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Abstract

Surface properties of nanomaterials are important characteristics influencing the in vivo fate. Today, the
most common parameter considered while characterizing nanomaterial surfaces evaluates their surface
charge determining an apparent zeta potential. This zeta potential is deduced from measurement of the
electrophoretic mobility of nanomaterials dispersed in agueous media by well established methods that are
described in the standards ISO 13099. Among the different methods, electrophoretic light scattering (ELS) is
used in routine in many laboratories, but no validated protocols were proposed so far. This paper was
aimed to propose a standardization of a protocol for evaluating zeta potential of nanomaterials by ELS and
a methodology to achieve its validation. The robustness, precision and trueness were investigated using
reference materials including positive and negative standards. To assess the robustness, experimental
factors that could influence results from measurements of zeta potential were considered. These included
the batch of measurement cells, the temperature of sample, the type of measurement cells and the analyst
giving reliability of protocol for normal usage. Specifics methods of nested designs were developed to
investigate robustness and precision and interpret the results using analysis of variance ANOVA. The
estimation of the contribution of each factor to the total variance using the estimated mean square values
and the equations for expected mean square was used to interpret the ANOVA table. When this method
could not be used because of the obtaining of a negative value of the variance, the method based on
pooled variances was used to interpret the ANOVA table. The proposed protocol was found robust,
accurate and consistent with standard 1SO. Uncertainty of the protocol were 14 and 12 % for nanomaterials
of negative and positive charges respectively proving reliability of results and approving the validity of the
protocol used.

Key words: Nanomaterials, Electrophoretic light scattering, Standardized protocol, Validation, Analysis
of variance, Nested design.
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1 Introduction

Nanomaterials are applied in many applications. In the field of medicine, they are developed as delivery
systems for drug administration devices for diagnostic to be used in imaging techniques and theranostic
that combines both therapeutics and diagnosis. Surface charge of nanomaterials are determinant for the
stability of dispersions while intentionally or non-intentionally introduced in the body. Surface charge of
nanomaterials were identified as one of the key characteristics influencing the biodistribution hence the
accumulation in define organs within guidances provided by health agencies to evaluate safety of
nanomaterials including nanomedicines [1-3]. Information about surface charge of nanomaterial can be
accessed from the zeta potential. This parameter cannot be determined experimentally but it can be
deduced from the electrophoretic mobility of the nanomaterial thanks to the use of models to make the
calculation which ranges of validity are described in the standards ISO [4-6]. It is noteworthy that a zeta
potential value deduced from measurements of the electrophoretic mobility of the nanomaterial
corresponds to an apparent zeta potential because it is extremely difficult to evaluate the contribution of

the surface conductivity and to take it into account in calculations.

Measurements of the electrophoretic mobility of a nanomaterial are performed while an electric field is
applied on a dispersion of the nanomaterial in an appropriate dispersion medium. Several methods of
measurements are described in the standards ISO. They are classified as methods based on acoustic
electrophoresis [5] or on optical electrophoresis [6]. The Electroacoustic Spectroscopy (EAS) being an
acoustic electrophoresis method and the Electrophoretic light scattering (ELS) using Phase Analysis Light
Scattering (PALS) being optical electrophoretic methods are cited as suitable methods to evaluate zeta
potential in a Manual of Policies and Procedures of the Center for Drug Evaluation and Research [3].
Although these techniques are used at various extends in both research and industrial laboratories and zeta
potential is considered as one of the key parameters to evaluate when characterizing nanomaterials [1],
there is a lack of standardized and validated protocols [7]. The only standardized protocol was proposed by
the Nanotechnology Characterization Laboratory (NCL), Frederick, MD, USA [8] based on measurements
performed by ELS using PALS. While standardization is intended to propose a protocol that would be
suitable to achieve measurements on a wide range of materials within the domain of applications of both
the method and the protocol for which it was validated. Validation is needed to establish the performance
of the protocol proving that it is sufficiently acceptable, reliable and adequate for intended use using
reference material [9,10]. Validation enables to estimate expanded uncertainty defined as quantitative
expression of the reliability of results and to prove the absence of bias. In general, different parameters are

used to investigate the performance of a protocol. The robustness measures the ability of a protocol to
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provide unaffected results by small and deliberate variations in measurement conditions giving its reliability
for normal usage [10]. The precision evaluates the closeness of agreement between a series of independent
results obtained from measurements performed on the same homogeneous sample using the same
protocol depending only on the distribution of random errors and not related to the true value or the
specified value i.e. same protocol on identical test items, same laboratory, same analyst, same equipment
over short periods for repeatability (intra-day) and longer period for intermediate precision (inter-day) [9-
11]. The trueness involving systematic errors usually expressed in terms of bias evaluates the closeness of
agreement between the average value obtained from a large series of results and the value which is
accepted either as a conventional true value or an accepted reference value [9,10]. Finally, the working
range gives the range of measured values for which the reliability of protocol have been proved [10]. Limit
of detection, limit of quantification and linearity are also describes in the guidelines Q2(R1) from
International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals
for Human Use (ICH guidelines Q2(R1)) [10]. These parameters are rather suitable to evaluate performance
of quantitative procedures and did not apply in the present case because the application of ELS using PALS
to the measurement of electrophoretic mobility is based on first principle and did not required a
calibration. The standard ISO [5] recommends to achieve precision i.e. repeatability and intermediate
precision and trueness studies using either reference material (RM, material which is sufficiently
homogeneous and stable over time and temperature with respect to one or more specified properties and
the accepted value has been rigorously proven and determined by several analysts [5,12]) or certified
reference material (CRM, material provided with certificate giving certified value of one or more specified
properties and its uncertainty at a defined level of confidence determined by a metrological valid
procedure [5,12]). It is noteworthy that number of samples required to perform each investigation is not

specified in the standard ISO [5].

To our knowledge, no validation of an operating protocol for zeta potential measurement by ELS using PALS
and being suitable for many types of nanomaterials using appropriate reference materials with assigned Sl

traceable values was published so far.

The aim of the present work was to propose a standardized protocol to evaluate zeta potential of non-
conducting nanomaterials dispersed in aqueous media of low conductivity from electrophoretic mobility
measured by ELS using PALS. Two standards with positive and negative charges were used to carry out the
validation and to evaluate the reliability of the standardized protocol proposed in this work. To this aim, an
original methodology was developed for validating the protocol by combining recommendations of the
standard 1SO [5], the ICH guidelines Q2(R1) [10] and the Guide to the expression of uncertainty in
measurement (GUM) [11]. This methodology aimed to provide with precision and trueness as

recommended in the standard ISO [5] and robustness that was out of the scoop of the standard ISO but
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that is required for analytical method according to the ICH guidelines Q2(R1) [10]. Factors explored to
achieve the robustness of the protocol were the batch of measurement cells, the temperature of sample,
the type of measurement cells and the analyst. The precision and the trueness of the protocol were also
investigated. Data were interpreted using appropriate analysis of variance ANOVA that were developed in
this work. Finally, the protocol was applied to a series of polymer nanoparticles of various compositions

and having negative, almost neutral or positive zeta potential.

2 Materials and methods

2.1 Materials
Millipore water systems were used to obtain either deionized or ultrapure water (MilliQ").

For zeta potential measurements, disposable cells (DTS 1070 or DTS 1060 from Malvern) were checked for
cleanness and absence of scratches. The cells were washed with filtered ultrapure water through a 0.22 um
filter (Roth), followed by filtered ethanol (VWR) through a 0.2 um filter (Millipore) and finally filtered

ultrapure water again and stored in a dust-free environment until use.
The cells were used only once per sample as recommended by the supplier and the NCL [8].

The standard ISO [5] recommends to use suitable CRM or RM for electrophoretic mobility to perform
validation. RM should be sufficiently homogeneous and stable and the accepted electrophoretic mobility
value should be rigorously proven. Positive Electrophoretic Mobility Standard named positive standard was
purchased from the National Institute of Standards and Technology (NIST). It is noteworthy that it is the
only marketed available CRM certified according to electrophoretic mobility. This CRM is a goethite (a-
FeOOH) dispersion (500 mg.L?) satured with 100 pmol.g phosphate dispersed in a sodium perchlorate
solution 5.102 mol.L%, pH 2.5. The goethite powder consists of acicular particles with an average dimension
of 60 nm x 20 nm. Negative Zeta Potential Transfer Standard named negative standard was supplied by
Malvern. This material is controlled against the only available CRM with a certified positive electrophoretic
mobility by the supplier (i.e. the CRM also used in the present work). It is classified as a transfer standard
and has been referenced to an accepted standard. This standard has a negative zeta potential value. This
reference material contains polystyrene latex in aqueous buffer at pH 9. Further characteristics of these
standards provided by the corresponding suppliers are given in Table 1 (see Appendix A for the reference of
each standard). To investigate nanomaterials bearing positive charges and nanomaterials bearing negative
charges, we chose to work with the only available CRM and the transfer standard even though the

accepted value of the latter is given according to zeta potential.
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Table 1. Characteristics of the standard used as provided by suppliers.

Property Negative standard* Positive standard**
Electrophoretic mobility (um.cm.V1s?) - 2.53+0.12

Zeta potential (mV) -42+4.2 -

Size (nm) NS 60 x 20

Operating temperature (°C) 25 20-25

*The accepted value of negative standard is given according to zeta potential and not to electrophoretic
mobility. **Positive standard is certified according to electrophoretic mobility and not to zeta potential. NS:
Not specified (no size is given).

For the preparation of polymer nanoparticles decorated with polysaccharides, isobutylcyanoacrylate (IBCA)
used as monomer was purchased from Orapi. Dextran (66.7 kDa), dextran sulfate (36 - 50 kDa) and chitosan
(Water soluble, 20 kDa) were purchased from Sigma-Aldrich, ICN Biomediaclas and Amicogen respectively.
Cerium (IV) ammonium nitrate was purchased from Fluka. Nitric acid (purity between 61.5 and 65.5 %) was
provided by Prolabo. Sodium hydroxyde (purity = 98 %) and sodium chloride (purity > 99.5 %) were

purchased from Sigma.

2.2 Methods

2.2.1 Preparation of standards for measurements

Negative standard. Negative standard was provided in prefilled syringes and was used as supplied. The
standard was stored at 4°C. Syringes were equilibrated at ambient temperature (AT) between 20.0 and

22.5°C before use.

