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Abstract

Abstract

Single particle inductively coupled plasma mass spectrometry (SP-ICP-MS) is a
method that allows to obtain size, size distribution, and particle number concentration of
nanoparticles (NPs) in suspensions only after few minutes of measurement. However,
several challenges of commercially available SP-ICP-MS instruments currently exist that
limit the analytical performance of the method. This thesis reports novel developments
and improvements of SP-ICP-MS with the ultimate goal to be able to use it as a routine

NP analysis method in the future.

First, the state-of-the-art in SP-ICP-MS is reviewed on a step-by-step basis, from
the sample introduction system to the detector. Applications of the method for the analysis
of nanomaterials are critically discussed and current challenges are highlighted.

Necessary improvements and directions for further developments are identified.

Second, capillary electrophoresis (CE) is coupled to SP-ICP-MS and used for the
first time with a data aquistion system (DAQ) that provides microsecond time resolution
(5 us dwell time, usDAQ) for the separation and characterization of mixtures of Ag NPs.
An online preconcentration approach is implemented to decrease the detection limits to
the sub-microgram-per-liter range. In addition, it is demonstrated for the first time that
the optimized CE-SP-ICP-MS method can be successfully used to separate NPs with
similar sizes but different surface coatings. Each component in a complex mixture of
20 nm, 40 nm, 60 nm sized citrate-coated and 40 nm, 60 nm sized PVP-coated Ag NPs can
be distinguished.

Finally, a novel data processing algorithm for SP-ICP-MS with the psDAQ is
developed to extract NP signals from a continuous background signal. The method is based
on Poisson statistics and allows to distinguish and quantify both NPs and dissolved
elements. It is demonstrated that Ag NPs (20 nm — 100 nm) can be identified on a particle-
by-particle level even in the presence of a significant concentration of ionic background

(Ag*up to 7.5 pg L1, 107Ag* up to 1 000 000 counts per second).






Zusammenfassung

Zusammenfassung

Die Massenspektrometrie mit induktiv gekoppeltem Plasma im Einzelpartikel-
Modus (SP-ICP-MS) ist eine Methode, mit der sich die Grof3e, die Groflenverteilung und
die Partikelkonzentration von Nanopartikeln (NP) in Suspensionen innerhalb von
wenigen Minuten bestimmen lassen. Obwohl die SP-ICP-MS kommerziell erhiltlich ist,
gibt es zahlreiche Herausforderungen, die die analytischen Leistungskenndaten und die
Anwendbarkeit der Methode fiir die Nanomaterialanalytik beschréanken. Die vorliegende
Arbeit beschiéftigt sich mit der Entwicklung und Optimierung von neuen Ansétzen in der
SP-ICP-MS, um diese in der Zukunft noch besser als Analysemethode fiir die

Nanomaterialanalytik einsetzen zu kénnen.

Zunichst wird der Stand der Technik auf dem Gebiet der SP-ICP-MS schrittweise
vom Probeneinfiihrungssystem bis zum Detektor kritisch diskutiert. Wichtige
Anwendungen werden rezensiert und notwendige methodische und apparative

Verbesserungen werden identifiziert.

Im Ergebnisteil der Arbeit wird eine neuartige Methode vorgestellt, die auf der
Kopplung von Kapillarelektrophorese (CE) mit SP-ICP-MS beruht, mit einem
kontinuierlichen  Datenerfassungsystem mit Mikrosekundenzeitauflosung (5 pus
Integrationszeit) arbeitet und erfolgreich fir die Charakterisierung von Ag NP eingesetzt
wird. Ebenso wird eine Methode zur Online-Aufkonzentration implementiert, um die
Nachweisgrenzen zu verbessern (ug L' — Bereich). SchlieBllich wird die CE-SP-ICP-MS
zur Trennung von NP mit &dhnlichen GréBen, jedoch unterschiedlichen
Oberflachenbeschichtungen verwendet. Jede Komponente in einer komplexen Mischung,
welche 20 nm, 40 nm und 60 nm grofle Citrat-beschichtete Ag NP, sowie 40 nm und 60 nm
grofle PVP-beschichtete Ag NP enthielt, kann unterschieden werden.

Zum Schluss wird ein Datenverarbeitungsalgorithmus fir die SP-ICP-MS mit
usDAQ vorgestellt. Die entwickelte Methode basiert auf der Poisson-Statistik und
ermoglicht die Unterscheidung und Quantifizierung von NP und gelosten Elementen. Das
Verfahren ermoglicht den Nachweis von Ag NP (von 20 nm bis 100 nm) in Anwesenheit
einer signifikanten Konzentration an ionischem Hintergrund (Ag* bis zu 7.5 pg L1, 107Ag*

bis zu 1 000 000 Anzahl von Impulsen pro Sekunde).
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D. Mozhayeva, C. Engelhard, A Quantitative Nanoparticle Extraction Method for Microsecond Time Resolved Single-
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Chapter 1

1.1 Introduction

With the advancements in nanoscience the utilization of engineered
nanoparticles (NPs) has recently increased, particularly in consumer products.?: 2
Ag NPs are among the most utilized nanomaterials, especially in clothing, food
supplements, appliances, electronics, etc. due to their antimicrobial activity.
However, for more than 50% of the products that are listed in the nanomaterials
containing consumer products databases,!: 2 it is not specified, which nanomaterial
was used during their production. Clearly, a robust analysis method will be
required for these products and raw materials. After their use nanomaterials may
be released into the environment, where transformations may take place.3 In
recent environmental exposure studies the predicted environmental
concentrations of Ag NPs in surface waters were calculated to range from ng L1
concentrations to low pg Ll concentrations.% > Consequently, a sensitive method is
required for NP size separation and characterization when a suspension (consumer

products or environmental samples) contains NPs with different sizes.

An ideal characterization method for NP containing suspensions should
cover the determination of the NPs chemical composition, size, and size
distribution. It should provide the particle number concentration (PNC) for each
NP size range that is present in a mixture and allow for the determination of
additional parameters such as surface coating and shape of the of NPs. Different
microscopy techniques (scanning electron microscopy, transmission electron
microscopy (TEM), atomic force microscopy (AFM)) can be used for assessment of
NP shape, diameter, and size distribution. High spatial resolution of up to 1 nm
allows for visual inspection of individual NPs.6 However, these methods can be
time-consuming, the area that is analyzed may not represent the whole sample,
and measurement artifacts may affect the results because only the NP surface

projection is measured.®

Techniques based on inductively coupled plasma mass spectrometry (ICP-
MS) can be used to separate and directly analyse the NPs and dissolved metals.
Single particle (SP)-ICP-MS utilizes short dwell times (DTs) (typically in the low

to sub-millisecond range) and time-resolved data acquisition to detect single NPs
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Aims and Scope of the Thesis

in sufficiently diluted suspension with minimal sample pretreatment (dilution) at
environmentally relevant concentrations (low nanogram-per-litre range for NPs).
Individual NPs sizes can be assessed through mass-related counts detected at a
given mass-to-charge ratio (m/z). These signals can be characterized as individual
spikes from NPs, whereas the background (BG) represents the level of dissolved
metal in the solution.” Several reviews summarized the capabilities and
limitations of SP-ICP-MS810, emphasizing that there is still room for improvement.
Namely, more well-characterized standards are needed for size and PNC
determination, matrix effects require more detailed investigations and should be
accounted for, the linear dynamic range of the pulse counting stage of the

secondary electron multiplier (SEM) is limited, etc.

The development of the prototype data acquisition system that allows to
acquire SP-ICP-MS data continuously with up to 5 ps time resolution (usDAQ)!!
opens new opportunities for the precise characterization of NPs. Capillary
electrophoresis (CE) has a unique separation principle based on NP charge-to-size
ratio (C/S) that can be used for separation of NPs with different sizes. Microsecond
time resolution for SP-ICP-MS and CE coupled to SP-ICP-MS (CE-SP-ICP-MS)
broadens the capabilities of both methods.



Chapter 1

1.2 Aims and Scope

The thesis i1s dedicated to the development of novel techniques and

improvement of existing methods for NPs analysis and characterization using SP-
ICP-MS and CE-SP-ICP-MS.

Chapter 2 1s focused on literature review of SP-ICP-MS as a method.
Instrumental developments in SP-ICP-MS are reviewed on a step-by-step basis,
from the sample introduction system to the detector. Necessary improvements and
directions for further developments are identified in order for the method to get
closer to “an ideal method for atomic spectroscopy”.12 The second part of the review
1s dedicated to applications of SP-ICP-MS. Key steps in sample preparation and
selected instrumental conditions that are used in the published literature are
summarized in a table. The table may serve as a guide for SP-ICP-MS users to
choose an experimental procedure depending on the matrix that is present in the

sample.

In Chapter 3, CE-SP-ICP-MS is used for the first time with a usDAQ system
to separate and quantify mixtures of Ag NPs. Additionally, an online
preconcentration technique (reversed electrode polarity stacking mode, REPSM) is
applied for Ag NPs analysis with CE-SP-ICP-MS for the first time. After
optimization, best results are achieved using an injection time of 110 s and a
constant pressure of 50 mbar in hydrodynamic injection mode. It is possible to
detect 14+ 2 times more 20 nm sized, 21 £+4 times more 40 nm sized, and
28 £ 5 times more 60 nm sized Ag NPs compared to the standard injection time of
only 3 s. The possibility to separate 20 nm, 40 nm, and 60 nm sized Ag NPs
simultaneously present in a mixture is demonstrated over a broad concentration

range.

In Chapter 4 the possibility to separate mixtures of Ag NPs with similar
sizes but different surface coatings using CE-SP-ICP-MS is investigated. In two-
component mixtures it is possible to separate 40 nm sized polyvinylpyrrolidone
(PVP) and citrate-coated, 40 nm sized polyethylene glycol (PEG) and citrate-
coated, and 60 nm sized PVP and citrate-coated NPs. The separation of a more

complex mixture containing NPs with the different coatings and sizes is successful,
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and each component, namely 20 nm, 40 nm, 60 nm sized citrate-coated and 40 nm,
60 nm sized PVP-coated NPs, can be distinguished. The theoretically expected
migration order is confirmed by experimental results with selected Ag NPs. Based
on the experimental observations a separation mechanism that considers the effect

of stable vs. displaceable coatings during NP migration in CE is suggested.

The detection of NPs in the presence of high BG is challenging in SP-ICP-
MS and leads to inaccurate quantification. In Chapter 5, a data processing
procedure for the deconvolution of SP-ICP-MS data and its application to
quantification of both the Ag NP size distribution (20 to 100 nm Ag NPs) and the
concentration of Ag* (up to 7.5 ug L'l) in mixtures using Poisson statistics to
determine thresholds to identify beginning and end of NP signal events is
developed. SP-ICP-MS with the usDAQ and conventional pneumatic nebulization
1s used for the detection of Ag NPs in the presence of a significant concentration of
ionic BG (107Ag* up to 1 000 000 counts per second, cps). In contrast to a
conventional decision criterion (three times standard deviation of the BG, 3XSDgq,
normal distribution), the NP ion cloud extraction method reported here is based on
setting thresholds to determine the beginning and the end of an ion cloud using
Poisson statistics, which is suitable for the low count data. The algorithm is
exemplarily applied for the flagging and detection of Ag NPs in the presence of Ag™.
Two parameters, namely the critical level (false positive probability was set to 5%)
and the detection limit (false positive and false negative probabilities were set to
5%) based on Poisson distribution are implemented to determine the thresholds.
Different sets of the NP ion cloud extraction condition are used to verify the
calculated thresholds. IN the future, the method can be universally applied for the
detection of different elements with SP-ICP-MS.

Chapter 6 summarizes the results of this thesis and discusses future

perspectives in the field of SP-ICP-MS.
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SP-ICP-MS — A Critical Review of the State-of-the-Art

Chapter 2

Single Particle ICP-MS - A Critical Review of the
State-of-the-Art

Based on:

D. Mozhayeva, C. Engelhard, A Critical Review of Single Particle Inductively
Coupled Plasma Mass Spectrometry — A Step Towards the Ideal Method for

Nanomaterials Characterization,

J. Anal. At. Spectrom., 2019, DOI: 10.1039/C9JA00206E.



Chapter 2

2.1 Introduction

2.1.1 Nanomaterials

Nanotechnology is a rapidly developing field of science, which utilizes
materials and their properties at the nanometre (10-9 m) scale. The basic idea of
nanotechnology has been formulated already in 1960 by Richard P. Feynman:
“What would the properties of materials be if we could really arrange the atoms
the way we want them?”13 Indeed, materials at the nanometre scale possess unique
properties different from those of the chemically identical bulk materials. The fact
that matter has distinct size-dependent properties led to the development of colloid
chemistry. The first systematic studies in this field were conducted by Michael
Faraday, when he described the properties of “ruby” gold (Au) suspensions in
1857.14 “The state of division of these particles must be extreme; they have not as
yet been seen by any power of the microscope.”!4 This statement is an evidence that
the task to analyze Au NPs has been a challenge. The variety of states and
properties of nanomaterials still presents a challenge for their characterization in
analytical chemistry, even after more than 150 years after the term “colloid” has
appeared.1®> The invention of electron microscopes in the 20th century has allowed
to visualize nanomaterials (with at least one dimension of the size from 1 nm to
100 nm). Although the microscopy based techniques became prominent
nanomaterials analysis tools, they possess some limitations. Namely, difficult
sample preparation, limited area of analysis, and measurement of projections (not

three-dimensional imaging). Therefore, alternative analysis methods are needed.

An alternative method for nanomaterials characterization is single particle
inductively coupled plasma mass spectrometry (SP-ICP-MS, also referred to as
spICP-MS or SP-ICPMS).16 The technique utilizes a standard ICP-MS setup, and
makes use of the time-resolved detection for analysis of NPs that are introduced in
diluted suspensions one by one. Since the first publications, the field has grown
rapidly (Figure 2.1) and, in the authors estimation, will continue to grow. There
has been several reviews focusing on the topic of SP-ICP-MS810. 17  discussing the
principles, capabilities, limitations, and selected applications. The goal of this

chapter 1s to critically discuss the latest developments and remaining challenges
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of SP-ICP-MS and its metrology; to highlight instrumental parameters that are
important for NPs detection and to summarize the latest applications of SP-ICP-

MS when used with and without particle fractionation methods.

2.1.2 Principle and early development of SP-ICP-MS

The basic principle of SP-ICP-MS is that NPs can be individually detected if
they are introduced in sufficiently diluted suspensions. When the signal is acquired
In a time-resolved manner, NPs can be characterized on a particle-by-particle
basis. Each NP then produces a short spike on the order of few hundreds of
microseconds above the continuous BG!8. The signal abundance is proportional to
the mass of a NP. NP size can be calculated from NP mass if one assumes an
element-specific NP density and geometry. The frequency of the detected spikes
can be related to the PNC in the suspension. Overall, SP-ICP-MS allows to obtain
NP average size, size distribution, and PNC after only a few minutes of
measurement. The quantification and calibration strategies were summarized and

described in detail before8-10.17 so they will be only shortly discussed below.

The first utilization of the ICP source for time-resolved particles analysis
was published by H. Kawaguchi et al.19. In the paper, micrometer-sized particles
were generated after the desolvation of monodisperse NaCl, Ca(NOs)2, and
Cu(NOs)2 droplets. The method based on atomic emission spectroscopy (AES)
detection was intended for analysis of particles in air. Later the same group
adapted the technique to ICP-MS (the commercial detector was modified) to
achieve 15 times lower mass detection limit (Lp) and detect femtogram amounts of
zinc.20 This method utilized monodisperse droplets of Zn(CHsCOO)z2 and Pb(NOs3)2
suspensions that were dried to produce the particles for the introduction into the
ICP-MS. Two years later it was shown that instrumental conditions significantly
affect the resulting particle signal intensity.2! Namely, the combination of radio
frequency (RF) power, sampling positions, and carrier gas (also referred to as
“nebulizer gas”) flow determine the intensity of the signal. It was found that for
Zn-containing particles 1400 W RF power, 14 mm sampling position, and

0.8 L'min-! carrier gas flow were optimal for the particles detection; however, no

9
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other elements or matrices were tested. The main application fields of the air
aerosols analysis were predicted to be environmental studies (detection of
contaminants in air) and control of clean environments (e.g. clean rooms in
industrial application).19-23 Later on the detection of particles was performed in
suspensions with ICP-AES.24 25 Micrometer-sized particles of “refractory oxides
and silicates”?® were used for analysis. The authors pointed out that due to
incomplete ionization, the response obtained for 3—7 um silica particles was not
proportional to the mass of the analytes. Furthermore, the mass calibration “still
remains a problem” due to the absence of any particles (detectable by ICP-AES)

with narrow size distributions.25

A feasibility study for colloid suspension analysis with SP-ICP-MS was
published by C. Degueldre and P. Y. Favarger in 2003.16 In the paper, the results
of SP-ICP-MS with 10 ms dwell time for analysis of polydisperse 400 nm (median
size) TiO2, 150 nm Al20s3, 400 nm FeOOH, and some natural colloids were
demonstrated. The choice of isotopes for detection was discussed in detail because
of the mass interferences experienced by light elements in a single quadrupole ICP-
MS (ICP-Q-MS), and 48Tit, 27Al*, 57Fe*, and 44[S10]* were chosen for detection in a
model water matrix. Similar studies were published by the same authors for
100 nm ZrO226, manually milled ThO227 and UO3228, and 80 to 250 nm Au
particles.29 The studies utilized the PNC of 105— 106 cm-3, and the method was

presented as an alternative to microscopy investigations.16. 26-29

After the first publications on SP-ICP-MS between 2003 and 2011, the total
number of publications first doubled in 2012 (cf. Figure 2.1). According to a search
in the Web of Science database, interest is steadily growing and over 300 peer-

reviewed manuscripts on the topic are published today.

2.2 Towards the Ideal SP-ICP-MS Method

The title and the idea of the chapter were inspired by plenary lectures of Gary
M. Hieftje30. 31 and his publication dedicated to Howard Malmstadt in 2006.12

Research ideas of Howard Malmstadt were reportedly following the concept of an

10
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Year
N
=

—
ﬂ

2006 1]
2004 1 314 Publications in Total

0 10 20 30 40 50 60 70
Number of Publications

Figure 2.1: Number of SP-ICP-MS publications according to the Web of Science
database (accessed on 28 May 2019). 314 publications in total. The search
command: "SP-ICP-MS" OR "SP-ICPMS" OR "sp-ICPMS" OR "single particle
ICPMS" OR "single particle ICP-MS" OR "single particle inductively coupled
plasma mass spectrometry” OR "single particle inductively coupled plasma mass-
spectrometry" (the characters are not register sensitive). Note that two publication
published in 2004-2006, that do not use the above mentioned terms, were added
manually.

*The results for 2019 are incomplete.

1deal. He was first defining the qualities of an ideal “concept, method, device, or

system”; and the research was then aimed to overcome the identified weaknesses.12

In the same paper!? the characteristics that “an ideal method for atomic
spectroscopy” would have, were defined. These characteristics comprise, among
others, Lp of a single atom, no spectral or matrix interferences, simultaneous
multielemental detection, and standardless analysis.1? The author would like to

look at these ideal characteristics and compare them with the existing ones for SP-

11
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ICP-MS and NPs analysis. This way the advances and capabilities of the method
along with the limitations are reviewed, in order to evaluate future perspectives

and directions of SP-ICP-MS.

2.2.1 Sample Preparation

“An ideal method for atomic spectroscopy” would require no sample
preparation, and “ideally” liquid samples could be analyzed with SP-ICP-MS
without any sample preparation. In reality, this can be done only for model
solutions (and not for unknown samples); however, even then a lot of factors should
be considered beforehand, especially when a significant amount of matrix is
present, in order not to alter the state of NPs. Nanomaterials possess high surface
energy that makes them more reactive compared to the bulk materials of the same
composition; therefore, the stability of the NPs suspensions should be always
considered during storage, handling, sample preservation, and sample
preparation. Different dispersion media or dilutions, interactions with materials
of the sampling or storage containers, storage conditions, and storage time may
alter the surface coating or size of the NPs, and cause aggregation. Moreover, a
certain PNC range is required for analysis to measure the NPs individually. The
required PNC range for analysis is discussed here in detail, because it depends on
many factors (nebulization and transport efficiency, type of the nebulizer and
sample introduction system, elemental composition and size of the NPs etc.). If the
samples are too diluted, measurement time can be increased to increase the
number of detected particles. In some cases, matrix interferences can be reduced

by sample dilution.

Nanomaterials often come in complex matrices (e.g. solid matrices,
environmental and food samples) and require carefully optimized sample
preparation protocols for their successful extraction and SP-ICP-MS analysis. In
Table 2.2, all papers are listed that report sample preparation strategies for SP-
ICP-MS sorted by type of matrix (e.g. animal tissue, cell cultures, body fluids,

cosmetics etc.) and publication year. This table is intended to help the reader to
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easily grasp the experimental details. In addition, the reader is advised that the

main challenges of sample preparation were recently reviewed by others.32 33

Clearly, in complex matrices it is important to consider that the state NPs
may change due to filtering (NPs may interact with filter membranes), species
interconversion (NPs may partially dissolve and form ionic species or ionic species
can be reduced to corresponding metals), extraction and digestion procedures, or
storage. At the current development stage, SP-ICP-MS is considered to be very
suitable for the analysis of liquid samples without any sample preparation but only
in the case of a rather simple matrix. In all other cases, a careful sample
preparation method development is required for analysis of complex, in particular,
solid matrices to ensure that NPs do not change in their size, form, or aggregation

state.

2.2.2 Sample Introduction

In an ideal world, a sample introduction system would exist for SP-ICP-MS
that features a 100% transport efficiency and a high tolerance to all kinds of
different matrices. Today, commercially available nebulizers do not achieve a 100%
particle transport efficiency, and, thus, the precise determination of the nebulizer
transport efficiency is required for system calibration. Pneumatic nebulizers
achieve only approximately 0.5 — 2% transport efficiency with 1 mL min-! sample
uptake rate.34 The aerosol transport through a spray chamber is aimed to eliminate
larger droplets, which helps to reduce the solvent load and to improve analyte
signal stability, but at the same time a considerable amount of the analytes is also
lost in the drain. An alternative to the high-flow pneumatic nebulizers (e.g.
1 mL min! sample uptake rate) are micronebulizers with considerably lower
sample flow rates. With micronebulizers (e.g. at 10 pLL min-! sample uptake rate)
the transport efficiency can be improved to 60 and 80%.34 Micronebulizers utilize
low-volume spray chambers (e.g. 15 cm3) and help to improve the transport
efficiency. For example, a transport efficiency of approximately 93% was reportedly
achieved for 70 nm Pt NPs with a large-bore concentric nebulizer and a small-

volume on-axis cylinder chamber.3> A loss of 7% was discussed to be likely due to
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adsorption to nebulizer and spray chamber walls, NPs surface charges, and
assumptions made during PNC determination.3> In general, the higher the sample
flow of a nebulizer, the lower its transport efficiency typically i1s. However, the
matrix tolerance decreases from higher toward lower sample uptake rates.
Micronebulizers can be more difficult to operate and maintain due to the
dimensions of the inlet capillary (e.g. 0.15 mm)35, which might get obstructed, and
sample interchange can also be tedious. When compared to standard pneumatic
nebulizers; however, micronebulizers are considered to be advantageous in the
field of SP-ICP-MS for low-volume samples, simple matrices, when they are used

to interface separation devices, or to achieve lower PNC Lp.

Another approach to achieve high transport efficiency for NPs is through a
microdroplet generator (MDG), where monodisperse droplets are generated by a
piezoelectrically actuated quartz capillary.3¢ The droplets with a controlled volume
and speed of generation are transported into the ICP, and transport efficiency
above 95% can be achieved.3” The advantage of the MDG introduction is that
calibration may be performed with dissolved metal standards, when reference
materials of the NPs are not available.3”7 Also, a combination of a pneumatic
nebulizer and a MDG was recently reported as a means to exchange different
sample matrixes faster and to calibrate the NP signal using traceable elemental
standards without the need to use NP reference materials.3® In this setup, the
MDG was used for system calibration, and the pneumatic nebulizer was used for

sample introduction.

A comparison of pneumatic nebulizers and MDG based sample introduction
systems were performed in order to highlight advantages and disadvantages of the
techniques for NPs quantification.3 40 It was found that losses are still possible at
the sample introduction stage affecting both NPs and dissolved species. Future
improvements of sample introduction system are still needed to ensure high NP
and dissolved ion transport efficiency, robust operation, and a high tolerance

toward different matrices.
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2.2.3 NPs in the ICP Source

When NPs enter the ICP, they would ideally get fully vaporized and ionized,
regardless of their elemental composition, size, and matrix they are in. However,
it is important to consider differences in boiling points and ionization potentials of
the elements the particles are made of because these might result in different
optimal experimental conditions. For example, Ho et al. focused on the
determination of the maximum signal intensity as a function of the ion sampling
position (frequently referred to as “sampling depth”) for different elements.4! It
was shown that different elements have a different signal maximum in their
sampling position profiles depending on the combination of element ionization
potentials and boiling points of the corresponding oxides. The maxima of sampling
position profiles of 19 dissolved elements were determined in solution. The maxima
of sampling position profiles vary from 3.8 mm (69Ni*, NiO boiling point is 2300 K)
to 6.1 mm (149Ce*, Ce203 boiling point is 4000 K). Lower oxide boiling point results
in lower sampling position maximum; however, some studied elements do not
follow the trend, e.g. the signal maximum for 208Pb* was at 5 mm sampling position
with PbO boiling point being 1800 K. Ionization potential alone does not have a
clear effect on the position of the sampling position maximum. Therefore, a
combination between the element ionization potential and particle vaporization
(oxide boiling points) was considered. The sampling position maxima for elements
with volatile oxides and relatively high ionization potentials (e.g. Ni, Cu, Zn, As,
Cd, and Pb) are expected to occur after the complete dried aerosol vaporization.
Elements such as Y, Zr, La, Ce, Gd, Ti, Al, Cr, Sr, and V have high oxide boiling
points (above 3000 K) and are highly ionized in the plasma after their vaporization.
“The position of maximum ICP-MS sensitivity, therefore, depends on the boiling
point of the oxides for high-boiling oxides or the difference between the boiling
point and the temperature for high degree of ionization for elements of high
ionization potential and low-boiling oxides.”4! 150 nm and 250 nm Au and 80 nm
ZrO2 NPs were studied afterwards, and they were found to have different complete
1onization positions (only around 0.5 mm) in the ICP compared to dissolved metals
analysis (Figure 2.2).41 Consequently, it is important to determine the position of

the maximum signal in sampling position profiles for method optimization and
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minimization of systematic errors, when calibration with dissolved metals is

performed in SP-ICP-MS.

Incomplete ionization may occur due to a relatively larger mass of individual
NPs, and, in turn, would lead to a limited upper size dynamic range for NP
analysis. Additionally, matrix ions that reach the plasma together with the NPs
may affect the ionization of the NPs. In order to study these processes, the effects
of NPs or droplets on the plasma have been investigated by several groups, only
selected recent papers are presented here. Kay Niemax and co-workers utilized a
MDG to study atomization processes in the plasma.42 They got the indications that
the local plasma cooling occurs during atomization, and it is dependent on the
analyte mass. Another finding was that the matrix elements in the droplets affect
the droplets atomization. Later they confirmed experimentally that the position of
atomization and ionization of analytes in the ICP strongly depends on the injector
gas flow, the size of the introduced droplet, and also on the mass of the analyte.43
Further experiments demonstrated the effect of analyte mass in particles on the
position of analyte atomization. According to the calculations, if the injector gas
flow is increasing from 0.14 to 0.5 L min-!, then the temperature of the central
plasma channel decreases, which may lead to a delay in the atomization depending
on the properties of the analyte under investigation. Additionally, higher particle
mass causes more significant plasma cooling, also leading to delayed atomization.
It was also confirmed that the presence of matrix (SiOz particles in Ca2* matrix)
affects both particles and matrix components atomization. Namely, there was a
delay in complete atomization of two 1.55 um SiO2 particle compared to one
0.83 um SiOg2 particle that translates in “a spatial shift of about 8 mm in the ICP”.43
It has also been shown that the position of atomization and ionization is important
for ion sampling. If the ions are sampled too early, when atomization and
lonization are still not complete, then the detected signal per particle decreases. If
the sampling is performed too late, then after the particles are ionized, diffusion

occurs, and the signal per particle may also decrease.34
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Figure 2.2: Sampling position profiles of (a) Au and (b) Zr in the form of aqueous
solution of concentration of 10 pgli-! and discrete NPs. Reproduced from

Ho et al. 41 with permission from The Royal Society of Chemistry, Copyright 2015.

