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ABSTRACT

Kinnunen, Virva

Improving the accuracy of single particle ICP-MS analyses of Au and Ag nano-
particles

Jyvaskyla: University of Jyvaskyld, 2023, 67 p.

(JYU Dissertations

ISSN 2489-9003; 689)

ISBN 978-951-39-9720-5 (PDF)

The remarkable advancements of nanotechnology have incorporated
nanomaterials (NMs) in almost all fields of activity and product categories, which
has raised concerns about the potential environmental and human health risks.
The realistic risk assessment of NMs requires advanced analytical techniques
suitable even for complex sample matrices, for which single particle inductively
coupled plasma mass spectrometry (SP-ICP-MS) is an efficient alternative.
However, some remaining challenges still need to be addressed to improve the
accuracy of the results.

This thesis offers different approaches for improving the accuracy of the SP-
ICP-MS analyses of Au and Ag nanoparticles (NPs). The literature review
describes the fundamentals and a few of the existing applications of the SP-ICP-
MS technique. Some of the remaining challenges of this technique and the
existing procedures used to overcome these issues are discussed. The
experimental section presents the different approaches used in the original
papers to improve the accuracy of NP characterization and quantification.

First, the optimization of instrumental conditions for SP-ICP-MS
measurements of gold was carried out using a design of experiments (DoE)
approach, significantly enhancing the instrument sensitivity. The 15% reduction
in the NP size limit of detection allowed more accurate detection and
determination of the Au NPs. This was followed by the development of a simple
sample pretreatment procedure using solid phase extraction (SPE) materials for
dissolved silver (AgD) removal, thus allowing a more accurate determination of
Ag NPs. Finally, a novel sample pretreatment method was presented using
functional 3D printed scavengers for AgD removal. 3D printing enabled the
incorporation of an efficient SPE material into highly porous 3D scavengers,
allowing efficient removal of AgD while preserving the original Ag NP
properties of the sample. Thus, more highly accurate sizing and counting of Ag
NPs was achieved.

Keywords: Single particle inductively coupled plasma mass spectrometry,
Nanomaterials, Ag NPs, Au NPs, Optimization, Dissolved analyte interference,
Solid phase extraction materials, 3D printing, Functional 3D scavengers



TIIVISTELMA (ABSTRACT IN FINNISH)

Kinnunen, Virva

Au ja Ag nanopartikkeleiden maddrityksen tarkkuuden parantaminen
yksittdispartikkeli ICP-MS:1la

Jyvaskyla: Jyvaskyldn yliopisto, 2023, 67 s.

(JYU Dissertations

ISSN 2489-9003; 689)

ISBN 978-951-39-9720-5 (PDF)

Nanoteknologian nopean kehittymisen seurauksena nanomateriaaleja (NM)
hyodynnetddan ldhes kaikilla toiminta-aloilla ja tuotekategorioissa, joka on
herattanyt huolta mahdollisista ymparisto- ja terveysriskeistd. NM:en realistinen
riskinarviointi vaatii monimutkaisille matriiseille soveltuvia kehittyneitd
analyysitekniikoita, johon yksittdispartikkeli induktiivisesti kytketty plasma
massaspektroskopia (SP-ICP-MS) on varteenotettava vaihtoehto. Joitakin jaljelld
olevia haasteita on kuitenkin vield ratkaistava tulosten tarkkuuden
parantamiseksi.

Tdamd vditoskirja tarjoaa erilaisia ratkaisuja Au ja Ag nanopartikkeleiden
(NP) maédrityksen tarkkuuden parantamiseksi SP-ICP-MS:1la.
Kirjallisuuskatsauksessa kuvataan SP-ICP-MS tekniikan perusteita ja olemassa
olevia sovelluksia. Erditd tekniikan jdljelld olevia haasteita ja kaytettyja
ratkaisukeinoja kdydaan lapi. Kokeellisessa osuudessa kuvataan alkuperdisissa
julkaisuissa esitetyt keinot NP:en madrityksen tarkkuuden parantamiseksi.

Ensiksi tilastollista koesuunnittelua hyodynnettiin  olosuhteiden
optimoinnissa kullan SP-ICP-MS mittauksia varten, joka johti herkkyyden
huomattavaan parantumiseen. Saavutettu 15 %:n lasku nanopartikkeleiden koon
madritysrajassa mahdollisti tarkemman Au NPien havainnoinnin ja
madrittdmisen. Seuraavaksi kehitettiin yksinkertainen ndytteen
esikdsittelymenetelma liuenneen hopean poistamiseen kayttden
kiintedfaasiuutto (SPE) materiaaleja, joka mahdollisti tarkemman Ag NP:n
maddrittdmisen. Lopuksi esiteltiin ndytteen esikdsittelymenetelmd liuenneen
hopean poistamiseen hyodyntéden funktionaalisia 3D tulostettuja sieppareita. 3D
tulostus mahdollisti tehokkaan SPE materiaalin yhdistamisen huokoiseen 3D
sieppariin, joka mahdollisti tehokkaan liuennen hopean poistamisen sdilyttden
samalla ndytteen alkuperdiset Ag NP:en ominaisuudet. Tdméan seurauksena Ag
NP:n koon ja konsentraatiomddrityksen tarkkuutta saatiin huomattavasti
parannettua.

Avainsanat: Yksittdispartikkeli induktiivisesti kytketty plasma
massaspektroskopia, Nanomateriaalit, Ag NP:t, Au NP:t, Optimointi, Liuenneen
analyytin hdirio, Kiintedfaasiuuttomateriaalit, 3D tulostus, Funktionaaliset 3D
siepparit
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1 INTRODUCTION

Nanotechnology and nanoscience are novel and rapidly developing fields
expected to bring new opportunities to many areas of research and technology.
The disciplines deal with the study, production, modification, and application of
engineered nanomaterials (NMs) having a size in the nanoscale range (ca. 1 - 100
nm). The extremely small size of these materials gives rise to exceptional physical,
chemical, and biological properties different from those found in materials at a
larger scale. These unique characteristics can be beneficiated in various
innovative applications used in e.g., consumer products, renewable energy
production, water treatment, and even smart drugs allowing highly targeted
drug delivery in specific parts of the body. It is thus widely recognized that
nanotechnology has the potential to bring considerable health, environmental,
and financial advantages in many areas. However, the increased use of NMs and
their novel and enhanced properties have raised concerns about their effects on
the environment and human health.12

The risk assessment of NMs requires an in-depth understanding of their
environmental behavior and toxic effects. For this purpose, sophisticated
analytical techniques able to accurately characterize these materials are needed.3#
One of the most promising techniques for NM determination is single particle
inductively coupled plasma mass spectrometry (SP-ICP-MS). The strength of the
technique lies in the versatility of the analytical information that can be obtained
from relatively simple measurements, including nanoparticle (NP) size, size
distribution, particle concentration, and dissolved content. SP-ICP-MS combines
the benefits of element-specific and sensitive detection capabilities of an ICP-MS
instrument with those of particle counting techniques, thus delivering
information on a particle-by-particle basis.>® However, although the technique’s
feasibility for the analyses of NPs was demonstrated nearly two decades ago,”
remaining challenges still need to be addressed to develop the technique further.
Compared to other techniques used for NM characterization, the relatively high
size limit of detection (LODsize) restricts the application of SP-ICP-MS to
determine samples with small NPs. In addition, coexisting dissolved analyte can
increase the LODsize values even further, thus preventing the detection of the

13



smallest NPs. These factors directly affect the accuracy of the technique and may
cause a biased determination of the sample properties.8-10

This thesis discusses some of the remaining challenges of the SP-ICP-MS
technique affecting the accuracy of NMs characterization and quantification.
Then, different means to improve the accuracy of NM sizing and particle
concentration determination are presented by addressing some of the remaining
challenges.
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2 AIMS OF THE STUDY

This study aims to deepen the knowledge of the SP-ICP-MS technique and
develop strategies allowing more accurate determination of NPs’ size and
concentration. Accurate characterization and quantification of these materials are
crucial for their commercial production and for understanding the related
potential environmental and human health risks. Although SP-ICP-MS was
introduced for NP determination two decades ago, the technique still needs
further development. This objective included the following aspects:

e Optimizing the SP-ICP-MS instrumental parameters for gold to improve
the accuracy of NP detection by decreasing the LODsize values.

e Studying the interfering effect of coexisting dissolved silver (AgD) on the
accuracy of Ag NPs’ sizing and concentration determination.

e Evaluating the applicability of using solid phase extraction materials (SPE)
for AgD removal in Ag NP dispersions and selecting the most suitable
materials for different water matrices.

e Developing an effective sample pretreatment method for AgD removal in

Ag NP dispersions using functional 3D printed scavengers, thus allowing
a more accurate characterization and quantification of Ag NPs.

15



3 NANOMATERIALS

3.1 Properties and applications

Nanomaterials are usually defined as materials having a size in the 1-100 nm
range!l and can be classified either as natural or anthropogenic (man-made),
depending on their origin. Although natural NMs have been an inseparable part
of human history since the beginning of time, the intentional manufacturing of
these materials by tuning their properties at the nanoscale is less than a century
old.’213 Since then, the field of nanotechnology has evolved rapidly. It is
recognized as potentially providing innovative solutions to challenges related to
food production,'* water treatment,'> clean energy production,'® and diagnosis
and treatment of diseases!”.

NMs are appealing for various applications for their unique
physicochemical properties, which can differ significantly from those of
chemically identical bulk materials. These properties arise from the extremely
small size of the materials, increasing their reactivity and affecting their optical,
mechanical, and magnetic behavior.2 These characteristics can be exploited to
improve or modify the properties of other materials for specific purposes. For
example, carbon nanotubes can be used to improve the energy conversion
efficiency of wind turbines by developing lighter and stronger materials used in
wind turbine blades'®!® or to increase concrete’s mechanical strength and
durability’®. NMs are also frequently exploited in various fields and consumer
products for their antimicrobial properties, such as Ag NPs in textiles, water
purification systems, and health care products.?02! In addition, the properties of
Ag and Cu NPs, for example, can be exploited to develop antimicrobial coatings
and surfaces used in public spaces, thus preventing the spread of infectious
pathogens through surfaces.??

16



3.2 Risks related to NMs

With various nano-enabled products and applications already on the market, and
new ones being continuously developed, NMs are clearly here to stay. However,
the increased production and use of these materials will inevitably increase the
risk of environmental and human exposure. Thus, for the sustainable production
and use of NMs, assessing these materials’ potential environmental and health
risks is required.!

For a realistic risk assessment and regulatory development point of view,
careful evaluation of both exposure and effects of NMs is needed.?32* In recent
years, a vast amount of research has been conducted to evaluate the release of
NPs from nano-enhanced products and their effects on the environment and
human health.?4-? Several studies have shown the release of NPs from various
consumer products during their use, such as Ag NPs in baby products®® and
toothbrushes®! and TiO; from textiles.3? The released NPs will enter the
environment and, on the other hand, serve as a direct route for human exposure
(e.g., through oral ingestion or dermal contact).?

Once in the environment, NPs are expected to be distributed to all
environmental compartments, such as air, water, and soil,® where they have the
potential to interact with various organisms. Upon exposure, NPs can be taken
up by organisms through different entry routes (such as inhalation, skin contact,
and oral ingestion) and further distributed as intact particles to various organs,
tissues, and cells.34-37 Recently, Xiao et al.3® reported the biomagnification of Ag
NPs in the fish food web for the first time, thus posing a greater risk for higher-
level predators. In addition to the effects on the exposed species, the distribution
of NPs or their ionic counterparts within the organism can serve as a potential
route for direct human exposure after oral ingestion. Edible plants, such as
tomatoes, garden cress, and white mustard, have been shown to uptake Au3* and
Pt NPs? through their roots, where they were further distributed to shoots as
intact particles. On the other hand, plants can also uptake dissolved ions
originating from NPs, as was demonstrated for ZnO NPs.3

The toxicity of NPs and the underlying toxicity mechanisms have been
studied extensively during previous years.1?5262840 NPs have shown various
adverse effects, such as reduced plant growth and seed germination in plants,?841
development of preneoplastic lesions and inflammatory responses in
mammals,#243 and increased mortalities and development of malformations in
aquatic species.?® Recently, Bettini et al.43 reported findings about a possible link
between food-grade TiO2 NPs and autoimmune diseases and even colorectal
cancer in humans. The exact mechanisms causing NP toxicity are complex*? and
may be due to NPs, their dissolved species, or possibly both.28294445 The observed
toxic effects are dependent on several parameters, such as the physicochemical
parameters of the NPs themselves (e.g., size, shape, and chemical composition).40
They are also affected by conditions where toxicity studies were performed, as
these may affect the properties of the NPs (such as surface*® or concentration3>47).
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Despite the vast amount of research already conducted, there are still many
uncertainties related to the risk assessment of NMs. Most toxicity studies are
performed with pristine NPs in carefully controlled laboratory environments,
and in some cases, with relatively high concentrations.*® However, NPs may
undergo various transformation processes affecting their behavior and toxicity
in the environment, including dissolution, agglomeration, sedimentation, and
sulfidation.?”48-50 These processes are known to be complex and affected by the
physicochemical properties of the NMs and the characteristics of the
surrounding environment (such as pH, presence of other compounds, and
sunlight).51-60

3.3 NM characterization techniques

Understanding the potential risks related to NMs requires accurate
characterization of these materials, for which several techniques exist. All
techniques pose their strengths and limitations and differ based on the
information they can provide. The choice of the technique is thus based on the
desired information and is also affected by the sample type itself.3461
Considering the assessment of the environmental behavior and toxicity of NPs,
careful determination of the NPs” physicochemical properties in the real exposed
media is required. Knowledge of the existing environmental concentrations and
the various transformational processes possibly taking place is also needed for a
realistic NM risk assessment.2433406263 As such, often multiple techniques are
needed for a more thorough characterization of NPs.

Electronic microscopy techniques, such as scanning and transmission
electron microscopy (SEM and TEM), are mature and widely applied for NP
detection and characterization. These techniques can visualize individual NPs
and thus provide information on their size and form 346164 They are also often
used with other techniques either to verify or complement the obtained analytical
information.®>-%7 However, gaining representative and statistically significant
results requires imaging a vast number of NPs. As such, these techniques are not
well-suited for analysis of samples with low particle concentration, which is often
the case, e.g., in environmental, 8 toxicological,®® and migration studies.303!
Sample preparation may also cause changes in original sample properties, which
can lead to biased characterization.3461.64

Light scattering techniques, such as dynamic light scattering (DLS) and
nanoparticle tracking analysis (NTA), can be used to obtain information on NP
size and size distribution. These techniques utilize light scattering and the
Brownian motion of NPs to obtain information on the hydrodynamic diameter
of the NPs. In DLS, the fluctuations in the scattering intensity are recorded as a
function of time, resulting in intensity-based NP size distribution. However, as
the intensity of scattered light depends on particle size, the determination of
polydisperse samples with DLS is a challenge. On the other hand, NTA tracks
individual particles, removing the limitations of DLS concerning sample

18



polydispersity and thus allowing more accurate NP sizing and even particle
concentration determination.34% However, as shown in a recent interlaboratory
study on measuring the particle concentration of Au NPs, further development
of the technique is still needed to improve the accuracy and reproducibility of the
results.V

Spectrometric techniques, such as inductively coupled plasma mass and
optical emission spectrometry (ICP-MS, ICP-OES) and electrothermal atomic
absorption spectroscopy, are often applied for NPs determination for their
element-specific and highly sensitive detection capabilities. However, these
techniques alone can provide only the total concentration of the elements. They
thus cannot directly be used to determine whether the analyte is present in
nanoparticulate or dissolved form, or both. No information can be obtained from
the other physicochemical characteristics of the NPs, such as particle size. As
such, these techniques are often used in combination with other separation or
fractioning methods, such as liquid chromatography (LC), field-flow fractioning
(FFF), or capillary electrophoresis (CE). These techniques allow the separation of
NPs based on their size, surface, or charge characteristics, making them valuable
tools in NMs’ characterization from complex samples.3470 They can even be used
to discriminate NPs from their ionic counterparts.”l-73 Alternatively, off-line
extraction methods, such as magnetic solid phase extraction (MSPE)”4-77 or cloud-
point extraction (CPE),”8-80 can be applied to separate NPs from their ionic species
and sample matrix, followed by determination with spectrometric methods.

In addition to the various techniques discussed above, SP-ICP-MS is
considered a powerful technique for the determination of NPs, which is
discussed in more detail in the following Chapter 4.
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4 SP-ICP-MS

4,1 Fundamentals

SP-ICP-MS has become a relevant technique for determining NPs over the years.
The strength of the technique lies in the diversity of the analytical information
obtained within a single run, including NP size, size distribution, particle
concentration, and dissolved content at environmentally relevant
concentrations.>® Degueldre et al. first demonstrated the feasibility of SP-ICP-MS
for the analysis of colloidal suspensions in a series of papers’81-8 almost two
decades ago. Since then, the applicability of the technique for the detection,
characterization, and quantification of NPs has been demonstrated in various
matrices, such as environmental and biological samples and cosmetics.?10

The detection of individual NPs in SP-ICP-MS is based on operating the
ICP-MS instrument as a particle-counting technique, thus being able to deliver
information on a particle-by-particle basis. In SP-ICP-MS, a sample solution is
introduced in plasma as a fine aerosol, resulting in an analyte element’s
vaporization, atomization, and ionization. The intensity of the generated ions is
then recorded at a given mass/charge ratio using very short dwell times (e.g., 1
ms or less) and plotted individually as a function of time, resulting in thousands
of intensity readings. The detection of individual NPs is based on separating the
intensities originating from NPs over a constant background signal caused by the
coexisting dissolved element and instrumental noise. As the dissolved element is
distributed evenly in the aerosol droplets, the mass of the element entering to
plasma and finally being detected as ions will be rather stable, thus producing a
relatively stable intensity signal. However, if the sample solution also contains
NPs, the analyte atoms will no longer be homogenously dispersed but instead
concentrated in discrete particles, arriving randomly in plasma. The ionization of
a single NP in plasma will generate a burst of ions traveling to the detector as a
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pack of ions, producing a spike in intensity, clearly separating from the
background.>¢

An example of raw data obtained with SP-ICP-MS is shown in Fig. 1, which
is further processed to differentiate the NP events from the background signal by
applying a specific threshold limit. Different means exist to obtain this value,
such as visually inspecting the intensity distribution histograms® or applying
mathematical algorithms.®88 Typically, the threshold value is, however,
calculated based on the mean and standard deviation (0) of the background
signal using an iterative “mean+no” calculation, where n is the applied
coefficient (generally 3 or 5).>87 After extracting all NP events, the remaining data
set represents the background signal, which can be used to obtain the dissolved
analyte concentration using an external calibration.
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FIGURE1  An example of SP-ICP-MS raw data obtained for a dispersion containing 50
nm Ag NPs (ca. 30000 part. g1) and AgD (1.0 ug kg?). The numerous signals
above the continuous background signal originate from individual NPs.
Measurement time 30 s, dwell time 100 ps.

The basic principle of SP-ICP-MS is that NP dispersions introduced in plasma
should be sufficiently diluted to ensure the arrival of individual NPs in plasma
one by one. If true, each observed NP event should represent a single particle. As
such, the number of observed pulses (Nnp) in a given acquisition time (f, minutes)
is related to particle concentration (Cp, particles g-1) according to Eq. 1, where
Qsam is the sample flow rate (g min?) and 7 is the transport efficiency (%):>

Cp = ot (1)

Qsam't'Nn
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The 17n in Eq. 1 defines the ratio of analyte in plasma to that of the aspirated
sample. Although several methods can be used to obtain this value,388 the most
often used is the particle frequency method described by Pace et al.,> which
utilizes well-characterized NP reference standards with a known particle
concentration according to Eq. 2:

N, = —2F . 100% )

Qsam't'cp

The intensity of the detected NP events is directly related to particle mass,
which can be converted to particle size, assuming that additional information on
the NP shape and density is available. The most straightforward way to obtain
the particle mass of unknown samples is to calibrate the instrument with NP
standards with known mass or size. The mass of the particles (1, ng) can then
be obtained directly from the calibration curve and further converted to particle
size (d, nm) assuming a spherical geometry using Eq. 3, where p is the particle
density (g cm™):5

prm10712 (3)

However, well-characterized NP standards are not available for all
elements, limiting the use of this approach for NP sizing. In these cases, particle
size can be obtained by using dissolved standards for calibration. The analyte
mass per event (W, pg/event) needs to be calculated according to Eq. 4 to relate
the obtained intensity to elemental mass, where t4: is dwell time (min/event),
and C is the standard concentration (nug g):>

W =1n " Qsam *tas " C 4
4.2 Applications

Since its first introduction at the beginning of 2000, SP-ICP-MS has evolved as a
valuable tool in NMs analysis. During these two decades, the technique has been
applied not only to determine pristine NPs” properties as such but also in various
studies concerning their release, behavior, fate, and toxic effects. These studies,
together with some excellent review articles38-1089 have raised our
understanding of the behavior and effects of NPs and the various possibilities
and the existing limitations of the SP-ICP-MS technique.
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Some studies regarding the analysis of NMs from various matrices are
presented in Table 1. In ideal cases, samples can be analyzed with SP-ICP-MS
directly or after a simple sample dilution. Although this might be sufficient for
some sample types (such as NP standard suspensions or aqueous samples),
additional sample preparation is often needed for more complicated sample
matrices and solid samples. These may include, e.g., alkaline or enzymatic
digestion of biological or environmental samples (such as tissues, organs, or soil
samples), liquid- or solid-phase extraction, or separation of the matrix
components. However, these might alter the original NP properties of the sample
by, e.g., causing changes in NP size or concentration.3%8 For example, a
commonly employed sample preparation step —filtration —has been frequently
shown to cause significant NP losses.?-%% As such, independent of the applied
sample treatment method, its effect on the original NP properties should be
carefully estimated to avoid changes in sample properties, which could lead to
biased determination.
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TABLE 1 Examples of the existing applications of SP-ICP-MS for the analysis of NMs.

Sample type NP analyzed | Sample preparation Reference

Consumer products
Toothbrushes Ag Extraction in tap water 31
Food containers: Extraction

in ultrapure water, 3% acetic
Ag acid, and 10% ethanol; Baby | 30

Food containers and baby

products products: Extraction in artifi-

cial saliva
Textiles TiO; Extraction in ultrapure water | 32
Environmental samples
River water Ag CPE using Triton X-114 o4
Wastewater Ag, TiO Dilution %

Tap, river, and

%
wastewater Ag MSPE

Soil extracts: Alkaline extrac-
Ag, Au tion using TSPP?; Standard 7
suspensions: Dilution

Soil extracts, standard sus-
pensions of Au and Ag

Biological samples

Alkaline digestion with
TMAH?

Enzymatic digestion with
macerozyme R-10
Enzymatic digestion with
proteinase K

Alkaline digestion with
TMAH?

Human breast cancer cells | Au 98

Tomato (shoots) Au 34

Chicken (liver and yolk) Ag 36

Zebrafish (liver, gill, intes-
tine)

1 Tetrasodium pyrophosphate

2 Tetramethyl ammoniumhydroxide

Ag, Au 35

4.3 Remaining challenges

The results obtained with SP-ICP-MS have been extensively compared to those
obtained with other available techniques for NM characterization over the years,
showing similar or better accuracy in particle sizing.®567.9%-101 However, as shown
in interlaboratory studies on Au NP sizing!®> and particle concentration
determination,V further development is still required to improve the overall
quality of the results. This is especially the case for the smaller NPs (e.g., <30 nm),
which determination is more challenging compared to larger ones.92 Some key
factors affecting the accuracy of the results are discussed in the following
paragraphs.
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4.3.1 The effect of instrument sensitivity

Although SP-ICP-MS can detect NPs at extremely low concentrations (e.g., 100-
1000 particles mL-1),87103 the LODsize values for most elements are currently 210
nm and even higher for oxides (e.g., 25-130 nm for TiO,).1087104 As such, the
accurate determination of samples with small NPs (e.g., <30 nm for Ag NPs in
environmental samples)®810510 js currently a challenge for SP-ICP-MS. In these
cases, the high LODsize can prevent the detection of NPs entirely or lead to only
a partial capture of the NP size distribution. This would result in an
overestimation of the particle mean size and an underestimation of the particle
concentration and, thus, biased determination.! As such, improving the LODsize
values is one of the most important aspects in developing the SP-ICP-MS
technique.

