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Abstract
The use of engineered nanoparticles in the environment and human life has increased in the last 20 years. The risk assessment 
concerning application of nanomaterials in biological systems requires their thorough characterization. Understanding the 
correlations between physicochemical properties of nanoparticles concerning not only the size, particle size distribution, 
number concentration, degree of aggregation, or agglomeration but also solubility, stability, binding affinity, surface activity, 
chemical composition, and nanoparticle synthesis yield allows their reliable characterization. Thus, to find the structure-
function/property relationship of nanoparticles, multifaceted characterization approach based on more than one analytical 
technique is required. On the other hand, the increasing demand for identification and characterization of nanomaterials has 
contributed to the continuous development of spectrometric techniques which enables for their qualitative and quantitative 
analysis in complex matrices giving reproducible and reliable results. This review is aimed at providing a discussion concern-
ing four main aspects of nanoparticle characterization: nanoparticle synthesis yield, particle size and number concentration, 
elemental and isotopic composition of nanoparticles, and their surface properties. The conventional and non-conventional 
spectrometric techniques such as spectrophotometry UV-Vis, mass spectrometric techniques working in conventional and 
single-particle mode, or those based on optical emission detection systems are described with special emphasis paid on 
their advantages and drawbacks. The application and recent advances of these methods are also comprehensively reviewed 
and critically discussed.

Keywords Nanoparticle characterization · Spectrometric techniques · Single-particle analysis · Chemical composition · 
Surface analysis · Synthesis yield

Acronyms
AAS  Atomic absorption spectrometry
AF4  Asymmetrical flow field-flow 

fractionation
AgNPs  Silver nanoparticles
Ag-Au NPs  Silver-gold bimetallic core-shell 

nanoparticles

AuNPs  Gold nanoparticles
BSAI  Biological Surface Adsorption Index
CeO2 NPs  Cerium nanoparticles
ESI-MS  Electrospray ionization mass 

spectrometry
ESI-MS/MS  Electrospray ionization tandem mass 

spectrometry
FFF   Flow field-flow
GC-MS  Gas chromatography mass 

spectrometry
HSA  Human serum albumin
ICP-MS  Inductively coupled plasma mass 

spectrometry
ICP-OES  Inductively coupled plasma optical 

emission spectrometry
ICP-TOF-MS  Inductively coupled plasma time-of-

flight mass spectrometry
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IEC  Ion exchange column
LDI  Laser desorption/ionization
LOD  Limit of detection
MALDI  Matrix-assisted desorption/ionization
MC-ICP-MS  Multi-collector inductively coupled 

plasma mass spectrometry
MIP-OES  Microwave plasma optical emission 

spectrometry
NP  Nanoparticle
NPs  Nanoparticles
PCVG  Photochemical vapor generation
PtNPs  Platinum nanoparticles
RF  Radio frequency
SeNPs  Selenium nanoparticles
Se0S0 NPs  Sulfur-selenium nanoparticles
SiO2 NPs  Silica nanoparticles
SP-ICP-MS  Single-particle inductively coupled 

plasma mass spectrometry
SP-ICP-QMS  Single-particle inductively coupled 

plasma quadrupole mass spectrometry
SP-ICP-TOF-MS  Single-particle inductively cou-

pled plasma time-of-flight mass 
spectrometry

SPIONs  Superparamagnetic iron oxide 
nanoparticles

SPME  Solid-phase microextraction
SP-MIP-OES  Microwave plasma optical emission 

spectrometry operating in a single-
particle mode

TEM  Transmission electron microscopy
TiO2 NPs  Titanium dioxide nanoparticles
TMAH  Tetramethylammonium hydroxide
ZnO NPs  Zinc nanoparticles

Introduction

Nanotechnology is one of the most rapidly growing field of 
science in recent years. Due to the unique physicochemi-
cal properties compared with bulk materials, nanomaterials 
have found applications in various fields including biomedi-
cal and environmental applications [1–3]. Materials in nano-
sized scale can occur in the environment and human life not 
only as a results of bioformation but also can be produced 
unintentionally during natural process or intentionally for 
specific applications [4]. According to the European Com-
mission recommendation, a nanomaterial is a natural, inci-
dental, or manufactured material containing particles in an 
unbound, aggregate, or agglomerate form, where more than 
half or more of the particles present in particle population 
have one or more external dimensions ranging from 1 to 
100 nm [5, 6]. Nanoparticles (NPs) pose a potential risk to 
human health and environment, thus challenging scientists 

and engineers in multiple ways, from NP characterization 
and fate in complex matrices to NP effects in natural systems 
[7–9]. In the natural systems, NPs can undergo a number 
of physical and chemical transformations such as dissolu-
tion and release ionic species to the media, and creation 
of agglomerates or aggregates [10, 11]. The changes in NP 
physicochemical properties are thought to have significant 
influence on their altered behavior. In addition, some dif-
ferences in physical, chemical, and toxicological proper-
ties between NPs and larger-sized particles were observed 
[12–14]. 

The toxicity effect of NPs and their potential application 
in biological and environmental systems depend on several 
factors such as size, chemical composition, structure, and 
NP synthesis yield. The understanding of NP surface activ-
ity enables for recognition of NP functionality as well [15]. 
All of them are crucial in toxicological and environmental 
studies, regulatory control, and quality assessment [16]. 
Thus, the identification and comprehensive physicochemi-
cal characterization of NPs in various types of biological 
and environmental media, including samples with a complex 
matrix, enable us to better understand NP behavior. In com-
parison with bulk materials, analysis of NPs is sometimes 
difficult because of too small size and low quantity [9, 16, 
17]. Consequently, a comprehensive approach, by combining 
reliable methods and techniques in a complementary way, 
is required.

The NP properties can be characterized by differ-
ent microscopic and spectroscopic techniques [18, 19]. 
Although various microscopic techniques are a basic ana-
lytical tool for nanomaterial characterization, they exhibit 
some limitations, including tedious sample preparation 
and low reliability of the results due to the limited sample 
amount used and the relatively low statistical significance 
of data examined. Moreover, a time-consuming sample 
preparation based on a drying process may lead to aggrega-
tion of NPs, especially in environmental samples [7, 9, 19]. 
Clearly, alternative approaches are needed. Among different 
analytical tools for the identification and quantification of 
NPs, spectrometric techniques offer outstanding capabili-
ties. The detailed composition of NPs, their characterization 
concerning size and surface properties, and the presence of 
dissolved ions in NP suspension could be investigated by 
spectrometric techniques such as UV-Vis spectrophotometry 
[20, 21], atomic absorption spectrometry (AAS) [22, 23], 
inductively coupled plasma mass spectrometry (ICP-MS) 
[24, 25], inductively coupled plasma or microwave induced 
plasma optical emission spectrometry (ICP or MIP-OES) 
[26, 27], and inductively coupled plasma time-of-flight 
mass spectrometry (ICP-TOF-MS) [28, 29]. Spectrometric 
techniques, where nanoparticle is considered as analyte, 
could provide elemental and molecular information of the 
NPs examined. The analyzed NP-containing samples can be 
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subjected to both the analysis of the entire NP population 
and the analysis of individual nanoparticles, particle by par-
ticle. Compared with conventional analysis of total analyte 
content, single-particle (SP) analysis provides many new and 
detailed information such as particle size and composition of 
each single NP as well as the NP number concentration [19].

In the recent years, several reviews concerning the appli-
cation of analytical methodologies for nanoobjects have 
been published. These papers mainly focused on the use of 
mass spectrometry techniques for detection and quantifica-
tion of NPs in different types of samples [1, 4, 7, 16, 17, 19, 
30, 31]. The main aim of this paper is to critically review 
the spectrometric approaches for NP characterization stud-
ies. The NP characterization using spectrometric methods 
gives the big picture of nano-size material safe use, where 
four main targets can be designated as presented in Fig. 1: 
determination of the yield of NP synthesis (I), size (stabil-
ity, solubility, aggregation/agglomeration state) and number 
concentration determination (II), investigation of chemical 
composition (III), and surface characterization (IV). Each of 
the mentioned tasks should be carefully designed and per-
formed with the incorporation of proper control samples. In 
this review, advantages and limitations as well as the influ-
ence of the chosen method on the qualitative results will be 
provided. Moreover, the principles of reviewed techniques 
and the current problems with sample preparation before 
analysis will be briefly discussed.