Positive standard. Positive standard was provided in bottles and required dilution before measurements.
The dilution was performed according to instructions provided by the supplier. The sealed bottle of
standard was stored at ambient temperature. All glassware and plasticware used for dilution were
meticulously cleaned with filtered ultrapure water with 0.22 um membrane filters (Roth), dried and stored
in dust-free environment. Resistance of ultrapure water used for dilutions was checked to be equal to 18
MQ before filtering with 0.22 pum membrane filters. Prior to the opening, the bottle of standard was shaked
vigorously for 1 min using wrist action to rehomogeneize the dispersion. An aliquot of 10 mL was
transferred into volumetric flask of 100 mL. Volume was adjusted to the mark with filtered ultrapure water.
The dilute dispersion was homogeneized by gently and thoroughly inverting the volumetric flask thirteen
times without shaking and transferred to a polypropylene flask rinsed beforehand 5 times with 100 ml of
deionised water and then 3 times with 20 mL of filtered ultrapure water. The dilute dispersion was
ultrasonicated (Branson) for 1 min at 42 W. After cooling to AT between 20 and 25°C, the pH was measured
(Hanna Instruments). If necessary, it was adjusted to 3.5 + 0.1 as recommended by the supplier using

filtered nitric acid 0.1 mol.L’? or hydroxyde sodium 0.1 mol.L? using 0.22 um filter (Millipore). No filtration
6
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of the obtained dilute standard was required. Final dispersion was translucent bright yellow and no
sedimentation was observed. Dilute samples were prepared before use and kept at AT between 20.0 and
22.5°C closed to the temperature measurement. After opening, the standard was used over 7 days as

recommended by the supplier. The bottle was resealed between sampling and stored at AT.

2.2.2 Preparation of poly(isobutylcyanoacrylate) nanoparticles decorated with

polysaccharide

Poly(isobutylcyanoacrylate) nanoparticles (PIBCA nanoparticles) decorated with polysaccharide were
prepared by redox radical emulsion polymerisation as previously described by Bertholon et al. [13],

Chauvierre et al. [14] and Zandanel et al. [15].

Briefly, a polysaccharide (dextran, dextran sulfate or purified chitosan; 0.1356 g) was dissolved in 8 mL of
aqueous nitric acid 0.2 N in a glass tube at 40°C. Argon bubbling was applied for 10 min and 2 mL of a
solution of cerium (IV) ammonium nitrate 8.10% M in aqueous nitric acid 0.2 N was added followed
immediately by 0.5 mL of IBCA. The polymerization continued for one hour. Milky dispersions of polymer
particles were obtained. After cooling down in ice bath, the dispersions were purified by dialysis
(Spectra/Por’ membrane Biotech, molecular weight cutoff of 100000 Da, Spectrum Laboratories) twice
against 1 L of deionized water for 30 min, once for 6 hours and the last overnight. The purified dispersions
were stored at 4°C until use. Nanoparticle size were 241 + 10, 253 + 10 and 394 + 16 nm with PDI of 0.080 +
0.008, 0.092 + 0.019 and 0.144 + 0.052 for PIBCA nanoparticles decorated with dextran, dextran sulfate and

chitosan respectively as determined by dynamic light scattering (DLS).

Three aliquots of 250 pL for each dispersion were frozen at - 20°C and freeze dried during 24 hours (Alpha

1-2 LD Plus, Bioblock Scientific) for determining the concentration in nanoparticles of the dispersions.

To evaluate zeta potential on unknown samples, sample preparation was based on equilibrium dilution
procedure described in the standard ISO [4] for which liquids remain identical between diluted samples i.e.
the liquid used in the original dispersion was employed for preparing diluted samples. Only concentration
in nanoparticles changed between diluted samples. It is noteworthy that medium of dispersions of tested
nanomaterials was water as all dispersions were purified by dialysis against a large volume of ultrapure
water. As ultrapure water is not conductive, it was chosen to dilute samples at a final concentration of NaCl
of 1 mM. Sodium chloride solutions used to achieve the dilutions were pre-filtered with 0.22 um filter

(Roth).
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2.2.3 Principle of ELS

Estimation of surface charge and determination of zeta potential of nanomaterials can be performed from
electrophoretic mobility measurement. In practice, dispersions of nanomaterials are placed into a
measurement cell equipped with a pair of plated-gold electrodes placed at known distance from each

other.

Charged particles dispersed in electrolyte solutions are subjected to electrophoresis phenomenon when an
electrical field is then applied. They are submitted to two opposing forces, an electrostatic force attracting
them towards the electrode of opposite charge and a frictional force due to the viscosity of medium that
tends to oppose their migration towards the electrode of opposite charge. When these opposing forces are
balanced and equilibrium is reached, charged particles move uniformly at a constant velocity that

corresponded to their electrophoretic mobility (pep).

Zeta potential, {, of dispersed nanoparticles is related to the electrophoretic mobility of the nanomaterials

by an extension of the Henry Equation (Eq. (1)).

_2¢&.0. f(xa)

37 (1)

Hep

where ¢ is the dielectric constant, f(kx a) is the Henry’s function and 1 is the viscosity of the dispersing
medium. Assumptions associated with this equation are described in the standard ISO [5]. It is noteworthy
that the zeta potential deduced from this equation is not corrected from the surface conductivity hence it
corresponds to an apparent zeta potential [16-18]. The standardized protocol developed in this work was
designed to be applied to the evaluation of the zeta potential of non-conducting nanomaterials dispersed in
aqueous media with a low concentration of electrolytes (103 M). These systems allowed to apply the

approximation of Smoluchowski in which the Henry’s function takes the value of 1.5 [5].

The validation was performed within the range of application of the model of Smoluchowski where the

function f(xa) = 1.5.

As stated by the extension of the Henry Equation, other factors may influence electrophoretic mobility. The
viscosity of the dispersing medium is required hence the temperature needs to be accurately controlled
during the measurement. Variations of temperature during measurements may induce convection

movements which can lead to bias in the determination of electrophoretic mobility.

It is noteworthy that capillary walls of the measurement cells may be charged. For instance, single use

measurement cells made of polycarbonate have negative charges on the cell wall surface. So nanoparticles
8
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are subjected to electroosmosis phenomenon leading to electroosmotic mobility. This phenomenon
corresponds to the movement of the liquid adjacent to the inner walls of the cells caused by the application
of the electrical field. The direction and the velocity of electroosmosis flow depend on the sign and charge
magnitude of wall. If there are no other phenomena, the apparent mobility of charged nanomaterials
placed in the applied electrical field corresponds to the superimposition of the electrophoretic mobility of
the materials and the electroosmotic mobility. In general, the time needed by nanomaterials to reach their
terminal electrophoretic mobility is much shorter than that taken to completely established the
electroosmotic flow. This was exploited in some measurement instruments to avoid the incidence of the
electroosmotic flow. It is noteworthy that nanomaterial may adsorb on the cell wall surface disturbing the
establishment of the formation of the electroosmotic flow until the adsorption phenomena has reached its

own equilibrium.

Once measurements of the electrophoretic mobility of dispersed nanomaterials can be performed by
electrophoretic light scattering with Doppler shifts in scattered light, their zeta potential can be calculated
using the extension of the Henry Equation and it also allows the determination of the distribution of
electrophoretic mobility hence the distribution of zeta potential of the population of nanomaterials
contained in the dispersion. The dispersion of nanomaterials placed in an electric field are illuminated with
a coherent light using a Laser source. The frequency of scattered light by the moving of nanomaterials is
shifted due to the Doppler effect. Particle electrophoretic mobility distribution can then be determined
from the frequency shift distribution. Several marketed measurement instruments use this principle to
access measurement of electrophoretic mobility. For instance, the Zetasizer Nano range from Malvern
Instruments uses electrophoresis laser scattering with Doppler shifts in combination with M3-PALS [19].
The M3 technology consists in achieving two mobility measurements based on Slow Field Reversal (SFR)
and Fast Field Reversal (FFR) measurements. In the case of FFR, the electric field is reversed quickly. The
materials reach terminal mobility as the electroosmotic flow is not significant. Thus, the apparent mobility
of charged nanoparticles is not affected by the electroosmosis phenomenon and only depends to
electrophoresis. The FFR measurement is performed at the centre of measurement cells providing mean
zeta potential. In the case of SFR, the electrical field is reversed slowly to avoid polarization of the
electrodes. The SFR measurement is carried out to improve resolution of distribution. The PALS technique
improves accuracy and sensitivity of electrophoretic mobility measurement i.e. low electrophoretic
mobility material measurements and electrophoretic mobility measurements of high conductivity samples
can be achieved. PALS uses the same optical setup as ELS with Doppler shifts in scattered light. But, the
processing method is different and consists in the analysis of difference phase between a reference laser
beam and a laser beam scattered by the nanomaterials measured at the scattered angle of 13° instead of
the frequency shift. The measured difference phase is proportional to the nanomaterial electrophoretic

mobility.
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2.2.4 Measurements of the electrophoretic mobility and zeta potential of standards

The dispersion should not show a specific absorption at the wavelength of the laser source that is mounted
in the measurement instrument. Absorption spectra of each standard was monitored within the
wavelength range of 190 - 1100 nm at 25 + 0.1°C (Perkin Elmer, Lambda 35 UV-Vis Spectrometer, no

smooth).

The zeta potential or the electrophoretic mobility of the nanoparticles was measured at the temperature of
measurement, Tn, of 25°C by ELS using a Zetasizer Nano ZS (Malvern) equipped with a laser source
(wavelength 633 nm) at a scattered angle of 13°. The temperature of measurement, T., was differentiated
from the temperature of the sample, T, introduced into the measurement cell. After visual inspection to
select only measurement cells with no default (cleaned and well sealed electrodes, absence of scratches on
the optical windows of the measurement cell). Measurement cells were filled out with samples according
to the procedure given by the supplier. It was checked carefully that no air bubbles were trapped in the
measurement cell that could disturb the quality of the electrical field. Measurement cells were used only
once as recommended by the supplier. The measurement cell was then placed in the apparatus in the right
direction to run measurements. An equilibration time of 300 seconds was chosen in the protocol to let the
sample to equilibrate at T,. Measurements conditions of the protocol are given in Table 2. Quality criteria
defined for zeta potential measurements are presented in Appendix B. The measurand was the zeta

potential or the electrophoretic mobility for the negative and positive standards respectively.

2.2.5 Investigation of the adsorption of sample on walls of measurement cells

2.2.5.1 Preparation of measurement cells for surface analysis of the inner part

Measurement cells that were in contact with samples for which an adsorption on the cell surface was
suspected were cut to recover the inner parts to perform surface analysis. The cutting method is illustrated
in Appendix C. The band-saw that was retained for further analysis was rinsed with a large amount of
ultrapure water followed by ethanol and finally water again. All washing solutions were filtered over a
filtered membrane (porosity 0.22 um). All precautions were taken to avoid contamination of the area of
interest prior to perform analysis by atomic force microscopy (AFM) or X-ray photoelectron spectroscopy

(XPS).

10
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Table 2. Summary of measurements conditions.

Values
Parameters Negative Positive
standard* standard*
Aqueous
Composition*** -
buffer**
Temperature (°C) 25 25
Characteristics of
Viscosity (mPa.s)*** 0.8872 -
dispersant
Refractive index*** 1.330 -
Dielectric constant*** 78.5 -
pH 9.2 3.5
Characteristics of Refractive index*** 1.59 -
material sample Absorption*** 0.01 -

Ts (°C)

Batch of cells

17.5,20.0 or 22.5
AorB

Variable factors Type of cells DTS 1070 or DTS 1060
Day A minimum of 3 days
Analyst lor2
Set 25
Tm (°C)

Settings of the

apparatus

Laser wavelength (nm)

Number of samples

Number of measurements
Number of runs

Delay between measurements (s)
Equilibration time (s)

Model for f(k a) selection***
Automatic voltage selection
Automatic attenuation selection

Analysis mode

Actual 25.0£ 0.1
633

3

3

Automatic

0

300

Smoluchowski -
Automatic
Automatic

Automode

*Negative standard: the measurand was the zeta potential. Positive standard: the measurand was the

electrophoretic mobility.
**Unspecified composition.