Ho et al. performed a simulation study focusing on incomplete particle
vaporization.44 It was shown that it is important to know the point of complete
particle ionization for ions sampling. For example, Au particles larger than 150 nm

are not completely ionized, and, thus, the mass calibration levels off at higher mass
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values (above 34 fg) at 8 mm sampling position. A sampling position upstream in
the plasma (closer to the coil) resulted in an even narrower linear dynamic range
for Au NPs detection (e.g. 6 mm 1n the simulations results in incomplete
vaporization for Au NPs above 60 nm). Additionally, smaller NPs are subjected to
diffusion to the higher extent, causing analyte losses for smaller particles that
already completely vaporize early in the ICP. Therefore, it was pointed out that it
is important to match the NPs masses used for calibration with the analyzed
particles. A literature search44 was done to determine the detected signal of the
particles at which it is no longer proportional to the particles mass (100 nm for Ag
NPs40, 150 nm for Au NPs#4); however, the influence of the detector linear dynamic
range on the obtained values was not studied. O. Borovinskaya et al. demonstrated
that droplets that are off the central axis of the plasma experience a temporal shift
in their ICP-MS signals due to diffusion in the plasma.4> A computational study
confirmed the advantages of introducing the samples on-axis to achieve higher
transport efficiencies of the ions into the MS.46 G. Chan and G. Hieftje
demonstrated that injection of droplets (deionized water) into the ICP causes a
noticeable influence on it, the plasma is locally cooled (the cooling lasts more than
2 ms after the droplet leaves the load-coil) and is then reheated to the temperature
above equilibrium (this effects lasts up to 4 ms after the droplet leaves the load
coil); therefore, these effects last longer than the residence time of droplets in the
plasma.4” Here, the OH molecular band, Ar I and H I emission lines were measured

with a monochromatic imaging spectrometer every 100 pus.

The studies presented in the paragraph above demonstrate that it is indeed
important to optimize the plasma conditions for a precise and sensitive NPs
detection. Namely, injector gas flow (only Ar and not He was considered in this
review), plasma power, sampling position, and injector diameter should be
optimized based on the analytes and matrix used. The effect of the ICP-MS
sampling position on the signal intensity of Ag and Au NPs was studied.4® It was
shown that it i1s necessary to optimize the sampling position, because it can
decrease the size Lp by 25 — 30% for the studied NPs compared to the standard
instrument tuning procedure. E.g. the sampling position of 4 mm was found to be

optimal for Ag and Au NPs to obtain the highest signal intensity, the signal of
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dissolved silver and gold standards followed the same trend.4® It is important to
note that the optimal sampling position would be different for different
instruments, the elements of the different mass ranges; and the formation rate of
doubly charged ions and oxides should be accounted for some elements. K.-H. Chun
et al. used a double-viewing-position single particle ICP-AES approach to study
and select an appropriate sampling position.4® The approach can be used to
elucidate a potential incomplete ionization of particles, and, therefore, provide the
information for SP-ICP-MS that sampling from these positions would not be

suitable.

SP-ICP-MS is sensitive toward the plasma conditions, and more studies are
required in this respect to develop robust protocols to establish optimal plasma
conditions for different NPs and different matrices. The plasma conditions that
were used in SP-ICP-MS application papers are summarized in Table 2.2 and
discussed in the corresponding chapter. Apart from the choice of the nebulizer,
torch injectors of smaller diameter may help to focus the NPs on a central axis
(with low matrix load). The combination of the three parameters injector gas flow,
plasma power, and sampling position significantly affect NPs ionization and, in
turn, the recorded signals, and should be optimized prior to analyses. The aim is
to achieve the conditions at which the ionization is complete for the required NP
size range in a specific matrix, and to sample the ions into the MS from the point
of complete ionization to avoid ion cloud diffusion in the plasma and a loss of ions

per particle.

2.2.4 Ion Transport

All ion clouds produced in the ICP ideally would be transported into the MS.
However, the step of ion extraction into the MS is associated with losses. The
extraction takes place (for most of the commercial instruments) through the
sampler and skimmer cones that help to reduce the pressure from atmospheric
conditions in the ICP to vacuum conditions inside the MS. After sampling,
positively charged ions should be separated from the negatively charged ones,

neutrals, and electrons; and focused to proceed to a mass analyzer. Optimal ion
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lenses voltages may differ from element to element, so the standard tuning is
accustomed to determine only one set of voltages for the whole mass range. The
maximum sensitivity for a particular ion may be achieved by fine tuning.
Additionally, the generated ion beam is experiencing space-charge effects: A
charge repulsion between ions of the same charge in the beam occurs, and this
effect is particularly pronounced for lighter low-mass ions. The space charge effect
may explain some matrix effects and why low-mass element have lower sensitivity,
compared to higher-mass elements.50 H. Niu and R.S. Houk5!' described
fundamental aspects of ion extraction in ICP-MS, and highlighted that the
understanding of the processes happening during the transport of the ion to a mass

analyzer would help to reduce the ion losses at this stage.

The 1on transport for NPs is associated with possible partial losses of the
number of ions per NP that were generated in the plasma, partial losses of the BG
1ons, losses due to the extraction of positively charged ions, space charge effect, etc.
All of these losses increase the size Lp for NPs and decrease the overall instrument

sensitivity.

2.2.5 Mass Analyzers

The ideal mass analyzer for NPs would be able to have a high mass
resolution to provide isotopic information along with simultaneous rapid multi-
elemental detection of short (few hundreds of microseconds)!® NP signals. The
mass analyzers that are available nowadays are suitable for different types of

applications and still have some room for improvement.

ICP-Q-MS are widely used because of their comparatively low cost and
capability for fast NP detection. However, ICP-Q-MS instruments are limited in
terms of multielemental detection and resolution (typically one m/z unit). ICP-Q-
MS is a sequential instrument, where a certain set of voltages is used for each m/z.
Therefore, switching between different m /z ratios requires some settling time (on
the order of 100 us)52 for the new set of parameters to be stable. This settling time
leads to only partial detection of fast transient NP signals, when more than one

1sotope 1s detected in one measurement, which significantly limits the amount of
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counts detected per NP. A proof-of-principle for two elements detection was
demonstrated, where Au/Ag core/shell NPs were detected with 100 us dwell time
and 100 us settling time.52 A partial solution to this multielemental quadrupole
limitation would be analysis of different m/z one after the other, if the amount of
the sample is sufficient. Another limitation of ICP-Q-MS stemming from its
comparatively low mass resolution is interferences. A lot of elements experience
interferences in ICP-Q-MS53, especially in the presence of matrix. If the interfering
ion is present only as the BG and not in the form of NPs, then NPs could still be
detected to a certain extent as spikes above the continuous BG. However, as the
variation of the BG signal rises with the increasing signal level54 55 the NP size
Lp rapidly increases (from 18 nm to 32 nm for Ag NPs, when 0.3 pg -1 Ag*t was
added, 5 ms dwell time)7. One approach to remove the interference may be the use
of collision-reaction cell with kinetic energy discrimination, e.g. it helped to reduce
the sensitivity of the instrument to detect Au NPs up to 200-250 nm in
diameter.56 57 After passing through the mass analyzer, the ion detection itself is
performed usually by discrete dynode electron multiplier. The crucial parameter
to set is the detector dwell time, which will be discussed in the next subchapter. In
spite of all limitations, ICP-Q-MS is still the most widely used instrument for NPs

detection.

The utilization of triple quadrupole (TQ) technology allows to overcome
matrix interferences. The use of CHsF or Hs for reactions/collisions allowed to
quantify SiO2 NPs (high natural BG of N») in the range from 80 to 400 nm.58 TiO2
NPs can be quantified with the use of NHs as the reaction gas in candy products5®
and water matrices with high Ca content®? (4#8Ca* causes interference with the most
abundant 48Ti* isotope). Sector field (SF)-ICP-MS has a higher mass resolution and
sensitivity compared to ICP-Q-MS and can also be used for NPs detection.37 60-66
In particular, the method was used to distinguish 48Ti* (m/z = 47.948) and 48Ca*
(m/z=47.953).60

The feasibility of SP-ICP-MS for isotope analysis in erbium oxide particles
was demonstrated with multi-collector (MC)-ICP-MS.67 Isotope dilution analysis
was introduced for Ag NPs analysis and quantification with ICP-Q-MS.¢8. 69 Here,

spikes of isotopically enriched 199Ag* solution were introduced for quantification.
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Quasi-simultaneous multielemental analysis can be performed with time-
of-flight ICP-MS (ICP-TOF-MS).70 The prototype instrument was able to acquire a
mass spectrum each 30 kHz; however, the size Lp were 46, 32, and 22 nm for Ag,
Au, and U NPs respectively (higher than in ICP-Q-MS40. 71, 72). The commercial
instrument allows to perform the analysis of e.g. Au/Ag core/shell NPs and
distinguish them from Ag NPs with improved 19 and 27 nm Lp for Au and Au NPs
respectively (Poisson statistics).” ICP-TOF-MS allows to distinguish between
natural and engineered CeO2 NPs7 and TiO2 NPs7. The commercial ICP-TOF-MS
1s reported to achieve 29, 14, and 7 nm Lp for Ti, Mo, and Au containing NPs
respectively. It was used, for instance, for Bi containing NPs and NPs of steel to

obtain the elemental composition of this industrial materials.”®

2.2.6 Detector Dwell Time

Ideally, SP-ICP-MS requires fast time-resolved detection to get accurate
information (number of counts) for each detected NP over the whole required
length of the measurement. Here we focus mainly on secondary electron multiplier
detectors (most frequently used for ICP-Q-MS). Usually the detection occurs
sequentially during the intervals called dwell times. Dwell times in the millisecond
time range are the most frequently used (Table 2.2, also determined by the
available settings of the instruments). As it was mentioned and confirmed
earlier'8, NPs represent the ion cloud events in the range of few hundreds of
microseconds. Additionally, dead time between dwell times may be presentl¢ and
interrupt the time-resolved measurements causing partial losses of counts per
particle. The occurrence of NPs between two dwells may cause one NP to be
detected as two smaller ones, and with high PNC two or more particles may fall
into one dwell time. Therefore, with millisecond dwell times, it is important to
obtain a suitable PNC for measurements, because only one point is detected per
NP. SP-ICP-MS can be performed with millisecond time resolution, however, more

care should be taken to choose suitable PNC.

An approach to overcome the measurement artifacts is to use integration

times that are significantly shorter than the duration of NPs ion clouds (in the
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microsecond time scale). This way time-resolved profiles of the NP ion clouds could
be obtained. The main challenge arises then in the data acquisition, storage, and
handling. For example, if the dwell time would be 10 pus, then each 1 s 100,000 data
points are obtained. Therefore, most of the systems require a special data
processing for visualization and quantification. The signal per NP can then be
obtained by the sum of the counts obtained for each detected NP (profile). The
extraction of the NP ion clouds and their distinction from the BG play an important
role in this case. To the best of authors” knowledge, the first system for time-
resolved particles analysis with ICP-MS was presented by T. Nomizu et al. in
2002.23 The detection was performed with 20 ps time resolution for 1 min in the
pulse-counting mode; however, it is stated that the measurement time was limited
only by the computer hard disc space. Later, a system that allows data acquisition
with up to 10 pus dwell times with no settling time between the dwells was
introduced.52 77. 78 The NPs were extracted from the BG by applying a 3XSDga
criterion.52 A system allowing to achieve up to 5 ps time resolution with continuous
data acquisition was also developed.!! The system allows to perform the acquisition
for any measurement length (only limited by the hard disk space). It was used for
continuous measurements of up to 60 min with the coupling of a separation
technique.!® The obtained data was processed by setting the thresholds to begin
and end the extraction of an ion cloud.!? SF-ICP-MS has also been used for the
continuous data acquisition up to each 10 ps.6% 62,65 66 The NPs were determined
in the data by finding the peak maxima above a certain threshold.6l. 66 An
additional peak recognition algorithm using 100 us dwell time based on cluster
detection has been also introduced.62 Another mass analyzer, ICP-TOF-MS can be

operated with up to 30 kHz to assure fast detection of NPs.70

First attempts have been done to distinguish NPs with different shapes and
high aspect ratios. Microseconds time resolution was implemented to distinguish
spherical NPs from nanorods and dimensional characterization of the NPs based
on their ion cloud signal duration.”™ The composition of NPs of gold and silver alloys
has been also assessed using profiles of the ion clouds.80 The detection of silica

colloids, which otherwise would require the use of a collision gas to remove
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polyatomic interferences (from nitrogen dimer ions), has been simplified with

microsecond time resolution detection.8!

With microsecond time resolution, the BG 1s divided between adjacent
dwells!l. 78, so the detection of NPs is possible in the wider range of PNCs and in
the presence of higher BG and dissolved ions concentrations. It should be also
noted that the data obtained with microsecond time resolution represent in most
of the cases only several counts per dwell time (with 5-10 us dwell times), so the
Normal distribution statistics may not apply to this data, and Poisson statistics

should be considered in order to differentiate NPs from the BG.82

2.2.7 Quantification Considerations

The principles of quantification with SP-ICP-MS were described in previous
reviews in detail.8-10 Briefly, in order to obtain particle size and size distributions
with a pneumatic nebulizer, quantification can be performed using NPs standards
of the same elemental composition or dissolved standards solutions of the element
after taking into account the nebulization efficiency. The PNC determination
requires a NP standard with the known PNC of the same element, or of a different
element, if the same transport and nebulization efficiencies are assumed. The main
limitations today is the fact that only a limited variety of the NPs standards of
different composition and certified PNC exists!0, and difficulties in determination
of the nebulization efficiency can occur.83 Interlaboratory studies have shown that
the determination of median particle diameter (2 — 5% repeatability SD, 15 -25%
reproducibility SD) is much more repeatable and reproducible compared to the
determination of PNC (7 — 18% repeatability SD, 70 —90% reproducibility SD). The
lack of stability of the NPs in initial suspensions and different matrices depending
on the handling and storage conditions may have a significant contribution to this
fact.83.84 Recently, a metrological study assessing the determination and validation
of Au NP size and size distribution was performed.85 High-resolution scanning
electron microscopy was used as one of the methods to validate the results obtained
with SP-ICP-MS. Two methods show a good agreement with relative precision of

0.5%. It was emphasized that the NP size characterization provided by their
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suppliers is not enough, and more characterization is needed, if the NPs are
intended to be used in research. MDG3739, isotope dilution®® 69 and flow
1njections6. 87 allow to introduce new quantification approaches. However, still more
studies on the metrology of the method are required to ensure accurate NPs

analysis.

The counting stage of the electron multiplier is typically used up until
2X106 cps34 because there is a detector dead time (in the order of 50 ns)!! between
the acquisitions caused by detector construction limitations. Because NPs result
in short but intense ion signals, some of the counts per NP are lost due to the dead
time (e.g. 6.2% for 40 nm and 24.4% for 60 nm Au NPs).11 This phenomenon leads
to a limited linear dynamic range (LDR) for NPs size detection. J. Liu et al.
extended the LDR for Au NPs from 10 to 70 nm in “highest sensitivity mode” to
200 nm in “less sensitive modes”.?¢ The solution is to decrease the temporal signal
of the NPs by the use of low extraction voltage56 or collision-reaction cell.5¢. 57 The
effect of the plasma conditions on the LDR for Au NPs was investigated by
W. - W. Lee and W.-T. Chan, 250 nm Au NPs were outside of the LDR.88

The size Lp depend on the sensitivity of the instrument, and the ideal Lp of
one atom cannot be achieved nowadays with the current ICP-MS systems. The
main reasons are a low nebulization efficiency, low ionization efficiencies of some
elements in the argon plasma, and ion transfer into and inside the mass
spectrometer. S. Lee et al. calculated the size Lp for 40 elements for an ICP-Q-
MS.72 Most of the elements still have Lp well above 10 nm? 72 that are quite high

to assess the whole nanoscale from 1 to 100 nm.

PNC and size Lp both are based on a statistical evaluation of the data;
therefore, data processing plays an important role in SP-ICP-MS. For millisecond
time resolution, the size Lp is usually determined as 3XSDgg or 5XSDgg above the
BG.7% 8 Real world samples may have higher size Lp due to a continuous BG. If
the blank 1s well known and no NP events are detected, then the PNC Lp was
proposed to be three detected NP events by F. Laborda et al.89 based on the

L. A. Currie Poisson-Normal approximation (2.71 + 3.29,/SDg.; for a “well-known”

blank). This PNC Lp may need recalculation, if some NP events are detected even
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in blanks. The data obtained with microsecond time resolution usually requires
even more data processing, because each NP is presented by several data points.
Until now, there is still no established approach to extract NPs from the raw data,
and each developed system utilizes its own algorithm (discussed in the previous
chapter). Therefore, there is still a need to develop statistical approaches based on
counting statistics for the quantitative extraction of NPs from the time-resolved

data.

Another issue in NPs quantification is the differentiation of NPs from the
BG. The continuous BG in ICP-MS may arise from dissolved ions, natural BG, or
interferences. Bi et al. proposed an approach to differentiate NPs from the BG with
the use of K-means clustering to improve the differentiation of the NPs from the
BG compared to “traditional standard deviation approach”.?0 G. Cornelis and
M. Hassellov developed an approach for data deconvolution taking into the account
the noise components of the ICP-MS to differentiate the NP that are not fully
resolved from the BG.%1 An approach that utilizes modelling of the BG based on
the noise components with Monte Carlo simulation was developed for the data
obtained with ICP-TOF-MS with 200 Hz resolution.92 The method allows to
distinguish small NPs from the BG, and the decision criteria for NP detection were
revisited. Alternatively, dissolved ions can be removed with ion exchange resins?

or the samples can be analyzed after dilutions.9%

2.2.8 Coupling of SP-ICP-MS to Separation Techniques

A promising tool to obtain more information about the mixtures of NPs is
the online coupling of SP-ICP-MS to a separation technique. As SP-ICP-MS is used
for NPs size and size distribution determination, different separation techniques
allow to get complimentary information about NPs. However, the main challenge
1s that SP-ICP-MS requires discrete detection of each NP, and separation
techniques are usually based on local preconcentration of the analytes of a certain
type. Additionally, separation techniques usually require a separation medium

(mainly organic compounds), that is introduced into the ICP-MS and may cause
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matrix effects. Therefore, the couplings require a careful method development to

ensure that:

e the NPs are separated based on their properties but not focused to the extent
that the detection of single NPs is significantly hindered;

e the organic buffer does not interfere with the NPs detection (instrumental
parameters optimization);

e the suitable dwell time is chosen;

e the NPs do not undergo size transformations during the separation;

e the best size and PNC Lp are achieved.

An overview of the separation techniques that were coupled online to SP-ICP-
MS is presented in Table 2.1, and the main features are highlighted. The first
online coupling of SP-ICP-MS to hydrodynamic chromatography (HDC) was
presented by S. A. Pergantis et al. in 2012, where Au NPs were separated by their
size.% Later on in 2016, SP-ICP-MS was coupled online to field-flow fractionation
(FFF) to fractionate the NPs by their size and also core-shell NPs (Ag core with
Si02 shell) from mono-component NPs (Ag NPs).96 Electrospray-differential
mobility analysis (ES-DMA) was also coupled online to SP-ICP-MS.97 This method
allows to distinguish different sizes of NPs and assess their aggregation. The
coupling of CE to SP-ICP-MS*8 allows to separate the NPs not only by their size,
but also in some cases to separate NPs with different coatings.?® According to
Table 2.1, most of the separation method utilize surfactants, most commonly
sodium dodecyl sulfate (SDS), to enhance the separation of NPs from each other.
The coupling of separation techniques online to SP-ICP-MS has the potential to
answer non-trivial questions in NPs mixtures analysis, where SP-ICP-MS alone

does not provide sufficient information.
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Table 2.1: An overview of the techniques coupled online to SP-ICP-MS for NPs analysis.

Technique | Analytes Nebulizer and | Plasma parameters Dwell | Separation Reference
coupled spray chamber time | features
online
CE 10, 20, 30, 40, | Microflow RF power 1500 W, cooling gas |2 ms | 70 mM SDS, | 98
60 nm citrate- | nebulizer with | 15 L min-1, auxiliary gas 10 mM CAPS at
coated Au NPs low volume spray | 1 L min-l, nebulizer gas pH 10 buffer
chamber 0.8 L min'!, sampling position
7 mm
CE 20, 40, 60 nm | Microflow RF power 1450 W, cooling gas | 5 us 60 mM SDS, | 18
citrate-coated Ag | nebulizer with | 14 L min-, auxiliary gas 10 mM CAPS at
NPs low volume spray | 0.8 L min-!, nebulizer gas pH 10 buffer,
chamber 0.8 L min'!, sampling position online
3.5 mm preconcentration
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Table 2.1: Continued.

Technique | Analytes Nebulizer and | Plasma parameters Dwell Separation Reference

coupled spray chamber time features

online

CE 20, 40, and 60 nm | Microflow RF power 1450 W, cooling | 5 us 60 mM SDS, | 99
citrate-coated; 20, | nebulizer with | gas 14 L min-l, auxiliary gas 10 mM CAPS at
40, and 60 nm |low volume | 0.8 L min'!, nebulizer gas pH 10 buffer,
PVP-coated; 40 | spray chamber 0.8 L min-1, sampling online
and 60 nm PEG- position 3.5 mm preconcentration,
coated; 40 nm separation of NPs
BPEI-coated Ag with different
NPs coatings

ES-DMA |30, 40, 60, 80, |n/s n/s 10 ms Ammonium 97

100 nm Au NPs

acetate was used
for electrospray,
aggregates

detection
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Table 2.1: Continued.

Technique | Analytes Nebulizer and | Plasma parameters Dwell Separation Reference
coupled spray chamber time features
online
FFF 40, 60, 80, 100 nm | Concentric Nebulizer gas 0.88- | 5 ms 10 kDa 96
citrate-coated Ag | nebulizer with | 0.96 L min-! regenerated
NPs, 60 nm | cyclonic  spray cellulose
citrate coated Au | chamber membrane,
NPs, 51nm Ag 0.02% FL-70
core and 21.6 nm carrier,
Si102 shell citrate- separation of
coated NPs Au/Si02
core/shell ~ NPs
from Au NPs
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Table 2.1: Continued.

Technique | Analytes Nebulizer and | Plasma parameters Dwell Separation Reference
coupled spray chamber time features
online
FFF AgPURE® Concentric RF power 1550 W, cooling | 5 ms 10 kDa 100
(<20 nm nebulizer with | gas 14 L min!, auxiliary gas regenerated
polyoxyethylene cyclonic  spray | 0.8 L min!, nebulizer gas cellulose
fatty acid ester- | chamber 1 L min-! membrane,
coated) 1in food ultrapure water
simulants (water, as mobile phase
10% ethanol, 3%
acetic acid)
extracted from
model films
HDC 30, 60, 80, 100 nm | V-groove n/s 10 ms 10mM SDS at |9
citrate-coated Au | nebulizer with pH 11 eluent
NPs double pass
Scott spray
chamber
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Table 2.1: Continued.

Technique | Analytes Nebulizer and | Plasma parameters Dwell Separation Reference
coupled spray chamber time features
online
HDC 10, 30, 50, 100, | PTFE spray | RF power 1400 W, auxiliary | 5 ms 2mM  NagPQOy, | 101
150, 250 nm | chamber gas 0.82 L min'l, nebulizer 60 mM
citrate-coated Au gas 0.78 L min‘!, sampling formaldehyde,
NPs position 40 mm 1.8 mM SDS,
3.2 mM Brij L23,
3.2 mM Triton X-
100 at pH 7.5-8
eluent
HDC 40, 80 nm Ag NPs | n/s n/s 100 ps 1 mM NaNOs;, | 102

spiked in Milli Q

water, WWTP
influents and
effluents

0.0013% w/w
SDS, 0.0013%
w/w Triton X-100
at pH 7.5 eluent

Abbreviations: BPEI — branched polyethylenimine, CAPS — 3-cyclohexylamoniuopropanesulfonic acid, CE — capillary

electrophoresis, ES-DMA - electrospray-differential mobility analysis, FFF — field flow fractionation, HDC -

hydrodynamic chromatography, n/s — not specified, PEG — polyethylene glycol, PTFE — polytetrafluoroethylene, PVP —

polyvinylpyrrolidone, RF — radio frequency, SDS — sodium dodecyl sulfate, WWTP — waste water treatment plant.




SP-ICP-MS — A Critical Review of the State-of-the-Art

2.3 Applications of SP-ICP-MS

There has been a significant increase in the number of published studies
that utilize SP-ICP-MS in recent years (Figure 2.1) and the majority of these
publications is dedicated to applications thereof. Table 2.2 summarizes the papers
that include applications of SP-ICP-MS for analysis of different samples and
different matrices (note that fundamental studies on SP-ICP-MS are not included).
This table was compiled after a search was conducted in the Web of Science
database with the following command: "SP-ICP-MS" OR "SP-ICPMS" OR "sp-
ICPMS" OR "single particle ICPMS" OR "single particle ICP-MS" OR "single
particle inductively coupled plasma mass spectrometry” OR "single particle
inductively coupled plasma mass-spectrometry" (the characters are not register
sensitive). The articles in Table 2.2 are grouped by the analysis matrix and then
sorted by the year of publication. The Table 2.2 is a summary of the articles with
a short description of the sample treatment and selected instrumental parameters.

The reader is advised to check the original publications for more details.

It became apparent when compiling this table, that many publications do
not include all experimental conditions that the author of this review considers
1mportant for SP-ICP-MS. As it was discussed above, the combination of RF power,
sampling position, and carrier gas flow is crucial for best SP-ICP-MS performance.
The parameters: dwell time and measured isotopes are very important as well.
Most of the article state the dwell time that was used for the measurements, with
microsecond time resolution (most frequently 0.1 ms dwell time) becoming more
widely used in the last years. The majority of the articles do not include the
sampling position or injector diameter in the experimental descriptions. Some
articles cite their previous works and do not cite the exact conditions that were
used for the study. The author would like to draw the attention of the younger and
upcoming generation of scientists to this situation and encourage them to include
more experimental details and conditions in their manuscripts to ensure the

transparency of scientific research.