Determination of the yield of NP synthesis

A properly designed synthesis of NPs, using non-toxic rea-
gents and characterized by high synthesis yield without 
compromising the functionality of final product, increases 
the chance of application of synthesis product in biologi-
cal and environmental systems [32–34]. Concerning these 
applications, NPs were usually produced in aqueous media, 
where metal ions are reduced to form NPs with subsequent 
charge stabilization by adsorption of different species to 

suppress aggregation, thus resulting in a stable colloid [35]. 
Since nanoscale metal particles and metal ions may induce 
independent or combined toxic effects, it is important to 
know whether the natural system is exposed to NPs, ions, 
or both [36, 37]. It should be mentioned that in the natu-
ral environment, the organisms are always exposed to the 
composition of all forms of the analyte. The addition of 
contaminated NPs which are used for a plethora biomedi-
cal applications, such as cellular therapy, tissue repair, drug 
delivery, or bioseparation processes may enhance the toxic 
effect. Actually, the determination of the yield of synthesis 
considered as the conversion rate of reagents into NPs [34] 
requires analytical tools to achieve complete characteriza-
tion of synthesis process and determination of free form 
(dissolved) of analyte. Thus, the determination of the total 
concentration of ionic precursor in the post-reaction NP sus-
pension is important for the assessment of both the yield of 
synthesis and the toxicity level of the end product. Alter-
natively, synthesis yield can be considered as an amount 
of final product obtained after its isolation and purification 
[16, 34]. However, most purification methods are batchwise 
and time-consuming. The purification process could fail to 
remove unwanted molecules or may result in NP material 
loss within, for example, chromatography separation or cen-
trifugation. According to that, the highest possible synthesis 
yield is desired. A summary of the advantages and disad-
vantages of the discussed analytical methods dedicated to 
determination of the synthesis yield is presented in Table 1.

The yield of NP synthesis could be monitored using 
UV-Vis spectrophotometry and estimated as the area under 
the curve of the UV-Vis absorbance spectrum recorded for 
the evaluated nanoparticles [21]. The formation of NPs is 
often confirmed through UV-Vis absorption spectrum at 
their characteristic wavelengths. Also, UV-Vis spectropho-
tometry was combined with AAS for the elemental char-
acterization of colloidal dispersion of silver NPs (AgNPs) 
and to confirm the synthesis yield [21, 22, 38]. Using AAS, 
Quintereo-Quiroz et al. determined total silver concentration 
in the AgNP suspension after synthesis in order to determine 

Fig. 1  Summary of the general milestones and selected complementary methods applied for the NP complete characterization
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the yield of synthesis and to optimize the synthesis condi-
tions [21]. In turn, hydride generation AAS was applied to 
monitor changes in the concentration of toxic selenium oxy-
anions added to the culture medium during biosynthesis of 
sulfur-selenium  (Se0S0) NPs by bacterial Azospirillum bra-
silense strain, thus evaluating detoxification efficiency [39]. 
Concerning the synthesis yield, the monitoring of metal 
concentration is especially interesting for multi-elemental 
nanostructures, thus enabling the evaluation of the relative 
concentration of co-existed metals in the nanoparticles and 
the investigation of their structural evolution during the 
synthesis. For the purpose of characterizing gold nanorods 
synthesized by using the surfactant cetyltrimethylammonium 
bromide as a stabilizer and shape-directing agent, and gold-
silver core–shell NPs which present a high content of polyvi-
nylpyrrolidone acting as a stabilizer, Godoy et al. determined 
the gold content in NPs and other gold species (derived 
from unreacted precursor) in colloid [40]. After the frac-
tionation and purification of NP colloid by centrifugation, a 
microwave-assisted digestion with a mixture of hydrochlo-
ric, nitric, and sulfuric acids was applied prior to the gold 
quantification by ICP-MS and ICP-OES. The authors found 
out a high synthesis yield of almost 100%, indicating that 
no gold remains as free ions in the post-reaction colloid, in 
colloid after washing, and in colloid before the growth of 
the silver shell.

The synthesis yields conducted by conventional spec-
trometric techniques mentioned above are calculated from 
the results of the determination of dissolved ion concentra-
tion and element concentration in the NPs and by using the 
known initial concentration of element ions at the start of the 
synthesis [22]. However, the determination of NP synthesis 
yield required isolation of NP particles from the background 
of dissolved ions [41]. In order to distinguish between NPs 
and dissolved forms of element, these fractions could be 
separated by offline physical methods such as ultracen-
trifugation, ultrafiltration, and dialysis, but problems arise 
from sorption of different elements on membranes and long 
running times are required for separation and determina-
tion of different element-species [32]. Luo et al. proposed a 

co-precipitation method to preferentially adsorb silver anions 
in mixtures containing AgNPs by magnetic graphene oxide 
[42]. Although the selectivity of the adsorbent required fur-
ther improvement, this method showed great potential both 
to determine synthesis yield in the NP suspension and to 
improve particle sizing by SP-ICP-MS. Apart from conven-
tional physical methods for quantification of the ions in NP 
fraction, extraction could be performed offline or online [24, 
36, 43, 44]. Huang et al. [45] proposed the fractionation of 
ionic and nanoparticulate species by using ultra-centrifugal 
units. However, the method was used for preconcentration 
and speciation, namely distinguishing dissolved ions and 
NPs in biological and environmental samples, not for the 
determination of the yield of synthesis.

The analysis of samples containing NPs to determine both 
converted and unreacted ions usually requires sample prep-
aration step. However, little has been published about the 
analytical monitoring of NP synthesis by direct analysis of 
the reaction mixture. Green analytical procedure suitable for 
direct monitoring of selenium nanoparticle (SeNP) synthesis 
characterizes the SeNPs produced by non-toxic reagents and 
determines the yield of the reaction which was proposed by 
Bartosiak et al. [27]. They applied photochemical vapor gen-
eration (PCVG) technique coupled with MIP-OES for selec-
tive determination of unreacted selenium(IV) oxyanion in 
the presence of SeNPs and matrix components, without the 
need of NP separation. The proposed method, based on the 
conversion of unreacted ions into volatile species under UV 
irradiation in the presence of 15% (v/v) acetic acid, could be 
likely applied for determination of SeNP synthesis yield in 
order to assess the NPs’ overall safety and toxicity. Figure 2 
presents a schematic diagram of PCVG-MIP-OES system 
for determination of SeNP synthesis yield.