***Not required for electrophoretic mobility measurement.

11
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2.2.5.2  Surface analysis of the inner part of measurement cells in contact with samples

Atomic force microscopy. AFM images were collected in air at AT (22°C) using a commercial Multimode 8
equipped with a NanoScope V controller. The topographical imaging was carried out in Peak Force Tapping
mode with n-doped silicon cantilevers (Bruker RTESPA, MPP-12-100). The scan rate was adjusted in the
range of 1Hz over a selected area in dimension of 1.0 um x 1.0 um and 5.0 um x 5.0 um. The samples (7 mm

x 2 mm) were glued on a magnetic disk directly mounted on the top of the AFM scanner and imaged.

X-ray photoelectron spectroscopy. Spectra were recorded using a Thermo Scientific K-Alpha XPS instrument
fitted with a monochromatized Al X-ray source (1486.6 eV, 400 um spot size). Samples of the measurement
cell wall were pressed against a double-sided adhesive tape. Analyses of the surface composition were
performed on the face that correspond to the inner walls of the cell. Spectra were recorded using a pass
energy set at 50 and 200 eV for the narrow and survey regions, respectively. An electron flood gun was
used to compensate for the static charge built up on the insulating surface. The surface composition (in

atomic percent) was determined by considering the peak area and the manufacturer’s sensitivity factors.
2.2.6 Validation of the measurement protocol: statistical analysis

Nested designs and corresponding analysis of variance ANOVA can be used to investigate robustness [20,
21] and intermediate precision [22-31] as described in the standard ISO [32]. The theory is detailed in a
previous work in which we suggested a validation of a protocol dedicated to size measurement by DLS [33].
Briefly, ANOVA is used in general to test if one or more factors have an influence on a response variable
under the assumption that the variances are homogeneous (e.g., using the Levene's Test) and residuals are
independently and normally distributed (e.g. using the Ryan-Joiner's Test). The factors are arranged such as
each level of one factor is associated at one level of another factor to generate nested designs [34,35].
From ANOVA table established to interpret nested designs, the influence of studied factors could be
investigated by decomposing sources of variability according to two ways. The first approach consists in
estimating the variance of each factor from their estimated mean square values according to the usual
method described in the literature [33] or the pooled variances method [20]. In a second approach, the p-
value that represents the probability to find the observed, or more extreme, results when the null
hypothesis is true is used to test if the response variable varies according to this factor. In this work, nested
designs were performed to assess robustness and precision of the proposed protocol. The statistical
software package Minitab 16 was used to interpret all designs and evaluate of the effects of the studied
factors on the zeta potential and electrophoretic mobility obtained from the application of the protocol

[36].
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2.2.6.1 Robustness

Different measurements of zeta potential and electrophoretic mobility were performed on the negative
and positive standards by varying experimental factors that may affect the performance of the method.
Critical factors were identified as being able to introduce a bias in the measurement and that were
considered as essential to introduce in the validation of a measurement protocol. They included factors
related to measurement cells (type and hence the volume of sample introduced in cell, batch of
fabrication), T; and the analyst. Regarding T, selected temperatures included the AT. The different

conditions used to investigate the robustness of the protocol are summarized in Table 3.

Table 3. Factor levels considering for the robustness study of the protocol for measurements performed.

Day Analyst Type of cells* Batch of cells T (°C)
1 1 DTS 1070 A AT
2 1 DTS 1070 B AT
3 1 DTS 1070 C 17.5%*
4 1 DTS 1070 C 20.0**
5 1 DTS 1070 C 22.5%*
6 1 DTS 1060 D AT
7 2 DTS 1070 E AT

*Volume for DTS 1070 = 800 pL. Volume for DTS 1060 = 950 L.
**Samples were incubated before analysis at Ts for 10 minutes.
AT: Ambient temperature

The robustness study was studied step by step in the following order: batch of cells (for range of
temperature chosen at the previous step), Ts, type of cells and analyst. Zeta potential and electrophoretic
mobility measurements were performed on the negative standard and on the positive standard
respectively (characteristics were given in Table 1). All measurements were performed in triplicates as
indicated in measurement conditions given in Table 2 and included in the protocol. They corresponded to

Rep. 1, Rep. 2 and Rep. 3 in the Fig. 1.

The general nested design for the study of each factor is given in Fig. 1. Three measurement cells were used
per level of factor and each sample filled in a measurement cell was analyzed three times successively once
placed in the measurement instrument. The total variability of the results of this design can be attributed

to the following levels of variability:

- between levels of factor variability,
- between cells (or samples) variability analyzed within the same level of factor [within levels of factor],
- between replicates variability [within cells].
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The corresponding ANOVA table is given in Appendix D. The values of a, b and n are given in Table 4.
Considerations of the factor as random or fixed are also indicated in Table 4. The same design was used for
the study of T (three samples per temperature, fixed factor), the batch of measurement cells (three
samples per batch, random factor), the type of measurement cells (three samples per type, fixed factor)
and the analyst (three samples per analyst, random factor). The corresponding ANOVA tables were similar

(except the degree of freedom number for the upper-level factor).

a
b

n Rep. | Rep. 2 Rep. 3 Rep. 1 Rep. 2 Rep. 3

Fig. 1. General design for nested ANOVA in which the factors batch of cells, cells and replicates were
studied. Symbols a, b and n represented the number of levels of a nested factor within the factor above
ranked. (Rep.: Replicate).

Table 4. Classification of factors and number of levels of each factor.

Batch of Type of
Level Ts Analyst
measurement cells measurement cells
a 3 (fixed) 2 (random) 2 (fixed) 2 (random)
b 3 (random) 3 (random) 3 (random) 3 (random)
n 3 (random) 3 (random) 3 (random) 3 (random)

2.2.6.2 Precision

The evaluation of the precision of a given protocol required investigations about the repeatability of
measurements performed with the same method on identical measurement items in the same laboratory
by the same analyst, using the same equipment and over a short time interval and following the same
protocol. Considering a single instrument, analyst and laboratory allowed to evaluate the intermediate
precision. The repeatability and the intermediate precision were respectively evaluated from

measurements on the negative and positive standards performed within day and over several days.

The general nested design given in Fig. 1 was applied to analyze the data considering as factor the moment

that the measurements were performed. For the analysis of the repeatability, it was considered over the
14
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same day and for the intermediate precision measurements were taken over 3 different days. Three
samples using zeta measurement cells were used per day. Each sample filled in a measurement cell was
analyzed three times successively. Numbers represented the levels of the nested factors were 3, 3 and 3 for
a, b and n respectively. All factors were considered as random. The total variability of the results of this

nested design can be attributed to the following levels of variability:

- between days variability,
- between cells (or samples) variability analyzed on the same day [within days],

- between replicates variability [within cells].

The relative standard uncertainty of repeatability, u,, was estimated using Eq. (2) and the one of
intermediate precision, u;,, according to Eq. (3) from the dataset. Variances were calculated using nested

ANOVA.

Sreplicates

= “

where Speplicates Was the standard deviation of replicates within samples and Cy,, was the overall average

value.

Samong days

Uy = —monEdars 3)

where Samong days Was the standard deviation among days.
2.2.6.3 Trueness

The approach described in the European Reference Materials (ERM) Application Note 1 was used to
evaluate the trueness of the protocol that allowed to evaluate if there was significant difference between
results provided from the measurements and the certified value of a certified standard [37]. Briefly, the
absolute bias, Ap,, corresponding to the difference between the mean measured value, C,,, and the
certified value, CcrpM, as it expanded uncertainty, U,, were calculated. Then, A, was compared to U,. If
A, < U,, it meant that there was no significant difference between the measurement value and the
certified value. In this case, the relative standard uncertainty of trueness, u;, was estimated from the

dataset according to Eq. (4).

15



Author Manuscript from: Colloids Surf A Physicochem Eng Asp. 2015; 486:218-231.

U = =— 4

where u, is the uncertainty of the bias.
The detailed calculations are given in Appendix E.
2.2.6.4 Measurement uncertainty

The uncertainty caused by variations of Ty, hence of the viscosity of the dispersing medium were assumed

to be included in the standard uncertainties of intermediate precision and trueness.

The combined uncertainty, u. (Zeta or uep), on measurements of zeta potential was estimated by

combining the standard uncertainties of type A from repeatability, u;, intermediate precision, u;,, and
trueness, uy, according to Eq. (5). As the method of measurement does not require calibration, any type B

uncertainty from its contributions was added.

U, (zeta or uep) = \/u% + uf, + uf ()

Then, the expanded uncertainty, U (Zeta or uep), was determined using Eq. (6) for a confidence level of 95

%.

U (zeta or uep) = t;_o(v) . u. (Zeta or uep) (6)

where t;_q(v) was the t-value for Student's t-distribution of the measured values for a given number of

freedom degree v and a confidence level a of 95 %.
2.3 Application: Characterization of polymer nanoparticles

Dispersion of nanoparticles were diluted in filtered aqueous solution of sodium chloride 1 mM. Then, the
measurements were performed using disposable cells DTS 1070 after 300 seconds of equilibration with the
experimental protocol of measurements described in Table 2. The application of the method implies
several requirements on the general characteristics of the samples. Visible spectra of dispersions were
acquired at 25°C with a spectrophotometer as described in § 2.2.4. An optimal concentration of the

dispersion should be found to achieve measurements. The balance at the optimal concentration is a
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compromise between low levels of scattering light (minimum count rate of scattered light being equal to 20
kcps to perform zeta potential measurements) and multiple scattering. The minimum concentration
required will depend on difference in refractive index properties of particles and the medium and size
particles. In the case of large particles, it generates more scattered light. Lower concentrations may be
used. The laser beam needs to penetrate across the sample. The laser beam will be attenuated by particles
and the detected scattered light will be reduced if sample concentration is too high. For the compensation
of this phenomena, attenuation will be adjusted for the detector to receive more scattered light [38].
Dilutions of purified suspension were prepared in filtered aqueous solution of sodium chloride 1 mM in the
range 0.0001 to 15 mg.mL? for PIBCA nanoparticles decorated with dextran and those decorated with
dextran sulfate and in the range 0.0001 to 25 mg.mL? for PIBCA nanoparticles decorated with chitosan.
These dispersions were measured with all parameters set in the validated protocol. Position of attenuator

and zeta potential were plotted against the concentration of the dilution used.

After identification of the optimal concentration, qualified measures were performed using the following
sequence of measurements: 1 sample of standard, samples of nanoparticles at optimal concentration and 1
sample of standard again. Provided that results obtained for the standard agreed with specification given
on the certificate, results for the sample were expressed as the mean value + the expanded uncertainty of

the negative and positive standards for nanoparticles bearing negative and positive charges respectively.

