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Abstract

Nanotechnology is attracting attention as one of the most important technologies to in-

duce a new industrial revolution. Nanoparticles (NPs) are particles that range between

1 to 100 nm in size. NPs possess unique physicochemical properties and high reactivity

compared to bulk materials with same chemical compositions due to small size and

large surface area to mass ratio. Hence, NPs are widely used for many research fields

such as biological, industrial, and medical sciences. Despite the widespread applications

of the NPs, there are concerns about the potential risks for the living system. Faced

with this, a new sensitive and rapid analytical technique for the NPs is desired.

Single particle inductively coupled plasma mass spectrometry (spICP-MS) is a new

analytical technique, enabling the detection and quantification of inorganic NPs at low

concentrations (103–105 particles mL−1). The spICP-MS is used to measure the elemen-

tal/isotopic signals emanating from each NP in solution samples, allowing determination

of the particle size and particle number concentrations. The spICP-MS utilises fast data

acquisition system (e.g., <100 µs) to measure the NPs, with the analysis throughput

of better than 100 particles per second. Despite the success in monitoring the particle

sizes and particle number concentrations, the major disadvantage of the technique is

that solid samples containing NPs have to be dissolved and suspended for analysis, and

thus, the distribution information on particles in solid samples is lost. In this thesis,

the capabilities and modifications of spICP-MS for NPs analysis are discussed as two

topics: development of analytical approaches to extend the analytical size range of NPs

toward both smaller and larger region, and quantitative imaging analysis of NPs and

ions in biological sample.

In the first chapter, the basic principles of spICP-MS are reviewed. Each NP in-

troduced into the plasma produces a burst of ions (one ion cloud per particle) that is

measurable as a pulse signal. Since spICP-MS is a mass-based technique, signal inten-

sity depends on the number of ions introduced into the plasma. Hence, particle diameter

can be calculated from the determined mass, assuming the density of analyte and shape

of a particle are known. Successively, new analytical approaches to extend the analyt-

ical size range of NPs toward both smaller and larger region are presented. For size
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analysis of small NPs (i.e., <10 nm) using spICP-MS, two approaches were employed

to improve signal-to-noise ratio of ion signals. The first approach was enhancement of

the instrumental sensitivity using desolvation sample introduction system. Second ap-

proach was separation of the particle data from background data through deconvolution

method. Combination of these approaches enabled us to measure 5 nm Au NPs. As

for size analysis of large NPs (i.e., >100 nm), the signal intensity of the analyte-related

argide ion was monitored. With the 197Au40Ar+ signal, the signal intensities emanating

from the Au NPs can be reduced to the 105 level. The reliability of the approach can

be evaluated from the slope of regression line defined by NPs of three sizes (200, 300,

and 400 nm). The wider analytical size range achieved in this thesis (i.e., 5–400 nm)

demonstrated that these approaches can be used for the various size of NPs.

In this study, spICP-MS coupled with laser ablation sampling technique (LA-spICP-

MS) was applied to determine the size of Ag NPs, concentration of ionic Ag, and both

the distribution of Ag NPs and ionic Ag on a frozen section of mouse liver (6 hours after

intraperitoneal administered 60 nm Ag NPs (0.2 mg per mouse)). For size calibrations,

a cellulose filter paper, which mimics the biological sample matrix, containing 60 nm

Ag NPs were used. Moreover, for determination of ionic Ag concentration, a custom-

made photocurable resin reference material was fabricated. Imaging data demonstrated

that accumulation of the ionic Ag in certain regions was observed. The Ag NPs was

also accumulated at regions where ionic Ag are. This suggests that there is a possible

contribution of dissolution of Ag NPs through cellular activity. This is supported by

the detection of many small Ag NPs (8–20 nm). The simultaneous imaging analyses of

both NPs and ionic form will provide useful information to understand the mechanism

of incorporation or metabolism of the NPs in living things.
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Chapter 1

General introduction

1.1 Nanoparticle technology

Over the past decades, the development of nanotechnology has induced innovations in

science and technology. Nanoparticles (NPs) are the particles of sizes being between 1

and 100 nm in diameter.1 The NPs with a large specific surface area result in both the

characteristic reactivity and physical properties quite differently from a bulk material

of the same chemical composition.2 Moreover, the physicochemical properties depend

on particle size. Since the unique physicochemical properties, the NPs are widely used

in research fields, such as material, medicine, electronics, chemistry, biology, and energy

sciences (Fig. 1.1).3–5 The chemical composition of NPs of particular interest are gold

and silver.6 Gold NPs can be conjugated to biomolecules due to the affinity of sulfhydryl

groups. Hence, gold NPs are used for diagnostic and biomedical applications.7 Silver

NPs are incorporated into coatings inks, cosmetics products, and electronic appliances

due to their antibacterial properties and high electrical conductivity.5,8

Currently, the global number of manufactured NPs is close to 11.5 million tonnes

according to a statement issued by the European Commission.6 Several factors such as

(a) increase in the market penetration of existing materials, (b) improving properties of

NPs, and (c) development of new NPs and applications have been provided a positive

impact on the development of the NPs market.6 Although global market for NPs
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increases year by year, questions and concerns about the safety of NPs have been

raised about impact on living things and the environment. Therefore, the growing

concerns about impact on environmental release and human health of NPs restrain the

development of the global NPs market.

Figure 1.1: NPs applications in various fields and industry.

1.2 Environmental release and biological impacts

The use of NPs keeps increasing, and thus, release of NPs into the environment is

inevitable. Indeed, various type of NPs such as Ag NPs,9 Fe2O3 and Fe3O4 NPs,10

and oxide NPs (SiO2, TiO2)
11–13 were released into the environment, and these NPs

were observed in wastewater systems, incineration plants, and dust. NPs released into
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the environment can affect soil, surface water, and groundwater as well as plants and

animals. Moreover, released NPs can enter living things by means of swallowing, in-

halation, absorption, and penetration through the skin. Thus, many researchers are

increasingly interested in the environmental and biological impact of NPs. Biochemists

are keen on understanding the behaviour of NPs in biological samples: how NPs inter-

act with organs and cells, what size of NPs contributes to toxicity, or what is the state

of NPs (i.e., dissolution or aggregation).

The NPs interact with intracellular metabolism, and can be likely contribute to cy-

totoxicity.14 The small-sized NPs (e.g., >5 nm) can pass through the cell membrane,15

and it is considered that reactivities with cellular components such as nucleic acids, pro-

teins, and fatty acids can increase with the smaller sized NPs. Previous studies revealed

that the toxicity is depend on particle size, chemical composition, coating, and shape.

Moreover, during the past decades, in vitro toxic characterisations of NPs have been

summarised: toxicity of oxide NPs,16 toxicity of Ag NPs,17,18 toxicity of Fe3O4,
19,20 and

toxicity of Au NPs.21,22

Despite these studies, the mechanisms of the toxicity of NPs in living things is still

poorly understood. Clarifying the migration, localisation, accumulation, and decom-

position features of the NPs within biological samples is important for understanding

the pathogenesis of the toxicity induced by NPs. Therefore, in order to investigate

potential risks as well as conduct safety assessment studies, development of reliable and

applicable analytical techniques to measure NPs are needed. Especially, an analytical

technique which provides information, such as individual particle size, size distributions,

and chemical compositions, from biological samples directly is needed.

1.3 Analytical techniques for characterisation of NPs

NPs affect to biological systems due to their unique reactivity.23 In order to obtain

insights into how NPs interact with the environment or biological systems, precise in-

formation on the physicochemical properties of the NPs are required. NPs are typically

characterised in terms of size, chemical composition, and surface charge (see Fig. 1.2).24
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Currently, various analytical techniques are used to characterise the NPs.

For example, scanning electron microscopy (SEM) and transmission electron mi-

croscopy (TEM) are the attractive and direct techniques to determine particle sizes

and shapes, and have an ability to detect NPs ranging from 1 to 100 nm in diame-

ter.25 Although these microscopy-based techniques are adequate for characterisation of

synthetic particle, the characterisation and quantification of NPs dispersed in environ-

mental medias and biological samples are difficult. Moreover, these techniques are not

well-suited for the detection of NPs at low concentrations (103–105 particles mL−1) in

the environment media.26,27

Figure 1.2: Overview of the many variables of interest when analysing NPs
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Apart from microscopy-based techniques, characterisation of NPs is performed by

dynamic light scattering (DLS) which provides size distribution data.28 This technique

is based on the fluctuation of scattered light intensity of a laser beam passing through

the particle suspension sample. This technique measures particle sizes in the range

of 1 nm to several µm. Although DLS is suitable for analysis of NPs in clean water,

analysis of NPs dispersed in complex media and solid sample is limited.

NPs are usually measured in complex matrices such as surface waters, soils, or bi-

ological samples.29 Hence, an analytical technique for high-selectivity, high-sensitivity,

and high-throughput are required to accurate characterisation (i.e., each particle size,

size distributions, particle number concentrations, and chemical compositions of par-

ticles in complex matrices samples. A fast and direct analytical technique for NPs in

environmental samples and biological samples is advantageous for identification, pro-

duction, transfer, and status analysis of NPs as well as airborne particles.

1.4 LA-spICP-MS: a promising analytical technique

for characterisation of NPs in biological samples

Inductively coupled plasma mass spectrometry (ICP-MS) has many capabilities, such

as high sensitivity, low detection limits, wide dynamic range, and multiple elemen-

tal/isotopic analysis. Hence, ICP-MS can be a well-suited analytical technique to char-

acterise NPs in complex matrices.30–34 This technique for characterisation of NPs is

called single particle ICP-MS (spICP-MS). The feature of spICP-MS is in the capacity

of the ICP-MS to distinguish the data collected for individual NPs. spICP-MS provides

several information such as particle size, elemental composition, and particle number

concentration in one measurement.

Laser ablation ICP-MS (LA-ICP-MS) is an analytical tool for an in-situ elemental

analysis or elemental imaging.35,36 With the LA-ICP-MS, visualisation of elemental

distributions with spatial resolution in the µm–range can be achieved from biological

tissues being >1 mm. In this study, I focused on laser ablation combined with spICP-
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MS (LA-spICP-MS). LA-spICP-MS has a potential to become an analytical technique

for NPs in biological samples. Descriptions of spICP-MS, including basic principles,

will be presented in Chapter 2. Before the fundamentals of spICP-MS are explained,

I will introduce the overview of ICP-MS system and laser ablation sampling technique

in following this chapter.

1.4.1 ICP-MS

Mass spectrometers utilising atmospheric-pressure argon inductively coupled plasma as

an ion source (ICP-MS) are widely used for elemental and isotopic analyses in vari-

ous samples.37 Liquid or solid samples are introduced into the ICP through solution

nebulisation or laser ablation sampling techniques. Produced aerosols are undergo sev-

eral processes, such as desolvation, vaporisation, atomisation, and ionisation, due to

the high-temperature atmospheric pressure plasma (i.e., >6000 K). The major advan-

tage of ICP lies with the ion source that achieves high ionisation efficiency for most

elements.38,39 Since the ICP operates under atmospheric pressure, higher ionisation

efficiencies for most elements can be achieved by (a) high electron and ion density,

(b) high kinetic energy, and (c) high excitation temperature. Currently, the ICP-MS

is widely used in various research fields, such as material, geological, environmental,

biological, and nuclear applications.

The main function of the sample introduction system is generating fine aerosols of

the analyte. Various states of samples (liquid, solid, and gaseous) can be measured;

however liquid sample analysis is commonly performed. Figure 1.3 (a) illustrates the

conceptual illustration of liquid sample introduction system. Liquid sample introduc-

tion to the plasma is done using a nebulisation system, that consists of a nebuliser and

spray chamber. The commonly used concentric design nebuliser relies on the venturi

effect of the positive pressure of the nebuliser gas to aspirate the liquid sample through

the tubing. After the liquid sample enters the nebuliser, the sample is broken up into an

aerosol of polydisperse droplets (1–100 µm) by mechanical forces of a gas flow.40 Since

ionisation of large aerosols by the plasma is inefficient, the main function of the spray

chamber is separation between the larger aerosols from the smaller ones (<10 µm).41
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Figure 1.3: Schematic illustrations of sample introduction system for the ICP-MS: (a)

liquid sample introduction system (nebulisation), and (b) solid sample introduction system

(laser ablation sampling).

The aerosols introduced the plasma are vaporised, atomised, and ionised. After re-

sulting ions are extracted into vacuum region, the ions are separated according to their

mass-to-charge ratio (m/z ) by a mass analyser. In this thesis, a magnetic sector-based

mass spectrometer (SF-ICP-MS) was used as the mass analyser (Fig. 1.4). SF-ICP-

MS42,43 can provide high sensitivity and high precision for elemental/isotopic analysis

compared to other mass analysers (i.e., quadrupole-based40,44 and time-of-flight mass

analyser45,46). The SF-ICP-MS system consists of two analysers: electrostatic analyser

(ESA) and magnetic sector mass analyser. In the standard design, the ESA is posi-

tioned before the magnet. Analyte ions extracted from the plasma are accelerated to

approximately 6 kV before they enter the mass analyser. The ESA, which is only dis-

persive with respect to ion energy, focuses all the ions with diverging angles of motion

from the entrance slit. The magnetic field, which is dispersive with respect to ion energy

and mass, then focuses the ions onto the exit slit, where the detector is positioned.

Ions with specific charges (e) and mass (m) accelerated by the voltage (V ) are sub-

jected to Lorentz force when entering the magnetic field (B). The ion moves circularly

at the curvature (convergence radius r) where the Lorentz force and the centrifugal

force of the circular orbit are balanced. r is given by the following equation,

r =

√
2mV

eB2
(1.1)

From eq. (1.1), r depends on m,V, e, and magnetic force B. When e and V and
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B are constant, isotopes can be separated because r depends only on the mass of

ion. After the analyte ions are separated based on their m/z by the mass analyser,

resulting ions are, in general, detected by an electron multiplier detector. For the

isotopic analysis, the SF-ICP-MS system is widely used. This is because the system is

capable to simultaneously monitor multiple isotopes by array of multiple ion detectors.

Simultaneous detection of multiple isotopes leads to dramatically improvement in the

accuracy of isotopic ratio.47,48

Figure 1.4: Schematic illustration of magnetic sector-based ICP-MS.

1.4.2 Laser ablation sampling technique

Laser ablation sampling technique (LA) is an approach of introducing aerosols obtained

from solid samples into ICP (Fig. 1.3 (b)).49 Laser ablation is the process of removing

materials from the surface of solid samples by the irradiation of a laser beam. Laser-

induced aerosols and vapors are commonly transported by helium gas flow into the

ICP.50 With the LA-ICP-MS, direct elemental/isotopic analyses can be achieved with-

out chemical decomposition or dissolution procedures.

In order to improve both the analytical sensitivity and accuracy, it is necessary

to generate fine aerosols, increase the transport efficiency from the ablation point to

the plasma, and increase the ionisation efficiency of analyte. UV wavelength lasers,
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such as ArF Excimer laser (wavelength: 193 nm) or Nd:YAG fifth harmonic generation

(wavelength: 213 nm), can produce smaller aerosols, which result in higher ionisation

efficiency of the analyte. Moreover, a smoothed signal intensity profile can be obtained,

resulting in higher precision in the elemental/isotopic analysis.51–53 Furthermore, im-

provement of the sensitivity and accuracy can be achieved by the UV lasers with short

pulse duration (i.e., femtosecond laser).54,55

1.4.3 Concept of imaging analysis using LA-ICP-MS

In-situ elemental/isotopic analyses is now capable with a spatial resolution of better

than 10 µm using LA-ICP-MS.56–58 Nowadays, the LA-ICP-MS is used as an elemental

imaging analytical technique for various samples. A major imaging analysis approach

of solid sample using the LA-ICP-MS is repeated line profile analysis using scanning

the laser beam. The imaging analysis based on the repeated line profile analysis has ad-

vantage in the high sample throughput, and thus, this approach is suitable for large size

samples (e.g., 10 × 20 mm or larger). In the line profile analysis, the laser is scanned

(raster) and the linear profile (time change) of the analytical element is observed (Line 1:

Fig. 1.5). By repeating this line analysis (Line 1 to Line N), two-dimensional infor-

mation of the solid sample is acquired. Using the laser irradiation starting point and

the scanning speed (µm s−1), the horizontal information can be obtained. Further-

more, vertical information can be obtained from the interval of the laser line. The

scanning speed of the laser and the interval of laser line are converted to the positional

information of elements.59 With the line profile approach, the spatial resolution in the

horizontal direction is dependent on (a) decay rate of the signal intensity (i.e., washout

time) and (b) the scanning speed of the laser, while the spatial resolution in the vertical

direction is dependent on the (c) laser diameter, and (d) distance between the lines.

Hence, it should be noted that spatial resolution obtained by the line profile approach

would differ in two directions (x -, and y-axis). To improve the spatial resolution of

the imaging data, laser ablation using slower scanning speed and smaller ablation pit

size is needed. However, the analysis time for the imaging become longer when slower

scanning speed and smaller ablation pit were employed. In imaging analysis using LA-
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ICP-MS, a compromise should be found between analysis time, scanning speed, and

ablation pit size.

Figure 1.5: Principle of the line profile imaging analysis
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1.5 Thesis outline

During my Ph.D. course, for the in-situ characterisation of NPs in biological samples, I

have focused on the development of an imaging technique for NPs using single particle

inductively coupled plasma mass spectrometry (spICP-MS) coupled with laser ablation

sampling (LA) technique. This technique will become a major analytical tool because

of its capability for simultaneous determinations of (a) size of NPs, (b) concentration

of ionic form, and (c) distributions of NPs and ionic form within biological samples.

Specifically, my study can be split into two major research topics:

1. Development of analytical approaches to extend the analytical size range of NPs

toward both smaller and larger regions (Chapter 3, 4)

2. Development of quantitative imaging analysis technique for nanoparticles and ions

using LA-spICP-MS (Chapter 5, 6, 7)

The title each chapter is provided below.

Chapter 2: Fundamentals of spICP-MS

Chapter 3: Size analysis of small-sized nanoparticles using spICP-MS

Chapter 4: Size analysis of large-sized nanoparticles using spICP-MS

Chapter 5: Investigation of nanoparticle disintegration during the laser ab-

lation process

Chapter 6: Fabrication of reference materials for quantitative analysis

Chapter 7: Quantitative imaging analysis of nanoparticles and ions using

LA-spICP-MS

Finally, summary and outlook (Chapter 8) lists several points that need to be im-

proved in nanoparticle analysis using spICP-MS, including sensitivity and multiple

elemental/isotopic analysis.
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Chapter 2

Fundamentals of spICP-MS

2.1 Introduction

Single particle inductively coupled plasma mass spectrometry (spICP-MS) allows mea-

surements on individual nanoparticles (NPs). The spICP-MS is an analytical technique

for NPs, providing data such as particle size, aggregation, and particle number concen-

trations at environmentally relevant concentrations (103–105 particles mL−1). Deguel-

dre et al. first demonstrated the feasibility of using ICP-MS for the size and composition

analysis of colloids.60–63 Pace et al. reported a simple approach for determining the

particle size and particle number concentrations of NPs in liquid samples.64 Moreover,

capability of spICP-MS has been demonstrated compatible results from transmission

electron microscopy (TEM) and dynamic light scattering (DLS).31,65 Currently, studies

of the spICP-MS can be seen in scientific publications and several review articles.66,67

In this chapter, I will explain the basic principles of spICP-MS. Subsequently, data

processing will be discussed and illustrated.

2.2 Theory and basic principles

ICP-MS is widely used for elemental/isotopic analyses due to rapidly analysis and low

detection limit (up to parts per billion). Various states of samples (liquid, solid, and

13



gaseous) can be measured;68 however liquid sample analysis is commonly carried out.