Usually, either NPs or dissolved ion concentration was 
determined after digestion procedure. During digestion, 
NPs were converted into their ionic form [41]. Thus, the 
use of concentrated acids, high temperature, and pressure 
in the digestion procedure caused loss of the information 
regarding the size of the NPs. As an alternative method to 
achieve complete information about synthesis yield and 

Table 1  Summary of the different analytical methods for NP synthesis yield determination discussed in the text

Analytical technique Type of analyte Advantages Disadvantages

UV-Vis spectrophotometry NPs Monitoring of NP formation Limited to the comparative analysis
AAS Dissolved ions or 

ions from NP 
fraction

Simple total element concentration determination with 
good sensitivity

Sample preparation may lead to loss 
information regarding the NP sizeICP-OES

ICP-MS
PCVG-MIP-OES Dissolved ions Determination of unreacted ions directly in the reaction 

mixture
Limited to the analysis at ppm levels

SP-ICP-MS NPs, dissolved ions Simultaneous determination of NP size/number con-
centration and concentration of dissolved ions; direct 
determination of the yield of synthesis

Difficulties in discrimination 
between the NP and dissolved 
metal form
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characterize the size distribution of nanoparticles, sin-
gle-particle inductively coupled plasma mass spectrom-
etry (SP-ICP-MS) could be applied [46]. The presence 
of dissolved species in sample leads to production of the 
constant baseline, whereas the NPs give rise to individual 
signal events [30, 47]. SP-ICP-MS is an analytical method 
with the potential to provide also the quantitative infor-
mation about the number and mass concentrations, and 
about the mass of element/s per NP or NP size [30]. How-
ever, the threshold of this method involves discrimination 
between the NP and dissolved metal forms. In this case, 
the dissolved ions produce a constant continuous signal 
that overlaps the NP signal, which can prevent its identi-
fication, especially for smaller NP sizes [48]. Thus, SP-
ICP-MS could be applied to determine the synthesis yield 
in a situation where there is a clear distinction between 
the full particle size distribution and the baseline signal, 
as is in the case with 60-nm gold NPs (AuNPs) suspended 
in ultrapure water. The cut of baseline signal corresponds 
to dissolved ionic fraction as well as it defined the NP 
size limit of detection (LOD). Thus, even if mathemati-
cal approach to calculate threshold value is applied [17], 
the NP fraction with diameter smaller than size LOD is 
included in dissolved ions.

The optimization of synthesis conditions for maximum 
amount of produced NPs is often included in the synthesis 
method development. However, it is not a standard prac-
tice to publish synthesis yield with each new synthesis 
protocol, even if the end product is applied in natural sys-
tems. As an example, Uson et al. could not compare the 
productivity of their microreactor, used for synthesis of 
ultrasmall superparamagnetic iron oxide nanoparticles 
(SPIONs), against publications from other laboratories 
because the synthesis yield was not reported in the litera-
ture [49]. It makes a significant problem for evaluating 
NP syntheses.

Determination of the particle size (stability, 
solubility, aggregation/agglomeration state) 
and particle number concentration

The most common characteristics examined by SP-ICP-MS 
and reported in the recent papers concerning NP analysis in 
biological and environmental samples, such as tissues and 
plants, were particle size distribution, mean/median particle 
size, and particle number concentration [7, 50]. Importantly, 
the core size of NPs determined by SP-ICP-MS is calculated 
from the element masses assuming the ideal particle geometry 
and a known density, and sometimes, it is far from the real 
particle size. The other aspects affecting the trueness of the 
results are, for example, matrix/plasma polyatomic interfer-
ences, physicochemical form of analyte, or the size of NP, 
which may result in less efficient atomization or ionization of 
NPs in plasma [30, 51]. Moreover, there is still a lack of mul-
tiple matrix standard reference materials to perform accurate 
particle size and particle number concentration calibrations 
[50]. Thus, confirmation of the obtained results by independ-
ent method (for example, microscopic techniques) is recom-
mended. It should be mentioned that discrepancies in sizing of 
organic coated nanoparticles by transmission electron micros-
copy (TEM) and SP-ICP-MS were observed. For example, 
Barber et al. reported diameter values obtained by TEM for 
polystyrene brush-coated AuNPs higher than those obtained 
by SP-ICP-MS [52]. The most studies of NP size and size 
distribution rely on the measurement of a single isotope of 
analyzed element characterized by the relatively low impact 
of spectral interferences and the highest signal to noise ratio. 
Thus, when polydisperse nanomaterial is studied, the larger 
particles can produce signals outside the detector linear range. 
Bucher et al. proposed the use of combining data from two Ti 
isotopes, to fully characterize size distribution of polydisperse 
food-grade titanium dioxide NPs  (TiO2 NPs) [53]. Interest-
ingly, the analytical platform consisting of flow field-flow 
fractionation inductively coupled plasma mass spectrometry 
(FFF-ICP-MS) and SP-ICP-MS proved useful for the study 
of shape transformation between silver nanospheres and sil-
ver nanoplate based on their sizes [54]. Phanwichean et al. 
[54] evaluated the changes in size distribution of NPs after 
inducing shape transformation from nanosphere to nanoplate 
by redox reaction using hydrogen peroxide. They observed 
the increase of particle diameter and broader size distribu-
tions with the bimodal characteristics when nanoplates were 
formed. The opposite conclusions were reported for nano-
plates transformation to nanospheres induced by bromide 
potassium addition. Interestingly, the authors proposed the 
combined use of FFF-ICP-MS, SP-ICP-MS, and TEM to esti-
mate the layer thickness of NP stabilizing agent, edge length, 
and plate thickness of silver nanoplates.

To study complex samples of inorganic particles modi-
fied with organic compounds, FFF technique can be used to 

Fig. 2  Schematic representation of the PCVG-MIP-OES system. 
Reproduced from Bartosiak et al. [27] with permission from Elsevier 
(Copyright Clearance Center’s RightsLink service®)
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separate particles according to their hydrodynamic size. In the 
work of [55], this technique was coupled with ICP-TOF-MS 
working in standard and SP mode to determine the hydrody-
namic and core sizes, size distribution, elemental composi-
tion, and number concentration of micro-alloyed steel particle 
determination. Compared to single-particle inductively cou-
pled plasma quadrupole mass spectrometry (SP-ICP-QMS), it 
does not use a magnetic, electrostatic, or radio frequency (RF) 
field to disperse or filter ions for individual m/z ion detec-
tion. In this state-of-the-art technique, the generated ions pass 
through a transfer and focusing region and enter to mass sepa-
rate system, the TOF mass analyzer, where the packet of ions 
generated from individual NP are extracted simultaneously, 
accelerated, and reach the detector depending on the type of 
ions. The flight time of ions is a function of the mass at the 
same flight distance [4, 56]. Von der Au et al. proposed the 
combination of a microdroplet generator and an ICP-TOF-MS 
for the fast and reliable size determination of platinum NPs 
(PtNPs) in different matrices, i.e., sea water [57].

Colloidal stability, as well as aggregation or agglomeration 
and dissolution stage of NPs, affects the biological interac-
tion, toxicity, and environmental fate of NPs [58–60]. An 
ideal method would analyze aggregation and dissolution 
in situ [61]. These processes can be quantitatively examined 
in a simultaneous or separate way. Donahue et al. proposed 
the use of SP-ICP-MS as an unbiased high-throughput ana-
lytical technique to quantify NP aggregation with single-
aggregate resolution in situ [62]. Generally, the aggregates 
are clusters of multiple individual NPs and they are detected 
by the SP-ICP-MS as a single event exhibiting a mass that 
corresponds to a single-nanoparticle mass multiplied by the 
number of NPs per aggregate. However, this method requires 
NPs with narrow mass distribution, hence narrow size dis-
tribution, which typically is not the case for the NPs present 
in the biological and environmental samples. The analysis 
of aggregates and colloidal stability of NPs in the biological 
and environmental matrices requires efficient extraction of 
NPs from sample material. It should be mentioned that some 
sample preparation protocols could affect NP behavior and 
can change the state of NPs due to their aggregation or dis-
solution that implies the loss of some particle fractions [63]. 
Huang et al. [45] compared the alkaline and enzymatic sam-
ple preparation protocols used to release ionic Ce and ceria 
NPs  (CeO2 NPs) from animal tissues. They concluded that 
after alkaline extraction using tetramethylammonium hydrox-
ide (TMAH), the formation of Ce-containing precipitates was 
observed, and the calculated  CeO2 NP mass concentration 
and particle number concentration values were overestimated 
due to the increased transport efficiency in SP-ICP-MS by 
pretreated matrix at low dilution level. They suggested that 
the presence of TMAH and organic carbon species after 
sample preparation suppressed the surface tension, resulting 
in smaller droplets generated in the nebulizer. Interestingly, 

Xu et al. [64] used the agglomeration process of AuNPs to 
accomplish the sensitive detection of target hepatitis B virus 
DNA by SP-ICP-MS. In this research, the AuNPs smaller 
than the detectable size of ICP-MS were employed as the ele-
mental tags. The presence of NPs smaller than the minimum 
detectable size in the analyzed sample caused that a low and 
stable baseline would occur in the recorded time scan. After 
addition of the target analyte, AuNP probes agglomerated, 
and the pulse signal of Au was easily distinguished.