The smallest detectable particle size in SP-ICP-MS is defined as the smallest
NP signal intensity that can be separated from the background signal and
depends on the detection efficiency of the instrument.8”19” Regarding lowering
the LODsize values, instrument sensitivity should thus be increased, which can be
achieved by carefully optimizing the instrumental conditions. Once NPs are
introduced in plasma, solvent evaporation, analyte atomization, and ionization
begins. As a result, spherical analyte ion clouds are formed, which diameter will
increase due to diffusion as they progress downstream the plasma until they are
finally sampled at the sampler orifice. The size of the ion clouds at the sampling
point (i.e., at the sampler orifice) directly determines the number of detected
analyte ions and, as such, should be maintained as compact as possible for
improved detection efficiency of ICP-MS. Simultaneously, efficient ionization of
the NPs should be achieved.108-110

The instrumental parameters used affect the analyte ionization degree and
diffusion losses. Plasma RF-power affects the plasma temperature and, as such,
should generally be maintained as high as possible to ensure efficient ionization.
However, the obtained signal intensity is also shown to depend on the relative
distance between the beginning of analyte atomization and the ion sampling
position. This is known to be affected by both the sampling depth position and
the nebulizer gas flow rate, which influence analyte residence time in plasma. If
the distance is too large, diffusion losses will be significant, resulting in a decrease
in the signal intensity. On the other hand, shifting the atomization downstream
plasma by either increasing the nebulizer gas flow value or decreasing the
sampling depth position may decrease the ionization degree, especially for larger
particles.108-110

4.3.2 Dissolved analyte interference

The obtained raw intensities in SP-ICP-MS contain contributions from individual
NP events and the background signal caused by instrumental noise and
dissolved analyte. The discrimination between the signals originating from the
analyte, either in dissolved or NP form, is performed by applying a certain
threshold value, typically determined using an iterative “mean+30” calculation.
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The threshold thus divides the observed intensities into two groups: those
originating from individual NPs (intensities>threshold) and those calculated as
dissolved analyte (intensities<threshold). In ideal cases, the background signal
contribution is low, thus allowing the calculation of the threshold solely based
on instrumental noise alone.>¢ In the cases of real samples, however, samples
may contain elevated concentrations of dissolved analyte. This is often the case
with, e.g., environmental or toxicological samples or samples containing easily
soluble NPs (such as ZnO). In these cases, the coexisting dissolved analyte
increases the background signal and, thus, can severely interfere with the
detection of NP events by increasing the LODsize values.%897111-113 This
phenomenon is known as dissolved analyte interference.

The increased size limit of detection caused by coexisting dissolved analyte
may lead to only partial capture of the NP size distribution and, thus, biased
determination of NPs’ size and concentration. Recently, we demonstrated that
even relatively low concentrations of coexisting AgD (=0.1 pg kg') could
interfere, especially with the detection of small 30 nm Ag NPs, leading to a severe
underestimation of particle concentration (up to -93%) and overestimation of
particle size (up to +80%).1L I

From a realistic risk assessment point of view, accurate characterization and
quantification of NPs is essential, as the behavior and effects of NPs are known
to be size- and concentration-dependent.?® As such, the interfering effect of
dissolved analyte in SP-ICP-MS can be considered one the most important
remaining challenges to solve.

4.3.3 Other factors affecting the quality of results

In addition to the factors discussed in the previous sections, the accuracy of SP-
ICP-MS results is also affected by other factors. Some of the remaining challenges
to be addressed are briefly discussed here.

In addition to sample preparation (Table 1), the effect of the sample matrix
should also be considered in the analysis stage, as differences between sample
and calibration standard matrices may induce matrix effects. These may cause
either signal enhancement or suppression, thus leading to over- or
underestimation of the analyte content.8114 Sodium, for example, is a commonly
known element causing matrix effects, which was previously! shown to cause up
to a 50% decrease in the intensity of Au compared to ultrapure water.

Most SP-ICP-MS measurements use a conventional sample introduction
system consisting of a pneumatic nebulizer and a spray chamber. With these
systems, only a small portion of the aspirated sample reaches the plasma
(generally <15%), while the majority is transported to waste.!> Knowing this
value (i.e., transport efficiency) is essential for obtaining reliable results. The
value directly affects the accuracy of particle concentration determination and
particle sizing if dissolved standards are used for calibration (Eqs. 1 and 4,
respectively).8 Any underestimation of this value would lead to an
underestimation of particle size and an overestimation of particle
concentration.’® Although different methods can be used to determine this value
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experimentally, they have often been shown to give differing results.5%9116
Despite the vast amount of discussion on the matter, there is still no general
agreement on which method should be preferred. To complicate the issue even
turther, the transport of NPs in the sample introduction system might also
depend on NP size®% or surface®® 116 and be affected by the sample matrix as
well 88511 As such, the transport of NPs in samples and standards might differ,
leading to biased results.

Proper calibration of the instrument is essential for obtaining accurate
results. The simplest way to obtain the particle size of unknown samples is to
calibrate the instrument with NP standards with an accurately known mass or
size. However, as discussed in paragraph 4.1, this availability is restricted to only
some elements (mainly Au, Ag, and Pt). In addition, these are often not
sufficiently well characterized. Instead, the particle size information provided by
the supplier is typically based on the measurement of a very limited number of
particles (<100), which is insufficient for reliable determination. Further
verification of the NP standards is often required in the laboratory before use.
Often, deviation from the information provided by the supplier is found.65%1171I
For example, we observed up to a 9% difference in NP size and a 22% difference
in mass concentration for the commercial Ag and Au NPs used in this study (see
paragraph 6.3).

Given the scarce commercial NP standards for most elements, calibration is
often performed using dissolved standards. However, this approach requires the
determination of an element mass entering plasma in a given dwell time (Eq. 4),
for which the transport efficiency needs to be accurately known. In addition, ICP-
MS responses for the analyte, either in dissolved or NP form, should be identical.
However, this might not always be the case. Whereas acids are often added to
dissolved standards to increase their stability, NP dispersions are often prepared
in water, leading to possible matrix interferences.?

Considering the discussion above, well-characterized certified reference
materials, such as those provided by the National Institute of Standards and
Technology (NIST), could help to solve some of the remaining challenges of SP-
ICP-MS analyses. Such standard materials with carefully determined NP size and
concentration values are urgently needed for method development, validation,
and quality control purposes. However, the availability of these materials is
scarce and limited to pristine NPs of just a few elements, while no matrix
reference materials currently exist. In addition, currently, no reference materials
with certified values for particle concentration are available, which would be
crucial for accurate particle concentration determination.V
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5 IMPROVING THE ACCURACY OF SP-ICP-MS
ANALYSES

5.1 Sensitivity improvement by instrumental parameter
optimization

Instrument sensitivity and LODsize values can be improved by carefully
optimizing the instrumental parameters. Even though the importance of
instrumental parameter optimization is well-recognized in solution ICP-MS, 118119
only a few studies exist on the effect of instrumental conditions in SP-ICP-MS.
Ho et al. 1?0 focused on studying the effect of sampling depth value on the intensity
of Au and Zr in dissolved or NP form. Similar optimal sampling depth values
were obtained both for dissolved gold and relatively small Au NPs (150 nm).
However, due to the longer vaporization time required, the larger 250 nm Au
and 80 nm ZrO; NPs’ optimum sampling depth shifted to larger values than the
dissolved analyte. Kalomista et al.1?! optimized the sampling depth value for
measuring Au and Ag NPs. The ion signal was significantly enhanced at the
optimal sampling depth value of 4 mm, which translated into a 25-30% reduction
in the LODsize values. As such, significant improvement in the ion signal can be
achieved by optimization of sampling depth. However, as the effect of
instrumental parameters is clearly dependent on each other in a complex
way, %19 to obtain truly optimal conditions, the interaction effect between the
parameters should be considered. This can be achieved by using a design of
experiments (DoE) approach, which is a systematic approach used for planning
and performing experiments to obtain valid and objective conclusions. Instead of
changing the parameter (i.e., factor) value one at a time and monitoring the
response, the values of all factors are varied simultaneously, allowing the
assessment of potential interaction effects between the variables.122123

Among DoE approaches, response surface methodology (RSM) is one of the
most relevant multivariate techniques used in analytical optimization. It involves
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statistical and mathematical techniques based on the fit of a polynomial equation
to the obtained experimental data, allowing the prediction of the response at any
point in the experimental field. In addition, a graphical presentation of the
response in accordance with the factors can be obtained, which allows a careful
evaluation of the factors’ effects on the response.124

Utilizing RSM methodology first requires identifying the independent
variables (i.e., factors) that significantly affect the response. After selecting the
factors for the experiment, the maximum and minimum values define the
experimental region to be studied. The experiments then take place according to
the selected experimental design, which defines the specific set of experiments to
be performed. A second-order model, such as a general or three-level factorial
design, is used if the response is expected to present any curvature. After that, a
polynomial equation is fitted to the experimental data, which relates the obtained
response to the factors. The generalized second-order model equation can be
expressed as follows (Eq. 5):

y = Bo+ Xicy Bixi + Xicy Buxi® + Xiaic; Bijxix; + € )

where y is the response, k is the number of variables, x represents the
variables, f is the constant term, f; is the coefficient of the linear parameter, fi is
the coefficient of the quadratic parameter, fj is the coefficient of the interaction
parameters, and ¢ is the observed error in the response.!24

The model’s ability to describe the experimental results (i.e., the quality of
the model) is then evaluated using statistical methods. Finally, the optimum
values for each factor can be solved and further verified by the experimental
results.124

5.2 Improving accuracy by dissolved element removal

Detecting NP events is challenging in SP-ICP-MS in the presence of a high
background signal. The following chapters discuss different means to improve
the accuracy of NPs” detection and determination in the presence of an elevated
background signal.

5.21 The effect of data acquisition parameters and data processing

The dwell time used is an important parameter to consider for detecting NP
events, especially in the presence of a high background signal. Although modern
instruments allow using dwell times down to 10 ps, values in the millisecond
range (e.g., 2-10 ms) are still frequently applied.!® As NPs are ionized in plasma,
they will generate an ion signal with a ca. 400-500 ps duration.'?® As such,
depending on the dwell time used, NP events can be recorded either as one-
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reading signals, i.e., as spikes (with dwell time in the millisecond range) or as
transient signals (with dwell time in the microsecond range, <200 ps). In the
former case, a relatively large contribution of the signal intensity comes from the
background signal, thus limiting the smallest detectable NP size. As the intensity
of the background signal is affected by the dwell time used and the intensity of
the NP spike is not, using shorter dwell times will allow smaller NPs to be
detected.?”

Compared to millisecond dwell times, using shorter dwell times in the
microsecond range available in modern instruments has improved the detection
of the smaller NPs. As dwell times shorter than the ion signal duration are used,
the background signal contribution is split between different dwells. Thus, the
only contribution of the background signal to the NP event comes from beneath
the NP signals.8” When using high data-acquisition frequencies, the accuracy of
NP event identification in the presence of a high background signal can be
improved further by using more sophisticated data processing methods to
separate NP events from the baseline. Cornelis and Hassellov126 demonstrated a
deconvolution method using Polygaussian probability mass functions for
improved separation of the NP signals in the presence of high dissolved analyte
levels. Mozhayeva et al.1?” suggested using a data processing method based on
Poisson statistics to determine threshold values used for identifying NP events.
However, these data processing methods are currently unavailable in
commercial software, thus requiring laborious manual data processing.

5.22 Sample dilution

As the background signal’s magnitude depends on the dissolved analyte
concentration,® sample dilution is by far the simplest alternative for minimizing
the dissolved analyte interference. Ideally, samples should be diluted to reduce
the dissolved concentration near or below the method detection limit (MDL), as
even low concentrations of dissolved analyte can interfere with the detection of
the smallest NP events (e.g., 20.1 ug L for 30 nm Ag NPs!). Schwertfeger et
al.”7 proposed a simple method for reducing the interfering effect of the dissolved
analyte, which is based on a serial dilution of the samples. At first, samples are
diluted only if necessary to capture dissolved concentration in the calibration
range. After this, particle concentration is determined from “optimally diluted”
samples, where the dissolved analyte concentration is reduced to <MDL. A
second dilution is then performed to verify the obtained results by further
diluting the samples 2-fold.

However, although sample dilution offers a simple and effective means for
eliminating dissolved analyte interference, it suffers from some drawbacks. First,
sample dilution also affects the sample’s particle concentration and, thus, may
prove problematic for environmental samples with low particle concentration
(e.g., <10 ng L1 Ag NPs in surface waters!%106128) Although sampling times may
be extended to capture sufficient NP events for statistically significant
determination,®”!V total analysis time can increase significantly.!V Second, sample
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dilution may increase the risk of NP instability in highly diluted suspensions,
leading to biased results.129-131

5.2.3 Extraction methods

Solid-phase and liquid-liquid extraction (LLE) are mature and routinely used
sample preparation techniques, utilizing the different partitioning of analyte
species between two phases.’3? Both techniques can be applied for analyte
preconcentration or separating sample constituents before analysis. In recent
years, these techniques have also been applied to analyze NPs from various
matrices using the SP-ICP-MS technique. Considering SP-ICP-MS analysis, the
main purpose of these techniques has been the discrimination of NPs from their
ionic counterparts while preserving the original NP properties.

LLE methods, such as CPE, utilize analyte partitioning between two
immiscible phases. Several authors have demonstrated the applicability of CPE
in determining Ag and Au NPs with the SP-ICP-MS technique over the
years.”894133134 In CPE, a non-ionic surfactant (such as Triton X-114) is added to
an aqueous sample solution over the critical micellar concentration. Heating the
mixture above the cloud point temperature allows the formation of hydrophobic
surfactant micelles, which can capture NPs from the sample matrix and thus
allow the separation of NPs from their ionic counterparts. Separation of the two
phases can then be achieved simply by decanting or centrifugation.”® As CPE
allows the preconcentration of NPs in a small volume, it can be seen as highly
beneficial in analyzing, e.g., environmental samples with low particle
concentration. However, the technique still requires additional development, as
the NP extraction efficiency is shown to be affected by particle surface and other
compounds present. As reported by Hadri et al., '3 low extraction efficiencies
(<30%) were obtained for PVP-stabilized NPs and in the presence of humic
substances. In addition, some dissolved analyte can still be coextracted with NPs
into the surfactant-rich phase, thus leading to only partial elimination of the
background signal.”8

Compared to LLE, SPE offers some significant benefits, such as the wide
range and availability of materials. Numerous papers®1121131351361 have
demonstrated the applicability of SPE materials for separating NPs and their
ionic counterparts, followed by determination with SP-ICP-MS. In these studies,
the main purpose has been the removal of the dissolved analyte, thus allowing
more accurate NP determination. Luo et al.% applied in-lab synthesized magnetic
sorbent for adsorbing ionic silver in environmental waters. The sorbent
containing the silver ions could then be easily recovered by an external magnet,
allowing more accurate sizing of Ag NPs. However, as the method resulted in
only partial removal of dissolved ions (81-98%) and some Ag NPs (<30%) were
coextracted, additional development is needed.

Among the commercially available SPE materials, “Chelex 100” has been
frequently applied in analyzing Ag,11313511 ZnO,111112 and LaxO3'3¢ NPs for
removing the dissolved element in various matrices. For example, Hadioui et
al. 113 demonstrated the first online coupling of Chelex 100 resin with SP-ICP-MS,
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allowing efficient removal of AgD and, thus, more accurately determinating Ag
NP size. However, total analysis time can be increased considerably for the
lengthy washing and regeneration steps needed to ensure the resin’s proper
functioning.113135 Recently, we presented a simple sample pretreatment method
for the efficient removal of AgD in Ag NP dispersions based on the utilization of
SPE materials.!! Compared with the existing online systems, the proposed off-line
procedure maximized samples throughput in ICP-MS by omitting the laborious
washing and regeneration steps used in online systems.

5.2.4 3D printing

During the past decades, 3D printing or additive manufacturing has gained great
interest in a wide range of applications in different fields. 3D printing allows the
fabrication of three-dimensional objects based on a pre-designed model, thus
serving as a means to produce custom-specified items with relative ease. The
advances made in the field over the years have increased the performance of 3D
printers and the range of compatible materials, which has led to developing
numerous innovative applications. 3D printing has already been beneficiated in,
e.g., bioprinting of tissues and organs, fabrication of optical lenses, or even
metallic components.109137-139

With the increasing interest and development in the field, the 3D technique
is expected to bring many benefits to analytical chemistry. For its ability to
produce complex objects with high precision, 3D printing has been used, e.g., for
improving chromatographic efficiency by preparing innovative non-linear
columns (e.g., spiral, serpentine) or bed materials, and for preparing low-cost
parts used e.g., in spectroscopic instruments.’3” In addition to fabricating custom
labware and complex items, 3D printing can be beneficiated in preparing objects
with actual functionalities. This has enabled the development of many innovative
solutions for preparing catalysts!4014l and extracting and preconcentrating
elements. For example, Kulomdki et al.142143 developed a method for efficiently
preconcentrating mercury using 3D printed scavengers, thus allowing its
accurate quantification in natural waters. 3D printed scavengers can also be used
to remove pharmaceuticals from wastewater, as demonstrated by Frimodig et
ql 144

Despite its potential, utilizing 3D printing in NMs” determination is still rare.
Su et. al.1% used 3D printed knotted reactors to differentiate ionic silver and Ag
NPs from wastewater samples by carefully adjusting the sample acidity. It was
shown that selectively extracting AgD is achieved at pH 12, whereas both analyte
forms can be retained at pH 11. The retained AgD and Ag NPs were then
detached with 1% HNOs3, followed by the quantification of total silver
concentration with ICP-MS. The concentration of Ag NPs was then calculated as
Agiotal-Agdissolved. However, no information can be obtained from NP size using
this method.

Despite its scarce beneficiation in SP-ICP-MS analyses, 3D printing has
much to offer. We recently demonstrated a novel sample pretreatment procedure
for efficiently removing AgD in Ag NP dispersions using functional 3D printed
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scavengers.Il Selective laser sintering (SLS) enabled the incorporation of SPE
material into highly porous 3D printed scavengers, which allowed rapid and
highly efficient AgD removal while preserving the original properties of Ag NPs.
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6 EXPERIMENTAL

6.1 SP-ICP-MS measurements

The SP-ICP-MS measurements of silver and gold were performed with a NexION
350D ICP-MS operating in a time-resolved analysis mode (Table 2). The
instrument’s general performance was checked daily before the measurements
using a multielement tuning solution and adjusted if found necessary. Raw data
were processed using a commercial Syngistix Nano Application Module (v. 2.5)
software, which automatically separates NP events from the baseline (dissolved)
signal by applying a threshold value determined with an iterative “mean+30”
calculation.14® All measurements performed for papers Il and III were carried out
using an ESI 4DX autosampler, whereas a manual sample introduction was used
for paper 1.
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TABLE 2 Instrumental parameters used for the SP-ICP-MS measurements of gold and

silver.
Parameter Gold (Au) Silver (Ag)
ICP RF-power (W) 1200-1600 1600
Nebulizer gas flow (L min-?) 0.90-1.06 0.92-0.95
Plasma gas flow rate (L min) 18 18
Auxiliary gas flow rate (L min) 1.2 1.2
Sorav chamber Baffled Cyclonic, Glass Baffled Cyclonic, Glass
pray (cooled to 2 °C) (cooled to 2 °C)
Nebulizer ESI PFA Concentric ESI PFA Concentric
Injector 1.8 mm i.d. Sapphire 1.8 mm i.d. Sapphire
Sampling depth (mm) 9-12 11
Dwell time 100 ps 100 ps
Sampling time (s) 30-60 30-120
Transport efficiency (%) 7.48-7.53 6.1-8.7
Sample uptake rate (g min) 0.284-0.291 0.263-0.314
Isotope monitored 197Au W7Ag
Density (g mL1) 19.3 10.49

All aqueous solutions used in this study were prepared using ultrapure (UP)
water with a resistivity of 18.2 MQ-cm. The sample uptake rate (Qsam, g min?)
was determined daily, at least in duplicate, by quantifying the uptake rate of
water after 3 min of aspiration and regularly monitored during measurements.
Transport efficiency (n) was determined daily according to Eq. 2 at least in
triplicate using the particle frequency method presented by Pace et al.’
Dispersions containing ca. 10° particles g of 50 and 100 nm PEG-COOH-
stabilized Au NPs in UP water designed for SP-ICP-MS calibration were used for
their stability.

AgD calibration standards (0.1-2 pg kg') were prepared from a standard
stock solution of silver by dilution with a 0.5 mM solution of sodium thiosulfate
(STS). 40, 50, and 80 nm citrate-stabilized Ag NPs were used for the particle
calibration of silver. Before measurements, the matrix of all sample and
calibration standard solutions was adjusted to 0.5 mM STS to minimize any
matrix differences.

The particle calibration of gold was performed using 30, 50, and 80 nm PEG-
COOH-stabilized Au NPs, which were diluted to a particle concentration of
approximately 10° part. g-! before use.

All solutions used in this study were diluted gravimetrically using new
high-density polyethylene bottles and polypropylene (PP) centrifuge tubes. All
samples and calibration standards used in the experiments were diluted daily
right before the measurements.
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6.2 ICP-MS measurements

Some of the gold and silver measurements were performed using a NexION
350D ICP-MS operating in solution (standard) mode (Table 3). Calibration
standards of silver ranging from 1 to 100 pg kg* were prepared from a standard
stock solution of silver by dilution with a thiourea solution (0.1% thiourea (w/v),
2.25% HCl (v/v) and 0.75% HNOs (v/v)). The calibration standards of gold (0.1-
5 ug kg1) were diluted from a stock solution of gold with a solution composed of
2.25% HCl (v/v) and 0.75% HNOs (v/v).

TABLE 3 Instrumental parameters used for ICP-MS measurements of gold and silver.
Parameter Gold (Au) Silver (Ag)
ICP RF-power (W) 1200-1600 1600
Nebulizer gas flow (L min-?) 0.90-1.06 0.93-0.94
Plasma gas flow rate (L min?) 18 18
Auxiliary gas flow rate (L min) 1.2 1.2
Sorav chamber Baffled Cyclonic, Glass Baffled Cyclonic, Glass
pray (cooled to 2 °C) (cooled to 2 °C)
Nebulizer ESI PFA Concentric ESI PFA Concentric
Injector 1.8 mm i.d. Sapphire 1.8 mm i.d. Sapphire
Sampling depth (mm) 9-12 11
Dwell time 50 ms 50 ms
Readings/sample 3 3
Isotope monitored 197Au WAg
Internal standard ! 195Pt 102Ru

1 Not used in the optimization measurements of gold

6.3 Verification measurements of the commercial NP dispersions

The particle concentrations and diameters of the commercial Au and Ag NP
standard dispersions used in this study were verified in the laboratory before use
(Table 4), as deviations from the information provided by the supplier have been
previously reported.®®>9?117 The mass concentration (mg L) of the commercial
NP dispersions was determined with ICP-MS from acid-digested (aqua regia)
samples at least in duplicate. The citrate-stabilized Au and Ag NPs’ particle size
was performed using TEM. >250 particles were considered for the calculation of
average particle diameters. However, the TEM’s rather high detection limit was
found inadequate for verifying the PEG-COOH stabilized Au NPs for the low
particle concentration of the dispersions (ca. 107 part. mL-1). The particle size of
these NPs was thus determined with SP-ICP-MS by using 30 and 50 nm citrate-
stabilized Au NPs as a reference.
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The mean particle sizes of the commercial NP standards were found to
differ <10% from the values provided by the supplier (Table 4) and were used
throughout the study. Although the mass concentration of the NP dispersions
was generally found to be in good agreement (<10% different) with the values
provided by the supplier, significantly lower (up to 21.5%) values were obtained
for the 50 and 100 nm PEG-COOH stabilized Au NPs. The in-lab verified mass
concentration values of the Au and Ag NP standards were used to calculate the
particle concentration values (part. g'1) used in papers II and III

TABLE 4 Verification measurements of the commercial NP dispersions.
Particle diameter (nm), mean * Mass concentration
standard deviation (1s) (mg L)
Differ- Differ-
1 . .
Particle Supplier | Measured ence (%) Supplier | Measured ence (%)
20 nm Au NP
+ +
(Citrate), NC 18.2+2.1 18.9+¢1.9 3.6 51 56 +9.3
30 nm Au NP
+ + - -
(Citrate), NC 30£3 30£3 1.5 52.5 51.9 1.2
30 nm Au NP
(PEG-COOH), | 27.1£1.1 27.1+0.1 -0.1 0.002 0.002 +3.8
PE
50 nm Au NP
(PEG-COOH), | 49.6+2.1 50.6+0.2 +2.0 0.0124 0.0100 -19.1
PE
50 nm Au NP
+ + -
(Citrate), NC 5245 53+7 +1.1 52 52 0.1
100 nm Au NP
(PEG-COOH), | 99.4£3.0 96.4+0.3 -3.0 0.0993 0.0779 -21.5
PE
30 nm Ag NP
+ + - -
(Citrate), NC 2943 28+4 4.3 21 19 8.1
40 nm Ag NP
+ + + -
(Citrate), NC 4145 45+5 8.6 21 19 7.5
50 nm Ag NP
(Citrate), NC 52+6 51+6 -1.5 21 19 -9.1
80 nm Ag NP
(Citrate), NC 77£9 83+11 +8.4 21 21 +0.8

1 Supplier is given as follows: NC=NanoComposix (particle size determined with TEM),
PE=PerkinElmer (particle size determined with SP-ICP-MS)
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6.4 Optimization of SP-ICP-MS’ instrumental parameters for
gold

A DoE approach was used to optimize instrumental parameters for both
dissolved and NP gold. For the experiments, solutions containing 1 pg kg of
dissolved gold and 50 nm PEG-COOH stabilized Au NPs (ca. 10° part. g1) were
prepared in UP water. A general factorial design approach was used for
designing the experiments for its ability to describe in detail the changes in the
response variable in accordance with the studied variables. Nebulizer gas flow
(A), plasma power (B), and sampling depth (C) were chosen as the independent
variables (i.e., factors), whereas gold intensity was the response variable
measured. The factors and their levels used in the experiments are presented in
Table 5. Minitab 19 software was used to analyze the experimental data and
generate the surface plots.

TABLE 5 The factors and their levels used in the experiments.!