Generally, liquid samples are introduced into the ICP-MS by a nebuliser, producing

aerosols. The aerosols will undergo several processes such as desolvation, vaporisation,

atomisation, and ionisation in the plasma.69 Subsequently, the produced ions are ex-

tracted through the interface into the mass spectrometer. Recently, ICP-MS is used

for characterisation of NPs (single particle ICP-MS: spICP-MS). spICP-MS utilises a

standard ICP-MS, having an identical sample introduction as the latter. The ionisation

process for both techniques is similar. The difference is that spICP-MS has a readout

frequency of the detector that is sufficiently fast for the detection of individual NPs.

A liquid sample containing NPs is sprayed by the nebuliser, and the droplets are

sorted in a spray chamber, and then, small aerosols are introduced into the plasma. The

aerosols enter the plasma, where the droplets are desolvated and ionised, the resulting

particles are ionised, producing a burst of ions (one ion cloud per particle). The result-

ing ions enter the mass analyser to be sorted by their mass-to-charge ratios (m/z ), and

then, entering the ion detector. A schematic illustration of conventional solution-based

ICP-MS and spICP-MS is shown in Fig. 2.1. For a liquid sample containing dissolved

metals (i.e., ions), the dissolved metals will be distributed homogeneously within the

solution. The resulting signal is a steady-state signal, as shown in Fig. 2.1 (a). In

contrast, analysing a liquid sample containing NPs, although the analyte elements are

not distributed homogeneously, NPs consisting of millions of atoms presents a discrete

entity. Figure 2.1 (b) shows the time profile obtained from 40 nm Ag NPs analysis.

Each pulse signal represents a single particle, while the background corresponds to the

ions and/or instrumental noise.

Figure 2.2 (a) illustrates the time profile obtained from 40 nm Ag NPs analysis.

Each spike represents a single particle. It is possible to quantify the particle number

concentrations from the detection frequency of particles (number of particle events).

Figure 2.2 (b) shows one signal profile obtained from red area in Fig. 2.2 (a). The

signal area reflects the number of detected ions, so the signal intensity (total ion counts

of the signal) is correlated with the particle size. Besides the detection of NPs, low

signal pulses were also observed. Figure 2.2 (c) shows the enlarged scale of time profile
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in Fig 2.2 (a) from 4.01–4.02 s. The low signal intensity data represent background

signals (ions signals and/or noise), while the high signal intensity data is derived from

a NP. By setting a threshold, distinguishment between particle signals from background

signals based on their signal intensities can be achieved.

Figure 2.1: (a) Conventional solution-based ICP-MS: Aerosols are transported into the

ICP by a nebuliser gas flow. In the plasma, the dissolved metals are desolvated, vaporised,

atomised, and ionised. The ions are extracted into the mass spectrometer, and then, ions

are detected and recorded as a signal. Assuming that the dissolved metals is homogeneous

within the solution, a steady-state signal will be observed. (b) Single particle ICP-MS: NPs

present in a liquid sample are introduced into the plasma the same way as the conventional

solution-based ICP-MS. Atoms consisting of a NP is ionised in the plasma, and then, ion

clouds are generated. The signal from individual NPs is measured as a pulse signal above the

baseline.

From the time profile data, a signal intensity distribution is obtained (Fig. 2.3

(a)). Since the measured particle sample is a monodisperse standard, the mean sig-

nal intensity for one particle event can be estimated to be 450 counts. The obtained

signal intensity distribution is converted to a size distribution (Fig. 2.3 (b)). spICP-

MS provides number of atoms (mass) of particle, and thus, a particle diameter can
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Figure 2.2: (a) Time profile of spICP-MS measurement of 107Ag+ signals from nomi-

nal 40 nm Ag NPs. (b) A signal profile zoomed-in view of the red area insert. (c) Zoomed-in

view of (a) from 4.01–4.02 s. Ion has low signal intensity, while NPs has high signal intensity.
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be calculated from the determined mass assuming the density of analyte and shape

of a particle are known. A few approaches were reported to determine the particle

size.64,70,71 Features of the histogram, including the shape of the distribution (normal,

lognormal, multimodal etc.) and symmetry/skewness provides many insights regarding

the state of the NPs, such as monodisperse, degraded, and aggregates.

Figure 2.3: (a) Signal intensity distribution obtained from Figure 1.2 (a). Low signal

intensity data are attributed to background (ion and noise). (b) Size distribution converted

from signal intensity distribution (a).

2.3 Determination of size detection limit (SDL)

The size detection limit (SDL) depends on the smallest signal intensity that is dis-

tinguished from the background. Hence, in order to determine an accurate smallest

particle size, the particle events need to be separated from the background signals. A

commonly approach to distinguish background signals from particle events is an itera-

tive process based on µ + nσ threshold (µ: mean of the whole dataset, n: an integer

multiple time, and σ: standard deviation).72–74 The µ+ nσ threshold is determined by

removing all data points over µ+nσ, and repeating until no signals remain the threshold
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criteria. Since 99.7% of the values in a Gaussian distribution are found within µ+ 3σ,

the 3σ threshold was adopted in many articles.64,75,76 This calculation, however, as-

sumes a Gaussian distribution of the signal intensity. The background signal is more

accurately described by a Poisson distribution due to counting statistics dominating at

low count rates.77,78 For this reason, a µ+5σ threshold is sometimes regarded as more

appropriate.73,79

Another approach to distinguish between the particle events and the background sig-

nals is the deconvolution method developed by Cornelis and Hassellöv.80 This method

fits Polygaussian probability mass functions (PMF) to signal intensity distributions

of different samples, including a blank solution, dissolved metal solutions with known

concentrations, and NPs suspensions with different dilution factors. The PMF of the

dissolved metal signal is known, and thus, these PMF can be deconvoluted from the

signal intensity distributions containing NPs. This method can quantify particle events

overlapping with the background signals to achieve low size detection limit (i.e., SDL:

6.4 nm Au NP).81

2.4 Effect of dwell time on data quality

2.4.1 Data acquisition system

The accurate measurements of transient signals in the range of 200–1000 µs emanated

from a single particle requires attentions regarding time resolution of the measure-

ment.60,64 Conventional ICP-MS instruments were designed for multiple elemental

analyses, and thus, data acquisition time consists of two parameters: dwell time (read-

ing time) of 1–10 ms and settling time (overhead and processing time). After each

dwell time measurement, a certain amount of time is spent for the electronics to sta-

bilise (settling time) before the next measurement is performed.

High-time resolution measurements that can acquire a particle event at a dwell time

that is shorter than the transient signal emanated from a single particle is important.

Artefacts due to dwell times are illustrated in Fig. 2.4. In this figure, the upper portion
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Figure 2.4: Illustration of possible artefacts occurring during data collection in spICP-

MS. Effect of dwell time and settling time on particle measurements: (a-1) one single NP is

detected; (a-2) NP cannot be detected; (a-3) two NPs are detected simultaneously (particle

coincidence); (a-4) part of one NP detected; (b) One particle event is defined by multiple data

points, and thus, individual NPs can be measured accurately .
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represents pulse signals from NPs as they relate to dwell times and settling times, while

the lower portion shows the corresponding ICP-MS response (signal intensity vs. time).

Figure 2.4 (a) illustrates the data acquisition condition: Dwell time is longer than the

duration of particle events and settling time exists. In Fig. 2.4 (a-1), a NP is detected in

the dwell time window. Although this data is the ideal situation, fast data acquisition

is not available. Figure 2.4 (a-2) represents the most undesirable situation, where the

particle falls outside of the dwell time window, and is not detected. In Fig. 2.4 (a-

3), two NPs are detected in a single dwell time window, leading to a response twice

as large, as if one NP is detected (particle coincidence). Particle coincidence is not a

desirable situation and occurs when the dwell time is longer than the duration time of

particle event. Figure 2.4 (a-4) also represents an undesirable situation where only a

part of the ions from a NP is detected, leading to an accurate particle sizing. These

examples demonstrate the importance of having fast data acquisition system as well as

continuous data acquisition without any settling time, ensuring accurate particle sizing

and counting. Another benefit of the fast continuous data acquisition is that multiple

data points can be measured to define a single particle event. Figure 2.4 (b) illustrates

how this can be accomplished. In Fig. 2.4 (b), a particle event is defined by multiple

data points.

2.4.2 Effect of dwell time on particle integration

Dwell time is a critical parameter and affects the quality of spICP-MS data.82,83 High-

time resolution data acquisition with sampling rate of up to 100 kHz (i.e., dwell time of

10 µs) can be achieved. Figure 2.5 shows typical signal profiles obtained from 30 nm Au

NP at dwell times of 500–10 µs. In Fig. 2.5 (a), data was collected in fast continuous

data acquisition mode (no settling time) with a dwell time of 500 µs. The particle event

is defined by 3 data points. In Figs. 2.5 (b)–(h), the dwell time was reduced to (b) 250

µs (4 points), (c) 150 µs (6 points), (d) 100 µs (8 points), (e) 70 µs (11 points), (f) 50

µs (11 points), (g) 30 µs (15 points), and (h) 10 µs (41 points). These figures show that

more data points were acquired. When the dwell time was 10 µs, the particle event is

noisy, and disturbed by statistical error, while using the dwell time of 100 µs or more,
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the rate of particle coincidence increases.83 In order to accurate size analysis of NPs,

it is important to perform with a dwell time of 100 µs or less (generally set to several

tens of microseconds), but not too short.83

As described above, for accurate particle size measurements using spICP-MS, con-

tinuous (no settling time) and fast data acquisition system (i.e., a dwell time shorter

than the duration time of a particle event) are beneficial. With the shorter dwell time,

the particle events can be defined precisely due to the acquisition of multiple data points

per ion cloud from a single particle. Moreover, multiple data point measurements de-

crease the probability of erroneous data from particle coincidence and partial particle

detection. However, the fast data acquisition causes a high workload on the instrument

software for data saving and storing. The measurement time depends on the capacity

of software, and thus, a compromise should be found between analysis time, dilution,

and dwell time to ensure reliable data acquisition with minimal erroneous data from

particle coincidence and partial particle detection.

Figure 2.5: Signal profiles of 30 nm single Au NP at dwell times of 500–10 µs.
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2.4.3 Effect of dwell time on the background signal intensity

The issue with long dwell times is the low signal to noise ratio (S/N) due to the high

background signal intensity from the dissolved analyte and instrumental noise. Figure

2.6 shows mean background signal intensity as a function of dwell time. The mean

background signal intensity increased with the dwell time. From this result, short dwell

times (100 µs or less) allows the reduction of the mean background signal intensity

compared to longer dwell times. The signal intensity (ion counts) of a single particle is

independent of the dwell time as long as only one particle is detected within the dwell

time window. Therefore, use of short dwell time allows to increase the S/N ratio, and

thus, size detection limits improve.82

Figure 2.6: Effect of dwell time on background signal intensity.
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2.4.4 Effect of dwell time on particle coincidence:

particle number concentrations

In theory, the upper limit to the measurable number of particles per second is limited

by the duration time of a particle event. Assuming that duration time of the single

particle event is 500 µs, the maximum measurable number of particles per second would

be 2000.69 It is note that this is assuming that the particles are introduced into the

ICP-MS at an equal time interval. However in reality, particles introduced randomly.

Hence, to avoid errors due to the overlapping of the particle events, an optimum particle

number concentration has to be considered.

Figure 2.7 shows the signal intensity distributions obtained from the analysis of

30 nm Au NPs at particle number concentrations of (a) 10,000 particles mL−1, (b)

100,000 particles mL−1, (c) 1,000,000 particles mL−1, obtained with a dwell time of

50 µs. The signal intensity distribution provides data on the number of particle events

and signal intensity per particle event. The obtained signal intensity distributions were

divided into the primary distribution of the particles (5–750 counts per event) and the

particle events larger than the primary distribution (i.e., >750 counts per event). As

illustrated, increasing the particle number concentrations increases the detected number

of particle events per 30 s as well as number of particle events larger than the primary

distribution. It can be assumed that the detection of the particle events larger than

the primary distribution are due to particle coincidence and/or any agglomerates.

The effect of dwell time on the rate of particle coincidence was investigated by

processing each signal intensity distribution. Figure 2.8 shows the percentage of particle

coincidence as a function of dwell times for 10,000 particles mL−1 (black line), 100,000

particles mL−1 (blue line), 1,000,000 particles mL−1 (red line) of 30 nm Au NPs. The

results show that an increase in particle coincidence can be seen in the high particle

number concentrations data (1,000,000 particles mL−1) than in the low particle number

concentration data (10,000 particles mL−1). The percentage of particle coincidence

obtained from the analysis of 1,000,000 particles mL−1 is more than 10% despite using

the shortest dwell time (i.e., 10 µs). Moreover, the particle coincidence increased as
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Figure 2.7: Signal intensity distributions obtained from analysis of 30 nm Au NPs at

particle number concentrations of (a) 10,000 particles mL−1, (b) 100,000 particles mL−1, (c)

1,000,000 particles mL−1 using a 50 µs dwell time.

24



the dwell time increases. Using a dwell time that is longer than the duration time of a

single particle event would inevitably increase the percentage of particle coincidences,

leading to inaccurate particle counting and sizing.

Figure 2.8: Percentage of particle coincidences as a function of dwell times for 10,000

particles mL−1 (black line), 100,000 particles mL−1 (blue line), 1,000,000 particles mL−1 (red

line) using 30 nm Au NPs.

In order to avoid errors due to the overlapping of the particle events, the optimum

particle number concentration has to be considered. Otherwise, multiple particles would

be counted as one particle, leading to inaccurate results, including overestimation of the

particle size and underestimation of the particle number concentration. Hence, use of

particle number concentrations in the range from 103–105 particles mL−1 is needed for

spICP-MS analysis.31,60,64,66,68 To obtain reliable data, a compromise should be found

between analysis time, dilution, and dwell time with minimal particle coincidence.
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2.5 Size calibration protocol

spICP-MS does not provide direct information on particle size. Since the spICP-MS is

a mass-based technique, signal intensity depends on the number of ions introduced into

the plasma. There are several approaches to determine particle size. In this section, I

will explain the approaches and the kind of information needed for calibration.

2.5.1 Size calibration using particle size standards

The most intuitive way to convert signal intensity to particle size is to generate a

calibration curve of signal intensity versus diameter. This approach uses various particle

size standards, which have the same chemical composition as the target NPs. If the

geometry and density are the same for both the particle size standard and target NP,

a linear relationship between signal intensity and diameter can be generated.69,70 The

size dynamic range varies with the type of NPs, and typically covers 1 to 2 orders of

magnitude in diameter.61,70

Figure 2.9 shows the size calibration protocol using particle size standards. The

resulting signal intensity distribution were fitted with a lognormal distribution (Fig.

2.9 (a)), and then, the peak position data (i.e., mode value) of the fit was taken to

be equal to the particle size determined by TEM analysis. The calibration factor f

between the particle size and the signal intensity data was defined by

D3 = f × INP (2.1)

where D is the diameter of the NP and I NP represents the signal intensity (mode

value).71 The f value was determined by the mode value of the fit and the particle

size reported by the manufacturer. Subsequently, with the f value, all size data were

calibrated.

Figure 2.10 shows a linear range of Ag NPs from 20 to 80 nm with a size detection

limit of 7.8 nm measured by sector-based spICP-MS. Fitting with a lognormal distri-

bution was performed for the signal intensity distribution, obtained from 20 to 80 nm

particle size standards, respectively. In this study, commercially-available Ag NPs pur-
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Figure 2.9: (a) Signal intensity distribution obtained from nominal 40 nm Ag NPs. The red

line represents the lognormal distribution fitting. The peak position data (i.e., mode value)

of the fit was 431 counts per event, and then, the mode value was equivalent to the particle

size reported by the manufacturer (TEM analysis). (b) Size distribution for the recorded

40 nm Ag NPs using calibration factor f.

chased from nanoComposix (San Diego, California, USA) were used to construct this

calibration curve. The approaches used to evaluate the reliability of the resulting sig-

nal intensities for the NPs is to test the correlation between the signal intensities and

particle size. On the diagram showing the logarithmic-signal intensities plotted against

the diameters, the measured ion counts obtained from NPs with various sizes defines

a straight line with a slope of 3. Since NPs are assumed to be spherical-shaped, the

volume is equal to 4/3πr 3 (r : radius). From this relationship,

Volume =
4

3
π(Radius)3 (2.2)

Volume ∝ Number of atoms (2.3)

log (Number of atoms) ∝ 3 log(Radius) (2.4)

a straight line with a slope of 3 is expected for the correlation of signal intensities

versus different measured particle sizes. Data points for the 20, 40, 60, and 80 nm

Ag NPs and their corresponding signal intensities defined straight lines with a slope of

2.99 ± 0.09 (2SD), demonstrative of a linear correlation of the ion counts with particle
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sizes. Although the use of particle size standards is a straightforward approach for size

calibration, this approach is limited by the availability of well-characterised particle

size standards (i.e., monodisperse, size and particle number concentration known) for

various type of elements.

Figure 2.10: Signal intensities (counts per particle event) plotted against the diameters

of Ag NPs (20, 40, 60, and 80 nm) determined by TEM analysis. The signal intensities

were derived from fitted signal intensity distributions mode value. The limits of detection

determined by the 5SD criterion (3 counts for the Ag NPs). The size detection limit for the

Ag NP was 8.0 nm.

2.5.2 Size calibration using ion standard solutions

The other size calibration approach is establishing a relationship between the signal

intensity of ion standard solutions and the mass of the ions, to determine size from the

mass of the particle. Pace et al. developed an approach for size calibration using a mass

flux curve from ion standard solutions.64 In this approach, the concentration calibration

curve is used to generate the element mass delivery to the plasma by normalisation to

a known measurement time.
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Figure 2.11: Schematic diagrams for size calibration with ion standard solutions. (a-

1) Time profile of ion standard solution. (a-2) Calibration curve of ion standard solutions

created for particle size calculation. (a-3) Transformed calibration curve from concentration

to mass per dwell time. (b-1) Time profile of unknown NPs sample. (b-2) Binned raw data to

signal intensity distribution. Particle mass (mp) is calculated by inserting individual signal

intensities into the transformed calibration curve (a-3). Size distribution data from converted

particle mass (b-3).
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Figure 2.11 displays the schematic diagrams for size calibration using ion standard

solutions. First, ion standard solution analysis was performed, which will result in a

time-resolved signal intensity profile shown in Fig. 2.11 (a-1). Ion standard solutions

with different concentrations are then analysed to construct a calibration curve for the

size analysis (Fig. 2.11 (a-2)). The concentrations of Ag (x -axis) are converted into

mass using equation (2.5).

W = Cstd × qliq × tdwell × η (2.5)

W is the mass observed per dwell time (µg event−1), C STD is the mass concentration (g

mL−1), q liq is the sample flow rate (mL s−1), tdwell time is the dwell time (s), and η is the

transport efficiency. By relating the measured signal intensity to the mass delivery of the

element into the plasma, the mass of the analyte particle can be determined. Although

the mass concentration: C STD, sample flow rate: q liq, and dwell time: tdwell time are user-

defined, the transport efficiency: η is determined experimentally. Pace et al. examined

three methods to determine the transport efficiency: (a) the waste collection method,

(b) the particle number method, and (c) the particle size method.64

(a) Waste collection method: the spray chamber waste is weighed, obtaining the trans-

port efficiency indirectly. The total volume of sample that entered the plasma is

calculated by subtracting the volume of waste solution collected from the volume

of solution delivered to the nebuliser. The transport efficiency is determined from

the ratio of this difference to the total delivered to the nebuliser. Unfortunately,

the waste collection method is the least accurate due to evaporation and weighing

uncertainties.84,85

(b) Particle number method: the transport efficiency is determined by the ratio of

measured number of particle events to the theoretical number of particle events

based on known particle number concentration and sample flow rate. Each particle

enters the plasma and produces a pulse signal. The number of particle events per

second is equal to the number of NPs entering the plasma per second. The transport

efficiency is the ratio of the measured number of particle events per second to the
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number of NPs delivered to the nebuliser per second. In particle number method,

the transport efficiency is given by equation (2.6),

η =
f(INP)

qliq ×NNP

(2.6)

where η is the transport efficiency, f (I NP) is the number of particle events (s−1),

q liq is the sample flow rate (mL s−1), NNP is the particle number concentration

(particles mL−1). This approach requires accurate particle number concentration.