The majority of the SP-ICP-MS application papers (Table 2.2) utilize a

method for direct analysis of aqueous media (exposure media, model and real
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environmental water samples, etc.) with or without dilution. Dilution is an
effective tool to reduce the matrix load. A filtration step is introduced frequently
to avoid clogging of the nebulizer; however, this step may lead to partial loses of
NPs due to interactions with the filter membrane materials, even if the NPs are
smaller than the membrane pores.193 Therefore, more research is required to
determine suitable filter materials for NPs with different coating to reduce these
interactions or identify membranes that show a somewhat reproducible adsorption
behavior. When enzymatic or alkaline digestions are used for more complex
matrices (tissue, plants, etc.), care must be taken to ensure that the NPs keep their
initial state after these procedures. The ultimate goal of any sample preparation

step must be a high particle recovery rate and little to no species transformation.
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Table 2.2: Summary of peer-reviewed SP-ICP-MS nanoanalysis papers with selected experimental conditions, sample

matrix, and particle size detection limit.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
Animal Tissue
2012 | <20 nm NM- | Rat tissue Enzymatic Babington RF power | Q 107Ag*, 3 ms 20 nm Oral exposure to | 104
300K or digestion with | nebulizer 1400 W 109A g+ rats over a
<15nm PVP- proteinase K period of 28 days
coated Ag NPs
2013 | 30, 80, | Lumbriculus Sonication n/s n/s Q n/s n/s n/s NPs detected in | 105
1500 nm  Ag | variegatus tissue | with water and tissue even after
NPs powders, 0.45 pm 48 h depuration
30, 70 nm filtering
PVP-coated Ag
NPs
2013 | 100 nm PVP- | Spiked ground | Alkaline Glass n/s Q n/s 10 ms n/s 106
coated AuNPs, | beef, Daphnia | digestion with | nebulizer,
60 and 100 nm | magna, TMAH cyclonic spray
PVP-coated Ag | Lumbriculus chamber
NPs variegatus
tissues, aqueous
samples
2013 | Ag nanowires | Daphnia magna | Dilutions, n/s n/s Q 107A g+, 10 ms <30 nm 107
with PVP or | hemolymph, where 197Au* ESD
aluminium aqueous samples necessary
doped Si02
coatings
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2014 | 60 nm Au | Rat tissue Alkaline MicroFlow RF  power | Q 197Au* 3 ms Only NPs | Intravenous 108
NPs TMAH PFA nebulizer, | 1550 W, >44 nm were | administration
digestion and | cyclonic spray | cooling gas considered of the NPs
enzymatic chamber 14 L min-,
digestion with auxiliary gas
proteinase K 0.8 L min-!,
nebulizer
gas 0.96-
0.99 L min!
2014 | 60 nm citrate- | Spiked chicken | Enzymatic Conical glass | RF  power | Q 107Ag+ 3 ms n/s 109
coated Ag | meat digestion with | concentric 1400 W,
NPs proteinase K nebulizer, cooling gas
quartz impact | 13 L min‘,
bead spray | auxiliary gas
chamber 0.7 L min-1,
nebulizer
gas
1.1 L min!
2014 | <25 nm Rat spleen Enzymatic PFA n/s Q 49T+ 3 ms n/s Oral exposure 110
anatase TiOs digestion with | micronebulizer
proteinase K s heated

cyclonic spray
chamber,
desolvation

system
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2015 | 50 nm PVP- | Earthworms Enzymatic Conical glass | RF  power | Q 107Ag+ 3 ms 30 nm In vivo exposure | 111
coated Ag | tissue digestion with | concentric 1400 W, in soil
NPs proteinase K nebulizer, cooling gas
quartz impact | 13 L min‘l,
bead spray | auxiliary gas
chamber 0.7 L min-1,
nebulizer
gas
1.1 L min!
2015 | 42nm PVP- | Spiked chicken | Reference to | Reference to | Reference to | n/s n/s n/s n/s Two 112
coated Ag | meat previous previous previous laboratories
NPs studies studies studies carried out the
analysis  with
different
methods
2017 | 18-20nm Ag | Mouse maternal | Alkaline Quartz n/s Q 107Ag+ 0.1 ms 13 nm Nose-only 113
NPs tissues, digestion with | concentric inhalation of a
placentas, TMAH nebulizer, NPs aerosol for
foetuses cyclonic spray pregnant mouse

chamber

females
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2017 | 20nm PVP- | Hens livers and | Enzymatic n/s RF  power | SF mass | 109Ag+ 2 ms 10 nm Oral 114
coated Ag | yolks digestion with 1000 W, analyzer administration
NPs proteinase K cooling gas | was used to hens
15 L min-1, in low
auxiliary gas | resolutio
1.2 L min-, n mode
nebulizer
gas
1.1 L min!
2017 | 30, 60 nm Au | Caenorhabditis Alkaline C-type n/s Q 197Au* 10 ms n/s Sucrose density | 115
NPs elegans nematode | digestion with | nebulizer, gradient
TMAH impact  bead centrifugation
spray chamber was used to
remove non-
ingested NPs
2017 | 40 to 750 nm | Game meat Enzymatic Low-flow RF  power | Q 208Pp+ 5 ms 40 to 80 nm Lead from the | 116
Pb NPs digestion with | concentric 1550 W, bullets; size Lp
proteinase K nebulizer, cooling gas was reported to

cyclonic spray

chamber

14 L, min-t,
auxiliary gas
0.65 L min-1,
nebulizer
gas

1.10 L min-!

depend on the
lead background
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2017 | 26 nm Ag NPs | Chicken meat | Dilution of | MicroMist RF  power | Q 107Ag+ 10 ms n/s 117
paste after in | digest extracts | nebulizer, 1500 W,
vitro model Scott-type cooling gas
saliva, gastric, spray chamber | 15 L min-,
intestinal auxiliary gas
digestions 0.73 L min-1,
nebulizer
gas
0.68 L min!
(these
conditions
specified
only for total
silver
analysis)
2017 | 15 to 75nm | Spiked chicken | Enzymatic Varied among | Varied Q or n/s n/s 3 ms 15-20 nm Interlaboratory 83
PVP-coated muscle meat digestion with | the among the method
Ag NPs proteinase K participants participants performance
study with over
10 laboratories
2017 | 60, 80 nm Au | LA-SP-ICP-MS Intravenous n/s RF  power | Q 197Aut 1 ms n/s 118
NPs imaging of mice | injection 1400 W,
heart, lung, nebulizer
spleen, liver, gas
kidney 0.7 L min‘!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | CeO2 NPs Liver and lungs | Enzymatic Low-flow RF  power | Q 140Ce* 3 ms 18 nm Intravenous 119
tissue of female | digestion with | concentric 1550 W, injection of NPs;
mice proteinase K nebulizer, cooling gas no NPs in liver
cyclonic spray | 14 L minl, were  detected
chamber auxiliary gas after oral
0.8 L min-!, exposure
nebulizer
gas
1.1 L min!
2018 | 30, 80 nm | Liver, gill, | Alkaline n/s RF  power | Q 107TAg*, 1 ms n/s 120
PVP-coated intestine tissue of | digestion with 1550 W, 197Au*
Ag and Au | zebrafish (Danio | TMAH nebulizer
NPs rerio), aqueous gas
samples 1.14 L min-,
sampling
position
8.0 mm
2018 | 50, 100 nm | Bivalve mollusk Ultrasound Glass RF  power | Q 49T+ 0.1 ms 24.4 121
rutile TiOq assisted concentric or | 1600 W, 30.4 nm
NPs enzymatic PFA nebulizer | cooling gas

digestion with
pancreatine
and lipase

mixture

(n/s  clearly),
cyclonic spray

chamber

16 L min-,
auxiliary gas
1.2 L min-,
nebulizer
gas

0.95 L min-!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | TiO: and | Spiked zebrafish | Enzymatic Conical glass | RF power | Q 48T+, 3 ms 100 nm Method for NP | 122
CeO2 NPs (Danio rerio) | digestion with | nebulizer, 1400 W, 140Ce+ TiOg, 30- | extraction from
(intestine, liver, | proteinase K, | impact bead | cooling gas 40 nm CeQOz | tissue was
gills, brain) H20: spray chamber | 13 L min-, optimized
treatment, auxiliary gas
SDS 0.7 L min‘!,
stabilization nebulizer
gas
1.1 L min!
Biological Applications
2009 20, 40, 80 nm | Immunoassay 2% HNOs; to | Glass RF power | Q 197TAu+ 10 ms 15 nm 123
Au NPs with NPs as tags | release the | concentric 1400 W,
to antibody tags, dilution nebulizer, cooling gas
impact  bead | 13 L min-,

spray chamber

auxiliary gas
0.8 L min-,
nebulizer
gas

0.85 L min-!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2014 | 25 nm Au, | Multiplex DNA | Melting wash, | n/s RF  power | Q 107A g+, 0.5 ms 124
25 nm Ag, | assay with NP | dilution 1200 W, 197TAut,
20 nm Pt | tags cooling gas 195Pt+
citrate-coated 13 L min-1,
NPs auxiliary gas
0.8 L min-!,
nebulizer
gas
0.82 L min!
2015 | 80 nm citrate- | Primary human | Alkaline MicroFlow RF  power | Q 197Au* 10 ms n/s 125
coated Au | umbilical vein | digestion with | PFA nebulizer, | 1550 W,
NPs endothelial cells TMAH cyclonic spray | cooling gas
chamber 14 L min-t,
auxiliary gas
0.8 L min-!,
nebulizer
gas 0.96-
0.99 L min!
2016 | 7, 20 nm TiO2 | Mouse Lysis in Triton | n/s RF  power | Q 107A g+, 3 ms 22nm Ag, 126
NPs; 50, | neuroblastoma X-100 1400 W, 48T+ 69 nm TiOz
75 nm citrate- | cells additional
coated Ag gas flow (Ar)
NPs 0.95 L min!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2016 | 10, 30, 70 nm | OECD 201 | Filtration n/s n/s TQ 107Ag+ 3 ms n/s 127
PEG- BPEI-, | culture medium | (0.45 um pore
citrate-coated | with size), dilution
Ag NPs Pseudokirchiniell
a subcapitata
2018 | 18 nm Al | Model cell culture | n/s PFA nebulizer, | Cooling gas | Q n/s 3 ms 54nm  Al, | Several methods | 128
NPs, 20nm | medium cyclonic spray | 13 L min!, 50 nm Al:Os, | for NP
Al,Os  NPs, chamber auxiliary gas 60-100 nm characterization
25nm  TiO: 0.7 L min-, TiO2 are described
NPs nebulizer
gas
0.89 L min!
2018 | NPs formed | Medium for algal | Dilution MicroMist RF power | Q 52Cy+ 0.05ms | 90 nm 129
from Crlll | ecotoxicity testing nebulizer 1500 W, Cr(OH)s
salts cooling gas

13.5 L min-,
auxiliary gas
0.77 L min-1,
nebulizer
gas

0.87 L min-!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
Body Fluids and Tissue
2012 | 60 nm citrate- | Model saliva, | Dilution Babington type | RF power | Q 107Ag* n/s n/s 130
coated Ag | gastric, duodenal, nebulizer, 1400 W,
NPs bile juices with impact  bead | cooling gas
and without spray chamber | 13 L min-,
proteins auxiliary gas
0.7 L min-,
nebulizer
gas
1.1 L min!
2015 | 44.5+9.2 nm Spiked whole | Dilution MicroMist Nebulizer Q 197TAu* 10 ms n/s 131
Citrate- blood of rats glass nebulizer | gas
coated Au 1.05 L min*!
NPs
2017 | Respirable Exhaled breath n/s n/s Q with | 28Si+ 3 ms 300 nm 132
crystalline condensate KED
silica (He)
2017 10, 30, 50, 60, | Spiked human | Dilution with | Concentric Nebulizer Q 107Ag*, 50 us 30 nm 133
80, 100 nm | whole blood Triton X, | glass gas 197TAu*
citrate- or TMAH, and | nebulizer, 1.06 L min-!
carboxylic water conical spray
acid-coated chamber

Ag and Au
NPs
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | 40 nm PEG- | Spiked human | Alkaline MicroMist RF  power | TQ 107Ag+ 3 ms 25 nm 134
coated Ag | placental tissue digestion with | nebulizer, 1550 W,
NPs, broadly TMAH, Scott spray | cooling gas
distributed enzymatic chamber 15 L min-,
PEG-, sodium digestion with nebulizer
carboxylate- Proteinase K gas
coated Ag 1.03 L min-!
NPs
2018 | Broadly Human ex vivo | Enzymatic MicroMist RF  power | Q, TQ 107Ag+ 3 ms 25 nm 135
distributed placenta digestion with | nebulizer, 1550 W,
PEG-, sodium | perfusion model Proteinase K Scott spray | cooling gas
carboxylate- chamber  for | 15 L min-,
coated Ag TQ; MicroFlow | nebulizer
NPs PFA nebulizer, | gas 1.03-
cyclonic spray | 1.05 L min!
chamber for Q
Carbon Nanotubes (CNTs)
2013 | Intercalated Single walled | Dilution of | n/s n/s Q 89Y+, 59Co* | 10 ms n/s Detection of | 136
Co and Y NPs | CNTs dispersions | dispersed trace catalytic
CNTs metals
intercalated in
the CNTs
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2016 | Intercalated Single walled | Dilution and | n/s RF  power | Q 89Y+ 0.1, n/s 137
Y CNTs sonication for 1600 W, 10 ms
dispersions, Daphnia cooling gas
Daphnia magna | magna 16 L min-,
in Nanopure | samples auxiliary gas
water after CNT 1.02 L min-t,
exposure nebulizer
gas 0.85-
1 L min!
2017 | Intercalated Single walled | Surfactant n/s n/s Q 89Y+ 0.1 ms n/s CNT fragments | 138
Y CNTs, release | addition, were  released
supernatants sonication, due to
containing dilution photodegradatio
degradation n of CNTs and
products polycaprolacton
e nanocomposite
Cosmetics
2015 | 32 to 40 nm | Sunscreens Dispersion in | Cyclonic spray | RF  power | Q 48T+ 0.1 ms 27-29 nm 139
TiO2 NPs Triton X-100, | chamber, 1600 W,
dilution Meinhard nebulizer
nebulizer gas 1.06-
1.08 L min-!




Ly

Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2017 | 30 to 120 nm | Cosmetics and | Defatting with | Cyclonic spray | RF  power | Q 48T+, 0.1 ms 35 nm TiO2 No Au NPs were | 140
TiO2 NPs personal care | hexane, chamber, 1450 W 197Au* found in the
products suspension in | Meinhard tested samples
water, dilution | nebulizer
or suspension
in SDS,
dilution
2018 | <107 nm TiO:2 | Cream and spray | Dispersion in | PFA nebulizer | n/s Q with | 48Ti+, 5 ms 25 nm TiOg, 141
and <98 nm | sunscreens Triton X-100, KED 647n* 50 nm ZnO
7Zn0O NPs dilution (He)
2018 TiO2 NPs Sunscreen Defatting with | Meinhard n/s Q 481+ 0.1 ms 32 nm 142
hexane, nebulizer,
filtration, cyclonic spray
dilution chamber
2018 TiO2 and ZnO | Sunscreen Dispersion in | n/s n/s n/s n/s n/s n/s 143
NPs powder Triton X-100,
dilution
2018 | Al:Os, TiOe, | AF4 fractions | Dilution, see | Low-flow RF  power | Q 27A1*, 47T+ | 10 ms 55-65 nm 144
Si02 NPs after toothpaste | the article for | concentric 1549 W, Al;O3  and
fractionation detailed nebulizer, cooling gas TiO2 NPs
sample cyclonic spray | 14 L min‘,
preparation chamber auxiliary gas
procedure 0.79 L min-!,
nebulizer
gas
1.04 L min-!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
Model Environmental Aqueous Samples
2013 Nanoparticul Model freshwater, | Leaching n/s RF power | Q with | 6Zn*, 30 ms n/s Leaching of | 145
ate Zn, Mo, | seawater, acidic 1550 W, KED 98Mo*, CIGS and OPV
Ag in | rainwater cooling gas | (He) 107Ag* cells into model
leachates 15 L min-t, waters was
auxiliary gas studied
0.35 L min-1,
nebulizer
gas
0.79 L min!
2014 | 50nm PVP- | Spiked littoral | Spiking, n/s n/s Q 107Ag+ 10 ms 30 nm 146
coated Ag | mesocosms on a | dilution
NPs lake
2014 | 60 and | Spiked deionized, | Spiking n/s n/s Q W07Ag+ 10 ms 25-30 nm NPs dissolution | 147
100 nm tap, surface, EPA kinetic study
citrate-, moderately hard
tannic acid-, | reconstituted
PVP-coated laboratory waters
Ag NPs
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)

2014 | 50 nm citrate- | Spiked purified | Filtration Glass conical | RF  power | Q 107A g+, 5 ms 40 nm Internal 68
coated, 80 nm | water, waste | (0.45 um pore | nebulizer, 1450 W, 109A g+ calibration with
PVP-coated water influent | size), spiking conical spray | cooling gas isotope dilution
Ag NPs and effluent, river chamber with | 15 L min-, (19%Ag enriched

water impact bead nebulizer silver standard)
gas 0.85 and was used, both
0.93 L min-! silver  isotopes
were monitored
in one run with
1.9 ms settling
time

2015 | 50nm  ZnO | Spiked and | Spiking, Type C0.5 | n/s Q n/s 0.5 ms 32nm  for 148
NPs and Zn- | unspiked surface | dilutionor IEC | concentric Milli-Q
containing water, effluent | (Chelex 100) glass water,

NPs waste water (Des nebulizer, 70 nm for
Prairies River, cyclonic spray river water,
Montreal WWTP, chamber 126 nm for
Canada) waste water

2016 | 80-200 nm Spiked river | Spiking, water | Meinhard RF  power | Q 677n*, 0.1 ms 35-40 nm 149

7Zn0O NPs, 30- | water after real | treatment, concentric 1600 W, 140Ce+ ZnO, 18-
50 nm CeO: | and model | dilution; or no | nebulizer, cooling gas 20 nm CeO:
NPs, Zn- and | drinking  water | treatment cyclonic spray | 18 L min‘,

Ce-containing | treatment facility, chamber auxiliary gas

NPs

river water

1.2 L min-,
nebulizer
gas 1.02-
1.06 L min-!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2016 | Ti-containing | Spiked river | Spiking, water | Meinhard RF  power | Q 47T+, 0.1 ms 65-70 nm 150
NPs; 100, | water after real | treatment, concentric 1600 W, 197Au*, TiOs, 21-
160 nm TiO: | and model | dilution; or no | nebulizer, cooling gas 107Ag* 23nm Ag,
NPs; 40, 70, | drinking  water | treatment cyclonic spray | 18 L min-l, 27-30 nm Au
100 nm treatment facility, chamber auxiliary gas
citrate-coated | river water 1.2 L min-,
Ag NPs; 50, nebulizer
80, 100 nm gas 1.02-
citrate-coated 1.06 L min-!
Au NPs
2016 | 80 nm citrate- | Spiked waste | Filtration Concentric RF  power | Q 107Ag+ 0.1 ms, 10nm  for 151
and PVP- | water effluent | (0.45 pm pore | glass 1600 W, 10 ms double
coated Ag | and mixed liquor size), spiking nebulizer, cooling deionized
NPs cyclonic spray | gas L min, water
chamber auxiliary
gas L min?,
nebulizer
gas L min?,
sampling
position mm
2016 | 20 and 50 nm | Spiked lake water | Filtration n/s RF  power | Q 107Ag*, 5 ms 24 nm 152
citrate-, PVP-, (0.22 um pore 1550 W, 109Ag+
lipoic acid- size), spiking cooling gas
coated Ag 15 L min-!
NPs
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2016 | 30, 60, 80, | Spiked river and | Filtration MicroMist RF  power | Q 197Au* 3 ms 19nm  for 153
100 nm waste waters (0.45 pm pore | nebulizer 1550 W, ultrapure
tannic acid- size), spiking auxiliary gas water,
coated Au 0.1 L min, 3lnm  for
NPs nebulizer 0.1 pg Lt
gas Aus+
1.05 L min-!
2016 | 75 nm PVP- | Reaction in | Spiking, Microflow n/s Q 107Ag+ 10 ms 15 nm 154
coated Ag | aerated, sulfide- | dilution concentric PFA
NPs containing water nebulizer,
and EPA impact  bead
moderately hard spray chamber,
reconstituted
water standard
2016 | 40, 80 nm | Spiked waste | Filtration Concentric n/s Q 107Ag+ 0.1 ms 24 nm 102
citrate-coated | water effluent | (0.45 pm pore | nebulizer
Ag NPs and influent, river | size), spiking,
water HDC
2016 | 50, 80 nm | Spiked MilliQ | Spiking Conical RF  power | Q 107Ag+ 5 ms 40 nm Ozonation was | 155
citrate- or | water, chloride nebulizer, 1450 W, without Ag* | used for selected
PVP-coated containing MilliQ impact  bead | cooling gas samples
Ag NPs water, MilliQ spray chamber | 15 L min-,
water at pH 5, 7, nebulizer
and 7.6 gas
0.85 L min-!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2017 | 50 nm citrate- | Spiked waste | Spiking, n/s n/s Q n/s 0.5 ms 17 nm 156
, tannic acid- | water effluent, | dilution, IEC
coated Ag | MilliQ water,
NPs modified TAP
medium
2017 | 10, 20, 30, 40, | Spiked lake, tap | Spiking, Cyclonic spray | n/s Q 107Ag+ 50 us 12-15 nm 157
50, 60, 70, 80, | waters; liquid | dilution chamber,
100 nm PVP- | consumer Meinhard
coated Ag | products, concentric
NPs migration nebulizer
solutions from
plasters
2017 | 20, 40, 80, | Spiked waste | Spiking, n/s n/s Q n/s 10 ms n/s 158
100, 200 nm | water  effluent, | centrifugation
PVP-coated environmental
and water
commercial
Ag NPs
2017 | 10-25 nm Spiked river | Spiking, Reference  to | Reference to | Q 41T, 0.1 ms 64 nm TiOz, 159
TiO:z and 10- | water dilution previous previous 667n* 43 nm ZnO
30nm ZnO studies studies
NPs
2017 | 30-50 nm Spiked MilliQ and | Sonication, n/s n/s Q 107Ag+ 5 ms 40 nm 160
PVP-coated lake waters with | dilution
Ag NPs gum arabic
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)

2017 | 60 nm Ag-Ag | Spiked EPA | Spiking Cyclonic spray | RF  power | Q 107A g+, 0.1 ms 15.5 nm Ag 161
core-shell moderately hard chamber, 1600 W 197Au*
NPs (30 nm | water with or Meinhard
core, 15nm | without fulvic concentric
shell) acid nebulizer

2017 | 40, 80, | Spiked Filtration Cyclonic spray | n/s Q 107Ag+ 0.5 ms n/s 162
100 nm wastewater (0.45 pm pore | chamber, type
citrate- or | biosolids (raw or | size), spiking C0.5 concentric
PVP-coated supernatant) glass nebulizer
Ag NPs

2017 40, 60 nm | Spiked microcosm | Spiking Flow injection, | Reference to | Q 107Ag+ 10 ms n/s 163
BPEI- and | tanks with pneumatic previous
PVP-coated seawater nebulizer studies
Ag NPs

2017 | 40 nm citrate- | Spiked WWTP | Filtration Cyclonic spray | RF  power | SF n/s 0.1 ms From 5.4 nm 64
coated Ag | mesocosm (0.1 mm pore | chamber, 1205 W, to 30-40 nm
NPs size), spiking Burgener Mira | cooling gas

Mist nebulizer

15.01 L min-
1 auxiliary
gas

0.75 L min-1,
nebulizer

gas

0.520 L min-

1




2%

Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | Aged 34 nm | Remobilization Dilution, n/s n/s Q 107Ag+ 5 ms 30 nm 164
citrate-coated | medium filtration
Ag NPs, Ag- | (remobilization (1 pm pore
containing from a model | size) or no
aggregates sediment) filtration
2018 40, 70, | Spiked river and | Dilution Reference  to | Reference to | Q 471+ 0.1 ms 25nm Ag, 165
100 nm lake waters with previous previous 30nm Au,
citrate-coated | alum, ferric studies studies 70 nm TiOs,
Ag; 50, 80, | oxides, or ferric 23 nm CeOg,
100 nm sulfate 44 nm ZnO
citrate-coated
Au; 100 nm
TiOg; 30-
50 nm CeOgy;
80-200 nm
ZnO NPs
2018 25 nm PVP- | Effluent of a lab- | Sonication, n/s n/s Q 107Ag+ 3 ms n/s 166
coated Ag | scale WWTP dilution
NPs, 5 nm
TiO2 NPs
2018 | 30, 50, 80, | Spiked tap, river | Spiking, Ag* | n/s RF  power | Q 107Ag+ 3 ms 20 nm 167
100 nm waters, waste | was adsorbed 1550 W,

citrate-coated

and 60,
100 nm PVP-
coated Ag
NPs

water influent

by  magnetic
reduced
graphene

oxide

cooling gas

15 L min!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | 30-50 nm Spiked surface | Lake spiking Reference  to | Reference to | SF 107Ag+ 50 pus 12 nm 168
PVP-coated water of a boreal previous previous
Ag NPs oligotrophic lake studies studies
2018 | 30-50 nm Spiked surface | Lake spiking Glass conical | RF power | Q 107Ag+ 5 ms 45+5 nm 169
PVP-coated water of a boreal nebulizer 1450 W,
Ag NPs oligotrophic lake cooling gas
15 L min-!
2018 | 50 nm  zero- | Spiked Milli-Q | Spiking, Scott spray | RF  power | TQ 56Fet, 3 ms 36 nm H:wasusedasa | 170
valent iron | water, synthetic | shaking chamber 1550 W, mcd+ reaction gas
NPs, Cd2* | and effluent cooling gas
sorbed to the | waste waters 15.0 L mint,
NPs auxiliary gas
0.90 L min-,
nebulizer
gas
1.09 L min-!,
sampling
position
8 mm
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2019 | 20,40, 60 nm | Spiked Milli-Q | CPE PFA Microflow | RF power | Q 107Ag+ 0.1 ms >20 nm Optimization of | 171
citrate-coated | water, spiked nebulizer, 1600 W, CPE was
Ag NPs wastewater cyclonic spray | cooling gas performed
chamber 18.0 L min-1,
auxiliary gas
1.2 L min-,
nebulizer
gas
0.83 L min!
Environmental Aqueous Samples
2014 | TiO: NPs | Suspended Dilution n/s n/s Q 41T+ 10 ms 130 nm Interference of | 172
released from | particulate 48Ti+ with 48Ca*
sunscreen matter of Old
products Danube Lake,
Vienna, Austria
2015 | 50nm  ZnO | Spiked and | Spiking, Type C0.5 | n/s Q n/s 0.5 ms 32nm  for 148
NPs and Zn- | unspiked surface | dilution or IEC | concentric Milli-Q
containing water, effluent | (Chelex 100) glass water,
NPs waste water (Des nebulizer, 70 nm for

Prairies River,
Montreal WWTP,

Canada)

cyclonic spray

chamber

river water,
126 nm for

waste water
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2016 | Ag-containing | WWTP and | CPE, dilution n/s n/s Q 107Ag+ 3 ms 14 nm 173
NPs surface waters
from the River
Isar, Germany;
pre-alpine lakes
water, Germany
2016 | Citrate- Spiked  filtered | Filtration with | MicroMist RF  power | Q 107TA g+, 3 ms 20nm Ag, 103
coated Ag | natural and waste | nylon nebulizer 1550 W, 197Au* 19 nm Au
NPs, tannic | waters, unspiked | membrane auxiliary gas
acid-coated natural water | (0.45 and 0.1 L min’t,
Au NPs, Ag- | (Guiyu and | 0.22 pm pore nebulizer
and Au- | Xiangjiang Rivers | size) before gas
containing and Chendian | spiking; 1.05 L min-,
NPs Lake, China) and | dilution for sampling
waste water | unspiked position
(HuNan samples 8 mm
University,
China)
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2017 | 71 and | Influent sewage, | Microwave n/s RF  power | n/s 41T+ 3 and | n/s 174
145 nm TiO:z | aeration tank | digestion 1550 W, 10 ms
NPs contents of | (HNOs and nebulizer
WWTP H>0), gas
(Hyderabad, filtration with 1.05 L min-t,
India) cellulose
acetate
membrane
(0.22 pm pore
size),
sonication
2017 | Ti-containing | Surface water of | n/s n/s n/s Q, SF “Ti+ at | 3ms 79nm TiO: | SF 175
NPs Clear Creek in quadrupol for Q, 42 nm | measurements
Golden, Colorado, e, ¥Ti* at TiO; for SF were presented
USA SF as a proof of
concept
2018 | Ti-containing | Water  samples | Sonication, n/s n/s TQ, TOF | 63TiNH* 4msfor | 81nm TiO: | NHs and He | 75
natural NPs | from Old Danube | centrifugation for TQ, | TQ, for TQ were used as
and Lake, Vienna, | for TQ; MA for | 3 ms for reaction/collisio
engineered Austria sonication, TOF TOF n gases
TiOz NPs dialysis for
TOF
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | Ag-containing | Water from | 1% (w/w) | PTFE RF  power | Q 107Ag+ 0.1 ms 15 nm 176
NPs Vltava, Prague, | gelatin for | concentric 1100 W,
Czech Republic stabilization nebulizer, cooling gas
cyclonic spray | 11 L min‘,
chamber auxiliary gas
1.0 L min-,
nebulizer
gas
0.85 L min!
2018 | Ag-containing | Bottom sediments | Sonication Reference  to | Reference to | SF mass | 107Ag* 50 pus 16 nm 177
NPs and labile | with water, | previous previous analyzer
sediments from | centrifugation, | studies studies was used
Lake Ontario, | filtration in low
Canada, freeze- | (0.45 um pore resolutio
dried samples size) n mode
2018 | Ag, CeOg, | Surface water of | Sonication MicroFlow RF  power | Q 107AgH, 3 ms 14nm Ag, | Multi-elemental | 178
TiO2 NPs Meuse and Ijssel PFA nebulizer, | 1550 W, 140Cet, 10 nm CeOg, | analysis was
Rivers, the cyclonic spray | cooling gas 48T+, 100 nm TiO:z | used with 100 us
Netherlands chamber 14 L, min-t, 139 g+ dwell time to

auxiliary gas
0.8 L min-t,
nebulizer
gas

1.1 L min!

detect 140Ce* and

139] 9+
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 Ti-containing | Water from Salt | Filtration n/s n/s Q 491+ 10 ms 148 £+ 3 nm 179
NPs River, pools, | (0.7 um  pore for river
Arizona, USA size) water,
173 + 15 nm
for pool
water
2018 | Ag-containing | Water from Lake | CPE, dilution n/s n/s Q 107Ag+ 0.1 ms 10 nm 180
NPs Konigssee and
Lake Waginger
See, Bavaria,
Germany
2018 Pb-, Fe-, Sn-, | Tap water from n/s n/s Q with | 208Pb*, 10 ms 11.3nm Pb, | No Ti- and Ag- | 181
Cu-, Ag-, Ti- | Phoenix, Arizona, KED for | 56Fe*, 55nm  Fe, | containing NPs
containing USA 56Fe* 18Sn+, 26 nm  Sn, | were discovered
particles 107Ag*, 40nm Cu,
65Cut, 75 nm Ti,
49T+ 13 nm Ag
Model Food Samples
2014 | 20, 40, | Food simulants | Dilution Varied among | Varied n/s n/s 3 ms Varied Interlaboratory 84
100 nm PVP- | (distilled water, the among the among the | method
coated Ag | 10% ethanol) participants participants participants | performance
NPs study with over

23 laboratories
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)

2014 | 30, 60 nm | Spiked Milli-Q | Dilution Varied among | Varied n/s 107A g+, 3 ms Varied Interlaboratory 182
citrate-coated | water, chicken the among the 197Au* among the | method
Au NPs, | digest (enzymatic participants participants participants | performance
60 nm citrate- | digestion) study with over
coated Ag 9 laboratories, 3
NPs of which wused

SP-ICP-MS

2016 | 60nm PVP- | Food simulants | Dilution MicroMist RF  power | Q 107Ag+ 3 ms n/s 183
coated Ag | (water, 10% nebulizer 1550 W,
NPs ethanol, 3% acetic cooling gas

acid) 15 L min-!