Variables
Levels | Plasma RF-power (W) Sampling depth (mm) Nebulizer gas flow
(L min-1)
1 1200 9.0 0.90
2 1400 10.5 0.92
3 1600 12.0 0.94
4 0.96
5 0.98
6 1.00
7 1.02
8 1.04
9 1.06

Results obtained for 20 and 30 nm Au NPs using robust and optimal conditions
were compared to study the effect of instrumental parameters” optimization on
the accuracy of Au NP determination. For the robust settings, the ICP-MS
instrument was tuned according to the instrument software’s tuning protocols
(i.e., maximum sensitivity with minimal interferences). For the measurements
performed under optimal conditions, optimized instrumental parameters were
used with the nebulizer gas flow adjusted to gain maximum °”Au* intensity.

6.5 Characterization of the water samples

This study used several water samples (UP, synthetic, waste, and environmental
waters) with different physicochemical properties obtained from different
locations in Southern Ostrobothnia and Central Finland. The concentration of
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silver (both NP and AgD) in the water samples was quantified with SP-ICP-MS.
The other major and minor elements were determined with ICP-OES. A more
thorough characterization of the physicochemical properties was performed for
the water samples used in paper II, of which more details can be found therein.

6.6 Application of SPE materials for AgD removal

6.6.1 Investigating the AgD interference

To investigate the effect of coexisting AgD on Ag NPs’ determination,
dispersions containing 30, 40, 50, or 80 nm Ag NPs (ca. 10° part. g1) were spiked
with increasing amounts of AgD (0-1 pg kg?). All samples were prepared in
triplicate and measured with SP-ICP-MS. To evaluate the interfering effect of
AgD, particle mean size (d) and concentration (Cp) values obtained for samples
spiked with AgD were compared to those obtained at a AgD concentration of 0

ng kgl
6.6.2 Extraction experiments using SPE materials

Various commercially available SPE materials were evaluated for AgD removal
in Ag NP dispersions. Details of the SPE materials used in the experiments can
be found in paper II (in Table 2). Before use, all SPE materials were pretreated to
remove the finest particles, which could block the ICP-MS instrument’s sample
introduction system. Some SPE materials were further converted to their sodium
(Na*) form to minimize pH changes in the sample solution during the separation
process.

The applicability of the SPE materials for AgD removal in Ag NP
dispersions was evaluated by assessing these materials’ effect on sample
properties. The experiments were generally conducted as follows: Solutions
containing 30 or 50 nm Ag NPs (ca. 10° part. g'1) and/or 0-1 ug kg of AgD were
prepared in different water matrices. 10+1 mL of the sample solution was poured
into 15 mL PP tubes containing 40-50 mg of SPE materials. All samples were then
manually mixed for 5 min, after which the SPE materials were separated with
centrifugation. Finally, the supernatant liquid was carefully separated by
pipetting. Reference samples (i.e., samples analyzed without pretreatment) were
similarly prepared as above but without the addition of SPE materials. All
samples were prepared at least in duplicate and measured with SP-ICP-MS as
described in Chapter 6.1.

SPE materials” effect on sample properties was evaluated according to Egs.
6 and 7, where EE-% is the SPE material’s AgD extraction efficiency, Cag is the
concentration of AgD (ug kg1), and Gy is the particle concentration (part. g1) in
reference sample (Ref.) and in the sample treated with SPE material (Sample):
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Cc -C
EE _ % — Ag(Ref.)”“Ag(Sample) . 100% (6)
Cag(Ref)

C, recovery(%) = M- 100% (7)
p(Ref.)

Furthermore, the particle size distribution histograms and the mean size
values obtained for samples treated with SPE materials were compared to those
obtained for reference samples.

6.7 Application of functional 3D printed scavengers

6.7.1 Preparation and characterization of 3D printed scavengers

The cylinder-shaped 3D scavengers used in paper III were designed to fit into 10
mL syringes and printed with a Sharebot SnowWhite SLS 3D printer. The
printing parameters (i.e., laser speed and temperature) were adjusted to obtain
highly porous yet durable 3D scavengers, which allow the sample solution to
flow through the objects.

For the experiments performed in paper III, two types of 3D scavengers
were prepared. First, for the selection of the most suitable supporting material
used for printing, bare 3D scavengers constituting solely of the supporting
material were prepared using polyamide-12 (PA-12), thermoplastic polyurethane
(TPU), and polystyrene (PS). Second, after the selection of the materials, the final
3D scavengers were prepared using PS and SPE material SiliaBond Tosic acid
(TA), which were manually mixed in a mass ratio of 1:10 before printing (10 m-%).
After printing, all 3D scavengers were pretreated to remove any residual
impurities and unsintered powder, after which they were placed in 10 mL
syringes (1 scavenger/syringe).

Scanning electron microscopy with backscatter electron detection
(BSD-SEM) was used for the structural characterization of the 3D TA scavengers.
To improve imaging, samples were sputter coated with gold.

6.7.2 Evaluation of the 3D printed scavengers’ effects on analyte properties

For the evaluation of the 3D scavengers’ effect on analyte properties, dispersions
containing 30 or 50 nm Ag NPs (ca. 10° part. g') and/or AgD (0.2 or 1 pg kg)
were prepared. All samples were analyzed as such and after passing through the
3D scavengers at least in duplicate. Generally, 10 mL of sample solution was
passed through one 3D scavenger using a syringe piston with a flow rate of ca.
10 mL min!, and the outflowing solution containing Ag NPs was collected into
a15 mL PP tube. Any sample residues were then removed by rinsing, after which
UP water was passed through the 3D scavengers as blank samples to estimate
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possible carryover. The AgD retained within the 3D TA scavenger was then
eluted using a 0.5 mM STS solution (V=10 mL). The determination of Ag NPs and
AgD concentration of the samples was then carried out with SP-ICP-MS, as
described in Chapter 6.1.

3D scavengers’ etfect on Ag NP properties was estimated according to Eq.
8, where C;, is the obtained particle concentration (part. g1) for samples before (i)
and after (f) passing through the 3D scavengers:

C, recovery (%) = %- 100% (8)
p®

In addition, the particle size distribution histograms and the mean particle
sizes obtained for samples before and after passing through the 3D scavengers
were compared.

The 3D scavengers” AgD extraction efficiency was calculated using Egs. 9
or 10, where Cag is the concentration of AgD (pg kg') before (i) and after (f)
passing through the 3D TA scavenger. AgD’s limit of quantification (LOQ) of 0.02
ng kgl was considered in the calculations as follows:

Cag® > LOQ:

EE — % = ~290""490) . 1909, )

Ag(®)
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Cag < LOQ:

CAg(i)—LOQ

Ag(®

EE — % > -100% (10)

The desorption efficiency of AgD (DE-%) was determined using Egs. 11 or
12, where Cag(e) is the AgD concentration in the elution solution (in pg kg1), and
Veand Vi are the volumes of the elution and sample solutions (in kg), respectively:

Cagr > LOQ:
Cage)Ve
DE — % = -1009 11
% (Cagiy=Cag(r) Vi % (1)
Cagr < LOQ:
DE — 0 > —49@7_. 1000 (12)

~ (Cag—0) Vi
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7 RESULTS AND DISCUSSION

This chapter summarizes the main results and findings obtained from the three
publications included in the thesis. Paper I focused on improving the detection
of Au NPs by instrumental parameter optimization. In contrast, papers II and III
focused on improving the accuracy of Ag NP characterization and quantification
by AgD removal using SPE materials.

7.1 Optimization of SP-ICP-MS instrumental parameters for gold

7.1.1 Fitting of the second-order model

First, a second-order polynomial model was fitted to the experimental data
according to Eq. 5 (paragraph 5.1) for dissolved and nanoparticulate gold. Then,
a backward elimination method available on the Minitab 19 software was used
to automatically remove the statistically insignificant terms with P-values >0.05
(95% confidence level).

The statistical significance of the final regression models, main variables,
and their interactions was evaluated based on analysis of variance (ANOVA, not
shown). Large F-values and P-values <0.05 were obtained for both models,
indicating that the models are significant and can explain the observed variation
in the response. The obtained adjusted R?- and predicted R2-values were >92%
for nanoparticulate and dissolved gold, indicating a good fit between the model
and experimental data.

For both forms of the analyte, the main and quadratic effects of the main
variables (A, B, C, A2, B, C?) as well as the two-way interaction effects A*B and
A*C were found to have a significant effect on the response (the intensity of gold)
at the 95% confidence level. The final predictive equations obtained for
nanoparticulate and dissolved gold were as follows (in uncoded units):
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Nanoparticulate gold:

y (counts) = —3217 + 94114 — 1.899B — 13.2C — 7604 A% —
0.000192B2 — 10.071C? + 2.5117AB + 198.3AC (13)

Dissolved gold:

y (counts) = 1745603 + 5070025A-998.6B +
12810C-4090912A4%-0.1255B%-5422C?% + 1417.0AB + 94268AC (14)

7.1.2 The effect of the variables on the intensity of gold

To study the instrumental parameters’ (A, B, C) effect on the intensity of gold in
more detail, response surface plots were drawn based on Eqgs. 13 and 14 (Fig. 2).

The detailed analysis of the effects of the variables can be found on paper I,
and is only briefly discussed here.

As the response surface plots obtained for nanoparticulate and dissolved
gold are compared (Fig. 2), a high resemblance is observed. This indicates similar
behavior of the two analyte forms in plasma in accordance with the instrumental
parameters used. The instrumental parameter values clearly significantly affect
the obtained response (the intensity of gold) for both forms of the analyte. This
results from the changes in plasma characteristics, affecting the overall degree of
analyte ionization and the transport of ions in plasma and, thus, the obtained
intensity value.109110118119,147-151 The interaction effects of the main variables (A*B
and A*C) are visible in Fig. 2, and the effect of adjusting the value of one variable
depends largely on the value of the other variable. As an example, although
decreasing the sampling depth at low nebulizer gas flows (ca. <1 mL min) leads
to an intensity increase, the opposite is true for high nebulizer gas flows values
(Fig. 2 c and d). As such, variables should be optimized using the DoE approach
instead of one factor at a time if the maximum intensity is expected.
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7.1.3 Optimized instrumental parameter values

The predicted optimal instrumental conditions were solved using Minitab 19
software as follows (for nanoparticulate/dissolved gold): A 1.03/1.01 L min'!, B
1600W, and C 11.0/10.0 mm. As minor differences were observed in the
predicted optimal conditions for different analyte forms, additional experiments
were conducted to confirm the optimal sampling depth values. In these
experiments, the nanoparticulate and dissolved gold intensity was determined
at different sampling depth positions (9, 10, 11, and 12 mm) with plasma power
and nebulizer gas flow set to their optimal values (1600W and nebulizer flow
optimized for a given sampling depth position). The highest intensities for both
dissolved and nanoparticulate gold were obtained using 11.0 mm as the
sampling depth. For dissolved gold, the differences in the obtained intensity at
sampling depth positions of 10 and 11 mm were negligible (<5%). This could
explain the differences in the predicted optimal conditions obtained for the two
analyte forms. However, the optimal sampling depth range is narrower for
nanoparticulate than for dissolved gold. Decreasing the sampling depth value
<11 resulted in up to a 10% decrease in the intensity, presumably due to the
longer time required for complete vaporization and ionization of the
particles.109,110150152,153

Compared to robust conditions, optimization of instrumental parameter
values increased the nebulizer gas flow value. This contrasts with the findings of
Kélomista et al.,’?! who found the optimum sampling depth value to be 4 mm.
However, as only the sampling depth value was optimized, the interaction effects
of variables could not be considered. Although significant improvement in the
intensity can be achieved by adjusting the instrumental parameters one at a time,
for obtaining maximum intensity values, parameters should be jointly optimized
using the DoE approach. This is because of the significant interaction effects of
the main variables, i.e., the optimal setting of each variable is dependent on the
other two variables.123154

7.1.4 The effect of optimization on the accuracy of NP determination

Results for 20 and 30 nm Au NPs obtained under optimal and robust conditions
were compared to study the effect of instrumental parameter optimization on Au
NP determination. A significant (+70%) increase in instrument sensitivity was
achieved by instrumental parameter optimization as compared to robust
conditions, translating into a 15% decrease in the LODsize. The increased
sensitivity allowed the detection of smaller NPs, thus achieving more accurate
sizing and counting of the 20 nm Au NPs (Table 6). However, low particle
concentration recoveries (<30%) were still obtained under both conditions. This
is most likely due to the challenges of determining NPs near the LODsize, as also
observed by other authors.1 Excellent recoveries (101%) were obtained for the
30 nm Au NPs under both conditions, indicating that experimental results
obtained for <30 nm NPs should be interpreted with caution.
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TABLE 6 Instrumental conditions’ effect on the determination of 20 and 30 nm Au
NPs, given as a mean * standard deviation (1s) of three replicates.
Mean size (nm) Cp recovery (%)
LODsize 20 nm Au 30nm Au NP | 20 nm Au NP | 30 nm Au NP
(nm) NP (Citrate) | (PEG-COOH) (Citrate) (PEG-COOH)
Optimal 13 2141 28+1 2742 10144
conditions!
Robust 15 2241 2741 2343 10145
conditions?

1A 1.02L min?t, B1600 W, C11 mm
2A 093 L min-, B1600 W, C 11 mm

7.2 Improving the accuracy of Ag NPs” determination with SPE
material pretreatment

721 The interfering effect of coexisting AgD

Fig. 3 demonstrates the effect of coexisting AgD (0-1 ug kg1) on determining 30,
40, 50, and 80 nm Ag NDPs. Elevated concentrations of AgD increase the
background (dissolved) signal, which can overlap individual NP signals. In these
cases, only NP events large enough to be distinguishable from the background
signal are detected, leading to only a partial capture of NP size distribution and,
thus, biased NP determination. Since the intensity of NP events depends directly
on their size, coexisting AgD interferes foremost with the determination of the
smallest NPs by increasing the LODs;,!%113 (Fig.3). Whereas the determination
of the larger 50 and 80 nm Ag NPs is not affected by AgD concentration up to 1
ng kg, the detection of 30 nm and 40 nm Ag NPs clearly interferes with AgD
concentrations 20.1 ug kg. This results in a biased determination of NP size (up

to +80% increase) and particle concentration (up to -93% decrease).
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FIGURE3  Experimental results obtained for Ag NP mean size (a) and concentration (b)
in the presence of coexisting AgD. Results highlighted with an asterisk
calculated based on insufficient number of NP events for reliable
determination (<100). Reproduced with kind permission from Elsevier.!!

7.2.2 SPE materials’ effect on analyte properties

Various SPE materials obtained from commercial vendors were evaluated for
AgD removal in Ag NP dispersions by assessing their effect on analyte properties.
First, these materials” effect on Ag NP properties (particle size and concentration)
was evaluated in different water matrices (UP, spring, lake, and brook water, Fig.
4). Pretreatment of samples with SPE materials TP 214, SM DEAM, and SM Tri
was observed to cause significant NP losses (up to -64%) or decrease in particle
size, indicating possible particle dissolution. Therefore, these materials were
excluded. The remaining SPE materials (Chelex 100, C115HMR, SB TA, SM DMT,
and SM Thiol), however, were found able to preserve the original NP properties.
Similar results for particle size and concentration were obtained for samples
treated with these materials as compared to those analyzed as such. No
significant changes were observed in the particle size distribution histograms
obtained for these samples (data not shown), further proving the lack of
significant interactions between the SPE materials and Ag NPs.
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FIGURE4  SPE materials’ effect on 50 nm AgNPs’ properties in different matrices. The
black reference line in Figs. 4 a and b indicates the 90% C, recovery and the
verified mean size of the 50 Ag NPs (51 nm), respectively. Reproduced with
kind permission from Elsevier.!!

Once the materials that maintained original Ag NP properties were identified,
their ability to remove AgD was further studied. As a sample matrix affects the
efficiency of the SPE process,111112156157 experiments were performed in several
water matrices with different physicochemical properties. As the obtained results
in colorless and dark-colored waters (Fig. 5 a and b, respectively) are compared,
the sample matrix’s effect on AgD extraction efficiency can be clearly seen.
Whereas up to 97% extraction efficiencies are obtained in colorless waters
without humic substances (DOC <5 mg L-1), the SPE materials” ability to extract
AgD clearly decreases in dark-colored waters. The most likely explanation for
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this is the competitive binding of silver ions into humic substances” functional
groups. 158
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FIGURE5  SPE materials” AgD extraction efficiencies (EE-%) in colorless (a) and dark-
colored waters (b). Reproduced with kind permission from Elsevier.I!

The sample matrix should thus be carefully considered when choosing the SPE
materials for AgD removal in Ag NP dispersions. Based on the obtained results,
ion-exchange materials Chelex 100, C115HMR, and SB TA are generally more
efficient in colorless waters with 89-95% AgD extraction efficiencies. However,
SPE materials SM DMT and SM Thiol with thiol groups should be preferred in
dark-colored waters with higher amounts of humic substances. This is most
likely due to the strong affinity of silver towards sulfur groups.

Based on the obtained results, C115HMR and SM Thiol were chosen as the
tinal SPE materials used for dissolved removal in Ag NP dispersions for their
negligible effects on Ag NP properties and high AgD extraction capabilities.
Experiments were also performed with Chelex 100 for its frequent use in
previous studies.113135

7.2.3 The effect of the pretreatment method on Ag NP determination

The effect of the proposed sample pretreatment method on Ag NPs’
determination was evaluated by comparing the obtained results for samples
analyzed as such and after pretreatment with the chosen SPE materials. 30 nm
Ag NP dispersions containing 0-1 pg kg of AgD prepared in colorless and dark-
colored waters were treated with the chosen SPE materials C115HMR, Chelex
100, and SM Thiol, as described in paragraph 6.6.2.
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As seen in Fig. 6, as samples are analyzed as such, AgD severely interferes
with the detection of the 30 nm Ag NPs, resulting in significantly biased NP
determination. Increasing the AgD concentration causes a greater overlap
between the signals originating from the analyte, either in nanoparticulate or
dissolved form, leading to an NP size overestimation (up to +58%) and particle
concentration underestimation (up to -90%). Pretreatment of samples with the
SPE materials, however, removes a large portion of the AgD and thus minimizes
its interfering effect. In colorless waters, SPE materials Chelex 100 and C115HMR
remove AgD efficiently (up to 95%), allowing the accurate sizing and counting of
the 30 nm Ag NPs. However, in river water with moderate amounts of humic
substances (DOC 11 mg L1), SM Thiol is found more efficient in AgD removal
and should be preferred. As a result of sample pretreatment, a highly accurate
determination of Ag NP size (28+2 nm) and particle concentration (<21%
different) was achieved over the whole concentration range studied.

As the obtained particle concentration values for the samples analyzed as
such and after pretreatment with the SPE materials in UP water (Fig. 6) are
inspected in detail, some peculiar differences can be observed. Significantly
lower (up to -40%) particle recoveries are obtained for the analyzed samples
compared to those pretreated with SPE materials. Similar behavior was not
observed in other matrices, and no changes were observed in NP size, which
could indicate particle dissolution. As such, this unexpected behavior is assumed
to be due to the adsorption of Ag NPs into the sample introduction system'’s
surfaces, as reported before.4” SPE materials may reduce the interaction of the Ag
NPs with solid surfaces, thus explaining the observed results.
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FIGURE 6  Selected SPE materials’ effect on 30 nm Ag NPs’ properties in UP water (a),
spring water (2) (b), and river water (c). Results highlighted with an asterisk
calculated based on insufficient number of NP events for reliable
determination (<100). Reproduced with kind permission from Elsevier.!
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7.3 Improving the accuracy of Ag NP determination with 3D
printed functional scavengers

7.3.1 Preparation and characterization of 3D printed scavengers

For the preparation of functional 3D scavengers, a small amount of chemically
active material is mixed with a polymer used for building the object’s structure
(i.e., used as a supporting matrix). Considering the applicability of 3D scavengers
for the pretreatment of Ag NP dispersions, highly efficient AgD removal should
be achieved while preserving the original Ag NP properties of the sample. As
such, care was taken in selecting the materials used for constructing the 3D
scavengers, and their effect on Ag NP properties was thoroughly investigated.
Of the three polymer materials evaluated for supporting matrices (PA-12, TPU,
and PS), PS was chosen for its negligible effects on NP properties. Based on the
obtained results in publication II, TA was chosen as the chemically active
component for its efficient AgD removal capability, availability, and lack of
significant interactions with the Ag NPs.

The structural characterization of the final 3D TA scavengers constituting
PS and TA was conducted using BSD-SEM. As shown in Fig. 7, the PS particles
are only partially sintered together, forming a highly porous object with a large
surface area. The TA particles are strongly bound onto the surface of the PS
particles, thus decreasing the loss of capacity during use while remaining
available for chemical reactions. The voids and cavities in the range of 30 - 70 pm
within the object allow the sample solution to pass freely through the object while
enabling an efficient interaction between the analyte and the chemically active
TA material.
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FIGURE?7  BSD-SEM image of 3D TA scavenger’s break surface, showing TA particles
dispersed evenly within the structure (shown in lighter grey). Reproduced
with kind permission from Elsevier.!!

7.3.2 The effect of 3D TA scavengers on sample properties

3D TA scavengers were evaluated for Ag NP dispersions pretreatment by
evaluating their effect on original Ag NP properties and examining their AgD
removal efficiency. As shown in Fig. 8, similar results for NP mean size and
particle concentration were obtained for samples analyzed as such (Fig. 8 a) and
after passing through the 3D TA scavengers (Fig. 8 b). The 3D TA scavengers
were not found to affect the particle size distribution, confirming the lack of
significant interactions between Ag NPs and the 3D TA scavengers.
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FIGURE8  The experimental results obtained for 50 nm Ag NPs analyzed as such (a)
and after passing through the 3D TA scavengers (b). Reproduced with kind
permission from Elsevier.!!

In the following stage of the experiments, 3D TA scavengers” ability to extract
AgD was investigated in UP and spring water matrices. The 3D TA scavengers
proved highly efficient in removing AgD in all matrices, and extraction
efficiencies 289% were achieved. The competitive binding of common elements
found in environmental waters (Ca, K, Mg, Na, Sr) was not found to significantly
affect the 3D TA scavengers’ ability to extract AgD, proving 3D scavengers’
suitability for the pretreatment of natural water samples. Silver was not found in
the blank samples passed through the 3D scavengers after samples, indicating an
efficient retainment of the AgD in the 3D TA scavengers.

Next, the possibility of desorbing the adsorbed silver was studied with a 0.5
mM solution of STS. Independent of the sample matrix, desorption efficiencies of
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>75% were obtained. This indicates that 3D TA scavengers could also be used to
preconcentrate AgD.

7.3.3 The effect of the pretreatment method on Ag NP determination

The proposed sample pretreatment method’s efficiency for improving the
accuracy of Ag NP determination was evaluated in UP and two spring water
matrices. As Ag NPs in environmental samples are expected to be small (<30
nm),%8105106 experiments were performed using 30 nm Ag NPs spiked with 0.2 ug
kg1 of AgD to evaluate the 3D scavengers’ performance under more realistic
environmental conditions. The obtained results for samples pretreated with the
3D TA scavengers were compared to those analyzed as such. As the literature
suggests using sample dilution to eliminate AgD interference, 1% the
determination was also performed on 4-fold diluted samples for comparative
purposes. Results are displayed in Fig. 9.

56



[ w
o (82}
1 ]

)

Mean size (nm

[$7]
1

120

10

oo
(=]
1

o2}

recovery (%)
(]
1

o 4

C

2

FIGURE 9

N
o
|

-
(&)
|

-
o
1

0 -

04

0 -

B UP water
I Spring water (1)
I Spring water (2)

Before After 4-fold dil.

Before After 4-fold dil.

The experimental results obtained for 30 nm Ag NPs spiked with AgD,
analysed before and after passing through the 3D TA scavengers, and after a
4-fold dilution. The black reference line indicates the diameter of the 30 nm
Ag NPs (2943 nm as given by the supplier) used in the experiments. The
results obtained for the 4-fold diluted spring water (2) sample are not shown
due to the occurrence of false positives. Reproduced with kind permission
from Elsevier.!I

As seen in Fig. 9, coexisting AgD interferes with the determination of 30 nm Ag
NPs even at 0.2 ug kg concentration independent of the sample matrix. The high
background signal caused by coexisting AgD prevents the detection of the
smallest NP events entirely and shifts the size distribution to larger sizes. This
results in significantly biased NP sizing (up to +12%) and concentration
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determination (up to -51%). Pretreatment of the samples with the 3D TA
scavengers eliminates the interfering effect of AgD by highly efficient AgD
removal (289%, AgD concentrations <LOQ). As such, a much more accurate
determination of the 30 nm Ag NPs is obtained (Fig. 9). In addition, the retained
AgD was eluted with satisfactory results (=75%).

Considering UP and spring water (1) samples, highly similar values were
obtained for 4-fold diluted samples and samples pretreated with the 3D TA
scavengers (Fig. 9), further confirming the suitability of the pretreatment method
for Ag NP dispersions. However, an anomalously high number of low-intensity
events were observed in the 4-fold diluted spring water (2) sample’s size
distribution histogram (data not shown). As these events are most likely false
positives causing biased results, these results were discarded (a more detailed
discussion can be found in paper III). Nevertheless, the interfering effect of
coexisting AgD can be eliminated with 3D TA scavengers extremely fast (ca. 1
min/sample) in all matrices while preserving the original Ag NP properties. This
results in a more accurate determination of Ag NP size (<4% different) and
particle concentration (<13% different). As such, compared to sample dilution,
sample pretreatment with functional 3D scavengers offers a simpler and more
efficient alternative for AgD removal.
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8 CONCLUDING REMARKS

Although nanomaterials (NMs) have become inseparable from our everyday
lives, their environmental and human health effects are not yet fully understood.
An impartial evaluation of the benefits and the potential environmental and
human health risks is vital to ensure NMs' sustainable production and use in
various applications. This will require sophisticated analytical techniques able to
accurately determine the properties of these materials, even in complex
environmental sample matrices. As a contribution to available techniques for
reliable NM characterization, this dissertation thesis aimed to improve the
accuracy of NPs” determination with the SP-ICP-MS technique.

