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ABSTRACT 

Kinnunen, Virva 
Improving the accuracy of single particle ICP-MS analyses of Au and Ag nano-
particles   
Jyväskylä: University of Jyväskylä, 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 
 



 
 

 
 

TIIVISTELMÄ (ABSTRACT IN FINNISH) 

Kinnunen, Virva 
Au ja Ag nanopartikkeleiden määrityksen tarkkuuden parantaminen 
yksittäispartikkeli ICP-MS:lla 
Jyväskylä: Jyväskylän yliopisto, 2023, 67 s. 
(JYU Dissertations 
ISSN 2489-9003; 689) 
ISBN 978-951-39-9720-5 (PDF) 
 
Nanoteknologian nopean kehittymisen seurauksena nanomateriaaleja (NM) 
hyödynnetään lähes kaikilla toiminta-aloilla ja tuotekategorioissa, joka on 
herättänyt huolta mahdollisista ympäristö- ja terveysriskeistä. NM:en realistinen 
riskinarviointi vaatii monimutkaisille matriiseille soveltuvia kehittyneitä 
analyysitekniikoita, johon yksittäispartikkeli induktiivisesti kytketty plasma 
massaspektroskopia (SP-ICP-MS) on varteenotettava vaihtoehto. Joitakin jäljellä 
olevia haasteita on kuitenkin vielä ratkaistava tulosten tarkkuuden 
parantamiseksi. 

Tämä väitöskirja tarjoaa erilaisia ratkaisuja Au ja Ag nanopartikkeleiden 
(NP) määrityksen tarkkuuden parantamiseksi SP-ICP-MS:lla. 
Kirjallisuuskatsauksessa kuvataan SP-ICP-MS tekniikan perusteita ja olemassa 
olevia sovelluksia. Eräitä tekniikan jäljellä olevia haasteita ja käytettyjä 
ratkaisukeinoja käydään läpi. Kokeellisessa osuudessa kuvataan alkuperäisissä 
julkaisuissa esitetyt keinot NP:en määrityksen tarkkuuden parantamiseksi.  

Ensiksi tilastollista koesuunnittelua hyödynnettiin olosuhteiden 
optimoinnissa kullan SP-ICP-MS mittauksia varten, joka johti herkkyyden 
huomattavaan parantumiseen. Saavutettu 15 %:n lasku nanopartikkeleiden koon 
määritysrajassa mahdollisti tarkemman Au NP:en havainnoinnin ja 
määrittämisen. Seuraavaksi kehitettiin yksinkertainen näytteen 
esikäsittelymenetelmä liuenneen hopean poistamiseen käyttäen 
kiinteäfaasiuutto (SPE) materiaaleja, joka mahdollisti tarkemman Ag NP:n 
määrittämisen. Lopuksi esiteltiin näytteen esikäsittelymenetelmä liuenneen 
hopean poistamiseen hyödyntäen funktionaalisia 3D tulostettuja sieppareita. 3D 
tulostus mahdollisti tehokkaan SPE materiaalin yhdistämisen huokoiseen 3D 
sieppariin, joka mahdollisti tehokkaan liuennen hopean poistamisen säilyttäen 
samalla näytteen alkuperäiset Ag NP:en ominaisuudet. Tämän seurauksena Ag 
NP:n koon ja konsentraatiomäärityksen tarkkuutta saatiin huomattavasti 
parannettua. 
 
Avainsanat: Yksittäispartikkeli induktiivisesti kytketty plasma 
massaspektroskopia, Nanomateriaalit, Ag NP:t, Au NP:t, Optimointi, Liuenneen 
analyytin häiriö, Kiinteäfaasiuuttomateriaalit, 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.1,2  

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.3,4 
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.5,6 However, although the technique’s 
feasibility for the analyses of NPs was demonstrated nearly two decades ago,7 
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 
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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: 

 
• Optimizing the SP-ICP-MS instrumental parameters for gold to improve 

the accuracy of NP detection by decreasing the LODsize values. 
 

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

 
• 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. 