2016 | 10, 30, 50, 60, | Spiked water, | Dilution n/s n/s Q 107Ag*, 50 us 31-34 nm The coatings | 184
100 nm  Ag | orange juice, 197Aut were not
NPs, 10, 20, | apple juice specified for
30, 50, 60, 70, each size of the
80 nm Au NPs. Citrate-,
NPs PVP-coated Ag

NPs; citrate-,
carboxylic acid-
coated, PBS-
buffered Au NPs

were used.
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | 40 nm PEG-, | Food simulants | Dilution, Low-flow RF  power | Q 107Ag+ 3 ms 10-20 nm 185
citrate-coated | (10%, 20%, 50% | Triton X-100 | concentric 1550 W,
Ag NPs ethanol; 3% acetic | was wused to | nebulizer, cooling gas
acid, olive oil), low | create olive oil | cyclonic spray | 14 L min-,
fat cow milk, 2% | emulsion in | chamber auxiliary gas
NaCl water 0.80 L min-!,
nebulizer
gas
0.96 L min!
Food
2014 | TiOz NPs Food grade TiO: | Food grade | Conical glass | RF  power | Q 48T+ 3 ms 50 nm 186
(E171), food and | TiOq concentric 1400 W
personal care | suspension in | nebulizer
products BSA, heating
with H202 and
resuspension
in BSA for
other products
2015 Ag NPs Decoration of | Dissolution in | MicroMist n/s Q 107Ag+ 3 ms 13 nm 187
pastry (“pearls”) water, dilution | nebulizer
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | TiO2 NPs Candy products Sonication in | MicroMist RF  power | TQ 48Tt with | 10 ms 26 nm Optimization of | 59
water, dilution | nebulizer, 1550 W, 0; gashad TQ detection
cyclonic spray | cooling gas the was performed
chamber 14 L min-, highest with  different
auxiliary gas sensitivity gases
0.8 L min-!,
nebulizer
gas
1.03 L min-!
2018 | TiO2 NPs Coating of | Extraction Meinhard n/s Q 48T+ 0.1 ms 32 nm 142
chocolate candies | with water, | nebulizer,
sonication, cyclonic spray
filtration, chamber
dilution
2018 | TiOz, Cu, Ag | Drinks and food Sample Meinhard n/s Q 107Ag*, 0.1 ps 32 nm TiOsg, 188
NPs preparation nebulizer, 63Cu*, 30 nm Ag
varied cyclonic spray 48T+

depending on

the product

chamber
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | Al-containing | Chinese noodles Enzymatic Low-low RF  power | Q 27A1+ 3 ms 54-83 nm 189
NPs digestion with | concentric 1550 W, Al:03
a-amylase nebulizer, cooling gas
cyclonic spray | 13.9 L min-,
chamber auxiliary gas
0.79 L min-,
nebulizer
gas
1.07 L min-!
2019 | TiO2 NPs Surimi (crab | Enzymatic n/s RF  power | Q 4973+ 0.1 ms 31.3- 190
sticks) digestion with 1600 W, 37.1 nm

pancreatin

and lipase,
dilution with
1%  glycerol,

sonication

cooling gas
16 L min-,
auxiliary gas
1.2 L min-,
nebulizer
gas

0.95 L min-!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
Plants exposure
2015 40 nm PVP- | Tomato plants Enzymatic Meinhard RF power | Q 197TAu* 0.1 ms 20 nm 191
coated; 10, 12, digestion with | nebulizer, 1600 W,
15, 20, 30, 40, Macerozyme cyclonic spray | cooling gas
50, 80, R-10, dilution chamber 18 L min-,
100 nm auxiliary gas
citrate-coated 1.2 L min-t,
Au NPs nebulizer
gas
1.08 L min-!
2016 10 nm citrate- | Arabidopsis Enzymatic n/s n/s Q 107Ag+ 0.05ms | 10 nm 192
coated Ag | thaliana plants” | digestion with
NPs roots and shoots Macerozyme
R-10, dilution
2016 | 30-50 nm, 50- | Shoots of | Enzymatic Meinhard RF  power | Q 140Ce+* 0.1 ms 23-25 nm 193
100 nm CeO2 | cucumber (C. | digestion with | nebulizer, 1600 W,
NPs sativus), tomato | Macerozyme cyclonic spray | cooling gas
(S. lycopersicum | R-10 chamber 18 L min-,

L., soybean

(Glycine
pumpkin

max),

(Cucurbita pepo)

auxiliary gas
1.2 L min-,
nebulizer
gas

1.06 L min-!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2016 | 70 nm citrate- | Lepidium Enzymatic Meinhard RF  power | Q 195pPt+ 0.1 ms n/s 194
coated Pt NPs | sativum, Sinapis | digestion with | glass 1450 W,
alba plants Macerozyme microconcentri | cooling gas
R-10, filtration | ¢ nebulizer, | 15.0 L min-t,
(0.45 um pore | cyclonic spray | auxiliary gas
size), dilution chamber 1.0 L min-t,
nebulizer
gas
0.98 L min!
2017 Cu- Vine leaves Rainfall n/s n/s Q 3Cu+ 0.1 ms 8-60 nm Cu 195
containing washoff,
NPs from throughfall
fungicide sampling,
residues filtration
(copper (0.45 pm pore
oxychloride) size), dilution
2017 | 17nm PVP- | Soybean, rice | Enzymatic Meinhard n/s Q 107Ag+ 0.05ms | 14 nm 196
coated Ag | (root and foliar | digestion with | nebulizer,
NPs exposures) Macerozyme cyclonic spray
R-10, dilution chamber
2017 PVP-coated Dicotyledonous Enzymatic n/s n/s TQ 107Ag+ 3 ms 20-25 nm 197
AgeS cucucmber digestion with
(Cucumis Macerozyme
sativus), R-10, dilution
monocotyladonou

s wheat (Triticum

aestivum L.)
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | 20-100 nm Leaves of | Exposure to | Glass RF  power | Q 63Cu* 0.1 ms n/s 198
CuO NPs vegetables, kale | NPs, rinsing | concentric 1550 W,
(Brassica with ultrapure | nebulizer nebulizer
oleracea, var. | water or gas
Acephala enzymatic 0.67 L min-1,
Lacinato), lettuce | digestion with sampling
(Lactuca  sativa | Macerozyme position
var. green leaf | R-10, dilution 8.0 mm
cultivar), collard
green (Brassica
oleracea, var.
Acephala)
2018 Pd NPs Sinapis alba | Enzymatic Meinhard RF power | Q 105Pd+ 0.1 ms 25-30 nm 199
leaves, stems, | digestion with | glass 1450 W,
roots Macerozyme microconcentri | cooling gas
R-10, filtration | ¢ nebulizer, | 15.0 L min-t,

(0.45 pm pore

size), dilution

cyclonic spray

chamber

auxiliary gas
0.9 L min-,
nebulizer
gas

1.10 L min-!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | “Green Leaf sap extract | AgNOs Concentric RF  power | Q 107Ag+ 5 ms n/s 200
synthesis” of | from Aloe | addition to the | quartz 1500 W,
Ag NPs arborescens leaf sap | nebulizer, cooling gas
extract baffle-type 17 L min-,
induces the | cyclonic spray | auxiliary gas
formation of | chamber 1.4 L min-,
Ag NPs under nebulizer
sunlight, gas
centrifugation, 0.8 L min‘!
dilution
2018 | Isotopically Arabidopsis Macerozyme MicroMist Cooling gas | Q 107TA g+, 3 ms n/s Cu, ZnO NPs | 201
labelled Ag, | thaliana shoot | R-10, filtration | nebulizer 15 L min-, 65Cut, were not
Cu, ZnO NPs | and roots (0.22 pm  pore auxiliary gas 07Zn* detected in
size), dilution 1.0 L min-, shoots or roots
nebulizer because of the
gas high
1.05 L min! background
2019 | “Green Cucumber leaf | AgNOs n/s RF  power | Q 107A g+ 0.1 ms n/s 202
synthesis” of | extract addition to the 1550 W,
Ag NPs leaf  extract, nebulizer
pH 10.0, 4 h at gas
80 °C 0.67 L mint,
sampling
position
8.0 mm
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
Model Soil Samples
2014 25nm PVA- | Soil spiked with | Spiking, water | n/s n/s Q n/s 10 ms 18 nm Ag, 203
coated Ag | biosolids that | extraction, 70-80 nm
NPs, 30nm | were enriched | centrifugation, TiOz, 10 nm
Zn0O NPs, | with NPs filtration CeO2
42nm  TiO: (0.45 pm pore
NPs, 35nm size)
CeO:z NPs
2015 | CuO NPs Spiked topsoil | Extraction, MicroMist RF  power | Q@ with | 63Cu* 5ms or | 1510 nm 204
colloid extracts dilution, nebulizer 1550 W, KED 0.1 ms
spiking cooling gas | (He)
15 L min-,
auxiliary gas
0.15 L mint,
nebulizer
gas
0.98 L min!
2017 10, 30, 60 nm | Spiked soil colloid | Water Concentric n/s Q 197TAu+ 10 ms n/s 205
citrate-coated | extracts extraction, MicroMist
Au NPs, centrifugation, | nebulizer,
30 nm BPEI- filtration Scott spray
and PVP- (0.45 ym pore | chamber
coated Au size), spiking,
NPs CPE
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2017 | 40 nm PVP- | Natural sandy | Spiking, TSPP | Low pressure | RF  power | Q 107Ag+ 0.05 pus | 20 nm 206
coated Ag | loam soil spiked | extraction, PFA nebulizer 1600 W,
NPs with biosolids | gravimetric nebulizer
that were | sedimentation, gas
enriched with | dilution 1.04 L min-!
NPs
2017 | 40 nm PVP- | Nanopure water | KNOs Low pressure | RF  power | Q 107A g+ 0.05 ps 19 nm 207
coated Ag | with NaNOs and | extraction, PFA nebulizer, | 1600 W,
NPs KNOs, filtered | centrifugation, | cyclonic spray | nebulizer
sandy loam soil | filtration chamber gas
extracts with | (0.45 pm and 1.04 L min-!
NaNOsz and KNOs | 0.22 um  pore
size), spiking,
dilution
2017 | 25, 40 nm | Spiked sandy | Spiking, TSPP | Low pressure | RF  power | Q 107Ag+ 0.05 ps 19 nm Optimization of | 208
PVP-coated loam soils and | extraction, PFA nebulizer, | 1600 W, the NPs
Ag NPs biosolids extracts | sonication, cyclonic spray | nebulizer extraction
filtration chamber gas conditions from
(0.45 pm  and 1.04 L min! soil, only the
0.22 pm  pore most  efficient

size), dilution

conditions were

mentioned
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | 30 nm citrate- | Standard soils | Spiking, Concentric n/s Q 197Au* 10 ms n/s 209
, BPEI-, PVP- | water extracts, | moderately nebulizer,
, PEG-, NOM- | estuarine hard water | Scott spray
coated Au | sediment in | extraction, chamber
NPs moderately hard | centrifugation,
water dilution
2018 | 40, 100 nm | Consumer Spiking, Milli- | n/s RF  power | Q 107Ag+ 10 ms n/s 210
citrate- product (band aid) | Q water 1500 W,
coated; 75, | water  extracts, | extraction, cooling gas
100 nm PVP- | spiked soil water | filtration 15 L min-!
and PEG- | extracts (0.45 pm pore
coated Ag size)
NPs
Solid Environmental Samples
2016 | As-containing | Leachate from | Leaching with | Glass RF  power | Q BAst 5 ms 117 nm Settling time of | 211
NPs mine wastes 1 mM KCl, | concentric 1200 W, FelllAsVO, 3 ms
centrifugation | slurry cooling gas 2H-20
nebulizer, 15 L min-,

cyclonic spray

chamber

auxiliary gas
1.2 L min-,
nebulizer
gas

1.0 L min-!
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2017 | Zn-, Fe-, Ti- | Sewage sludge Acetic acid | n/s n/s Q with | 47Ti+, 0.1 ms 15-20 nm Ti, 212
containing extraction, KED for | ¢Zn*, 15-16 nm
NPs dilution 56Fe+ 56Fet Zn, 12-
17 nm Fe
2017 | Ce-containing | Spiked topsoil | Spiking, Pneumatic RF  power | TOF at | MA for | n/a for | 0.10-0.17 fg Natural and | 74
natural NPs | samples shaking, wet- | nebulizer, 1400 W, 33 kHz TOF; TOF, Ce, 0.13fg | engineered NPs
and <50 nm sieving (32 pm | cyclonic spray | cooling gas | complete | 40Ce* and | 5 msfor | La for TOF; | were identified
CeO:z NPs pore size), | chamber  for | 16 L min‘, mass 139La+ for | Q 0.13-0.57 fg with multi-
freeze-drying, TOF; Miramist | auxiliary gas | spectru Q Ce, 0.21- | element
aqueous nebulizer for Q@ | 1.1 L min-, m in 0.34fg La | fingerprinting
colloid nebulizer 300 ps, Q for Q
extraction, gas
dilution 1.2 L min-!
for TOF; RF
power
1550 W,

cooling gas
15 L min-1,
auxiliary gas
0.4 L min-,
nebulizer
gas

0.8 L min-!
for Q
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | Pt NPs Road dust | Ultrasonic Quartz n/s Q 195pPt+ 5 ms 7.4 nm 213
leachate, catalyst | extraction nebulizer
material with
stormwater
runoff,
filtration
(0.45 pm pore
size)
Model Water Samples
2013 | 1-10 nm NPs water | Dilution n/s n/s Q n/s 3 ms 20 nm 214
sodium suspensions
polyacrylate-
coated; 20, 40,
80 Ag NPs
2015 | 100 nm Spiked water | Spiking, Type-C n/s Q n/s 3 ms 30 nm Ag 215
citrate-coated | with laundry | filtration or no | MiraMist
Ag NPs; 60, | detergents filtration, nebulizer,
100 nm  Au dilution cyclonic spray
NPs; Au/Ag chamber
48 nm  core/
15 nm shell
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2015 | 252 nm Spiked ultrapure | Dilution Quartz RF  power | SF 285+ 5 ms n/s 216
DNA/SiO2 and drinking MicroMist 950 W,
NPs, 350 nm | waters nebulizer, cooling gas
SiOz NPs cyclonic spray | 16 L min-,
chamber auxiliary gas
0.6 L min-1,
nebulizer
gas
1.2 L min!
2017 | 60, 100 nm | NaNOs or NaNOs | Dilution or | MicroMist RF power | Q n/s 10 ms n/s 217
citrate- and | and Ca(NOs): dialysis nebulizer 1400 W,
PVP-coated cooling gas
Ag NPs and 18.0 L min-,
their auxiliary gas
aggregates 1.30 L min-,
nebulizer
gas
1.44 L min-!
Other Applications
2016 | Cu20 NPs Antifouling paint | Dilution, n/s n/s Q n/s 0.1 ms n/s 218
sonication
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2016 | Ag NPs Release from | Incubation n/s Sampling n/s n/s 3 ms n/s 219
plastic food position
containers  into 7 mm
food  simulants
Milli-Q  water,
10% ethanol, 3%
acetic acid)
2016 | Ag NPs Release from | Incubation, MicroMist RF  power | Q 107Ag+ 10 ms n/s 220
plastic food | sonication, Nebulizer, 1550 W,
containers  and | evaporation of | Scott spray | cooling gas
baby feeding | ethanol and | chamber 15 L min-,
bottle into food | reconstitution auxiliary gas
simulants (Milli- | in Milli-Q 1.2 L min-,
Q water, 10% and | water nebulizer
90% ethanol, 3% gas 1 L min!
acetic acid)
2016 | Ag NPs Release from | Ink dilution n/s n/s Q nls 0.1 ms n/s 221
nanosilver

conductive  ink,

ink itself
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2017 | Ag NPs Glass slides | Ultrapure Glass RF  power | Q 107Ag* and | 5 ms 24 to 40 nm 2922
coated with Ag | water concentric 1200 W, 109A g+
NPs, structured | extraction and | slurry cooling gas
Si0Os-based dilution for | nebulizer, 15 L min-,
nanocomposites glass  slides; | cyclonic spray | auxiliary gas
with a single | MOPS chamber 1.2 L min-,
layer of Ag NPs extraction, nebulizer
algae gas
treatment, 1.0 L min-!
centrifugation,
dilution for
nanocomposite
s
2017 | 10, 20, 30, 40, | Spiked lake, tap | Extraction Cyclonic spray | n/s Q 107Ag+ 50 us 12-15 nm 157
50, 60, 70, 80, | waters; liquid | with in pure | chamber,
100 nm PVP- | consumer water by | Meinhard
coated Ag | products, ultrasonicatio concentric
NPs migration n or in sweat | nebulizer
solutions from | simulants for
plasters plasters,
dilution
2017 | Ag NPs Toothbrushes Release of NPs | n/s Sampling n/s n/s 3 ms 35 nm 223
to tap water position
7 mm
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2017 | TiOz2 NPs Textiles (table | Release of NPs | n/s n/s n/s 48T+, 0.1 ms 27-33 nm 2924
placemats, wet | to  deionized 44Cat
wipes, microfiber | water,
cloths, baby | sonication,
bodysuits) shaking,
dilution and
addition of
Triton-X
2017 | Iron based | Nanopigments in | Rotation end | MicroMist RF  power | Q with | 56Fe+ 5 ms n/s 295
Fe203 polymer matrix: | over end nebulizer 1550 W, KED
nanopigment | release from cryo- cooling gas | (Hy)
milled debris into 15 L min-,
Milli-Q water, auxiliary gas
moderately hard 0.19 L min-1,
water, water with nebulizer
a humic acid gas
0.98 L min!
2017 | Ag NPs Release from | Milli-Q water | n/s n/s Q 107Ag+ 0.05ms | n/s 2926
antibacterial extraction
leather and

leatherette into
Milli-Q water
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Table 2.2: Continued.

Year

NP types

analyzed

Matrix

Sample

preparation

Nebulizer and

spray chamber

Plasma

parameters

Mass

analyzer

Measured

isotopes

Dwell

time

Size

(ESD)

Lp

Features

Reference

2017

TiOz, AlOs,
Cu-
phthalocyani
ne, CuO NPs

Tattoo inks

Dilution

PFA-ST

nebulizer

RF  power
1400 W,
cooling gas
15 L min-1,
auxiliary gas
1.2 L min-,
nebulizer
gas

1.05 L min!

Q with
KED
(He)

27 A1+,
63Cu,

47T+

5 ms

n/s

227

2017

Mo-, Fe-
containing

NPs

Asphaltene

solutions

Dilution with
o-xylene,

sonication

Concentric

glass nebulizer

RF  power
1600 W,
nebulizer
gas

0.35 L min-1,
option  gas
0.35 L min!
(Ar, 80%; O,
20%),
sampling
position

10 mm

TQ

51V, 56Fet,
60NI{*,

9%5Mo*

0.1 ms

n/s

228
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2017 | Pt/SiOg Pt/Si02 Dilution MicroMist RF  power | Q with | 195Pt* 10 ms 17.2 nm Pt 229
nanocomposit | nanocomposite pneumatic 1500 W, KED
e with ultra nebulizer, nebulizer (He)
small Pt NPs Scott-type gas
spray chamber | 1.05 L min‘!,
sampling
position
8.0 mm
2018 | Al-, Si-, Ti- | Release from | Wash with | MicroMist n/s TQ 27A]4, 3 ms n/s H:; wasusedasa | 230
containing ceramic cookware | Liquinox, nebulizer 28Si+, 48T+ reaction gas
NPs during simulated | release to 3%
linear abrasion acetic acid,
dilution
2018 | Ag NPs Consumer sprays | Dilution n/s n/s Q n/s 10 ms 17.3- 231
35.3 nm
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | Sb-, Pb-, Ba- | Gunshot residue | Wash with | n/s n/s Q 121Sh+, 29 us, n/s Single and dual | 232
containing wash from | ultrapure 137Bat, 30 pus element modes
NPs shooters’hands water with 208Ph+, for lead were used. Two
0.2% 121Sh* and | isotopes isotopes
formaldehyde 137Bat, monitoring with
or hand 121Sh+ and 145 us  settling
swabbing with 208Ph+, time, 150 ps
cotton swabs 137Bat+ and settling time for
and sonication 208Ph+, lead isotopes
206Ph+ and
208Ph+,
207Ph+ and
208Ph,
206Ph* and
207Ph+
2018 | As-containing | Cigarette smoke Smoke Dual-port n/s Q BAst 0.1 ms n/s No As- | 233

NPs

collection with
electrostatic
trapping, wash
with
methanol,
dilution with

deionized

water

spray chamber

containing NPs

were found
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Table 2.2: Continued.

Year | NP types | Matrix Sample Nebulizer and | Plasma Mass Measured | Dwell Size Lp | Features Reference
analyzed preparation spray chamber | parameters analyzer | isotopes time (ESD)
2018 | Biogenic Se | Se-rich yeast Enzymatic Concentric RF  power | Q@ with | 78Se*, 5 ms, 18 nm 234
NPs; 50, digestion with | nebulizer, 1550 W, KED 80Se+ 0.1 ms
100 nm Se Driselase, cyclonic spray | cooling gas | (Hz)
NPs protease chamber 15 L min-,
auxiliary gas
0.9 L min-!,
nebulizer
gas
1.10 L min-!
2018 Cu NPs Cuprum n/s n/s n/s Q n/s n/s 45nm Cu, 235
metallicum, 52 nm Cu20
Gelsemium
sempervirens
homeopathy
medicines
2019 Niobium and | Microalloyed steel | Etching in | Pneumatic n/s TOF at | MA, 48Ti*, | n/a 27.5 nm 236
titanium HSO0. and | nebulizer, 555 Hz 93Nb+* NbCN,
carbonitride Disperbyk- cyclonic spray 50.5 nm
particles 2012, chamber TiNbCN
centrifugation
to remove

dissolved iron,

dilution
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Abbreviations:

AF4 — asymmetrical flow field-flow fractionation, BPEI — branched polyehyleneimine, BSA — bovine serum albumin,
CIGS — copper indium gallium selenide cells, CNT — carbon nanotube, CPE — cloud point extraction, DMEM — Dulbecco’s
modified eagle medium, EPA — Environmental Protection Agency, ESD — equivalent spherical diameter, HDC —
hydrodynamic chromatography, IEC — ion-exchange column, KED — kinetic energy discrimination, LA — laser ablation,
Lp — detection limit, MA — multielemental analysis, MOPS — 3-morpholinopropane-1-sulfonic acid, n/a — not applicable,
n/s — not specified, NOM — natural organic matter, OECD — The Organization for Economic Co-operation and
Development, OPV — organic photovoltaic cells, PBS — phosphate buffered saline, PEG — polyethylene glycol, PFA —
perfluoroalkoxy alkane, PTFE — polytetrafluoroethylene, PVA — polyvinyl alcohol, PVP — polyvinylpyrrolidone, Q —
quadrupole, RF — radio frequency, SDS — sodium dodecyl sulfate, SF — sector field, TAP — tris-acetate-phosphate, TMAH
— tetramethylammonium hydroxide, TOF — time-of-flight, TQ — triple quadrupole, TSPP — tetrasodium pyrophosphate,
WWTP — waste water treatment plant.

Note that the entries are grouped by the matrix that is the main focus of an article. The table does not contain the paper

on SP-ICP-MS method development.







Chapter 2

2.4 Conclusion

The past two decades have witnessed the commercial realization of new and
powerful ICP-MS instrumentation and methods, including instruments with faster
data acquisition, enhanced detection power, alternative mass analyzers, off-the-
shelf interfaces to couple LC, CE etc. to ICP-MS, and novel separation and
fractionation methods. While these instruments were successfully used for
nanomaterials characterization and the numbers of SP-ICP-MS papers are
steadily increasing, there are some remaining challenges that have to be addressed

to ultimately reach the top of the peak.

Total consumption microflow nebulizers or droplet generators are attractive
due to a high particle transport efficiency. However, microflow nebulizers
sometimes suffer from clogging (in the presence of agglomerates or organic matter)
and commercially available droplet generators reportedly suffer from a limited
day-to-day reproducibility and can not be coupled to autosamplers today. Future
research in the area of sample introduction for both stand-alone SP-ICP-MS and
when interfaced to separation methods (e.g. CE-SP-ICP-MS) is encouraged to
address these and other challenges with the ultimate goal of a high-throughput
and robust sample introduction system for single particle (and single-cell) ICP-MS.
While sample introduction is a potential source of error, sample preparation play
1s often overlooked but may even play a bigger role, especially when PNC ought to
be determined. Here, more fundamental studies on potential analyte losses and
species transformation (oxidation, release of ions, change of size, agglomeration)
during sampling, storage, and sample preparation are required. For example, a
common sample preparation step is filtration to remove unwanted organic matter
and larger particle fractions. However, particle losses might occur depending on
the particle size and surface coating interaction with the filter material and are
often overlooked when PNCs are reported. Similarly to conventional analytical
methods, the analyte (particle) recovery should become a parameter that is always

reported in future SP-ICP-MS studies.

Based on the publications discussed in this chapter, the author would like

to stress that a careful optimization of the plasma conditions and dwell time is
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required to achieve better NP size detection limits and accurate particle size and
number information, respectively. In addition, instrumental developments to
improve the ion sampling/transfer efficiency in ICP-MS would help to further
decrease the size detection limits for single particles and also to gain access to

information on NPs of mixed elemental composition and core/shell materials.

While quadrupole-based ICP-MS systems were widely used in past SP-ICP-
MS studies, we assume that mass analyzers that provide fast time-resolved and
multi-elemental detection such as ICP-time-of-flight-MS systems will play in
important role in this field in the future. However, even the best instrument is
worthless if it cannot be calibrated properly, and the community of SP-ICP-MS
users 1s often discussing the lack of appropriate reference materials at scientific
conferences. In the future, the field would benefit from more well-characterized

and certified nanomaterials to assure accurate and precise quantification.

It can be concluded that SP-ICP-MS is a very useful method for NPs analysis
today but there is still room for fundamental studies, instrumental improvements,
and methodological advances to come closer to what would be the “ideal method”

for nanomaterials characterization.
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CE-SP-ICP-MS with Online Preconcentration

Chapter 3

Implementation of Online Preconcentration and

Microsecond Time Resolution to CE-SP-ICP-MS

Based on:

D. Mozhayeva, 1. Strenge, C. Engelhard, Implementation of Online
Preconcentration and Microsecond Time Resolution to Capillary Electrophoresis
Single Particle Inductively Coupled Plasma Mass Spectrometry (CE-SP-ICP-MS)

and its Application in Silver Nanoparticle Analysis,

Anal. Chem., 2017, 89, 7152-7159.
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Chapter 3

3.1 Introduction

ICP-MS is a sensitive elemental analysis technique that can be utilized for
NP analysis. Different separation techniques can be coupled to ICP-MS for size
separation and, in some cases, speciation of NP mixtures. Liquid chromatography
(LC) coupled to ICP-MS for NP analysis enables speciation of ionic metal species
from NPs.237-240 Helfrich et al.237. 238 introduced LC-ICP-MS for the analysis of Au
NPs and were able to separate 1onic gold, 5, 10, and 20 nm sized NPs from each
other. Soto-Alvaredo et al.239 applied the technique for Ag and Au NPs mixtures up
to 40 nm in size. In LC-ICP-MS analyses, however, any possible unwanted
interaction of NPs with the stationary phase should be carefully taken into
consideration. Also, the limited applicable NP size range and the chromatographic
resolution currently achieved may be a concern for the analysis of suspensions
containing NPs of vastly different sizes or more complex mixtures. HDC can also
be coupled to ICP-MS for NP analysis9. 101, 102, 241-244 and applied for NP separation
over a wide size range (e.g., from 3 to 250 nm sized Au NPs).241 Similar to LC-ICP-
MS, however, the method is currently limited by a relatively low resolution. FFF
is widely used for NP online fractionation prior to ICP-MS analysis.245-253 FFF
provides size dependent NP fractionation, for that reason NP size distributions
information can also be obtained at a wide size range from 10 to 110 nm for Ag
NPs.248 Although quantification is not straightforward in FFF, Meermann et al.24°

introduced an approach using online isotope dilution and achieved Lp of 0.5 ug L1

for Ag.

CE can be used to separate NP based on their size due to different
electrophoretic mobilities that are directly proportional to particles’ charge-to-size
ratio. Therefore, a relatively high resolving power can be achieved because the
separation 1s not only governed by size, but additionally by the NP charge.
Capillary zone electrophoresis (CZE), which will be referred to as CE in this thesis,
is one of the prominent CE separation modes. Separation of polystyrene latex
particles in the mixtures containing seven different types of particles from 30 to
1160 nm in diameter with CE was accomplished already in 1990 by Jones and
Ballou.25¢ In 2004, Liu and Wei2% reported that the addition of SDS to a 3-

cyclohexylamoniuopropanesulfonic acid (CAPS) buffer improves the separation
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power of the method for Au NPs mixtures analysis, and 5.3 and 19 nm sized Au
NPs were successfully separated. Later it was found that SDS in the separation
buffer also assists Ag NPs separation.25¢ The presence of SDS surfactant with a
concentration higher than the critical micelle concentration in the separation
buffer changes the separation mode to micellar electrokinetic chromatography
(MEKC). A strong electroosmotic flow (EOF) towards the cathode (outlet vial),
which is generated under basic conditions, is faster than the flow of micelles
(towards the anode). Thus, smaller NPs have shorter migration times (MTs) in an

electropherogram, compared to larger ones.