(c) Particle size method: the transport efficiency is determined by the ratio of ion stan-

dard solution sensitivity and particle size standard sensitivity. The signal intensity

from an ion standard solution is dependent on the transport efficiency, while the

signal intensity from a particle (counts per particle event) is not. Hence, the ratio

of the ion standard solution sensitivity (counts per ng of analyte delivered to the

nebuliser) to the particle sensitivity (counts per ng of analyte in a single particle) is

equal to the transport efficiency. In particle size method, the transport efficiency is

represented by equation (2.7), which shows that the transport efficiency is the quo-

tient of the signal-to-mass ratios of both the ion standard solution and the particle

size standard.

η =
ISTD/MSTD

INP/MNP

(2.7)

I STD is the signal intensity of ion standard solution, M STD is the mass of ion stan-

dard solution delivered to the nebuliser, I NP is the signal intensity of particle size

standard, MNP is the mass of particle. The size calibration method using ion stan-

dard solutions allows for the calibration of a various type of NPs. A major drawback

for this method is the need for well-characterised monodisperse NPs with known

size, density, and shape for the determination of the transport efficiency. How-

ever, only one particle size standard is required, compared to the size calibration

approach based on multiple particle size standards.

After the concentrations of Ag (x -axis) are converted into mass using equation (2.5),

the resulting calibration curve relates signal intensity (counts per dwell time) to the
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total mass transported into the plasma per dwell time. Subsequently, signal intensities

for individual NPs were measured (Fig. 2.11 (b-1)). This data is then plotted into

a signal intensity distribution, where x -axis is the signal intensity of the element and

y-axis is the number of particle events (Fig. 2.11 (b-2)). By assuming that transport

efficiency of NPs and ions are equal, the obtained signal intensities of each individual

particle event are substituted into the y-axis of the calibration curve (Fig. 2.11 (a-3))

to determine the mass of the corresponding particle (mp). Then, mass (mp) was finally

converted to diameter (d) using equation (2.8), assuming a spherical geometry and full

ionisation of all NPs in the plasma.

d = 3

√
6×mp

ρ× π
(2.8)

where ρ is the density of the bulk metal. Finally, the resulting diameters were binned

to generate a size distribution (Fig. 2.11 (b-3)).

The two sizing approaches (i.e., size calibration using (a) particle size standards,

(b) ion standard solutions) were evaluated by comparing with TEM data provided by

manufacturer. Figures 2.12 (a) and (b) show the resulting size distributions obtained

from nominal 40 nm Ag NPs (41 ± 5 nm), showing comparable results as TEM data

(Fig. 2.12 (c)). Calibration using particle size standards has the advantage of cali-

brating particles with particles, making this method to be the easiest. However, the

feasibility of size calibration using particle size standards is hindered by the limited by

the availability of well-characterised particle samples.67,86 Moreover, previous studies

reported that non-linearity in the calibration curves was observed as a result of incom-

plete vaporisation of larger NPs.69,87 Consequently, size calibration with ion standard

solutions is the more commonly-applied method. It is noted that the density of analyte

NP is assumed as equal to the density of bulk material, and the shape of analyte NP

is also assumed to be spherical geometry.

2.5.3 Size calibration using microdroplet generators

Recently, utilising of microdroplet generators (MDG) have attracted interest as a new

size calibration approach. In this approach, monodisperse microdroplets containing
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Figure 2.12: Size distributions obtained from nominal 40 nm Au NPs (41 ± 5 nm) cal-

ibrated with the size calibration approaches: (a) with particle size standards, (b) with ion

standard solutions. The results demonstrated that the mean sizes and variations obtained

by spICP-MS calibrated with particle size standards and ion standard solutions were in good

agreement with the TEM data within analytical uncertainty.

known ion concentration are used to determine mass of NPs.88–91 Individual monodis-

perse droplets are introduced into the plasma with 100% efficiency. Each droplet pro-

duces an identical pulse signal that is produced by particles of equivalent analyte ele-

ment mass. By adjusting droplet size and ion concentration, the relationship between

analyte mass and instrument response (counts/element mass) can be defined, and thus,

microdroplets can match the mass of a specific NP.91–93 This technology leads to more

accurate size analysis than conventional size calibration approaches.

2.6 Summary

spICP-MS can provide information on individual particle size, size distribution, elemen-

tal composition, and particle number concentration. Moreover, the analytical through-

put of better than 50 particles per second can be achieved. Since NPs are detected as a

transient signal in the range of 200–1000 µs, fast data acquisition (dwell time <100 µs)

and elimination of the settling time between measurements are required. Continuous

data acquisition at a short dwell time is the most important instrumental requirement

for accurate size and particle number concentration analysis.
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Chapter 3

Size analysis of small-sized

nanoparticles using spICP-MS

The content of this chapter was published in Anal. Sci., 2020, 37 (11), 1637–1640.

Title: Size analysis of small metal nanoparticles using single particle ICP mass spectrometry

Authors: Shuji Yamashita, Masaki Nakazato, and Takafumi Hirata

3.1 Introduction

Nanoparticles (NPs) are particles of sizes ranging from 1 to 100 nm. Due to the high

surface to volume ratios, the NPs are becoming key materials for many applications.

The study of NPs has been advancing over the past few decades, with better control

over size, shape, composition, and consequently the properties.94,95

Despite the various unique physicochemical features, the NPs can potentially present

both the medical and environmental risks.96 Especially, the physiochemical properties

of NPs influence how they interact with cells, and the size of NPs is likely to contribute

to cytotoxicity. Given the same mass, smaller NPs have a larger specific surface area,

and thus, reactivities with cellular components such as nucleic acids, proteins, and fatty

acids increase. Moreover, the smaller size also makes it possible to enter the cell. Some

researchers reported that NPs smaller than 10 nm cause cellular damage.15,97,98 To
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understand the biological effects of the small NPs, a sensitive and rapid technique for

the analysis of the NPs is desired.

Mass spectrometer utilising an atmospheric pressure plasma (inductively coupled

plasma mass spectrometer: ICP-MS) now becomes a sensitive and rapid analytical tool

to detect trace-elements or isotopes from biological and geochemical materials.99–102

Recently, an approach for the characterisation of NPs has been developed based on

elemental determination using ICP-MS. This technique of NP characterisation is called

single particle ICP-MS (spICP-MS). The feature of spICP-MS is in the capacity of the

ICP-MS to distinguish the data collected for each NP.

The spICP-MS is a fast analytical technique to characterise the NPs for their size,

particle number concentration, and elemental composition.60,64 With very short signal

integration time (dwell time) and omitting the settling time (i.e., time required for

stabilising the mass spectrometer after the switching of isotopes), the system is now

capable to monitor transient signals produced by the NPs.73 Typical signal events

produced by introduction of single NPs would be 0.3–1.0 ms, and therefore, dwell time

of shorter than <0.1 ms is desired to obtain quantitative signal intensity data for the

NPs.83,103 Based on the signal intensity data, the size of NPs is calculated. With the

spICP-MS, analysis throughput of >50 particles s−1 can be achieved, and thus, the size

distributions based on data obtained by large number of NPs can be obtained.

The size analysis of spICP-MS is based on measurements of signal intensities derived

from NP. The signal intensity is proportional to the mass of the particle, and in the case

of a particle, NP generates an ion cloud, which shows a high signal intensity data. This

signal is in contrast with the low signal intensity data derived from dissolved metal.

The size detection limits of NP depend on instrument sensitivity and the background

levels. Several pioneering research studies reported that size detection limit (SDL) of

14–20 nm for Au NP and 13–25 nm for Ag NP using quadrupole-based ICP-MS.74 With

the high sensitivity magnetic sector based ICP-MS, the size detection limit was 6.4 nm

for Au NPs and 10 nm for Ag NPs.81,104

For the detection of the small NPs, both the enhancement of the instrumental

sensitivity and reduction of background signals are desired. Recently, Hadioui et al.

36



succeeded in detection of 3.5 nm for Ag NP and 12.1 nm for TiO2 NP using the enhanced

sensitivity ICP-MS technique using a desolvating nebuliser system.105 More recently,

detection of further smaller NPs was reported using the ICP-MS system achieved by

both the sensitivity-enhanced vacuum interface and addition of nitrogen gas onto the

carrier gas. They reported the SDL of 3.0 nm for Au NP.106 It should be noted that

the reported SDL was calculated based on instrumental sensitivity and background

signals, and no direct analysis for smaller NPs (<8.8 nm) was conducted. Therefore,

the reliability of the size analysis for small particle in spICP-MS cannot be guaranteed

sufficiently.

Faced with this, we tried to evaluate the analytical capability of spICP-MS for the

detection of small NPs based on the signal intensity data obtained from small Au NPs

and Pt NPs (i.e., 5 nm) directly. Au NPs and Pt NPs were selected because of their wide

availability of standard materials with nominal diameters measured by transmission

electron microscopy (TEM). Moreover, many researchers used Au NPs and Pt NPs for

both instrumental developments and experimental testing of the spICP-MS.106,107

3.2 Experimental

3.2.1 Materials

Four particle size standards of Au NPs (5, 10, 15, and 20 nm) and three particle size

standards of Pt NPs (5, 30, and 50 nm), stabilised in citrate solution, were purchased

from nanoComposix (San Diego, CA, USA). Nominal diameters for 5, 10, 15, and

20 nm Au NPs suspensions were 4.4 ± 0.5 nm, 10.9 ± 1.0 nm, 15.1 ± 1.3 nm, and

19.3± 2.1 nm, respectively. Nominal diameters for 5, 30, and 50 nm Pt NPs suspensions

were 4.6 ± 0.9 nm, 30 ± 3 nm, and 46 ± 5 nm, respectively. All the NPs suspensions

were diluted with high-purity water (Millipore, Billerica, MA, USA) to have particle

number concentrations of about 105 particles mL−1 for wet plasma conditions and

104 particles mL−1 for dry plasma conditions to minimise the overlap of the particle

events emanating from the NPs.
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3.2.2 Instrumentation

The ICP-MS instrument used in this study was a double focusing magnetic sector field

ICP-MS (AttoM, Nu Instruments, Wrexham, UK). For wet plasma condition, analysis

solutions were introduced through nebulisation using a conventional MicroMist nebu-

liser and Peltier Cooled Cyclonic Spray Chamber (Glass Expansion, Port Melbourne,

Australia). The sample flow rate was set to 0.2 mL min−1. The quartz cyclonic spray

chamber was cooled to 4◦C. Data acquisition was also conducted under dry plasma

conditions for comparison. Hence, a desolvating system (Aridus II, Teledyne Cetac

Technologies, Omaha, USA) was used as sample introduction technique (dry plasma

condition). In the Aridus II, there is no cooling step between the heated PFA spray

chamber (110◦C) and the porous PFA membrane (160◦C). Details of the instrumenta-

tion and operational settings are listed in Table 3.1.

Table 3.1: Instrumentation and operational settings
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3.2.3 Desolvating sample introduction system; Aridus II

Figure 3.1 illustrates conceptual illustration of the Aridus II. Aridus II is a desolvating

sample introduction system for ICP to enhance sensitivity and lower formation of H2O-

origin background species, such as MO+ and MH+ (M: metal).108 A conventional low

flow concentric nebuliser is used to aspirate the sample into a heated at 110◦C PFA

spray chamber which improves the conversion of the liquid into a fine aerosol. The

aerosol is then passed through a porous membrane with a counter flow of dry argon

sweep gas which removes the majority of the water vapour. Nonvolatile samples do

not pass through the membrane wall. It also desolvates any nebulised dissolved or

suspended solids, so a substantially dry argon gas containing particles of dry aerosol

<1 µm in size is passed to the plasma. Aridus II contributes to higher analytical

sensitivity by improving both the sample transport efficiency and the aerosol quality.

The improvement of the sensitivity leads to lower limit of detection.

Figure 3.1: Schematic illustration of Aridus II

3.2.4 Data processing

Signal intensity data were acquired for 30 s, based on time-resolved analysis mode with

the dwell time (time slice) of 30 µs. Data acquisition with shorter dwell time is very

important to achieve accurate correction of counting loss due to detector dead time.109

The size of the NPs is calculated based on the total ion counts of individual particle

events.70,71 The signal intensity is proportional to the analyte mass and, hence, the
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volume of the NP. The size of the NPs was calibrated by signal intensities of particle size

standards on the assumption that the number of atoms is correlated with the measured

ion counts.

3.2.5 Calculation of size detection limits

The SDL of NP using spICP-MS is influenced by the instrument sensitivity, back-

ground level, and ion transmission efficiency from the sampling orifice to the detector.

For spICP-MS analysis, the SDL is defined as the smallest detectable particle size. A

particle can only be detected if the particle event can be distinguished from the back-

ground signal of the dissolved ion signal or noise. In this study, the particle events were

identified apart from the background signals by defining a threshold of µ+5σ (i.e., the

five times standard deviation (5SD) criterion).79 Here, µ and σ correspond to the mean

and standard deviation of the background data set. The mean signal intensity (counts)

and one standard deviation were calculated for the whole data set, and data higher

than mean signal intensity plus 5SD were identified as particle events. The other data

were regarded as either instrumental noise or dissolved ion (ionic form).

3.3 Results and Discussion

3.3.1 Effect of desolvation onto size distribution

Distributions of measured signal intensity for individual Au NPs obtained from 15 nm

Au NPs by both the conventional (wet plasma) and desolvating (dry plasma) systems

are given in Fig. 3.2 (grey columns) and Fig. 3.2 (black columns), respectively. The

mean signal intensity was 96 counts per event for wet plasma condition and 201 counts

per event for dry plasma condition, demonstrative of 2.1 times enhancement with the

dry plasma condition. The resulting enhancement achieved by the dry plasma condi-

tions can be explained by both higher ionisation efficiency and smaller energy spread

of the produced ions.

Based on the signal intensity data of 20 nm Au NPs, the measured size of 15 nm Au
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NPs was 14.6 ± 1.8 nm (1SD, N = 916 particles) with the wet plasma condition. As

for the dry plasma condition, the measured size was 14.7 ± 2.3 nm (1SD, N = 569 par-

ticles), demonstrative of good agreement with the size distribution obtained by the wet

plasma condition.

Figure 3.2: Signal intensity distributions of individual Au NPs obtained from 15 nm Au NPs

using wet plasma (grey columns) and dry plasma conditions (black columns).

3.3.2 Separation of ion signal from background signal

For the analysis of small NPs, total ion counts emanating from the single NP become

smaller, and thus, it is difficult to distinguish particle events from background signals.

In order to derive reliable size information for individual NPs, separation of the small

particle events from the background signals is desired.

Tuoriniemi et al. reported an algorithm that determines a threshold to separation

signals of particle events from those of background signals.81 However, with their
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approach, when the distributions of signal intensity for particles and dissolved ions

partly overlapped, ion counts from dissolved ions higher than the threshold interfere

the ion counts from particle. Cornelis and Hassellöv showed a deconvolution method to

distinguish signals of particles from dissolved ions.80 With their approach, distribution

of ion counts originating from dissolved ions must be defined based on the ion counts

of at least 6 fit points. The major problem associated with this approach is that the

ion counts from 5 nm Au NPs were lower than 5 counts with their system setup. This

suggests that the measurement of small particles can be erroneous when the extremely

low intensities from small NPs (e.g., 5 nm) are monitored.

In this study, peak height analysis (PHA) was used to separate the small particle

data from the background data. The PHA diagrams obtained from 10 and 5 nm Au

NPs are given in Figs. 3.3 (a) and 3.3 (b), respectively. For the 10 nm, particle data

were clearly separated from the those of background data. In contrast, particle data

obtained from 5 nm Au NPs were nearly overlapped with the background data, and

thus, separation of the particle data from background data is important to reduce the

contribution of the background data.

Distribution of the background data can be expressed with a Poisson distribution

(eq. 3.1). For particle analysis using single particle mode, the contribution of the

background signal follows the Poisson distribution.72,110 The distribution of the ion

signals emanating from the NPs is reasonably reproduced by the log-normal distribution

(eq. 3.2), assuming the NPs are monodispersed.70,111

f(xi) = A1
e−A2A2

xi

xi

(3.1)

g(xi) =
A3√

2πA4xi

exp

{
−(logxi − A5)

2

2A4
2

}
(3.2)

(xi: signal intensity (counts per event), Aj: (j = 1, 2, 3, 4, 5): constants)

In practice, the measured signal intensity distribution was fitted by a combination of
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two functions shown above equation.

h(xi) = f(xi) + g(xi) (3.3)

The best fitted h(x ) was determined through minimising the residue (R) as expressed

in the following equation 3.4.

R =
∑
i

{yi − h(xi)}2 (3.4)

Figure 3.3 shows calculated fitting curves. Based on the present statistical fitting ap-

proach, the mean signal intensities for the Au NPs were 74 ± 24 (1SD) counts per

event for 10 nm and 8.4 ± 4.1(1SD) counts per event for 5 nm.

3.3.3 Correlation between ion counts and sizes

One of the most effective approaches to evaluate the reliability of the resulting signal

intensities for the NPs is to test the correlation between the signal intensities and

particle diameters. On the diagram showing the logarithmic-signal intensities plotted

against the diameters, the measured ion counts obtained from NPs with various sizes

defines a straight line with a slope of 3. Figure 3.4 illustrates the signal intensity data

for the Au NPs of various sizes plotted against the diameter of particles (5, 10, 15, and

20 nm). The data points shown as open squares (□) and open circles (⃝) are the data

points obtained with the wet and dry plasma conditions, respectively. Data points for

the 10, 15, and 20 nm Au NPs, signal intensities defined straight lines with a slope of

3.07 ± 0.08 (1SD) for wet plasma, and 3.01 ± 0.06 (1SD) for dry plasma conditions,

demonstrative of linear correlation of the ion counts with particle diameters.

For the 5 nm Au NPs, the net signal intensities obtained with the wet plasma

condition did not vary significantly from the background signals, suggesting that the

5 nm was the smaller than the SDL under wet plasma condition. In contrast, with

the dry plasma condition, the signal intensity for the 5 nm Au NPs was significantly

higher than the background signals. The resulting ion count of 5 nm Au NPs was

8.4 counts per particle event using the present calculation protocol (closed circle in

Fig. 3.4). Important point derived from the signal intensity data for the 5 nm Au NPs
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Figure 3.3: Signal intensity distributions obtained for (a) 10 nm and (b) 5 nm Au NPs

using the dry plasma condition. The distribution of NPs was reconstructed by the lognormal

function (red curve) and the Poisson function (blue curve).
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was that the data point obtained with the dry plasma condition close to a straight

line with slope of 3 defined by 10, 15, and 20 nm Au NPs. The consistency of the

correlation between the signal intensity and diameters demonstrates the effectiveness

of the separation protocol developed in this study. The resulting size of the 5 nm Au NPs

was 4.3± 0.9 nm, which showed good agreement with the data provided by the product

information (4.4 ± 0.5 nm) from the manufacture. This also supports the validity of

the present separation protocol based on the statistical fittings.

Figure 3.4: Mean signal intensities of individual particle events plotted against the diame-

ters of the Au NPs (5, 10, 15, and 20 nm). Mean signal intensities were calculated based on

particle events from about 1,000 particles. The dashed lines indicate the limits of detection

determined by the 5SD criterion (2.7 counts for the wet plasma condition and 3.5 counts for

the dry plasma condition). Based on the signal intensity data obtained here, size detection

limits for the wet and dry plasma conditions were 4.9 nm and 3.8 nm, respectively.
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For the analysis under the wet plasma condition, the discrimination level for the

ion signals defined by the 5SD criterion was 2.7 counts, which corresponded to the

SDL of 4.5 nm for Au NPs. As for the analysis with the dry plasma condition, the

discrimination level was 3.5 counts, and the SDL was 3.8 nm, which was comparable

to the previous report (3.6 nm).105

The analytical capability of the present technique was also demonstrated by Pt NPs.