First, instrumental parameters (plasma RF-power, nebulizer gas flow, and
sampling depth) were optimized using a DoE approach for both dissolved and
NP gold. The purpose was to improve the detection of Au NPs by decreasing the
size limit of detection (LODsize), thus allowing more accurate sizing and counting
of the Au NPs. Significant interaction effects between the main variables were
noticed, highlighting the importance of DoE approaches in optimization. The
results showed similar optimal conditions for nanoparticulate and dissolved
gold, indicating similar behavior of the two analyte forms in plasma. Significant
(70%) enhancement in instrument sensitivity and a 15% decrease in LODsize
values were achieved through optimization of instrumental conditions, which
allowed more accurate determination of Au NPs near the LODsize compared to
frequently used robust conditions.

In the following stages of the study, the interfering effect of AgD on the
determination of Ag NPs was studied. AgD concentrations of 20.1 pg kg were
shown to severely interfere with the detection of 30 and 40 nm Ag NPs, thus
leading to a significant bias in Ag NP sizing (up to +58%) and concentration
determination (up to -90%). Two simple sample pretreatment procedures
utilizing solid phase extraction (SPE) materials for efficiently removing AgD
were developed, thus allowing more accurate Ag NP determination. First, the
applicability of several commercially available SPE materials was evaluated for
AgD removal in Ag NP dispersions in several environmental water matrices. SPE
materials’ AgD extraction efficiency depended on the sample matrix and, thus,
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different SPE materials were recommended for colorless and dark-colored waters.
The developed sample pretreatment method efficiently removed the dissolved
analyte, allowing a more accurate determination of NP size and concentration of
the 30 nm Ag NPs.

In the final stage of the study, an effective sample pretreatment procedure
utilizing functional 3D printed scavengers for AgD removal was presented. 3D
printing allowed the incorporation of an ion-exchange resin SiliaBond Tosic acid
(TA) into highly porous 3D printed objects. The 3D TA scavengers were highly
efficient in AgD removal while preserving the original Ag NP properties of the
sample. Pretreatment of the samples using 3D TA scavengers eliminated the
interfering effect of coexisting AgD and resulted in more accurate sizing (30+1
nm, <4% different) and counting (<13% different) of the 30 nm Ag NPs.
Furthermore, the extracted AgD was efficiently (275%) recovered using a sodium
thiosulfate solution, indicating the possibility of using 3D TA scavengers even
for the preconcentration of AgD.

The results presented here show that although SP-ICP-MS is a versatile
technique for the determination of NPs, the accuracy of the results depends on
several factors. The detection of the smallest NPs can be improved by carefully
optimizing instrumental conditions. In addition, the interfering effect of
dissolved analyte can be minimized by applying SPE materials, thus allowing
more accurate determination of NPs’ size and concentration. However, to select
the most suitable SPE material, the sample matrix must be considered. The results
also revealed that functional 3D printed scavengers offer a simple, reusable, and
highly efficient sample pretreatment procedure for AgD removal in Ag NP
dispersions.

Overall, this dissertation thesis has increased the knowledge of the potential
and existing limitations of SP-ICP-MS measurements. The increasingly important
nanomaterials” determinations have been significantly promoted by presenting
analytical methods suitable even for complex environmental water matrices,
allowing a more accurate determination of their properties. The sample
pretreatment methods presented in this work can also be potentially applied to
various other analytes and sample matrices, which could be studied more in the
future. In addition, more research on the interfering effect on the sample matrix
should be performed. While using internal standards would improve the
accuracy of the results, they might prove problematic to develop. Most
importantly, certified reference materials are urgently needed for method
development and validation purposes.
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ARTICLE INFO ABSTRACT

Keywords: Single particle inductively-coupled plasma mass spectrometry (spICP-MS) is a promising technique for analysis of
SpICP-MS engineered nanoparticles, whose utilization has increased substantially over the past years. Optimization of
Instrumental parameters instrumental conditions is, however, crucial to improve the sensitivity and precision of nanoparticle (NP)
g;ﬁ:&:ﬁ? detection. In this study, the influence of ICP-MS instrumental parameters (nebulizer gas flow, plasma

radiofrequency-power and sampling depth) on the signal intensity of gold in spICP-MS was evaluated using
dispersions of Au NPs and a solution of dissolved gold. The interaction effects of the main factors were found to
have a significant effect on the signal intensity, proving that factor values should be jointly optimized instead of
one at a time, if maximum ion signal is expected. Optimization of instrumental parameter values was performed
for both analyte forms and found to be in a good agreement, indicating a similar behavior of the particles in
plasma compared with the dissolved analyte. However, some differences in the behavior of the two analyte forms
as regard to sampling depth position was observed. Particle size or the presence of complex sample matrix was
not found to influence the optimal instrumental parameter values, however, a significant signal depression for
gold was observed (up to 50%) in matrices containing high levels of sodium. Compared to frequently used ‘robust
conditions’, a 70% increase in the ion signal intensity of gold and a 15% decrease in the particle size detection
limit was achieved with instrumental parameter optimization. As such, instrumental parameter optimization for
sensitive NP analysis can be seen as highly beneficial procedure.

Matrix effect

distribution can be seen as one of the most important parameters to be
determined. Several methods are available for NP size characterization,
such as microscopic (transmission and scanning electron microscopy

1. Introduction

The remarkable advancements made in the field of nanotechnology

have incorporated engineered nanomaterials (ENMs) into our everyday
lives. The unique and tunable properties of ENMs have enabled the
development of exciting new innovations, which are changing our way
to diagnose and treat diseases, produce and store energy and cultivate
our lands [1-3]. However, the increasing production of nano-enhanced
products has raised concerns about the potential negative effects of these
materials on the environment and human health [4-8].

In order to understand the potential impact of nanomaterials on to
the environment and human health, it is crucial to characterize these
materials carefully. As engineered nanoparticles are produced in various
sizes, shapes and with different elemental compositions and surface
functionalities, all of which might influence their behavior and effects in
the environment [5,6,9,10], characterization of nanoparticles (NPs) can
be done in numerous ways. However, as nanomaterial definition is
based on size [11], the determination of NP size and number size

* Corresponding author.
E-mail address: virva.v-t.kinnunen@jyu.fi (V. Kinnunen).
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(TEM, SEM)), fractionation (hydrodynamic chromatography (HDC) and
field-flow fractionation (FFF)) and ensemble methods (dynamic light
scattering (DLS) and small-angle X-ray scattering (SAXS)). However,
many of the current methods are not well suited for environmental
samples [12-15]. The challenge with many currently used methods is
that they lack the method sensitivity required for analysis of environ-
mental samples with low NP concentration or may require tedious
sample preparation steps, which might lead to sample alteration
[13-16].

Single particle inductively-coupled plasma mass spectrometry
(spICP-MS) is considered as one of the most promising methods for the
determination of NPs, as it is able to overcome many limitations faced
with other techniques [17-20]. Compared to other techniques, spICP-
MS holds some advantages for NP analysis in environmental samples.
Thanks to its sensitivity, spICP-MS enables the measurement of NP size,
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number size distribution, particle number concentration and ionic
content at realistic environmental concentrations [17]. In addition,
water samples can be analyzed without any sample preparation, which
minimizes the risk of altering the state of the NPs. Compared with e.g.
microscopic techniques, spICP-MS can provide information of relatively
high number of particles in a short period of time (e.g. <60s). However,
even though particle concentration detection limits in spICP-MS-
technique are low (e.g. 100 p/mL) [21], particle size detection limits
(LODgize) are often >10 nm for monoisotopic NPs and > 100 nm for
oxides [22]. Considering that in the European Commission Recom-
mendation (2011/696/EU) the term ‘nanomaterial’ is defined as a ma-
terial containing particles having at least one external dimension in the
size range 1-100 nm [11], improving the LODs;j,e can be considered as
one of the most important aspects in developing this technique.

The smallest detectable particle size in spICP-MS is determined by
the smallest pulse height that can be distinguished from the background
and depends mostly on the detection efficiency of the instrument. As
such, in terms of lowering the LODg,e, improving the ionization condi-
tions and the ion sampling efficiency is crucial. As particles are intro-
duced into the ICP as single droplets, a process of droplet solvation,
particle vaporization, atomization and ionization begins [17,23]. As a
result, an ion cloud is formed, which diameter will increase as it pro-
gresses in the plasma central channel before it is sampled at the sampler
orifice. The intensity of the NP signal depends on the relative distance of
the ion sampling position (sampler orifice) and the point, where parti-
cles start to vaporize. If the signal is measured too early, when vapor-
ization is not complete, the signal will be low. On the other hand, if the
signal is measured too late, diffusion losses will be significant, resulting
in a decrease in the signal intensity [23-25]. As such, an optimum ion
sampling position exists, where ionization has reached its maximum and
diffusion losses do not play an effect.

Ionization degree and diffusion losses are affected by particle resi-
dence time in the plasma, which is known to be influenced by instru-
mental parameters, such as nebulizer gas flow, plasma radiofrequency
(RF)-power, injector inner diameter (injector i.d.) and sampling depth
[23-31]. The optimum value of these parameters depends on a number
of factors, including e.g. ionization potential of the element and the
boiling point of the corresponding oxide, the size of the introduced
droplets and particles and the sample matrix [23,26,29-33]. As such,
optimization of instrumental parameters for precise and sensitive NP
analysis is crucial. Even though the importance of optimizing instru-
mental parameters in solution ICP-MS is well-known [32,34-37], the
effect of instrumental conditions in spICP-MS are far less studied. In ICP-
MS measurements, instrument software’s pre-programmed tuning pro-
tocols are frequently used for parameter adjustment, which aim to
maximize ion signal while minimizing interferences (i.e. ‘robust’ oper-
ation conditions). However, as these protocols are not designed for NP
analysis, the adjusted parameters can differ significantly from the
optimal values. To the best of our knowledge, only a few articles have
focused on studying the effects of instrumental parameters on spICP-MS
results. Ho et al. [29] studied the effect of sampling depth values to the
intensity of Au and ZrO, NPs. Similar optimal sampling depth values
were found for dissolved Au and relatively small Au NPs (<150 nm),
however the longer vaporization time of 250 nm Au and 80 nm ZrO3 NPs
resulted in a shift in the optimal sampling depth value as compared to
the dissolved analyte. Recently, Kalomista et al. [28] reported that the
LODs;ize for Au and Ag NPs could be significantly improved (25-30%)
compared with robust conditions by sampling depth optimization.

As highlighted by Mozhayeva and Engelhard in a recently published
review article [38], optimization of instrumental parameters is crucial in
order to improve the sensitivity and precision of NP detection. The most
critical parameters to optimize are plasma RF-power, sampling depth
and nebulizer gas flow, as these are known to affect the ion signal
significantly. In addition, the possible effect of the sample matrix and
particle size to the optimum conditions should be considered
[23,26,29-33]. The traditional optimization method is called as one
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factor at a time (OFAT) approach, where the optimum value for each
factor is determined by varying the value of each factor one at a time
[39]. Even though relatively simple to perform, OFAT approach can
produce misleading results as it cannot consider any interaction between
factors [40]. However, in spICP-MS the effects of instrumental param-
eters are known to depend on other parameter values (i.e. interaction
effects) [25,26], which should be taken into account in optimization
studies. This can be achieved by using a design of experiments (DoE)
approach, in which the values of factors are varied together allowing one
to estimate possible interaction effects between the factors [39,40].

To the best of our knowledge, publications addressing the effects and
mutual interactions of plasma RF-power, sampling depth and nebulizer
gas flow on spICP-MS analysis do not exist. Hence, the objective of this
paper was to optimize these ICP-MS instrumental conditions using a DoE
approach. Since gold is one of the most common analytes in spICP-MS, it
was selected as the analyte of interest and instrumental parameters for
both particulate and dissolved gold were optimized, enabling the com-
parison between the two. The influence of these parameters on the in-
tensity of particulate and dissolved gold was evaluated in order to assess
if dissolved gold could be used in instrument parameter optimization for
spICP-MS analysis. The obtained optimum instrumental conditions, as
well as the effect on the LODgj,., were compared with the robust con-
ditions. Additionally, the possible effect of particle size and sample
matrix on optimum instrumental parameter values was evaluated.

2. Experimental
2.1. Materials and methods

2.1.1. Optimization and verification measurements

For optimization measurements, ultra-uniform PEG Carboxyl-
stabilized Au NPs with nominal diameter of 50 nm and a solution of
dissolved (ionic) gold were used. Au NPs were purchased from Perki-
nElmer Inc. (Massachusetts, USA) and diluted to a particle concentration
of approximately 10° particles/g with ultrapure water (resistivity of
18.2 MQ-cm, PURELAB Ultra, ELGA LabWater, Buckinghamshire, UK).
Dissolved gold solution was prepared from a standard stock solution of
100 pg mL~! Au in 2% HCI (Pure Plus, PerkinElmer Inc.) by dilution in
ultrapure water to a concentration of 1 pg kg~! and its stability was
routinely checked during measurements. Even though dissolved stan-
dard solutions are often acidified to improve the analyte stability in the
solution [41,42], only ultrapure water was used in all cases for sample
dilutions. This allowed the evaluation of the possible differences in the
behavior of the two analyte forms, without the risk of incorporating any
matrix-induced effects.

For verification of the LODs;,e under robust and optimal conditions,
20 nm citrate-stabilized (NanoComposix, San Diego, CA, USA) and 30
nm PEG Carboxyl-stabilized (PerkinElmer, Inc.) Au NPs were used. The
particle frequency method described by Pace et al. [18] was used to
determine the transport efficiency (TE-%) in triplicate using a diluted
50 nm Au NP suspension (PerkinElmer Inc.). All nano-dispersions were
diluted to a particle concentration of approximately 10° particles/g with
ultrapure water. The sample uptake rate was measured in duplicate by
weighing the water uptake after 3 min aspiration, and its value was
regularly checked during the measurements.

In order to evaluate the possible effects of particle size or sample
matrix to the optimal instrumental parameter values, PEG Carboxyl-
stabilized Au NPs with nominal diameters of 30, 50 and 100 nm and a
solution of dissolved gold (PerkinElmer Inc.) were used. All nano-
dispersions were diluted to a particle concentration of approximately
10° particles/g and dissolved gold to a concentration 1 pg kg~! with
either ultrapure water, 1 mM sodium citrate solution (Sodium Citrate
Tribasic Dihydrate from Sigma Aldrich, Darmstad, Germany) or out-
going wastewater. Wastewater was obtained from a municipal waste-
water treatment plant located in Central Finland and filtrated with
Whatman grade 41 filtration paper before use to remove any solid
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material, that might cause blockage of the sample introduction system.
Elemental composition of the wastewater used in the experiments was
determined with inductively-coupled plasma optical emission spec-
trometer (PerkinElmer Optima 8300DV ICP-OES) and is presented in
Table S1 (Appendix).

All solutions used in the experiments were diluted gravimetrically
using new 50 mL polypropylene centrifuge tubes (VWR International)
fresh on a daily basis prior to the experiments.

2.1.2. Particle size verification measurements

The certified sizes of the Au NPs used in the experiments were
verified in our laboratory (Table S2, Appendix), as at times the standard
particle diameters have shown to deviate from the information provided
by the manufacturer [12,41,43,44]. Even though microscopic tech-
niques (SEM, TEM) are the common routes used for particle size veri-
fication [41,45], the high method detection limit of these techniques
made verification of the standard particles with low particle concen-
tration (=107 particles/mL) impossible. As such, the particle diameters
of the PEG Carboxyl-stabilized Au NPs used in the experiments were
verified with spICP-MS technique by using citrate-stabilized Au NPs
with nominal diameters of 30 and 50 nm (NanoComposix) as a refer-
ence. The diameter of these particles was verified with TEM (JEM-
1400HC, JEOL, MA, USA) and found to be in good agreement with the
values provided by the manufacturer (Table S2, Appendix). The mean
particle sizes of the PEG Carboxyl-stabilized Au NPs was found to differ
<3% from the certified values provided by the manufacturer and were
use throughout the study.

2.2. Equipment and softwares

A NexION350 D ICP-MS (PerkinElmer Inc., MA, USA) was used in all
measurements. Analyses of the NP samples were performed operating
the spectrometer in a time-resolved analysis mode using a dwell time of
100 ps, whereas solution mode was used for measurements of the dis-
solved analyte. General instrumental parameters are shown in Table 1.
All data processing was performed using the Syngistix Nano Application
Module (v. 2.5) and Microsoft Excel. The isotope 197 Au was measured.
Minitab 19 software (Minitab, PA, USA) was used for analyzing the
experimental data, solving the optimal instrumental parameters and
generation of the surface plots.

For measurements performed under ‘robust’ conditions, a NexION
Setup Solution (1 pg L! Be, Ce, Fe, In, Li, Mg, Pb, and U in 1% HNOs,
Pure Plus, PerkinElmer) was used to adjust the equipment according to

Table 1
Instrumental parameters used in solution ICP-MS and spICP-MS.
Value'
Parameter ICP-MS, solution mode spICP-MS
ICP RF-power (W) 1200-1600 (1000-1600) 1200-1600
Nebulizer gas flow (L 0.90-1.06 (0.80-1.18) 0.90-1.06
min~!)
Plasma gas flow rate 16 16
(L min™
Auxiliary gas flow rate 1.2 1.2
(L min™")

Baffled Cyclonic, Glass
(cooled to 2 °C)

Spray chamber Baffled Cyclonic, Glass

(cooled to 2 °C)

Nebulizer ESI PFA Concentric ESI PFA Concentric
Injector 1.8 mm i.d. Sapphire 1.8 mm i.d. Sapphire
Sampling depth (mm) 9-12 (9-14) 9-12
Dwell time 50 ms 100 ps
Sampling time (s) 30-60
Transport efficiency 7.48-7.53
(%)
Sample uptake rate (g 0.284-0.291

min~ ")

! Values shown in brackets used in initial optimization measurements (see
Section 3.1).
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instrument software’s tuning protocols (maximum sensitivity with
CeO"/Ce'-level <2.5%) and to check the overall performance. For
measurements performed under ‘optimal’ conditions, the value of
nebulizer gas flow was optimized to gain maximum *°”Au intensity. Due
to the slight day-to-day variations of the instrument condition, the value
of nebulizer gas flow was adjusted on a daily basis.

2.3. Experimental design

The influence of ICP-MS instrumental parameters on the intensity of
19Au was investigated using a DoE approach. Experiments were
designed using a general factorial design (GFD), which allows the
studied factors to have various, independent levels [39]. Nebulizer gas
flow (A), plasma RF-power (B) and sampling depth (C) were chosen as
the independent variables and the intensity of gold Au) was the
response variable (Y) measured.

The variables and their levels used for generating the regression
models are shown in Table S3 (Appendix). All measurements were
performed in a randomized order, except for nebulizer gas flow, to
minimize the effect of any uncontrolled factors [46]. Due to a high
number of measurements, nebulizer gas flow values were changed from
low to high values in all cases in order to save time. Two replicates
divided into two blocks were measured in order to increase the precision
of the final predictive model. In addition, one experimental point was
measured at the beginning and at the end of the 1st and 2nd block, in
order to estimate the possible effect of instrumental drift on the
response. A total of 2 x 9 x 3 x 3 + 2 = 164 measurements were per-
formed in this study for both particulate and dissolved gold. The detailed
experimental plan and the obtained results are shown in Tables S4 and
S5 (Appendix) for particulate and dissolved gold, respectively.

2.4. Statistical analysis

Minitab 19 software was used to analyze the experimental data ac-
cording to the response surface analysis and to generate surface plots. A
second-order polynomial equation was fitted to the experimental data,
which is used to express the relationship between the response and the
variables. The generalized second-order model has the following form (1):

k k k
y= ﬂo + Zﬂ:xl + Zﬂiixiz + Z Zﬂi[xle +e (€3]
i=1 i=1

i<j

where y is the response (intensity of 1°’Au), k is the number of variables,
x represents the variables, By is the constant term, f; is the coefficient of
the linear parameter, p;; is the coefficient of the quadratic parameter, f;;
is the coefficient of the interaction parameters and ¢ is observed error in
the response [39]. Minitab 19 software’s response optimization feature
was used to solve the optimal instrumental parameters for maximum
197 Au response for both particulate and dissolved gold.

3. Results and discussion
3.1. Initial optimization experiments

In the beginning of the study, initial optimization experiments of
ICP-MS instrumental conditions were carried out using a solution of
dissolved gold (1 pg kg™!). To investigate the influence of ICP-MS
instrumental parameters on '°’Au intensity, a wide experimental
domain was at first monitored (Table 1): plasma RF-power values
1000-1600 W, nebulizer gas flow values 0.80-1.18 L min~' and sam-
pling depth values 9-14 mm, resulting in 400 measurements. During the
initial optimization experiments, two main observations were made.
First, complex interaction effects between the main factors (nebulizer
gas flow, plasma RF-power and sampling depth) were noticed. Secondly,
the signal intensity proved to be low at high sampling depth values (>12
mm) and at low plasma RF-value (1000 W). Consequently, a GFD was
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chosen to design the experiments using the factor values shown in
Table S3 (Appendix). Even though the use of response surface methods
with a limited number of measurements are generally more popular
approaches in optimization studies, in this case they were found inad-
equate in describing the changes in the response variable. As in GFD all
levels of each factor are combined with all levels of other factors studied,
it provides a more detailed description of the change in the response
variable in accordance with the variables studied.

3.2. Fitting a second-order polynomial equation and model adequacy
checking

To relate the measured intensity to the variables, a second-order
polynomial model was fitted to the data according to Eq. (1). In order
to improve the model for operating conditions, the statistically insig-
nificant terms were automatically removed using a backward elimina-
tion process available in Minitab 19 software. This procedure
automatically excludes certain terms from the regression model, which
are not found to have statistically significant impact on the response at
the chosen 95% confidence level (i.e., variables with P-values <0.05).
For both forms of the analyte, the interaction effect of plasma power (B)
and sampling depth (C) was found statistically insignificant at the 95%
confidence level. In addition, no statistically significant difference was
found between the two blocks, indicating that the results obtained for
the two replicates were in good agreement. As such, these variables were
removed from the final regression models.

The significance of the final fitted regression models, main factors
and their interactions was evaluated on the basis of analysis of variance
(ANOVA), which are presented in Tables S6 and S7 (Appendix) for
particulate and dissolved gold, respectively. The statistical significance
of the different terms was evaluated using the corresponding P-values,
with 95% confidence level as the chosen significance level (P = 0.05).
The resulting models have large F-values (287.68 for particulate and
335.05 for dissolved gold) and P-values < 0.05, indicating that the
models are able to explain the observed variation in the response and
can be used to optimize the conditions. In the final models, the main and
quadratic effects of the studied variables (nebulizer gas flow (A), plasma
RF-power (B) and sampling depth (C) and A2, B? and CZ) were found to
have significant effects on the response (intensity of 197Au) for both
particulate and dissolved gold. Of the two-level interaction terms, the
interaction effect of nebulizer gas flow and plasma RF-power (A *B) and
nebulizer gas flow and sampling depth (A*C) were found statistically
significant at the 95% confidence level.

For testing the goodness of fit of the regression equations, the R-
values were evaluated. For both of the models, R*and adjusted R~
values are >93% indicating a good agreement between experimental
and predicted values. The models’ ability to predict the responses for the
new observations accurately can be estimated on the basis of Rz(pred.)—
value, which in this case were high for both models; >92%. The P-value
for the lack-of-fit is >0.05, indicating that the proposed models are able
to specify the relationship between the response and the variables
correctly. Model assumption checks and the main effects plots for both
models are presented in Figs. S1-S4 (Appendix).

The final predictive equations obtained for the particulate and dis-
solved gold in uncoded units were obtained as follows:

Particulate gold:

Y(counts) = —3217 + 9411A — 1.899B — 13.2C — 7604A%~0.000192B°
— 10.071C* + 2.5117A*B + 198.3A*C
2)
Dissolved gold:
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where Y is the intensity of 197Au (in counts), A is the nebulizer gas flow
(L min™Y), B is the plasma RF-power (W) and C is the sampling depth
(mm).

3.3. Effect of instrumental parameters on Au intensity

The obtained second-order polynomial equations presented in the
previous section (Egs. (2) and (3)) were used for generating response
surface plots (Fig. 1A-F), which can be used to investigate the effect of
instrumental parameters on the response. In each surface plot, the value
of one variable is kept fixed at a constant value, allowing one to consider
the effects of the other two variables. In order to evaluate the behavior of
the two analyte forms under optimal instrumental conditions, in each
surface plot the value of the 3rd variable was kept fixed at its predicted
optimal value (as determined in Section 3.4).