Due to the fundamental principles of CE (typically only thin capillaries with
50 to 100 um inner diameter are used), only a relatively low sample injection
volume in the nL-range is used, which ultimately dictates the method’s lower Lp.
There are two ways to improve this: one way 1s to use a more sensitive detector
compared to the widely used UV/vis absorbance detector, the other way is to pre-
concentrate the analytes. Coupling of CE to ICP-MS for Au and Ag NP analysis
was introduced recently:257 the developed method enabled the separation of 5, 20,
and 50 nm sized Au NPs along with the speciation of ionic gold from NPs with the
use of penicillamine as a complexing agent. The separation buffer composed of

10 mM CAPS and 60 mM SDS at pH 10 was chosen as an optimal one.

In recent years, a number of online preconcentration approaches in CE have
appeared. These techniques and their applications are frequently reviewed.258, 259
One of the techniques that can be used for NP preconcentration is the REPSM,
which was developed for MEKC in 1994,260 and its fundamental principles were
described in detail later by Quirino and Terabe.26! REPSM preconcentration was
successfully applied for Au NPs allowing to increase the injection time first to
24 5,262 and then to 50 s.263-265 REPSM injection time optimization showed that CE
injection times longer than 50 s resulted in a decrease of the number of theoretical
plates and resolution in a study of Au NPs analysis (using a diode array

detector).265

The underlying concepts and recent applications of SP-ICP-MS were

summarized in a recent reviews.8-10 Because the signal of a particle’s ion cloud that
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1s detected is considered to be proportional to the particle’s mass, the size of a NP
may be deduced (assuming spherical shape, bulk material density, etc.). The two
most common approaches for PNC determination in SP-ICP-MS are external
calibration with standards of known PNC7 or the determination of the analytes
transport efficiency.266 The performance and data quality of SP-ICP-MS heavily
depends on the selection of the DT (literature reports between 0.1 and 10 ms) and
the following data processing. For example, if the DT is too short, one NP signal
may be recorded only partially (split-particle events), and, if the DT is too long, two
or more NPs may be detected as one (particle coincidence). To overcome these and
other artifacts, a data acquisition system was developed in the group that allows
recording the signals for one isotope continuously with up to 5 us time resolution
with a 100% duty cycle. It was further demonstrated that the prototype -usDAQ
helps to decrease the BG signal in SP-ICP-MS size distribution diagrams, and to

extend the PNC-range of suspensions that can be measured without artifacts.!!

The main challenge for coupling NP separation techniques to SP-ICP-MS is
the fact that the separation channel increases the number of particles that are
entering the ICP in rapid succession (e.g., short elution periods in a chromatogram
that result in sharp peaks). Because the probability of particle coincidence now
drastically increases, the choice of DT and separation conditions is crucial to obtain
accurate particle information. A proof-of-principle study for HDC-SP-ICP-MS was
performed by Pergantis et al.,% where 30 and 60 nm sized Au NPs were separated
(DT of 10 ms). Coupling of electrospray - differential mobility analysis to SP-ICP-
MS provides a possibility to separate Au NPs from 30 to 100 nm in size also using
10 ms DT.97 The first results on CE coupled to SP-ICP-MS were obtained by
Franze et al. in an example of Au NPs (10, 30, 60 nm) analyses, still with a rather

long DT of 2 ms.98

In the current chapter, a sensitive method for Ag NPs separation and
characterization that is based on CE-SP-ICP-MS combined with a novel prototype
data acquisition system (usDAQ) providing microsecond time-resolution was
developed. Separation and coupling conditions were carefully optimized to allow
the introduction and optimization of a REPSM online preconcentration technique

prior to CE separation.
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3.2 Experimental Section
3.2.1 Sample Preparation

Monodisperse spherical Ag NPs with nominal diameters of
20 (18.5 £ 3.4) nm, 40 (39 +4) nm, and 60 (62 + 7) nm stabilized in 2 mM citrate
were acquired from nanoComposix (San Diego, CA, U.S.A.; 0.020 g L1 initial Ag
concentration). The samples were stored at 4 °C in darkness prior to analysis and
shaken for 30 s prior dilution. Dilutions to desired concentrations were performed

with bi-distilled deionized water on the day of analysis.

The buffer for CE separation contained 60 mM SDS (99.5% pure for
electrophoresis, Carl Roth, Karlsruhe, Germany), 10 mM CAPS (99%, Carl Roth,
Karlsruhe, Germany), and 10 pg L-! Cs (Inorganic Ventures, Christiansburg, VA,
U.S.A)) at pH 10, adjusted by addition of 1 M NaOH (98.8%, Th. Geyer, Renningen,
Germany), and controlled by a pH meter (Multi 3401/SET, WTW, Weilheim in
Oberbayern, Germany). Buffer and 1 M NaOH (used for capillary activation) were
filtered with 0.45 pm polytetrafluoroethylene (PTFE) syringe filters (VWR
International, Darmstadt, Germany). A fresh buffer was prepared once per week
and stored at 4 °C in darkness prior to analysis. Sheath liquid consisted of
10 pg L indium (Inorganic Ventures, Christiansburg, VA, U.S.A.) and 2% HNOs3
(70%, Fisher Scientific, Loughborough, U.K.). NaNOs (99%, J.T. Baker, Deventer,
The Netherlands) was used for the preparation of NPs Na* matrix matched

standards in SP-ICP-MS measurements.

3.2.2 Instrumentation

A model G7100A (Agilent Technologies, Waldbronn, Germany) CE system
with polyimide-coated fused-silica capillary (75 (77.7. + 0.2) um i.d., 375 um o.d.,
70 cm length; Polymicro Technologies, Phoenix, AZ, U.S.A.) was coupled to a model
1CAP Qc (Thermo Fisher Scientific, Bremen, Germany) quadrupole ICP-MS
instrument. The coupling was performed by connecting the CE capillary outlet to
the inlet of a model DS-5 microflow nebulizer (Teledyne CETAC Technologies,
Omaha, NE, U.S.A.) via a 1.00 mm bore polyether ether ketone (PEEK) crosspiece
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(Macherey-Nagel, Diren, Germany) (Figure 3.1). The self-aspirating nebulizer is
supplied with a low-volume spray chamber. The crosspiece serves to merge the CE
flow with sheath liquid to provide stable aspiration and to close the CE electrical
circuit via an electrical cable from the outlet electrode attached to a stainless-steel
wire (the upper crosspiece inlet). The contact of sheath liquid with the wire in the
crosspiece ensures grounding. The CE instrument was controlled with the Agilent
OpenLab CDS (C.01.07, Agilent Technologies), the ICP-MS instrument with the
Qtegra ISDS (2.4.1800.192, Thermo Fisher Scientific) software.

ICP-MS operating conditions were chosen to achieve high sensitivity for
NPs. Therefore, a second roughing pump (Sogevac SV40 BI, Leybold, Cologne,
Germany) was connected to the first pump in order to achieve a lower interface
pressure of 1.22 +0.06 mbar. Additionally, a high sensitivity skimmer insert
(insert “2.8”, Glass Expansion, Melbourne, Australia) was installed. The most

important ICP-MS parameters are listed in Table 3.1.

The CE system was operated at voltages from 10 to 25kV with
hydrodynamic injection at 50 mbar for 3 s without polarity switching and for 10 to
150 s in REPSM. Implementation of REPSM preconcentration after injection is
achieved by switching the voltage to negative polarity with the same absolute

value as in the corresponding CE run. The measured current will then steadily

Grounding

Ar

A/
@%Tﬁ <<—>To MS

L1
1
: ICP torch
4 Nebulizer Sampler and
S,he"’.‘th Ar skimmer
liquid cones

Figure 3.1: CE-ICP-MS coupling setup schematic.
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increase. When the current reaches 90-95% of the typical value, the voltage

polarity is switched again, and a positive voltage is applied throughout the CE run.

Before the first measurement of a day, capillaries were activated by rinsing
them with 1 M NaOH, bi-distilled deionized water, and separation buffer for
10 min each. Before each run the capillary was flushed with the running buffer at
950 mbar for 1 min. To ensure that the sheath liquid flow is restored after the
flushing step, a decrease of the 133Cs* signal (separation buffer) and an increase
of the 115In* signal (sheath liquid) to their initial values were monitored before the

start of each measurement.

Table 3.1: Main ICP-MS instrumental parameters.

Parameter Value

RF power 1450 W
Ar cooling gas flow 14 L min-!
Ar auxiliary gas flow 0.8 L min‘!
Ar nebulizer flow 0.8 L min'!
Sampling position 3.5 mm
Torch injector inner diameter 1.5 mm

3.2.3 CE Injection Volume Determination

To determine the CE injection volume from hydrodynamic injection, an
indium-free 2% HNOs3 sheath liquid was utilized, and 10 pg L-'! indium was added
into a sample vial. The sample was injected at 50 mbar until 133Cs* would
interchange with 115In* signal from the sample. The period of time between 133Cs*
signal rise and 11°In* signal rise was recorded 12 times. With a known capillary
length (70 cm), the sample velocity during the 50 mbar injection was calculated to
be 1.57 +0.03 mm sl. Knowing the injection time and the dimensions of the
capillary, the injection volume was calculated and used to determine the number
of injected particles in selected experiments using the PNC of the NP suspensions

(as provided by the manufacturer).
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3.2.4 Data Acquisition and Data Processing

Two different data acquisition strategies were used simultaneously. The
vendor DAQ/software was used to monitor several isotopes between the CE runs
(sheath liquid stability check, etc.). The home-built usDAQ!! was used with 5 us
DT during 97Ag* isotope detection throughout each CE run, and data were
acquired continuously, e.g., for up to 40 min. All CE-SP-ICP-MS measurements

were performed in triplicates, if not specified otherwise.

With a DT of 5 us the signal of each particle (which typically appears as a
series of counts in quick succession) is expected to be spread out over a number of
consecutive dwells. Therefore, additional processing of the data acquired with the
usDAQ is necessary to obtain information on a per-particle basis. The application
of a simple threshold criterion has been found to be suitable for the identification
of virtually all particle-related signals in the time-resolved data from CE runs: A
particle is registered anytime the number of counts in a certain number of dwells
exceeds a predefined threshold limit. Subsequent consecutive dwells are treated as
belonging to this transient until the threshold condition is not fulfilled anymore.
The combined signal for each particle is obtained by summing up the signal of all
consecutive 5 us dwells throughout the corresponding event. Processing of the raw
data was performed with a command line tool written in “C”.1! The resulting
dataset for each CE run contained a list of the exact points in time a particle
occurred, the combined signal for each particle, as well as the corresponding time-
resolved ion cloud profile. Further data processing and graphical representation of
the results was done in Origin 2015 (OriginLab Corporation, Northampton, MA,
U.S.A).

Size calibration was performed every day by measurements of individual 20,
40, and 60 nm sized Ag NPs suspensions with SP-ICP-MS, and construction of a
calibration curve with linear fit (R2 = 0.9987 + 0.0011) using the mean particle size
provided by the manufacturer. After size calibration, data sets were further
reduced by binning the data in size and time dimensions and counting the number
of NP events that fall into each bin. Bins of 2 nm X 10 s were found to be optimal

for Ag NPs analysis. After binning, visual representation of the results is possible
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by construction of two-dimensional color maps. Construction of a conventional CE-
ICP-MS diagram is still possible by subsequently reducing the time resolution of
acquired SP-ICP-MS data. To obtain a desired DT, the corresponding signals of

multiple consecutive dwells are simply summed up (Figure A.1B).

3.3 Results and Discussion
3.3.1 The Effect of CE Separation Conditions on NP Ion Clouds Profiles

When CE is coupled to ICP-MS, matrix effects, which can change the signal
response of NPs events, may arise from the introduction of the separation buffer
(organic matrix) into the plasma. Additionally, SDS contains sodium, which has a
low ionization potential. The presence of easily ionizable elements (EIE) such as
sodium from a 60 mM SDS buffer in the plasma may suppress the ionization of
elements with higher ionization potentials such as silver. To ensure that the
1onization efficiency of Ag NPs is not affected by the presence of organic compounds
and Na* in the ICP, ion cloud profiles and the average duration of ion clouds were
compared for 20, 40, and 60 nm sized Ag NPs during a CE run and with stand-
alone SP-ICP-MS measurements of Ag NPs in different matrices (bi-distilled
water, and 4.7 mM NaNOs3 solution). The latter was chosen as a sodium matrix-
matched standard, because it featured a similar 23Na* response in the ICP-MS,
compared to the 28Na* signal during a CE separation. It was found that when Ag
NPs were analyzed in the presence of Na* in suspension, the average size of NPs
and the average NP ion cloud duration did not change significantly. However, the
Ag BG signal slightly increased, compared to NPs suspensions prepared in water.
Ten time-resolved ion cloud profiles of particle events that show a signal close to
the mean of the corresponding signal distribution were compared more closely for
each analyzed suspension. As exemplarily shown for the 60 nm sized Ag NPs
(Figure 3.2), it was found that the duration of these ion clouds did not change
significantly with the different sample matrices (see above). This indicates that the
CE separation conditions do not cause a significant change in response, i.e.

broadening of the NPs ion clouds, and, in turn, a size calibration in CE-SP-ICP-
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MS can be performed by the analysis of Ag NPs suspensions in water with SP-ICP-
MS.

3.3.2 CE-SP-ICP-MS Capabilities

Coupling of a NP separation technique to SP-ICP-MS provides valuable
additional information on the separation features of the technique. Figure 3.3
presents all qualitative and quantitative information that can be obtained from
two-dimensional CE-SP-ICP-MS color maps. Due to an additional size domain in
CE-SP-ICP-MS, CE migration profiles and average MT can be extracted at each

desired size or size range, for example, the CE profile at 39 nm is presented in
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Figure 3.2: Ion clouds profiles (n = 10, 107Ag*) of 60 nm sized Ag NPs obtained by

SP-ICP-MS analysis of NPs diluted in bi-distilled water (top), in 4.7 mM Na*

matrix (middle) both with standard sample introduction, and during a CE-SP-

ICP-MS run (bottom). Data was acquired with the usDAQ and a DT of 5 us, each

1on cloud consists of approximately 730 counts.
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Figure 3.3: CE-SP-ICP-MS data evaluation capabilities and obtained

characteristics presented for 40 nm sized Ag NPs. Total number of particles in

boxed-in area: approximately 10,000.

Figure 3.3 (top insert). This feature provides a complementary tool to judge the CE
separation quality and to check whether or not peaks are symmetrical, with no
tailing or fronting. In addition, the NPs size profile on the y-axis gives information
on the average NP size and the size distribution. Size distributions can also be
extracted at different points in time during a CE run. Three different size
distribution plots are shown (Figure 3.3, right insert), which indicate that the
mean size of the NPs migrating at 1300 s (line in green color) is smaller compared
to NPs at 1400 s (line in red color). Consequently, the NPs with even larger sizes

migrate at 1500 s (line in magenta color), which indicates that the investigated
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citrate-capped Ag NPs migrate according to their size. The number of events
detected in each 2 nm X 10 s bin is presented by different colors in the diagram,
with the highest number detected at 39 nm and 1400 s. As the CE profile and the
NP size distribution have finite shapes, the total number of detected NPs at chosen
size and time intervals (boxed-in by white frame in Figure 3.3) can be related to
PNC (assuming stable nebulizer conditions and analyte transfer efficiency, etc.).
In order to perform PNC quantification, calibration with known PNC is required.
CE-SP-ICP-MS increases the resolution between the studied NPs approximately
twice compared to CE-ICP-MS. Conventional CE-ICP-MS diagrams can also be
derived by summing up all particle events in a certain time frame (Figure A.1A),

or all signals (vendor software) in a certain time frame (Figure A.1B).

Consequently, CE-SP-ICP-MS, compared to separation techniques coupled
to ICP-MS, provides not only separation of NPs by means of CE but also the

straightforward capabilities to determine NP size and PNC in each chosen region.

3.3.3 REPSM Method Development

Preconcentration techniques in CE, REPSM in particular, further increase
the local concentrations of analytes in comparison with conventional CZE
separation. Therefore, optimization of REPSM conditions is required in order to
achieve SP detection in CE-SP-ICP-MS with minimum time-overlap of individual
ion clouds. Typically, CZE utilizes short hydrodynamic injections (usually only a
few seconds), and analytes migrate as thin zones during separation, therefore,
their separation can be achieved. When a sample is injected for a longer time
duration into the capillary (e.g., injection with 100 s at 50 mbar fills a length of
15.7+ 0.3 cm of a 70.0 + 0.5 cm capillary with an aqueous sample), the dimensions
of the capillary do not allow the analytes to be separated from each other, so they
migrate as one front. One approach to achieve the separation of analytes even
when using a long injection time is to pre-concentrate the analytes at the beginning
of the capillary by matrix removal using REPSM. Additionally, the use of MEKC
enhances the separation process because the analytes are interacting with the

pseudostationary micellar phase, and the preparation of samples in a low
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conductivity matrix promotes the stacking process because the sample plug

experiences a higher field strength in comparison with a buffer.

In the early publications on REPSM,260. 261 g negative voltage (with respect
to the outlet vial) was applied to the inlet vial after a sample was injected to remove
the sample matrix (until current reaches 97-99% of the typical current at given
experimental conditions) and to pre-concentrate the sample at the beginning of the
capillary. If the current exceeds the current values that are typical for CE running
conditions, this implies that analytes are starting to migrate into the inlet vial. In
the context of this chapter, this would lead to an underestimation of the number of
detected particles. Therefore, REPSM conditions were optimized as follows. It was
found at injection time durations longer than 50 s, if the current reaches a level of
97-99% during preconcentration, the migration profiles of the large particles
(namely 60 nm sized Ag NPs) change, become extremely narrow, and particle
detection results in SP-ICP-MS are distorted. In order to avoid a high local NP
count increase, the preconcentration was performed only until the current reaches
90-95% of the usual value. At these conditions, NPs CE profiles become slightly
broader, and particle coincidence during detection can be prevented for a wider NP
concentration range. In order to determine an optimum NP injection time with
REPSM, the number of detected particles was determined for each NP size and
injection times between 10 and 150 s (Figure 3.4). The number of detected NPs
increases for all analyzed NP types with increasing injection time. Nevertheless,
at injection times higher than 90 s, the rate of the increase reduces, that is why a
logistic function was used for fitting of the data. When a 150 s injection time was
used, current instabilities during runs started to occur. This is why higher injection
times were not tested. This phenomenon may be explained by disruption of the
electrical double layer on the surface of the capillary (created by a charged buffer)

by long injections of low conductivity sample suspensions.

The resolution between the investigated NPs in CE-SP-ICP-MS two-
dimensional diagrams stays at the same level at each tested injection time with
REPSM. To avoid current instabilities during the measurements but to still
achieve a significant increase in the number of detected particles compared to 3 s

Injection, an injection time of 110 s was chosen for further REPSM experiments
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with the injection length being 17.3 + 0.3 cm of the total capillary length. This
relatively long injection time was feasible also because CE-SP-ICP-MS provides
increased resolving power. This is an approximately two-fold longer injection time

compared to previously published work (50 s injection time, REPSM mode) on Au

NPs.264, 265

Applied voltage in CE is one of the factors that determine the separation
rate, the analytes’ MT, and the resolution between the compounds in a mixture.
Therefore, the effect of the applied voltage during NPs analysis with REPSM was
studied from 10 to 25 kV (Figure A.2). The relation between applied voltage and
generated current was found to be linear from 10 to 20 kV. At 25 kV the generated
current was slightly higher than expected (assuming constant resistivity), and less
stable (7.4% relative standard deviation, RSD). The latter effect 1s assumed to be
due to Joule heat, which is generated in the buffer with high ionic strength, but

not dissipated as efficiently as at lower currents.
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Figure 3.4: Influence of the REPSM injection time on the number of detected
particles for a mixture of 5 pug Ll 20 nm sized, 35 pg L1 40 nm sized, and

200 pg L1 60 nm sized Ag NPs analyzed at 20 kV (logistic fit).
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Figure 3.5: Influence of applied voltage on NPs CE MT for a mixture of
10 pg L1 20 nm sized, 35 pg L1 40 nm sized, and 100 pg L-! 60 nm sized Ag NPs
analyzed using 110 s injection time in REPSM (exponential decay fit).

As the current increases, the mobility of charged species in the buffer and
EOF rises. In turn, the MT of NPs i1s reduced, which could be proved
experimentally here for all investigated Ag NPs (Figure 3.5). Variations in MT
(indicated by error bars in Figure 3.5) were found to increase with decreasing
voltage. This is assumed to be due to stronger longitudinal diffusion towards longer
MTs. Although a higher applied voltage of 25 kV results in shorter total analysis
time, a value of 20 kV was selected here for further experiments discussed below
because of a more effective heat dissipation and stable NP MTs. The stability of
MT decreases with increased NP size (MT RSD being 1.9% for 20 nm sized, 2.4%
for 40 nm sized, and 6.4% for 60 nm sized Ag NPs).

After method optimization, the optimum conditions for Ag NP
preconcentration and separation were determined to be 110 s hydrodynamic
injection at 50 mbar, REPSM mode with -20 kV applied (until current reaches 90-

95% of the normal current value, approximately 55 s for the tested mixture), and
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separation at 20 kV. Total analysis time including the preconcentration step was

approximately 28 min.

3.3.4 Quantification of NPs in Mixtures

The developed method was used for the analysis of 20, 40, and 60 nm sized
NPs that are simultaneously present in the same mixture. Due to the lack of PNC
certified NPs suspensions, PNCs for the used NP suspensions were calculated from
Ag mass concentration provided by the manufacturer, taking into account the
average NP size determined by TEM, silver bulk density (10490 kg m-3), and
respective dilutions. The injection volume for 110 s at 50 mbar hydrodynamic
injection was determined to be 819 + 17 nL.. The number of injected particles was
therefore calculated from the injection volume and PNC of a suspension that was
analyzed. Linear calibration plots could be obtained (Figure 3.6), if the number of
detected particles that correspond to each NP size were plotted against the number
of injected particles or PNC. The slopes of the obtained linear fits represent the
average particle recovery (percentage of NPs detected vs. NPs injected), with
values of 12.2 + 1.4% for 20 nm sized, 17.7 + 1.5% for 40 nm sized, and 12.2 + 0.8%
for 60 nm sized Ag NPs. The values are relatively low, which might be due to
particle losses not only in the CE capillary, but also in the nebulizer/interface and
a limited transport efficiency into the ICP-MS. Separate determination of the
recovery of only CE separation with the use of REPSM, however, is beyond the
scope of this thesis, because the development of an additional method would be
required: as the concentrations of NPs are held comparably low to avoid capillary
overload and assure particle by particle detection, the fraction collection of specific
MT periods would be needed to be performed several times (at least 10) to result
in a detectable dissolved silver concentration after digestion. Additionally, the
buffer used during CE separation gets into the collected fractions and creates
matrix interferences in ICP-MS by artificially increasing the Ag* signal. The use
of a higher NP concentration to determine the capillary recovery with REPSM,
however, will possibly result in capillary overload, leading to increased NP

adsorption to capillary walls and, ultimately, to distorted results.
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Figure 3.6: The dependence of number of detected particles on number of injected
particles and PNC in NPs mixtures for the mixtures of 20 nm sized, 40 nm sized,
and 60 nm sized Ag NPs analyzed using 110 s injection time in REPSM at 20 kV
(linear fit).

In order to determine the Lp using the calibration curves slopes (Figure 3.6),
a blank bi-distilled water sample was measured 10 times with CE-SP-ICP-MS.
Consequently, the Lp were determined to be 0.71 ugL! for 20nm sized,
0.48 pg L1 for 40 nm sized, and 0.67 ug Li'! for 60 nm sized Ag NPs. The higher Lp
value for 20 nm sized Ag NPs can be explained by BG noise during SP-ICP-MS
detection. Application of other types of preconcentration approaches in CE and
improvements in ICP-MS transport efficiency may help to further decrease the
obtained Lp in the future and to make the method applicable to all types of
environmental samples. The analysis of highly concentrated NP samples (e.g.,
mg L-1-range) can be performed without a preconcentration step using a

conventional short injection time or simple sample dilution.
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3.3.5 Preconcentration Efficiency in CE-SP-ICP-MS for Ag NPs Mixtures

The use of REPSM with 110 s injection time allows to pre-concentrate NPs
before CE-SP-ICP-MS with higher resolution compared to CE-ICP-MS
(Figure A.1). If one compares the results of CE-SP-ICP-MS analysis of a 20, 40,
and 60 nm sized Ag NPs mixture with conventional 3 s injection (Figure 3.7A) and
110 s injection with REPSM (Figure 3.7B), the effectiveness of the
preconcentration step is apparent. Although, the BG of the measurements stayed
the same, it was possible to detect 14 + 2 times more 20 nm sized, 21 + 4 times
more 40 nm sized, and 28 + 5 times more 60 nm sized Ag NPs in comparison with
3 s injection. All three NP types are fully resolved, taking into account the
broadening in the size dimension due to initial NP size distribution and in the MT
dimension due to longitudinal diffusion, especially at longer MTs (60 nm sized Ag
NPs). Resolution in two-dimensional color maps was determined by extracting a
plane that contains the maxima of both inspected NP profiles and calculating
resolution between the two extracted peaks. Although NP resolution slightly
decreased with 110 s injection time and the fact that the preconcentration was
performed until the current reaches only 90-95% of the typical value (from
1.51 +0.48 to 1.28 = 0.04 between 20 nm and 40 nm sized NPs, from 1.91 + 0.52 to
1.61 £0.18 between 40 nm and 60 nm sized NPs), it is still sufficient to fully

resolve the investigated NPs.

Despite the fact that coupling of CE to SP-ICP-MS results in a higher silver
BG compared to SP-ICP-MS (due to the organic matrix), it was possible to
completely separate 20 nm Ag NPs from the BG.