3 Results and discussion

3.1 Preliminary control to validation

3.1.1 Spectral characteristics of the standards

Visible absorption spectrum of each standard was monitored. Both standards showed typical turbidity
curves with no absorbance band at the wavelength of the laser source mounted in the zeta potential

measurement instrument (Appendix F).
3.1.2 Conditions for the preparation of the cells with the positive standard

The provider of the positive standard, the NIST, raises attention to users that it has tendency to adhere on
surfaces including those of measurement cells. It suggested that measurement cells should be
preconditioned with standard for 1 min before introducing fresh standard to perform the analysis. As
preliminary assays, it was checked that this preconditioning time of 1 min was suitable with the
measurement cells used in this study for electrophoretic mobility measurements. Times used to

preconditioned the cells were 1, 5, 10 and 20 min. Results are shown in Table 5.
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Table 5. Average electrophoretic mobility obtained for different preconditioning time of measurement cell

with the positive standard.

Average electrophoretic

Conditioning time (min) mobility (m.cm Vs 7)* Decision
1 2.02%* Rejected value
5 2.36%* Rejected value
10 2.48 Accepted value
20 2.60 Accepted value

*Reference value: 2.53 £ 0.12 um.cm.V1.st,
**Qut of the specification.
Bold: Within the specification.

The electrophoretic mobility average values obtained with cells that were preconditioned times for 1 and 5
min were out of the specifications while using a longer time, the measured values could be accepted. It
seemed that the shortest times were not sufficient to reach a saturation of the measurement cells by
adsorption of the goethite particles on the measurement cell walls. The equilibrium of adsorption required
10 min providing with values of the measured electrophoretic mobility agreeing with that of the
specification given for standard. All measurements were then done after 10 min of preconditioning of the

measurement cell.

It is noteworthy that a depot of a yellow film remained on the measurement cell wall after emptying and

extensive washing of the cells with water.

AFM analysis was performed on pristine and positive standard contaminated cell surfaces. Clusters of
particles appeared on walls of cells having been in contact with the positive standard (Fig. 2 (b) and (d))
while no images of such material could be detected at the same scale of observation on the pristine cell
(Fig. 2 (f)). The positive standard contaminated cell surface present particle clusters which size were
estimated around 50 - 70 nm. This size range was consistent with that of the particles contained in the

positive standard as indicated on the certificate of analysis (60 nm x 20 nm).

XPS analysis of the pristine and positive standard contaminated cell surfaces showed spectra given in Fig. 3.
Full spectra were shown in Fig. 3 (a) and (b) and the narrow O1s regions were displayed in Fig. 3 (c) and (d)
for the pristine and the sample contaminated cell surfaces respectively. The Cls and O1s were centred at
285 and 533 eV, respectively. Cls narrow region was inserted in Fig. 3 (a) and exhibited three main
components: C/C-H, C-O and 0-C(0)-O that can be accounted for the polycarbonate nature of the cell
material. On the positive standard contaminated cell surface, a doublet appeared at 710 - 730 eV (Fig. 3
(b)). This was attributed to Fe2p clearly indicating that the cell surface in contact with the positive standard

was contaminated with iron oxide.
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Fig. 2. AFM images. Positive standard contaminated cell surface at 5.0 um x 5.0 um: (a) Topography and (b)
Derivate. Positive standard contaminated cell surface at 1.0 um x 1.0 um: (c) Topography and (d) Derivate.
Pristine cell surface at 5.0 um x 5.0 um: (e) Topography and (f) Derivate. Cell surface after contact with
PIBCA nanoparticles decorated with chitosan at 5.0 um x 5.0 um: (g) Topography. Derivative of each
topography image is given to exacerbate reliefs except for PIBCA nanoparticles decorated with chitosan for
which the outlines of topography image was straight.
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Fig. 3. XPS spectra obtained from the analysis of pristine and positive standard contaminated cell surfaces:
Survey (a, b) and O1s (c, d) regions from pristine (a, c¢) and positive standard contaminated (b, d) cell
surfaces. The narrow Cls region was shown in insert for pristine while same shape was observed for both

samples.

The O1s regions (Fig. 3 (c) and (d)) have 2 and 4 components for the pristine and the positive standard
contaminated cell surfaces, respectively. The components centered at 532.6 and 534.6 eV were assigned to
C=0 and C-O, respectively. The additional components displayed in Fig. 3 (d) were assigned to Fe-O (530.4
eV) and OH (531.6 eV) from FeOOH contaminating the cell wall surface. The O1s binding energy value for
the OH component from FeOOH was in line with that previously reported by the group of Sherwood et al.
at 531.7 eV [39]. The actual binding energy for Ols from Fe-O in FeOOH was 530.4 eV, higher from that
reported previously. The Fe2p3/2 peak was found to be centred at ~711.7 eV matching the value reported
elsewhere (711.5 eV) [39]. The surface compositions were given for both type of samples in Table 6. The
0O/C ratio increased from 0.16 to 0.32 from the pristine to the positive standard contaminated cell surfaces.
The increase of the O/C ratio found for the measurement cell surface contaminated with the positive
standard was consistent with a contamination by iron oxide that brought additional atoms of oxygen and

no additional carbon atoms.
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Table 6. Composition of the surface of measurement cells as determined by XPS.

Type of cell Name Atomic percentage (%) O/C ratio
Cls C86.1
Pristine 0.16
O1ls 014.0
Cls C74.6
Positive standard contaminated  O1s 023.7 0.32
Fe2p3 Fe 1.72

As confirmed from AFM and XPS, the positive standard strongly absorbs on measurement cells consistently
with awareness raised by the supplier. According to these preliminary experiments, the time required to

condition the cells for accurate measurements of the positive standard was a minimum of 10 min.
3.1.3 Selection of the operation mode for zeta potential measurement

The protocol of measurement of zeta potential suggested for validation was expected to be applicable on a
wide range of nanomaterials. To this aim, the Automode analysis model was selected from the
recommendation of the provider of the measurement instrument [40]. Using this setting, the apparatus
choose the analysis model depending on the conductivity of the medium in which materials are dispersed
and that is measured by the instrument. Below a conductivity of 5 mS.cm™, measurements are performed
with the General Purpose analysis model where as above 5 mS.cm™, the instrument performed the analysis
using a Monomodal analysis model. The conductivity measured for the negative and positive standards
were equal to 0.307 + 0.034 and 0.793 + 0.028 mS.cm™ respectively taking all values of measurement
performed for the evaluation of robustness except the series for the investigation of T; 17.5°C and the
evaluation of precision. It is noteworthy that for all these measurements, the instruments selected the
General Purpose analysis model to perform analysis. Hence the validation of the protocol was achieved on

this model.
3.1.4 Choice of the standards

According to the standard ISO [5], reference material or certified reference material could be used to
perform the validation of a protocol of zeta potential measurement provided that the absolute value of
measured electrophoretic mobility of the standard is higher than 2 pm.cm.V1.sX. Even though specification
of negative standard was given as zeta potential value, it was verified that this condition was achieved for

all measurements. For positive standard, this condition was met in all cases.
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3.2 Validation

3.2.1 Robustness

3.2.1.1  Study of the influence of batch of measurement cells

The influence of the batch of measurement cells was determined from measurements performed on each
standard over two batches of measurement cells. This study was achieved on the most recent reference of
measurement cells DTS 1070 marketed by the supplier of the instrument. The normally distribution of
residuals and homogeneity of variances were not rejected (see Appendix G, Part 1). The ANOVA executed

to interpret the design is shown in Appendix G, Part 2 for both standards.

Results from the calculations of the relative standard uncertainties of the factors batch of measurement

cells, Upatch, cell, Ucery, and replicate, Urepiicate, are given in Table 7 for both standards.

Table 7. Relative standard uncertainty, u (%) for the negative and positive standards.

Source of variation Negative standard* Positive standard**
Upatch = 0.7 Upatch = 2.0
Among batches

(p>0.05) (p>0.05)

u 11=2.3 u 11=0.8
Cells within batches “ “

(p > 0.05) (p > 0.05)

Replicates within cells Ureplicate = 2-6 Ureplicate = 3-2

*Determined thanks to the pooled variances method.
**Determined thanks to the usual method.

In the case of the positive standard, the usual method provided positive variances allowing to determine
standard deviation and relative standard uncertainty. Conversely, this approach that provided negative
variances did not permit further analysis of the results in the case of the negative standard, because the
factor batch of cells had a smaller influence than the factor placed one rank below in the design i.e. the cell.

An approach based on pooled variances analysis was then investigated.

The relative standard uncertainty of the factor batch of cells was equal to 0.7 and 2.0 % for the negative
and positive standards respectively. The p-value related to this parameter (p > 0.05) showed that there was
no difference between the zeta potential or electrophoretic mobility measurements made with different

batches of cells DTS 1070 whatever the charge of the particles either positive or negative.
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3.2.1.2  Study of the influence of the temperature of the sample

The influence of the temperature of the sample, T, was investigated from measurements performed on
each standard over three temperatures of the sample. For both standards, results obtained for all T; tested
were presented in Appendix H, Part 1. For the negative standard at T, 17.5°C, the results were out of
specification for the sample 2. The mean count rate was low and equal to 23.9 and 29.4 kcps for the second
and third measurements of the sample 3 respectively. Moreover, the zeta potential quality report was
unsuccessful for the first measurement of the sample 2. For the positive standard at T; 17.5°C, the results
for the samples 2 and 3 were out of specification. The difference between Ts and T, was too high creating
measurement artifacts by degassing of the sample. T, taken at 17.5°C was therefore considered as not
suitable for measurements performed at 25°C and was rejected. The difference between Ts and Ty, should
be reduced. Results obtained with measurements performed with samples at 20.0 and 22.5°C were all
acceptable and were used for further analysis. As a result, the levels a, b and n of the factors Ts, sample and
replicate from the design were 2, 3 and 3 respectively. The normally of the residual distribution and the
homogeneity of variances were validated (see Appendix H, Part 2). The ANOVA performed to interpret the

design is shown in Appendix H, Part 3 for both standards.

Positive values of the variance were obtained permitting to continue the analysis of the data based on the

usual method (Table 8).

Table 8. Relative standard uncertainty, u (%) for the negative and positive standards.

Source of variation Negative standard* Positive standard*
Utemperature = 2.1 Utemperature = 0.9
Among T;
(p >0.05) (p >0.05)
o Ucell = 1.6 Ucell = 0.5
Cells within Ts
(p>0.05) (p>0.05)
Replicates within cells Ureplicate = 3-0 Ureplicate = 3-7

*Determined thanks to the usual method.

The relative standard uncertainty of the factor T; was equal to 2.1 and 0.9 % for the negative and positive
standard respectively. The p-value associated to the factor was greater than 0.05 for both standards
showing that there was no statistical difference between zeta potential or electrophoretic mobility
measurements made at AT = - 2.5°C and those made at AT = - 5°C for T, 25°C, AT representing the

difference between Ts and T.. As already mentioned, results obtained for AT = - 7.5°C were out of
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specification and were not further considered. So, preparing samples at a temperature closed to Ty, is

paramount to obtain reliable results of electrophoretic mobility and zeta potential measurements.