 
• 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. 
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3 NANOMATERIALS 

3.1 Properties and applications 

Nanomaterials are usually defined as materials having a size in the 1-100 nm 
range11 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.12,13 Since then, the field of nanotechnology has evolved rapidly. It is 
recognized as potentially providing innovative solutions to challenges related to 
food production,14 water treatment,15 clean energy production,16 and diagnosis 
and treatment of diseases17. 

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 blades16,18 or to increase concrete’s mechanical strength and 
durability19. 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.20,21 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.22 
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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.1 

For a realistic risk assessment and regulatory development point of view, 
careful evaluation of both exposure and effects of NMs is needed.23,24 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.24–29 Several studies have shown the release of NPs from various 
consumer products during their use, such as Ag NPs in baby products30 and 
toothbrushes31 and TiO2 from textiles.32 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).25 

Once in the environment, NPs are expected to be distributed to all 
environmental compartments, such as air, water, and soil,33 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.38 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 Au34 and 
Pt NPs37 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.39  

The toxicity of NPs and the underlying toxicity mechanisms have been 
studied extensively during previous years.1,25,26,28,40 NPs have shown various 
adverse effects, such as reduced plant growth and seed germination in plants,28,41 
development of preneoplastic lesions and inflammatory responses in 
mammals,42,43 and increased mortalities and development of malformations in 
aquatic species.28 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 complex40 and 
may be due to NPs, their dissolved species, or possibly both.28,29,44,45 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 surface46 or concentration35,47).    
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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.40 However, NPs may 
undergo various transformation processes affecting their behavior and toxicity 
in the environment, including dissolution, agglomeration, sedimentation, and 
sulfidation.27,48–50 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.3,4,61 
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.24,33,40,62,63 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.3,4,61,64 They are also often 
used with other techniques either to verify or complement the obtained analytical 
information.65–67 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,27,68 toxicological,35 and migration studies.30,31 
Sample preparation may also cause changes in original sample properties, which 
can lead to biased characterization.3,4,61,64 

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 
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polydispersity and thus allowing more accurate NP sizing and even particle 
concentration determination.3,4,69 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.3,4,70 They can even be used 
to discriminate NPs from their ionic counterparts.71–73 Alternatively, off-line 
extraction methods, such as magnetic solid phase extraction (MSPE)74–77 or cloud-
point extraction (CPE),78–80 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.5,6 Degueldre et al. first demonstrated the feasibility of SP-ICP-MS 
for the analysis of colloidal suspensions in a series of papers7,81–84 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.9,10 

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.5,6  

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 histograms85 or applying 
mathematical algorithms.68,86 Typically, the threshold value is, however, 
calculated based on the mean and standard deviation (σ) of the background 
signal using an iterative “mean+nσ” calculation, where n is the applied 
coefficient (generally 3 or 5).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.6  

 
 

 

FIGURE 1  An example of SP-ICP-MS raw data obtained for a dispersion containing 50 
nm Ag NPs (ca. 30000 part. g-1) and AgD (1.0 µg kg-1). The numerous signals 
above the continuous background signal originate from individual NPs. 
Measurement time 30 s, dwell time 100 µs. 

 
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 (t, minutes) 
is related to particle concentration (Cp, particles g-1) according to Eq. 1, where 
Qsam is the sample flow rate (g min-1) and ηn is the transport efficiency (%):5 

 
𝐶𝐶𝑝𝑝 = 𝑁𝑁𝑁𝑁𝑁𝑁

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠∙𝑡𝑡∙𝜂𝜂𝑛𝑛
         (1) 
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The ηn 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,8,88 the most 
often used is the particle frequency method described by Pace et al.,5 which 
utilizes well-characterized NP reference standards with a known particle 
concentration according to Eq. 2: 

 
 

𝜂𝜂𝑛𝑛 = 𝑁𝑁𝑁𝑁𝑁𝑁
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠∙𝑡𝑡∙𝐶𝐶𝑝𝑝

∙ 100%        (2) 

 
 

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 (mp, 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 ρ is the particle 
density (g cm-1):5 