In Fig. 1A and B the effect of nebulizer gas flow and plasma RF-power
on the measured intensity of particulate and dissolved gold is presented.
In order to evaluate the behavior of the two analyte forms under the
optimal instrumental conditions (as determined in Section 3.4), the value
of sampling depth is kept fixed at its predicted optimal value (11.0/10.0
mm for particulate and dissolved gold, respectively). High similarity in
the surface plots can be seen, indicating a similar behavior of both forms
of the analyte as the factor values are changed. Clearly, the interaction
effect of these two variables has a major effect on the intensity value of
gold and the overall effect of changing one factor value is highly
dependent on the value of the other variable. As expected, the measured
intensity generally increases when using higher power values due to
higher ionization efficiency of the analyte [27,34-36,47]. However, due
to asignificant interaction effect of the two variables, the optimal value of
nebulizer gas flow depends on the applied power (and vice versa). As
plasma power is increased, the optimal flow shifts to larger values due to
changes in plasma characteristics [36,47]. The value of nebulizer gas
flow is known to influence analyte transport through plasma and the axial
plasma temperature, thus affecting the analyte residence time in the
plasma. As the value of nebulizer gas flow is increased, the maximum
temperature of the plasma central channel decreases and the atomization
position will shift downstream the plasma closer to the sampler cone
orifice [26,36,47,48]. If alow nebulizer gas flow value is used, increasing
the plasma RF-power will cause the sample to ionize immediately after
entering the plasma, i.e., at a position distant from the sampler orifice
resulting to diffusion losses and a decrease in signal intensity
[23,24,26,30,47]. For both forms of the analyte, at the given sampling
depth value, the maximum intensity values can be found at plasma RF-
power 1600 W and nebulizer gas flow value of 1.01-1.03 L min 1.

The interaction effect of nebulizer gas flow and sampling depth can
be investigated from Fig. 1C and D for particulate and dissolved gold,
respectively. In both cases, plasma RF-power is held constant at its
predicted optimal value of 1600 W. For both forms of the analyte, a
general increase in the intensity is observed as larger values of nebulizer
gas flow are used, with optimal area found at flow rates >1 L min. Even
though decreasing the sampling depth position generally results in an
increase in the intensity at low nebulizer gas flow values (=<1 L min’l),
at higher gas flow rates the optimal value of sampling depth is shifted to
larger values. This is because as the value of nebulizer gas flow is
increased, the ionization degree of the analyte decreases as the inter-
action time of the analyte with the hot plasma decreases [23,26,36,47].
As a consequence, in order to compensate the temperature drop caused
by a larger volume of gas injected, longer residence time (i.e. sampling
depth) is needed for complete vaporization and ionization
[23,25,26,30]. For both forms of the analyte, highest intensity values are
found at nebulizer gas flow values >1 L min~! and at sampling depth

Y (counts) = 1 745 603 + 5 070 025A — 998.6B + 12 810C — 4 090 912A’~0.1255B°~5422C" + 1417.0A*B + 94 268A*C 3)
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Fig. 1. Response surface plots showing the individual and interaction effects of A, B) Nebulizer gas flow (NF, L min ') and RF-power (power, W); C, D) Nebulizer gas
flow (L min~') and sampling depth (SD, mm) and E, F) RF-power (W) and sampling depth (mm) on the measured intensity of gold. In each surface plot, one variable
is kept constant as follows (for particulate/dissolved gold): Nebulizer gas flow 1.03/1.01 L min ', RF-power 1600 W and sampling depth 11.0/10.0 mm. Response
surface plots for particulate gold (AuP) are shown on the left, and for dissolved gold (AuD) on the right side of the figure. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

values 10-11 mm.

When comparing the response surface plots drawn for particulate
and dissolved gold (Fig. 1C and D), high similarity in the graphs can be
seen. However, some minor differences as regard to the effect of the
sampling depth position can be observed. For dissolved gold, at the vi-
cinity of maximum intensity area (Fig. 1D, at nebulizer gas flow rates
>1L min’l), only minor differences in the intensity are observed at
sampling depth range 9-11 mm. However, a decrease in intensity is

observed for particulate gold as the value of sampling depth is decreased
<10 mm. It seems that the intensity of particulate gold is somewhat
more dependent on the effect of these two variables. As discussed before,
increasing the nebulizer gas flow value has the effect of decreasing
plasma temperature and increasing analyte velocity through plasma,
thus shifting the point of atomization closer to sampler cone orifice
[26,36,48]. As particles are expected to require longer time for complete
vaporization and atomization [23,26,33,47,49], larger sampling depth
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values might be required for efficient ionization. In addition, as sam-
pling depth is increased, the temperature of the plasma has shown to
increase [29,31], leading to an increase in the ionization degree.

The difference in the behavior of the two analyte forms as regard to
the sampling depth position can be more clearly seen in Fig. 1E and F,
where the interaction effect of plasma RF-power and sampling depth is
presented. The value of nebulizer gas flow is kept fixed at its predicted
optimum value (at 1.03/1.01 L min ! for particulate and dissolved gold,
respectively). For both forms of the analyte, increasing plasma RF-power
results to a significant increase in the intensity value independent on the
applied sampling depth position. However, the value of sampling depth
position has clearly different effect on the intensity of the two analyte
forms. Whereas for dissolved gold decreasing the sampling depth value
generally results in an increase in the intensity value, for particulate gold
the intensity is observed to decrease. In contrast to dissolved gold, the
highest intensity values for particulate gold are found at slightly larger
sampling depth values (11 mm as contrast to 10 mm). This might be
because of the longer residence time needed for complete vaporization
and atomization of the particles, as discussed previously. However, as
can be seen in Fig. 1F, only minor differences are observed in the in-
tensity of dissolved gold at the sampling depth range 9-11 mm.

Based on the obtained results, the interaction effects of the main
variables clearly have a significant effect on the intensity of gold for
particulate and dissolved gold. As the overall effect of adjusting
instrumental parameter values is dependent on other parameter values,
careful optimization of factors is crucial if maximum ion signal is ex-
pected. For both forms of the analyte, the highest intensity values can be
achieved by using high plasma RF-power (1600 W) and sampling depth
value of 10-11 mm. For a given plasma RF-power and sampling depth
value, a narrow area of optimal nebulizer gas flow value is found, as
already noticed for solution ICP-MS [34,35]. Deviation from the optimal
values could result in a loss of intensity and thus increase in the LODg;ye.

When comparing the response surfaces generated for particulate and
dissolved gold, high similarity between the graphs can be seen. How-
ever, regarding the sampling depth position, some minor differences in
the behavior of particulate and dissolved gold was observed. As the
vaporization and ionization of the particles require somewhat longer
times as compared to the dissolved analyte [23,26,33,47,49], the
optimal sampling depth value for Au NPs was found at slightly higher
values (11 mm as compared to 10 mm). However, as seen in Fig. 1D and
F, adjusting the sampling depth position at the range of 9-11 mm was
not found to impact the intensity of dissolved gold to a large extend. As
such, the predicted optimal instrumental parameters can be expected to
be similar for Au NPs and dissolved gold with some minor differences in
the optimal sampling depth positions.

3.4. Optimization of instrumental parameters

The predicted optimal instrumental parameters for the measurement
of particulate and dissolved gold were solved with Minitab 19 software’s
response optimizer feature, which automatically solves the optimal set
of parameter values producing the maximum responses of Egs. (2) and
(3) (see Section 3.2). The predicted optimal instrumental parameter
values were as follows (for particulate/dissolved gold): nebulizer gas
flow value 1.03/1.01 L min~, plasma RF-power 1600 W and sampling
depth 11.0/10.0 mm. In order to verify the optimal instrumental con-
ditions, the intensities of both particulate and dissolved gold were
measured under the predicted optimal conditions and the obtained
experimental intensities were compared with the predicted values
(Table S8, Appendix). Even though the optimization and verification
measurements were performed on different days and as such were sus-
ceptible to the day-to-day variation in the general intensity level, the
obtained values were observed to differ <9% from the predicted values.
In addition, as the measured intensities fell under the 95% prediction
interval (represents the range of values where a single new observation
is likely to fall with 95% confidence), the acquired regression models
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can be concluded to be reasonably accurate for predicting the '*’Au
intensity with optimized instrumental parameters for both forms of the
analyte.

As regard to the predicted optimal values of sampling depth and
nebulizer gas flow rate, slight differences are found for particulate and
dissolved gold. However, as discussed before and seen on Fig. 1D and F,
at plasma power 1600 W, the predicted differences in the intensity of
dissolved gold at the sampling depth range of 9-11 mm are expected to
be small and thus could be attributed to the uncertainty of the regression
model. As such, an additional experiment was performed in order to
verify the optimal values for sampling depth and nebulizer gas flow and
to evaluate the effect of the different experimental conditions. The in-
tensity of particulate and dissolved gold was thus measured at sampling
depth positions 9-12 mm (with an increment of 1 mm) with plasma
power set to its optimal value of 1600 W. As already discussed in Section
3.3 and seen in Fig. 1 C and D, the optimal value of nebulizer gas flow is
highly dependent on the applied sampling depth position. As such, in
order to find the maximum intensity at different conditions, the value of
nebulizer gas flow was separately optimized for every sampling depth
position. Measurements were performed in triplicate in a randomized
order to minimize the effect of any uncontrollable factors on the results.
The detailed experimental plan and the obtained results are presented in
Tables S9 and S10 (Appendix), respectively, and displayed in Fig. 2.

As can be seen in Fig. 2, for both forms of the analyte the highest
intensity values are obtained at sampling depth position of 11.0 mm. As
the sampling depth position is altered from the optimum value, the in-
tensity value is observed to decrease up to 10%. However, especially for
dissolved gold, the differences in the intensities between sampling depth
positions 10 and 11 mm are found to be extremely small (<5%), which
could explain the observed differences in the predicted optimal instru-
mental parameter values for the two analyte forms. For particulate gold
however, as already seen in Fig. 1C, the optimal sampling depth value
range is more narrow and decreasing the SD value <11 mm results up to
a 10% decrease in the intensity.

When comparing to robust conditions (i.e. conditions where nebu-
lizer gas flow was adjusted to gain maximum ''°In sensitivity and CeO ™"/
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Fig. 2. The obtained maximum intensity of particulate (dark grey bars) and
dissolved (light grey bars) gold at different sampling depth positions, presented
as mean of three replicate measurements + relative standard deviation (c,). At
each sampling depth position, the measured intensity is presented as normal-
ized intensity (%) against the obtained highest intensity value over the entire
region, which for both forms of the analyte is obtained at sampling depth value
of 11.0 mm. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Ce' <2.5%), the optimization of instrumental parameters resulted in an
increase in the nebulizer gas flow value. One should note that as the
instrumental parameter values are changed, interferences arising from
oxides and double-charged ions should be considered. For some analy-
tes, such as Ti and Fe, these plasma- and/or sample matrix-based in-
terferences can have a severe impact on the accuracy of the results, and
the use of collision or reaction gases (e.g. He, NHj3) for interference
elimination might be needed [50,51]. However, in the case of analysis of
Au NPs from environmental samples, the influence of these interferences
(mainly '®1Ta'®0") can be seen as insignificant. Decreasing sampling
depth value from the robust setting (11 mm) was not found to improve
the ion signal. This is somewhat in contrast to results obtained by
Kéalomista et al. [28], who found that NP signal can be significantly
improved by sampling depth optimization (from 10 mm to 4 mm). The
differences in the findings could arise from differences in instrumental
configurations (e.g. sample introduction system) or, more likely, from
the chosen optimization method. When optimization of sampling depth
is performed by keeping all other instrumental parameter values fixed at
a constant value, the interaction effects of the factors cannot be
considered. Using this approach, the intensity of both forms of the an-
alyte was found to increase as the value of sampling depth was decreased
[28]. This is consistent with our findings at low nebulizer gas flow values
(<1L min_l, see Fig. 1 C and D). However, due to interaction effects of
the factors observed in this study, the true maximum intensity values
were found at higher nebulizer gas flow (>1 L min~!) and sampling
depth values.

3.5. Effect of optimization on instrument sensitivity and on size detection
limits

As discussed in Section 1, LODgj,e (calculated as the particle size
equivalent of three times the standard deviation of the blank of the
particle calibration plot [17,18,52]) could be significantly improved by
careful optimization of instrumental parameters. In order to evaluate the
effect of instrumental parameter optimization to instrument sensitivity
and LODy;y,, particle calibration in the range 0-100 nm under optimized
and robust conditions was performed and presented in Fig. S5 (Appen-
dix). Under the optimized instrumental conditions, a significant (70%)
increase in the instrument sensitivity was observed as compared to
robust conditions, which translates in to a 16% decrease in the theo-
retical size detection limit, LODsize(Theor.) (from 10.4 nm to 8.7 nm). It
should however be noted, that instrument software’s Nano Application
module was used to automatically calculate the LODgize(Theor.), Where the
smallest observed pulse intensity originating from particles is converted
to particle mass and diameter using a calibration curve. The threshold
limit used to discriminate the particle signals from the background
signal is determined using an iterative ‘mean+3c’ computation [53].
However, as the theoretical LODgjze(Theor.) is calculated based on the
measured intensities of the calibration blank, highly optimistic values
are often obtained and at times some manual adjustment is required.
During the measurements under this study, intensity values <2 counts
with mean of ~ 0 counts were obtained for the calibration blanks,
resulting to a particle threshold of just 1 count. As such, particle in-
tensity threshold limit was manually increased to 3 counts, converting to
adjusted LODj;jze(adj) values of 13 and 15 nm under optimal and robust
conditions, respectively.

In order to verify the estimated LODgj,. values obtained under the
different instrumental conditions, Au NPs with nominal diameter of 20
nm was measured in triplicate under optimal and robust conditions. The
in-lab verified diameter of this particle is 18.9+1.9 (Table S2, Appen-
dix), i.e., practically at the LODs;,e. The obtained particle size frequency
distribution for one of the replicates under optimal and robust condi-
tions is presented in Fig. 3. For comparison purposes, measurements
were performed also for 30 nm PEG-Carboxyl-stabilized Au NP. The
obtained experimental results for the NPs under different conditions
were compared as regard to particle concentration yield and particle size
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Fig. 3. Obtained particle size frequency distribution graph for 20 nm Au NP
under optimal (green bars) and robust (grey bars) conditions. Instrumental
parameters were set as follows (for optimal/robust conditions): Plasma RF-
power 1600 W/1600 W; nebulizer gas flow 1.02/0.93 L min~' and plasma
sampling depth 11/11 mm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

and presented in Table S11 (Appendix). Under optimal instrumental
conditions, the determined particle diameter was closer to the expected
value and a 20% increase in the particle concentration yield was
observed as compared to robust conditions. The higher particle con-
centration yield achieved under the optimal instrumental conditions
results from the significantly increased sensitivity, allowing more par-
ticles to be detected over the background signal. However, under both
conditions particle concentration yields <30% were obtained. When
comparing the obtained results for the 30 nm Au NP under optimal and
robust conditions, no significant differences are observed and particle
concentration yields of 101% were achieved. This indicates that the
experimental results obtained for particles <30 nm should be inter-
preted with caution, as low particle concentration recoveries might
occur.

Clearly, the determination of small particles near the LODgj,e is
challenging and estimation of the particle concentration near this value
should be done with caution. Even though optimization of instrumental
parameters resulted in a significant increase in instrument sensitivity
and thus in decrease in the LODgi,e, low particle concentration yields
were achieved for the 20 nm Au NPs under both conditions. The
determination of particle concentration of particles with diameters close
to the LODsj,e is problematic, as the LODgj,e cannot be interpreted as
straightforward as in solution mode ICP-MS (i.e., concentrations >LOD
visible and <LOD unvisible). The same observation was made recently
by Mastek et al. [54], who reported particle concentration yields as low
as 5% for particles with diameters close to the LODsj,e. The reason why
small particles near the LODgj;. behave in such unexpected manner,
remained unclear. According to some authors [41,52,54,55], particle
size or surface could affect the transport efficiency value, which could in
part explain the observed results. However, in this paper, these factors
were not studied further. More research concerning the detection of
small particles and the factors affecting the accuracy of the results is
clearly needed.

3.6. Effect of particle size and matrix

As already discussed in Section 1, the sample matrix and sample mass
could lead to differences in the optimal instrumental conditions. This is
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because these are shown to affect the plasma characteristics and the
required particle residence time in the plasma [33,56,57]. As larger
particles require more time for complete atomization, under certain
instrumental conditions incomplete ionization could occur, especially if
low sampling depth values are used. This could cause the measured
intensity to be lower than expected and thus lead to non-linear cali-
bration curves [23,25,30,31]. In addition, the sample matrix could affect
the position, where analyte atomization begins, by cooling the plasma
locally or by affecting the introduced droplet size. As the time needed for
complete desolvation of larger droplets is found to be longer, they
penetrate deeper into ICP and thus the point of the analyte atomization
is shifted closer to the sampler orifice [26,56].

As such, the sample matrix and particle size could affect the optimal
instrumental parameter values and the linearity of the particle calibra-
tion curve. To investigate the possible effect of particle size and sample
matrix to the optimal sampling depth values, the intensity of particulate
(30 nm and 100 nm) and dissolved gold was measured in several
matrices at different sampling depth positions: ultrapure water, waste-
water and 1 mM trisodium citrate solution (TSC). The elemental
composition of the wastewater matrix used in the experiments is pre-
sented in Table S1 (Appendix). Measurements were performed using a
nebulizer gas flow value optimized for sampling depth 11.0 mm at RF-
power 1600 W. The results are presented in Fig. 4 A-C and in
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supplementary material (Table S12 and Fig. S6, Appendix).

As the results show, the signal behavior of particulate and dissolved
gold is highly similar, as shown already in Section 3.3 and noticed by
other research groups as well [28-30], indicating that optimal instru-
mental conditions are in fact the same for both forms of the analyte.
Matrix is not found to affect the behavior of the two analyte forms in
different extents, and in all cases the largest intensity values are found at
sampling depth value 11.0 mm for both particulate and dissolved gold.
In addition, the behavior of the different sized particles (30 and 100 nm)
is highly similar and no differences are observed in the optimal sampling
depth position. This indicates that vaporization even of the larger par-
ticles (100 nm) under the experimental conditions had reached its
maximum in all of the studied matrices. Interestingly, even though no
differences were observed in the behavior of different forms of the an-
alyte as regard to the sampling depth position, some differences were
found between the matrices. Whereas in ultrapure water and in TSC
solution the intensity of both forms of the analyte is observed to decrease
up to 50% as sampling depth is increased from 11 mm to 14 mm, only
40% decrease is observed in the wastewater matrix. This might be
because the ionization of the various elements present in wastewater
(Table S1, Appendix) consume plasma energy, shifting the position of
atomization closer to the sampler cone orifice and thus minimizing the
diffusion losses [26,56].
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Fig. 4. The intensity of particulate (30 and 100 nm Au NP) and dissolved gold (AuD) in different matrices as a function of sampling depth, presented as mean of three
replicate measurements + relative standard deviation (c,). Results are normalized to the highest intensity value (100%). A) Ultrapure water, B) 1 mM Trisodium
citrate solution and C) Wastewater. Light grey: Dissolved gold (AuD), green with diagonal lines: 30 nm Au NP and dark grey: 100 nm Au NP. Measuring parameters
were set as follows (for particulate/dissolved gold): Plasma RF-power 1600 W/1600 W and nebulizer gas flow 1.02 L min~'/1.01 L min". (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)



V. Kinnunen et al.

When comparing the obtained intensity values (Table S12 and
Fig. S6, Appendix) in the different matrices, a significant signal
depression in the wastewater and TSC matrices as compared to ultrapure
water is observed. For both forms of the analyte, up to a 50% decrease in
the intensities is observed in the wastewater matrix. In the TSC matrix,
intensities were found to decrease up to 25% as compared to ultrapure
water, however, only for particulate gold. The observed signal depres-
sion is most likely caused by the high level of sodium present in these
matrices (70 mg L' in TSC solution and 180 mg L lin wastewater).
Sodium is a known source of non-spectral interferences in spICP-MS-
measurements, which’ depressive effect is shown to increase with
increasing concentration [58,59], consistent with our findings. As no
significant signal depression was found for dissolved gold in TSC solu-
tion, it can be assumed, that the intensity of particulate gold is more
affected by the matrix elements. It should be noted that differences in
the sensitivities between particulate and dissolved analyte could lead to
biased results, if dissolved calibration curve is used to determine particle
size or transport efficiency. As such, the effect of sample matrix should
be investigated in the early stages of method development process.
Sample dilution or matrix matching between the sample and standard
solutions can be used as a means to avoid systematic errors. However, is
some cases these procedures cannot be applied or are found insufficient,
as would be the case if the two analyte forms are affected by the matrix
elements in different extends. Clearly, the matrix interferences are one
of the remaining challenges in the spICP-MS-technique requiring more
research in the future.

As discussed before, under certain instrumental conditions incom-
plete ionization or diffusion losses of the different-sized particles could
occur. This could lead to non-linear particle calibration curves, as in
spICP-MS particle calibration is based on a fact that measured intensity
is directly proportional to the mass of an element [17]. As such, the
effect of particle size on the linearity of the calibration curve under the
optimized instrumental conditions in the range 0-100 nm was studied
and presented in Fig. S5 (Appendix). As calibration was found to be
linear over the studied range, it can be concluded, that for <100 nm
particles vaporization has reached its maximum at the instrumental
conditions used and no clear indication of diffusion losses of the smaller
particles can be seen. However, larger particles (>100 nm) might not
vaporize completely at the instrumental conditions used, which should
be considered if large (>100 nm) particles are analyzed.

4. Conclusions

In this paper, the optimization of spICP-MS instrumental parameters
was performed using a DoE approach for particulate and dissolved gold,
enabling the evaluation of the behavior of the two analyte forms as the
factor values are changed. The variables studied were nebulizer gas
flow, plasma RF-power and sampling depth, as these are known to affect
the ion signal most. Results show that significant interaction effects
between the main factors exists and clearly have a major effect on the
intensity of gold for both forms of the analyte. As the overall effect of a
parameter is highly dependent on other parameter values, changing the
value of one parameter can result in a loss of intensity, if the other
variables are not re-optimized. As such, traditional OFAT approaches are
not suitable for spICP-MS optimization, as they cannot estimate the
interaction of the factors and thus can produce misleading results.

In order to assess the possible differences in the behavior of the two
analyte forms, the effect of instrument parameter values on the intensity
of particulate and dissolved gold was evaluated. High similarity in the
behavior of both forms of analyte in accordance with the variables was
noticed, indicating that dissolved analyte can in fact be used in method
optimization. Compared with nano-dispersions, the possibility to use
dissolved analyte offers some benefits, such as better stability of the
standard solutions and faster measurements. However, as regard to the
effect of sampling depth position, some minor differences in the
behavior of the analyte forms was observed. For dissolved gold at the
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vicinity of optimal conditions (plasma RF-power 1600 W and nebulizer
gas flow values >1 L min!) adjusting the value of sampling depth had
only minor effects on the intensity. However, as a result of longer resi-
dence time needed for efficient atomization, the intensity of particulate
gold was observed to decrease at lower sampling depth positions.

The optimal instrumental parameters were solved and verified for
both forms of the analyte and were as follows: Plasma RF-power 1600 W,
sampling depth 11.0 mm and nebulizer gas flow 1.01-1.03 L min~!. Due
to the slight day-to-day variation of the instrument condition (e.g. the
cleanliness of the sample introduction system), the optimal nebulizer gas
flow value should however be routinely checked and re-optimized if
necessary. One should note that optimal instrumental parameter values
are analyte and instrument-specific, and should be optimized in the
early stages of a method development process. In addition, the possible
interferences caused by oxide- and double charged ions should be
considered, especially in the case of more challenging analytes such as
Fe and Ti.

The influence of instrument parameter optimization on the LODg;;e
was evaluated. Compared with robust conditions often used, instrument
sensitivity was improved by 70% and LODsi,e by approximately 15%
(from 15 nm to 13 nm). Even though more particles were detected under
optimal conditions as a result of significantly increased sensitivity,
particle concentration yields <30% were achieved for particles with
diameter close to the LODgjze. Clearly, the determination of small par-
ticles near the LODs;j,e value is challenging and estimation of particle
concentration needs to be made with caution. The same observation has
been made by other authors as well, indicating that more research on
determination of small particles near LODg;,e is urgently needed.

Finally, the influence of solution matrix and particle size to the
optimal instrumental parameter values was studied. Neither particle size
nor sample matrix was observed to influence the optimal instrumental
conditions, indicating that the behavior of both forms of analyte is
highly similar and even the larger particles ionize completely under the
instrumental conditions used. However, due to the high level of sodium
(180 mg L!) present in the wastewater matrix, a significant signal
depression (up to 50%) for both particulate and dissolved gold was
observed in the wastewater matrix as compared to ultrapure water.
Similarly, up to a 25% decrease in the intensity was observed in the TSC
solution, however, only for particulate gold. It seems that particulate
gold is more susceptible to matrix effects, as the intensity of dissolved
gold was not affected in the TSC solution containing 70 mg L' of so-
dium. As sodium is a common element present in both biological and
environmental samples, its effect on analyte sensitivity should be
investigated and care should be taken to match the sample and standard
solution matrices to avoid systematic errors.
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The accurate characterization of silver nanoparticles (Ag NPs) in environmental samples is crucial for under-
standing the potential impact of these materials on the environment and human health. Single-particle induc-
tively coupled plasma mass spectrometry (spICP-MS) is one of the few techniques available for quantifying NPs at
environmentally relevant concentrations. However, the spICP-MS detection of Ag NPs can be interfered with
coexisting dissolved analyte causing high background signals, which mask NP signals leading to a significant bias
in NP characterization. In this paper, a simple sample pre-treatment procedure for efficient removal of dissolved
silver in natural waters is proposed using solid phase extraction (SPE) materials, allowing more accurate char-
acterization of NPs in environmental water matrices. The applicability of eight commercially available SPE
materials was evaluated based on their effects on sample Ag NP properties and dissolved silver extraction effi-
ciency in environmental waters, which were shown to depend on sample matrix. The SPE materials found most
efficient in dissolved silver extraction were further studied for improving the characterization of 30 nm Ag NPs in
colorless and dark-colored waters. Whereas dissolved silver concentrations of <1 pg kg~ were shown to lead to a
significant bias in NP characterization (up to +58% increase in NP size and — 90% decrease in particle con-
centration), pre-treatment of the samples with SPE materials ‘SiliaMetS Thiol’ and ‘Purolite C115SHMR’ mini-
mized the effect of dissolved silver interference. As a result, highly more accurate NP sizing (28 + 2 nm) and
relatively stable particle concentration was obtained for 30 nm Ag NPs in environmental waters.