A further increase in ICP-MS sensitivity and transport efficiency will help
to enhance the particle size Lp. Moreover, new strategies to selectively
preconcentrate 60 to 100 nm sized NPs could possibly extend the applicability of
REPSM to the whole nanoscale. Analysis of dissolved metals along with NPs in
CE-SP-ICP-MS still presents a challenge, because the addition of penicillamine as
a complexing agent2?57 not only affects metal ions but also disrupts SP-ICP-MS
detection. Simultaneous multi-isotope detection with high time resolution would

allow for the analysis of NPs with different elemental composition to be carried out
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in a single run. After further developments CE-SP-ICP-MS using REPSM with the
possibility to detect a wider range of NPs of different composition may be used for
commercial products and environmental samples analysis, laboratory studies, or
production quality control. With the present improvements and further research,
1t would be possible to analyze samples with unknown NP content and composition
to get species specific information on both the size and the concentration of NPs in

complex mixtures.
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Figure 3.7: Two-dimensional color maps of CE-SP-ICP-MS analysis (107Ag*) of a

600

mixture of 5 pg L1 20 nm sized, 35 pg L1 40 nm sized, and 200 pg L1 60 nm sized
Ag NPs analyzed using 3 s injection without REPSM (A) and 110 s injection time
in REPSM (B) at 20 kV (note that different color scales are used for (A) and (B);
the BG in (A) 1s also present in (B), but not apparent due to the scale; time axis in

(B) includes 110 s injection and 55 s REPSM preconcentration).
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3.4 Conclusion

In this chapter, a nanoparticle characterization method based on REPSM
online preconcentration, CE-SP-ICP-MS, and a prototype usDAQ was developed
and applied for the analysis of Ag NPs mixtures. Particle-by-particle information
was obtained by continuously monitoring individual ion clouds from NPs that were
introduced into the ICP with high time-resolution (5 us, 100% duty cycle). SP-ICP-
MS adds another dimension to CE separation, as NPs size information can be
obtained for each of the >60,000 detected particles per CE run, and increases the
resolution between NPs twice compared to CE-ICP-MS. After optimization of the
preconcentration conditions, 110 s injection with REPSM and a CE separation at
20 kV were found to be the optimum for the present setup. With 110 s injection
followed by REPSM it was possible to detect 14 +2 times more 20 nm sized,
21 + 4 times more 40 nm sized, and 28 + 5 times more 60 nm sized Ag NPs in
comparison with 3 s injection. The capability of CE-SP-ICP-MS to do quantitative
analysis was demonstrated, and linear calibration curves could be obtained with
the detection limits in sub-microgram-per-liter-range. CE-SP-ICP-MS makes it
possible to separate NPs by size and get information on NPs average size, size
distribution, and PNC at any chosen time period during a CE separation. The data
can be visualized with two-dimensional color maps, simplifying data evaluation

and representation.
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Chapter 4

Separation of Silver Nanoparticles with Different

Coatings by CE-SP-ICP-MS

Based on:

D. Mozhayeva, C. Engelhard, Separation of Silver Nanoparticles with Different

Coatings by Capillary Electrophoresis Coupled to ICP-MS in Single Particle Mode,
Anal. Chem., 2017, 89, 9767-9774.
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4.1 Introduction

According to the Derjaguin, Landau, Verwey, and Overbeek (DLVO)
theory?267. 268 the stability of colloids is dependent on Van der Waals attraction and
electrostatic repulsion between them. Therefore, the surface charge and the radius
of the colloids along with the ionic strength of the suspension affect their stability.
The surface coating of NPs typically consists of organic molecules or
macromolecules that are bound to their surface either chemically or physically,
and it determines the NPs reactivity in the surrounding medium. Surface coatings
can increase the dimensions and the surface charge of NPs and, thus, enhance the
NPs stability. Virtually all commercially available NPs, including certified
reference materials (e.g., from the National Institute of Standards and Technology
(NIST), Gaithersburg, MD, U.S.A.), and NPs suspensions (e.g., from
nanoComposix, San Diego, CA, U.S.A.), are produced with surface coatings to
ensure the stability of the NP size distribution over time. Once NPs enter the
environment or a test medium, the surface coating may be partially or totally
replaced by other organic molecules to form a complex particle corona. Also,
varying pH values of a suspension may induce changes to the NPs surface charge.
Consequently, aggregation or dissolution of NPs may occur when the coating is
destabilized, and Van der Waals attraction between NPs prevails. Additionally,
the kinetics of chemical or biochemical processes that include NPs may
significantly change, affecting their bioavailability and environmental pathways.
It 1s difficult to describe all of the processes that may happen to NPs in the
environment or in living organisms, nevertheless, the processes governing the
stability and aggregation of NPs in cell culture medium have been recently
reviewed.269 For quantum dots it was shown that the charge of NP surface coating
affects their cytotoxicity, with the neutral NPs being less toxic for all tested NP
sizes compared to the positively and negatively charged NPs, however, the cellular
uptake of NPs was independent of the surface coating.2’0 For these reasons,
characterization of NPs only by chemical composition and size is not sufficient to
determine their properties and environmental toxicity, hence, additional
information on the composition of NPs surface coating and different NP species

present in a mixture is required.
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CE provides a unique separation mechanism, where the separation occurs
not only due to the differences in NP size, but also due to the differences in NP
surface charge. Electrophoretic mobility (u) of a spherical particle in an electric
field can be determined in the following way:

q
6mnr

H= (Equation 4.1)

where q is the net change of the NP, n is the viscosity of the surrounding medium,
and r is the radius of the NP. Therefore, electrophoretic mobility of a spherical NP
1s directly proportional to its surface charge and inversely proportional to its radius

or C/S:

g (Equation 4.2)

H X

Only few attempts were made in literature to differentiate NPs by their
shape and surface charge. Huang et al. were able to separate quantum dots from
their bovine serum albumin conjugates by CE.271 Streptavidin (a protein) and
biotin quantum dots conjugates were also separated in a mixture from each
other.272 Hanauer et al. successfully applied gel electrophoresis to separate Au and
Ag NPs of different forms, additionally, it was shown that NPs with different
surface coatings have different MTs.273 Zhang et al. have shown that CdTe NPs
with three different surface coatings (thyoglycolic acid, L-cysteine, and reduced
glutathione) have different MTs when analyzed individually, however, they could
not be separated from each other when injected in a mixture.274 Later, cationic
bifunctional maghemite/silica core/shell particles synthesized with different ratios
of surface coating compounds (different surface charge) were separated in
mixtures.2?> Li et al. were able to visualize the movement of Au NPs during a CE
separation using dark field microscopy.27® It was visually confirmed that the
cetyltrimethylammonium bromide (CTAB) capped Au NPs with positive surface
charge and the SDS capped Au NPs with negative surface charge have different
velocities during the separation of the mixture. It was also recently confirmed that
NPs with different coatings have different migration patterns in CE when injected

individually.277 To the best of author’s knowledge, the separation of NPs with
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different coatings simultaneously present in a mixture still presents a challenge,
and the separation of Ag NPs with different surface coatings has not been
performed before by CE. Low variations in the C/S between Ag NPs with different
surface coatings require a sensitive detection technique that will allow to achieve

high resolution in the separation, compared to conventional CE detectors.

In comparison with the typical ICP-MS analysis, where analyte signals are
typically constant over time, SP-ICP-MS can be used for sensitive NP detection
with each NP detected individually as a short transient signal spike (atop the BG)
with a definite intensity, if the sample is sufficiently diluted. The number of counts
recorded per spike is later used to determine the size of a NP, because it is
proportional to the NP mass. The advancements in fundamental studies and
applications of SP-ICP-MS has been recently reviewed, showing that the technique

1s becoming a powerful tool to obtain NP average size, size distribution, and

PNC.8.9

Coupling of CE to SP-ICP-MS is associated with a challenge of assuring that
only one NP is detected at a selected detection time window (basic principal of SP-
ICP-MS), when NPs are focused during the separation in temporally short
intervals.’® A home-built data acquisition system with 5 ps time resolution allows
to obtain the ion cloud profile of each NP that gets to the detector continuously
over the course of a CE run.!'! Therefore, CE-SP-ICP-MS allows to add an
additional NP size dimension to conventional CE separation and to increase the
resolution between NPs during analysis. In addition, it was recently demonstrated
that a combined approach of CE-SP-ICP-MS with online sample preconcentration
helps to separate and quantify citrate-coated Ag NPs of different sizes in a mixture
down to the sub-ug L1 concentration range!8. In the chapter, CE-SP-ICP-MS is
used to investigate the behavior of more complex mixtures during CE separation,

which contain Ag NPs with different surface coatings and sizes.
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4.2 Experimental Section
4.2.1 Sample Preparation

Monodisperse spherical 20, 40, 60 nm sized citrate-coated; 20, 40, 60 nm
sized PVP-coated; 40, 60 nm sized PEG-coated; and 40 nm sized branched
polyethylenimine (BPEI)-coated Ag NPs were attained from nanoComposix (San
Diego, CA, USA). Table A.1 represents the particle sizes obtained by TEM by the
manufacturer. The suspensions were kept at 4 °C in darkness prior to analysis and
shaken for 30 s prior dilution. The concentration of the NPs stock solutions was
0.020 g L1, desired dilutions were carried out with bi-distilled deionized water on
the day of analysis. The CE separation buffer consisted of 60 mM SDS (99.5% pure
for electrophoresis, Carl Roth, Karlsruhe, Germany), 10 mM CAPS (99%, Carl
Roth, Karlsruhe, Germany), and 10 pg L1 Cs (Inorganic Ventures, Christiansburg,
VA, USA) at pH 10. The pH value of the buffer was regulated by addition of 1 M
NaOH (98.8%, Th. Geyer, Renningen, Germany) and measured by a pH-meter
(Multi 3401/SET, WTW, Weilheim in Oberbayern, Germany). The buffer and 1 M
NaOH (used for capillary activation) were filtered with 0.45 pm
polytetrafluoroethylene (PTFE) syringe filters (VWR International, Darmstadt,
Germany). Buffers were prepared weekly and kept at 4 °C in darkness prior to
analysis. Sheath liquid consisted of 10 pg L'l indium (Inorganic Ventures,
Christiansburg, VA, USA) and 2% HNO3 (70%, analytical reagent grade, Fisher
Scientific, Loughborough, UK).

4.2.2 Instrumentation

A model G7100A (Agilent Technologies, Waldbronn, Germany) CE system
with polyimide-coated fused-silica capillary (75 (73.5+ 0.7) pm i.d., 375 um o.d.,
70 cm long; Polymicro Technologies, Phoenix, AZ, USA) was coupled to a model
ICAP Qc (Thermo Fisher Scientific, Bremen, Germany) ICP-MS quadrupole
instrument. The coupling was performed by connecting the CE capillary outlet to
the inlet of a model DS-5 microflow self-aspirating nebulizer (Teledyne CETAC
Technologies, Omaha, NE, USA) via a 1.00 mm bore polyether ether ketone
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(PEEK) crosspiece (Macherey-Nagel, Diiren, Germany). The crosspiece serves to
merge the CE flow with sheath liquid and to close the CE electrical circuit via an
electrical cable from the outlet electrode attached to a stainless-steel wire in one of
the outlets of the crosspiece. The contact of sheath liquid with the wire in the
crosspiece ensures grounding. The CE instrument was controlled with Agilent
OpenLab CDS (C.01.07, Agilent Technologies), and ICP-MS — with Qtegra ISDS
software (2.4.1800.192, Thermo Fisher Scientific).

To achieve higher sensitivity for NPs detection, the ICP-MS was operated
with a second roughing pump (Sogevac SV40 BI, Leybold Vacuum Cologne,
Germany) in order to achieve lower interface pressure of 1.19 + 0.02 mbar, and a
high sensitivity skimmer insert (insert “2.8”, Glass Expansion, Melbourne,

Australia). The most important ICP-MS parameters are presented in Table 4.1.

Table 4.1: Main ICP-MS instrumental parameters.

Parameter Value

RF power 1450 W
Ar cooling gas flow 14 L min-!
Ar auxiliary gas flow 0.8 L min-!
Ar nebulizer flow 0.8 L min‘!
Sampling position 3.5 mm
Torch injector inner diameter 1.5 mm
Dwell time 5 us
Monitored isotope 107TA g+

Before the start of a first measurement of a day, capillaries were activated
by rinsing them with 1 M NaOH, bi-distilled deionized water, and separation
buffer for 10 min each. Before each run the capillary was flushed with the running
buffer at 950 mbar for 1 min. The CE separation was performed at 20 kV with
hydrodynamic injection at 50 mbar for 110s followed by a REPSM
preconcentration step, which was optimized specially for CE-SP-ICP-MS along
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with the data acquisition and processing in the previous work.!® In short, during
REPSM -20 kV is applied to the capillary after initial sample injection. The current
will then steadily increase up to a point where it reaches 90-95% of the typical
value for the chosen conditions. Then, the polarity is switched, and +20 kV is
applied to perform the sample separation. ICP-MS was operated in single particle
mode and data was acquired with microsecond time resolution (5 pus) monitoring

107Ag* continuously for up to 40 min. Each analysis was repeated three times.

4.2.3 Data Processing

The data processing and graphical representation of results was done in
Origin 2017 (OriginLab Corporation, Northampton, MA, USA). Size calibration
was performed every day by measurements of individual 20, 40, and 60 nm sized
citrate-coated Ag NPs suspensions with SP-ICP-MS, when the corresponding NP
size was analyzed. External calibration for mixtures that contain different NP
sizes was performed using a linear fit (R2=0.9997 + 0.0004) with the size data
provided by the manufacturer (Table A.1). The data was grouped to 2 nm X 10 s
bins, and CE-SP-ICP-MS two-dimensional color maps diagrams with the CE MT
on x-axis, the NP size determined with SP-ICP-MS on y-axis, and the color

intensity representing the number of detected NPs per spot were obtained.

4.3 Results and Discussion

4.3.1 Theoretical Considerations on NPs Migration Order

The migration order in capillary zone electrophoresis is governed by the
electrophoretic mobility of the charged analyte species and EOF. When a
surfactant, in particular SDS, is added to the separation buffer at a concentration
higher than the surfactants’ critical micelle concentration, micelles are formed and
act as a pseudostationary phase, and, in turn, the separation mode changes to
MEKC. Analytes are then partitioning between the aqueous phase and the
negatively charged micelles. In MEKC, the mechanism of analyte partitioning can

be explained by ionic attraction between the analytes and the micelles, the degree
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of analyte hydrophobicity, and hydrogen bonding.27® As a result, MEKC can help
to improve the resolution compared to standard CE conditions when a mixture of
charged species shall be analyzed, and it also enables the separation of neutral
analytes (given different interactions with the micelles). Due to the fact that the
EOF prevails against the micelles partitioning mechanism (pH 10), positively
charged analytes will have the lowest MT, followed by neutral and then negatively
charged species. It is, therefore, theorized here that MEKC analysis of a mixture
of NPs with similar sizes but different surface charges will result in the following
migration order (at MEKC conditions described above): first, positively charged
NPs (e.g., BPEI-coated) will reach the detector; second, NPs with relatively low
negative surface charges will follow (e.g., PEG and PVP-coated) in the migration
order. Lastly, NPs with a higher negative charge (e.g., citrate-coated) will reach
the detector. If this type of migration order could be obtained in a mixture of NPs,
then it would be a confirmation of the assumption that coatings/surface chemistry
plays an important role and that differently coated NPs behave differently during
the CE separation. The hypothesis was evaluated experimentally in this chapter

and the results are discussed in detail below.

4.3.2 Separation of 20 nm Sized NPs with Different Coatings

A mixture of 20 nm sized citrate- and PVP-coated Ag NPs was analyzed by
CE-SP-ICP-MS. It was found that both types of NPs migrated at the same time
(1088+15 s, data not shown), which was similar to the MT of the individual NPs
suspensions (PVP-coated NPs at 1085+10 s and citrate-coated NPs at 1062+12 s).
The reason as to why a comigration was obtained is presumably the C/S. It is
assumed that the difference in the C/S of the two 20 nm sized NPs species was too
low to separate them from each other at the present conditions, because the initial
concentrated individual NPs suspensions differed in zeta potential only by 6.4 mV
and in average diameter only by 2.7 nm (Table A.1). Both types of NPs are

negatively charged; thus, electrostatic attraction between them can be excluded.
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4.3.3 Separation of 40 nm Sized NPs with Different Coatings

When a mixture of four types of 40 nm sized Ag NPs with different coatings
was analyzed, the result was a relatively broad event in the electropherogram in
CE-SP-ICP-MS (data not shown). The resolution of the technique was not sufficient
to separate all four types of NPs in a single run. As a result, less complex two-
component mixtures were analyzed. In Figure 4.1, CE-SP-ICP-MS analysis results
are presented for all possible two-component combinations of 40 nm sized Ag NPs
with BPEI, PEG, PVP, and citrate surface coatings, respectively. The composition
of NPs in each separate two-dimensional color map can be found in the header of
the corresponding columns/rows (note: when labels in a column and row are
1dentical, the analysis result of a single type of NP material is presented). The MT
of the one-component dispersions are presented in Table A.1, and of the two-

component dispersions in Table A.2.
4.3.3.1 Single standard analyses.

When individual NPs suspensions were analyzed, it was found that the MT
increased in the following order of coatings: BPEI-coated Ag NPs (peak maximum
at 958+21 s, Figure 4.1A) and PEG-coated Ag NPs (peak maximum at 958+32 s,
Figure 4.1E), PVP-coated Ag NPs (peak maximum at 1048+15 s, Figure 4.1H), and
citrate-coated Ag NPs (peak maximum at 1275+115s, Figure 4.1J). This
experimental observation confirmed the theoretical considerations on NP
migration proposed at the beginning of this sub-chapter (except for the MT of the
BPEI-coated Ag NPs that was expected to be lower). Clearly, the nature of the
surface coating affects the MT of NPs, and the migration profiles
(Figure 4.1A, E, H, J) of different types of NPs differ from each other. The citrate-
coated NPs have a skewed profile (Figure 4.1J), where the NPs with lower sizes
migrate to the detector slightly faster than the NPs with relatively larger sizes
(approximately 5 nm range). Interestingly, only citrate-coated NPs, which have the
largest negative surface charge (Table A.1), were found to experience this sub-
fractionation, whereas the peaks from other types of NPs did not feature a

significant skewness. For example, migration profiles of BPEI-coated NPs
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(Figure 4.1A) and PVP-coated NPs (Figure 4.1H) are symmetric in their CE profile.
The PEG-coated NPs (Figure 4.1E) show a slight fronting.
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Figure 4.1: Separation of two-component mixtures and analysis of individual
types of 40 nm sized Ag NPs with BPEI, PEG, PVP, and citrate surface coatings of
35 ug L't (approximately 1x108 particles per mL) each. Heat maps show the
number of detected particles (monitored at 1°7Ag*, 5 us DT) at different MTs during
a CE-SP-ICP-MS run. The composition of the mixture of different nanomaterials
is given in the header of the columns/rows (First row, from left to right: BPEI only;
mixture of BPEI and PEG; mixture of BPEI and PVP; etc.). Labels 1 and 2

represent repetitive measurements of the same mixture.
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4.3.3.2 Two-component mixture analyses.

Compared to the single NP runs described above, it was found during the analyses
of NP mixtures that the migration profiles do not necessarily stay the same but
that they may change depending on the composition of the mixture. Also, the MT
of NPs changed in many cases when NPs were injected in a mixture (Figure 4.1
and Table A.2). This phenomenon was reported also in the literature2’ and may
be explained by the fact that NPs dimensions (1-100 nm) are only 750 to 75000
times smaller compared to the 75 um capillary diameter; therefore, steric

hindrance may be the reason of MT shifts.

The citrate-coated NPs were separated from two out of three types of NPs,
namely, from the PEG-coated (Figure 4.1G) and PVP-coated ones (Figure 4.11I).
During these separations, the individual profiles of these NPs did not change
significantly. All of these three types of NPs are negatively charged (Table A.1);
thus, when NPs of similar sizes in a mixture have a significant difference in surface
charge, their separation should be feasible with CE-SP-ICP-MS (11 and 24 mV
zeta potential difference between the initial (concentrated) NPs suspensions of
citrate/PVP-coated NPs, and citrate/PEG-coated NPs, respectively). Separation of
the negatively charged citrate-coated NPs from the positively charged BPEI-coated
NPs (Figure 4.1D) was not successful, and it resulted in both broad MT and
migration size profiles. This effect is not observed in all other separations and can
be presumably attributed to the strong attraction between the NPs of opposite
charges. As the SDS micelles are less than 4 nm in diameter,280 they may be too
small to separate NPs with at least 10 times higher diameter (excluding the size
of the surface coating) that have attracted each other during the separation. It also
should be noted that no increase in detected NPs size was observed. If the NPs
formed aggregates, then a significant number of the NPs with sizes higher than
40 nm would have been detected. Instead, a significant number of NPs with sizes
around 30 nm was detected, which is not the case for other mixtures containing
the BPEI-coated NPs. The profiles of individual NPs ion clouds were reevaluated
to confirm the absence of artifacts after the NPs ion clouds extraction algorithm.
The partial decrease in NP size may confirm the hypothesis of specific interactions

between the citrate- and BPEI-coated NPs during the separation. NPs may
117



Chapter 4

partially dissolve already during the separation, and result in the detection of a
high number of 30 nm sized or smaller NPs as well as elevated BG from ionic silver;
however, future investigations would be needed to elucidate the process that is

happening.

In general, it was not possible to separate the BPEI-coated NPs from any
other negatively charged NPs (Figure 4.1B, C, D), and the PVP-coated from the
PEG-coated NPs (Figure 4.1F). It is assumed that when both negatively and
positively charged NPs are present in a sample, the interaction of the positively
charged BPEI-coated NPs with the negatively charged NPs is preferable over the
partitioning with the micelles. Both the PVP and PEG coatings are polymeric in
nature, so the stability of this type of coatings is higher compared to the citrate-
coated NPs. The partitioning of the negatively charged NPs with a stable surface
coating with the micelles of the same charge is not favorable; consequently, the
separation is only based on the C/S, which has similar values for both the PVP-
and PEG-coated 40 nm sized NPs.

4.3.4 Separation of 60 nm Sized NPs with Different Coatings

In Figure 4.2, the result of a CE-SP-ICP-MS analysis of all possible
combinations of two-component mixtures containing 60 nm sized Ag NPs with
PEG, PVP, and citrate coatings is presented. The profiles of individual types of the
60 nm sized NPs (Figure 4.2) are similar to those obtained for the 40 nm sized NPs
(Figure 4.1). PEG-coated NPs (Figure 4.2A) show a slight fronting and fast decline
towards the end of the event. PVP-coated NPs (Figure 4.2D) have a rather
concentric profile, while citrate-coated NPs (Figure 4.2F) feature a slightly skewed
profile due to a size dependent separation. When PVP- and citrate-coated NPs are
injected in a two-component mixture (Figure 4.2E), the separation is feasible;
however, a baseline-resolved electropherogram could not be achieved. In order to
obtain the same mobility as it was obtained for the 40 nm sized NPs, according to
C/S separation principle in Equation 4.1 with the higher NP size the charge
difference between NPs should be higher. In contrast to results with 40 nm sized

NPs (Figure 4.1G), the mixture of PEG- and citrate-coated 60 nm sized NPs
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(Figure 4.2C) was not resolved. This phenomenon could not be explained in the
context of this chapter. In general, a lower resolving power could be obtained in
the analysis of mixtures containing the 60 nm sized Ag NPs compared to the 40 nm
sized NPs. Also, other tests were performed but data are not shown. For example,
the separation of NPs with different negatively charged coatings in a mixture with
three components was not successful but will be studied in more detail in the

future.
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Figure 4.2: Separation of two-component mixtures and analysis of individual
types of 60 nm sized NPs with PEG, PVP, and citrate surface coatings of 100 pg L-
1 (approximately 8x107 particles per mL) each. Heat maps show the number of
detected particles (monitored at 197Ag*, 5 us DT) at different MTs during a CE-
SP-ICP-MS run. The composition of the mixture of different nanomaterials is
given in the header of the columns/rows (First row: PEG only; mixture of PEG and
PVP, etc.). Labels 1 and 2 (e.g. B1, B2) represent repetitive measurements of the

same mixture.
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4.3.5 Separation of Complex Mixtures with CE-SP-ICP-MS

The composition of environmental samples is usually unknown, and they
may contain NPs with both different sizes and different coatings. Therefore, the
separation and detection of NPs with CE coupled to conventional ultraviolet-visible
spectroscopy or ICP-MS may be misleading, because NPs with different sizes and
coatings may co-migrate. Here, the separation of NPs with different coatings in
mixtures that contain also different sizes of NPs simultaneously was conducted to
check the feasibility of CE-SP-ICP-MS to resolve more complex mixtures and to
understand the separation principles of NPs in more detail. For this purpose, a
mixture of selected NPs (coatings/sizes that could be resolved successfully, see
above, namely, 20, 40, and 60 nm sized citrate-coated and 40 and 60 nm sized PVP-
coated Ag NPs) was analyzed with both CE-ICP-MS and CE-SP-ICP-MS
(Figure 4.3). Clearly, CE-ICP-MS provides only limited information (Figure 4.3A):
only three peaks appear and without baseline-resolution. Further, no information
1s provided on the size of the NPs. With the added benefit of microsecond time
resolution at the detector CE-SP-ICP-MS is capable of distinguishing all species in
this five-component mixture (Figure 4.3B). Both the 40 and 60 nm sized PVP-
coated NPs could be distinguished from the citrate-coated NPs of the same size,
with the 60 nm sized PVP and citrate-coated NPs having much higher resolution,
compared to a simpler two-component mixture (Figure 4.2E). This experimental
result proves once again2 that NPs have different MTs depending on a mixture,
in which they are injected. For this reason, characterization of NPs only by their
MT in CE-ICP-MS without SP-ICP-MS detection is not sufficient to be able to
1dentify and characterize NPs, because, e.g., citrate- and PVP-coated NPs have

different MTs, depending on the composition of a mixture that is analyzed.

CE-SP-ICP-MS results (Figure 4.3B) reveal a different behavior of the
citrate-coated NPs versus PVP-coated NPs during separation. Both the 40 and
60 nm sized PVP-coated NPs elute from the capillary in the same time window and
together with the 20 nm sized citrate-coated NPs. This is why only one peak could
be detected with CE-ICP-MS (Figure 4.3A). More importantly, this peak could
mistakenly be assigned only to 20 nm sized citrate-coated NPs, if no additional

information on the sample mixture would be available. The polymeric PVP coating
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Figure 4.3: Comparison of a standard CE-ICP-MS plot (A) and first CE-SP-ICP-

MS two-dimensional color map (B) acquired from a complex five-component
mixture of different nanomaterials (5 ug L1 citrate-coated 20 nm sized, 35 pg L1
each citrate- and PVP-coated 40 nm sized, 100 ug L' PVP-coated 60 nm sized, and
200 pg L1 citrate-coated 60 nm sized Ag NPs). The analysis was conducted by
monitoring at 197Ag* with 5 us DT, using 110 s injection and REPSM at 20 kV.
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appears to be chemically stable in the micellar separation buffer, and the degree
of interactions with the micelles is low, as a result no size separation could be
obtained. This behavior may occur because negatively charged NPs do not partition
with negatively charged micelles at pH 10, when negatively charged groups are
above their pKj, due to ionic repulsion. The resolution between these types of NPs
cannot be increased with the use of SDS micelles, and the C/S mechanism seems
not to be enough to obtain different MTs for the 40 and 60 nm sized PVP-coated
Ag NPs because their coating is not substituted during the separation. Only CE-
SP-ICP-MS with microsecond time resolution allows to obtain NP size information
and to distinguish between the 20 nm sized citrate-coated and the 40 and 60 nm
sized PVP-coated Ag NPs that comigrate in a narrow time window of

approximately 200 s.

Attempts to understand the mechanism of NPs separation with the use of
SDS in the buffer have been made before.25> Liu and Wei25® suggested that the
coating is replaced while the hydrophobic tail of the SDS molecule would attach to
the NP surface; however, the nature of this interaction was only explained by an
increased adsorption of Au NPs to the Cis-modified silica gel. These results indicate
that the separation mechanism may vary depending on the type of nanomaterial
and coating. Specifically, it was observed that the separation mechanism of citrate-
coated NPs is different from NPs that feature a polymeric PVP coating (see
Figure 4.3B).