 
 

𝑑𝑑 = �
𝑚𝑚𝑝𝑝∙6

𝜌𝜌∙𝜋𝜋∙10−12
3          (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, µg/event) needs to be calculated according to Eq. 4 to relate 
the obtained intensity to elemental mass, where tdt is dwell time (min/event), 
and C is the standard concentration (µg g-1):5 

 
 

𝑊𝑊 = 𝜂𝜂𝑛𝑛 ∙ 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑡𝑡𝑑𝑑𝑑𝑑 ∙ 𝐶𝐶        (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 articles,3,8–10,89 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.3,9,89 For example, a 
commonly employed sample preparation step—filtration—has been frequently 
shown to cause significant NP losses.90–93 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 and baby 
products Ag 

Food containers: Extraction 
in ultrapure water, 3% acetic 
acid, and 10% ethanol; Baby 
products: Extraction in artifi-
cial saliva 

30 

Textiles TiO2 Extraction in ultrapure water 32 
Environmental samples 
River water Ag CPE using Triton X-114 94 
Wastewater Ag, TiO2 Dilution 95 
Tap, river, and 
wastewater Ag MSPE 96 

Soil extracts, standard sus-
pensions of Au and Ag Ag, Au 

Soil extracts: Alkaline extrac-
tion using TSPP1; Standard 
suspensions: Dilution 

97 

Biological samples 

Human breast cancer cells Au Alkaline digestion with 
TMAH2 

98 

Tomato (shoots) Au Enzymatic digestion with 
macerozyme R-10 

34 

Chicken (liver and yolk) Ag Enzymatic digestion with 
proteinase K 

36 

Zebrafish (liver, gill, intes-
tine) Ag, Au Alkaline digestion with 

TMAH2 
35 

1 Tetrasodium pyrophosphate 
2 Tetramethyl ammoniumhydroxide 

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.65,67,99–101 However, as shown 
in interlaboratory studies on Au NP sizing102 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.102  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),87,103 the LODsize values for most elements are currently ≥10 
nm and even higher for oxides (e.g., 25-130 nm for TiO2).10,87,104 As such, the 
accurate determination of samples with small NPs (e.g., <30 nm for Ag NPs in 
environmental samples)68,105,106 is 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.9, I 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.87,107 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+3σ” 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.5,6 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.68,97,111–113 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 µg kg-1) 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%).II, III   

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.40 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.85,114 Sodium, for example, is a commonly 
known element causing matrix effects, which was previouslyI 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.115 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.116 Although different methods can be used to determine this value 
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experimentally, they have often been shown to give differing results.5,99,116 
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 
further, the transport of NPs in the sample introduction system might also 
depend on NP size68,99 or surface68,116 and be affected by the sample matrix as 
well.8,85,II 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.65,99,117,II 
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.8  

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,118,119 
only a few studies exist on the effect of instrumental conditions in SP-ICP-MS. 
Ho et al.120 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 ZrO2 NPs’ optimum sampling depth shifted to larger values than the 
dissolved analyte. Kalomista et al.121 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,108,109 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.122,123  

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): 

 
 

𝑦𝑦 = 𝛽𝛽0 + ∑ 𝛽𝛽𝑖𝑖𝑥𝑥𝑖𝑖 + ∑ 𝛽𝛽𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖2 + ∑ 𝛽𝛽𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖𝑥𝑥𝑗𝑗 + 𝜀𝜀𝑘𝑘
1≤𝑖𝑖≤𝑗𝑗

𝑘𝑘
𝑖𝑖=1

𝑘𝑘
𝑖𝑖=1   (5) 

 
 
where y is the response, k is the number of variables, x represents the 

variables, β0 is the constant term, βi is the coefficient of the linear parameter, βii is 
the coefficient of the quadratic parameter, βij is the coefficient of the interaction 
parameters, and ε is the observed error in the response.124 

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.   

5.2.1 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 µs, values in the millisecond 
range (e.g., 2-10 ms) are still frequently applied.10 As NPs are ionized in plasma, 
they will generate an ion signal with a ca. 400-500 µs duration.125 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 µs). 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.87 

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.87 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 Hassellöv126 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.127 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. 