3.2.1.3  Study of the influence of the type of cells

Two references of measurement cells were available on the market. So, the validation of the protocol
included the investigation of the influence of the type of cells on the results of measurements performed
on the two standards. The normality of residual distribution and the homogeneity of variances were not
rejected (see Appendix I, Part 1). Results from the statistical analysis of the measurements were

summarized in Appendix |, Part 2 for both standards.

Determination of the variance with the usual method provided with negative values that did not permit to
further analyze the results for both standards. The negative value for the factor cell can be explained
because this factor had a smaller influence than the factor replicate ranked below in the nested design
used to analyze the data. In addition, the estimated variance for the factor type of measurement cells was
negative for both standards. This approach could not be used to analyze the data of measurements
provided both standards. The results were then analyzed with the method based on pooled variances

(Table 9).

Table 9. Relative standard uncertainty, u (%) for the negative and positive standards.

Source of variation Negative standard* Positive standard*

Ugype = 0.7 Utype = 0.9
Among types
(p>0.05) (p>0.05)
o Ucell = 1.4 Ucell = 1.3
Cells within types
(p>0.05) (p>0.05)
Replicates within cells Ureplicate = 2-8 Ureplicate = 3-7

*Determined thanks to the pooled variances method.

In this case, the relative standard uncertainties of the factor type of measurement cells could be
determined. They were found equal to 0.7 and 0.9 % for the negative and positive standards respectively.
The p-value related to this parameter (p > 0.05) showed that there was no statistical difference between
the zeta potential and electrophoretic mobility measured with either a DTS 1070 cell or a DTS 1060 cell. The
volume of sample filling the measurement cells had not influence on the measurement provided that the
cells were filled out according to the instructions given by the supplier with all the cares mentioned in the

Materials and methods section (see § 2.1) and Appendix B.
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3.2.1.4  Study of the influence of analyst

Even very detailed protocols are subjected to the interpretation by analyst that in turn may provide with a
source of variability of results on measurements performed by different analysts. To account for this
possible source of influence in the validation procedure, measurements of the two standards were
performed by two independent analysts. The normally distribution of residuals and the homogeneity of
variance were checked (see Appendix J, Part 1). The ANOVA established to interpret this design are

presented in Appendix J, Part 2 for both standards.

Negative values of the variance were obtained by applying the usual method for the analysis of data that
could be explained by the fact that the factor cell had a smaller influence that the factor replicate located
below in the design. Thus, the value of the mean square of the factor cell was less than the factor replicate.
In the case of the positive standard, the variance associated with the factor analyst was also negative. In
any case, the usual approach could not be further used to interpret the ANOVA table. The approach based

on pooled variances was then investigated (Table 10).

Table 10. Relative standard uncertainty, u (%) for the negative and positive standards.

Source of variation Negative standard* Positive standard*
Uanalyst = 12 Uanalyst = 0.9
Among analysts
(p > 0.05) (p > 0.05)
L Ucell = 1.0 Ucell = 1.3
Cells within analysts
(p > 0.05) (p > 0.05)
Replicates within cells Ureplicate = 3-0 Ureplicate = 2-9

*Determined thanks to the pooled variances method.

This last approach provided with the relative standard uncertainties of the factor analyst equal to 1.2 and
0.9 % for the negative and positive standards respectively. Being greater than 0.05, the p-value showed
that there was no statistical difference between the measurements made by different analysts applying the
protocol of measurement described in this study and taking care of all recommendations given to prepare

samples, select, prepare and fill out measurement cells.

3.2.2 Precision

The repeatability and the intermediate precision were evaluated from measurements carried out on each

standard over 3 days. The normally of residual distribution and homogeneity of variances were validated
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(see Appendix K, Part 1). The ANOVA tables used for the interpretation of measurements performed on the

two standards are presented in Appendix K, Part 2 for both standards.

The variance associated to the factor cell was negative considering the analysis of data collected from
measurements performed on the negative standard using the usual method. The factor cell had a smaller
influence than the factor replicate ranked above in the nested design used. Thus, the approach based on
pooled variances was considered and results are summarized in Table 11. In contrast, variances obtained
from the usual method of analysis of the data were positive allowing to determine relative standard

uncertainty in the case of the positive standard (Table 11).

Table 11. Relative standard uncertainty, u (%) for the negative and positive standards.

Source of variation Negative standard* Positive standard**
Among days ujp = 3.9 Ui, = .0
Cells within days Ucenn = 1.5 Ucep = 2.8
Replicates within cells u. = 3.1 u, = 3.2

*Determined thanks to the pooled variances method. **Determined thanks to the usual method.

According to the standard ISO [5], the relative standard uncertainties of repeatability and intermediate
precision for the mean electrophoretic mobility values for a reference material must be lower than 10 and
15 % respectively. The thresholds provided by the standard ISO [5] for the standard uncertainties of
repeatability and intermediate precision of electrophoretic mobility values were considered as the limit
values for the relative standard uncertainties of repeatability and intermediate precision of zeta potential
values for the negative standard used in the present study. The standard uncertainties of repeatability and
intermediate precision varied from 3.1 to 3.2 and 3.9 to 4.0 considering both standards. These values were
lower than the thresholds provided by the standard ISO [5]. Thus, the proposed protocol is precise under

repeatability conditions and defined intermediate precision conditions.

3.2.3 Trueness

The trueness of a method is considered as the measure of how the average value obtained by a large series
of measurement using the method in specific conditions and the reference value are differing from one
another. Measurements from suitable reference materials are performed to investigate the trueness of a
method. Only one certified reference material with assigned Sl-traceable values was commercially available
i.e. the positive electrophoretic mobility standard reference material provided by the NIST, which allowed
to investigate the positive charge of particles. There was one negative zeta potential reference material

provided by Malvern and classified as a Transfer standard. This standard has been referenced to an
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accepted standard. In this case, the trueness may be not estimated in ideal conditions. The use of this
standard was considered as the best alternative to investigate the negative charge of particles.
Measurements were performed under intermediate precision to evaluate the trueness of the protocol. The
data used for the evaluation of relative standard uncertainty of trueness are given in Appendix E.
Uncertainties of trueness were 4.3 and 2.4 % for the negative and positive standards respectively. The
absolute bias was lower to its expanded uncertainty for both standards. There was no significant difference
between the measured mean value and the certified value. The relative standard uncertainty of trueness
for electrophoretic mobility measurement procedure for reference materials should be lower than 10 %
according to the standard ISO [5]. As no indication were provided for zeta potential, this threshold was
considered as the limit value for the relative standard uncertainty of trueness of zeta potential values for
the negative standard. For both standards, the relative standard uncertainty was less than the threshold
defined by the standard ISO [5]. Thus, the trueness provided from the application of the proposed protocol

is within acceptable limits.

3.2.4 Measurement uncertainty

An overview of the obtained relative standard uncertainty estimated from the repeatability, the

intermediate precision and the trueness data is given in Fig. 4.

16 1 15
14

12

3.9 4.0

Relative uncertainty (%)

Repeatability Intermediate  Trueness Expanded
precision uncertainty

Fig. 4. Relative standard and expanded measurement uncertainties (%). Light grey: negative standard, dark
grey: positive standard, black: thresholds defined in the standard 1SO [5].

The expanded uncertainties were lower than 15 % for negative and positive standards for determination of
zeta potential by ELS with Phase Analysis Light Scattering using the General Purpose analysis model. The
relative standard uncertainties of repeatability, intermediate precision and trueness were well below

thresholds defined by the standard ISO [5] showing the relevance and acceptable performance of the
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protocol proposed in this work. It is noteworthy that although this technique of analysis is perceived as
straightforward; the achievement of the performance reached in this work was obtained at the expenses of
lots of precautions including the selection of measurement cells by checking their optical quality, the
carefully washing of cells with filtered solvents and storage in a dust-free environment, the filtration of all
dispersants, the washing of flasks used for preparation of samples with filtered solvents, the carefully filling
of the cells with the samples and the control of a series of factors such as the batch of cells, Ts, the type of
cells and the analyst. While respecting all precautions, T; was found to be a critical factor that can be
related to its effect on the viscosity of the dispersant. Results showed that samples have to be prepared at
temperature closed to Trm to avoid artifacts due to the temperature. The type of cells that implies use of
different volume samples did not affect the results of the measurements after an equilibration time of 300
seconds as selected in the suggested protocol. The batch of cells was not a critical factor as there was no
statistical difference between measurements made with different batches of cells of good quality (no
scratches on optical faces, clean electrodes, tightly fixed electrodes). All analysts provided with equivalent

results for zeta potential measurements taking into account all precautions.

To our knowledge, no validation of an operating protocol for zeta potential measurement by ELS using PALS
was published so far. It is noteworthy that the standard ISO [4-6] and official guidances [3] mention other
methods as EAS for the determination of zeta potential of nanomaterials. Although used to evaluate zeta
potential of materials [41-45], no validation of zeta potential measurement protocol using EAS were
reported in the literature. Other methods of electrophoresis as gel electrophoresis and capillary
electrophoresis usually used for separation and purification of biomolecules can further provide zeta
potential of nanomaterials [46] but no validation of protocol of measurements were reported in the

literature so far.

3.3 Example of application of the protocol to the determination of zeta potential of

polymer nanoparticles

ELS is used to determine the zeta potential of nanomaterials as described in official guidances [3]. Zeta
potential of some nanomaterials used in nanomedicine as polymer nanoparticles was investigated to
conclude this work. The entire approach developed in the protocol of zeta potential measurement
proposed in this work was applied to perform measurements on these nanomaterials. This included (i) the
control of the absence of absorption band in the visible region of spectra of the nanomaterials, (ii) the
determination of optimal concentration of dispersions of nanomaterials to perform zeta potential
measurements by ELS and (iii) the measurement of the zeta potential of the nanomaterials considering all

precautions of manipulations, crucial factors highlighted by the validation and defined quality criteria for
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good zeta potential measurements. It is noteworthy that all these measurements were carried out under

operational qualification of the instrument.
3.3.1 Spectral characteristics of nanoparticle dispersions

None of the dispersions selected as examples of polymer nanoparticles to determine zeta potential with
the protocol proposed in this work presented an absorption band at the wavelength of 633 nm at 25°C
(Appendix F). This indicated that zeta potential of these nanoparticles can be evaluated by ELS using an

instrument equipped with a laser source with a wavelength ranging from 400 to 800 nm.
3.3.2 Preconditioning measurement cells with sample

As for measurements of the positive standard, polymer nanoparticles expected to be positive may adsorb
on the measurement cell material implying that the cells need to be preconditioned with the sample prior
performing analysis. In the series of nanoparticles taken as examples, the PIBCA nanoparticles decorated
with chitosan were expected to bear positive charges due to the aminogroups of the glucosamine residues
found in the chitosan chain. Thus, different cells were preconditioned with the nanoparticles for 0, 1, and

10 min. The average zeta potential obtained are given in Table 12.

Table 12. Average zeta potential obtained for different conditioning time with PIBCA nanoparticles

decorated with chitosan.