1. Introduction assessment of NPs still exist due to a number of factors confounding the

issue. In addition to the properties of the NPs themselves (such as size,

Over the past decades, the human population has witnessed a
widespread beneficiation of engineered nanomaterials in various fields
and consumer products. Among metallic nanoparticles (NPs), silver NPs
are one of the most frequently exploited due to their exceptional anti-
microbial, anti-angiogenic and optical properties. Ag NPs are in fact
widely utilized in textiles, water purification systems, health care
products, cosmetics, and in medical diagnostics just to name a few
[1-3]. The increased production and use of nano-enhanced products
inevitably lead to their growing release into the environment, which has
raised serious concerns about their potential adverse effects on the
environment and human health [4-10]. Despite the vast amount of
previous research focused on the matter, knowledge gaps in the risk
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shape, concentration, surface functionalization, etc.), the environmental
behavior and toxicity of NPs are also affected by environmental condi-
tions, such as pH, temperature, and other elements and compounds
present [11-20]. Clearly, understanding the potential impact of NPs on
the environment and human health requires careful characterization of
these materials at environmentally relevant concentrations.
Single-particle inductively coupled plasma mass spectrometry
(spICP-MS) is widely recognized as a powerful tool in the character-
ization of engineered NPs. As a highly sensitive technique, spICP-MS
enables the simultaneous determination of NP size, size distribution,
particle number concentration, and ionic (dissolved) content at realistic
environmental concentrations [21-25]. In spICP-MS, a sufficiently
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dilute NP suspension is nebulized into the plasma, resulting in vapor-
ization, atomization, and ionization of an analyte element. Whereas the
ionization of the dissolved form of the element produces a steady-state
signal, individual NPs generate a burst of ions producing a transient
signal, i.e. “a spike”. The discrimination between the signal originating
either from the analyte in the dissolved or NP form is based on the
separation of the pulse intensities originating from individual NPs over a
certain threshold limit, which typically is determined using an iterative
‘mean + 3¢’ computation [21,24,26-29]. However, distinguishing the
NP events from the background signal is not a trivial task, especially in
the presence of a high level of dissolved analyte. In these cases, the high
background signal might overlap the NP signals resulting in a calculated
threshold value being larger than some or possibly all NP signals. As a
result of only a partial detection of the NP size distribution, the obtained
NP number and size information will be biased (overestimation of the
NP size and underestimation of the particle concentration). The situa-
tion is particularly challenging for samples containing high concentra-
tions of dissolved analyte and/or small NPs, e.g., for environmental
samples [30-32]. For accurate characterization of the NPs, minimizing
the dissolved analyte concentration in NP samples is crucial.

Differentiation of the NP events from the continuous background
signal can be improved by careful selection of the data acquisition pa-
rameters used, especially in the presence of a high level of dissolved
analyte. As compared to millisecond dwell times frequently used [25],
faster data acquisition with dwell times in the microsecond range (e.g.
<100 ps) allows smaller NPs to be detected [24,29,33]. Mathematical
methods can be further used to improve the accuracy of NP event
identification [34,35]. For instance, Mozhayeva et al. [34] developed a
data deconvolution procedure using Poisson statistics for improved
identification of NP events using microsecond time resolved signals. The
dissolved analyte content in the sample can also be reduced physically,
thus eliminating the need for mathematical discrimination techniques. A
simple way to reduce dissolved (background) signal at spICP-MS is by
sample dilution [30,36]. However, considering environmental samples
with low NP concentrations [5,30,32,37,38], sampling times might need
to be extended to ensure the capture of a sufficient number of NP events
for reliable NP characterization. Over the past years, a variety of ap-
proaches for discrimination of metallic NPs and their corresponding
ionic counterparts have been developed including e.g. filtration and
centrifugation methods [39,40], cloud point extraction [18,41-43],
chromatographic separation [44-46], field flow fractioning methods
[47,48] and magnetic solid phase extraction [49-53]. Even though
effective, these methods suffer from some pitfalls including e.g. time-
consuming sample pre-treatment stages, the need for careful optimiza-
tion of separation conditions, and long analysis times. In addition, not all
aforementioned methods are directly compatible with spICP-MS or
changes in the original sample properties might also occur during
complex sample treatment processes (e.g. changes in NP size or con-
centration), which should be avoided.

The applicability of solid phase extraction (SPE) on the separation of
metal ions and their corresponding NPs in various matrices has been
demonstrated in numerous papers over the past years
[31,39,54-57,59,60]. In this technique, the analyte either in NP or
dissolved form can be selectively extracted from the sample solution by
careful selection of the SPE material and possible surface functionali-
zation of the NPs. Alternatively, both forms of the analyte can simulta-
neously be extracted and the separation of the two is achieved by
differential desorption [54]. The first on-line coupling of spICP-MS with
an ion-exchange column for the characterization of Ag NPs was pre-
sented by Hadioui et al. [31]. The dissolved signal was efficiently
decreased using cationic Chelex 100 resin, allowing more accurate
characterization of the NPs. Since then, Chelex 100 resin has been
applied for the removal of dissolved analyte in the characterization of
Ag, Lay03 and Zn NPs in various matrices [55,60-62]. However,
lengthy washing and regeneration steps (up to 60 min) needed to ensure
the proper functioning of the resin and to minimize carry-over between
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samples [31,62] cause a significant increase in the analysis time, espe-
cially in on-line systems.

Despite the previous studies focused on the matter, more research is
still urgently needed on the applicability of SPE materials on dissolved
silver removal from real environmental waters before spICP-MS anal-
ysis, which is currently still rare. As such, the aim of this work was to
develop a simple sample pre-treatment procedure for spICP-MS allowing
more accurate NP characterization by dissolved silver signal removal
using SPE materials. The effect of eight commercial SPE materials
(Chelex 100, Lewatit MonoPlus TP 214, Purolite C115HMR, SiliaBond
Tosic Acid, SiliaMetS (SM) DEAM, SM DMT, SM Thiol and SM Triamine)
on silver in both dissolved or NP form is thoroughly investigated in
several water matrices (spring, lake, river, brook and ultrapure (UP)
water and synthetic water sample (SWS)). The effect of competing ele-
ments, matrix components, and humic substances on the dissolved silver
extraction efficiency of the SPE materials is investigated. Finally, the
most suitable SPE materials were selected for efficient dissolved silver
removal in different environmental water matrices, and their benefit on
improving NP characterization is demonstrated.

2. Experimental
2.1. Materials

UP water (18.2 MQecm) obtained from PURELAB Ultra water puri-
fication system (ELGA LabWater, Buckinghamshire, UK) was used for
the preparation of aqueous solutions and sample dilutions. Single-
element standard stock solutions of silver, yttrium, and ruthenium
(1000 mg L’l, pure grade) and multi-element standard solutions (29-
Element and 12-Element Solution, 10 mg L’l) used for calibration
purposes and preparation of Ag sample solutions were obtained from
PerkinElmer (MA, USA). Citrate-stabilized Ag NPs with nominal sizes of
30, 40, 50, and 80 nm (NanoComposix, San Diego, CA, USA) were used
for the preparation of NP dispersions. The certified values of the stan-
dard particles used in the experiments were further verified in our lab-
oratory (see Chapter 2.3). A dispersion containing ultra-uniform 50 nm
PEG-Carboxyl-stabilized Au NPs specially designed for spICP-MS cali-
bration was obtained from PerkinElmer and used for transport efficiency
determination.

Sodium thiosulfate (STS, purum p.a., >98.0%) and thiourea (Re-
agent plus, >99.0%) were obtained from Sigma-Aldrich (Saint Louis,
MO, USA) and used for adjusting solution matrix and elimination of the
memory effects of silver in spICP-MS and ICP-MS (standard mode)
measurements, respectively. High-purity nitric (HNO3) and hydrochlo-
ric (HC) acids (Analpure, Analytika spol. s r.o., Prague, Chech Republic)
were used for adjusting the sample matrix for inductively coupled
plasma optical emission spectrometry (ICP-OES)-measurements and for
acid digestion of the commercial NP standards. Nitric acid (puriss p.a.,
>65%) and NaOH (>97%) were obtained from Sigma-Aldrich and used
for the pre-treatment of the SPE materials.

SWS used in some experiments was prepared from stock solutions
(1000 mg L‘l) of the individual elements. The composition of the SWS
(0.5mg L' of Al, 10 mg L™! of Ca and Na, 1.5 mg L ! of Fe, 2 mg L ! of
Kand Mg, 4mg L' of S, 72 mg L"! NO3 and 5 mg L ! C17) was designed
to represent the elements and their levels commonly found in natural
waters. AI(NO3)309H20 (ACS Grade), KCl (>99%) and Mg(NO3)2e6H20
(98.0-102.0%) was obtained from J.T.Baker (NJ, USA), FeCl; ¢6H,0
(99.0-102.0%) was obtained from VWR International, NaNO3 (>99.5%)
was obtained from Sigma-Aldrich, Ca(NO3)5e4H50 (99.0-103.0%) was
obtained from Merck (NJ, USA) and 1000 mg L~ ! solution of S (in H20)
was obtained from PerkinElmer. Only UP water was used for the prep-
aration of the stock solutions to maintain the pH of the SWS as close to
the environmental waters as possible. Humic acid (HA) solution was
used as humic substances’ source in selected experiments and prepared
by dissolving 1 g of HA (virgin, Carl ROTH, Karlsruhe, Germany) in
1000 ml of UP water under constant stirring for 24 h. The undissolved
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fraction of the material was removed by filtration (Whatman grade 41)
and the filtrate was stored in the dark until use in HDPE-container. The
soluble fraction of the material was determined by weighting the un-
dissolved material and found to be approximately 20%.

2.2. spICP-MS measurements

All spICP-MS measurements were performed on a NexION350 D ICP-
MS (PerkinElmer) operating in a single particle mode equipped with an
ESI 4DX autosampler (Elemental Scientific, NE, USA). General instru-
mental parameters are shown in Table 1. At least duplicate readings
were recorded of all samples to monitor any sample introduction errors.
A commercial NexION Setup Solution (1 pg L ! Be, Ce, Fe, In, Li, Mg, Pb,
and U in 1% HNOgs, Pure Plus, PerkinElmer) was used to adjust the
equipment according to instrument software’s tuning protocols and to
check the overall performance (i.e., maximum sensitivity with CeO"/
Ce'-level < 2.5% and Ce™"/Ce <3%). All data processing was per-
formed using the Syngistix Nano Application Module (v. 2.5), which
automatically separates the NP events from the background (dissolved)
signal using a threshold value determined using an iterative ‘mean + 3¢’
computation [63].

Transport efficiency was determined on daily basis at least in trip-
licate using the particle frequency method described by Pace et al. [28].
A dispersion containing 50 nm PEG-Carboxyl-stabilized Au NPs (Perki-
nElmer) diluted to a particle concentration of approximately 10° parti-
cles g~! with UP water was used for its stability. The sample uptake rate
was measured daily at least in duplicate by weighing the water uptake
after 3 min aspiration, and its value was regularly checked during
measurements.

Dissolved silver calibration standards ranging from 0.1 pg kg ™" to 2
ng kg ™! were prepared from a standard stock solution of silver (1000 mg
L’l). All calibration standards were diluted with a 0.5 mM solution of
STS to ensure the solution stability of silver. Particle calibration was
performed using citrate-stabilized Ag NPs with nominal sizes of 40, 50,
and 80 nm (NanoComposix) after dilution to a particle concentration of
approximately 10° particles g~ with UP water. Before spICP-MS-
measurements, an appropriate amount of 1000 mM STS solution was
added to adjust the matrix of the NP standard solutions to 0.5 mM STS.
The purpose of this was to match the matrix of the calibration standards
of dissolved and NP silver, thus minimizing any matrix differences be-
tween the two.

All solutions used in the experiments were diluted gravimetrically
fresh on a daily basis before the experiments. 15 and 50 ml poly-
propylene (PP) centrifuge tubes and high-density polyethylene (HDPE)
bottles (Abdos Life Science, VWR International, and Fisher Scientific)
were used for the preparation of the samples. The matrix of all sample
solutions of silver was adjusted to 0.5 mM STS before measurements to
ensure the chemical stability of dissolved silver and to minimize any
matrix interferences. To minimize the effect of time on the sample

Table 1
General instrumental parameters used in spICP-MS measurements.
Parameter Value
ICP RF-power (W) 1600
Nebulizer gas flow (L min~") 0.93-0.95
Plasma gas flow rate (L min~!) 18
Auxiliary gas flow rate (L min~ 1) 1.2
Spray chamber Baffled Cyclonic, Glass (cooled to 2 °C)
Nebulizer PFA-ST MicroFlow Concentric
Injector 1.8 mm i.d. Sapphire
Sampling depth (mm) 11
Dwell time 100 ps
Sampling time (s) 30
Readings/sample >2
Transport efficiency (%) 6.1-8.7
Sample uptake rate (g min~') 0.265-0.314
Isotope monitored 107pg*
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properties, all samples were measured within 2 h from their initial
preparation.

2.3. Verification of the Ag NP standards

The certified values of the commercial Ag NPs used in the experi-
ments were verified in our laboratory (Table S1), as at times these values
have been shown to deviate from the information provided by the
manufacturer [64-67]. The mass fraction of silver (mg LY of each Ag
NP dispersion was quantified in duplicate by ICP-MS (NexION350 D ICP-
MS, standard mode) using ruthenium (lozRu) as an internal standard.
0.25 g of each sample was accurately weighed into new 15 ml PP tubes
followed by the addition of 0.4 ml of aqua regia (Analpure). For quality
control purposes, an accurately weighed amount of yttrium (approxi-
mately 7.5 pg) was added, and the samples were allowed to digest at
room temperature for several days. Once dissolved, samples were
brought to 10 ml using 0.1% (m/v) thiourea solution (Sigma-Aldrich)
and further diluted 50-fold using a solution composed of 0.1% thiourea
(w/v), 2.4% HCI (v/v) and 0.5% HNOg (v/v). The recovery of yttrium
was monitored during analysis and used to compensate for any de-
viations originating from the sample preparation procedure (recoveries
of 92-98% were attained in all experiments).

The diameters of the commercial Ag NPs were determined with
transmission electron microscopy (TEM, JEM-1400HC, JEOL, MA, USA).
For the calculation of average particle diameters and to ensure the sta-
tistical significance of the results, a minimum of 250 particles were
considered. The in-lab verified values of the commercial Ag NPs were
found to differ <10% from the values provided by the manufacturer
(Table S1) and were used throughout the study.

2.4. Environmental water samples

Several environmental water samples (lake, river, brook, and two
spring waters) were collected from various locations situated in South-
ern Ostrobothnia and Central Finland and stored in HDPE-containers in
the refrigerator at 6-8 °C until use. Samples containing any solid ma-
terial were filtrated before use (Whatman grade 41) to minimize the risk
of blockage of the sample introduction system. The elemental compo-
sition of all the water samples used in the experiments (environmental
water samples, UP water, SWS, and HA solution) were characterized in
the laboratory and is presented in Table S2 (Appendix). Silver was
measured with spICP-MS as described in Chapter 2.2, while ICP-OES
(PerkinElmer) was used for the characterization of other minor and
major elements. Other physicochemical parameters including e.g.
chemical oxygen demand (CODyy,) and dissolved organic carbon (DOC)
used to characterize the humic substances’ content of the water samples
are presented in Table S3 (Appendix).

2.5. SPE materials

Various SPE materials having the potential to extract dissolved silver
from water samples were obtained from commercial vendors (Tables 2
and S4). All SPE materials used in the experiments were pre-treated in
the laboratory before use to remove any possible residual impurities and
the finest particles, which could cause blockage of the sample intro-
duction system. 3—-4 g of each material was weighted into new 50 ml PP
centrifuge tubes (VWR International) followed by the addition of 30 ml
of 1 mM nitric acid. The tubes were shaken for 10 min (800 osc./min)
using a flask shaker (Stuart SF1 Flask Shaker, Cole-Parmer, IL, USA), left
to stand for 5-10 min and the supernatant liquid was removed by
decanting. The residue was thoroughly rinsed with UP water until a
neutral pH was achieved. To avoid any pH changes of the sample solu-
tions caused by ion-exchange processes, some of the materials were
further transformed to their sodium (Na™) form (Table 2) using 30 ml of
1 mM NaOH following the same procedure as above. The excess water
was then removed by vacuum filtration. All SPE materials except for
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Table 2
SPE materials used in the experiments.
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SPE material (Abbreviation) Manufacturer Particle size (um) Functional group Conversion to Na* form
Chelex 100 Bio-Rad 300-1180 (wet) Iminodiacetate ion Yes

Lewatit MonoPlus TP 214 (TP 214) Lanxess 500-600 Thiourea -

Purolite C115HMR (C115HMR) Purolite <150 Carboxylic Acid Yes

SiliaBond Tosic Acid (SB TA) SiliCycle 40-63 Tosic Acid Yes

SiliaMetS DEAM (SM DEAM) SiliCycle 40-63 N-alkyldiethanolamine Yes

SiliaMetS DMT (SM DMT) SiliCycle 40-63 Dimercaptotriazine (DMT) Yes

SiliaMetS Thiol (SM Thiol) SiliCycle 40-63 Thiol Yes

SiliaMetS Triamine (SM Tri) SiliCycle 40-63 Triamine -

Chelex 100 were further oven-dried at 50 °C overnight. All materials
were stored in tightly-sealed containers until use.

2.6. Separation of the solid SPE materials

To investigate the effect of centrifugation speed and duration on
sample Ag NP properties, dispersions containing 50 nm Ag NPs (10°
particles g 1) were prepared both in UP and lake water and treated with
SPE materials ‘C115HMR’ and ‘SM DEAM’ as described in Chapter 2.7.
The two SPE materials were chosen for their different properties (Ta-
bles 2 and S4), which might affect the separation process. Samples were
then centrifuged at 1500, 2500, or 3500 rpm for 3, 5, or 10 min using
Heraeus Labofuge 400 centrifuge (Thermo Scientific, MA, USA).

2.7. Extraction experiments using SPE materials

The ability of the different SPE materials (Tables 2 and S4) to remove
dissolved silver and their possible effect on NP properties (particle size
or -concentration) was estimated. Dispersions containing either 1 pg
kg ! of dissolved silver or 10° particles g~! of 50 nm Ag NPs were
prepared in brook, lake, spring (1), or UP water. The dispersions were
then divided on 15 ml centrifuge tubes (10 + 1 ml each, n = 2) con-
taining 45 + 5 mg of SPE materials, which were weighted in the tubes
beforehand. 2 sample tubes were used as reference samples and thus did
not contain any SPE material. Sample tubes were protected from light
with aluminum foils and manually shaken for 5 min to ensure efficient
mixing. Samples were then centrifuged at 2500 rpm for 3 min using
Heraeus Labofuge 400 centrifuge (Thermo Scientific). 6 ml of liquid
samples were carefully separated from the surface of the tubes and an
appropriate amount of 100 mM STS solution was added to adjust the
matrix background to 0.5 mM STS. The silver content (dissolved and NP
silver) of the samples was measured with spICP-MS.

The effect of different SPE materials on dissolved or NP silver was
evaluated by comparing the obtained results of the samples to those of
the reference samples according to Egs. (1) and (2), where EE-% is the
material’s dissolved silver extraction efficiency (%), Cag is the dissolved
silver concentration (ug kg™1) and Cp is the particle concentration
(particles g~1):

Cag (rer) — Cag (Sample
EE — 9 = A8 (Ref.) — TAg (Sample) o 3o @
Cig (Ref)
Cp (Sample
C, recovery (%) = Zp (Sample) o 100% 2)
P (Ref.)

In addition, the possible effect of SPE materials on Ag NP size or
particle size distribution was evaluated by comparing the obtained mean
particle size and the size distribution histograms of the samples to those
obtained for reference samples.

2.8. Interference and selectivity experiments
The SPE materials’ ability to extract silver in the presence of humic

substances and various competing elements (Al, Ca, Cl™, Fe, K, Mg, Na,
NO3 and S) was evaluated. Solutions containing 1 pg kg™! dissolved

silver were prepared in spring (2) and river water, SWS, and in HA so-
lution with different physicochemical properties (Tables S2 and S3). All
samples were then treated as described in Chapter 2.7 and the concen-
tration of dissolved silver was analyzed with spICP-MS. After extracting
the sample for spICP-MS measurements, 3 ml of the residual sample was
further extracted for ICP-OES to determine the concentration of the
extracted competing elements (Al, Ca, Fe, K, Mg, Na, and S). Following
this, 0.25 ml of high-purity HNO3 was added, and the volume was finally
brought up to 5 ml with UP water for ICP-OES analysis.

3. Results
3.1. Dissolved silver interference

As discussed before, elevated concentrations of dissolved analyte can
severely affect the accuracy of NP characterization by masking NP sig-
nals. The situation is particularly challenging for environmental sam-
ples, where dissolved silver usually coexists with Ag NPs due to Ag NP
dissolution [20]. As the intensity of observed NP pulses is directly pro-
portional to the NP size, the high background signal interferes foremost
with the detection of small NPs as a result of increased size detection
limit [31,36].

To study the effect of dissolved silver interference on NP detection,
dispersions containing 30, 40, 50, and 80 nm Ag NPs in UP water were
spiked with increasing concentrations of dissolved silver (0-1 pg kg2,
Fig. 1). Whereas dissolved silver concentration up to 1 pg kg™ was not
found to affect the detection of 50 and 80 nm Ag NPs, characterization of
the 30 and 40 nm Ag NPs was clearly interfered by dissolved silver
concentrations of >0.1 pg kg~'. For these NPs, increasing dissolved
concentration leads to an overestimation of the particle size and a sig-
nificant underestimation in particle concentration. As expected,
elevated concentrations of dissolved silver affected foremost the detec-
tion of the smaller 30 nm Ag NPs, and at dissolved silver concentrations
>0.5 pg kg ™! the majority (>80%) of the 30 nm Ag NP signals were in
fact masked by the dissolved signal and thus were undetected. This is
because the increased dissolved background signal masked the pulses of
the smaller NPs, leading to significant bias in particle sizing (up to
+80%) and concentration determination (up to —93%).

As the Ag NPs in environmental samples are usually 20 nm in size or
less [68], the dissolved signal should be reduced as much as possible for
accurate NP characterization. As seen in Fig. 1, for accurate character-
ization of <30 nm Ag NPs, the dissolved silver concentration should be
decreased to a concentration below 0.1 pg kg™*.

3.2. Separation of the solid materials

SPE materials can be highly effective in improving the accuracy of
NP detection by removing dissolved analyte in NP dispersions. Even
though these materials are often utilized in in-lab built columns con-
nected on-line with spICP-MS [31,61,62], laborious washing and
regeneration steps (16-60 min depending on the author [31,62]) needed
to ensure the proper functioning of the SPE materials and to minimize
the risk of carryover between samples often increase total sample
analysis time. As such, in this paper, SPE materials were utilized as an
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Fig. 1. The effect of dissolved silver concentration (0-1 pg kg ™) on the accuracy of Ag NP characterization. Obtained Ag NP mean size (a) and particle concentration
(b) as function of dissolved silver (AgD) concentration, given as percentual (%) values as compared to the values obtained at a dissolved silver concentration of 0 pg
kg 1. Results are given as mean + 1 standard deviation (1 s) of three replicate samples (n = 3). The obtained NP size detection limits were 10, 16, 17, 26 and 30 nm at
dissolved silver concentrations of 0, 0.05, 0.1, 0.5 and 1.0 pg kg, respectively. The data points for 30 nm Ag NP at AgD concentrations of 0.5 and 1.0 pg kg ' are
highlighted with an asterisk, as an insufficient number of NPs ((100) were captured for statistically significant characterization.

off-line sample pre-treatment procedure to maximize sample throughput
in spICP-MS.

For the small particle size of the solid SPE materials (Table 2), suf-
ficient separation of the sample solution and solid materials should be
achieved to prevent the risk of blockage of the sample introduction
system. However, the original sample NP properties (size and concen-
tration) should be maintained in the process. Even though centrifugation
is an efficient method for the separation of the solid materials, using
high centrifugation speeds and durations has in some cases shown to
lead Ag NP losses [59,69-72]. As such, the effect of centrifugation
conditions on sample properties was investigated.