5.2.2 Sample dilution 

As the background signal’s magnitude depends on the dissolved analyte 
concentration,6 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., ≥0.1 µg L-1 for 30 nm Ag NPsII,III). Schwertfeger et 
al.97 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 L-1 Ag NPs in surface waters105,106,128). Although sampling times may 
be extended to capture sufficient NP events for statistically significant 
determination,97,IV total analysis time can increase significantly.IV 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.132 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.78,94,133,134 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.78 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.,134 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.78      
 Compared to LLE, SPE offers some significant benefits, such as the wide 
range and availability of materials. Numerous papers96,112,113,135,136,II 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.96 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,113,135,II ZnO,111,112 and La2O3136 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.113,135 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.II 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.109,137–139 

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.137 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 catalysts140,141 and extracting and preconcentrating 
elements. For example, Kulomäki et al.142,143 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 
al.144  

Despite its potential, utilizing 3D printing in NMs’ determination is still rare. 
Su et. al.145 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% HNO3, followed by the quantification of total silver 
concentration with ICP-MS. The concentration of Ag NPs was then calculated as 
Agtotal-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.III 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+3σ” 
calculation.146 All measurements performed for papers II and III were carried out 
using an ESI 4DX autosampler, whereas a manual sample introduction was used 
for paper I. 
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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-1) 0.90–1.06 0.92–0.95 
Plasma gas flow rate (L min-1) 18 18 

Auxiliary gas flow rate (L min-1) 1.2 1.2 

Spray chamber Baffled Cyclonic, Glass 
(cooled to 2 °C) 

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 11 
Dwell time 100 μs 100 μs 

Sampling time (s) 30–60 30–120 
Transport efficiency (%) 7.48–7.53 6.1–8.7 

Sample uptake rate (g min-1) 0.284–0.291 0.263–0.314 
Isotope monitored 197Au 107Ag 
Density (g mL-1) 19.3 10.49 

 
 

All aqueous solutions used in this study were prepared using ultrapure (UP) 
water with a resistivity of 18.2 MΩ∙cm. The sample uptake rate (Qsam, g min-1) 
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 (ηn) was determined daily according to Eq. 2 at least in 
triplicate using the particle frequency method presented by Pace et al.5 
Dispersions containing ca. 105 particles g-1 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 µg kg-1) 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 105 part. g-1 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 µg kg-1 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% HNO3 (v/v)). The calibration standards of gold (0.1-
5 µg kg-1) were diluted from a stock solution of gold with a solution composed of 
2.25% HCl (v/v) and 0.75% HNO3 (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-1) 0.90–1.06 0.93–0.94 
Plasma gas flow rate (L min-1) 18 18 

Auxiliary gas flow rate (L min-1) 1.2 1.2 

Spray chamber Baffled Cyclonic, Glass 
(cooled to 2 °C) 

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 11 
Dwell time 50 ms 50 ms 

Readings/sample 3 3 
Isotope monitored 197Au 107Ag 
Internal standard 1 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.65,99,117 The mass concentration (mg L-1) 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 ± 
standard deviation (1s) 

Mass concentration 
(mg L-1) 

Particle1 Supplier Measured Differ-
ence (%) Supplier Measured Differ-

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), 

PE 
27.1±1.1 27.1±0.1 -0.1 0.002 0.002 +3.8 

50 nm Au NP 
(PEG-COOH), 

PE 
49.6±2.1 50.6±0.2 +2.0 0.0124 0.0100 -19.1 

50 nm Au NP 
(Citrate), NC 52±5 53±7 +1.1 52 52 -0.1 

100 nm Au NP 
(PEG-COOH), 

PE 
99.4±3.0 96.4±0.3 -3.0 0.0993 0.0779 -21.5 

30 nm Ag NP 
(Citrate), NC 29±3 28±4 -4.3 21 19 -8.1 

40 nm Ag NP 
(Citrate), NC 41±5 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 µg kg-1 of 
dissolved gold and 50 nm PEG-COOH stabilized Au NPs (ca. 105 part. g-1) 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.I  

 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 197Au+ 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. 105 part. g-1) were spiked 
with increasing amounts of AgD (0-1 µg kg-1). 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 
µg kg-1. 