The mean signal intensity obtained from 30 nm Pt NPs was 222 counts per event

for wet plasma condition and 272 counts per event for dry plasma condition, which

demonstrated 1.2 times enhancement of the instrumental sensitivity under the dry

plasma condition. This result indicates that the approach to enhance signal intensity

is applicable for various metal NPs.

The calculated SDLs of 7.3 nm Pt NP (3 counts) obtained with wet plasma condition

and 6.2 nm Pt NP (3 counts) obtained with dry plasma condition were significantly

higher than 5 nm. Despite the enhancement of signal intensity, the data point of

5 nm Pt NPs could not be defined. The obtained signal intensity from 5 nm Pt NPs

was mainly 1–3 counts, which was identical to the background signals. The major

problem associated with the present deconvolution method is that this approach cannot

be applied when the ion counts from NPs were lower than the 5SD criterion and when

the obtained signal intensity distribution is completely overlapped with the background

data. For the better deconvolution procedures, further data points are highly desired.

To overcome this, improvement of the instrumental sensitivity is still key issue.

3.4 Conclusion

In order to detect small NPs using spICP-MS, reduction of the contribution of back-

ground signals onto the ion signals and instrumental noise is essential. Hence, the

contribution of the background signals was successfully reduced by the combination

of analysis with dry plasma conditions and the present signal deconvolution protocol.

This is well demonstrated by the data points for 5 nm Au NPs falling close to a straight

line defined by Au NPs of various sizes (10, 15, and 20 nm). Moreover, measured size
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of the 5 nm Au NPs (4.3 ± 0.9 nm) showed good agreement with the size provided

by the product information (4.4 ± 0.5 nm). This suggests that accurate analysis is

possible for size analysis down to 5 nm Au NPs with the spICP-MS.

It is widely believed that Au NPs has lower toxicity because of their higher chemical

stability. In contrast, several recent studies revealed that small Au NPs (i.e., <5 nm)

have toxicity through preferential distribution into nucleus and cytoplasm.97 In fact,

1–2 nm Au NPs caused cell death by necrosis and/or apoptosis.15 For further investi-

gation of the toxicity of NPs, detection of the small-sized NPs is highly desired.

The dynamic light scattering (DLS) is powerful technique for the size analysis of

small NPs (e.g., <10 nm). Despite the obvious success in obtaining high analytical

capability for the small NPs, it is widely recognized that the size analysis using the

DLS can be erroneous from the sample with complex matrix compositions. More-

over, the technique is not capable for the elemental analysis. As for the transmission

electron microscopy (TEM) is also technique for the detection of the small NPs. How-

ever, the technique requires complex and time-consuming preparation procedures, and

thus, number of the sample particles subjected to the size analysis would be severely

restricted. This is contrasting the analytical capabilities achieved by the spICP-MS.

With the spICP-MS, both the size and elemental data can be derived even from the

sample solution with complex matrices. Moreover, high analysis throughput (e.g., 50–

100 particles per second) can be derived by the spICP-MS, and thus, rigorous testing

or careful statistical discussion can be made based on the size and elemental data from

large number of NPs. In fact, the spICP-MS can become a unique technique for the

size analysis of NPs in environmental and/or biological samples.
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Chapter 4

Size analysis of large-sized

nanoparticles using spICP-MS

The content of this chapter was published in J. Anal. At. Spectrom., 2020, 35, 2834–2839.

Title: Size analysis of large-sized gold nanoparticles using single particle ICP-mass spectrometry

Authors: Shuji Yamashita, Akira Miyake, and Takafumi Hirata

4.1 Introduction

In recent decades, unique physicochemical features due to a greater surface area has

caused the industrial and medical use of nanoparticles (NPs) to be rapidly increased.

This results in a higher production, consumption, and release of these particles into the

environment,112 and thus, many researchers are increasingly concerned over the effect

of NPs on biological and/or environmental systems. The activity of NPs is dependent

upon physicochemical properties including the particle size, chemical composition, and

shape.1,113 Several pioneering research studies revealed that the toxicity of NPs is

enhanced by decreasing their physical sizes,15,114 and thus, the detection of NPs with

smaller sizes (<10 nm) is highly desired.3,5 In contrast, upon exposure to environmental

and biological systems, NPs tend to form agglomerates/aggregates, the dimensions of

which may span a broad size range.115 In order to detect and characterise these large-
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sized NPs, a new analytical approach for the size and particle number concentration is

desired.

Recently, single particle ICP mass spectrometry (spICP-MS)60,67 is used for the

sensitive and rapid analysis of NPs from both liquid samples31,72,73 and solid sam-

ples.71,116,117 Liu et al. reported the size measurement of gold NPs (Au NPs), ranging

from 70 to 200 nm by lowering the instrumental sensitivity,82 making the detection of

large-sized NPs possible. However, the problem associated with low sensitivity mode

is that the detection of smaller sized NPs (<70 nm) based on a single analysis sequence

was difficult. On the other hand, the measured signal intensity from large-sized Au NPs

exceed 108 cps (count per second), suggesting that the contribution of counting loss oc-

curring in the detector is high. Hence, the reduction of signal intensity obtained from

large-sized NPs, but also obtaining a signal intensity sufficient to detect small-sized

NPs is required.

For ICP-MS, because the plasma has very high kinetic and excitation temperatures,

ionisation efficiencies of >50% are achieved for almost all the elements.38 This high

ionisation capability also results in low production efficiencies of polyatomic ions such

as MH+, MC+, MN+, MO+, and MAr+ (M: analyte element).118,119 This characteristic

of the ICP has led us to consider reducing the signal intensities of the large-sized NPs

by monitoring polyatomic ions instead of M+ ions.

In this study, the signal intensities of Au NPs of various sizes, ranging from 10–

400 nm, were measured, and the correlation of the resulting signal intensity data and

the particle diameter was evaluated. The data obtained here demonstrated that the

size range of the NPs can be extended up to 400 nm. The ICP-MS operating conditions

were simply optimised to maximise the signal intensity of 197Au+. No degradation in

ion transmission efficiency was observed in this study, and thus, the system was capa-

ble of analysing small-sized NPs (10–40 nm). Although the particulates greater than

100 nm are not classified into the nomenclature“ nanoparticle”,120 this paper refers

to all Au particles as“ nanoparticle” for easier communication.
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4.2 Experimental

4.2.1 Materials

A series of Au NPs with nominal diameters of 10, 20, 40, 60, 80, 100, 200, 300, and

400 nm (coefficient of variance: 8–15%), purchased from Sigma-Aldrich Inc. (St. Louis,

USA), were used. These particles were delivered as aqueous suspensions stabilised in

citrate. For the analysis solutions, the particle number concentrations of the Au NPs

were adjusted to 105 particles mL−1 through dilution with ultra-high purity water (Mil-

lipore, Billerica, MA, USA). With the particle number concentration of 105 particles

mL−1, possible signal overlaps were about <1%. The analysis solutions were then in-

troduced into the ICP using a MicroMist nebuliser and Peltier-Cooled Cyclonic Spray

Chamber (Glass Expansion, Port Melbourne, Australia). The sample uptake rate was

about 0.2 mL min−1. The introduction efficiency from solution to the ICP was about

4.5%, calculated based on the comparison of the number of particles loaded onto the

ICP and the number of measured particle events.

4.2.2 Instrumentation

In this study, a magnetic sector-ICP-MS instrument (AttoM, Nu Instruments, Wrex-

ham, UK) was used. For the data acquisition with a dwell time of 30 µs, the measured

ion counts obtained from 80 nm Au NPs exceeded 4000. This was equivalent to a peak

count rate of >107 cps, suggesting that the contribution of counting loss due to detec-

tor dead time would be greater than 10%,121 and thus, the correction for the counting

loss was required to avoid the erroneous size analysis on the particles. Note that the

ion detection with an analogue mode was not used in this study, simply because of

the slow response of the current amplifier system used in the analogue mode. In the

analogue mode, the time constant of the present current amplification system is not

shorter than 1 ms, and thus, measured ion currents can be erroneous for the transient

signals emanating from the NPs. To avoid this, a combination of the attenuator device

and conventional pulse counting techniques, described in our previous paper, was em-
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ployed.122 With the attenuator device, ion current is attenuated down to the 1/500 level

by passing through the platinum grid, and thus, the measured count rate of 50 Mcps is

reduced to 100 kcps, obviating the risk of erroneous measurements due to the counting

loss of analyte ions. The important feature of the attenuator device is that there is no

degradation in the detector response, and thus, the ion detections with a short dwell

time can be made even from high-count rate signals >50 Mcps. This is very important

for the size analysis of large-sized NPs. However, great care must be taken in the size

analysis of further large-sized NPs. For instance, the resulting count rate from the

100 nm Au NPs exceeds 107 cps even with the attenuator device. This indicates that

further reduction of the measured count rates is essential for the size analysis of larger

Au NPs. The details of operational settings are listed in Table 4.1.

Table 4.1: Instrumentation and operational settings

4.2.3 Data evaluation

In the spICP-MS system, the particle size was calculated based on the ion counts of

individual particle events emanating from a single NP. The signal intensity is propor-
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tional to the third power of the diameter. In other words, signal output linearity,

including ionisation efficiency within the ICP and transmission efficiency through the

mass spectrometer, can be investigated by the correlation between the total ion counts

and diameters of the particles. The size information was derived through calibration

using particle size standards of the same material.73 The calibration factor for the

size analysis was defined by the signal intensity data for Au NPs of known size. In-

house software (NanoQuant) was used to calculate the ion counts of individual particle

events.71,123 The particle events were separated from the background signals using the

five times standard deviation (5SD) criterion.79 The mean signal intensity (counts) and

one standard deviation were calculated for the whole data set, and data higher than

mean signal intensity plus 5SD were calculated as particle events. The other data were

regarded as either instrumental noise or dissolved metals (ionic Au).

The size distribution of 400 nm Au NPs was measured separately by using a field

emission scanning electron microscope (FE-SEM) (Helios NanoLab G3 CX, Thermo-

Fisher Scientific, USA). In this study, 400 nm Au NPs dispersed in ultra-high purity

water were dropped onto a copper grid coated with a carbon film (EM Japan, Tokyo,

Japan). Co-author, A.M., performed FE-SEM analysis.

4.3 Results and Discussion

4.3.1 Production efficiency of polyatomic ions

The production efficiency of polyatomic ions is seriously dependent upon several con-

ditions such as the water load (solution uptake rate), sampling depth, cone geometry,

and pressure of the expansion chamber.124,125 In this study, the production efficien-

cies of four polyatomic ions (197Au12C+, 197Au14N+, 197Au16O+, and 197Au40Ar+) were

investigated. Although the hydride ion (197Au1H+) is a potential candidate to reduce

the count rate of the large-sized Au NPs, the hydride ion was not used in this study,

because of the contribution of mass spectrometric interference by 198Hg+.

The production efficiencies of the polyatomic ions were investigated with the signal
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intensity data of 400 nm Au NPs suspension. The signal intensities of the polyatomic

ions (197Au12C+, 197Au14N+, 197Au16O+, and 197Au40Ar+) were measured with vari-

ous ICP forward powers (e.g., 1200, 1300, 1400, 1500, 1600, and 1700 W) with opti-

mised flow rates of the nebuliser gas. Figure 4.1 illustrates the signal intensities of the

polyatomic ions of (a) 197Au12C+, (b) 197Au14N+, (c) 197Au16O+, and (d) 197Au40Ar+

obtained from 400 nm Au NPs. Each analysis was acquired for 10 seconds and uncer-

tainties given in each data point were two-times standard error (2SE) calculated based

on five repeated measurements.

Figure 4.1: The signal intensity data plotted against ICP forward power for (a) 197Au12C+,

(b) 197Au14N+, (c) 197Au16O+, and (d) 197Au40Ar+. Error bars indicate two-times standard

error (2SE) obtained from five repeated measurements.

The measured count rates for both 197Au12C+, and 197Au14N+ ions were very low

(<30 cps) at all the ICP forward powers applied here. The low production of 197Au12C+

reflected a low level of carbon supply into the ICP, originating from the engulfment

of CO2 in air. In contrast, although the contribution of engulfment of N2 is high, the
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production efficiency of 197Au14N+ would be suppressed mainly because of the low ion-

isation efficiency of nitrogen in the ICP.

As for O+ and Ar+, the measured 197Au16O+ and 197Au40Ar+ signal intensities were

1200–1600 cps and 7000–9000 cps, respectively, suggesting that the production efficien-

cies were remarkably higher than those of 197Au12C+ and 197Au14N+ ions. The higher

production efficiency of the 197Au16O+ ion can be explained by the introduction of a

high-water load into the ICP. Moreover, the measured signal intensity of 197Au40Ar+

was 5 times higher than that of 197Au16O+. This is a very plausible result because

argon is a major component in the ICP. The signal intensity of 197Au40Ar+ achieved

maximum intensity (i.e., 9000 cps) when the ICP forward power was 1500 W, and the

resulting contribution of the counting statistics was smaller than 2%. The production

efficiencies of 197Au16O+ and 197Au40Ar+ decreased when a higher ICP forward power

(e.g., >1600 W) was applied, showing that a higher ICP forward power may have in-

duced the dissociation of Au-O and Au-Ar bonds.

Figure 4.2 (a) shows the time profile of 197Au+ signals obtained from 60 nm Au

NPs with a particle number concentration of 105 particles mL−1. The measured num-

ber of particle events for ten seconds was about 152 ± 6 (2SE, N = 5). Figure 4.2

(b) shows the time profile of 197Au40Ar+ signals obtained through the introduction

of 400 nm Au NPs with an identical particle number concentration (i.e., 105 parti-

cles mL−1). The measured number of particle events for ten seconds was 146 ± 15

(2SE, N = 5), which is in good agreement with the number of particle events found in

60 nm Au NPs (Fig. 4.2 (a)). The obtained number of particle events of 60 nm Au NPs

(197Au+) and 400 nm Au NPs (197Au40Ar+) was close within the margin of error, sug-

gesting that the particle events of 197Au40Ar+ reflect the particle events emanated from

a single Au NPs.

The spICP-MS used in this study was a single collector-based ICP-MS system. This

suggests that the system requires a certain amount of time to switch the monitoring

isotopes (i.e., settling time). Since the settling time (about 1 ms) is longer than the

time duration of one particle event, some fraction of the ion signals from single particles

cannot be detected, inducing a large bias on the simultaneous monitoring of the 197Au+
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and 197Au40Ar+ signals. Therefore, the 197Au+ and 197Au40Ar+ signals were monitored

successively in a separate analysis sequence.

The acidity of water (e.g., concentration of HNO3) can affect the production rate

of 197Au40Ar+. In fact, with the conventional solution nebulisation technique, oxide

production efficiency can increase in the presence of a high concentration of HNO3.

However, in the case of transient signals emanated from the particles, the present ratio

of 197Au40Ar+/197Au+ in the ICP can be much higher than the continuous signal in-

tensity profiles achieved by the solution nebulisation. This suggests that the effect of

HNO3 or other co-existing elements in the analysis solution can be smaller. Moreover,

the magnitude of the matrix effects would be higher on light ions than on heavy ions.

In this study, 197Au40Ar+ is the heaviest ion species in the ultra-pure water, and thus,

the contribution of the matrix effect can be limited.

Figure 4.2: Time profiles for (a) 197Au+ signals from 60 nm Au NPs, and (b) 197Au40Ar+

signals from 400 nm Au NPs.
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4.3.2 Size analysis based on 197Au40Ar+

400 nm Au NPs were used to evaluate the reliability of the size analysis based on the

197Au40Ar+ signals obtained with the spICP-MS. Besides using the spICP-MS, the size

distribution of the 400 nm Au NPs was measured separately by using the FE-SEM.

The resulting FE-SEM image, obtained with an accelerating voltage of 5 kV, is shown

in Fig. 4.3. The sizes of individual NPs were measured from a total of 481 particles

found in the nine separated FE-SEM images.

The size distribution obtained by the FE-SEM analysis is shown in Fig. 4.4 (grey

columns), demonstrating a monodisperse population. The mean size and variations

(defined as one standard deviation) were 396 ± 36 nm (1SD, N = 481). The resulting

size distribution of the 400 nm Au NPs monitored by 197Au40Ar+ using the spICP-MS

described in the previous section is also given in Fig. 4.4 as black columns. For an

easier comparison, the relative number of particles, rather than the absolute number

of particles, was used in this diagram. A total of 946 particles were measured, and the

mean size was 403 ± 41 nm (1SD), demonstrating that the resulting sizes obtained

by the spICP-MS was in good agreement with the FE-SEM analysis within analytical

uncertainty.

4.3.3 Correlation between ion counts and sizes

Another effective approach to evaluate the data quality of size analysis for the large-sized

particles is to investigate the correlation between the signal intensities and diameters

of the particles. To do this, the total ion counts of individual particle events were mea-

sured for Au NPs of various sizes (10, 20, 40, 60, 80, 100, 200, 300, and 400 nm). 197Au+

was monitored for seven Au NPs (10, 20, 40, 60, 80, 100, and 200 nm), and 197Au40Ar+

was monitored for three other Au NPs (200, 300, and 400 nm). Signal intensities per

particle event were calculated by averaging the ion counts of a total of 1000 events.

The resulting signal intensity data were plotted against the diameter of particles

(Fig. 4.5). The signal intensity data for 197Au+ for 10, 20, 40, 60, 80, and 100 nm

were indicated as closed circles. The data points defined a straight line with a slope of
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Figure 4.3: FE-SEM image of 400 nm Au NPs.

Figure 4.4: Size distributions obtained from 400 nm Au particles monitored by 197Au40Ar+

using spICP-MS (black columns) and FE-SEM analysis (grey columns).
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3.02 ± 0.05 (2SD), suggesting that the measured ion counts correlate with the number

of atoms in single particles. The 197Au+ signal intensities for 200 nm Au NPs (open

circle), however, departed from the straight line defined by the 197Au+ data for 10, 20,

40, 60, 80, and 100 nm. The deviation for the 200 nm NPs was mainly due to erroneous

correction of the counting loss of Au signals based on the conventional non-extended

law.121 For the large-sized Au NPs (200, 300, and 400 nm), the signal intensities mon-

itored by 197Au40Ar+ are shown as closed squares in Fig. 4.5. Similar to the 197Au+

signals, the data points defined a straight line with a slope of 3.11 ± 0.14 (2SD), sug-

gesting that the signal intensity reflected the number of constituting atoms in single

particles.

In order to evaluate the overall correlation between measured signal intensities and

the diameter of the Au NPs, the signal intensities of 197Au+ for large-sized Au NPs

were calculated based on the production efficiency of 197Au40Ar+/197Au+ obtained from

10 mg L−1 Au solution. The measured 197Au40Ar+/197Au+ ratio was about 0.005%, and

thus the signal intensities of 197Au+ for 200, 300, and 400 nm Au NPs could be calcu-

lated. The corrected signal intensities of 200, 300, and 400 nm are given in open squares

in Fig. 4.5, and the data points fell close to the straight line defined by 197Au+ inten-

sities for small Au NPs. These are very pleasing results because the measured signal

intensity data correlate with the number of atoms in the Au NPs for over 5 orders of

magnitude. The data obtained here demonstrated that the size analysis of large-sized

Au NPs based on calibration using 197Au40Ar+ signals is realistic.

These results indicate that both the ionisation and trans- mission efficiencies did

not vary significantly among the Au particles of various sizes (i.e., 10–400 nm). This

suggests that the critical size, defined as the maximum size for complete atom- isation

and ionisation of analytes within the ICP, is larger than 400 nm. Since we could not

manage to obtain Au particles of larger than 400 nm, the critical size for Au particles

could not be defined in this study.

The present reduction technique using the polyatomic ions can also be applied for the

size analysis of other types of particles. The production efficiency of the polyatomic ions

related to Ag (107Ag1H+, 107Ag12C+, 107Ag14N+, 107Ag16O+, and 107Ag40Ar+) was in-
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vestigated. The Ag NP with a nominal diameter of 100 nm (nanoComposix, San Diego,

CA, USA) was used. The particle number concentration of the Ag NP was adjusted

to 105 particles mL−1 with ultra-high purity water (Millipore, Billerica, MA, USA).