It should be mentioned that the SP-ICP-MS analysis 
requires a multiple dilution of NP suspension to avoid the 
presence of several particles in the plasma at the same time. 
However, the dilution of NPs in water leads to destabiliza-
tion due to aggregation or agglomeration [65]. In the real, 
biological and environmental, samples, the NPs are expected 
to be found at low concentration. Moreover, some of NPs 
are highly soluble under environmental conditions [61, 66]. 
Thus, they are measured in the presence of high background 
coming from the dissolved metal. Fréchette-Viens et al. [67] 
improved the size detection limits for the soluble zinc NPs 
(ZnO NPs) of ca. 14.3 nm in river water and 17.7 nm in rain-
water, thanks to the application of an ion exchange column 
(IEC) and a sector-field ICP-MS as well as short dwell time 
(50 µs). The limitations concerning sensitivity of quadrupole 
analyzer hinder the analysis of particles below 10 nm. Even 
if short dwell time is applied, the available dynamic range of 
ICP-MS is limited. Shaw et al. [68] proposed the use of mag-
netic sector ICP-MS with GHz  ppm−1 sensitivities, smaller 
dwell time (down to 10 µs) combined with automatic variable 
width peak integration for analysis of AuNPs smaller than 
10 nm and more concentrated than for traditional SP-ICP-
QMS. The described technique improved both the signal to 
background ratio and dynamic range. However, to distin-
guish between NPs and dissolved ions, improvements in both 
instrumentation and data processing are required [17, 30, 69].

Although the recent studies presented the use of other 
spectrometric techniques, i.e., AAS, to characterize NPs for 
the quantification of AgNPs [70] and speciation of  Zn2+ and 
ZnO nanoparticles [71], the information concerning size dis-
tribution or the particle number concentration was lost during 
the analysis and sample preparation.

Table 2 lists some examples of NP analysis in biological and 
environmental samples discussed in the the “Determination of 
the particle size (stability, solubility, aggregation/agglomera-
tion state) and particle number concentration” section.

Determination of the elemental and isotopic 
composition of NPs

The emerging growth in the development, production, and 
application of multi-element engineered NPs (ENPs), which 
are widely incorporated into commercial products, requires 
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advanced analytical methods which allow for size fractiona-
tion and chemical quantification of nanomaterials [72, 73]. 
Some of the published studies regarding determination of 
the elemental and isotopic composition of NPs are summa-
rized in Table 3.

Borowska et al. proposed new MIP-OEStechnique oper-
ating in a single-particle mode for characterizing powder 
nanomaterials [74]. In this technique, nanopowders were 
introduced to a helium plasma by pneumatic nebulization 
based on fluidized bed approach and measured with a time 
resolution of 4–20 ms. This technique was applicable to 
the multi-element detection of both metals and non-metals 
advantageously in simultaneous mode. The nanopowder 
composition was evaluated by examining the synchronicity 
of pulses recorded for each element of interest where those 
being synchronous correspond to one particle only. Based 
on the plot of the signal intensity correlation recorded for 
all synchronous pulses, it is possible to confirm the repro-
ducibility of elemental composition or even stoichiom-
etry of the examined compound. It should be noted that 
the proposed technique cannot be considered as a mature 

methodology due to the lack of calibration work. Never-
theless, this technique was applied for characterization of 
biogenic SeNPs synthesized using yeast extract [75]. The 
yeast extract contained biomolecules, with carbon in their 
structure, which could functionalize NP surface. The light 
emission from carbon atoms was used as a marker for iden-
tification of functionalizing groups and determination of 
elemental composition of NPs. Thus, the emission from Se 
and C was measured with a time-resolved manner, where 
each pulse corresponds to one particle only. The correla-
tion between Se and C signals recorded for all particles in 
SeNP samples (a) and SeNPs conjugated with human serum 
albumin (HSA) samples (b) presented in Fig. 3 showed that 
the signals were synchronous. However, after interaction of 
SeNPs with HSA, the correlation between recorded signals 
worsens from 0.7391 to 0.6449 and the increase of shift 
factor was observed. The latest occurred due to the higher 
number of C atoms per SeNP. Thus, obtained results con-
firmed that each NP was covered by molecules containing 
carbon atoms and the amount of functionalized groups cor-
responded with NP size (Fig. 3).

Table 2  The selected examples of NP characterization concerning their size and concentration in biological and environmental samples

Analytical technique Type of analytes Matrix Type of measurand LODsize Reference

SP-ICP-MS Ionic Ce
CeO2  NPS

Animal tissue Particle number con-
centration and size 
distribution

15 nm [45]

SP-ICP-MS SeNPs Yeast Particle number con-
centration and size 
distribution

18 nm [51]

SP-ICP-MS Polydisperse  TiO2  NPS 
(47Ti and 48Ti)

Food Particle size distribution 47Ti 67–85 nm
48Ti 28–36 nm

[53]

SP-ICP-MS
FFF-ICP-MS

AgNPs as nanospheres 
and nanoplates forms

Directly after formation Particle size distribution 
to monitor particle 
transformation

- [54]

SP-ICP-TOF-MS Nb and TiNb carboni-
tride (CN) NPs

Micro-alloyed steel Particle number 
concentration, size 
distribution, presence 
of agglomerates, multi-
elements analysis

NbCNNPs—28 nm
TiNbCNNPs—45 nm

[55]

SP-ICP-MS Hepatitis B virus DNA 
labeled AuNP

Human serum Frequency signals 
appeared after agglom-
eration of AuNPs

- [64]

IEC-SP-ICP-MS ZnO NPs River water and rain-
water

Particle number con-
centration and size 
distribution

14.3 nm in river water 
and 17.7 nm in a 
rainwater

[67]

Dispersive suspended 
microextraction fol-
lowed by oxidative 
dissolution back-
extraction and AAS

Ag in AgNPs Bottled water, river 
water, effluent waste-
water

Selective extraction of 
AgNPs and total con-
centration of AgNPs

- [70]

Solid sampling high-
resolution continuum 
source electrothermal 
AAS

ZnO NPs,  Zn2+, and 
total Zn

Cosmetics Speciation analysis - [71]
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Table 3  The examples of spectrometric techniques for NP elemental/isotopic composition determination

Analytical technique Purpose of the analysis Analytes Reference

SP-MIP-OES Elemental composition ZnO, MgO,  In2O3,  Fe3O4,  SnO2, and  SiO2 NPs [74]
SeNPs and SeNPs-HSA conjugate [75]

SP-ICP-MS Dual-mass measurements on individual particles AgNP and AuNP [79]
SP-ICP-MS Estimation the core and shell thickness of bimetallic nanopar-

ticles
Ag-Au NPs [82]

MC-ICP-MS Isotopic signatures Hg in HgSeNPs [83]
MC-ICP-MS Isotopic composition Iridium-osmium NPs [85]
MC-ICP-MS Isotopic composition AgNPs [86]
SP-ICP-TOF-MS Classification of engineered, incidental and natural NPs 

based on elemental composition
Ce-NPs [89]

SP-ICP-TOF-MS Classification of engineered, and natural NPs based on 
elemental composition

Ce-NPs [90]

SP-ICP-TOF-MS Composition, size distribution, and concentration BiVO4,  (Bi0.5Na0.5)TiO3, and steel (which 
contains Fe, Cr, Ni, Mo) NPs

[91]