In the experiments, the larger citrate-coated NPs (60 nm sized) show a
higher mobility towards the anode compared to smaller NPs (20 nm sized). Due to
the strong EOF, the net flow of the NPs is directed towards the cathode; therefore,
the 60 nm sized citrate-coated NPs have the longest MT (Figure 4.3B).
Theoretically, according to the C/S separation principle, if the surface charges did
not have high variation, the increasing NP radius would result in a lower NP
mobility, which is not the case for the analyzed mixture. Therefore, a significant
difference in the NPs charge is required in order for the 60 nm sized citrate-coated
NPs to inhibit a higher mobility towards the anode compared to the 40 nm sized
ones. However, the difference in zeta potential between the 40 nm and 60 nm sized

NPs is relatively small (3 vs. 4 mV for PVP- and citrate-coated NPs, respectively;
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measured in the initial concentrated NP suspensions, see Table A.1), and, in turn,
the difference in surface charge between the two species is very likely to be small.
These small differences are assumed not to be the predominate factor that is
responsible for the experimentally observed particle size separation. Therefore, it
1s suggested that the separation of the citrate-coated NPs is not only occurring due
to a C/S difference but also due to partitioning with the micelles. Because no
electrostatic attraction between the negatively charged NPs and negatively
charged micelles should occur, the following effect is assumed: The citrate coating
1s adsorbed to the metal surface in a form of dihydrogen citrate anions with the
central carboxylate group attached to the metal surface. Hydrogen bonding exists
between the terminal carboxylic acid groups and adjacent molecules.28! As the
citrate coating is labile and not polymeric, it may detach from the NPs surface,
especially when being in direct contact with a surfactant. It was proven earlier that
the addition of a negatively charged surfactant to negatively charged Ag NPs
further decreases the zeta potential of the suspension.282 Therefore, it can be
expected that the sulfate groups of SDS can also adsorb to the Ag NPs surface as
the carboxylate groups of citrate do. The adsorption of one layer of SDS would
result in a net increase of the NPs hydrophobicity because the hydrophobic tales of
the surfactant molecules would be oriented towards the surrounding medium.
Thus, the hydrophobic tales of the first layer of SDS experiences hydrophobic
interactions with the second layer of SDS. Labile citrate molecules are supposedly
partially replaced during the CE separation by SDS molecules, which form bilayers
on the NP surface and, in turn, enhance the negative charge on the surface. This
phenomenon facilitates the size separation of the citrate-coated NPs and explains
the experimentally observed migration order, because larger NPs have higher
surface area for SDS adsorption; therefore, these NPs experience greater charge

enhancement and longer MT.
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4.4 Conclusion

CE-SP-ICP-MS was used for the first time to separate mixtures of silver
nanomaterials with different coatings in the liquid phase. Different CE migration
profiles and MTs for the NPs with different coatings were successfully obtained. It
was found here that NPs with polymeric coatings migrate with their coatings
attached to the NP surface and have relatively short MTs. NPs with a monomeric
citrate coating may experience partitioning with SDS molecules and, in turn, can
be separated with high size resolution but at longer MTs. On the basis of these
results, it can be concluded that the characterization of NPs simply by their size is
not sufficient and that the coating should also be considered, especially when NP
standards are used for calibration of the CE-ICP-MS method. The NP size
dimension that is provided by SP-ICP-MS (with microsecond time resolution) helps
one to identify NPs size irrespective of the NP coating and MT because every NP
event is recorded. It was found here that CE-SP-ICP-MS is able to distinguish
every NP type in a five-component mixture of 20, 40, and 60 nm sized citrate-
coated NPs and 40 and 60 nm sized PVP-coated NPs by resolving NPs with similar
MTs due to the additional SP-ICP-MS NP size domain. Polymeric coatings are
more chemically stable compared to citrate coatings and may therefore decrease
the reactivity and transformation of NPs in the environment. It was demonstrated
here that CE-SP-ICP-MS allows to distinguish between stable polymeric coatings
(shorter MTs) and more reactive species with displaceable coatings (longer MTs).
This feature of the method may provide more information about the state of NPs
in the environment, help to better understand toxicity of various types of NPs, and

provide a tool of extensive NPs characterization during or after their production.
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Chapter 5

A Quantitative Nanoparticle Extraction Method for
Microsecond Time Resolved SP-ICP-MS Data in the
Presence of High Background

Based on:

D. Mozhayeva, C. Engelhard, A Quantitative Nanoparticle Extraction Method for
Microsecond Time Resolved Single-Particle ICP-MS Data in the Presence of High
Background,

J. Anal. At. Spectrom., 2019, DOI: 10.1039/¢9;a00042a.
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5.1 Introduction

The release of ionic silver from Ag NPs may cause the increased toxicity of
this type of NPs.283. 284 However, even though a significant amount of publications
report on the mechanism of Ag NPs toxicity, they might use NPs with different
sizes, surface coatings and exposure media, and in different organisms/cell
cultures; thus, it is still not clear, to which degree toxicity stems from silver ions
and NPs, respectively.285 Advanced analytical methods are required to assess the
presence and the quantity of different silver species, especially at environmentally
relevant concentration. Centrifugal ultrafiltration and membrane filtration could
be used for separation of Ag* from Ag NPs, however, the methods are limited by
the membrane pore size, possible Ag* adsorption, and possible changes in the

initial state of NPs.286

Techniques based on ICP-MS can be used to separate and directly analyse
the NPs and dissolved metals. LC coupled to ICP-MS237-239 and CE coupled to ICP-
MS18, 99, 257 hoth can be used for this type of separation, yet these methods still
require an experienced operator. Ideally, in SP-ICP-MS NPs can be distinguished
from the BG as pulses, if the BG is low. Frequently, this is not the case, and BG
increase hinders the detection of NPs, because of increased SD of the BG; therefore,
the Lp for NP size drastically deteriorates. Laborda et al. could detect Ag NPs from
40 to 80 nm (with DT of 5 ms) in the presence of the Ag® BG below 1 pg L-1;
however, the presence of already 300 ng Li-! of Ag* resulted in the increase of the
calculated particle size Lp from 18 nm (in ultrapure water) to 32 nm (with 300
ng L1 of Ag*).” TiO2 NPs could be distinguished from the continuous BG, where up
to 0.5 pg L't of Ti (IV) was added.287 Schwertfeger et al. introduced an approach for
NPs and dissolved analyte quantification, where three dilutions were implemented
for detection of gold and silver NPs in the presence of the dissolved ions.%¢ First,
the solution without any dilutions was measured to quantify the dissolved metal;
afterwards, two dilutions were done for single NPs measurements. Without the
dilution, it was shown that the presence of already 1 ug Li'! of dissolved silver lead

to errors (size overestimation, lower number of particles detected) in the detection

of 30 nm Ag NPs.
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In conventional multi-elemental analysis with ICP-Q-MS a signal at a
selected m/z i1s recorded for a certain DT (typically in the low to sub-millisecond
range for NPs detection and up to 1 s during homogeneous samples analysis). As
NPs result in relatively short ion signal events in the ICP-Q-MS (e.g. the ion signal
duration for one 60 nm Ag NP was approximately 500 pus in the previous study)?8,
the choice of an appropriate DT is crucial to assure a correct detection. The use of
a DT on the microsecond time scale allows to acquire several data points per NP11.
52, 61, 62, 65, 66, 77, 78, 81 gand helps to avoid incorrect detection, when e.g. one NP event
is splitted between two DT (split-particle event). An approach to use a 5 us DT
without a significant dead time (other than the SEM dead time) between
consequent dwells was introduced by the group earlier.!! When the usDAQ is used,
the counts that would otherwise be counted in e.g. 3 ms, are split into 600 dwells
of 5 us each; then, the counts detected per NP are summed up to get a signal
reading per particle. This approach helps to minimize particle coincidence and
split-particle events. Meanwhile, the BG is also split, and e.g. 100,000 cps of
constant BG signal would theoretically correspond to only 0.5 counts in 5 ps;
however, the counts that are recorded are positive integer numbers, so some of the
readings would be 0 and others 1. This type of data should be described with a
Poisson distribution, and not the Gaussian type. In this way, the low BG allows to
extend the concentration range of dissolved metals, in the presence of which NPs
can still be detected and quantified. The data obtained with the usDAQ are later
processed to extract NPs with an optimized algorithm. In the algorithm, a NP
event starts when a count value exceeds a certain threshold, and ends, when a
second but lower threshold is reached.l! However, there is a challenge: a high BG
(e.g. 100,000 cps) can adversely influence the total counts per extracted NP ion
cloud because the BG is extracted together with the NPs and the extraction
conditions (thresholds) have to be carefully selected. In addition, the ICP-MS user
has to decide, which signal should still be counted as a signal from a NP and which
signal should be counted as BG fluctuation when working at the low count level (a
single 20 nm Ag NP can result in a signal of approximately 30 counts with an

optimized ICP-Q-MS). Additionally, a new Lp definition is required to tackle this
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issue based on Poisson and not solely on normal statistics, and the approach is

presented in detail further below.

Typically, researchers use the three times the SD of the BG (3XSDgg) based
on normal distribution of the data to differentiate NP signal distributions from the
BG when ICP-MS data is obtained with millisecond time resolution.? 10.89 Cornelis
and Hassellov reported a deconvolution approach to differentiate the NPs that are
not fully separated from the BG by modelling the noise contribution in ICP-Q-
MS.%1 Recently, Gundlach-Graham et al. used a Monte Carlo simulation approach
to obtain the signal distribution of the noise and low-count signals in ICP-TOF-MS
data at a mass spectral acquisition rate of 200 Hz. In their study, thresholds for
the detection of NPs were determined using Poisson statistics.288 Beginning in
2014, ICP-Q-MS instruments became commercially available that feature DT
settings down into the hundred-microsecond regime and up to 25 us DT. However,
a standardized data processing approach for microsecond-time resolved data in
ICP-Q-MS is not established so far. Data processing is also limited by the software
of current ICP-MS instruments, where only a few million data points can be
recorded and/or processed per measurement, causing a limitation in the available
total analysis time. Researches are still evaluating different types of data
processing and the possibilities that a higher time resolution might provide. For
example, with 100 ps microsecond time resolution, the NPs were separated from
BG signal by applying the 3XSDga criterion.?2. 289 M. D. Montafio et al. 81 used 25,
50, and 100 us DTs to distinguish a 28Si* signal from a high [14N4N]* BG during
silica colloids analysis. In their study, an iterative algorithm with an initial
threshold according to the 3XSDgc criterion, subsequent smoothing, and BG
subtraction was used. An algorithm based on outlier detection was presented by .
Tuoriniemi et al. for data with 100 pus time resolution.6?2 A different approach

reported by Donard et al. utilizes the detection of peak maxima.61. 66

In the present chapter, a data processing method based on Poisson statistics
for simultaneous quantification of NPs and dissolved ions (recorded with a
prototype usDAQ) is reported. The method is rapid and can be used to process ICP-
MS measurements of any duration. Ag NPs are selected as a model sample because

they are widely discussed in the literature on SP-ICP-MS. A general algorithm for
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analysis of NPs and dissolved ions is developed that is not limited to silver ions
and NPs, but can also be used for ions and NPs with different elemental
composition. Throughout the discussion below, the term “NP size” refers to the

calculated NP size, if not stated otherwise.

5.2 Experimental Section

5.2.1 Sample Preparation

Monodisperse spherical Ag NPs with nominal diameters of 20, 40, 60, and
100 nm with citrate coating and an initial concentration of 0.020 g -1 were bought
from nanoComposix (San Diego, CA, USA). The diameters of the NPs determined
by TEM by the manufacturer were 18.5+ 3.4, 39+4, 62+ 7, and 98+ 10 nm,
respectively. The suspensions were preserved at 4 °C in darkness before analyses
and manually shaken for 30 s prior dilution. No data was provided from the
manufacturer on the content of silver ions in the suspensions. Dilutions were done
with bi-distilled deionized water directly prior the analyses to achieve the PNC of
approximately 2.5 X 105 NP mL-l. Ag* solution (999 +5 mgL-l, Inorganic
Ventures, Christiansburg, VA, USA) was diluted for external calibration and
added to NPs suspensions with nine different concentrations from 10 ng L1 to
7.5 ug L1 (with experimental dilution uncertainty). NaNOs (>99%, analytical
reagent grade, Carl Roth GmbH, Karlsruhe, Germany) and HNOs3 (70%, analytical
reagent grade, Fisher Scientific, Loughborough, UK) were used for the matrix

modification of bi-distilled water.

5.2.2 Instrumentation

All measurements were done on a model ICAP Qc (Thermo Fisher Scientific,
Bremen, Germany) ICP-Q-MS instrument. The instrument was controlled by
Qtegra ISDS software (2.4.1800.192, Thermo Fisher Scientific). The ICP-Q-MS
was equipped with a model ESI SC-2 DX autosampler (ESI Elemental Service &
Instruments GmbH, Mainz, Germany), a model MicroFlow PFA-50 nebulizer

(Thermo Fisher Scientific, Bremen, Germany) with self-aspiration flow rate of
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around 65 pLL min! at 1 L min! Ar (manufacturers data), and a Peltier-cooled
cyclonic quartz spray chamber held at 3 °C. A second roughing pump (Sogevac
SV40 BI, Leybold Vacuum Cologne, Germany) allowed to achieve a lower interface
pressure of 1.36 = 0.02 mbar, and together with a high sensitivity skimmer insert
(insert “2.8”, Glass Expansion, Melbourne, Australia) and nickel cones helped to
increase the sensitivity of the instrument. The main instrumental parameters of

the ICP-MS are presented in Table 5.1.

Table 5.1: ICP-MS instrumental parameters.

Parameter Value

RF power 1450 W
Ar cooling gas flow 14 L min-!
Ar auxiliary gas flow 0.8 L min-!
Ar nebulizer flow 0.6 L min‘!
Sampling position 2 mm

Skimmer type Ni (insert version)

Insert type Skimmer cone insert “2.8”

Torch injector inner diameter 1 mm
Dwell time for usDAQ 5 us

Dwell time for vendor software 10 ms
Monitored isotope 107Ag+

5.2.3 Data Acquisition and Data Processing

The usDAQ (5 us DT) was operated simultaneously with the vendor software
(10 ms DT). All NPs suspensions were analysed for 3 min in triplicates, and the
dissolved ionic standard calibration was performed once per day by measuring
each calibration standard for 1 min. After each measurement the probe was
washed in 2% HNOs for 45 s to ensure no carry-over between the samples. To
guarantee the continuous detection with the usDAQ, the detection was performed

only in the counting mode of the SEM. The maximum concentration of Ag* was
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chosen to be 7.5 pg L1 resulting in approximately 106 cps, which does not lead to
detector saturation. The graphical representation of results was done in Origin

2017 (OriginLab Corporation, Northampton, MA, USA).
5.2.3.1 Millisecond Time Resolution

The data obtained with the 10 ms DT from the Ag NPs suspensions with and
without additions of the Ag* and from the calibration standards were binned to
obtain signal distribution diagrams. Gaussian fitting was used both for NPs and
for the continuous BG fitting. The maximum of Gaussian distribution was taken
as an average counts value. Also, the width of the distribution (“W”) parameter

that equals to two SDs was used in the calculations.
5.2.3.2 usDAQ Data Processing

With the 5 us time resolution, 200,000 data points are generated per second,
and several data points are obtained per NP; therefore, to reduce the number of
data points, extract the NP ion clouds events from the BG, and reduce the size of
the data file; the ion clouds extraction is needed. As there are only e.g. 5000 NPs
distributed more or less homogeneously over a 180 s ICP-MS measurement
(3.6 X 107 data points), the majority of the data collected is the BG. As it was
described earlier!!, the ion cloud extraction was done with a command line tool
written in “C”. The basis of the ion cloud extraction mechanism is to set three
parameters; namely, “S” (how many data points should be grouped and summed
up to judge, if the chosen threshold conditions are reached), “I” (a threshold value;
when it is reached, an ion cloud extraction begins), “E” (an end threshold; when it
1s reached, the ion cloud extraction ends). Only positive integer numbers were used
as thresholds, since the output of the detector (acquired data) contain only positive
integer numbers. The counts obtained per particle are summed up; and the output
contains time stamps of the ion cloud beginning and end, duration of each ion
cloud, the number of counts per ion cloud, along with the time-resolved profiles of
the extracted ion clouds. To reduce the number of variables in the current study,
S =5 was used in all of the tested extraction conditions combinations. Specific

examples are described below. In order to test different sets of extraction

131



Chapter 5

parameters, another command line tool was used to process file batches with

different extraction conditions.

Different ion clouds extraction conditions were tested only on one data set
out of the three replicates, because the number of NPs per 3 min run was always
higher than 3500 for 40, 60, and 100 nm NPs. The number of detected NPs was
considered to be sufficient to construct a size distribution with statistical
significance (also because the determination of PNC was not the goal of the
chapter). External size calibration was made daily with 20, 40, 60, and 100 nm Ag
NPs without addition of dissolved silver. To have a starting point for the
investigation of the influence of the extraction conditions on the calculated NP size
the external size calibration has been performed with S=5, T=5, and E=1
extraction conditions (when 5 counts (T = 5) were detected in 25 ps (S =5) an ion
cloud starts; and when there was only 1 count (K = 1) in 25 us, the ion cloud ends).
These values were calculated using the formulas from Table 5.2, when average BG
1s low (see Table 5.3 and further sections for details). The BG was subtracted, and
the linear fit resulted in R2=0.996 + 0.002 based on the sizes provided by the
manufacturer. High correlation coefficient is an evidence of the stability of the NP
in the suspensions. After size calibration and BG subtraction, the size distribution
diagrams were constructed by binning the data into 2 nm bins. Fitting of all
obtained size distributions was performed with a Gaussian model. This allows to
easily compare the maxima of the distributions, which is not always
straightforward with other fitting models (e.g. Poisson distribution). In this
chapter, different criteria including BG maximum, mean NP size, width of the size
distribution, total number of detected NPs, and size starting from which the NP
size distribution can be distinguished obtained from the constructed size
distributions were used to compare different extraction conditions (see

Chapter A. 1 and Figure A.3).
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5.3 Results and Discussion

5.3.1 Quantification of Ionic Silver in the Presence of NPs with

Millisecond Time Resolution

The goal of this chapter is to develop a method that is capable to determine
both the concentration of dissolved metal and NP size. First, the possibility to
quantify ionic silver in the presence of NPs was evaluated. Quantification of Ag*in
solution was performed with ICP-Q-MS and 10 ms DT. Lp (3.29XSDgg) calculated
from ionic standards analysis was 16 + 2 ng L1, and the limit of quantification (Lq)
(10XSDgg) was 47 + 6 ng L-1. The data obtained with the usDAQ could also be used
for quantification of the BG signal; however, the data processing would take a lot
of time. Each 3 min measurement results in 3.6x107 data points, and this amount
of data points could not be visualized with the software available to us nowadays
(limited to only a few millions data points). Thus, data with millisecond time
resolution was used to determine the BGs throughout this chapter. The BGs
obtained with 10 ms DT in counts per second were recalculated to average BGs in
5 and 25 ps in order to be used in the further data evaluation. Computers with
more computational power and software able to handle more input data will make
the extraction of the average BG from the microsecond time resolution data much

faster in the future.

5.3.2 Matrix Effects in the Plasma

In order to verify that the BG obtained in the presence of NPs corresponds
to the concentration of Ag* in the suspension, the mean BG signal obtained with
10 ms DT for Ag* in the presence of Ag NPs of different diameters was compared
with the mean BG signal obtained from Ag* calibration solutions at different
concentrations (Figure 5.1). The mean BG signal was found to be typically higher
in the presence of NPs compared to the mean BG signal from a neat Ag* calibration
solution (up to 1 puglL?l) (Figure5.1A). Among the different NPs under

Iinvestigation, larger particles (60 nm, 100 nm) had a greater effect and resulted in
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Figure 5.1: Mean background (BG) signal (recorded with ICP-Q-MS at 107Ag*,
10 ms DT) in the 20, 40, 60, 100 nm Ag NPs suspensions (n = 3, different sample
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measurements on three different days) after the additions of Ag* from 0 ng L-! to
100 ng L1 (A) and from 500 ng L-! to 7.5 ug L1 (B) relative to the mean BG signal
of Ag* calibration solutions without NPs. “Normalized background signal”
represents ratio of the mean BG signal, when Ag* was added to the NPs
suspension at different concentrations divided by the mean BG signal of Ag*
calibration solutions of the same concentration but without NPs, in percent. A
value of 100% would indicate that the BG counts obtained with and without NPs

in solutions are equal.

134



Quantitative NP Extraction from psDAQ Data

a larger ionic mean BG signal increase, compared to the NPs of smaller diameter
(20 nm, 40 nm). One explanation is that the former suspensions already may have
contained elevated levels of Ag* (Figure 1A at 0 ng L'l of Ag*). Therefore, the
fraction of the Ag* in the Ag NPs suspensions is significant and results in the
elevated B@G, especially when low concentrations of Ag* (10 — 500 pg L-1) are added.
The mean BG signal slightly decreases (94.6 + 1.4%) when NP are present in the
samples compared to solutions only with ionic silver (100%, cf. Figure 5.1B; trend
notable starting at >1 ug L' Ag*). The same effects were observed in this chapter
for PVP-coated NPs (data not shown here). The depletion of the signal may be a
potential indication of matrix effects in the plasma, according to the following
studies. As Chan and Hieftje4” have recently demonstrated, droplets in the plasma
cause local plasma cooling during evaporation followed by the reheating of the
plasma to even higher temperature in a time period of a few milliseconds (the effect
1s slower than the typical ion cloud duration of a NP, which is on the order of few
hundreds microseconds). Accordingly, it i1s assumed that NPs result in a similar
local plasma cooling and reheating, which then shortly thereafter may influence
the ionization efficiency of ionic species. Another experimental proof for the effects
of NPs on fundamental plasma parameters was presented by Murtazin et al.43 In
their study, the position of atomization and ionization of calcium in the ICP was
delayed relative to the increasing diameter of SiO2 particles (from 0.83 to 1.55 um),
which were added to the aspirated sample. Both studies are certainly relevant for
SP-ICP-MS studies and one should be aware of potential matrix effects during the
analysis of dissolved species in the presence of nanoparticles (and vice versa) and
a potential shift of the ideal sampling position in ICP-MS. In this study, a signal
drop for silver ions BG (>1 pg L-! of Ag* added) of approximately 5% (as discussed
above) 1s observed when NPs were present, compared to the solution without NPs.
Please note that different NPs (20, 40, 60, 100 nm) did not significantly change the
degree of signal depletion; and according to Figure 5.1B, 100% signal is in the
range of one SD of the mean BG from triplicate analysis. In addition, it should be
noted here that the counting stage of the SEM has a limited linear dynamic range.
The upper level of the linear dynamic range can be limited due to pulse pile-up at

high count rates because of large amounts of incoming ions (especially relevant for
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larger Ag NPs). In the current work, an ionic silver concentration, and, thus,
average BG signal was used below the saturation level of the used SEM. A future
study on potential NP matrix effects in SP-ICP-MS with microsecond time
resolution and a study on how to expand the upper level of the linear dynamic
range in SP-ICP-MS is planned to further understand these observations in more

detail.

5.3.3 Background Correction for NP Signals Recorded with Microsecond
Time Resolution (usDAQ)

As the total signal of an ion cloud is the sum of the extracted counts, it is
1mportant to compensate for any BG influence to achieve a more precise sizing. To
avold an artificial NP size increase, a BG subtraction mechanism 1is proposed,
where the BG is subtracted mathematically from each extracted ion cloud, taking

into the account the specific durations of each ion cloud with the following formula:
Scori = Si = Dy * BGs ys (Equation 5.1)

where S, 1s the corrected signal of an ion cloud, S; is the non-corrected signal of
an ion cloud, D; is the duration of the ion cloud in number of extracted data points
with 5 ps time resolution, and BGs s is the BG per 5 ps. In this chapter, this BG
value was recalculated from the BG obtained with the vendor software for the same

measurement. The BG correction was implemented to all data used in this chapter.

After data processing with the BG subtraction (Equation 5.1), the BG
corrected Ag NP sizes in the presence of ionic silver were found to be in a better
agreement with Ag NP reference values (sizes obtained from suspensions without
an addition of ionic silver). In fact, the NPs sizes were gradually decreasing with
the increasing Ag* concentration, with around a 4 nm size decrease for 40, 60, and
100 nm Ag NPs after the addition of 7.5 pg L' of Ag*. As 107Ag* is detected in ICP-
MS, Ag* and Ag NPs are not differentiated from each other; therefore, the slight
decrease in the calculated NPs size may occur due to partial suppression of the BG,
when NPs are detected; or due to a lower number of counts detected per NP, when

the BG 1is present. As it was discussed in the previous section, the simultaneous
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presence of Ag NPs and Ag* may cause matrix effects in plasma due to changes in
plasma characteristics, it is also confirmed by the fact that the average BG
obtained with the vendor software decreased 5.4 + 1.4% compared to the values
obtained for calibration solutions (after 1 pg L'l of the added Ag*) (Figure 5.1B).
The NPs sizes obtained with different ion cloud extraction conditions were not
compensated for the discovered NP size decrease, as the mentioned matrix effects

require more investigations (in a future study).

5.3.4 Limits for Qualitative NPs Ion Cloud Extraction for the nsDAQ

Usually 3xSDgg is used as Lp in SP-ICP-MS.89 Because a time resolution of
5 us is now feasible in SP-ICP-MS, the concept of Lp for NPs should be revisited as
well. Early papers on the detection limit were published by Kaiser in 194729 and
Currie in 1968.291 In the paper by Currie, the detection limit formula was derived
for normal distribution and for Poisson distribution under an assumption of a
normal distribution. In the mathematical transformations, both errors of the first
kind (a, detecting false positives) and the second kind (B, failing to detect the
substance when it is present) were set to 5%. Another parameter that was
introduced was the critical level (Lic), upon which a substance may be considered
detected. Here, only a value for a of 5% was used (Lc<Lp) assuming that risks of

5% are acceptable and random errors are normally-distributed.29

In contrast to conventional SP-ICP-MS operation, which provides only one
count value per particle event at 1-10 ms DT, data from the usDAQ is comprised
of a time-resolved profile of counts, where the sum of counts gives the total NP
signal. Therefore, it is proposed that the Lp can represent a value, above which an
1on cloud profile can be detected on top of BG fluctuations. As it was not feasible in
the current study to get an average BG from 5 us resolved data due to a high
number of data points and limitations in the software, the BG was obtained from
data acquired with 10 ms DT and then recalculated (discussed above) to match
shorter DT's. After a recalculation to 25 us (S = 5), the BG is typically only between
fractions of a count and 32 counts. In this case, a normal distribution, which was

assumed for the conventional Lp formula derivation, does not apply anymore, and
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a Poisson distribution can be used instead.291 Three main criteria determine the

Poisson distribution:

1. The values are positive integer numbers, which is the case for the usDAQ.

2. If a time interval tends to zero, then also the probability to get a count tends
to zero; which 1s also true for the NPs detection, as the detection occurs at
discrete time intervals.

3. A value x,, does not depend on the next value x,,;. In order to achieve this
condition, there should be only one data point detected per NP, which is not
the case for the usDAQ. When a NP begins, then the next count will be

dependent on the previous one.

In order to determine the Lp for an ion cloud, the ion cloud extraction process
should be considered. To fulfil all three criteria of the Poisson distribution,
especially the third criterion, only the beginning of an ion cloud can be considered,
namely the T threshold value (an ion cloud starts, when the value is reached), so
the decision for the detection of an ion cloud would depend only on the rising edge
of the ion cloud count profile. Consequently, the Lp calculation for the low number
of counts in Poisson distribution has to be found. As in the ion cloud extraction
process one of the conditions is that T>E (when T = E, the algorithm would go to a
loop), it is proposed to use Lc to determine the end of an ion cloud. Thus, the T
parameter should be above Lp (a<5%, B<5%), and the E parameter should be equal
to Lc (a<5%). Cases of low number of counts are often found in radiochemistry; and
Currie29! treated Poisson distribution under an assumption of normal distribution,
“if the number of counts are sufficiently large”. The Lp formulas for the Poisson
distribution (with the assumption of normal distribution) were determined for two
cases: paired observations and well-known blank (where the deviations of the BG
are neglected).291 Later, the paper was extended?92 in order to address the issue of
“very low-level counting data” below 5 counts. The initial paper and a more recent
summary?9 present a table based on the calculations using cumulative exact
Poisson distribution (without Gaussian approximation), a well-known blank; and
a<5%, B<5% for Lp (a<b5% for Lc). Formulas and example calculations for exact

Poisson distribution to determine Lp and Lc are presented in the Chapter A. 2 and
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Table A.3. It should be noted that for Poisson distribution, Lq should be above

100 counts; therefore, this parameter was not considered in the calculations.

Table 5.2: Formulas for Lc¢ and Lp29! for NP 1on clouds extraction.

Lc (imit to identify | Lp (limit to identify the

the end of an ion | beginning of an 1on

cloud) cloud)
Paired observations (uz < 5) 2.33,/ug 2.71 + 4.65@
“Well-known” BG (ug > 5) 1.64./ug 2.71 + 3.29@

The paired observations case takes into the account the deviation of BG, resulting
in higher values compared to the case with “well-known” BG values. The “well-

known” BG represents the case, where the deviations of the BG are neglected.

For a user friendly calculation of Lp and Lc, it is proposed to use the
formulas that are presented in Table 5.2 (Poisson distribution with the normal
distribution approximation). The values obtained from the cumulative exact
Poisson distributions were compared (Table 5.3) with the values obtained for the
Poisson distribution with normality approximation, where only an average BG (ug)
1s sufficient to conduct the calculations (Table 5.2).291 In the paired observations
formula, the deviation of BG is taken into account, resulting in higher values
compared to the case with “well-known” BG values. After the comparison of the
values (Table 5.3), the paired observations formula (Table 5.2) can be used as an
approximation for the BG below 5 counts, and the “well-known” blank formula can
be used for the BG above 5 counts. According to this approximation, the difference
between the values obtained with the cumulative Poisson distribution and the
normality approximated values was below 1 count (only two values of Lp differed
less than 2 counts, with the higher values obtained for the normality
approximation). In practice, false positives and false negatives can still be

separated from the NPs events, since the size distribution diagram is constructed,
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and the remaining BG can still be distinguished from the NPs by the 3.29XSDgg

criterion.

Table 5.3: Comparison between y. and yp obtained with Poisson distribution

under different approximations for 20 nm Ag NPs spiked with Ag*.”

Poisson
/ D/ . . . .
Hp = distribution292 |Paired “Well-known”
counts |counts .
293 observations?91 | BG291
Cagt/ |in 25 ps |in 25 ps
ng L1 ((S=5) [(S5=5) Yc Yp Yc Yp Yc Yp
0 0.09 0.02 1 4.74 0.77 4.16 0.57 3.76
10 0.12 0.02 1 4.74 0.92 4.44 0.69 3.97
50 0.28 0.03 1 4.74 1.51 5.45 1.15 4.73
100 0.48 0.04 2 6.30 2.10 6.42 1.62 5.48
500 2.1 0.1 5 10.51 5.51 11.59 4.50 9.61
1000 |4.2 0.2 8 14.44 8.91 16.35 7.50 13.57
2500 (9.9 0.4 15 23.10 17.24 27.26 15.07 22.98
5000 [19.9 0.7 28 38.38 30.35 43.42 27.27 37.35
7500 |30 1 39 50.94 42.37 57.72 38.61 50.31

“The first set of y. and y, was calculated for exact Poisson distribution with “well known” BG
(Table A.3), further sets were calculated with an assumption of normality for Poisson distribution

according to Table 5.2. Lc and Lp are obtained from y. and y,, correspondingly, by subtraction of

Hp-

In order to get the ion clouds extraction parameters E and T, ug should be
added to the obtained L¢ and Lp to obtain the corresponding gross counts (y. and
vp). It should be noted that only positive integer numbers are used in the ion clouds
extraction, since only integer counts are detected; thus, the obtained non-integers

can be rounded to the closest integer number to obtain the suitable ion clouds
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extraction conditions. In the next section, the hypothesis of using Lc and Lp for NP

1on clouds extraction will be tested in detail.
5.3.5 Optimization of the Ion Cloud Extraction Conditions

Different ion cloud extraction conditions below and above L¢ and Lp were
chosen to study their effect on the obtained NP size distributions. It is noted here
that 20 nm sized Ag NPs could only be partially separated from the BG in the count
histogram. The size Lp was at least 16 nm (S=5, T=5, E=1) (Table A.4);
therefore, 20 nm Ag NPs do not follow the same trends that were observed with
40, 60, and 100 nm sized Ag NPs (discussed below). All other tested NPs size
distributions could be separated from the BG even in the presence of ionic silver
up to 1,000,000 cps, which is a significant improvement compared to the data

obtained with 10 ms DT due to the high time resolution in SP-ICP-MS.