The measured production efficiencies were 0.007% for 107Ag40Ar+/107Ag+, 0.003% for

107Ag1H+/107Ag+, and <0.001% for other polyatomic ions, suggesting that the analysis

size range can be extended by monitoring 107Ag40Ar+ in a similar manner to the Au

analysis.

Figure 4.5: Signal intensity (counts per particle event) plotted against the diameter of

Au NPs. Mean signal intensities were calculated based on particle events from about 1000

particles. The corrected signal intensities of 200, 300, and 400 nm Au NPs (open squares) were

calculated based on the production ratio of 197Au40Ar+/197Au+ (0.005%). The horizontal line

shows 5SD (1.4 counts for 197Au+ and 2.0 counts for 197Au40Ar+) of the background signal

intensity obtained for ultra-pure water. Based on the signal intensity data obtained here,

the calculated size detection limits of size analysis using the 197Au+ and 197Au40Ar+ ions

were 5.7 nm and 178 nm, respectively, suggesting that Au NPs of a wide size range can be

measured by the spICP-MS.
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4.4 Conclusion

In this study, the range of size analysis was successfully extended from 10 nm up

to 400 nm by monitoring 197Au+ and polyatomic ions (i.g., 197Au40Ar+). Since the

signal intensities for large-sized Au NPs (>100 nm) exceeded 350 Mcps, even with an

attenuation device, the correction of the counting loss due to the detector dead time

based on the conventional non-extendable law can become erroneous. The 197Au40Ar+

ion was monitored to reduce the signal intensity emanated from large-sized Au NPs.

The production ratio of 197Au40Ar+/197Au+ obtained from 10 mg L−1 Au solution was

about 0.005%, and thus, the signal intensities of 197Au+ can be calculated from the

measured signal intensity of 197Au40Ar+. The resulting signal intensities of 197Au+ for

200, 300, and 400 nm fell close to a straight line with a slope of three on the plot of

the number of atoms and diameter defined by small sized Au NPs. This suggests that

there is no obvious degradation in the ionisation and transmission efficiencies of the Au

ions passing through the mass spectrometer.

With the ICP-MS, the critical size must be considered for the analysis of large

particles. The critical size is generally defined as the maximum size at which the

particle is completely ionised in the ICP.69,126 The corrected signal intensity data for

400 nm Au NPs were along the straight line defined by Au NPs of 10–100 nm, suggesting

that the Au atoms composed of 400 nm Au NPs were completely ionised. Unfortunately,

we could not get Au NPs larger than 400 nm, so the critical size for Au NPs could not

be defined in this study, and thus, the definition of the critical size of the Au NPs

remains an open question.
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Chapter 5

Investigation of nanoparticle

disintegration during the laser

ablation process

5.1 Introduction

Nanoparticles (NPs) have several unique features and are widely used in various research

fields, including material, geochemical, and biological sciences.127–129 Despite the in-

crease of the utility of the NPs, the interactions between the NPs and biomolecules can

cause various disorder of the biological reactions.130,131 Hence, production, use, and

disposal of the NPs are severely controlled by safety regulations in some countries.132

Physicochemical properties of NPs are related to the particle size.133 Based on this

feature, the toxicity of NPs can depend on particle size,114 and thus, accurate size infor-

mation is important to investigate the transport and concentration mechanism of the

NPs in living things. The distribution data of the NPs in living things can also provide

key information on both the transport and concentration mechanism of the NPs.

Single particle ICP-MS (spICP-MS) combined with the laser ablation sampling tech-

nique (LA-spICP-MS) can be a promising technique to derive the distribution data of

the NPs (i.e., imaging analysis of NPs). The LA-spICP-MS can be applied to measure
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the spatial distribution of NPs in biological samples. The laser ablation sampling tech-

nique is widely used for the elemental and isotopic analyses in solid samples.99,100 As

for spICP-MS, this technique is well-established for analysis of particle size and particle

number concentration.63,73

Ever since the first application of LA-spICP-MS on particle analysis,134,135 the laser-

induced disintegration of NPs and the subsequent misreporting of particle size is an im-

portant consideration. Among laser parameters, laser fluence (energy density: J cm−2)

can affect the disintegration of NPs. It is reasonable to expect that the use of a low

laser fluence is required to minimise the disintegration of NPs. Previous study tenta-

tively explored that the laser fluence of <1.0 J cm−2 would be an appropriate value for

ablation and also to minimise the disintegration of Au NPs, instead, NPs are simply

released from the matrix upon laser ablation.136 However, the energy threshold for

the disintegration of the NPs can be dependent upon several conditions such as pulse

durations, wavelength, sample matrix, as well as pulse durations. Therefore, a more

rigorous investigation of disintegration of NPs is desired.

In this study, the effect of laser fluence for disintegration of the Ag and Au NPs

was investigated. A cellulose filter paper containing a particle size standard were used

to mimic the matrix of biological samples. To evaluate the effect of laser fluence on

disintegration of the NPs, the size distributions were monitored. The size distribution

data results from LA-spICP-MS with those measured by solution-based spICP-MS were

compared to evaluate the degree of disintegration of NPs.

5.2 Experimental

5.2.1 Sample preparation

Matrix effects (signal enhancement or suppression originating from changes in ion trans-

mission due to different ionisation conditions between sample and standard) should be

minimised to obtain reliable size information from individual NPs. Hence, size cali-

bration must be carried out with matrix-matched particle standards. In this study, a
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cellulose filter paper was used as the matrix-matched particle size standards to mimic

the matrix of biological samples (i.e., carbon as a major component).

Commercially-available citrate-coated Au NPs (20, 40, and 60 nm) and Ag NPs

(20, 40, and 60 nm) from NanoComposix (San Diego, CA, USA) were used as particle

size standards. Nominal diameter for 20, 40, and 60 nm for each type of NP are as

follows: 19.3 ± 2.1 nm, 40 ± 3 nm, and 60 ± 6 nm for Au NPs; while 20.8 ± 3 nm,

41 ± 5 nm, and 59 ± 6 nm for Ag NPs. A 10 µL of solution containing each of these

NPs was dropped onto individual cellulose filter paper (qualitative filter paper No.1,

ADVANTEC, Tokyo, Japan). The cellulose filter paper was cut into the small pieces

(i.e., 10 mm × 10 mm) before the solution dropped. The NPs suspension was left to

dry for one hour at room temperature, and then, the dried sample was used for size

analysis. No further treatments such as polishing, coating of conductive materials, or

any spiking of elements was done to the standards.

5.2.2 LA-spICP-MS

A magnetic sector-based ICP-MS (AttoM, Nu Instruments, Wrexam, UK) was used.

The time-resolved spectra were recorded at a time resolution (dwell time) of 50 µs,

acquiring m/z 107 u and 197 u. Ions were detected by pulse counting mode using an

electron multiplier. An attenuator system utilising Pt grid was utilised to extend the

dynamic range of the ion detection.122 Attenuation was 1/500, which was automatically

activated when the signal intensity exceeded 3 Mcps. With the attenuator system, ion

currents (count rates) with wide dynamic range, covering 1 cps to 100 Mcps can be

monitored continuously.

For the laser ablation, a Nd:YAG laser (MOPA 266-200mW, CryLas, Berlin, Ger-

many) operating at wavelength of 266 nm with a pulse duration of 1 ns was employed.

The Ag and Au NPs in the cellulose filter paper samples were subjected to laser abla-

tion line scanning. Laser conditions were as follows: repetition rate, 10 Hz; scanning

speed, 100 µm s−1; laser beam size, 5 µm; analysis time, 50 s× 3. The laser fluence was

varied from 0.20 J cm−2 to 3.0 J cm−2. The laser-induced aerosols were transported to

the ICP with a mixed helium as carrier gas (flow rate of 0.6 L min−1) and argon gas
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as make-up gas (flow rate of 1.0 L min−1). The argon gas was added after the ablation

cell to stabilise the plasma. Details of the instrumentation and operational settings are

listed in Table 5.1.

Table 5.1: Instrumentation and operational settings
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5.2.3 Separation of particle events and background

In order to obtain the particle data using the spICP-MS, separation of particle events

from background signals (i.e., dissolved metals and instrumental noises) is required.

For separation of particle events and from background signals, a threshold was defined.

The threshold (limit of detection) of µ+5σ (i.e., the five times standard deviation (5SD)

criterion) is used.79 Here, µ and σ correspond to the mean and standard deviation of

the background data set, respectively. The size detection limit is defined as the particle

size calculated from the signal intensity corresponding to the limit of detection. The

identification of the particle events was followed by signal integration of the ion counts

for each particle event.

5.2.4 Size calibration

The prepared cellulose filter paper containing NPs were subjected to laser ablation,

and the magnetic sector-based ICP-MS was used for ion detection. The responses were

recorded as time-resolved analysis (TRA) data, and these time-dependent signal inten-

sity data were subjected to peak analysis by integration of individual particle events.

Total ion counts of the individual particle events were calculated by integrating the ion

counts between starting and terminal channels.

The resulting signal intensity distribution were fitted with a lognormal distribution,

and then, the peak position data (i.e., mode value) of the fit was taken as the diameter

reported by the manufacturer (TEM analysis). Signal intensity (counts per particle

event) is proportional to the analyte mass, that is the volume of the NP. Size infor-

mation was obtained by calibration with particle size standards of the same chemical

composition, assuming that the number of atoms correlates to the measured ion counts.

Hence, the calibration factor f between the size of NPs and the signal intensity data

was defined by

D3 = f × INP (5.1)

where D is the diameter of NP and I NP represents signal intensity. The f value was

determined by the mode value of the fit and the diameter determined by TEM analysis.
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5.3 Results and Discussion

5.3.1 Comparison of size distribution between

solution-based spICP-MS and LA-spICP-MS

Reliability of the size analysis using the LA-spICP-MS was investigated through measur-

ing the particle size standard using both the LA-spICP-MS and solution-based spICP-

MS. For size analysis using solution-based spICP-MS, a desolvation sample introduction

system (Aridus II, Teledyne Cetac Technologies, Omaha, USA) was employed to achieve

dry plasma condition which is has a similar plasma condition when the laser ablation

technique is applied. This work assumes that disintegration of NPs seldom occurs at the

lowest fluence of 0.2 J cm−2.136 Commercially-available citrate-coated 40 nm Au NPs

and 40 nm Ag NPs were used. The criteria for the comparison to other techniques

applied in this study were the mean size, full width at half maximum (FWHM). The

reference 40 nm NPs served for calibration of signal intensity.

Figure 5.1 shows signal intensity distributions for particle events generated from

40 nm Au NPs using solution-based spICP-MS (Fig. 5.1 (a)) and LA-spICP-MS (Fig.

5.1 (b)). Background signals were eliminated by threshold of µ + 5σ. The signal in-

tensity distributions of 40 nm Au NPs was fitted with a lognormal distribution in the

range from 100 to 4000 counts per event. The maximum signal intensity of solution-

based spICP-MS (1560 counts per event) was determined and substituted respectively

in equation 5.1; while D in equation 5.1 was the mean diameter of the TEM data

(40 nm), which was provided by the manufacturer. By substituting these values into

equation 5.1, we obtained the calibration factor, f, which was used to calculate particle

size when NPs other than 40 nm were measured. The same procedures were repeated

to determine the values for LA-spICP-MS.

Figures 5.1 (c) and (d) illustrate the size distributions calculated from signal inten-

sity distribution data of Figures 5.1 (a) and (b), respectively. The size distributions

were fitted with Gaussian distribution in range from 20 to 60 nm. The size distribution

obtained by the solution-based spICP-MS is shown in Fig. 5.1 (c), demonstrating a

monodisperse population. The mean size and FWHM were 40 nm and 6 nm, respec-
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Figure 5.1: Signal intensity distribution obtained from nominal 40 nm Au NPs using (a)

solution-based spICP-MS and (b) LA-spICP-MS with laser fluence of 0.20 J cm−2. Back-

ground signals were eliminated by threshold of µ+5σ. Black lines represent lognormal-fitted

data. Size distribution for the measured 40 nm Au NPs using (c) solution-based spICP-MS

and (d) LA-spICP-MS. The red lines represent Gaussian-fitted data.
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tively. The resulting size distribution of the 40 nm Au NPs obtained by LA-spICP-MS

is given in Fig. 5.1 (d). The size distribution shows a monodisperse population simi-

lar to the solution-based spICP-MS data. The mean size and FWHM were 40 nm and

7 nm, respectively. Uncertainties in the mean particle size were mainly controlled by the

counting statistics of the signal intensity data. The mode value obtained in the signal

intensity distribution data has an error of
√
N , where N is the mode signal intensity.

For example, 970 counts is obtained as the mode in LA-spICP-MS, gives an uncertainty

of around 31 counts. Based on the resulting signal intensity (counts/event), this value

corresponds to an error in size of approximately 1 nm. From this result, both two meth-

ods demonstrate general agreement in the overall mean size and FWHM. Moreover, no

significant increase in the Au NPs with smaller sizes (<20 nm) can be found, sugges-

tive of a very small contribution of laser-induced disintegration through laser ablation

sampling with low fluence.

The distribution pattern obtained by the LA-spICP-MS did not vary significantly

from those obtained by the solution-based spICP-MS technique. However, the width of

the distribution for the LA-spICP-MS was larger than solution-based spICP-MS. From

the results of LA-spICP-MS, a larger FWHM value and the detection of larger size

particles (>46 nm) suggest that aggregation/agglomeration of NPs occurred. Aggrega-

tion/agglomeration of NPs may have occurred during the drying process of the cellulose

filter paper, and not during the laser ablation process. Note that the laser-induced dis-

integration of the NPs is not serious during the LA-spICP-MS analysis.

Figures 5.2 (a) and (b) show signal intensity distributions generated from 40 nm

Ag NPs using (a) solution-based spICP-MS and (b) LA-spICP-MS, respectively. Data

processing was similar to those of Figs. 5.1(a) and (b). Figures 5.2 (a) and (b) were

fitted with a lognormal distribution in the range from 100 to 2000 counts per event.

Signal intensities were maximum at 517 counts per event for solution-based spICP-MS

and at 460 counts per event for LA-spICP-MS.

Figures 5.2 (c) and (d) illustrate size distributions calculated from signal inten-

sity distribution data of Figs. 5.2 (a) and (b). The size distributions were fitted with

Gaussian distribution in range from 20 to 60 nm. For the Ag NPs, both methods
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Figure 5.2: Signal intensity distribution obtained from nominal 40 nm Ag NPs using (a)

solution-based spICP-MS and (b) LA-spICP-MS with laser fluence of 0.20 J cm−2. Back-

ground signals were eliminated by threshold of µ+5σ. Black lines represent lognormal-fitted

data. Size distribution for the measured 40 nm Au NPs using (c) solution-based spICP-MS

and (d) LA-spICP-MS. The red lines represent Gaussian-fitted data.
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showed monodisperse populations as well. The mean size and FWHM were 41 nm

and 6 nm for solution-based spICP-MS, and 41 nm and 8 nm for LA-spICP-MS.

Both methods demonstrate general agreement within analytical uncertainties for mean

size and FWHM. Moreover, no significant increase in the Ag NPs with smaller sizes

(<20 nm) can be also found, suggesting that contribution of the laser-induced disin-

tegration during the laser ablation is negligible during laser ablation with low fluence

(i.e., 0.2 J cm−2). Similar to Au NPs data, a slight broadening in the size distribution

and detection of larger sizes (>50 nm) were observed for the LA-spICP-MS. Similarly,

aggregation/agglomeration of MNPs could have occurred during drying process of the

cellulose filter paper, instead of during the laser ablation process. From these data,

regardless of the kind of element, the size distributions characterized by LA-spICP-MS

were generally in good agreement with solution-based spICP-MS. Therefore, LA-spICP-

MS is able to provide reliable data on particle size and their size distributions.

5.3.2 Effect of fluence on size distribution

Size of NPs can change through the laser ablation process. The disintegration of NPs

during laser ablation has the potential to lead to misreported size data. In order to

avoid the erroneous size analysis of the NPs originating the laser-induced disintegration,

fluence of the laser beam was optimised here. To test the magnitude changes in the

measured particle size, size standards, which are prepared by dropping 40 nm Au NPs

or 40 nm Ag NPs, were subjected to line scanning with various fluences.

Figure 5.3 shows the size distributions as a function of laser fluence (i.e., 0.20 to

3.0 J cm−2) after data processing. The size calibration factor, f (refer to equation (1.1))

was obtained with the lowest fluence of 0.2 J cm−2, assuming that disintegration does

not occur. Size calibration for other fluences were then conducted using this f value

to obtain their respective size distributions. For an easier comparison, the relative

values were normalised to the number of 40 nm NPs of the respective fluences, rather

than the absolute number of particles. About 1000 particles were measured. The size

distributions derived from the lower fluence (<1.0 J cm−2) measurements show negligible

disintegration of NPs. In contrast, higher laser fluences cause an increase in number of
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Figure 5.3: Size distributions as a function of laser fluence after size calibration data

processing of (a) 40 nm Au NPs and (b) 40 nm Ag NPs. Size distributions subtracted by

0.2 J cm−2 data from each size distribution data of (c) 40 nm Au NPs and (d) 40 nm Ag NPs.
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the smaller NPs. The mean size of the NPs does not significantly change with increasing

laser fluence. In contrast, the gap between the smaller NPs (i.e., disintegrated NPs)

and the original-sized NPs (i.e., 40 nm NPs) becomes less with increasing laser fluence.

To investigate the degree of laser-induced disintegration of NPs, difference of the

size distributions were evaluated by subtracting the data obtained by 0.2 J cm−2 (Figs.

5.3 (c) and (d)). The positive values represent a surplus. These size distribution data

indicates that disintegration of NPs induced by the laser ablation occurs when the laser

fluence is set to values >1 J cm−2.

Figure 5.4: Ratio of smaller particles (10 nm) compared to the original particle size (40 nm)

of (a) Au NPs and (b) Ag NPs for different fluences. NPs degraded highly as laser fluence

increased.

Figure 5.4 shows the ratio of 10 nm NPs (i.e., disintegration NPs) to the original-

sized NPs (i.e., 40 nm NPs), plotted against the laser fluence. Figure 5.4 (a) is Au NPs

data and Fig. 5.4 (b) is Ag NPs data, respectively. The ratio of 10 nm-to-40 nm

particles increased as laser fluence increased. From the data, regardless of the kind of

element, a low fluence (<1.0 J cm−2) is required to minimise the contribution of laser-

induced disintegration of NPs and also to obtain accurate particle size. This result

is consistent with the previous study reported that the laser fluence of <1.0 J cm−2

would be an appropriate value to minimise the disintegration of Au NPs.136 The im-
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portant conclusion obtained in this study is that size analysis can be made directly

from biological samples using the LA-spICP-MS technique when an optimum fluence

is adopted.

5.3.3 Correlation between signal intensity and diameter

An effective approach to evaluate the data quality of size analysis for the NPs is to

investigate the correlation between the signal intensities and particle sizes. Since NPs

are assumed to be spherical-shaped, the volume is equal to 4/3πr 3 (r : radius). From

this relationship,

Volume =
4

3
π(Radius)3 (5.2)

Volume ∝ Number of atoms (5.3)

log (Number of atoms) ∝ 3 log(Radius) (5.4)

a straight line with a slope of 3 is expected for the correlation of signal intensities versus

different measured particle sizes. Hence, for this validation, laser ablation (fluence:

0.2 J cm−2), was performed on various sizes of Au NPs and Ag NPs (i.e., 20, 40, and

60 nm), and measuring the total ion counts of individual particle events.

Figure 5.5 shows the resulting signal intensity data for the Au NPs (red colour)

and Ag NPs (blue colour) of various sizes plotted against the reported diameter of NPs

(20, 40, and 60 nm). The signal intensity of each data point was determined by fitting

the signal intensity distributions with a lognormal function. The mode values of the

lognormal fits were used to construct a size calibration line. The data points defined a

straight line, with a slope of 3.03 ± 0.17 (2SD) for Au NPs, and 3.06 ± 0.16 (2SD) for

Ag NPs samples, showing that the measured ion counts correlate with the number of

atoms in a single particles. This data supports the validity of the accurate size analysis

of NPs using LA-spICP-MS.