Firstly, the effect of centrifugation duration on Ag NP recoveries was
evaluated. 50 nm Ag NP dispersions prepared in UP and lake water were
centrifugated for 3, 5, and 10 min at 3500 rpm (Fig. Sla and b in Ap-
pendix). Even though the Ag NP recoveries are generally observed to
decrease slightly as the centrifugation duration is increased, no signifi-
cant differences are observed in the Ag NP concentration in either ma-
trix. In addition, sufficient separation of the solid SPE materials was
achieved even at the shortest centrifugation duration of 3 min. As such,
3 min was chosen as the optimal centrifugation duration to minimize
sample preparation time. Once the centrifugation duration of 3 min was
set, the effect of centrifugation speed (1500, 2500, and 3500 rpm) on 50
nm Ag NP concentration was further studied (Fig. S1c and d in Appen-
dix). Increasing centrifugation speed was not found to significantly
affect the Ag NP concentration or separation of the SPE materials in
either matrix. As such, a centrifugation speed of 2500 rpm was chosen.

A closer investigation of Fig. S1 reveals some interesting differences
in the recoveries of Ag NPs between samples and matrices treated with
SPE materials. Significantly (up to 40%) lower Ag NPs recoveries are
obtained for samples treated with SPE material ‘SM DEAM’ in lake water
matrix (Fig. S1b and d). Similar behavior was not observed in UP water,
indicating that the SPE material itself is not responsible for the loss of the
Ag NPs. It seems SPE material ‘SM DEAM’ interacts with sample Ag NPs
to some extent leading to NP losses, however, the process is matrix
dependent. The effect of different SPE materials on Ag NPs in different
matrices is discussed in more detail in Chapter 3.3.1.

Neither the centrifugation speed nor duration was found to signifi-
cantly affect the recovery of Ag NPs in either of the matrices studied.
This is somewhat in contrast with the findings of other authors, who
reported a significant reduction of the NP concentration with increasing

centrifugation speed [59,69,71,72]. However, in these studies either
significantly longer centrifugation times (up to 20 min) or different
sample matrices were used, which could explain the differences in the
findings. In addition, differences in the equipment used for centrifuga-
tion (e.g. the centrifuge itself and the size of centrifugation tubes used)
can affect the results, making the direct comparison of the results
challenging. As such, it seems advisable to study the effect of these
variables on the sample properties in the early stages of the method
development to minimize the risk of NP losses.

Compared with on-line systems, the optimized off-line procedure
presented here reduces the required analysis time considerably, as
laborious washing and regeneration steps needed between samples
[31,39,61,62] are omitted. Up to 12 samples can be pre-treated with the
proposed off-line procedure in less than 10 min (<1 min/sample),
whereas 16-60 min (depending on the author [31,62]) was required for
the regeneration of the resin between samples in on-line systems. In
addition, the risk of carryover is minimized by washing the sample
introduction system between every sample.

3.3. Extraction experiments of the SPE materials

The effect of the commercially available SPE materials used in the
experiments (Table 2) on sample properties was evaluated. Considering
spICP-MS analyses, the aim is to identify suitable SPE materials capable
of efficient removal of dissolved silver, while maintaining the original
Ag NP properties of the sample. As such, the SPE materials were eval-
uated based on two factors. Firstly, the effect of these materials on Ag NP
properties (particle size or -concentration) and secondly, the extraction
efficiency of dissolved silver.

3.3.1. Effect of SPE materials on Ag NPs properties

As the purpose of this study is to improve the accuracy of NP
detection, maintaining the samples’ original NP properties is of utmost
importance. As such, the effect of the different SPE materials on Ag NP
concentration and size was carefully investigated. To evaluate the
possible effect of SPE materials on NP properties, the results obtained for
samples treated with SPE materials were compared to those obtained for
reference samples, which did not contain any SPE materials. The ob-
tained results for the Ag NP concentration and size in various natural
waters are presented in Fig. 2a and b, respectively, and in Table S5
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Fig. 2. The effect of SPE materials on 50 nm Ag NPs a) particle recovery (C, recovery (%)) and b) mean size in different matrices. Results are given as mean + 1
standard deviation of two replicate samples with 4 readings. The black reference lines given in Figs. 2 a and b represent 90% C,, recovery and the mean size of the 50

nm Ag NPs (51 nm as obtained with TEM), respectively.

(Appendix). The obtained size distribution histograms are presented in
Figs. S2-S5 (Appendix).

Most of the SPE materials were not found to cause significant
changes in Ag NP concentration or size (Fig. 2a and b). In addition,
similar size distribution histograms were in general obtained for samples
analyzed as such and after treatment with SPE materials (Figs. S2-S5 in
Appendix). As such, most of the materials were not found to significantly
interact with sample Ag NPs in any of the matrices studied, making them
potential candidates for dissolved silver removal in NP dispersions.
However, significant (up to 64%) loss of Ag NPs is observed in samples
treated with SPE materials ‘TP 214’, ‘SM DEAM’ and ‘SM Tri’ (Fig. 2a).
The effect of these materials, however, is found matrix-dependent; in
general, losses are more severe in spring (1) and lake water (Tables S2
and S3 in Appendix). A significant reduction in particle size was also
observed for samples containing SPE materials ‘TP 214’ and ‘SM Tri’
(Fig. 2b), indicating particle dissolution. As the observation was made
for the latter in all the matrices studied, it can be expected, that the
material itself is causing changes in particle size. The observed changes
in particle size and concentration for the SPE materials ‘TP 214°, ‘SM
DEAM’ and ‘SM Tri’ can also be clearly seen in the size distribution
histograms (Figs. S2-S5 in Appendix).

As the observed changes in particle size or concentration are clear
indicators of the material’s interaction with the sample Ag NPs, mate-
rials ‘TP 214°, ‘SM Tri’, and ‘SM DEAM’ cannot be considered for

dissolved silver removal in NP dispersions. However, SPE materials
‘Chelex 100, ‘SB TA’, ‘C115HMR’, ‘SM Thiol’ and ‘SM DMT’ were able
to maintain the original sample Ag NP properties in all the matrices
studied. As such, these materials can be considered as viable alternatives
for dissolved silver removal and the extraction efficiency of these ma-
terials is evaluated in the following chapter.

3.3.2. Effect of SPE materials on dissolved silver

As presented in Fig. 1 and shown before [31], even low concentra-
tions of dissolved silver can severely interfere with the detection of Ag
NPs, leading to inaccurate characterization of these materials. Efficient
removal of the dissolved silver is thus required for accurate sizing and
counting of the NPs. In addition, the possible effect of the sample matrix
should be considered, as it is expected to affect the extraction efficiency
of SPE materials [55,59,61,73].

After identification of the SPE materials capable of maintaining the
original sample NP properties (Chapter 3.3.1), their ability to extract
dissolved silver was evaluated in various matrices (UP, spring (1 and 2),
lake, river, and brook water, SWS and HA solution). The obtained results
for colorless (with dissolved organic carbon (DOC) <5 mg L’l) and dark-
colored (DOC >5 mg L) waters are presented in Fig. 3a and b,
respectively and in Table S6 (Appendix).

As the obtained results in colorless and dark-colored waters are
compared (Fig. 3a and b), a significant difference in the dissolved silver
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Fig. 3. The different SPE materials’ dissolved silver extraction efficiency (EE-%) a) in colorless waters (DOC <5 mg LY and b) in dark-colored waters (DOC >5 mg
L~1). Results are given as mean + 1 standard deviation (1 s) of two replicate samples with 4 readings.

extraction efficiency is observed. In colorless waters, clearly higher
extraction efficiencies (up to 97%) are obtained virtually unaffected by
the SPE materials used. Cation exchange materials ‘C115HMR’, ‘SB TA’,
and ‘Chelex 100" with carboxylic or sulfonate groups proved most effi-
cient in dissolved silver removal. The highest extraction efficiencies
(89-95%) were obtained with a weak cation exchange resin ‘C115HMR’,
followed by ‘SB TA’ and ‘Chelex 100’ with highly similar efficiencies
(71-90%).

In dark-colored waters with higher amounts of humic substances
(DOC >5mg L’l), however, the ability of the different SPE materials to
remove dissolved silver is clearly decreased (Fig. 3b). The latter is true
especially for the ion-exchange resins ‘C115HMR’, ‘SB TA’ and ‘Chelex
100°, which extraction efficiencies fell below 60% in dark-colored wa-
ters. A possible explanation for this observation is the presence of humic
substances in these waters (Table S3, Appendix), which are known to
affect the efficiency of SPE extraction [55,61]. As seen in Fig. 3b, poor
dissolved extraction efficiencies (<40%) were obtained in HA solution
independent of the SPE material used, which might be due to competi-
tive binding of silver to humic substances’ active sites (e.g. sulphur and
carboxyl groups) [74]. The effect of humic substances can be more
clearly seen in Fig. S6, where the SPE materials’ dissolved silver EE-% in
different waters is presented with their corresponding DOC-values
indicating the humic substances’ content in these waters. As can be
seen, the dissolved silver extraction is found most efficient in colorless
waters with DOC-values <5 mg L™}, but generally lower efficiencies are
obtained in waters with DOC-values >5 mg L1,

Comparing the obtained results in colorless and dark-colored waters
(Fig. 3a and b and S6), two SPE materials stand out. In contrast to the
other SPE materials, clearly lower extraction efficiencies are obtained
for thiol-containing materials ‘SM DMT’ and ‘SM Thiol’ in UP water as
compared to environmental waters. This is somewhat unexpected since
UP water contains no competing elements or compounds that could
interfere with the extraction process. Considering that UP water lacks
buffering capacity, changes in solution pH during the extraction process
might affect the extraction efficiency. As compared with the reference
sample, a significantly higher pH value was indeed measured for the
sample treated with SPE material ‘SM DMT’ (9.9 vs. 5.4), which could
explain the observed results. In addition, the extraction efficiency of
these materials might depend on specific compounds or elements pre-
sent. When the extraction efficiency of these materials is presented with

the increasing concentration of dissolved anions (Cl~ and SO%’) present
(Fig. S7 in Appendix), some correlation can be observed. The presence of
these anions may be favouring the dissolved silver extraction efficiency
of SPE materials ‘SM DMT’ and ‘SM Thiol’, for instance by affecting the
chemical state of silver.

As the purpose of this paper is to develop a sample pre-treatment
procedure for dissolved silver removal in environmental waters, it is
important to evaluate the possible interfering effect of matrix compo-
nents on the extraction process. Since other elements present in envi-
ronmental waters might decrease the extraction efficiency of dissolved
silver by competing with the SPE materials’ active sites, the effect of
competing elements on the dissolved silver extraction efficiency was
investigated in more detail. The results for extraction of dissolved silver
and other competing elements are presented in the supplementary ma-
terial (Tables S7-S9 for SWS, spring (2), and river water, respectively).
Due to the conversion of SPE materials into their sodium (Na™) form,
higher concentrations of sodium were measured for samples treated
with SPE materials as compared to the reference samples, and thus re-
sults for the extraction of sodium were omitted. As all the SPE materials
were found to extract competing elements to varying extents, none of
the SPE materials were found selective towards silver. As such, the
application of SPE materials on improving NP detection by dissolved
signal removal can potentially be extended for other elements as well, as
has already been demonstrated for Zn and LayO3 [55,60,61].

Because of the high molecular loading capacity of SPE materials
(Table S4, Appendix) and the low elemental concentrations commonly
found in natural waters, the presence of competing elements was not
found to affect the materials’ dissolved silver extraction efficiency. As
seen in Fig. 3a and b, similar extraction efficiencies were obtained in
waters containing various competing elements as in UP water, indi-
cating that the extraction of other elements does not negatively affect
the extraction of silver in the concentration range studied. Interestingly,
the presence of humic substances was not found to affect the SPE ma-
terials’ extraction efficiency of the competing elements (Tables S7-S9 in
Appendix), especially in the case of ion-exchange resins, as was noticed
for silver. This confirms that the observed decrease in dissolved silver
extraction efficiency in dark waters is due to humic substances’ inter-
action with silver ions, thereby reducing the interaction with the SPE
materials.
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3.4. Selection of the SPE materials for dissolved silver extraction in NP
dispersions

The suitability of the SPE materials on dissolved silver removal in Ag
NP dispersions was evaluated based on their effects on NP properties and
dissolved silver extraction efficiency. As maintaining the original sample
Ag NP properties is of utmost importance for accurate NP character-
ization, any SPE materials found to cause changes in the original sample
NP properties were excluded (‘SM Tri’, ‘SM DEAM’ and ‘TP 214, see
Chapter 3.3.1). The remaining five SPE materials were assessed based on
their ability to extract dissolved silver in colorless (DOC <5 mg L YHand
dark-colored waters (DOC >5 mg L1, for which the numerical results
are given in Table S6 (in Appendix) and summarized in Table 3.

Based on the obtained results, SPE materials ‘C115HMR’, ‘Che-
lex100’ and ‘SB TA’ were found generally most suitable for dissolved
silver removal. These materials were found to extract dissolved silver
efficiently especially in colorless waters and importantly, were not
found to interact with the Ag NPs in any of the matrices studied. How-
ever, in dark-colored waters, these materials’ extraction efficiency
decreased significantly probably because of the interfering effect of
humic substances. In dark-colored waters with higher amounts of humic
substances (DOC >5 mg L’l), SPE materials ‘SM Thiol’ and ‘SM DMT’
were found more efficient and should be preferred. As such, care should
be taken in choosing SPE materials for dissolved silver removal, as the
sample matrix greatly affects the efficiency of the SPE materials.

Finally, SPE materials ‘C115HMR’ and ‘SM Thiol’ were chosen as the
final materials for dissolved silver removal in colorless and dark-colored
environmental waters, respectively. Even though ‘C115HMR’ was found
more efficient in colorless waters, tests were performed also with ‘Chelex
100’ for comparative purposes due to its frequent use in previous studies
[31,62].

3.5. Analysis of environmental samples

To demonstrate the effect of the chosen SPE materials on improving
the accuracy of NP characterization in environmental waters, disper-
sions containing 30 nm Ag NPs and 0-1 pg kg~ of dissolved silver were
prepared in colorless waters with COD <5 mg L! (UP and spring (2)
water), and dark-colored water with COD >5 mg L™} (river water).
Samples were then analyzed as such and after treatment with the chosen
SPE materials as described in Chapter 2.7. The results are displayed in
Fig. 4a—c.

As can be seen in Fig. 4a—c, when samples are analyzed as such
without treatment with the SPE materials, the coexisting dissolved
concentration causes a significant interference on the detection of the
30 nm Ag NPs in all matrices. With increasing dissolved silver concen-
tration, more and more NPs are masked by the higher background
signal, causing a significant increase in particle mean size (up to +58%,
from 26 to 29 nm to 42-43 nm) and a decrease in particle concentration
(up to —90%). By pre-treating the samples with SPE materials before
spICP-MS-measurements, however, a significant portion of the dissolved
silver can be removed, allowing highly more accurate characterization

Table 3
Effect of the selected SPE materials on sample properties.

SPE C, recovery EE-%(AgD), colorless EE-%(AgD), dark-
Material (%)* waters” colored waters”
Chelex 100 Excellent Good Poor

C115HMR Excellent Excellent Poor

SB TA Excellent Good Poor

SM DMT Excellent Moderate Moderate

SM Thiol Excellent Moderate Moderate

! The effect of SPE materials on C, recovery was estimated as follows: >90%
in all matrices: Excellent, <90% in any matrix: Poor.

2 Dissolved silver extraction efficiency (EE-%(AgD)) estimated as follows:
>85% Excellent, 75-85% Good, 55-75% Moderate and < 55% Poor.
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of the 30 nm Ag NPs over the entire concentration range studied. It
should be noted, that significantly lower (up to 40%) particle concen-
tration is obtained in UP water for samples analyzed as such (i.e., for the
reference sample) as compared to the values obtained for samples
treated with SPE materials, even in the presence of low background
signal (no dissolved silver added, Fig. 4a). The adsorption of Ag NPs onto
solid surfaces has been previously reported [75] and shown to depend
both on the surface of the Ag NPs and the sample container materials. As
such, it seems possible, that the lower recoveries obtained in UP water
for the reference sample might result from the interaction of Ag NPs with
e.g. sample introduction system. The addition of SPE materials might
reduce the adsorption of Ag NPs onto solid surfaces by e.g. affecting the
physicochemical properties of the sample matrix or particle surface,
thereby explaining the observed results.

In clear waters (UP- and spring water (2) with DOC <5 mg L’l,
Fig. 4a and b), the dissolved silver interference can be minimized by
treating the samples with ion-exchange materials ‘Chelex 100’ or
‘C115HMR’. The efficient extraction of dissolved silver (up to 95%)
improves the detection of the 30 nm Ag NPs, allowing more accurate
sizing and particle concentration determination over the entire con-
centration range studied. Even though ‘Chelex 100’ is more often used in
previous publications [31,62], ‘C115HMR’ proved more efficient in
dissolved silver removal, as noticed already in Chapter 3.3.2. As a result,
highly accurate values are obtained for the particle mean size (28 + 2
nm) even in samples containing relatively high amounts (up to 1 pg
kg’l) of dissolved silver, whereas a slight increase is observed for
samples treated with ‘Chelex 100’ (from 29/27 nm to 32/33 nm). At the
same time, relatively stable particle concentration values are also ob-
tained for samples treated with ‘C115HMR’ over the entire concentra-
tion range studied.

In river water with higher amounts of humic substances (DOC 11 mg
L 1), the detection of the 30 nm NPs can be significantly improved by
pre-treating the samples with SPE material ‘SM Thiol’ (Fig. 4c). As a
result, accurate readings are obtained for particle mean size (28 & 2 nm)
and particle concentration (<21% different) over the entire concentra-
tion range studied. For the ion-exchange materials ‘Chelex 100’ and
‘C115HMR’, the extraction efficiency is significantly decreased in the
river water matrix rich with humic substances, resulting in only a slight
improvement in NP detection. This demonstrates the better suitability of
‘SM Thiol’ for dissolved silver removal in dark-colored waters as
compared to ‘Chelex 100’ and ‘C115HMR’, which were found more
efficient in colorless waters.

4. Conclusions

Accurate characterization of Ag NPs in environmental samples can
be severely interfered by high background (dissolved) signal, leading to
inaccurate characterization of these materials. As the smallest NPs are
most susceptible to the interfering effect of dissolved silver, for accurate
characterization of <30 nm NPs, dissolved silver concentration should
be decreased at least to a concentration below 0.1 pg L ™. In this paper, a
simple sample pre-treatment procedure for more accurate NP charac-
terization with spICP-MS is presented using solid phase extraction (SPE)
materials for dissolved silver removal in environmental waters. The
developed off-line procedure maximizes sample throughput in spICP-MS
with 12 samples treated in less than 10 min, as lengthy (up to 60 min)
washing and regeneration steps necessary on commonly employed on-
line systems are eliminated. The effect of centrifugation conditions
(speed and duration) used for the separation of the solid SPE materials
on the NP properties were investigated to minimize NP losses. Using the
optimal conditions (2500 rpm for 3 min), the applicability of eight
commercially available SPE materials was thoroughly evaluated based
on their dissolved silver extraction efficiency and ability to maintain
original sample Ag NP properties in various water matrices. Though
many of the SPE materials were not found to interact with the sample Ag
NPs, SPE materials ‘SiliaMets (SM) Triamine’, ‘SM DEAM’ and ‘Lewatit
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Fig. 4. The obtained results for 30 nm Ag NP dispersions spiked with increasing concentrations (0-1 pg kg ™) of dissolved silver (AgD) in a) UP water, b) spring water
(2) and c) river water. All samples were analyzed as such (i.e., reference sample) and after treatment with the chosen SPE materials (‘Chelex 100’; ‘C115HMR’ and
‘SM Thiol’) in triplicate. The obtained results for particle concentration (C,, given in part. g 1) are represented with lines and mean size with bars. The error bars
represent one standard deviation (1 s) of three replicate samples (n = 3). The data points for 30 nm Ag NP at AgD concentrations of 0.5 and 1.0 pg kg~ ! are
highlighted with an asterisk, as an insufficient number of NPs (<100) were captured for statistically significant characterization.

MonoPlus TP 214” were found to cause Ag NP dissolution or losses and
as such were found unsuitable for dissolved silver removal in NP dis-
persions. The remaining SPE materials capable of maintaining original
NP properties (‘Chelex 100°, ‘Purolite C115SHMR’ (‘C115HMR’), ‘Silia-
Bond Tosic acid’ (‘SB TA’), ‘SM Thiol’ and ‘SM DMT’) were assessed
based on their dissolved silver extraction efficiency in several water
matrices. In addition, the effect of various competing elements
commonly found in natural waters (Al, Ca, Na, Fe, K, Mg, S, NO3 and
Cl7) and humic substances on the extraction efficiency were evaluated.
Even though competing elements were not found to affect the dissolved
silver extraction efficiency due to the high molecular capacity of the SPE
materials used, the presence of humic substances was shown to signifi-
cantly decrease the dissolved silver extraction efficiency, especially with
ion-exchange materials ‘Chelex 100°, ‘C115HMR’ and ‘SB TA’. This is
probably due to the competitive binding of silver through humic sub-
stances’ active sites (e.g. sulphur and carboxyl groups).

Three SPE materials found most efficient in dissolved silver extrac-
tion (‘C115HMR’, ‘Chelex 100’ and ‘SM Thiol’) were chosen and their
effect on improving the accuracy of Ag NP characterization was

demonstrated in ultrapure, spring, and river water with different phys-
icochemical properties. Whereas measurement of the samples with
coexisting dissolved silver (up to 1 pg kg™ 1) as such without treatment
with SPE materials resulted in significant bias in 30 nm Ag NP sizing (up
to +58% increase) and counting (up to —90% decrease), pre-treatment
of the samples with SPE materials ‘C115HMR’ and ‘SM Thiol’ minimized
the effect of dissolved silver interference in colorless and dark-colored
waters, respectively. As a result, highly more accurate readings were
obtained for NP size (28 + 2 nm) with relatively stable particle con-
centration values (<21% different).
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The determination of silver nanoparticles (Ag NPs) with single-particle inductively coupled plasma mass spec-
trometry can be severely interfered with coexisting dissolved silver causing high background signals, which can
lead to inaccurate quantification of NP size and particle concentration. In this paper, chemically active and
reusable 3D printed scavengers are applied for highly efficient dissolved silver removal in Ag NP dispersions,
allowing more accurate determination of particle concentration and size. Selective laser sintering was used for
constructing the porous 3D scavengers constituting of polystyrene used as a supporting material and ion-
exchange material SiliaBond Tosic acid (TA), which were chosen based on their high dissolved silver extrac-
tion efficiency and ability to maintain original NP properties. The macroporous structure of the final 3D TA
scavengers allowed Ag NPs to pass freely through the object without affecting their original properties. The
efficient contact between the sample solution and the functional material resulted in rapid (ca. <1 min/sample),
and highly efficient dissolved silver removal (>98%). The 3D TA scavengers showed potential to be used for
preconcentration of dissolved silver, and the retained dissolved silver can be eluted with a 0.5 mM solution of
sodium thiosulphate with excellent recoveries (>99%). Competitive adsorption of elements commonly found in
natural waters (Ca, K, Mg, Na, S, Si, and Sr) were not found to affect the dissolved silver extraction efficiency. The
developed pre-treatment method was applied for the determination of 30 nm Ag NPs in ultrapure and clear
environmental waters with coexisting dissolved silver (0.2 pg kg™!). Whereas measurement of the samples as
such led to a significant bias in NP sizing (up to +12% increase) and counting (up to —51% decrease), pre-
treatment of samples with the functional 3D TA scavengers eliminated the interfering effect of dissolved sil-
ver. This resulted in significant improvement in NP detection and determination. Highly similar values were
obtained for both NP mean size (30 + 1 nm, <4% different) and concentration (<13% different) in all matrices
studied as compared to samples in the absence of dissolved silver.

1. Introduction

The antimicrobial properties of silver nanoparticles (Ag NPs) are
increasingly used in various applications and consumer products, which
has raised concerns about their potential adverse effects on the envi-
ronment and human health [1-5]. The realistic risk assessment of these
materials requires sensitive analytical techniques, for which single-
particle inductively coupled plasma mass spectrometry (SP-ICP-MS)
has evolved as a viable alternative [6-9]. In SP-ICP-MS, the analyte
intensity is recorded as a function of time using very short dwell times (e.
g. <10 ms [6]). Whereas the ionization of the dissolved element results
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in a constant flow of ions to the detector and thus a relative steady-state
signal, ionization of individual NPs generates a discrete pulse of ions
separating from the baseline. The intensities originating from NPs can be
obtained by the separation of pulse intensities over a certain threshold
limit, which is typically determined using an iterative ‘mean + 3¢’
computation [7,10-13]. In the presence of high concentration of dis-
solved element, however, separation of the NP events from the back-
ground signal can prove challenging. In these cases, the dissolved signal
might overlap NP pulses and lead to the computation of a threshold
value being larger than some or possibly all NP signals, and thus, biased
determination (overestimation of the NP size and underestimation of the
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particle concentration) [14,15]. The situation is particularly challenging
for samples containing elevated concentrations of dissolved analyte
and/or small NPs, e.g. for environmental samples [15-17].

In the presence of high concentrations of dissolved elements, the use
of high data acquisition frequencies (with dwell times <100 ps)
[7,18,19] or sophisticated mathematical models [20,21] can be used to
improve the separation of NP events from the background signal.
However, these methods are often found inadequate to eliminate the
interfering effect of coexisting dissolved element or may require labo-
rious manual data processing. The background signal can be decreased
efficiently by physical removal of the dissolved element as well, for
which several options have been suggested over the years. The simplest
solution for reducing the dissolved concentration of the sample is sample
dilution, as proposed by Schwertfeger et al. [16]. However, considering
environmental samples with low NP concentration [2,16,17,22,23],
sampling times often need to be extended to ensure the capture of a
sufficient amount of NP events for reliable determination [24]. Sample
dilution can also promote NP instability in highly diluted solutions
[25-28], which should be avoided.