SeNPs nanopowder

SeNP-HSA conjugate nanopowder

a b

a b

Fig. 3  a Correlations between C and Se events for selenium nanopow-
der and SeNP-HSA conjugate nanopowder; b carbon signal intensity 
distribution plot for SeNPs and SeNP-HSA conjugate nanopowder; 

reproduced from Borowska et al. [75] licensed under a Creative Com-
mons Attribution 4.0 International License (http:// creat iveco mmons. 
org/ licen ses/ by/4. 0/) 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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Although OES detection system is a powerful tool for 
single-particle multi-element analysis, it cannot be used for 
isotope detection [76–78]. SP-ICP-MS technique enables 
rapid measurements of size, mass, concentration, and ele-
ment/isotope concentration. However, the monitoring of 
multiple elements in an individual NP in a single run is 
not possible [4, 72, 78]. Although the increase in acqui-
sition time and peak-jumping enables for multi-element 
analysis of single particle to some extent, it was observed 
that the multiple detection is still limited to at most two 
targeted elements in each NP [69]. The recent study per-
formed dual-mass measurement of individual particles 
using quadrupole-based ICP-MS (ICP-QMS) [79]. This 
type of detection is usually called as “quasi-simultaneous” 
analysis of NP composition concerning 2 elements/isotopes 
due to the high frequency of time-mass scanning. Never-
theless, the lack of acquisition data in long settling time, 
i.e., time separating the measurements of two consecutive 
masses which corresponds to time required for stabilizing 
the quadrupole, leads to loss of signal and measurement 
of incomplete events [4, 79–81]. Concerning settling time, 
in order to allow sufficient value for the quadrupole, the 
analysis should be focused on the detection of two isotopes 
with close m/z ratio, and where the difference between two 
isotopes should be smaller than 20 mass units [79]. Heet-
pat et al. applied SP-ICP-MS with simultaneous dual-mode 
detector for bimetallic NP analysis to determine Au core 
size and Ag shell thickness [82]. It was demonstrated that 
it is possible to differentiate between Ag-Au bimetallic NPs 
and core-shell Ag-Au NPs. This study based on observa-
tions of average signal profiles and calculation of the molar 
ratio of both components with the possibility of figuring out 
which of the two element comprises the core.

The isotopic composition, as well as elemental composi-
tion, of NP plays an important role in NP characterization 
[83]. Isotopic ratio data for individual particles are beneficial 
for biological and environmental studies dealing with their 
source identification. The technique which can be useful to 
determine the isotopic ratio of individual NP is multi-collec-
tor inductively coupled plasma mass spectrometry (MC-ICP-
MS) with a magnetic analyzer and multiple-collector array 
using Faraday detectors [4, 84]. Briefly, different m/z ions 
move with different radii in the homogeneous magnetic field 
under the action of Lorentz force, and then, they reach differ-
ent collectors [4]. Hirata et al. showed that the MC-ICP-MS 
system with a high-time resolution data acquisition could 
be used to Os isotopic ratio measurements from single NP 
[85]. In this study, the simultaneous data acquisition of four 
isotopes was acquired with a time resolution of up to 10 µs, 
which permitted the quantitative analysis of four isotopes to 
be carried out from transient signals produced by the NPs. 
However, the proposed system was not user-friendly due 
to the careful calibration of detector gains required. The 

other study presented by Yamashita et al. demonstrated the 
capability of MC-ICP-MS for particle analysis by determin-
ing isotope composition for individual AgNP [86]. They 
reported that the measured isotope ratios were consistent 
with the criterion value with a relative deviation between 
1.76 and 0.33% for 40 and 100 nm, respectively. The recent 
study showed the benefits in modification of the detection 
in MC-ICP-MS instrument with timestamp digitization of 
all single ion detection events to 0.5 ns accuracy and with 
no predetermined integration window [87]. The ion arrival 
time, which was much shorter compared with ionic species 
introduced into the plasma, could be used to discriminate 
particle signal from background. This approach was applied 
to characterize, i.e., AuNPs. MC-ICP-MS allows simultane-
ous detection of multiple isotopes and can become a power-
ful tool for monitoring elemental and isotope ratios from 
NPs of multiple components in a particle-by-particle mode. 
However, MC-ICP-MS is not adapted for multiple element 
analysis as it can only target a narrow range of m/z in one 
data acquisition cycle [85]. Moreover, a low amount of sam-
ple and/or a low target isotope concentration can strongly 
compromise applications focused on high-precision isotopic 
analysis of nanoparticles by MC-ICP-MS, and the wide-
spread application of MC-ICP-MS is limited due to its high 
cost and enormous size [4, 69].

To examine elemental composition of single particle by 
detection of multiple isotopes, ICP-TOF-MS can be used, 
providing isotopic masses in particles [28, 88]. The elements 
consisting of single particle can be distinguished based on 
the differences in the time required to reach the detector 
[4]. Several studies used single-particle inductively coupled 
plasma time-of-flight mass spectrometry (SP-ICP-TOF-MS) 
for the characterization of NPs in environmental and bio-
logical matrices. The researchers identified that the large 
amount of data and information obtained using mentioned 
technique makes the results’ interpretation very challeng-
ing [72]. Thus, in recent years, SP-ICP-TOF-MS emerged 
as a useful method for classification of NP type based on 
multi-element fingerprinting using machine learning algo-
rithm such as the hierarchical agglomerative clustering [29, 
89]. This technique was applied, for example, to characterize 
elemental composition of road dust NPs, which were further 
identified based on TEM coupled with energy-dispersive 
X-ray spectroscopy and selected area (electron) diffrac-
tion techniques [29]. Praetorius et al. [90] demonstrated the 
applicability of single-particle multi-element fingerprinting 
method to distinguish between engineered  CeO2 NPs and 
natural Ce-containing NPs in soils at environmentally rel-
evant concentrations. On the other hand, the recent study 
presented the coupling of asymmetrical flow field-flow frac-
tionation (AF4) with ICP-TOF-MS working in standard and 
SP mode to determine elemental composition. Compared 
with conventional SP-ICP-TOF-MS technique, the coupling 
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with AF4 provided additional and complementary informa-
tion including the differential of elements distributions for 
smaller and larger particles. However, some aspects of the 
online coupling with AF4 such as an optimal particle num-
ber concentration need to be investigated [55]. Moreover, 
the ICP-TOF-MS technique was used for the multi-element 
analysis of composite commercial core-shell NPs [91]. The 
TOF instruments showed ability to quantitatively determine 
the composition of multi-element NPs. It should be noted 
that the currently available reference materials of NPs are 
dominated by engineered mono-elemental NPs [1]; thus, the 
applicability of SP-ICP-TOF-MS to analysis of NP elemen-
tal composition in real samples containing different types 
of matrix (such as biological fluids) needs to be further 
investigated.

Characterization of the NP surface

The reactivity of NPs in biological and environmental sys-
tems strongly depends on the properties of their surface [92]. 
Thus, those are crucial attributes for many of their diverse 

applications due to correlation between stability, activity, 
therapeutic efficacy, and toxicity of nanomaterials with sur-
face characteristics [15, 93]. NPs can be functionalized with 
a variety of molecules and the structure characterization of 
their surface regarding conjugation chemistry and ligand 
identity is a crucial point in the development of functional-
ized NPs with diverse applications [94]. As a result, in order 
to understand and control particle behavior and properties, 
the analysis of NP surface is often essential [15]. The sum-
mary of the applied spectrometric approach for NP surface 
analysis is presented in Fig. 4.