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. 105 part. g-1) and/or 0-1 µg kg-1 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 Eqs. 
6 and 7, where EE-% is the SPE material’s AgD extraction efficiency, CAg is the 
concentration of AgD (µg kg-1), and Cp is the particle concentration (part. g-1) in 
reference sample (Ref.) and in the sample treated with SPE material (Sample): 
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𝐸𝐸𝐸𝐸 − % =
𝐶𝐶𝐴𝐴𝐴𝐴(𝑅𝑅𝑅𝑅𝑅𝑅.)−𝐶𝐶𝐴𝐴𝐴𝐴(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)

𝐶𝐶𝐴𝐴𝐴𝐴(𝑅𝑅𝑅𝑅𝑅𝑅.)
∙ 100%      (6) 

 
 

𝐶𝐶𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(%) =
𝐶𝐶𝑝𝑝(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)

𝐶𝐶𝑝𝑝(𝑅𝑅𝑅𝑅𝑅𝑅.)
∙ 100%     (7) 

 
 
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. 105 part. g-1) and/or AgD (0.2 or 1 µg kg-1) 
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-1, and the outflowing solution containing Ag NPs was collected into 
a 15 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’ effect on Ag NP properties was estimated according to Eq. 
8, where Cp is the obtained particle concentration (part. g-1) for samples before (i) 
and after (f) passing through the 3D scavengers: 

 
 
   𝐶𝐶𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%) =

𝐶𝐶𝑝𝑝(𝑓𝑓)

𝐶𝐶𝑝𝑝(𝑖𝑖)
∙ 100%     (8) 

 
 
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 Eqs. 9 
or 10, where CAg is the concentration of AgD (μg kg-1) before (i) and after (f) 
passing through the 3D TA scavenger. AgD’s limit of quantification (LOQ) of 0.02 
µg kg-1 was considered in the calculations as follows: 

 
CAg(f) > LOQ: 
 
 

𝐸𝐸𝐸𝐸 − % =
𝐶𝐶𝐴𝐴𝐴𝐴(𝑖𝑖)−𝐶𝐶𝐴𝐴𝐴𝐴(𝑓𝑓)

𝐶𝐶𝐴𝐴𝐴𝐴(𝑖𝑖)
∙ 100%      (9) 
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CAg(f) < LOQ: 
 
  

𝐸𝐸𝐸𝐸 − % ≥
𝐶𝐶𝐴𝐴𝐴𝐴(𝑖𝑖)−𝐿𝐿𝐿𝐿𝐿𝐿

𝐶𝐶𝐴𝐴𝐴𝐴(𝑖𝑖)
∙ 100%      (10) 

 
 
The desorption efficiency of AgD (DE-%) was determined using Eqs. 11 or 

12, where CAg(e) is the AgD concentration in the elution solution (in μg kg-1), and 
Ve and Vi are the volumes of the elution and sample solutions (in kg), respectively: 

 
 
CAg(f) > LOQ: 
 
 

𝐷𝐷𝐷𝐷 − % =
𝐶𝐶𝐴𝐴𝐴𝐴(𝑒𝑒)∙𝑉𝑉𝑒𝑒

�𝐶𝐶𝐴𝐴𝐴𝐴(𝑖𝑖)−𝐶𝐶𝐴𝐴𝐴𝐴(𝑓𝑓)�∙ 𝑉𝑉𝑖𝑖
∙ 100%     (11) 

 
 
CAg(f) < LOQ: 
 
 

𝐷𝐷𝐷𝐷 − % ≥
𝐶𝐶𝐴𝐴𝐴𝐴(𝑒𝑒)∙𝑉𝑉𝑒𝑒

�𝐶𝐶𝐴𝐴𝐴𝐴(𝑖𝑖)−0�∙ 𝑉𝑉𝑖𝑖
∙ 100%      (12) 
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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 R2- 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, B2, C2) 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: 
 