Over the years, several authors have demonstrated the beneficiation
of solid phase extraction (SPE) materials for efficient separation of NPs
from their ionic counterparts followed by SP-ICP-MS detection
[14,15,29-31]. These materials have been used either for sample pre-
treatment in off-line systems [14,30] or in-lab built columns con-
nected directly on-line with ICP-MS [15,29,31,32]. The use of powdery
SPE materials, however, can be challenging requiring either separation
of the solid materials from the sample solution or time-consuming
washing and regeneration steps in on-line systems (up to 60 min).
These problems can be avoided by the utilization of 3D printing, which
has gained great interest in a wide array of applications [33-36]. In
addition to producing complex objects with precise dimensions, 3D
printing technique can be used for manufacturing of objects possessing
actual chemical functionalities, such as catalysts [24,37] and 3D printed
scavengers used for the recovery of pharmaceuticals [38] and precious
metals [39,40] from waste streams. In selective laser sintering (SLS),
polymer particles used as printing material are partially sintered
together to obtain an object with desired size and shape. The partial
melting of the particles allows the formation of a highly porous structure
with accessible voids between the sintered polymer grains, allowing the
sample solution to pass through the object. The porosity, as well as other
physical and mechanical properties of the 3D printed objects, can be
controlled by adjusting the printing parameters (e.g. laser speed and
power) [41]. An additional benefit of SLS is the wide range of materials
used for printing [35], and the possibility to incorporate chemically
active materials with specific desired functionalities [37,38,42,43].
Instead of using materials in their powdery form, the incorporation of
SPE materials into 3D objects with fully customizable size, shape,
porosity, and functionality increases their usability in a wide range of
applications.

This paper presents a novel sample pre-treatment procedure using a
functional 3D printed scavenger for the efficient removal of dissolved
silver in NP dispersions, allowing more accurate determination of Ag NP
size and concentration. The effect of 3D scavengers on Ag NP properties
and their ability to extract dissolved silver is thoroughly investigated. In
addition, the selectivity towards silver in the presence of various
competing elements commonly found in natural waters (Ca, K, Mg, Na,
S, Si, and Sr) and the adsorption behaviour of the 3D scavengers is
studied. Finally, the proposed method is applied for the determination of
30 nm Ag NPs in ultrapure (UP) and clear natural waters. To the best of
our knowledge, this study is the first to demonstrate the beneficiation of
functional 3D scavengers for improving the accuracy of Ag NP size and
concentration determination by dissolved silver removal.
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2. Experimental
2.1. Materials

UP water (18.2 MQecm) obtained from PURELAB Ultra water puri-
fication system (ELGA LabWater, Buckinghamshire, UK) was used for
the preparation of all aqueous solutions and sample dilutions. Single-
element stock solutions of silver and ruthenium (1000 mg LY and
multi-element standard solutions (29-Element and 12-Element Solution,
10 mg L'l) were obtained from PerkinElmer (MA, USA). Sodium thio-
sulfate (STS, >98.0%) and thiourea (TU, >99.0%) were obtained from
Sigma-Aldrich (Saint Louis, MO, USA). High-purity nitric (HNO3) and
hydrochloric (HCI) acids were obtained from Analytika spol. s r.o.
(Prague, Chech Republic). A 1 mol L~ ! solution of nitric acid was pre-
pared from nitric acid (>65%) obtained from Sigma-Aldrich. Poly-
styrene (PS) was obtained from Axalta Polymer Powders (Bulle,
Switzerland) and SPE material SiliaBond Tosic acid (TA) from SiliCycle
(Québec, Canada).

Citrate-stabilized Ag NPs with nominal sizes of 30, 40, 50, and 80 nm
were obtained from NanoComposix (San Diego, CA, USA). Ultra-uniform
50 nm PEG-Carboxyl-stabilized Au NPs specially designed for SP-ICP-MS
calibration were obtained from PerkinElmer. The certified values of all
commercial NP dispersions were verified in the laboratory before per-
forming any experiments. More details of the verification measurements
can be found in the supplementary material (Table S1 in Appendix) and
our previous publications [14,44].

Environmental water samples used in this study were collected from
different locations situated in Central Finland and stored in the refrig-
erator at 6-8 °C until use. Before conducting any experiments, the
elemental composition and other physicochemical parameters of the
water samples were determined in the laboratory. More detailed infor-
mation on the experimental procedure and the obtained results are
presented in Tables S2 and S3 (Appendix).

2.2. Instrumentation

2.2.1. SP-ICP-MS and ICP-MS (standard mode) measurements

All ICP-MS measurements were performed using a NexION350D ICP-
MS (PerkinElmer, Table S4 in Appendix) equipped with an ESI 4DX
autosampler (Elemental Scientific, NE, USA). The SP-ICP-MS measure-
ments were performed operating the instrument in single-particle mode.
A commercially available Syngistix Nano Application Module software
(v. 2.5) by PerkinElmer was used for SP-ICP-MS data acquisition and
processing of the raw data. The software automatically discriminates the
NP events from the continuous background (dissolved) signal using an
intensity threshold value determined using an iterative “mean + 36"
computation [44].

Dissolved silver calibration standards ranging from 0.1 to 2 pg kg~ !
were prepared from a stock solution of silver (1000 mg L1). Citrate-
stabilized Ag NPs with nominal sizes of 40, 50, and 80 nm were used
for the preparation of the particle calibration standards. 50 nm PEG-
Carboxyl-stabilized Au NPs were used for transport efficiency determi-
nation after dilution to a particle concentration of approximately 10°
particles g~! using the particle frequency method described by Pace
et al. [13]. The sample flow rate was determined daily at least in
duplicate by quantifying the water uptake after 3 min of aspiration. To
minimize the adsorptive losses of dissolved silver onto solid surfaces
[28,45,46] and eliminate any matrix interferences, the matrix of all
solutions of silver (both NP and dissolved silver) were adjusted to 0.5
mM of STS before measurement.

ICP-MS operating in standard mode was used in some experiments
for the concentration measurements of silver from acidified samples.
Calibration standards ranging from 1 to 100 pg kg~! were prepared by
diluting the stock solution of silver (1000 mg L’l) with a solution
composed of 0.1% TU (w/v), 2.25% HCI (v/v) and 0.75% HNOj3 (v/v).
192pu was used as the internal standard. All solutions used in the
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experiments were diluted gravimetrically daily prior to the experiments.

2.2.2. Scanning electron microscopy

Scanning electron microscope analysis of the 3D scavengers was
conducted using Zeiss EVO-50XVP (Carl Zeiss AG, Oberkochen, Ger-
many). Samples were plated with a thin layer of gold using a gold sputter
machine to enhance conductivity and improve imaging. Images were
produced using backscatter electron detection with an acceleration
voltage of 20 kV and a working distance of 9.5 mm.

2.2.3. Preparation of the 3D printed scavengers

The designing of the 3D scavengers was performed using FreeCad (v.
0.16) and Slic3r (v. 1.2.9) softwares to obtain objects with desired size
and shape (5 mm in height and 16.5 mm in diameter with an average
mass of 0.53 g). The material used for 3D printing was prepared by
manually mixing PS and TA in a mass ratio of 1:10 (10 m-% of TA), with
an estimated cost of 0.25 €/3D TA scavenger (ca. 0.27 USD). The ma-
terials used for constructing the 3D TA scavengers were chosen based on
their negligible effects on original NP properties (Table S5 and Fig. S1 in
Appendix) and highly efficient dissolved silver extraction efficiency in
clear waters [14]. The printing of the 3D scavengers was performed with
a Sharebot SnowWhite SLS 3D printer (Nibionno LC, Italy) using the
operational parameters shown in Table S6 (Appendix). The 3D TA
scavengers were then tightly fit into 10 ml syringes (one 3D scavenger/
syringe) and washed with UP water and 1 M HNOs3 to remove any
unsintered material or residual impurities. Finally, all 3D scavengers
were thoroughly rinsed with UP water until a neutral pH was achieved.

2.2.4. Effect of 3D TA scavengers on analyte properties and regeneration of
the scavengers

The ability of the 3D TA scavengers to extract dissolved silver and
their possible effect on Ag NPs properties was investigated. Dispersions
containing either 1 pg kg~! of dissolved silver or 10° part. g~! of 50 nm
Ag NPs were passed through a 10 ml syringe containing one 3D TA
scavenger within approximately 1 min (flow rate ca. 10 ml min’l). The
solution containing Ag NPs was collected from the tip of the syringe into
a 15 ml PP tube, whereas dissolved silver is retained in the 3D scavenger
during the process. All experiments were performed in triplicate (n = 3).
The concentration of silver (both dissolved and NP silver) was then
analysed with SP-ICP-MS as described in paragraph 2.2. The effect of the
3D scavengers on Ag NP properties was evaluated by comparing the
mean particle size and size distribution histograms obtained for samples
before (i) and after (f) passing through the 3D scavengers and using eq.
1, where C;, is the obtained particle concentration (part. g’l):

C,recovery (%) = % © 100% (€8]
Coi

The dissolved silver extraction efficiency (EE-%) of the 3D TA
scavengers was calculated according to Egs. (2) or (3), where Cpg is the
concentration of dissolved silver (ug kg™!) before (i) and after (f) passing
through the 3D TA scavenger. Limit of quantification (LOQ) of 0.02 pg
kg ™! for silver was determined as the mean + 10*standard deviation of
blank samples (n = 50) and considered in the calculations as follows:

Cag (n > LOQ:

EE—% = S0 =00 1909, @
Ag (i)
CAg ® < LOQ:
Cae () — LO
EE—%EMHOO% 3)

Ag (i)

After use, all 3D scavengers were post-treated allowing the reus-
ability of the scavengers and to investigate the possibility to retain the
adsorbed silver. First, 3D scavengers were rinsed with UP water (10 ml)
to remove any sample residues, after which blank samples constituting
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of 10 ml of UP water were passed through the 3D scavengers within one
minute to evaluate possible carry-over. Following this, the adsorbed
dissolved silver was eluted using 10 ml of 0.5 mM STS solution with a
flow rate of ca. 10 ml min . The silver content of the solutions was then
measured with SP-ICP-MS as described in paragraph 2.2. The desorption
efficiency (DE-%) was calculated according to Eqs. 4 or 5, where Cpg (¢)
is the concentration of dissolved silver (ug kg™1) in the elution solution
and V. and V; are the amounts of the elution and sample solutions (in
kg), respectively:

Cag (n > LOQ:
Caeoy o Ve
DE—0=— M@ %% 1009 “
(Cag iy = Cagy) o Vi
Cag (n < LOQ:
pE—% > @ Ve 100 ©)
(Cagy —0) 0 V;

After desorption, any STS residues were rinsed off with ca. 40 ml of
UP water, and the 3D TA scavengers regenerated by passing 10 ml of 1 M
HNOj3 through the 3D scavengers within approximately one minute.
Finally, 3D scavengers were thoroughly rinsed with UP water until a
neutral pH was achieved (ca. 40 ml).

2.2.5. Selectivity experiments

The selectivity of the 3D TA scavenger towards silver in the presence
of competing elements commonly found in natural waters (Ca, K, Mg,
Na, S, Si, and Sr) was investigated by comparing the elemental
composition of spring water (1) spiked with 1 pg kg™! of dissolved silver
before and after passing through the 3D TA scavenger. Experiments were
performed in duplicate (n = 2) as described in paragraph 2.4. After
extracting the sample for SP-ICP-MS, a second aliquot of the residual
sample was further extracted for ICP-OES to determine the concentra-
tion of the other elements. Finally, 3D TA scavengers were treated as
described in paragraph 2.4 to elute the adsorbed dissolved silver and
regenerate the scavengers.

2.2.6. Breakthrough experiments

The adsorption performance of the 3D TA scavengers was studied by
performing flow-through experiments. A solution containing 1 mg L™ of
dissolved silver was prepared in UP water and 10 ml of the solution was
set aside for direct analysis to determine the initial concentration (Cp) of
silver. Following this, the solution was passed through a 10 ml syringe
containing one 3D TA scavenger in 6 or 10 ml portions using a peristaltic
pump (Shenchen LabV1, Baoding Shenchen Precision Pump Co., Ltd.,
China) with a flow rate of 2 ml min~'. The concentration of silver was
then determined with ICP-MS (standard mode) after an appropriate
dilution. Experiments were performed on duplicate samples (n = 2). The
adsorption performance of the 3D TA scavenger was estimated by
comparing the concentration of the samples passed through the 3D TA
scavenger (Ce) to the initial concentration (Cop).

2.2.7. Reusability of the 3D TA scavenger

The reusability of the 3D TA scavengers was estimated by monitoring
the dissolved silver extraction efficiency and the particle concentration
recoveries of the 3D TA scavengers over extended time periods. As the
3D TA scavengers can be used either for dissolved silver removal in NP
dispersions or potentially also for preconcentration of dissolved silver,
the reusability of the scavengers was evaluated on two different occa-
sions. Firstly, the reusability of the scavengers was estimated for the
purpose of dissolved silver removal only (“short-term reusability™).
Secondly, the adsorbed silver was desorbed between samples, and the
3D scavengers were exposed to the full adsorption-elution cycle (“long-
term reusability™).

For the evaluation of the short-term reusability, a total of 100 ml of a
dispersion containing 1 pg kg~ of dissolved silver and ca. 10° particles
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¢! of 50 nm Ag NPs was passed through a 10 ml syringe containing one
3D TA scavenger in 10 ml increments. Between samples, the 3D TA
scavenger was rinsed with 10 ml of UP water to remove any sample
residues. Following this, blank samples were taken by passing 10 ml of
UP water through the syringe to monitor possible carry-over. The silver
content of the samples (both NP and dissolved silver) was then measured
with SP-ICP-MS. The evaluation of the long-term reusability was per-
formed similarly as above, however, between samples the adsorbed
silver was eluted using 10 ml of 0.5 mM STS solution, and the scavenger
was regenerated as described in paragraph 2.4.

2.2.8. Analysis of environmental water samples

The applicability of the proposed pre-treatment method for dissolved
silver removal in NP dispersions was demonstrated by analysing water
samples (UP and two spring waters) spiked with 30 nm Ag NPs (10° part.
¢! and 0 or 0.2 pg kg™! of dissolved silver. To evaluate the perfor-
mance of the 3D TA scavengers, samples were analysed as such and after
passing through the 3D TA scavengers as described in paragraph 2.4 in
triplicate (n = 3). For comparative purposes, samples spiked with 0.2 pg
kg ! of dissolved silver were analysed also from 4-fold diluted samples.
In these cases, sampling times were increased to 120 s to ensure the
capture of a sufficient number of NP pulses for reliable NP determination
(>100 events). The silver content of all samples was then measured with
SP-ICP-MS as described in paragraph 2.2.

3. Results and discussion
3.1. Effect of 3D TA scavengers on sample properties

Fig. 1 presents the effect of the 3D TA scavengers on the mean size,
particle concentration, and size distribution histograms of the 50 nm Ag
NPs. The highly porous structure of the 3D TA scavengers (Fig. S2 in
Appendix) allows Ag NPs to pass through the object without signifi-
cantly interacting with the 3D scavenger, as confirmed by the highly
similar values obtained for the samples before and after passing through

50+ 1 nm
104 000 + 5000 part. g

Frequency

20 30 40 50 60 70 80 90
b. Diameter (nm)

50+ 1 nm
107 000 + 4000 part. g
C, recovery (%) 103 + 4

Frequency

20 30 40 50 60 70 80 90
Diameter (nm)

Fig. 1. The obtained values for the 50 nm Ag NP mean size and particle con-
centration and the size distribution histograms before (a) and after (b) passing
through the 3D TA scavengers. Results are presented as a mean + standard
deviation (1 s) of three replicates (n = 3).
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the 3D TA scavengers (Fig. 1). No significant changes were either
observed in the size distribution histograms, confirming the suitability
of the 3D TA scavengers on NP dispersions.

Once the 3D TA scavengers' ability to maintain the original Ag NP
properties of the samples was confirmed, their dissolved silver extrac-
tion efficiency was further investigated. The macroporous structure of
the 3D scavengers allowed an effective contact between the sample and
the functional material, resulting in rapid (ca. 1 min/sample) and highly
efficient extraction of dissolved silver (>98%, n = 3). The dissolved
silver concentrations in the solutions after passage through the 3D
scavengers were near or below the LOQ of 0.02 pg kg™!, indicating
nearly complete adsorption. In addition, no silver was detected in the
blank samples passed through the 3D TA scavengers after samples,
proving that the dissolved silver was efficiently retained in the
scavengers.

After confirming the suitability of the 3D TA scavengers on dissolved
silver removal in NP dispersions, the possibility to desorb the adsorbed
dissolved silver by elution was further investigated. STS was chosen as
the most promising eluent, as it is a well-known efficient complexing
agent for Ag" [47-49] and directly compatible with the calibration
standards' matrix used in this study. Based on the preliminary studies
conducted, 0.5 mM STS with 10 ml of volume was chosen as the eluent
for its high efficiency and direct combability with the calibration stan-
dards (Table S7 in Appendix). Using the 0.5 mM STS solution with 10 ml
of volume, excellent desorption efficiencies (>99%, n = 3) were ach-
ieved. These observations indicate, that preconcentration of dissolved
silver in 3D TA scavengers is possible, and efficient elution can be
achieved with a 0.5 mM solution of STS.

3.2. Selectivity experiments

The selectivity of the 3D TA scavenger towards Ag was studied by
investigating the competitive adsorption of various elements from a
spiked spring water sample. The elemental composition of the sample
before and after passing through the 3D TA scavenger is presented in
Table S8 (Appendix). 3D TA scavenger was shown to extract various
elements except for S and Si. Similar findings were obtained also for TA
in our previous study [14], indicating that the printing process does not
alter the functionality of the SPE material. The competitive adsorption of
other elements was, however, not found to affect the extraction or
elution efficiencies of dissolved silver, as highly efficient dissolved silver
extraction (95%) and desorption efficiencies (101%) were still achieved
(n = 2, Table S8 in Appendix). This proves the usability of the proposed
method for dissolved silver removal in NP dispersion from environ-
mental waters.

3.3. Breakthrough experiments

The experimental breakthrough curve obtained for the 3D TA scav-
engers using a flow rate of 2 ml min~" is presented in Fig. $3 (Appendix).
A gradual upward trending curve is obtained, indicating the slow satu-
ration of the SPE materials' active sites with the increasing amount of
retained silver. The 3D TA scavenger extracts dissolved silver efficiently
(EE-% > 90%, i.e. Ce/Cp < 0.1) until reaching the breakthrough point,
which is observed after adsorption of ca. 0.10 mg of silver. After this
point, the dissolved silver extraction efficiency is observed to fall below
90% (i.e., Ce/Co > 0.1), indicating the need for regeneration of the 3D
TA scavenger. Eventually, full saturation is reached after the adsorption
of approximately 0.60 mg of silver, after which the extraction efficiency
of dissolved silver remains relatively constant (EE-% < 10%, i.e., Cc/Co
>0.9). Fora 1 pg L™! solution of dissolved silver, the breakthrough point
would be achieved after the passage of 100 1 of solution.

In samples containing other elements commonly found in natural
waters (e.g. Ca and Na), the competitive binding of other elements needs
to be taken into account, as these affect the capacity of the 3D TA
scavenger. However, a major benefit of using 3D scavengers is that the
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adsorption capacity can be easily increased by adjusting the portion of
the chemically active component in the scavengers. Additionally, mul-
tiple scavengers can be used in the syringe, or the dimensions of the
scavengers can be increased.

3.4. Reusability of the 3D TA scavenger

The reusability of the 3D scavengers was estimated by assessing the
performance of the 3D TA scavengers over extended time periods. As
seen in Fig. S4 (Appendix), 3D TA scavengers can be reused at least 10
times without a loss of dissolved silver extraction efficiency (>98%) or
significant changes in the properties of the Ag NPs. No dissolved silver
nor significant amounts of particles (<5 peaks) were detected in the
blank samples taken between samples, confirming the lack of significant
interactions of the Ag NPs with the 3D TA scavengers, as already noticed
in paragraph 3.1. Considering the long-term reusability, the 3D TA
scavengers can be reused at least 5 times without affecting the func-
tioning of the scavengers. Excellent dissolved silver extraction (>98%)
and elution (>87%) efficiencies were achieved during the experiment,
with no significant changes in NP size or concentration (Fig. S5 in
Appendix).
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3.5. Analysis of environmental water samples

As shown before [14,15,50], even low concentrations of dissolved
silver can severely interfere with the detection of Ag NPs, leading to the
inaccurate determination of these materials. As the intensity of observed
NP events is related to particle mass, coexisting dissolved silver in-
terferes foremost with the detection of the smallest NPs by increasing the
size critical values [14,15,19,50,51]. Results obtained in this study
confirm these observations. The presence of even 0.2 pg kg™ of dis-
solved silver increased the size critical values from 15 nm to 19-21 nm
(Table S9 in Appendix) and clearly interfered with the determination of
the 30 nm Ag NPs (Fig. S6 in Appendix). As a result, a significant
decrease in particle concentration (up to —51%) and an increase in
particle diameter (up to +12%) was observed. The interfering effect of
coexisting dissolved silver on the determination of the 30 nm Ag NPs can
also be clearly seen in the size distribution histograms (Figs. S7 — S9 in
Appendix). By pre-treating the samples with 3D TA scavengers, how-
ever, the interfering effect of dissolved silver can be eliminated by
efficient removal of dissolved silver (>89%, dissolved silver concen-
trations < LOQ, Table S10 in Appendix). This significantly improves the
detection of NP events, thus allowing more accurate NP determination.
When compared to samples with no added dissolved silver, highly
similar values were obtained for both NP mean size (30 + 1 nm, <4%

I UP water
I Spring water (1)
I Spring water (2)

Fig. 2. The obtained results for particle mean size (a)
and concentration (b) for the 30 nm Ag NP disper-
sions spiked with 0.2 pg kg™! of dissolved silver
before and after passing through the 3D TA scav-

w
o
1
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given as mean =+ standard deviation (1 s) of three
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replicates (n = 3). The reference line in Fig. 2a in-
dicates the certified value of the 30 nm Ag NPs used
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results obtained for 4-fold diluted spring water (2)
sample are not shown for the occurrence of false
positives (please see paragraph 10.2 in Appendix for
a more detailed discussion).
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different) and concentration (<13% different, Fig. 2) in all matrices
studied. In addition, the adsorbed dissolved silver was recovered with
satisfactory results (>75%, Table S10 in Appendix), indicating the
possibility of beneficiation of the 3D TA scavengers for preconcentration
of dissolved silver in NP dispersions.

Generally, similar results were obtained for the 4-fold diluted UP and
spring water (1) samples (Fig. 2), further confirming the suitability of
the proposed method for dissolved silver removal in NP dispersions.
However, changes in the size distribution histogram were observed for
the 4-fold diluted spring water (2) sample, leading to significantly biased
Ag NP determination (Fig. S9 and Table S9 in Appendix). As the
observed low intensity events result presumably from the occurrence of
false positives (please see paragraph 10.2 in Appendix for a more
detailed discussion), these results were discarded. On the other hand,
the pre-treatment of samples with the 3D TA scavengers eliminated the
interfering effect of coexisting dissolved silver in all matrices while
preserving the original NP properties (Figs. S7 — S9), highlighting the
benefits of the proposed sample pre-treatment method. In addition,
whereas the characterization of NPs in diluted samples often requires
the extension of sampling times to ensure the capture of a sufficient
amount of NP events [16,24,25], sample pre-treatment with the 3D TA
scavengers can be performed extremely fast (ca. 1 min/sample).

4. Conclusions

This paper presents a novel sample pre-treatment method using
functional 3D printed scavengers for more accurate NP determination by
efficient removal of dissolved silver in Ag NP dispersions. The sample
pre-treatment method proposed here offers a simple, extremely fast, and
cost-effective alternative for the previously reported methods for dis-
solved analyte removal. The 3D printed scavengers are easy to handle,
reusable, and fully customizable, allowing their widespread beneficia-
tion in numerous applications. The 3D scavengers composed of poly-
styrene used as a supporting matrix and ion-exchange material
SiliaBond Tosic acid (TA) were able to extract dissolved silver highly
efficiently (>98%) while maintaining the original Ag NP properties (size
and concentration). The presence of various elements commonly found
in natural waters (Ca, K, Mg, Na, S, Si, and Sr) was not shown to affect
the 3D TA scavengers' dissolved silver extraction efficiency. In addition,
the 3D TA scavengers can potentially be used for the preconcentration of
dissolved silver, and efficient desorption (>99%) can be achieved with
0.5 mM sodium thiosulfate solution. The applicability of the proposed
sample pre-treatment method was further demonstrated in clear waters
(ultrapure and two spring waters) containing 30 nm Ag NPs and 0.2 pg
kg™! of dissolved silver. Whereas measurement of samples as such
resulted in significant bias in NP determination (up to +12% increase in
NP sizing and up to —51% decrease in particle concentration), pre-
treatment of samples with 3D TA scavengers eliminated the interfering
effect of dissolved silver. This allowed more accurate determination of
Ag NP concentration (<13% different) and NP mean size (30 £+ 1 nm,
<4% different) in all matrices studied as compared to samples in the
absence of dissolved silver.
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