Conditioning time (min) Average zeta potential (mV)

0 32
1 31
10 30
31(x1)
Average
CV=3.3%*

*Coefficient of variation.

The coefficient of variation related to all conditioning times was less than 5 % showing no significant
influence on the preconditioning time of measurement cells with these nanoparticles. AFM of the surface
cells having been in contact with the sample showed few particles that adsorbed (Fig. 5 (g)). The PIBCA
nanoparticles decorated with chitosan interacted only slightly with the measurement cell surface explaining
that there was no influenced of a preconditioning time of the cell. It can be concluded that zeta potential
measurements on these nanoparticles can be made without the need of preconditioning of the

measurement cells.
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3.3.3 Optimization of the concentration of the nanoparticle dispersion to perform zeta

potential measurements by ELS

Concentrations of the dispersions were optimized in order to obtain sufficient signal transmitted to the
detector in the one hand and to avoid multiple scattering phenomena and/or particle-particle interactions
in the other hand. The minimum and maximum concentrations of the samples depended on nanoparticle
optical properties including their refractive index, particle size and polydispersity index. While a minimum
count rate of 20 kcps of the scattered light is needed to perform measurements, the intensity of the
scattered light received y the detector is compensated by an attenuator that modulates the received light

as a function of the concentration of the sample [38].

To find the optimal concentration of nanoparticles to introduce in the measurement cells, zeta potential
was measured on a series of dilutions of the sample. The attenuation selected by the instrument was then
plotted against the concentration of the sample as well as the corresponding value of zeta potential.
Results obtained for nanoparticles coated with dextran, with dextran sulfate and with chitosan are
presented in Fig. 5 (a), Fig. 5 (b) and Fig. 5 (c) respectively. A high value of the attenuator means a low
attenuation of the laser beam. For all particles, similar trends were observed. At low concentrations, low
attenuation was applied and values of zeta potential varied. As the concentration increased, much
attenuation was applied to reach a plateau value while the value of the zeta potential tended to also
stabilize. At the highest concentrations in particles, the attenuation was reduced and a variation of zeta
potential was observed. At a high concentration of nanoparticles, multiple scattering may interfere
decreasing the intensity of the scattered light. Optimal concentrations of dispersions were selected at the
centre of the plateau values of the attenuator and zeta potential. It is noteworthy that defined quality
criteria given by the instrument and evaluated by examination of the phase plot and the frequency plot
were not met at the lower and higher range of concentrations as indicated on Fig. 5. In contrast, the
concentration selected to perform zeta potential measurements was comprised in the range of

concentrations for which all quality criteria were met.
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Fig. 5. Optimization of the concentration of dispersions of polymer nanoparticles to perform zeta potential
measurements by ELS at 25°C. (a) PIBCA nanoparticles decorated with dextran. (b) PIBCA nanoparticles
decorated with dextran sulfate. (c) PIBCA nanoparticles decorated with chitosan. Diamonds and circles
indicated attenuator and zeta potential respectively. On graphs, hashed parts indicated ranges of
concentration for which defined quality criteria were not satisfied. Arrows point out selected dilutions to
perform zeta potential measurements.
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3.3.4 Measurements of zeta potential of polymer nanoparticles

Results of zeta potential measurements obtained for polymer nanoparticles coated with polysaccharide are
given in Table 13. All defined quality criteria for good zeta potential measurements were satisfied.
Operational qualification of the instrument was carried out to prove that the instrument was operating in
agreement with its specification with the standards used for the validation before and after zeta potential
measurements of nanomaterials tested and using the protocol that was validated in this work. Results of

gualification are presented in Appendix L.

Table 13. Results from measurements of zeta potential performed on PIBCA nanoparticles decorated with

different polysaccharide.

Polysaccharide stranded ) Z-average
) zeta potential (mV)
on the nanoparticle surface diameter (nm)*
Dextran -5.0 + 14 %** 241 #10
Dextran sulfate -42 £ 14 %** 253+ 10
Chitosan 31+ 12 %*** 394+ 16

*Determined by DLS.

**The estimated expanded uncertainty determined from zeta potential measurement of negative standard
was applied to zeta potential measurements of tested nanomaterials bearing negative charges.

***The estimated uncertainty obtained for positive standard was applied to the measurement of zeta
potential of tested nanomaterials bearing positive charges.

The protocol that was validated in this work was found suitable to be applied to zeta potential
measurements of polymer nanoparticles. Additional zeta potential measurements on other types of
nanomaterials should be performed to evaluate the scope of this analysis model based on combination of

FFR and SFR.

4 Conclusion

This paper presents a methodology to perform a validation of a measurement protocol including the
approach to achieve statistical analysis of the results obtained from measurements. It proposes the
standardization and the validation of a protocol for the determination of zeta potential of nanomaterials by
ELS with PALS using the General Purpose analysis model of a Zetasizer Nano ZS (Malvern) equipped with a
laser source of wavelength of 633 nm with scattered angle fixed at 13°. Using two standards, the proposed
protocol was proven to be robust and suitable for determination of negative charged nanoparticles and
positive charged nanoparticles having considered factors including batch of cells, temperature of the
sample, type of cells and analyst. Relative standard uncertainties of repeatability, intermediate precision

and trueness were below the threshold defined by the standard ISO [5]. The proposed protocol was found
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to be precise under repeatability conditions and defined intermediate precision conditions. Its trueness was
within acceptable limits. At least, a methodology for the application of this protocol to the measurement of
the zeta potential of unknown non-conducting polymer nanoparticles dispersed in agueous medium with
low concentration of electrolyte within the range of the application of Smoluchowski's model was
described. The protocol was found suitable to measure the zeta potential of polymer nanoparticles of
different compositions. Further analysis will be needed to extend the scope of this protocol to the

determination of nanomaterials of a wider range of composition.
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Appendix A: Reference of standards used

Table A.1. References of the standards used for the validation.

Characteristic Negative standard Positive standard
Supplicr Malvern National Institute of Standards
and Technology (NIST)
Reference DTS 1235 Standard Reference Material 1980
Batch 091408 See certified expiration date
Certified date NS 15 October 2012
Expiration date* 28 February 2015 01 September 2016
Type of

Reference material
standard

Certified reference material

NS: Not specified.

*All experiments were carried out before expiration date.
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Appendix B: Quality criteria for good measurements

The selection of the cells and the preparation of the samples were essential to obtain reliable results
together with considerations regarding the preparation of the samples for measurements including
the drastically selection of the measurement cells, different controls were achieved during
measurements and on the measurements data to achieve quality of the measures as it was explained

below.

B.1. Selection of measurement cells and preparation of samples for measurements

Cells with high optical quality are needed to perform zeta potential measurements. Disposable cells
in polycarbonate with two gold-plated electrodes were provided by the supplier of the instrument
and were used to avoid cross-contamination. Cells were handled with powder- free containing latex
or nitrile gloves to avoid deposition of dust on the cells. Cells and caps were rinsed thoroughly
before use with filtered ultrapure water followed by filtered ethanol and finally filtered ultrapure
water using disposable syringe and using a 0.22 um filter membrane. 10 mL of filtered ultrapure
water were flushed by each port of the cells and 5 mL of filtered ethanol were flushed by each port
of the cells to thoroughly rinse each electrode. Before and after rinsing, cells were controlled for
surface scratches or apparent impurity in the polycarbonate that might interfere with optical
measurements. It was checked that electrodes both inside and outside of the cell were clean and
tightly fixed on the cell. Any cell that did not meet these criteria was discard. After final inspection
and cleaning, the cells were stored capped and in a dust-free environment. Syringes were used to fill
measurement cells with the sample as recommended by the supplier of the equipment and described

in Fig. B.1. Cells were used only once.

Dispersant used as to dilute dispersions was filtered prior to sample preparation using a 0.22 pm
filter. All flasks used for dilution including caps were rinsed three times with filtered ultrapure

water and stored in a dust-free environment after preparation.

Spectral properties of each sample were checked. No absorption band were observed in the visible

region. Absorption spectra were recorded using accurate UV-Vis spectrometer.
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Step 1: Half of the cell was filled out while
the cell was upside down. The sample was
injected with a syringe without introducing

Step 2: The cell was turned in the right
position and continued to fill to the maximum
level without introducing bubbles. Note that
the maximum level of filling was different
depending on the factor type of cells. For
cells DTS 1070, the liquid level reached the
maximum height marked by the line " FILL
MAX". For cells DTS 1060, the cell was
filled completely. The cells were inspected
for bubbles and the electrodes were checked

Step 3: The filled cells were capped. This

Sequentially Simultaneously operation depended on the factor type of
l\l__ _l(z \ { cells. For cells DTS 1070, one port was
,Q d 5}’“ g tightly capped and the second cap was then
- 2 placed on the second port with precaution to
g 1 l‘r' avoid causing cell pressure. For cells DTS

‘ ‘ | 1060, both caps were simultaneously placed

b b on ports to obtain the same liquid level at
each port of the cell. The cells were further

l inspected for bubbles and the outside was

Step 4: The cell was inserted into the sample
holder of the instrument in the right position.
For cells DTS 1070, the logo was oriented
THRs towards the front of the instrument. For cells
':;\\q':l | DTS 1060, the cell weld line sharing the cell
i 4 into two parts with different widths was used
to orient the cells. The narrower part defining
this line was oriented towards the front of the

Front of the
instrument

Front of the
instrument

Fig. B.1. Method for filling measurement cells with samples (steps 1 to 3) and positioning the cells
into the instrument (step 4). Cell adapted from [1] with permission.
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B.2. Controls achieved during analysis
Phase plot

The phase plot must be checked during each run. It should be well defined without noise. The Fig.
B.2 shows a good quality phase plot obtained for the analysis of negative standard. Results

considered were all obtained from analysis that showed a phase plot as illustrated in Fig. B.2.
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Fig. B.2. Phase plot obtained from screen print taken up during the measurement of negative
standard (Malvern, DTS1235, Batch: 091408, - 42 + 4.2 mV, Expiration date: February 2015,
Analysis date: May 2014), measurement value: - 41.1 = 0.7 mV using General Purpose analysis

model.

Count Rate curve

The count rate curve corresponds to the number of photons detected by the photomultiplier per
second. The count rate must be stable over time. Unstable curves can be providing by dust in the
sample or the presence or aggregates. For example, two count rate curves are shown in Fig. B.3, one
resulting from the analysis of negative standard (Fig. B.3 (a)) and the other from the analysis of
dispersion 113 + 10 nm diluted with NaCl 15.4 mM (Fig. B.3 (b)). In the latter case, peaks with
high signals appeared randomly due to the presence of bubbles adjacent to electrodes. Only
measures presenting a stable count rate curve were considered for fulfilling the good measurement

quality criteria.
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Fig. B.3. (a) Count rate plot obtained from screen print taken up during the measurement of
negative standard (Malvern, DTS1235, Batch: 091408, - 42 + 4.2 mV, Expiration date: February
2015, Analysis date: May 2014), measurement value: - 41.1 = 0.7 mV using General Purpose
analysis model. (b) Count rate plot obtained from screen print taken up during the measurement of
dispersion 113 + 10 nm (Polysciences Inc, 00876, Batch: 610905) diluted with NaCl 15.4 mM using

General Purpose analysis model. Presence of bubbles on the electrodes.