Figure 5.2 and Figure A.4 represent average calculated NPs sizes (Label B
in Figure A.3) obtained with different extraction conditions without an addition of
dissolved silver (Figure 5.2) and with the addition of 7.5 pg L1 of Ag* (Figure A.4).
In general, the main trends are very similar, and the obtained sizes are more or
less independent of the T parameter and change depending on the E parameter.
Lower E results in higher sizes, since more counts are added in the end of ion
clouds; and higher E results in lower sizes. No specific trends were found for the
changes in the width of the NP size distributions (Label C in Figure A.3) with
varying extraction conditions. The obtained NPs sizes do not change to a large
degree with the varied extraction conditions: maximum deviation up to 4.7 nm for
40 nm, up to 2.1 nm for 60 nm, and up to 1.0 nm for 100 nm Ag NPs (Figure 5.2
and Figure A.4). Considering the trends from the Figure 5.2 and Figure A.4, T and

E parameters can be chosen from the proposed L¢ and Lp calculations (Table 5.2).

The number of detected particles (Label E in Figure A.3) is an important
parameter in quantitative SP-ICP-MS applications and was, therefore, used here
to identify suitable ion clouds extraction conditions (Figure A.5 and Figure A.6). It
was found that there was a significant difference in the number of detected
particles in the case of 20 nm sized Ag NPs with the change of extraction

conditions, however, this happens because they could not completely be separated
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from the BG. The trends are more difficult to follow (Figure A.5 and Figure A.6),

with the number of detected NPs being more dependent on E than on T. In general,

it was found that a relatively wide range of extraction conditions can be used for

larger sized NPs, specifically for 60 nm and 100 nm Ag NPs, because only minimal

differences in the number of detected NPs were obtained. The number of detected
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Figure 5.2: Average sizes of 20, 40, 60, 100 nm Ag NPs size distributions (without
addition of Ag*, 0 ug L1, to NP suspension) depending on different count thresholds
during ion cloud extraction (T — number of counts required to flag ion cloud start and
E — number of counts to define end of ion cloud extraction). Optimal conditions (S =5,
T =5, E = 1) are highlighted with black dots. Note: The step size in size resolution is
for illustrative purposes only and is a result of data processing. It does not represent
the actual size resolution of the SP-ICP-MS method. Also, areas of white colour

indicate extraction conditions, which were not tested.
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20 nm Ag NPs and 40 nm NPs with Ag* above 1 pug L1 were significantly affected
by the extraction conditions, with few hundreds more NPs detected with the
extraction conditions below Lc¢ and Lp (false positives). Clearly, the choice of
extraction conditions according to L¢ and Lp assures a more reliable detection of

smaller sized NPs.

The next parameter to consider is the BG maximum (Label A in Figure A.3).
A high BG results in a high number of false positive, hinders the detection of NPs
with sizes close to the BG, and increases the file size, which leads to time-
consuming data processing. In the study, the BG was high at low T values, and
found to be mostly independent of E values (Figure 5.3); therefore, T is the decisive
factor in choosing the BG. Similar trends are detected for all NPs sizes and all the

concentrations of Ag* that were tested: the BG decreases with increasing T values.

If Gaussian distribution would be used instead of Poisson distribution, then
the decision threshold would be 3xSDgpg. For example, let us calculate this
threshold for 60 nm Ag NPs with 7.5 ug L'l Ag* and Gaussian distribution. With
average BG of 29.033 £ 1.178 counts in 25 ps, Lp for Gaussian distribution is
32.567 counts or 33 counts, if rounded. The optimal conditions obtained with
Poisson statistics are higher (T = 51, E = 39, Figure 3) than the ones obtained with
Gaussian statistics. In Figure 5.3 it can be seen that, when T = 40, E = 33, the BG
that was extracted from the raw data was high, around 100,000 events at BG
maximum (file size approximately 14 Mb each). When Gaussian statistics were
used, the average NP size (at T = 40, E = 33) was higher than the NP size detected
at T=51, E=39 (Figure A.4), the BG maximum was significantly higher
(cf. Figure 5.3, T =40, E =33), the number of detected NPs was decreasing
(cf. Figure A.6, T =40, E = 33), and the size starting from which NPs could be
distinguished from the BG significantly increased by 10 nm (cf. Figure 5.3, at
T =40, E = 33); compared to T = 51, E = 39 as optimal extraction conditions with
Poisson statistics. In conclusion, Gaussian distribution statistics at low number of
counts (average BG below 100 counts) results in thresholds underestimation in SP-
ICP-MS: more BG is extracted together with NPs, and, in turn, the detection and

characterization of the NPs is less precise.
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Considering all the parameters discussed in the section, Lc and Lp can be
used for quantitative extraction of NP ion clouds. As an option, T parameter may
be chosen 4-5 counts above the Lp value to decrease the BG further, which will not

significantly affect the size or the number of extracted NPs.
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Figure 5.3: Influence of ion cloud extraction conditions on maximum of the number
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of BG events (BG count distribution maximum, see Label A in Figure A.3) during the
analysis of 60 nm Ag NPs (left: without, and right: with 7.5 ng L1 Ag* added to the
NP suspension). Optimal conditions are highlighted with black dots. Note: The step
size in size resolution is for illustrative purposes only and a result of data processing.
It does not represent the actual size resolution of the SP-ICP-MS method. Also, areas

of white colour indicate extraction conditions, which were not tested.

5.3.6 Workflow after Method Optimization

The developed data processing procedure for SP-ICP-MS and usDAQ allows
to extract the NPs in the presence of up to 1,000,000 cps of BG signal using Poisson
statistics to determine thresholds to identify beginning and end of NP signal
events. Higher BG signals were not tested because of the use of the SEM in the
counting mode. The principle of the data processing algorithm can be extended to
different types of NPs, detection of different elements, or to NPs containing high
natural or instrumental BG. The method allows to quantify NPs in a wider range

of the BG signal, compared to conventional SP-ICP-MS with millisecond DT.
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Quantitative NP Extraction from psDAQ Data

In order to determine the concentration of dissolved metal in the presence

of NPs and to assess the NP size distribution the following steps are proposed:

e Perform a calibration with dissolved metal with millisecond DT (e.g. 10 ms).
This is done in order to ascertain the concentration of dissolved metal in the
mixture, taking into account possible matrix effects.

e Construct the signal distribution after sample analysis to determine the
average BG. It represents the dissolved metal concentration.

e In order to determine the NPs size distribution, extract the NP 1on clouds
from the data obtained with the usDAQ. This is done by setting thresholds
(S, T, E), and the threshold typically increase with the increasing BG signal.
The thresholds can be calculated using the average BG obtained from the
vendor software from cumulative Poisson distribution or with the normality
approximation (Table 5.2). The ion cloud beginning threshold (T) may be
increased by 4-5 counts to decrease the BG further.

e Subtract the average BG from each ion cloud to obtain more precise sizing
information.

e Construct the size distribution based on the NPs size calibration.
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5.4 Conclusion

A data processing procedure was developed for SP-ICP-MS with
microsecond time resolution (usDAQ) to determine both the concentration of
dissolved metal and NPs sizes in a mixture using Poisson statistics to determine
thresholds to identify beginning and end of NP signal events. Possible matrix
effects were discussed, and the BG subtraction procedure was developed in order
to obtain more precise quantitative information on the NPs. Data acquired with
millisecond DT was used to determine the average BG, which relates to the
concentration of the dissolved ionic species. Data acquired with the usDAQ was
used for the characterization of NPs. NPs were extracted based on thresholds,
which were related to quantitative limits (Lc and Lp) for Poisson distribution to
get probability theory based NP ion cloud extraction from the raw data. Different
extraction condition combinations were tested and used to verify the use of L¢c and
Lp for NP ion clouds extraction. The developed method is based on Ag NPs
detection, but it can be universally used with NPs containing elements detectable
by ICP-MS, high natural BG or high dissolved ion concentration; it can also be used

for environmental samples or NPs production quality control.
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Chapter 6

Concluding Remarks and Future Perspectives
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D. Mozhayeva, 1. Strenge, C. Engelhard, Implementation of Online Preconcentration and Microsecond Time Resolution to
Capillary Electrophoresis Single Particle Inductively Coupled Plasma Mass Spectrometry (CE-SP-ICP-MS) and its
Application in Silver Nanoparticle Analysis, Anal. Chem., 2017, 89, 7152-7159.
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6.1 Summary and Concluding Remarks

In this thesis, novel methods for NP analysis were carefully developed and
optimized. CE-SP-ICP-MS was used for the first time with online preconcentration
and microsecond time resolution SP-ICP-MS for separation and characterization
of Ag NPs. Moreover, the optimized method was used to separate Ag NPs with
similar sizes and different coatings for the first time. A novel data processing
approach was introduced to extract NP ion clouds from the data acquired with

microsecond time resolution based on decision criteria of Poisson distribution.

Recent developments in SP-ICP-MS were reviewed in Chapter 2. The method
substantially developed since a first report in 2003,16 however, more instrumental
developments in sample introduction, ionization conditions, ion transport to MS,
and MS would help to achieve lower Lp and minimize matrix effects. SP-ICP-MS
has already been applied in different fields, including model and real aqueous
samples, some biological and solid matrices. Care should be taken that all the ICP-
MS instrumental conditions are stated in publications, because the choice of the

plasma conditions affects the detection of NPs in different matrices.

In Chapter 3, a novel method, CE-SP-ICP-MS, was used for the first time
with REPSM and SP-ICP-MS detection with microsecond time resolution. CE
separation of NPs added an extra dimension to SP-ICP-MS analysis. After
optimization of the preconcentration conditions, 110 s injection with REPSM and
a CE separation at 20 kV were found to be the optimum for the separation of 20,
40, and 60 nm sized Ag NPs. The capability of CE-SP-ICP-MS to do quantitative
analysis was demonstrated, and linear calibration curves could be obtained with
detection limits in sub-microgram-per-liter-range. CE-SP-ICP-MS made it possible
to separate NPs by size and get information on NPs average size, size distribution,
and PNC at any chosen time period during a CE separation. The data could be
visualized with two-dimensional color maps, simplifying data evaluation and

representation.

In the next experimental study (Chapter 4), an optimized CE-SP-ICP-MS
method was used to separate mixtures of Ag NPs with different coatings for the
first time. Different CE migration profiles and MTs for the NPs with different
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coatings were successfully obtained. It was found that NPs with polymeric coatings
migrate with their coatings attached to the NP surface and have relatively short
MTs. NPs with a monomeric citrate coating might experience partitioning with
SDS molecules and, in turn, could be separated with high size resolution but at
longer MTs. On the basis of these results, it could be concluded that the
characterization of NPs simply by their size is not sufficient and that the coating
should also be considered, especially when NP standards are used for calibration
of the CE-ICP-MS method. It was found here that CE-SP-ICP-MS is able to
distinguish every NP type in a five-component mixture of 20, 40, and 60 nm sized
citrate-coated NPs and 40 and 60 nm sized PVP-coated NPs by resolving NPs with
similar MTs due to the additional SP-ICP-MS NP size domain.

Chapter 5 was focused on development of a new data processing algorithm for
SP-ICP-MS with microsecond time resolution. The developed algorithm allowed to
determine both the concentration of dissolved metal and NPs sizes in a mixture
using Poisson statistics. NPs were extracted based on thresholds, which were
related to qualitative limits (L.c and Lp) for Poisson distribution to extract NP ion
cloud extraction from the raw data. The developed method was based on Ag NPs
detection, but it could be universally used with NPs containing elements detectable

by ICP-MS, high natural BG or high dissolved ion concentration.
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6.2 Future Perspectives

Fundamental developments as well as applications of SP-ICP-MS are
expected to stay an important research area in the coming years. Chapter 2
highlights the areas, where SP-ICP-MS still needs some fundamental
developments. Namely, more robust and efficient nebulizers would simplify the
sample introduction for different complex matrices. Optimized plasma conditions
would ensure complete ionization of NPs irrespective of the matrix they are in. An
improved interface between the ICP and the MS would improve the transport
efficiency of the NPs and minimize the losses of the ions, when they are transferred
to vacuum. An ideal MS would be able to perform sensitive simultaneous
multielemental detection, be robust and affordable in cost, and achieve single atom
Lp. These are the “ideal” characteristics of SP-ICP-MS that may be a cornerstone

aim in the fundamental developments of the method.

CE-SP-ICP-MS (Chapter 3) has a potential to become a widely used method
for NPs separation and analysis. This method still has certain limitations that
should be addressed in the future. Now the method can be used in research and
still requires an experienced operator. Quantification approaches can be further
developed, when PNC NP standards will be available on the market. Other CE
preconcentration strategies may help to expand the size range and types of NPs
that can be separated and to decrease the Lp below sub-microgram-per-liter range.
Simultaneous detection of several isotopes will be of help in analyzing more
complex mixtures. Also, the coupling interface can be improved to make the
technique more readily accessible. If these conditions are met, a broader use of CE-
SP-ICP-MS is anticipated with applications, for example, in environmental and

nanotoxicology research as well as consumer products analyses.

The separation of NPs with different coatings with CE-SP-ICP-MS
(Chapter 4) may provide more information about the state of NPs in the
environment, help to better understand toxicity of various types of NPs, and
provide a tool of extensive NPs characterization during or after their production.
As the surface coating of NPs is an important parameter that determines NP

reactivity, CE-SP-ICP-MS may help to understand the stability of the coating
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depending on the MT pattern that is obtained. Further tests can be made on
greater number of NPs types with positive and negative surface coatings of
different nature, when a greater number of well characterized NPs will be
available on the market. Also, further investigations are needed to learn more
about the separation mechanism of positively charged NPs and to answer the
question why it was not possible to separate the BPEI-coated NPs from any of the
negatively charged NPs.

SP-ICP-MS with microsecond time resolution can now be used to quantify
both NPs and dissolved metal in a mixture (Chapter 5). New automated data
processing algorithms for treatment of the SP-ICP-MS data would simplify the use
of the method for routine applications. Nowadays, visualization of a complete data
set e.g. after only 1 min of 5 us resolved measurement is not possible with the
average computers used in research, and typical software can load only around few
million data points at once. Therefore, the development of specialized tools for SP-
ICP-MS data processing would make it much faster. The integration of machine

learning or data mining algorithm would improve and simplify the data processing

procedures for SP-ICP-MS.

The future developments in SP-ICP-MS and CE-SP-ICP-MS, in the opinion
of the author, require joint integrated forces of different fields of science.
Specialists from physics, chemistry, engineering, statistics, and computer science
would help to improve the existing instrumentation. The data processing could be
automated with the help of the computer scientists and, in particular, artificial
intelligence. New application of the method could be developed by chemists
together with biologists. To sum up, SP-ICP-MS and CE-SP-ICP-MS have the
potential to become routine methods for NPs analysis using the developments that
were introduced in the current thesis, and after addressing the challenges

mentioned above.
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Figure A.1: CE-ICP-MS diagrams obtained with 1 s dwell time (197Ag*) (A) by
summing up only extracted NPs events from psDAQ and (B) by summing up 10 ms
DTs in the vendor software for a mixture of 5 ug L1 20 nm sized, 35 pg L1 40 nm

sized, and 200 ug L1 60 nm sized Ag NPs analyzed using 110 s injection time in
REPSM at 20 kV.
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Figure A.2: Influence of applied voltage on the current in CE using 110 s injection

time in REPSM (linear fit with 95% confidence levels).
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Table A.1: Characteristics of one-component Ag NPs dispersions.”

Nominal | Diameter | Surface Zeta  potential | MT/ s RSD/ %
diameter/ | (TEM)/ coating for concentrated
nm nm 20 mg L!

suspensions/ mV
20 18.5+ 3.4 | citrate -43.4 10855 £ 10 0.92
20 21.2+3.1 | PVP -37 10625 + 12 1.09
40 394 citrate -47 12755+ 115 | 9.05
40 41+5 PVP -36 10485 + 15 1.46
40 41 +4 PEG -23 9585 + 32 3.35
40 39.7+ 3.6 | BPEI +73 9585 + 21 2.17
60 627 citrate -51 15155+ 105 | 6.91
60 60 + 6 PVP -39 10985 + 21 1.90
60 59.6 +5.8 | PEG -25.5 9685 + 6 0.60

* Diameter, surface coating, and zeta potential are provided by the manufacturer. MTs are the

maxima of the corresponding profiles obtained by CE-SP-ICP-MS with SD and RSD, (n=3). Zeta

potentials are presented only for qualitative comparison.
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Table A.2: MTs of two-component Ag NPs dispersions.”

Nominal Surface Surface |MT 1/s RSD 1/|MT 2/ s RSD 2/
diameter/ nm coating 1 |coating 2 % %
20 PVP citrate 1088 + 15 1.38 -

40 BPEI PEG 1042 + 6 0.55 -

40 BPEI pPVP 1122 + 35 3.13 -

40 BPEI citrate 1278 +£ 65 5.09 -

40 PEG PVP 898 + 82 9.07 -

40 PEG citrate 995 + 30 3.02 1282 + 57 |4.44
40 PVP citrate 1122+ 6 0.51 1412+ 29 |2.04
60 PEG pvp 968 + 15 1.58 -

60 PEG citrate 1008 + 6 0.57 -

60 PVP citrate 1118 +6 0.52 1272+ 21 |1.64

“MTs are the maxima of the corresponding profiles obtained by CE-SP-ICP-MS with SD and RSD,

(n=3). MT 1 corresponds to the component with Surface coating 1, and MT 2 corresponds to the

component with Surface coating 2, when two components are separated by CE-SP-ICP-MS. When

a mixture is not separated, the mixture’s MT is presented as MT 1.
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Chapter A.1 Size Distribution Characteristics

The following size distribution characteristics are used in Chapter 5 to
describe NP size histograms and to compare the effects of extraction conditions on

the final NP size distribution (Figure A.3):

BG maximum (maximum number of extracted events in the background
distribution in 2-nm bins. BG maximum is a rough indication of the quality of the
ion clouds extraction process. The goal is to extract the NPs from the raw data, and
not the BG.Higher number of the extracted BG counts makes the data files larger
and the processing slower, also it may affect the extraction of NPs with lower sizes)

(Label A in Figure A.3);

NPs average size (to determine the influence of the ion clouds extraction conditions

on the obtained mean NP size) (Label B in Figure A.3);

width “W” of the size distribution that equals to two SDs of the NPs average size
(W = 2SD, Label C in Figure A.3);

size starting from which the NP size distribution can be distinguished (if NPs are
not completely separated from the BG, starting from the lowest point between the

BG and the size distribution) (Label D in Figure A.3);

total number of NPs detected in the size distribution (Label E in Figure A.3).
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Figure A.3: Model histogram with labels that indicate parameters of a NPs size

distribution that are used in Chapter 5 to compare different extraction conditions:

BG maximum (A), NPs average size (B), width “W” of the size distribution (C,

W =2SD of the NPs average size), minimal size from which NPs can be

distinguished from the BG (D), and total number detected of NPs (E).
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Chapter A.2 Calculation of Lc and Lp for exact Poisson
distribution with “well-known” BG

According to Currie292. 293 a cumulative Poisson distribution can be used for

the calculations:

-y
P(y,A)=%",° l.!/l (Equation A. 1)

The critical limit (Lc) can be expressed as:

Ply>yc,A=p)<a (Equation A. 2)
The detection limit (Lp) can be expressed as:

Py<yc,A=yp)=p (Equation A. 3)

In formulas (A. 2) and (A. 3), y is the number of gross counts, pg is the
average BG counts, a is the error of the first kind, £ is the error of the second kind,
Y¢ 1s the critical number of gross counts (including the BG), and yj, is the detection
limit for gross counts. L¢ and Lp values are net counts after BG subtraction. g,
Y¢, and yp may be non-integer numbers because they represent mean parameters

of the Poisson distribution.

Determination of y. and y, can be done with the tables presented in the
original publications.292. 293 Alternatively, an example calculation of y. and y,
using cumulative Poisson distribution is presented in Table A.3. First, the average
BG (ug in 25 pus since S =15) is taken, which is recalculated from the vendor
software to the desired time interval. Then y; is chosen in a way that the
cumulative probability P (y > y., ug) would be below 0.05. With a known y. (e.g.
Yec =5), yp is chosen for P (y < y;, vyp) to be equal to 0.05 (in the example y is
changing from 0 to 5). Therefore, y. =5 and y, = 10.51; after BG subtraction
Lc =2.88, Lp = 8.39. For the ion cloud extraction the following parameters may be

chosen if y. and yp are rounded: S=5, T =10 or 11, and E = 5.
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Table A.3: Example calculation of y., critical number of gross counts, and yp,

detection limit for gross counts, for a suspension of 20 nm Ag NPs spiked with

500 ng L1 Ag* according to the previous page descriptions.

y wp In  25ps Pi(y,up) Yp P;(y,¥p)

(S=5)
0 2.117 0.120 10.51 2.73x10
1 2.117 0.255 10.51 2.87x10+4
2 2.117 0.270 10.51 1.51x10-3
3 2.117 0.190 10.51 5.27x10-3
4 2.117 0.101 10.51 0.014
5 2.117 0.043 10.51 0.029
6 2.117 0.015 10.51 0.051
7 2.117 0.005 10.51 0.077
8 2.117 1.20x10-3 10.51 0.101
9 2.117 2.83x104 10.51 0.118
10 2.117 6.00x10-5 10.51 0.124
11 2.117 1.15x10-% 10.51 0.118
12 2.117 2.04%x10-6 10.51 0.103
13 2.117 3.32x10-7 10.51 0.084
14 2.117 5.02x10-8 10.51 0.063

Resulting cumulative Poisson distribution probabilities, y., and yp
o 5
P(y>ycup) = ZPi P(y<ycyp) = ZPi
i=6 i=0
Yc <0.05 Yo =0.05
5 0.021 10.51 0.050
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Table A.4: Gross size detection limit (yp) for selected ion clouds extraction

conditions calculated for a suspension of 20 nm Ag NPs spiked with different

concentrations of Ag* in solution.”

Cagt/ng i1 |T E ugp /nm |yp/nm
0 5 1 7 16
10 5 1 7 16
50 5 1 7 16
100 6 2 7 16
500 11 5 9 19
1000 15 8 10 20
2500 23 15 11 22
5000 38 28 13 24
7500 51 40 13 25

“The yp is calculated only for selected extraction conditions based on the Table 5.3. The formula

vp = Ug + 3.29y/uz was used for the calculations, assuming normal distribution with the standard

deviation of the Poisson distribution. puz was taken from the constructed size distributions. Note

that counting statistics was assumed also for the size of NPs since size distributions were

constructed by counting the number of events of a certain size.
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Figure A.4: Average sizes of 20, 40, 60, 100 nm Ag NPs size distributions (NP

suspensions in the presence of 7.5 ug L'l of Ag*) depending on different count

thresholds during ion cloud extraction, T and E. Optimal conditions (S=5, T =51,

E = 39) are highlighted with black dots. Note: The step size in size resolution is for

1llustrative purposes only and is a result of data processing. It does not represent

the actual size resolution of the SP-ICP-MS method. Also, areas of white color

indicate extraction conditions, which were not tested.
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Figure A.5: Number of detected NPs for the 20, 40, 60, 100 nm Ag NPs (with

0.5 ug L1 of Ag* in solution) depending on different count thresholds during ion
cloud extraction, T and E. Optimal conditions (S =5, T = 11, E = 5) are highlighted

with black dots. The step size in size resolution is for illustrative purposes only and

1s a result of data processing. It does not represent the actual size resolution of the

SP-ICP-MS method. Also, areas of white color indicate extraction conditions, which

were not tested.
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Figure A.6: Number of detected NPs for the 20, 40, 60, 100 nm Ag NPs (with

7.5 ug L'l of Ag") depending on different count thresholds during ion cloud
extraction, T and E. Optimal conditions (S =5, T' = 51, E = 39) are highlighted with

black dots. The step size in size resolution is for illustrative purposes only and is a

result of data processing. It does not represent the actual size resolution of the SP-

ICP-MS method. Also, areas of white color indicate extraction conditions, which

were not tested.
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Figure A.7: Size starting from which the NP size distribution can be distinguished
from the BG for 20 nm Ag NPs at different Ag* concentrations (shown on the
graphs) depending on different count thresholds during ion cloud extraction, T and
E. Optimal conditions are highlighted with black dots. The step size in size
resolution is for illustrative purposes only and is a result of data processing. It does
not represent the actual size resolution of the SP-ICP-MS method. Also, areas of

white color indicate extraction conditions, which were not tested.
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Chapter A.3 On the Selection of the NP Suspensions Matrix

When dissolved silver ions were added to the NPs suspensions in bi-distilled
water, it was difficult to get a stable sample nebulization (frequent interruptions
of the nebulizer flow). To prevent the formation of silver hydroxide in the neutral
suspension and to decrease the surface tension of the bi-distilled water (high
surface tension hinders the wettability of the plastic nebulizer) HNOs and NaNOs
were added to the NP suspensions as matrix modifiers. When HNO3 or NaNO3
were added, also nebulization became stable. It was found that the presence of
0.1% (w/v) NaNOs significantly decreases the apparent average size of 40 nm NPs
to 86.7 £ 2.4% and 40 nm NPs with 500 pg L-1 Ag* to 85.4 + 1.1% of the original
size in bi-distilled water (usDAQ) in the course of seven hours of exposure. Since
sodium is an EIE, it may suppress the ionization of silver294, causing the decrease
in NPs intensities. In 0.1% (w/v) HNO3s the NPs size changed but to a lower extent
to 92.7 + 4.6% for 40 nm NPs and to 101.5 + 4.2% for 40 nm NPs with 500 pg L1
Ag* compared to the size in bi-distilled water (usDAQ) in the course of seven hours
of exposure. A lower concentration 0.025% (w/v) of HNOs was used further to
stabilize the suspensions. Although NP size decreases up to 14% compared to the
initial value in the presence of 0.025% (w/v) HNOs and without ionic silver in the
course of seven hours, in the presence of 0.025% (w/v) HNO3s and 1 ug L'1 Ag* the
size changes less than 5.4% over the course of seven hours (usDAQ). Maximum
3.8% deviation from the initial value was detected in the intensity of 1 pg L-1 Ag*
in the presence of 40 nm NPs and 0.025% (w/v) HNOs over 7 hours after the sample
preparation. Therefore, the citrate-capped NPs are stabilized in the presence of
1onic silver together with traces of nitric acid, and 0.025% (w/v) HNOs was added
to each sample in the further measurements, and the samples were analyzed not
later than two hours after preparation. This set of experiments highlighted the

importance of the matrix choice in SP-ICP-MS.
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“S”

“T”

W
usDAQ
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AFM
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BPEI
BSA
C/S
CAPS
CE
CIGS

CNT

List of Abbreviations

critical level gross counts

detection limit gross counts

average background

end threshold; when it 1s reached, the ion cloud extraction ends

how many data points should be grouped and summed up to

judge, if the chosen threshold conditions are reached

threshold value; when it is reached, an ion cloud extraction

begins

width

data acquisition system with microsecond time resolution
atomic emission spectroscopy
asymmetrical flow field-flow fractionation
atomic force microscopy

ionic silver

background

branched polyethylenimine

bovine serum albumin

charge-to-size ratio
3-cyclohexylamoniuopropanesulfonic acid
capillary electrophoresis

copper indium gallium selenide cells

carbon nanotube
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Lc
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Lp

LDR

cloud point extraction

counts per second
cetyltrimethylammonium bromide
capillary zone electrophoresis

data acquisition system

Derjaguin, Landau, Verwey, and Overbeek
Dulbecco’s modified eagle medium

dwell time

easily ionizable elements

electroosmotic flow

Environmental Protection Agency
equivalent spherical diameter
electrospray-differential mobility analysis
field-flow fractionation

hydrodynamic chromatography
inductively coupled plasma mass spectrometry
ICP quadrupole MS

ion-exchange column

kinetic energy discrimination

laser ablation

critical level

liquid chromatography

detection limit

linear dynamic range
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OpPV
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PFA

PNC

PTFE

PVA

PVP

REPSM

limit of quantification

mass-to-charge ratio

multielemental analysis

multi-collector

microdroplet generator

micellar electrokinetic chromatography
3-morpholinopropane-1-sulfonic acid
migration time

not applicable

not specified

National Institute of Standards and Technology
natural organic matter

nanoparticle

The Organization for Economic Co-operation and Development
organic photovoltaic cells

phosphate buffered saline

polyethylene glycol

perfluoroalkoxy alkane

particle number concentration
polytetrafluoroethylene

polyvinyl alcohol

polyvinylpyrrolidone

quadrupole

reversed electrode polarity stacking mode

193



List of Abbreviations

RF
RSD
SD
SDS
SEM
SF
SP-ICP-MS
TAP
TEM
TMAH
TOF
TQ
TSPP

WWTP

radio frequency

relative standard deviation
standard deviation

sodium dodecyl sulfate
secondary electron multiplier
sector field

single particle ICP-MS
tris-acetate-phosphate
transmission electron microscopy
tetramethylammonium hydroxide
time-of-flight

triple quadrupole

tetrasodium pyrophosphate
waste water treatment plant
error of the first kind

error of the second kind
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