During exposure to biological and environmental fluids, 
the NP surface may adsorb many elements and biomole-
cules, mainly proteins, resulting in protein corona forma-
tion onto NP surface. The most frequently used analytical 
methods to identify and quantify molecules present onto 
NP surface are based on mass spectrometry coupled with 
separation techniques. A number of qualitative and quantita-
tive techniques were reported as highly efficient techniques 
for assessment and evaluation of the dynamics of corona 
formation over NPs [95]. In turn, molecular mass spec-
trometric techniques such as electrospray ionization mass 

Fig. 4  Summary of the methods 
applied for the NP surface 
characterization
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spectrometry (ESI-MS) or electrospray ionization tandem 
mass spectrometry (ESI-MS/MS) and laser desorption/
ionization (LDI) and matrix-assisted (MALDI) TOF-MS 
provided information about the mass of the ligands pre-
sent onto NP surface [95, 96]. Generally, MS/MS analysis 
allowed identification of the ligands present on the surface 
of NPs and an understanding of how these ligands can be 
linked or interact with particle surface. Although TOF-MS-
based approaches were applied for the analysis of the surface 
chemistry of NPs functionalized with synthetic ligands, the 
scope of the method was limited to ligands with molecular 
weight up to 1000 Da [97, 98]. To overcome this drawback 
and the limitation in terms of mass resolution, ultrahigh-res-
olution Fourier transform ion cyclotron resonance MS and 
a combination of LDI and MALDI were proposed [99]. The 
developed protocol enabled detailed structural characteri-
zation of peptide and carbohydrate functionalized AuNPs. 
On the other hand, in order to determine the presence and 
composition of protein corona, NP-protein corona fraction 
was isolated in vitro from a biological fluid and then sub-
jected to the analysis by hyphenated techniques. Recently, 
the fibrinogen-enriched corona composition onto silica NPs 
was evaluated by sodium dodecyl sulfate polyacrylamide 
gel electrophoresis and proteomic/proteoglycomic analysis 
using liquid chromatography ESI-MS/MS. Based on the 
proteomic and glycomic fingerprints of plasma fibrinogen, 
the potential distinction lung cancer patients form controls 
was found. The proposed method enabledthe evaluation of 
the changes in fibrinogen that are associated with chronic 
diseases and provides a new perspective on the application 
of protein corona in biomarker discovery [100]. Neverthe-
less, it should be noted that the biological fluids such as 
blood are very complex due to containing more than 10,000 
proteins whose concentrations vary by more than 10 orders 
of magnitude in protein corona [100, 101]. The typical limit 
of dynamic range of MS techniques is lower, which leadto 
protein information loss concerning low-abundance pro-
teins [100]. Thus, the complexicity of real samples is still 
challenging in protein corona analysis. In the recent study, 
the investigation of the chemical composition and size dis-
tribution of SeNP-HSA conjugates by SP-MIP-OES was 
reported. The results confirmed corona protein formation 
on NP surface. However, the proposed technique requires 
NPs in nanopowder form [75].

For the characterization of NP surface and their interac-
tion with biomolecules, Biological Surface Adsorption Index 
(BSAI) can be applied [102–107]. The BSAI was developed 
to identify interactions that occur between NPs and biomol-
ecules which adsorb onto NP surface such as organic com-
pounds, peptides, and proteins. The BSAI-based approach 
consisted in measuring the forces of surface adsorption in a 
simulated biological system using a set of compounds with 
different physicochemical properties, so that it was possible 

to obtain five nanodescriptors representing the molecular 
forces responsible for the interaction of a nanomaterial with 
biomolecules: hydrophobicity, hydrogen bonding, polarity, 
polarizability, and lone-pair electron. The contribution of 
each type of molecular interaction in adsorption was deter-
mined experimentally on the basis of the degree of adsorp-
tion of various organic compounds with diverse structural 
properties, in the probe sample. The probe sample is the 
mixture of organic probe compounds characterized by dif-
ferent properties resulting in various interactions forces 
with NP surface, such as chlorobenzene, phenol, and pyrene 
[108]. By measuring of the concentration of probe com-
pounds adsorbed onto NP surface and using an appropriate 
predictive model, the nanomaterial adsorption coefficient 
was determined. Then, nanodescriptors were created by 
means of multiple linear regression analysis based on pre-
viously calculated adsorption coefficients. By modeling the 
adsorption behavior of these probes, it was possible to pre-
dict the adsorption of small molecules onto different nano-
materials. In mathematical calculations, nanodescriptors 
were crucial in representing the contributions and relative 
strengths of each molecular interaction for creating pharma-
cokinetic and nanomaterial safety assessment model. This 
predictive model could be applied in biological and environ-
mental systems, for example, nanomedicine, to predict the 
risk assessment and safety of nanomaterials. To determine 
the concentration changes of probe components before and 
after adsorption with nanomaterials, solid-phase microex-
traction (SPME) coupled to gas chromatography mass spec-
trometry (GC–MS) allowing a high-throughput analysis was 
employed [107–109]. This technique enabled simple quanti-
fication of organic compounds in different matrices based on 
their adsorption onto different types of fiber. Due to selective 
extraction of the target compounds which were present in 
a free form (not adsorbed into NP surface) in the sample 
solution, SPME technique did not require the removal of 
NPs before analysis and enables the analysis directly into 
reaction vessel, with a reduced effect on the interaction 
between NPs and probe compounds. The removal of NPs 
from sample solution before analysis could affect the result 
of the adsorption due to the release of the probe compounds 
adsorbed onto NP surface. Based on these results, Xia et al. 
proposed an index that could be used to characterize NP sur-
faces and to predict their adsorption properties [103, 109]. 
On the other hand, Omanović-Mikličanin et al. investigated 
the various aspects of the SPME-GC-MS technique for char-
acterization of Au and silica NP  (SiO2 NP) surfaces [108]. 
They showed differences in behavior between the two type 
of NPs due to the different surface chemistry. However, the 
adsorption of NPs on the SPME fiber, kinetic of adsorption 
of the probe compounds on NPs, and concentration of both 
NPs and probe compounds were found to be crucial param-
eters for the SPME analysis of NP-analyte interaction. The 
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presence of both NPs and nanoparticulate-bonded analyte 
forms on the fiber surface could affect adsorption behav-
ior of the probe compounds. The partition of nanoparticu-
late-bonded analyte present in the sample solution into the 
extracting fiber coating could led to overestimation of the 
concentration of free probe compounds due to entering of 
its nanoparticulate complex species to the solid phase, which 
were measured together with the free analyte. On the other 
hand, the association between various sample components 
and the probe compounds generally leads to changes in par-
tition coefficients and extraction kinetics; thus, the original 
partition equilibrium between the bound and the free frac-
tions was changed [110]. Moreover, when the free form is 
absorbed onto SPME fiber, in the heterogeneous environ-
mental and biological samples containing associated mol-
ecules such as proteins, the presence of different sample 
constituents leads to lowering of the SPME measured con-
centration [111]. It should be mentioned here that NPs can 
detoxify many heavy metals, such as cadmium, chromium, 
and mercury [112]. Thus, NPs can be used for adsorption 
of toxic metals in aqueous solutions and human body at low 
cost, easy handling characteristics, and high efficacy. Next to 
AAS [113], ICP-OES [114], and ICP-MS [115], PCVG cou-
pled with SPME and MIP-OES were applied for monitoring 
of bioaccessible fraction mercury during their incubation in 
simulated body fluid in the presence of SeNPs examined as 
a potential mercury detoxifying agent [116]. Although these 
techniques enabled determination of both bonded and free 
form of analytes, they require removal of analyte bonded 
to NP surface from the analyzed samples, which affects the 
equilibrium between NP and analyte.