B.3. Controls achieved on measurement data

Phase plot

The final phase plot given for one measurement corresponds to the phase difference between the
measured frequency and the reference frequency as a function of time. Two phase plots of good
quality using the General-Purpose analysis model are shown in Fig. B.4 (a) and (b) for the negative
and positive standards respectively. The first part of the phase plot presents well defined alternative
slopes of the phase difference with time and smooth (without noise) which corresponds to the
application of Fast Field Reversal for the determination of the mean value zeta potential. The
second part is as « positive (Fig. B.4 (a)) or negative (Fig. B.4 (b)) peak » and corresponds to the
application of Slow Field Reversal for the determination of the distribution of the zeta potential.
The slopes of the phase difference with time and the « negative or positive peak » should be well

defined and smooth (without noise).
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Fig. B.4. (a) Phase plot obtained for the measurement of negative standard (Malvern, DTS1235,
Batch: 091408, - 42 £ 4.2 mV, Expiration date: February 2015, Analysis date: May 2014),
measurement value: - 41.1 = 0.7 mV using General Purpose analysis model. (b) Phase plot
obtained for the measurement of positive standard (NIST, SRM1980, 2.53 + 0.12 um.cm.V-'.s/,
Expiration date: September 2016, Analysis date: October 2015), measurement value: 2.50 = 0.08

um.cm.V-1.s! using General Purpose analysis model.

For example, three poor quality phase plots are shown in Fig. B.5 using the General-Purpose
analysis model, the one resulting from the analysis of aggregated particles (Fig. B.5 (a)), the second
from the analysis of sedimenting particles (Fig. B.5 (b)) and the last from of the analysis of a
dispersion 113 + 10 nm diluted with NaCl 15.4 mM while bubbles were trapped on the electrodes
(Fig. B.5 (¢)).

Other factors may explain the poor quality of the plots including an inappropriate concentration of

the sample or a high conductivity of the dispersion.

In ELS measurements, the minimum and the maximum concentrations dependent from various
factors such as the optical properties, size and polydispersity of the particles. Dispersions for zeta
potential measurements need to be quite transparent to let the incident laser light penetrate the
dispersion for a detection of the scattered light at a certain angle from the transmitted and incident
light. If sample concentration is too high, the intensity of the incident light is attenuated by particles
hence the amount of detected scattered light is reduced. If the sample concentration is too low,
insufficient signal may induce a poor signal to noise ratio. The concentration of dispersion have to

be optimized as described in the technical note [2].
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Fig. B.5. Examples of poor-quality phase plot in General-Purpose analysis model. (a) Aggregate
particles bearing negative charges. (b) Sedimenting particles bearing positive charges. (c)
Measurement of dispersion 113 = 10 nm bearing negative charges (Polysciences Inc, 00876, Batch:
610905) diluted with NaCl 15.4 mM. Presence of bubbles on the electrodes.

In case conductivity of the dispersion is too high, damages may occur within the dispersion and on
the electrodes of the measurement cells. This effect can be observed when performing measurement
with the General-Purpose analysis model due to the Joule's effect created by the application of the
Slow Field Reversal (SFR). So, the supplier of the instrument recommends to use the Monomodal
analysis model for the analysis of dispersion having conductivities higher than 5 mS.cm™. It is
noteworthy that no zeta potential distribution is given, and only mean zeta potential is determined in

this mode.
Only samples showing a phase plot as illustrated in Fig. B.4 were considered.

Frequency plot

The frequency plot is used to determine electrophoretic mobility distribution and consequently zeta
potential distribution. The frequency plot is obtained from the SFR part of the measurement by
means of Fourier transform analysis. A frequency plot obtained from a good measurement is

presented in Fig. B.6 (a). A noisy and poor-quality frequency plot due to air bubbles is shown in
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Fig. B.6 (b). The baseline of the latter was not smooth. Results considered were all obtained from

analysis that showed a frequency plot as shown in Fig. B.6 (a).
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Fig. B.6. (a) Frequency plot obtained for the measurement of negative standard (Malvern,
DTS1235, Batch: 091408, - 42 £ 4.2 mV, Expiration date: February 2015, Analysis date: May
2014), measurement value: - 41.1 = 0.7 mV using General Purpose analysis model. (b) Frequency
plot obtained for the measurement of dispersion 113 £ 10 nm (Polysciences Inc, 00876, Batch:
610905) diluted with NaCl 15.4 mM using General Purpose analysis model. Presence of bubbles
was observed on the electrodes during examination of the cell recovered right after the
measurements were performed.

Factors disturbing the frequency analysis are similar to that causing disturbance on the phase plot as

frequency plot corresponds to the Fourier transform analysis of the phase plot.

Mean count rate

The mean count rate corresponds to the average number of photons detected by the photomultiplier
per unit time. It gives the intensity of the signal and is expressed in counts per second (kcps). The
mean count rate must be higher than minimum threshold to provide minimal usable signal.
However, detectors have maximum count rate value where the response remains linear. The
supplier of the instrument recommends to perform measurement within a mean count rate ranging
from 20 to 500 kcps. It was checked that all measurements were performed within the

recommended range of signal.
Attenuation

The attenuation is related to the concentration of the dispersion. The value remained the same

considering identical sample measured with the same instrument.
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Conductivity

The generate electrical field in cell and hence the value of conductivity of the sample must be
stable. It was checked that the value of conductivity was the same for identical sample under

intermediate precision using the same instrument.
The specification of maximum conductivity of the Zetasizer Nano ZS corresponds to 200 mS.cm™.

Result Quality Report

The supplier of the Zetasizer Nano range have developed a quality report to help the interpretation
of the data obtained from a zeta potential measurement. The zeta potential quality report includes
six tests described in the technical note [3] performed on the raw data for a given sample. A
message is displayed in the quality report. If none of the tests fail, the results meets quality criteria.
If only one of the tests fail outside specifications, a warning message indicate possible reasons to
explain the failure according to the supplier of the instrument. Results from analysis were accepted
taking into account results given by quality report. Results were accepted only if all measurements
performed on one sample meet quality criteria as reported in the result quality. In case one of the

three measurements failed, the analysis was done on a new independent sample.

References
[1] Malvern, Zetasizer Nanoseries Accessories Guide, Issue 11, April 2013.

[2] Malvern, Technical Note, Concentration Limits for Zeta Potential Measurements in the

Zetasizer Nano.

[3] Malvern, Technical Note, Zeta potential quality report for the Zetasizer Nano, 2014 (available

on Malvern's site, required registration to access to this note, consulted on May 2015).
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Appendix C: Preparation of measurement cells for surface analysis of the inner part

Investigated area: inner

: : Inner suface of the cell in
surface of black area

contact with sample used for
AFM or XPS Analysis

l

2 mm
> £ A\

_—

< >

7 mm

Fig. C.1. Scheme describing the method applied to cut measurement cells to recover a
representative face that was in contact with dispersions during measurement of zeta potential or
electrophoretic mobility. At first, the lower and upper cell parts were taken off by cutting path 1.
Then, the central part was discarded by cutting path 2. The outermost parts of the cell in contact
with samples were recovered (blackened area). Parts that were not in contact with samples were
discarded. The last piece was sawn into two parts to obtain required size of samples for AFM and
XPS analysis. Finally, four parts of dimensions equal to 7 x 2 mm were obtained per cell. Cell
adapted from [1] with permission.

[1] Malvern, Zetasizer Nanoseries Accessories Guide, Issue 11, April 2013.
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Appendix D. ANOVA table established to interpret designs developed in this study

Table D.1. ANOVA table for the nested design in which the factors batch of cells (temperature of

the sample, type of cells, analyst or day), samples and replicates were studied.

Degree of  Sum of Mean Critical F-value
Source of
variation freedom squares square F-value p
@ 6 (s (@)
Among
MSf t
levels of a—1 SSfactor  MStactor MSaC - F[a—l,a (b—-1)] Ptactor
cell
factor
Cells within MScen
a (b - 1) SScen MSen MS F[a (b-1),ab (n-1)] Pcell
factor rep
Replicates

ab(n—1) SS MS
within cells (=1 rep rep

Total abn—1 SStotal MS;otal

*MS = %

**o represent the significance level.
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Appendix E. Evaluation of relative standard uncertainty of trueness

The approach developed by Linsinger in European Reference Materials (ERM) Application Note 1
was used to evaluate the trueness and control whether there was a significant difference between the

measurement result and the certified value [1].

The absolute bias, A,,, that corresponded to the difference between the mean measured value, C,,

and the certified value, Ccrpm, Was calculated from Eq. (1).

Ap= |Cm - CCRMl (1)

The uncertainty of the bias, u,, was determined from the uncertainty of the certified value, ucgy,

and the uncertainty of the measurement result, u,,, according to Eq. (2)

u, = ’ulzn + uépm (2)

The standard deviation of intermediate precision, Symong days» Was divided by the square root of the

total number of measurements, n’, to obtain u,, according to Eq. (3).

Samong days

T ()

Uy, =
The expanded uncertainty, Ucry, of the positive standard (certified reference material) was given
on the certificate of analysis. The uncertainty of the certified value, ucgy, was obtained by dividing
the expanded uncertainty, Ucgy, by the coverage factor, k, that was provided on the certificate of
certified reference material using Eq. (4).

U
UcrM = % (4)

The expanded uncertainty, Ucgy, Of the negative standard (reference material) was given on the
certificate, but not, the coverage factor. In some cases, uncertainties without confidence level are
merely given as extreme limits between which all values are supposed to be with equally

probability (rectangular distribution). If there is a reason to think that values closed to limits are less
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likely than those closed to the center of the range, it is reasonable to assume that zeta potential

measurement was triangularly distributed and adopt a coverage factor equal to V6 [2].

The expanded uncertainty of the bias, U,, was determined according to Eq. (5) with a level of

confidence of 95 %.

UA= Z.UA (5)

The bias was compared to its expanded uncertainty: if A, < U,, there was no significant difference

between the measurement value and the certified value.

If there was no significant difference between the measurement value and the certified value, the

relative standard uncertainty of trueness, u;, was estimated from the dataset according to Eq. (6).

u= (6)

The data used for the evaluation of relative standard uncertainty of trueness are given in Table E.1.

Table E. 1. Used data for the evaluation of relative standard uncertainty of trueness.