𝑦𝑦 (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) = −3217 + 9411𝐴𝐴 − 1.899𝐵𝐵 − 13.2𝐶𝐶 − 7604𝐴𝐴2 −
0.000192𝐵𝐵2 − 10.071𝐶𝐶2 + 2.5117𝐴𝐴𝐴𝐴 + 198.3𝐴𝐴𝐴𝐴     (13) 

 
 

Dissolved gold: 
 
𝑦𝑦 (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) = 1745603 + 5070025𝐴𝐴– 998.6𝐵𝐵 +

12810𝐶𝐶– 4090912𝐴𝐴2– 0.1255𝐵𝐵2– 5422𝐶𝐶2 + 1417.0𝐴𝐴𝐴𝐴 + 94268𝐴𝐴𝐴𝐴  (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 Eqs. 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.109,110,118,119,147–151 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-1) 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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FIGURE 2  Variations in the intensity of nanoparticulate (AuP) and dissolved (AuD) 
gold (counts) with respect to: A, B) Nebulizer gas flow (NF, L min−1) and RF-
power (power, W); C, D) Nebulizer gas flow (L min−1) and sampling depth 
(SD, mm) and E, F) RF-power (W) and sampling depth (mm). Reproduced 
with kind permission from Elsevier.I 
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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-1, 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.109,110,150,152,153 

Compared to robust conditions, optimization of instrumental parameter 
values increased the nebulizer gas flow value. This contrasts with the findings of 
Kálomista et al.,121 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.123,154 

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.155 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 
(nm) 

20 nm Au 
NP (Citrate) 

30 nm Au NP 
(PEG-COOH) 

20 nm Au NP 
(Citrate) 

30 nm Au NP 
(PEG-COOH) 

Optimal 
conditions1 13 21±1 28±1 27±2 101±4 

Robust 
conditions2 15 22±1 27±1 23±3 101±5 

1 A 1.02 L min-1, B 1600 W, C 11 mm 

2 A 0.93 L min-1, B 1600 W, C 11 mm   

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

7.2.1 The interfering effect of coexisting AgD  

Fig. 3 demonstrates the effect of coexisting AgD (0-1 µg kg-1) on determining 30, 
40, 50, and 80 nm Ag NPs. 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 LODsize100,113 (Fig.3). Whereas the determination 
of the larger 50 and 80 nm Ag NPs is not affected by AgD concentration up to 1 
µg kg-1, the detection of 30 nm and 40 nm Ag NPs clearly interferes with AgD 
concentrations ≥0.1 µg kg-1. This results in a biased determination of NP size (up 
to +80% increase) and particle concentration (up to -93% decrease). 
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FIGURE 3  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.II 

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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FIGURE 4 SPE materials’ effect on 50 nm AgNPs’ properties in different matrices. The 
black reference line in Figs. 4 a and b indicates the 90% Cp recovery and the 
verified mean size of the 50 Ag NPs (51 nm), respectively. Reproduced with 
kind permission from Elsevier.II 

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,111,112,156,157 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 

   

 

FIGURE 5  SPE materials’ AgD extraction efficiencies (EE-%) in colorless (a) and dark-
colored waters (b). Reproduced with kind permission from Elsevier.II 

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 
final 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.113,135 

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 µg kg-1 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 L-1), 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.47 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.II 
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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 µm 
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.III 

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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FIGURE 8 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.III 

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 ≥89% 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),68,105,106 experiments were performed using 30 nm Ag NPs spiked with 0.2 µg 
kg-1 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,97,159 the 
determination was also performed on 4-fold diluted samples for comparative 
purposes. Results are displayed in Fig. 9. 
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FIGURE 9 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 (29±3 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.III 

 
As seen in Fig. 9, coexisting AgD interferes with the determination of 30 nm Ag 
NPs even at 0.2 µg kg-1 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 (≥89%, 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 ≥0.1 µg kg-1 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 (≥75%) 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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