Conclusion and perspective

Spectrometric techniques are some of the most frequently 
applied for the identification and characterization of NPs 
concerning their synthesis yield, particle size and particle 
number concentration, chemical composition, and surface 
activity. MS-based techniques are considered as essential 
tools in NP analysis due to the ability to detect, quantify, 
and characterize particles in environmentally and biologi-
cally relevant conditions. However, the better resolution and 
higher sensitivities of MS instrumentation as well as more 
reproducible methodologies to achieve more reliable results 
are still expected. Although MS-based techniques working 
in SP mode are considered as the most favorite tools for 
complete NP characterization, those based on OES detec-
tion system show very promising results particularly for 
NPs’ elemental composition determination and their sur-
face analysis. In terms of methods’ reproducibility and their 
trueness, the development of validated methods for quanti-
tative NP detection and characterization in biological and 

environmental samples needs to be investigated. The lack 
of certified reference materials for NPs with, for example, 
different NP sizes which influence the calculation of trans-
port efficiency in SP mode of spectrometric methods limits 
investigation of the reliable analytical protocols for complete 
NP characterization. In terms of methodology and metrol-
ogy, NP is usually treated as an analyte or one of its forms 
of species. The analysis of NP may be performed by differ-
ent analytical approaches. Literature reports emphasize that 
depending on the chosen methodology, the physicochemical 
properties of NPs may vary. Therefore, applying more than 
one analytical method in one study should be considered to 
improve the reliability of the results.

However, each analytical techniques offers its strengths 
and limitations as well; thus, concerning the choice of appro-
priate analytical approach for the reliable characterization 
of NPs, there are multiple open questions that need further 
consideration. The awareness of the fundamental properties 
of NPs is crucial to investigate NP behavior in the different 
media and their interaction with environment and organism-
environment systems.

Funding This research was funded by Warsaw University of Technol-
ogy in the frame of the NCHEM3 grant (M.B.).

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Gajdosechova Z, Mester Z. Recent trends in analysis of nanopar-
ticles in biological matrices. Anal Bioanal Chem. 2019. https:// 
doi. org/ 10. 1007/ s00216- 019- 01620-9.

 2. Naasz S, Altenburger R, Kühnel D. Environmental mixtures of 
nanomaterials and chemicals: the Trojan-horse phenomenon and 
its relevance for ecotoxicity. Sci Total Environ. 2018. https:// doi. 
org/ 10. 1016/j. scito tenv. 2018. 04. 180.

 3. El-Seedi HR, El-Shabasy RM, Khalifa SAM, Saeed A, Shah A, 
Shah R, et al. Metal nanoparticles fabricated by green chemistry 
using natural extracts: biosynthesis, mechanisms, and applica-
tions. RSC Adv. 2019. https:// doi. org/ 10. 1039/ c9ra0 2225b.

 4. Tian X, Jiang H, Hu L, Wang M, Cui W, Shi J, et al. Simultane-
ous multi-element and multi-isotope detection in single-particle 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00216-019-01620-9
https://doi.org/10.1007/s00216-019-01620-9
https://doi.org/10.1016/j.scitotenv.2018.04.180
https://doi.org/10.1016/j.scitotenv.2018.04.180
https://doi.org/10.1039/c9ra02225b


4035Basic and advanced spectrometric methods for complete nanoparticles characterization in…

1 3

ICP-MS analysis: Principles and applications. TrAC. 2022. 
https:// doi. org/ 10. 1016/j. trac. 2022. 116746.

 5. EFSA Scientific Committee. Guidance on risk assessment of 
the application of nanoscience and nanotechnologies in the food 
and feed chain: Part 1, human and animal health. EFSA J. 2018. 
https:// doi. org/ 10. 2903/j. efsa. 2018. 5327.

 6. Król A, Pomastowski P, Rafińska K, Railean-Plugaru V, Busze-
wski B. Zinc oxide nanoparticles: synthesis, antiseptic activ-
ity and toxicity mechanism. Adv Colloid Interface Sci. 2017. 
https:// doi. org/ 10. 1016/j. cis. 2017. 07. 033.

 7. Laycock A, Clark NJ, Clough R, Smith R, Handy RD. Determi-
nation of metallic nanoparticles in biological samples by single 
particle ICP-MS: a systematic review from sample collection to 
analysis. Environ Sci Nano. 2022. https:// doi. org/ 10. 1039/ d1en0 
0680k.

 8. Bundschuh M, Filser J, Lüderwald S, McKee MS, Metreveli G, 
Schaumann GE, et al. Nanoparticles in the environment: where 
do we come from, where do we go to? Environ Sci Europe. 
2018. https:// doi. org/ 10. 1186/ s12302- 018- 0132-6.

 9. Mourdikoudis S, Pallares RM, Thanh NTK. Characterization 
techniques for nanoparticles: comparison and complementa-
rity upon studying nanoparticle properties. Nanoscale. 2018. 
https:// doi. org/ 10. 1039/ c8nr0 2278j.

 10. Gajdosechova Z, Lawan MM, Urgast DS, Raab A, Scheckel 
KG, Lombi E, et al. In vivo formation of natural HgSe nano-
particles in the liver and brain of pilot whales. Sci Rep. 2016. 
https:// doi. org/ 10. 1038/ srep3 4361.

 11. Vidmar J, Loeschner K, Correia M, Larsen EH, Manser P, Wich-
ser A, et al. Translocation of silver nanoparticles in the ex vivo 
human placenta perfusion model characterized by single particle 
ICP-MS. Nanoscale. 2018. https:// doi. org/ 10. 1039/ C8NR0 2096E.

 12. Sukhanova A, Bozrova S, Sokolov P, Berestovoy M, Karau-
lov A, Nabiev I. Dependence of nanoparticle toxicity on 
their physical and chemical properties. Nanoscale Res Lett. 
2018; https:// doi. org/ 10. 1186/ s11671- 018- 2457-x.

 13. Ferreira AJ, Cemlyn-Jones J, Robalo CC. Nanoparticles, nano-
technology and pulmonary nanotoxicology. Rev Port Pneumol 
(English Ed). 2013. https:// doi. org/ 10. 1016/j. rppnen. 2013. 01. 004.

 14. Attarilar S, Yang J, Ebrahimi M, Wang Q, Liu J, Tang Y, Yang 
J. The toxicity phenomenon and the related occurrence in metal 
and metal oxide nanoparticles: a brief review from the bio-
medical perspective. Front Bioeng Biotechnol. 2020. https:// 
doi. org/ 10. 3389/ fbioe. 2020. 00822.

 15. Patil RM, Deshpande PP, Aalhate M, Gananadhamu S, Singh 
PK. An Update on sophisticated and advanced analytical tools 
for surface characterization of nanoparticles. Surf Interfaces. 
2022. https:// doi. org/ 10. 1016/j. surfin. 2022. 102165.

 16. Costa-Fernández JM, Menéndez-Miranda M, Bouzas-Ramos D, 
Ruiz Encinar J, Sanz-Medel A. Mass spectrometry for the char-
acterization and quantification of engineered inorganic nanopar-
ticles. TrAC. 2016. https:// doi. org/ 10. 1016/j. trac. 2016. 06. 001.

 17. Laborda F, Gimenez-Ingalaturre AC, Bolea E, Castillo JR. About 
detectability and limits of detection in single particle inductively 
coupled plasma mass spectrometry. Spectrochim Acta Part B. 
2020. https:// doi. org/ 10. 1016/j. sab. 2020. 105883.

 18. Modena MM, Rühle B, Burg TP, Wuttke S. Nanoparticle char-
acterization: What to measure? Adv Mater. 2019. https:// doi. org/ 
10. 1002/ adma. 20190 1556.

 19. Mozhayeva D, Engelhard C. A critical review of single particle 
inductively coupled plasma mass spectrometry – A step towards 
an ideal method for nanomaterial characterization. J Anal At 
Spectrom. 2020. https:// doi. org/ 10. 1039/ c9ja0 0206e.

 20. Zhang X, Gallagher R, He D, Chen G. pH Regulated synthesis of 
monodisperse penta-twinned gold nanoparticles with high yield. 
Chem Mater. 2020. https:// doi. org/ 10. 1021/ acs. chemm ater. 0c010 
90.