The size detection limit was calculated based on a threshold of µ+5σ on the signal

intensity (µ and σ correspond to the mean and standard deviation of the background

data set). For Au NPs samples, the threshold of the signal intensity was 2.2 counts,
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Figure 5.5: Signal intensities (counts per particle event) plotted against the diameters of

Au NPs and Ag NPs determined by TEM analysis. The signal intensities were derived from

lognormal-fitted signal intensity distributions mode value. The limits of detection determined

by the 5SD criterion (2.2 counts for the Au NPs sample and 3.3 counts for the Ag NPs sample).

Based on the signal intensity data obtained here, size detection limits for the Au NPs and

Ag NPs samples were 5.5 nm and 8.3 nm, respectively.
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which corresponded to the size detection limit of 5.5 nm. As for Ag NPs samples, the

threshold intensity was 3.3 counts, and the size detection limit was 8.3 nm. Several

recent studies revealed that small NPs (e.g., 5 nm Au NPs97 and 10 nm Ag NPs114) show

toxicity. Due to the high sensitivity of the magnetic sector-based ICP-MS, detection

of small-sized NPs which exhibit showing toxicity to living systems can be achieved.

The data obtained here also demonstrate that the LA-spICP-MS provides accurate size

data of NPs in biological samples.

5.4 Conclusion

This study compared the mean size, FWHM, and size distribution of Au NPs and

Ag NPs suspensions (nominal diameter 40 nm) of solution-based spICP-MS to LA-

spICP-MS. The data obtained here demonstrated that LA-spICP-MS provided compa-

rable results to the solution-based spICP-MS.

Disintegration of NPs can occur under higher laser fluences. Our results indicated

that the disintegration of NPs (e.g., Au NPs and Ag NPs) was induced by the laser

ablation process when laser fluence of >1 J cm−2 was applied. A lower laser fluence

could be required to avoid the disintegration of NPs. For analysis biological samples,

the ablation threshold is generally <1 J cm−2, and thus, LA-spICP-MS can be a viable

technique for determining accurate size of individual MNPs in biological samples.
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Chapter 6

Fabrication of reference materials

for quantitative analysis

6.1 Introduction

With the increasing use of nanoparticles (NPs), biochemists and environmental chemists

are increasingly interested in biological effects of the NPs onto the plants or ani-

mals.131,137,138 Previous studies shown that not only particulate forms, but also ionic

forms produced through the dissolution of the NPs exhibit toxicity within biological

systems.138–140 These substances enter the living things through inhalation and dermal

exposure, which lead to potential risks for human health.137,141 Cho et al. reported

that hepatic toxicity associated with histopathological changes in the liver was ob-

served in mice which were administered with 10 nm Ag NPs; these changes were not

evident following administration of either 60 or 100 nm Ag NPs.114 Pettibone et al..

examined pulmonary inflammatory responses of mice following whole-body inhalation

exposure to copper and iron NPs in acute and sub-acute studies. Altough histopatho-

logical changes were not found following acute exposure, both copper- and iron-exposed

mice showed inflammation following sub-acute exposure. Moreover, the lungs 0 and 3

weeks after exposure showed no presence of copper, but iron was found accumulating

in macrophages.140

79



Distribution data of NPs and ionic forms in biological samples provides key informa-

tion to understand the transport and toxicity of the NPs. Moreover, size information of

individual NPs as well as ion concentration information is another important parameter

to evaluation of the toxicity of the NPs. Therefore, distribution and size information

can become principal information to evaluate the overall toxicity of the NPs. However,

distributions of NPs and their ionic forms, ion concentration, and particle size are usu-

ally performed in separate measurements. Simultaneous analysis of NPs and ionic forms

provides useful information on the fate and toxicity of the NPs: where the NPs dissolve

to ionic forms, how the NPs and ionic forms interact with cells, or what NPs size of

contribute to toxicity. To overcome this, a new analytical technique for simultaneous

imaging analysis of NPs and ionic form, as well as determining ion concentration, is

highly desired.

Laser ablation sampling technique combined with inductively coupled plasma mass

spectrometry (LA-ICP-MS) is widely used for elemental/isotopic analyses in various

solid materials, such as minerals, polymers, or steels.142–144 The LA-ICP-MS system

has following unique features: (1) minimal sample preparation, (2) multiple element

capabilities, (3) wide dynamic range (10–11 orders of magnitude), (4) low limit of

detection, and (5) possible quantification ability with matrix-matched standards. Ad-

ditionally, the LA-ICP-MS prove to be a suitable technique for elemental analysis of

biological samples, and already often applied for various biological samples.57,145,146

One of the applications of the LA-ICP-MS is the imaging analysis of elements or iso-

topes. Imaging data reveals elemental distributions within biological samples at trace

and bulk levels with a spatial resolution at micron scale.147–150 For reliable and accurate

quantitative imaging analysis of biological samples by LA-ICP-MS, suitable reference

materials which are both matrix-matching and have similar concentration ranges with

the targeted samples are required.144 With non-matrix matched calibration standards,

quantitative bioimaging analysis is hampered by factors such as sensitivity drift, ele-

mental fractionation, matrix effects, and interferences. Many biochemists have tried to

prepare calibration standards for the determination of elemental concentration. How-

ever, there are no suitable standards available for the simultaneous determinations of
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particle size and concentration values of ionic form present in biological samples.151–153

Hare et al. fabricated matrix-matched standards which were spiked with mixed liquid

standard solutions and mixed with homogenised tissue, followed by cryo-fixing and sec-

tioning. However, preparing matrix-matched standards by this protocol is costly and

requires time.154 This protocol can be difficult to reproduce, as homogenised tissue of

a certain organ from biological specimen are not easily available.

Another approach for preparing matrix-matched standards is the use of spiked media

that mimics the major composition of the biological sample. Matrix-matched standards

were made of gelatin,155,156 cellulose paper,157,158 or polymers35,159 spiked with known

amounts of a liquid standard solution. These mimic standard materials have many

advantages over using tissues from biological specimens are as follows: simple and fast

preparation, no handling of biological sample, and the number of analytes and their

concentration ranges can be easily adapted.

In this work, photocurable resin was applied to mimic a carbon-rich matrix. Pho-

tocurable resins have advantages such as: (a) carbon as a major component, (b) easy

handling, and (c) long shelf life. This thesis presents a fabrication protocol of resin refer-

ence materials and determination of Ag concentration using solid mixing method, which

is a standard addition method using LA-ICP-MS. Finally, size analysis of Ag NPs was

carried out using external calibration method with the fabricated reference materials,

under the assumption that it is difficult to obtain particle size standards demonstrating

the potential application of LA-ICP-MS on a wide variety of elements for NP samples.

Here, Ag was used to demonstrate the capability of our method because of several rea-

sons: (a) particle size standards of Ag NPs are commercially-available, (b) Ag NPs are

conventionally-used for performance evaluation in ICP-MS analysis, and (c) Ag NPs

is one of the most common NPs found in consumer products, electronic devices, and

medical applications.

81



6.2 Materials and methods

6.2.1 Fabrication of resin reference materials

For the quantitative analysis of Ag concentration in biological samples, an in-house ref-

erence materials of Ag ions dispersed in photocurable resin was prepared. Photocurable

resins have advantages over other materials such as: (a) carbon as a major component,

(b) easy processing into thin film, and (c) long shelf life. In this study, three reference

materials with different concentration (i.e., STD #1–#3) were fabricated. The work-

flow for the fabrication of resin reference materials is shown in Figure 6.1.

Figure 6.1: (a) Schematic illustration of the fabrication of a matrix-matched reference

material. Three reference materials were fabricated. (b) Photographic image of glass substrate

before resin was dropped. (c) Photographic image of glass substrate after about 1 mg of the

mixture resin was dropped onto the glass substrate, and then pressed by cover glass to make

thin films.
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Silver atomic absorption standard solution (AgNO3 · HNO3, 0.1 mol L−1), Kanto

Chemical Co., Inc., Tokyo, Japan) was used. The Ag solution of 0.55 µL (STD #1),

1.1 µL (STD #2), and 5.8 µL (STD #3) of 1000 mg L−1 were diluted by 100 µL of

ethanol, respectively. 10 µL of the resulting solutions were then added to about 100 µL

photocurable resin (Acryl-one type: #2100N, Maruto Instrument, Tokyo, Japan), and

was mixed well for 5 min at room temperature. About 1 mg of the mixture was dropped

onto the glass substrate (Fig. 6.1 (b)), and then pressed by cover glass to make a thin

film. The pressed mixture resins were then left for to polymerise under a lamp for

one hour. The resulting reference materials were square-shaped films with a length of

10 mm and a thickness of ca.10 µm (Fig. 6.1 (c)).

6.2.2 Standard reference materials: SRMs

Two glass standard reference materials (NIST SRM 612 and NIST SRM 614) were used

to determine Ag concentration in the fabricated resin reference materials. NIST SRM

612 contains Ag (22.0 µg g−1), and was used as a high-concentration standard (high

STD), and NIST SRM 614 (Ag contents of 0.41 µg g−1) was used as a low-concentration

standard (low STD). The surface of NIST SRM 612 and 614 was polished using polishing

paper (Scotch 3M wrapping sheet, St. Paul, MN, USA) up to 3 µm fineness.

6.2.3 Instrumentation

In this study, an ultraviolet femtosecond laser equipped with a galvanometric scanner

(wavelength of 257 nm; pulse duration of 290 fs: Jupiter Solid Nebulizer, ST Japan

INC., Tokyo, Japan) was used for solid sampling. This laser was coupled to a triple

quadrupole-based ICP-MS (iCAP TQ, Thermo Fisher Scientific, Bremen, Germany)

for ion detection. Operational settings of the LA-ICP-MS system were tuned to obtain

maximum intensities for 107Ag+ using signal obtained with laser ablation of the NIST

SRM 612 glass standard reference material. Helium (flow rate of 0.6 L min−1) was used

as the carrier gas, and the Ar make-up gas (flow rate of 1.0 L min−1) was added after

the ablation cell to stabilise the plasma.
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Femtosecond laser ablation system is known to improve data quality (i.e., sensitiv-

ity and reproducibility), compared to the conventionally-used nanosecond laser.54,144,160

With the femtosecond laser ablation system, elemental fractionation during laser abla-

tion is reduced, and the size distribution of the laser-induced aerosols becomes smaller.

Hence, good accuracy and precision in the elemental analysis can be achieved by the

femtosecond laser ablation system.

With the galvanometric scanner, laser ablation can achieve very fast scanning com-

pared to conventional stage scanning. Multiple spot ablation for two or more samples

at almost the same time (e.g., time for switching the ablation position is <0.1 ms) can

also be achieved.161,162 Using multiple spot ablation, the laser-induced aerosols released

from different samples are mixed within the sample chamber (solid mixing), leading to

dilution of the concentration of aerosols. The main benefit of using the solid mixing

method is that chemical handling such as addition of analytes, dilution of analytes, and

spiking of second elements, can be made just like a liquid sample. Hence, the standard

addition method is less susceptible to the matrix effect can be achieved.161–163

6.2.4 Analytical procedure: standard addition method

Ag concentration in the fabricated reference materials was determined by solid mixing

method, which is a standard addition method using LA-ICP-MS.161,162 The standard

addition method is effective when the target sample has complicated matrix composition

causes matrix effects. Figure. 6.2 (a) illustrates the schematic illustration of the solid

mixing method. Laser sampling from wide area with short time duration (0.1 s) was

performed with the high repetition rate (10 kHz) and fast laser scan achieved by the

galvanometric scanner. Ablation pit size of 10 µm with fluence of 6.3 J cm−2 was used.

Solid mixing was performed by fast switching of the laser ablation (<1 ms) with

high-repetition rate laser (10 kHz) on three materials: the resin and two NIST glass

standard reference materials. The mixing ratios of the three materials were controlled

by changing the number of laser shots onto the materials. Total time for the laser

ablation was fixed at 10 s, and stable signal intensities of 8 s were integrated, and

the resulting signal data were used for further calculations. The analysis sequence was
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repeated 3 times to evaluate repeatability. Signal intensity data were acquired through

100 cycles repeated ablation from same area. The ablated zone for both the resin

reference materials and NIST glass standards were measured by a digital microscope

(Leica VZ 700C, Leica Microsystems, Wetzlar, Germany). The total ablated zones in

three materials were ca. 100 × 700 × 1 µm for both the NIST SRM 612 and 614, and

ca. 100 × 700 × 7 µm for resin reference material (Fig. 6.2 (b)).

6.3 Results and Discussion

6.3.1 Evaluation of homogeneity of resin reference materials

Homogeneity of administrated Ag ions in the fabricated resin reference materials was

evaluated by 9 times repeated analysis using LA-ICP-MS coupled with galvanometric

mirrors. The photographic images of the reference material after the analysis are shown

in Fig. 6.3. Signal intensity data were acquired from a total 9 areas (1.5 × 1.5 mm

for one area) from the fabricated resin reference material. The right plots of Fig. 6.3

illustrate the signal intensities of 107Ag+ obtained for each analytical area, shown as

closed circles. Error bars represent the variations (2SD) of the resulting signal intensities

obtained during the laser ablation. The signal intensities of 107Ag+ increase with higher

Ag concentrations (Figs. 6.3 (a)–(c)). No systematical changes or visible heterogeneities

in the measured 107Ag+ intensities were found from all three fabricated resin reference

materials. The overall variations in the measured signal intensities were 3–15%, and

analysis repeatability improved with high concentration standards. The mean signal

intensities calculated from 9 areas, together with variations (defined by the 2SD), were

plotted as open circles. The percentages of relative standard deviations (%RSDs) were

8.0% for STD #1, 9.9% for STD #2, and 5.9% for STD #3.

For quantitative analysis of biological samples, the calculated concentration of

elements depends on the density of the biological sample. Biological sample consists of

various compositions, including muscle, fat, blood, and whole cells, which densities vary

from 0.90 g cm−3 to 1.06 g cm−3.164,165 This suggests that the resulting concentration
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Figure 6.2: (a) Schematic diagram of the laser ablation system equipped with galvanometric

scanner. The mixing ratios of three materials were controlled with the number of laser shots

onto the solid materials (Run 1–5). (b) Photographic image of analytes.
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Figure 6.3: (Left) The photographic images of the fabricated resin reference material after

analysis. (Right) The signal intensities of 107Ag+ obtained for each analytical area, shown

as closed circles. The mean signal intensity obtained from nine areas were plotted as open

circles. Error bars are 2SD.
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values will be biased by about 15% due to heterogeneity of the densities among the

sampled areas. Furthermore, concentration varies within individual specimens by over

50%.114 The significant difference in concentration exhibited in the examined specimens

can be explained by the difference in food consumption amount, as well as metabolic

rates for individual specimens. This suggests that the overall uncertainties of 10%

found in the heterogeneity of the Ag contents in the resin reference materials were

small enough to discuss the elemental metabolism of the biological samples.

6.3.2 Determination of ion concentration:

standard addition method

Figures 6.4 (a)–(e) show the signal profiles of 107Ag+ for each run measured by the solid

mixing procedure. Grey coloured lines represent individual signal profiles of 107Ag+, and

black coloured lines show the mean signal profiles obtained from 3 separate runs. With

the solid mixing method, a stable and plateau signal intensity profile was obtained. The

signal intensity data obtained here demonstrates that there are no significant variations

in the Ag concentrations within and among the analysis area. Stable signal is important

for accurate quantitative analysis because large variations in signal intensities can result

in erroneous quantitative results. The stable signal intensities for 8 s were integrated,

and the resulting signal data were used for further calculations.

Figure 6.5 shows the calibration curves for Ag in three fabricated resin reference

materials: (a) STD #1, (b) STD #2, and (c) STD #3. The calibration curves were

defined by multiple data points obtained with various mixing ratios for Low STD and

High STD. The number of atoms for each run on the x -axis were calculated by the

element concentration, density, and ablated volume of the two glass SRMs. The signal

intensity on the y-axis were calculated from the total ion counts of 107Ag+. Good

linear correlations among the total signal intensity (counts) and number of atoms were

obtained. These data demonstrate that laser-induced aerosols released from the three

samples (i.e., resin reference material, Low STD, and High STD) were well mixed within

the sample chamber.
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Figure 6.4: Signal profiles of 107Ag+ (a) Run 1, (b) Run 2, (c) Run 3, (d) Run 4, and

(e) Run 5. Stable signals were observed in each analysis. (f) Pattern of laser shots. The

mixing ratios of three materials were controlled with the number of laser shots onto the solid

materials.
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With the standard addition method, the Ag concentration is determined from the

point at which the extrapolated line crosses the x -axis at zero signal. To calculate the

Ag concentration of the sample, x -intercept is calculated by replacing y = 0 in the line

equation and solving for x. From the resulting calibration curves, the concentration

of Ag in fabricated resin reference materials, were 0.73 ± 0.12 µg g−1 for STD #1,

1.3 ± 0.28 µg g−1 for STD #2, and 5.9 ± 0.42 µg g−1 for STD #3.

Figure 6.5: Calibration curves for Ag in fabricated reference materials: (a) STD #1, (b)

STD #2, and (c) STD #3. From the resulting calibration curves, the concentration of Ag in

fabricated reference materials, were 0.73 ± 0.12 µg g−1 for STD #1, 1.3 ± 0.28 µg g−1 for

STD #2, and 5.9 ± 0.42 µg g−1 for STD #3.

6.3.3 Application of the fabricated reference material on

size analysis of Ag NPs

The resin reference materials fabricated in this study can also be applied for the cali-

bration for size analysis of Ag NPs. In order to demonstrate the potential application

of LA-ICP-MS on a wide variety of samples, the size analysis of Ag NPs was carried

out using external calibration method,64 under the assumption that it is difficult to

obtain particle size standards. Three particle size standards of Ag NPs (20, 40, and

60 nm) were placed on cellulose filter paper, and then, the Ag NPs were measured by
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the LA-ICP-MS. The laser operating conditions were: fluence of 0.4 J cm−2, repetition

rate of 10 Hz, scanning speed of 100 µm s−1, and ablation pit size of 4 µm. Note that

lower fluence (<1 J cm−2) is important to minimise the disintegration of NPs by laser

ablation process.136

Figure 6.6 illustrates the schematic diagrams for size calibration using LA-ICP-MS.

First, laser ablation was performed on the fabricated resin reference materials, which

will result in a signal profile shown in Fig. 6.6 (a-1). All three reference materials are

analysed to construct a calibration curve (Fig. 6.6 (a-2)). The Ag concentrations are

converted into mass. The mass of x -axis for each resin reference material (mp) was

calculated by multiplying each Ag standard concentration (C STD) by ablated volume

(V ), density of reference material (ρSTD), and transport efficiency (η).

mp = CSTD × V × ρSTD × η (6.1)

The transport efficiency was calculated by total signal intensity (i.e., detected num-

ber of ions) divided by a total number of ablated atoms from the fabricated resin

reference material. Subsequently, signal intensities for individual Ag NPs were mea-

sured (Fig. 6.6 (b-1)). This data is then plotted into a signal intensity distribution,

where x -axis is the signal intensity and y-axis is the number of particle events (Fig. 6.6

(b-2)). By assuming transport efficiency of NPs and ions are equal, the obtained signal

intensities from NPs are substituted into the y-axis of the calibration curve (Fig. 6.6

(b-2)) to obtain the mass of each NPs that entered into ICP-MS. Then, mass (mp) is

finally converted to diameter (d) assuming a spherical geometry and full ionisation of

all NPs in the plasma using equation 6.2,

d = 3

√
6×mp

ρ× π
(6.2)

where ρ is the density of the bulk metal. Finally, the diameters were binned to generate

a size distribution (Fig. 6.6 (b-3)).

