to an optimal sonication to break the agglomerates consisting in small nanoparticles and dispersed

on a substrate for SEM imaging technique.
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Conclusion

This paper proposes an improvement of sample preparation and validation of a protocol for size
measurements of nanoparticles in suspension, powder or extracted from complex media by SEM. We have
examined the feasibility of combining several factors such as pH, zeta potential, temperature, duration and
power of sonication, concentration and spin coater parameters, that can influence electrostatic interactions
and agglomeration of nanoparticles. As expected, the state of agglomeration/aggregation of particles in
colloidal suspension seems depends on their different physico-chemical properties and behavior. The
agglomerates originally present in particles powder form re-suspended in a solvent seems exacerbated when
the initial particles are small.

This paper has shown that ultra-sonication process of colloidal suspension of TiO; nanoparticles
(synthesized or extracted from food products) with a low initial agglomeration state has been improved by
applying a sonication amplitude fixed at 20% with cycles (10s, 30s) corresponding to an ultrasonic
dispersion energy value of 378 J/mL. This optimized process leads to a final dispersion with maximal
isolated particles. For the other agglomerate powders (e.g. silica and cerium dioxide), the optimal dispersion
level is reached when the dispersion energy value is higher (1 667 J/mL) and combined with faster cycles of
pulses (10s, 10s). This optimization of power parameters has been carried out by monitoring by DLS the

reduction of agglomerate sizes.

Sonication step is a crucial point to have a maximal small aggregates and a stable colloidal suspension. Our
results highlight that sonication protocol leads to significant reductions in the agglomerate size. The
agglomeration state and the stability of the colloidal suspension over time can be measured and monitored
by using DLS technique. This makes it possible to adjust the parameters to prepare a suitable colloidal
suspension for a deposition by spin-coater and SEM analysis. The challenge consisting in evaluating the size

measurement of the constituent particles in accordance with the regulation has been carried out successfully.
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Figure 2: SEM images of TiO»-Lab nanoparticles on samples prepared with different
methods. (a) At pH=6) without using the spin coater for the deposition. (b) At pH=6 with
using the spin coater. (c) At pH=2 without using the spin coater. (d) At pH=2 with using the

spin coater.
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Figure 3: (a) SEM image of TiO»-Lab deposited on a silicon substrate at pH=2 with using the
spin coater (refer to Figure 2d) (b) SEM image of TiOz-Food deposited by spin-coating on a
silicon substrate covered with a PLL layer at pH = 7.3, (c) SEM image of CeO;-Lab deposited
by spin-coating on a silicon substrate without a PLL layer at pH=2 and (d) SEM image of

Si02 deposited by spin-coating on silicon wafer with a PLL layer at originate pH.
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Figure 4: (a) Histogram of the size distribution of TiO>-Lab nanoparticles, fitted with a Log-
Normal distribution (mean diameter Dmean-area-eq. = 21.4 nm, median diameter Dmedian-area-eq. =
21.1 nm and standard deviation 0 = 6.4 nm) and (b) Histogram of the size distribution of
Ti02-Food nanoparticles, fitted with a log-normal distribution (mean diameter Dmean-area-eq. =

155.8 nm, median diameter Dmedian-area-eq. = 141.6 nm and size distribution 0 = 62.3 nm).
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Figure 5: Evolution of the mean hydrodynamic diameter as a function of time after 20 minutes

of sonication with cycles of 10 seconds ON with various amplitudes (20%, 30% or 40%) and

various calorimetric energies density (378, 766 and 1667 J/mL) and then 30 seconds OFF, for

(a) SiO> (pH=8) and (b) CeO,-Lab (pH=2)
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Figure 6: Evolution of the mean hydrodynamic diameter as a function of time after 20
minutes of sonication with cycles of 10 seconds ON and 10, 20 or 30 seconds OFF, for (a)

Si02 (pH=8) and (b) CeO»-Lab (pH=2) with amplitude fixed at 40% in both cases
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Figure 7: Evolution time of the hydrodynamic diameter according duration time of sonication,

for (a) S0 (pH=8) and (b) CeO,-Lab (pH=2)



a) Si0, with initial
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b) SiO, with optimal
sonication parameters

100 nm Amplitude 40% with sonication cycles
|—| 10 s ON and 10 s OFF

¢) Focus on Si0, aggregates with d) Example of segmentation of isolated NPs on SiO, aggregates with Platypus Software
optimal sonication parameters

Figure 8: SEM image of SiO> deposited at initial pH on silicon wafer coated with PLL after
20 minutes of sonication (a) at initial sonication parameters (Amplitude, 20% with cycles
(10s, 30s)), (b) with optimized sonication parameters (Amplitude, 40% with cycles (10 s,

10 s)), (c) and (d) focus on SiO; aggregates after optimal sonication
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c) Example of size measurement of
- isolated NPs on CeO, aggregates with
Platypus Software
Figure 9: SEM image of CeO: deposited at pH 2 on silicon wafer after 20 minutes of
sonication (a) (Amplitude, 20% with cycles (10s, 30s)), (b) with modified sonication
parameters (Amplitude, 40% with cycles (10 s, 10 s)), (c) focus on CeO» aggregates after

optimal sonication
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Figure 10: (a) Histogram of the size distribution of CeO»-Lab nanoparticles, fitted with a Mix-
LogNormal distribution (mean diameter D mean-area-eq. = 16.1 nm, median diameter Dmedian-area-
eq. =16.1nm and standard deviation 0 = 6.4 nm) and (b) Histogram of the size distribution of

Si0; nanoparticles distribution (mean diameter D mean-area-eq. = 15.6 nm, median diameter

Dinedian-area-eq. =16.1nm and standard deviation 0 = 3.7 nm)
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Particles Volume time Pulses Densi aggregates pH potential constitutiv
o . ensity parameters .
(mL) (sonication) (J/mL) by DLS (mV) e particles
(nm) using by SEM
NNLS (nm)
method
TiO2-Lab 10, 30 378 190 2 -43.1 Spreading 214
. 300 s 8-9 with phase
TiO2-Food 10, 30 378 136 PLL -41.7 (1000 rpm/min 155.8
with a 300- 9.6 and
CeO2-Lab 10, 10 1667 72 2 -30.2 ST gt 16.1
10 acceleration
GLUE 8 with I()i;lyrilrr:g Ifl(l)ass)e
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