Data Negative standard Positive standard
Cp* -42.1 2.50
Sintermediate precision 1.6 0.10
n’' 27 27
U, * 0.31 0.02
Ccrm™ -42 2.53
Ucmr™ 4.2 0.12
k V6 2.5
Ucmr™ 1.72 0.05
A * 0.1 0.03
up* 1.8 0.06
Up* 3.6 0.12
U 4.3 2.4

*Units: mV and um.cm.V-'.s™! for the negative and positive standards respectively.
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Appendix F. Spectral characteristics of dispersions towards the laser wavelength
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Fig. F.1. (a) Visible spectrum of each standard recorded at T 25°C. Negative standard as provided
by the supplier (solid line). Positive standard, 50 mg.mL"' goethite (a-FeOOH) (dashed line). (b)
Visible spectrum of polymer nanoparticle dispersions recorded at Tm 25°C. The dispersion of
PIBCA nanoparticles decorated with dextran was diluted at a concentration in nanoparticles of
0.16 mg.mL in filtered aqueous solution of sodium chloride 1 mM (solid line). The dispersion of
PIBCA nanoparticles decorated with dextran sulfate was diluted at a concentration in
nanoparticles of 0.19 mg.mL" in filtered aqueous solution of sodium chloride 1 mM (dashed line).
The dispersion composed of PIBCA nanoparticles decorated with chitosan was diluted at a
concentration in nanoparticles of 0.16 mg.mL" in filtered aqueous solution of sodium chloride 1
mM (dotted line). The arrow on the x-axis indicated the wavelength of the laser source (. = 633
nm) mounted in the zeta potential measurement instrument.
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Appendix G. Robustness study - Study of the influence of the batch of cells

G.1. Results from Ryan-Joiner's and Levene's tests

(3)99 Henry's straight line (b) Henry's straight line
99
95 1 95
90 901

Ryan-Joiner's Test results Ryan-Joiner's Test results

Probability (%)
Z
Probability (%)
W
f=l

Mean  3.947460E-16 Mean  4.934325E-17
201 StDev 0.9008 201 StDev 0.05944
10 N 18 101 N 18
54 RJ 0.965 5] RJ 0.983
P-Value >0,100 P-Value >0,100
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Fig. G.1. Distribution of residues and Ryan-Joiner's Test results for robustness study (influence of
the batch of cells). (a) Negative standard. (b) Positive standard.

Table G.1. Levene's test results for robustness study (influence of the batch of cells).

Standard Test statistic p-value
Negative standard 0.45 0.802
Positive standard 0.27 0.919

G.2. ANOVA tables

Table G.2. ANOVA table for the nested design for the negative standard.

Degree of Sum of  Mean

Source of Critical F-value
variation freedom squares  square F-value (0= 0.05)
(df) (SS) (MS) '
Among
1 0.6422  0.6422  0.252 7.71 0.642
batches
Cells within
4 10.2089  2.5522  2.188 3.26 0.132
batches
Replicates
12 14.0000 1.1667
within cells
Total 17 248511
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Table G.3. ANOVA table for the nested design for the positive standard.

Source of Degree of - Sum of Mean Critical F-value
variation freedom squares square  F-value (0= 0.05)
(df) (SS) (MS) '
Among
1 0.027222 0.027222  4.92 7.71 0.091
batches
Cells within
4 0.022111 0.005528  1.10 3.26 0.399
batches
Replicates
12 0.060067 0.005006
within cells
Total 17 0.109400
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Appendix H. Robustness study - Study of the influence of temperature of sample T;

H.1. Complementary results from the validation of the protocol

Table H.1. Results obtained for the negative standard for robustness study (influence of Ts).

Zeta Potential (mV)*
Sample Measurement
Ts 17.5°C  Ts20.0°C  Ts22.5°C
1 -45.6 -42.7 -453
1 2 -44.6 -43.1 -44.5
3 -442 -44.8 -46.1
1 - 47.8*%* -40.7 -45.9
2 2 -48.8 -43.5 -44.9
3 -47.0 -42.1 -44.5
1 -40.7 -43.9 -46.0
3 2 - 38.7¥** -433 -42.5
3 - 38.8%** -45.9 -43.1

*Reference value: - 42 + 4.2 mV.

**Results quality report failed.

***Low intensity of the signal (23.9 and 29.4 kcps for the second and third
measurement of the sample 3 respectively) compared with that obtained in all
other measurements (> 50 kcps).

Bold: Out of specification.

Table H.2. Results obtained for the positive standard for robustness study (influence of Ts).

Average electrophoretic mobility (um.cm.V-!.s1)*

Sample
Ts 17.5°C Ts 20.0°C Ts 22.5°C
1 2.41 2.52 2.41
2 2.31 2.54 2.54
3 2.27 2.49 2.45

*Reference value: 2.53 £ 0.12 pm.cm.V''.s7!.
Bold: Out of specifications.

54



Author Manuscript from: Colloids Surf A Physicochem Eng Asp. 2015; 486:218-231.

H.2. Results from Ryan-Joiner's and Levene's tests

(3)99 Henry's straight line (b) Henry's straight line
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Fig. H.1 Distribution of residues and Ryan-Joiner's Test results for robustness study (influence of
T). (a) Negative standard. (b) Positive standard.

Table H.3. Levene's test results for robustness study (influence of Ts).

Standard Test statistic p-value
Negative standard 0.23 0.940
Positive standard 0.72 0.621

H.3. ANOVA tables

Table H.4. ANOVA table for the nested design for the negative standard.

Degree of  Sum of Mean

Source of Critical F-value
variation freedom squares square  F-value (0= 0.05)
(df) (SS) (MS) '

Among Ts 1 9.102 9.102 3.17 7.71 0.150

Cells within
T 4 11.502 2.876 1.78 3.26 0.199
Replicates
12 19.440 1.620
within cells
Total 17 40.044
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Table H.5. ANOVA table for the nested design for the positive standard.

Source of Degree of - Sum of Mean Critical F-value
ariation freedom squares square  F-value (0= 0.05)
v =0.
(df) (SS) (MS)
Among Ts 1 0.009339 0.009339  1.21 7.71 0.333
Cells within

T 4 0.030822 0.007706  1.05 3.26 0.423

Replicates
12 0.088133 0.007344

within cells

Total 17 0.128294
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Appendix I. Robustness study - Study of the influence of the type of cells

I.1.  Results from Ryan-Joiner's and Levene's tests

(a) Henry's straight line (b) Henry's straight line

Ryan-Joiner's. Test results Ryan-Joiner's Test results

Probability (%)
Z

Probability (%)
2

Mean 0 Mean -2.46716E-17
204 StDev  0.9368 20 StDev 0.07577
101 N 18 104 N 18
5 RJ 0.972 51 RJ 0.980
P-Value >0,100 P-Value >0,100
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Fig. I.1. Distribution of residues and Ryan-Joiner's Test results for robustness study (influence of
the type of cells). (a) Negative standard. (b) Positive standard.

Table I.1. Levene's test results for robustness study (influence of the type of cells).

Standard Test statistic p-value
Negative standard 0.22 0.945
Positive standard 0.29 0.911

I.2. ANOVA tables

Table 1.2. ANOVA table for the nested design for the negative standard.

Degree of  Sum of Mean

Source of Critical F-value
ariation freedom squares square  F-value (0= 0.05)
v =0.
(df) (SS) (MS)
Among
1 0.720 0.720 0.70 7.71 0.450
types
Cells within
4.120 1.030 0.83 3.26 0.532
types
Replicates
12 14.920 1.243
within cells
Total 17 19.760
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Table 1.3. ANOVA table for the nested design for the positive standard.

Source of Degree of - Sum of Mean Critical F-value
ariation freedom squares square  F-value (0= 0.05)
v =0.
(df) (SS) (MS)
Among
1 0.001422 0.001422  0.52 7.71 0.511
types
Cells within
4 0.010978 0.002744  0.34 3.26 0.848
types
Replicates
12 0.097600 0.008133

within cells

Total 17 0.110000
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Appendix J. Robustness study - Study of the influence of the analyst

J.1.  Results from Ryan-Joiner's and Levene's tests

(3)99 Henry's straight line (b)99 Henry's straight line
951 95
901 90

Ryan-Joiner's Test results

Probability (%)
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Fig. J.1. Distribution of residues and Ryan-Joiner's Test results for robustness study (influence of
the analyst). (a) Negative standard. (b) Positive standard.

Table J.1. Levene's test results for robustness study (influence of the analyst).

Standard Test statistic p-value
Negative standard 0.27 0.923
Positive standard 0.20 0.958

J.2. ANOVA tables

Table J.2. ANOVA table for the nested design for the negative standard.

Source of Degree of - Sumof Mean Critical F-value
ariation freedom squares  square F-value (0= 0.05)
A% =0.
(df) (SS) (MS)
Among
1 2.1356  2.1356  4.456 7.71 0.102
analysts
Cells within
4 1.9156  0.4789  0.287 3.26 0.881
analysts
Replicates
12 20.0200  1.6683
within cells
Total 17 24.0711
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Table J.3. ANOVA table for the nested design for the positive standard.

Source of Degree of Sum of Mean Critical F-value
ariation freedom squares square  F-value (0= 0.05)
v =0.
(df) (SS) (MS)
Among
1 0.000939  0.000939 0.43 7.71 0.547
analysts
Cells within
4 0.008711  0.002178 0.51 3.26 0.728
analysts
Replicates
12 0.051000 0.004250
within cells
Total 17 0.060650
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Appendix K. Precision study

K.1. Results from Ryan-Joiner's and Levene's tests
(21)99 Henry's straight line (b) Henry's straight line
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Fig. K. 1. Distribution of residues and Ryan-Joiner's Test results for robustness study (precision
study). (a) Negative standard. (b) Positive standard.

Table K.1. Levene's test results for robustness study (precision study).

Standard Test statistic p-value
Negative standard 0.49 0.850
Positive standard 0.27 0.977

K.2. ANOVA tables

Table K.2. ANOVA table for the nested design for the negative standard.

Source of Degree of - Sum of Mean Critical F-value
variation freedom squares square F-value (0= 0.05) p
(df) (SS) (MS) '
Among
2 452622  22.6311  22.027 5.14 0.002
days
Cells within
6 6.1644 1.0274 0.653 2.66 0.688
days
Replicates
18 28.3333 1.5741
within cells
Total 26 79.46000
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Table K.3. ANOVA table for the nested design for the positive standard.

Source of Degree of - Sum of Mean Critical F-value
variation freedom squares square F-value (0= 0.05)
(df) (SS) (MS) '
Among
2 0.038230 0.019115 2.00 5.14 0.216
days
Cells
6 0.057333  0.009556 1.79 2.66 0.158
within days
Replicates
18 0.096200 0.005344
within cells
Total 26 0.191763
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Appendix L. Zeta potential measurements of nanomaterials tested

The operational qualification was performed with the two standards used for the validation. Zeta
potential or electrophoretic mobility must be within range of zeta potential or electrophoretic
mobility given on the certificate of analysis of each standard for the negative and positive standards

respectively.

Table L.1. Operational qualification of the instrument for nanoparticles bearing negative charges
with negative standard.

Zeta potential (mV)*

Measurement
Before After
1 -44.4 -44.4
2 -45.8 -44.5
3 -45.3 -44.4

*Specification: - 42+ 4.2 mV.

Table L.2. Operational qualification of the instrument for nanoparticles bearing positive charges
with positive standard.

Electrophoretic mobility (um.cm.V-!.s)*

Before After
2.59 2.59

*Specification: 2.53 £ 0.12 pm.cm.V''.s7!,
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