Figure 6.7 shows the size distributions obtained from 20, 40 and 60 nm Ag NPs

(closed columns) calibrated using the mass flux calibration curve obtained using the

protocol mentioned above. The mean sizes and variations (defined as one standard
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Figure 6.6: Schematic diagrams for size calibration using LA-ICP-MS. (a-1) Signal profile

of fabricated resin reference material. (a-2) Calibration curve of reference materials created for

particle size calculation. Mass flux calibration curve obtained by multiplying each Ag standard

concentration by ablated volume, density of reference material, and transport efficiency. (b-1)

Time profile of unknown NPs sample. (b-2) Binned raw data to signal intensity distribution.

Particle mass (mp) is calculated by inserting individual pulse intensities into the transformed

calibration curve (a-2). Convert particle mass to diameter and bin data to create a size

distribution (b-3).
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Figure 6.7: Size distributions obtained from (a) 20 nm, (b) 40 nm, and (c) 60 nm Ag NPs.

The size of Ag NPs was calibrated with fabricated resin reference materials (closed columns).

The mean sizes and variations (defined as one standard deviation: 1SD) were 19 ± 5 nm for

20 nm Ag NPs, 41 ± 6 nm for 40 nm Ag NPs, 58 ± 8 nm for 60 nm Ag NPs. The mean sizes

and variations defined by 1SD determined by TEM analysis (striped columns) were 21± 3 nm

for 20 nm Ag NPs, 41 ± 5 nm for 40 nm Ag NPs, 59 ± 6 nm for 60 nm Ag NPs.
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deviation: 1SD) were 19 ± 5 nm for 20 nm Ag NPs, 41 ± 6 nm for 40 nm Ag NPs,

58 ± 8 nm for 60 nm Ag NPs. The size distribution provided by the manufacturer

using TEM analysis is also shown in Fig. 6.7 (striped columns). The provided size data

were 21± 3 nm for 20 nm Ag NPs, 41± 5 nm for 40 nm Ag NPs, 59± 6 nm for 60 nm

Ag NPs. The results demonstrated that the mean sizes and variations obtained by LA-

ICP-MS calibrated with fabricated resin reference materials were in good agreement

with the TEM data within analytical uncertainty. Moreover, the distribution pattern

obtained by the LA-ICP-MS did not vary significantly from the distribution data pro-

vided by the manufacturer using TEM analysis, suggesting that the uncertainties in the

size analysis of the present analytical protocol would not be greater than 27%. This is

comparable to the uncertainties found in the conventional size analysis found in TEM

technique. The data obtained here demonstrated that the present photocurable resin

reference materials can be applied for both the abundance measurement of dissolved

Ag (ionic form) and size analysis of Ag NPs, as well as its capability to act as size

calibration standards during analysis of nanoparticles without commercially-available

particle size standards.

6.4 Conclusion

For the quantitative analysis of Ag concentration and Ag NPs size in biological samples,

three reference materials of Ag dispersed in photocurable resin were fabricated. Pho-

tocurable resins have several unique features such as: (a) being carbon-based materials,

which are suitable for the mimic of biological tissue samples, (b) easily processing into

thin films, enables us to apply the total ablation protocol for quantitative analysis, and

(c) long shelf life, obviating the risk of changes in the concentration values even under

atmospheric pressure and conventional humidity.

Determination of Ag concentration in fabricated resin reference materials was car-

ried out by a standard addition method through solid mixing using the multiple spot

ablation protocol. Standard addition method is effective to minimise the contribution

matrix effect. This especially true for biological samples where samples are highly het-
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erogeneous in both the chemical compositions and physicochemical properties (density

or hardness). The laser-induced aerosols released from multiple spots were well-mixed

within the sample chamber, enables us to define straight calibration lines based on solid

mixing of two solid materials of different concentrations (high-concentration standard

and low-concentration standard). From the resulting calibration curves, the Ag con-

centration in fabricated resin reference materials, were defined as 0.73 ± 0.12 µg g−1

for STD #1, 1.3 ± 0.28 µg g−1 for STD #2, and 5.9 ± 0.42 µg g−1 for STD #3.

In order to demonstrate the potential application of LA-ICP-MS on a wide vari-

ety of samples, the size analysis of Ag NPs was performed using external calibration

method with Ag reference materials, under the assumption that it is difficult to obtain

particle size standards. The resulting mean sizes and variations for the Ag NPs samples

agreed well with the TEM results provided by the manufacturer, demonstrated that the

accurate size analysis of NPs can be made using the LA-ICP-MS.
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Chapter 7

Quantitative imaging analysis of

nanoparticles and ions using

LA-spICP-MS
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Authors: Shuji Yamashita, Kumiko Ogawa, and Takafumi Hirata

7.1 Introduction

Nanoparticles (NPs) are widely used in many research fields such as biochemical, ma-

terial, and medical sciences.166–168 Among NPs, silver NPs (Ag NPs) is one of the

most common NPs found in consumer products, electronic devices, and medical appli-

cations.169–171 In addition, Ag, either in ionic or particulate form, are well-known to

exhibit antimicrobial activity.9,172 Despite Ag NPs showing physicochemical properties,

Ag NPs can bring risks to both human health and the environment.173

Many biochemists are interested in the mechanism of toxicity of the Ag NPs: how

the Ag NPs interact with cells, or what Ag NPs size of contribute to toxicity. Recently,

Cho et al. evaluated the size-dependent toxicity of Ag NPs through intraperitoneal
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administration of Ag NPs of varying sizes (10, 60, and 100 nm) into BALB/c mice.114

For the mice which were administered with 10 nm Ag NPs, a reduction in activity

was observed, and histopathological changes such as congestion, vacuolation, and focal

necrosis in the liver were also found. The information of size and the distribution of

Ag NPs within the tissue can provide specific clues to the pathogenesis of the lesions.

In order to unveil the biological effects of the Ag NPs, and also to investigate the fate

of the incorporated Ag NPs, a new sensitive analytical technique for imaging of both

the NPs and ions are desired.

For the characterisation of NPs, analytical techniques such as transmission electron

microscopy (TEM),174 optical and dark-field microscopy,175 and surface-enhanced Ra-

man scattering (SERS)176 are used. For the elucidation of distribution of NPs, atomic

force microscopy (AFM) or secondary ion mass spectrometry (SIMS) are adopted.177

However, none of these techniques are capable for concurrent imaging analysis of par-

ticulate and ionic forms, including size analysis and determination of the number of

particles, from biological samples.

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is used

as a sensitive and quantitative analytical technique for in-situ elemental imaging.35,36

With the LA-ICP-MS, elemental imaging analysis with spatial resolution in the µm-

range can be achieved from biological samples which are >1 mm. Moreover, the LA-

ICP-MS offers quantitative data by calibration using matrix-matched standard mate-

rials.156,159,178 In recent years, ICP-MS designed for detection of a single NP (single

particle ICP-MS: spICP-MS) has been developed. With the spICP-MS, various infor-

mation on the particle size, particle number concentration, and elemental composition

of the NPs in liquid samples can be obtained.60,64 Therefore, by combining the spICP-

MS and laser ablation sampling technique, high-sensitive imaging analysis of individual

NPs in solid samples can be achieved.71,117,179

This study focuses on the establishment of an analytical methodology using the LA-

spICP-MS for simultaneous analysis of (a) size of NPs, (b) concentration of ionic form

(dissolved form), and (c) distributions of particulate and ionic forms in biological sam-

ples. To do this, distributions of Ag (NPs and ions) in a frozen liver section collected
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from a mouse was investigated using the LA-spICP-MS. For accurate calibrations of

the size of Ag NPs, a cellulose filter paper, which mimics the matrix of biological sam-

ples, containing 60 nm Ag NPs were used. Moreover, for the determination of ionic Ag

concentration, a custom-made photocurable resin reference material containing ionic

Ag was used. In order to evaluate the reliability of the resulting ionic Ag concentration

in the liver section, the Ag concentration was separately measured by solution-based

ICP-MS after the sample decomposition and dissolution procedures.

7.2 Experimental

7.2.1 Preparation of tissue samples

In this study, liver specimens collected from seven-week-old female BALB/c mice anal-

ysed.114 Co-author, K.O., prepared of tissue samples. Details of the preparation of the

samples are as follows. Citrate-coated 60 nm Ag NPs (59.8 ± 6.2 nm) in diameter

purchased from NanoComposix (San Diego, CA, USA) were used. 0.2 mg of the 60 nm

Ag NPs were intraperitoneally injected in the mice. The mice were then anesthetised

with isoflurane (Mylan Inc., Tokyo, Japan) 6 hours after administration of the Ag NPs.

A liver sample from one mouse was resected and subjected to analysis. The total Ag

concentration of part of its liver was measured by solution-based ICP-MS. The resulting

Ag concentration of the liver sample for this analysis was 35.8 µg g−1.114 The collected

livers were stored at −80◦C. The frozen liver sample was embedded in optimal cutting

temperature compound, and then was sliced into 10 µm-thick sections with a cryotome

(Leica Microsystems, Wetzlar, Germany). The sliced samples were placed on glass

slides. No staining procedures were made on the analysing sliced samples. There was

a time interval between the preparation of the sliced samples and the time of imaging

analysis.

The major problem associated with the present LA-spICP-MS is that the technique

is not sensitive enough to monitor the Ag NPs which diameters <10 nm. In order to

demonstrate the capability of the LA-spICP-MS in performing the particle analysis,
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we focused on the size and imaging analyses of 60 nm Ag NPs in the liver section.

Moreover, from the previous study, dark brown pigmentation in the thoracic lymph

nodes for the 60 nm administration group was confirmed at 6 hours, suggesting that

Ag NPs are present in the lymphatic flow and bloodstream.114 From this result, the

mouse administered with 60 nm Ag NPs after 6 hours was used for imaging analysis.

7.2.2 Instruments and settings

The ICP-MS instrument used in this study was a magnetic sector-based ICP-MS (At-

toM, Nu Instruments, Wrexam, UK). Neither isobaric nor polyatomic interferences were

found on 107Ag+ signals (m/z of 107 u), mass resolving power of 300 was used through-

out the study to maximise the instrument sensitivity. The following plasma conditions

were selected: 1300 W RF power, 13 L min−1 cooling gas flow, and 1.0 L min−1 aux-

iliary gas flow. Ag ions were detected by a pulse counting mode with an attenuator

system.122,180

For the laser ablation, a Nd:YAG laser (FQSS-266Q, CryLas, Berlin, Germany) op-

erating at wavelength of 266 nm with a pulse duration of 1 ns was employed. The laser

operating conditions were set to fluence of 0.4 J cm−2, repetition rate of 1 kHz, and

ablation pit size of 4 µm. Imaging analysis was conducted based on the repeated line

profiling analysis with scanning speed of 2 µm s−1 and 0 µm for the distance between

the lines. In this study, a low laser fluence (i.e., <1 J cm−2) was adopted to minimise

the disintegration of NPs.117,136,181 The laser-induced aerosols were transported into

the ICP with a mixed helium and argon gases (He flow rate: 0.7 L min−1, Ar flow rate:

0.85 L min−1). The argon gas was added after the ablation cell to stabilise the plasma.

The instrument was operated in time resolved analysis mode of an output signal

intensity (cps) versus time. The duration time for each line was set at 50 s, with a dwell

time of 50 µs. The signal intensity data obtained by the spICP-MS were stored in the

csv format. The resulting time-dependent signal intensity profiles were converted to the

position-dependent signal intensity data based on the elapsed time and the scanning

speed, and then, the distributions of Ag NPs and ionic Ag were visualised using our

in-house imaging software“ iQuantNP”.71
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7.2.3 Separation of signals from NPs and ionic forms

For the separation of signals originating from Ag NPs and signals from ionic Ag, dis-

crimination level (threshold) was defined. In solution-based spICP-NS, the threshold

of µ + 5σ (µ: mean of the whole dataset, n: an integer multiple times (3 or 5), and

σ: standard deviation) is used.64,79 For the imaging analysis using LA-spICP-MS,

however, this approach cannot be applied because the contents of Ag can vary largely

within the samples. Recently, Metarapi et al. reported guidelines for analysis of NPs

using LA-spICP-MS by processing the computational data via an“ outlier”filter to

differentiate between NPs and ionic form.117,182 In this study, referring to this reported

protocol, the particle event was identified apart from instrumental background signal

(ion signal and instrumental noise) by applying a moving average filter that replaces

each data point in the raw data with the average of a certain number of adjacent data

points. The threshold was calculated based on standard deviation in each average data

point S, associated with the counts in the time slice: S+5σ. Signal events of ion counts

being <S + 5σ were regarded as either dissolved species (ionic form) or electric noise,

and any particles that are particles less than 8 nm.

7.2.4 Size calibration

For an accurate size analysis for NPs, a matrix-matched particle size standard is re-

quired.117,134,183 For most biological samples, the main component is carbon, and thus,

we selected a cellulose filter paper to prepare the matrix-matched particle size standard.

Commercially-available citrate-coated 60 nm Ag NPs (59± 6 nm) from NanoComposix

(San Diego, CA, USA) was used. A 10 µL of solution containing Ag NPs with the par-

ticle number concentration of 1.8 × 1010 particles mL−1 was dropped onto the cellulose

filter paper (qualitative filter paper No.1, ADVANTEC, Tokyo, Japan). The Ag NPs

suspension was left to dry for one hour at room temperature, and then, the dried sample

was used for size calibration. The aggregation of citrate-coated Ag NPs can occur in a

biological solution, and thus, the sample matrix containing Gamble’s solution184,185 or

artificial lysosomal fluid buffer184,185 was not used in this study.
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The measured ion counts from a single particle event reflect the total mass (i.e.,

total number of atoms) of the NPs, and thus, the particle size can be calculated by the

total ion counts of a single particle event. The size of Ag NPs was calibrated based on

comparing the total ion counts of single Ag NPs and those for the particle size standard

(60 nm Ag NPs).70 Hence, the size of Ag NPs was calculated based on the assumption

that the Ag NPs present in the cell tissues had spherical shape. Total ion counts of

the individual particle events were calculated by integrating the ion counts between

starting and terminal channels.71 Sampling of Ag NPs for size calibration was carried

out using the same parameters as for imaging analysis using LA-spICP-MS.

7.2.5 Fabrication of matrix-matched reference material

The in-house matrix-matched reference material from the previous chapter was used.

Refer to the chapter for more information. (Chapter 6: Fabrication of reference mate-

rials for quantitative analysis)

7.2.6 Calibration of ionic Ag concentration

Concentration of the ionic Ag (C standard in µg g−1) in the frozen section of mouse liver

was calibrated by signal intensity (I in counts), volume of ablation zone (V in cm3),

and the density (ρ, in g cm−3) of the resin and liver sample using equation (7.1):

Csample = Cstandard ×
Isample

Istandard
× ρstandard

ρsample

× Vstandard

Vsample

(7.1)

The main composition of the photocurable resin was triethylene glycol dimethacrylate,

hence the ρstandard was estimated to be 1.1 g cm−3. In contrast, density of the biological

samples can vary remarkably among the samples and/or positions. Typical density

values of the biological samples are 1.06 g cm−3 for muscle, 0.902 g cm−3 for fat,

1.03 g cm−3 for blood, and 1.05 g cm−3 for cell,164,165 suggesting that the density

can change about 10% among tissues and analysis points. In-situ and non-destructive

analysis of density directly from the frozen sample is difficult, and thus, we take the

density of liver tissues (ρsample) as 1.00 g cm
−3 as a representative value. The volumes of
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ablation zone for samples (V sample) were calculated by the resulting volume of ablation

zone based on length, width, and depth of the ablation zone, whereas the volume of

standard (V standard) was calculated based on the measured area (ca. 100 × 300 µm),

and depth (2.3 µm) using the digital microscope (Leica VZ 700C, Leica Microsystems,

Wetzlar, Germany).

7.3 Results and Discussion

7.3.1 Evaluation for occurrence of disintegration of Ag NPs

with low laser fluence

In order to obtain accurate size data of Ag NPs in biological samples, disintegration

of the Ag NPs during laser ablation was investigated. The signal intensity (counts) of

each particle event was converted into cubic root of the signal intensity (counts1/3). The

measured size of the Ag NPs should be correlated with cubic root of the total counts

(counts1/3) for individual particle events.

The signal intensity distribution obtained from 60 nm Ag NPs using solution-based

spICP-MS is shown in Fig. 7.1 (grey columns). The mean signal intensity and vari-

ations defined as two standard deviations were 8.0 ± 3.0 counts1/3 (N = 4703). The

resulting signal intensity distribution obtained by the LA-spICP-MS is also given in

Fig. 7.1 as black columns. The 60 nm Ag NPs placed on the cellulose filter paper

were measured by the LA-spICP-MS. The low laser fluence of 0.4 J cm−2 was adopted.

The mean signal intensity and variations (2SD) were 8.3 ± 3.6 counts1/3 (N = 1173).

For an easier comparison, the frequency normalised by 8 counts1/3, rather than the

absolute number of particles. The results demonstrated that the LA-spICP-MS was in

good agreement with the solution-based spICP-MS within analytical uncertainty. The

distribution pattern obtained by the LA-spICP-MS did not vary from that obtained

by the solution-based spICP-MS. Moreover, no significant increase in the Ag NPs with

smaller signal intensities (<5 counts1/3) can be found, suggestive of small contribution

of laser-induced disintegration through laser ablation sampling with low fluence.
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Figure 7.1: Signal intensity distributions obtained from 60 nm Ag NPs using solution-based

spICP-MS (grey columns) and LA-spICP-MS (black columns).
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7.3.2 Simultaneous quantitative imaging analysis of

Ag NPs and ionic Ag

Figure 7.2 shows the signal profile obtained from the second line of the liver sample

(marked with white arrows in Figs. 7.3 (a)–(i). The pulsed signal and low signal

intensity data (baseline) represent Ag NPs and ionic Ag, respectively. Baseline was

high at areas where Ag NPs was detected. In this study, data acquisition was conducted

through line profiling analysis under the ablation pit size of 4 µm, scanning speed of

2 µm s−1, and no gap between the lines. Under these conditions, size of the image

(henceforth, we refer this as pixel) was 1 µm in horizontal (x ) and 4 µm in vertical (y)

directions. This high spatial resolution enables the detection of NPs and ions in cells.

Figure 7.2: Single line scan data obtained from the second line of the mouse liver (marked

with white arrows in Figs. 7.3 (a)–(i)).
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Figure 7.3 (a) illustrates the photographic image of the unstained frozen section of

the mouse liver, and Figure 7.3 (b) shows the distribution and concentration of ionic

Ag, calculated based on equation 7.1. The colour reflects the concentration of ionic Ag

as shown in the colour bar (Fig. 7.3 (b)). The ionic Ag concentration in the frozen

section of mouse liver varied from 1 to 70 µg g−1 per pixel. The overall mean Ag

concentration calculated based on the total signal counts from Ag NPs and ionic Ag,

was 30.2 µg g−1, and this is generally consistent with the bulk Ag content which were

separately measured by solution-based ICP-MS through chemical decomposition and

dissolution processes (i.e., 35.8 µg g−1). It is noted that the measured Ag concentra-

tion was different, reflecting sampling volume or weight through laser ablation. The

variation of volume of ablation zone was not greater than 6% for the fabricated refer-

ence material. Moreover, since the sliced sample was ablated totally in this study, the

ablation depth can be kept constant i.e., 10 µm). Therefore, the variation of volume of

ablation zone cannot account for the discrepancy in the Ag concentrations (i.e., 16%)

obtained by the solution-based ICP-MS (35.8 µg g−1) and LA-spICP-MS (30.2 µg g−1).

Another possible explanation of the discrepancy is a density of the biological sam-

ples. Typical densities for muscle, fat, blood, and whole cell, were about 1.06 g cm−3,

0.90 g cm−3, 1.03 g cm−3, and 1.05 g cm−3, respectively,164,165 demonstrative of nearly

15% variations. In this study, the bulk Ag concentrations were calculated by assuming

that the ρsample being 1.00 g cm−3 as a representative value of the whole tissues, and

thus, the Ag concentration obtained the solution-based ICP-MS involved principal un-

certainties being >15%. We believe that the present discrepancy in the measured Ag

concentrations using the solution-based ICP-MS and LA-spICP-MS can be attributed

to the empirical assumption that there was no variation in the density of the sample.

The good agreement with the measured Ag content through the imaging analysis

and bulk analysis suggests that the calibration protocol based on the resin reference

standard material is very promising for the quantitative imaging analysis. Moreover,

the heterogeneous distribution of the ionic Ag found in the resulting imaging data sug-

gests that the ionic Ag accumulates preferentially in certain region within the liver

tissue (e.g., sinusoid, Kupffer cell, or hepatocyte). This finding was consistent with
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Figure 7.3: Resulting imaging data for both the ionic Ag and Ag NPs. (a) Photographic

image of the frozen section of mouse liver (administered 60 nm Ag NPs (0.2 mg per mouse)).

(b) Mapping data of the ionic Ag. (c)–(i) Resulting distribution images of Ag NPs for size

range from ≥8 nm to <120 nm, in increments of 10 nm. Background colour represents the

grey-coloured scale of (b) ionic Ag data. In (c), the colour reflects the number of NPs per

pixel. In (d)–(i), a yellow-dot represents a single Ag NP.
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histopathological feature, demonstrating detection of black granular pigment deposi-

tion (i.e., Ag NPs) in the cytoplasm of Kupffer cells along the sinusoids in H&E-stained

sections.114

The imaging results of Ag NPs of various sizes are shown in Figs. 7.3 (c)–(i), in

increments of 10 nm. A single Ag NP was indicated as a yellow-dot. Although the size

of the dots is linearly correlated with the size of Ag NPs, the size of the dots does not

reflect the actual size of Ag NPs. The only exception is the imaging results for Ag NPs

of 8–20 nm. The colour of the 8–20 nm Ag NPs image (Fig. 7.3 (c)) represents number

of NPs per pixel. In Figs. 7.3 (d)–(i), imaging results of ionic Ag, as well as yellow

dots for the Ag NPs, were also shown in grey-coloured scale in background. Several

interesting features can be derived through the comparison of the resulting images of

ionic Ag and Ag NPs. First of all, the number of the smaller size Ag NPs increased.

Second point is the heterogeneous distribution of both the ionic Ag and Ag NPs within

the liver tissue. The ionic Ag and Ag NPs showed similar distribution patterns within

the sample. Concentration of ionic Ag were high at areas where Ag NPs were enriched.

From the Figs. 7.3 (c) and (d) data (i.e., imaging data of 8–20 nm and 20–30 nm

Ag NPs, respectively), these sizes distributed more densely and widely than the other

sizes. This suggests that Ag NPs smaller than 30 nm can be incorporated in not only

Kupffer cells in the sinusoids, but also hepatocytes.

Figure 7.4 illustrates the size distribution of Ag NPs found in the frozen section

of mouse liver. The inserted figure shows the enlarged-scale of size distribution of the

Ag NPs for size range of 40–120 nm. The measured sizes of the Ag NPs were sig-

nificantly smaller than the administrated Ag NPs (59.8 ± 6.2 nm). The number of

detected small particles (<20 nm) were more than 1,000 times higher than the number

of 60 nm Ag NPs. The most plausible explanation for the detection of Ag NPs is that

this is due to dissolution of Ag NPs through cellular activity. Moreover, the size distri-

bution data also revealed the presence of the Ag NPs with larger sizes (e.g., >60 nm).

A wide size distribution of the detected Ag NPs in the liver tissue suggests there are

both the dissolution and aggregation of the Ag NPs occurring in the tissue.

Imaging and size distribution data (Fig. 7.3 and Fig. 7.4 ) revealed the accumula-
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Figure 7.4: Measured size distribution for Ag NPs obtained from the frozen section of mouse

liver (administered 60 nm Ag NPs (59.8 ± 6.2 nm). The insert shows the size distribution of

the Ag NPs for size range from 40–120 nm.
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tion of Ag NPs and ionic Ag in certain positions of the liver. These data suggest that

the Ag NPs is likely to be dissolved through cellular activity. Singh et al. reported

that Ag NPs were internalised via scavenger receptor-mediated phagocytic uptake and

trafficked into the cytoplasm in macrophages.186 After the incorporation of Ag NPs

into the cells, Ag NPs degrades within the cells to release ionic Ag. Navarro et al.

also reported that H2O2, a metabolite of algae, reacts with Ag NPs to form hydroxyl

radicals and this forms ionic Ag as a byproduct.187 However, there is no clear evi-

dence on the region where the occurrence of Ag NPs dissolution after intraperitoneal

administration. It is feasible that the dissolution of Ag NPs could have occurred by

the time Ag NPs reached the liver. As for the aggregation of Ag NPs, the aggrega-

tion of the Ag NPs can occur under exposure to acidic environment and/or with high

ionic strength containing divalent cations (e.g., Ca2+).184,188 These can be the cause

of agglomeration of Ag NPs observed in this frozen section of mouse liver. Previous

studies reported that NPs, which are not immediately trapped by Kupffer cells, are

translocated through the fenestrated vascular endothelium into the Disse spaces to be

taken up by hepatocytes and processed into biliary canaliculi.189 Hirn et al. observed

through transmission electron microscopy (TEM) that 18 nm Au NPs were predom-

inantly found in not only Kupffer cells, but also endothelial cells and hepatocyte.190

They also reported that both the small particles and large agglomerates of Au NPs

were observed in Kupffer cells. From this research, Ag NPs can be incorporated into

the Kupffer cells and hepatocytes. Despite these observations, the mechanisms of ac-

cumulation of NPs in hepatocytes remain unclear. For future studies, we hope that the

LA-spICP-MS can provide important clues to understand the mechanism of metabolic

process of the Ag NPs in the biological samples.

7.4 Conclusion

Simultaneous determinations of (a) size of Ag NPs, (b) concentrations of ionic Ag (dis-

solved form), and (c) distributions of both the Ag NPs and ionic Ag in a frozen section

of mouse liver was carried out by the spICP-MS coupled with laser ablation sampling
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technique (LA-spICP-MS). The size of Ag NPs in the liver sample was calibrated by a

matrix-matched particle size standard prepared through the addition of 60 nm Ag NPs

suspension onto a cellulose filter paper. For the quantitative analysis of Ag concentra-

tion, a matrix-matched reference material using the photocurable resin spiked with the

ionic Ag (5.9 ± 0.42 µg g−1) was used. The resulting Ag concentration obtained by

averaging the overall analysis area was 30.2 µg g−1. This was consistent with the bulk

concentration (i.e., 35.8 µg g−1) obtained by solution-based ICP-MS, suggestive of high

reliability of the present analytical protocol.

The imaging data of the frozen section of mouse liver showed that both the ionic

Ag and Ag NPs were heterogeneously distributed within the liver tissue. Another im-

portant information derived from the imaging data was the similarity between the dis-

tribution of ionic Ag and the distribution of the Ag NPs, suggesting that the Ag NPs

can be dissolved through cellular activity. This is also supported by the changes in

the size distribution of the Ag NPs. From the size distribution data of the Ag NPs,

both the dissolution and aggregation have occurred. The data obtained in this study

demonstrate that the combination of two high spatial resolution images of both the

NPs and ionic forms using the LA-spICP-MS will provide key information concerning

the transport, interaction, and decomposition features of the NPs.
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Chapter 8

Summary and Outlook

Summary

Single particle ICP-MS (spICP-MS) is a useful technique for analysis of particle size,

elemental/isotopic composition of single NPs, and particle distribution in solid samples

when coupled with laser ablation sampling technique. In this thesis, the capabilities of

spICP-MS and LA-spICP-MS analysis have been discussed with focus on the extension

of size dynamic range, and quantitative imaging analysis of NPs and ions in biological

samples.

In order to detect small-sized NPs (i.e., <10 nm) using spICP-MS, the combination

of analysis with dry plasma conditions and the present signal deconvolution protocol was

adopted. The utility of these methods are well demonstrated by the data points for 5 nm

Au NPs, falling close to a straight line defined by Au NPs of various sizes (10, 15, and

20 nm). Moreover, the determined diameter of the 5 nm Au NPs (4.3± 0.9 nm) showed

good agreement with the diameter determined by the TEM technique (4.4 ± 0.5 nm).

This result suggests that accurate size analysis is possible down to 5 nm Au NPs with

the spICP-MS. As for analysis of large-sized NPs (i.e., >100 nm), the polyatomic ions

(i.e., argide ion: MAr+) was measured to reduce the signal intensity emanated from

large-sized Au NPs. The production ratio of 197Au40Ar+/197Au+ obtained from 10 mg

L−1 Au solution was about 0.005%, and thus, the signal intensities of 197Au+ can be
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calculated from the measured signal intensity of 197Au40Ar+. The calibrated signal

intensities of 197Au+ for 200, 300, and 400 nm fell close to a straight line defined by

197Au+ intensities for other Au NPs (i.e., 10, 20, 40, 60, 80, and 100 nm). From these

results, the range of size analysis was successfully extended from 10 nm up to 400 nm

by monitoring 197Au+ and polyatomic ions (e.g., 197Au40Ar+). The wider size dynamic

range achieved here shows that this technique can be applied for the size analysis of

various type of NPs (e.g., engineered nanoparticles, PM0.1).

Simultaneous analysis of (a) size of Ag NPs, (b) concentration of ionic Ag, and

(c) distributions of particulate and ionic form in a frozen section of mouse liver was

performed by the LA-spICP-MS. Size calibration of Ag NPs in the sample was car-

ried out by a matrix-matched particle size standard prepared through the addition of

60 nm Ag NPs suspension onto a cellulose filter paper. For the quantitative analysis of

Ag concentration, an in-house matrix-matched reference material using the photocur-

able resin spiked with the ionic Ag (5.9 ± 0.42 µg g−1) was used. The overall mean Ag

concentration calculated based on the total signal intensities from Ag NPs and ionic Ag,

was 30.2 µg g−1. This was generally consistent with the bulk Ag concentration which

were separately measured by solution-based ICP-MS through chemical decomposition

and dissolution processes (i.e., 35.8 µg g−1), suggestive of high reliability of the present

analytical protocol. The resulting imaging data showed that both the ionic Ag and Ag

NPs were heterogeneously distributed within the liver tissue. Moreover, the ionic Ag

and Ag NPs showed similar distribution patterns within the sample, suggesting that

the Ag NPs can be dissolved through cellular activity. The combination of two high

spatial resolution images of both the NPs and ionic forms can provide key information

to understand the transport, interaction, and decomposition/dissolution mechanisms

of the NPs in living things.
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Outlook

Many challenges remain for solution-based spICP-MS and LA-spICP-MS to obtain ac-

curate data, including individual particle sizes, size distributions, and elemental com-

positions. Major issues to be solved are as follows: improvement of sensitivity, multiple

elemental/isotopic analysis of a single NPs, and the understanding of matrix effect.

spICP-MS is a promising technique for the characterisation of NPs, but the size

detection limit is still high for most type of NPs (e.g., 5 nm for Au NPs, 8 nm for

Ag NPs). In fact, 1–2 nm Au NPs caused cell death by necrosis and/or apoptosis.15 In

order to characterise the small NPs, improvement of instrumental sensitivity through

new technical developments of the hardware is needed. Using special high sensitiv-

ity interfaces with specially shaped sampler and skimmer cones, as well as additional

pumping system can be expected to provide further enhanced sensitivities.

Another limitation of spICP-MS with conventional ICP-MS system (i.e., quadrupole-

based or single collector sector-based mass analyser) is that only one isotope is mea-

sured from a single particle. This is disadvantageous for analysis of NPs with multi-

ple elemental/isotopic composition such as alloy NPs, core-shell NPs, and particulate

matter. Our group reported on multiple isotopic analysis from single NPs using a

multiple collector-ICP-MS system (i.e., high-time resolution MC-ICP-MS and multi-

ple Faraday collector ICP-MS).123,191 However, the mass dispersion of MC-ICP-MS is

less than 20%, and thus, elemental analysis from single NPs is still difficult. To over-

come this issue, time-of-flight-based ICP-MS (ICP-TOF-MS) is a promising technique

for multiple elemental/isotopic analysis of single NPs.91,192 With the ICP-TOF-MS,

almost all elements can be detected simultaneously from individual NPs. Despite many

studies reported on multiple elemental/isotopic analysis from single NPs using ICP-

TOF-MS, as well as convenience, instrumental sensitivity is still low, between 10 and

100 times lower compared with conventional spICP-MS system.193

This thesis showed that LA-spICP-MS is suited to investigate the particle size and

particle distribution in biological samples. However, there are still issues that need to be

reveal. For example, the effect of biological sample matrix on sensitivity is unclear. The
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sample matrix would affect the ablation efficiency and transport efficiency, and thus,

obtained particle sizes can be different compared to size within the biological sample.

It is unknown to what degree the biological sample matrix affects the signal intensity

produced from a NP. Even if matrix-matched standards are used for size calibration,

questions remain whether accurate size data can be obtained or not.

Although many issues remain regarding the spICP-MS, it is established as a promis-

ing technique for the analysis of NPs in environmental and biological media. Continuous

efforts to improve sensitivity, data processing, and applying to application studies will

significantly contribute to setting nanotechnology safety standards.
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and Wendelin J Stark. Removal of oxide nanoparticles in a model wastewater

treatment plant: influence of agglomeration and surfactants on clearing efficiency.

Environmental Science & Technology, 42(15):5828–5833, 2008.

[12] MA Kiser, Paul Westerhoff, T Benn, Y Wang, J Perez-Rivera, and Kiril Hris-

tovski. Titanium nanomaterial removal and release from wastewater treatment

plants. Environmental Science & Technology, 43(17):6757–6763, 2009.

[13] Andreas Gondikas, Frank von der Kammer, Ralf Kaegi, Olga Borovinskaya, Elis-

abeth Neubauer, Jana Navratilova, Antonia Praetorius, Geert Cornelis, and Thilo

Hofmann. Where is the nano? analytical approaches for the detection and quan-

tification of TiO2 engineered nanoparticles in surface waters. Environmental Sci-

ence: Nano, 5(2):313–326, 2018.

[14] Cory Hanley, Aaron Thurber, Charles Hanna, Alex Punnoose, Jianhui Zhang,

and Denise G Wingett. The influences of cell type and ZnO nanoparticle size

on immune cell cytotoxicity and cytokine induction. Nanoscale Research Letters,

4(12):1409–1420, 2009.

118



[15] Yu Pan, Sabine Neuss, Annika Leifert, Monika Fischler, Fei Wen, Ulrich Simon,

Günter Schmid, Wolfgang Brandau, and Willi Jahnen-Dechent. Size-dependent

cytotoxicity of gold nanoparticles. Small, 3(11):1941–1949, 2007.

[16] Krishnamoorthy Hegde, Satinder Kaur Brar, Mausam Verma, and Rao Y Suram-

palli. Current understandings of toxicity, risks and regulations of engineered

nanoparticles with respect to environmental microorganisms. Nanotechnology for

Environmental Engineering, 1(1):1–12, 2016.

[17] LL Maurer and JN Meyer. A systematic review of evidence for silver nanoparticle-

induced mitochondrial toxicity. Environmental Science: Nano, 3(2):311–322,

2016.

[18] Stephan Hackenberg, Agmal Scherzed, Michael Kessler, Silke Hummel, Antje

Technau, Katrin Froelich, Christian Ginzkey, Christian Koehler, Rudolf Hagen,

and Norbert Kleinsasser. Silver nanoparticles: evaluation of DNA damage, tox-

icity and functional impairment in human mesenchymal stem cells. Toxicology

Letters, 201(1):27–33, 2011.

[19] Ajay Kumar Gupta and Stephen Wells. Surface-modified superparamagnetic

nanoparticles for drug delivery: preparation, characterization, and cytotoxicity

studies. IEEE Transactions on Nanobioscience, 3(1):66–73, 2004.

[20] Feixiong Hu, Koon Gee Neoh, Lian Cen, and En-Tang Kang. Cellular response to

magnetic nanoparticles “PEGylated” via surface-initiated atom transfer radical

polymerization. Biomacromolecules, 7(3):809–816, 2006.

[21] Alexander G Tkachenko, Huan Xie, Yanli Liu, Donna Coleman, Joseph Ryan,

Wilhelm R Glomm, Mathew K Shipton, Stefan Franzen, and Daniel L Feld-

heim. Cellular trajectories of peptide-modified gold particle complexes: compari-

son of nuclear localization signals and peptide transduction domains. Bioconjugate

Chemistry, 15(3):482–490, 2004.

119



[22] Ravi Shukla, Vipul Bansal, Minakshi Chaudhary, Atanu Basu, Ramesh R Bhonde,

and Murali Sastry. Biocompatibility of gold nanoparticles and their endocy-

totic fate inside the cellular compartment: a microscopic overview. Langmuir,

21(23):10644–10654, 2005.

[23] Alexandre Albanese and Warren CW Chan. Effect of gold nanoparticle aggrega-

tion on cell uptake and toxicity. ACS Nano, 5(7):5478–5489, 2011.

[24] Jamie R Lead and Emma Smith. Environmental and human health impacts of

nanotechnology. John Wiley & Sons, 2009.

[25] Ashwini Prasad, JR Lead, and M Baalousha. An electron microscopy based

method for the detection and quantification of nanomaterial number concen-

tration in environmentally relevant media. Science of the Total Environment,

537:479–486, 2015.

[26] Manuel D Montaño, Gregory Victor Lowry, Frank von der Kammer, Julie Blue,

and James F. Ranville. Current status and future direction for examining engi-

neered nanoparticles in natural systems. Environmental Chemistry, 11:351–366,

2014.

[27] Michael F Hochella Jr, Deborah Aruguete, Bojeong Kim, and Andrew S Madden.

Naturally occurring inorganic nanoparticles: General assessment and a global

budget for one of earth’s last unexplored major geochemical components. Nature’s

Nanostructures, pages 1–31, 2012.

[28] A Ulrich, S Losert, Nina Bendixen, A Al-Kattan, Harald Hagendorfer,

Bernd Nowack, Christian Adlhart, Jürgen Ebert, M Lattuada, and Konrad

Hungerbühler. Critical aspects of sample handling for direct nanoparticle analy-

sis and analytical challenges using asymmetric field flow fractionation in a multi-

detector approach. Journal of Analytical Atomic Spectrometry, 27(7):1120–1130,

2012.

120



[29] Bojeong Kim, Mitsuhiro Murayama, Benjamin P Colman, and Michael F

Hochella. Characterization and environmental implications of nano-and larger

TiO2 particles in sewage sludge, and soils amended with sewage sludge. Journal

of Environmental Monitoring, 14(4):1128–1136, 2012.

[30] MS Jimenez, MT Gomez, E Bolea, F Laborda, and J Castillo. An approach to the

natural and engineered nanoparticles analysis in the environment by inductively

coupled plasma mass spectrometry. International Journal of Mass Spectrometry,

307(1-3):99–104, 2011.

[31] Heather E Pace, Nicola J Rogers, Chad Jarolimek, Victoria A Coleman, Evan P

Gray, Christopher P Higgins, and James F Ranville. Single particle inductively

coupled plasma-mass spectrometry: a performance evaluation and method com-

parison in the determination of nanoparticle size. Environmental Science & Tech-

nology, 46(22):12272–12280, 2012.

[32] I Abad-Alvaro, D Leite, D Bartczak, S Cuello-Nunez, B Gomez-Gomez, YMadrid,

M Aramendia, M Resano, and H Goenaga-Infante. An insight into the determi-

nation of size and number concentration of silver nanoparticles in blood using

single particle ICP-MS (spICP-MS): feasibility of application to samples relevant

to in vivo toxicology studies. Journal of Analytical Atomic Spectrometry, 2021.

[33] Stephanie Laughton, Adam Laycock, Frank von der Kammer, Thilo Hofmann,

Elizabeth A Casman, Sónia M Rodrigues, and Gregory V Lowry. Persistence

of copper-based nanoparticle-containing foliar sprays in lactuca sativa (lettuce)

characterized by spICP-MS. Journal of Nanoparticle Research, 21(8):1–13, 2019.
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