 21. Quintero-Quiroz C, Acevedo N, Zapata-Giraldo J, Botero LE, 
Quintero J, Zárate-Triviño D, Saldarriaga J, Pérez VZ. Optimiza-
tion of silver nanoparticle synthesis by chemical reduction and 
evaluation of its antimicrobial and toxic activity. Biomater Res. 
2019. https:// doi. org/ 10. 1186/ s40824- 019- 0173-y.

 22. Miškovská A, Rabochová M, Michailidu J, Masák J, Čejková A, 
Lorinčík J, Maťátková O. Antibiofilm activity of silver nanopar-
ticles biosynthesized using viticultural waste. PLoS ONE. 2022. 
https:// doi. org/ 10. 1371/ journ al. pone. 02728 44.

 23. Pišlová M, Kolářová K, Vokatá B, Brož A, Ulbrich P, et al. A new 
way to prepare gold nanoparticles by sputtering – Sterilization, 
stability and other properties. Mater Sci Eng C. 2020. https:// doi. 
org/ 10. 1016/j. msec. 2020. 111087.

 24. Jiménez MS, Bakir M, Isábal D, Gómez MT, Pérez-Arantegui 
J, Castillo JR, Laborda F. Evaluation of hydrodynamic chro-
matography coupled to inductively coupled plasma mass spec-
trometry for speciation of dissolved and nanoparticulate gold 
and silver. Anal Bioanal Chem. 2021. https:// doi. org/ 10. 1007/ 
s00216- 020- 03132-3.

 25. Michalke B, Vinković-Vrček I. Speciation of nano and ionic 
form of silver with capillary electrophoresis-inductively coupled 
plasma mass spectrometry. J Chromatogr A. 2018. https:// doi. 
org/ 10. 1016/j. chroma. 2018. 08. 031.

 26. Ahn EY, Jin H, Park Y. Green synthesis and biological activities of 
silver nanoparticles prepared by Carpesium cernuum extract. Arch 
Phar Res. 2019. https:// doi. org/ 10. 1007/ s12272- 019- 01152-x.

 27. Bartosiak M, Giersz J, Jankowski K. Analytical monitoring of 
selenium nanoparticles green synthesis using photochemical 
vapor generation coupled with MIP-OES and UV–Vis spec-
trophotometry. Microchem J. 2019. https:// doi. org/ 10. 1016/j. 
microc. 2018. 12. 024.

 28. Montaño MD, Cuss CW, Holliday HM, Javed MB, Shotyk W, 
Sobocinski KL, et al. Exploring nanogeochemical environments: 
new insights from Single Particle ICP-TOFMS and AF4-ICPMS. 
ACS Earth Space Chem. 2022. https:// doi. org/ 10. 1021/ acsea 
rthsp acech em. 1c003 50.

 29. Tou F, Nabi M, Wang J, Erfani M, Goharian E, Chen J, Yang Y, 
Baalousha M. Multi-method approach for analysis of road dust 
particles: elemental ratios, SP-ICP-TOF-MS, and TEM. Environ 
Sci Nano. 2022. https:// doi. org/ 10. 1039/ d2en0 0409g.

 30. Bolea E, Jimenez MS, Perez-Arantegui J, Vidal JC, Bakir M, 
Ben-Jeddou K, et al. Analytical applications of single particle 
inductively coupled plasma mass spectrometry: a comprehensive 
and critical review. Anal Methods. 2021. https:// doi. org/ 10. 1039/ 
d1ay0 0761k.

 31. Comby-Zerbino C, Dagany X, Chirot F, Dugourd P, Antoine R. 
The emergence of mass spectrometry for characterizing nanoma-
terials. Atomically precise nanoclusters and beyond. Mater Adv. 
2021; https:// doi. org/ 10. 1039/ D1MA0 0261A

 32. De la Calle I, Menta M, Séby F. Current trends and challenges 
in sample preparation for metallic nanoparticles analysis in daily 
products and environmental samples: a review. Spectrochim Acta 
B. 2016. https:// doi. org/ 10. 1016/j. sab. 2016. 09. 007.

 33. Abdellatif AA, Alturki HNH, Tawfeek HM. Diferent cellulosic 
polymers for synthesizing silver nanoparticles with antioxidant 
and antibacterial activities. Sci Rep. 2021. https:// doi. org/ 10. 
1038/ s41598- 020- 79834-6.

 34. Bhattarai B, Zaker Y, Bigioni TP. Green synthesis of gold and sil-
ver nanoparticles: challenges and opportunities. Curr Opin Green 
Sustain Chem. 2018. https:// doi. org/ 10. 1016/j. cogsc. 2018. 06. 007.

 35. Sharma D, Kanchi S, Bisetty K. Biogenic synthesis of nanopar-
ticles: A review. Arab J Chem. 2019. https:// doi. org/ 10. 1016/j. 
arabjc. 2015. 11. 002.

 36. Malejko J, Świerżewska N, Bajguz A, Godlewska-Żyłkiewicz B. 
Method development for speciation analysis of nanoparticle and 
ionic forms of gold in biological samples by high performance 

https://doi.org/10.1016/j.trac.2022.116746
https://doi.org/10.2903/j.efsa.2018.5327
https://doi.org/10.1016/j.cis.2017.07.033
https://doi.org/10.1039/d1en00680k
https://doi.org/10.1039/d1en00680k
https://doi.org/10.1186/s12302-018-0132-6
https://doi.org/10.1039/c8nr02278j
https://doi.org/10.1038/srep34361
https://doi.org/10.1039/C8NR02096E
https://doi.org/10.1186/s11671-018-2457-x
https://doi.org/10.1016/j.rppnen.2013.01.004
https://doi.org/10.3389/fbioe.2020.00822
https://doi.org/10.3389/fbioe.2020.00822
https://doi.org/10.1016/j.surfin.2022.102165
https://doi.org/10.1016/j.trac.2016.06.001
https://doi.org/10.1016/j.sab.2020.105883
https://doi.org/10.1002/adma.201901556
https://doi.org/10.1002/adma.201901556
https://doi.org/10.1039/c9ja00206e
https://doi.org/10.1021/acs.chemmater.0c01090
https://doi.org/10.1021/acs.chemmater.0c01090
https://doi.org/10.1186/s40824-019-0173-y
https://doi.org/10.1371/journal.pone.0272844
https://doi.org/10.1016/j.msec.2020.111087
https://doi.org/10.1016/j.msec.2020.111087
https://doi.org/10.1007/s00216-020-03132-3
https://doi.org/10.1007/s00216-020-03132-3
https://doi.org/10.1016/j.chroma.2018.08.031
https://doi.org/10.1016/j.chroma.2018.08.031
https://doi.org/10.1007/s12272-019-01152-x
https://doi.org/10.1016/j.microc.2018.12.024
https://doi.org/10.1016/j.microc.2018.12.024
https://doi.org/10.1021/acsearthspacechem.1c00350
https://doi.org/10.1021/acsearthspacechem.1c00350
https://doi.org/10.1039/d2en00409g
https://doi.org/10.1039/d1ay00761k
https://doi.org/10.1039/d1ay00761k
https://doi.org/10.1039/D1MA00261A
https://doi.org/10.1016/j.sab.2016.09.007
https://doi.org/10.1038/s41598-020-79834-6
https://doi.org/10.1038/s41598-020-79834-6
https://doi.org/10.1016/j.cogsc.2018.06.007
https://doi.org/10.1016/j.arabjc.2015.11.002
https://doi.org/10.1016/j.arabjc.2015.11.002


4036 Borowska M. , K. Jankowski 

1 3

liquid chromatography hyphenated to inductively coupled plasma 
mass spectrometry. Spectrochim Acta B. 2018. https:// doi. org/ 
10. 1016/j. sab. 2018. 01. 014.

 37. Hadrup H, Sharma AK, Poulsen M, Nielsen E. Toxicological risk 
assessment of elemental gold following oral exposure to sheets 
and nanoparticles — a review. Regul Toxicol Pharmacol. 2015. 
https:// doi. org/ 10. 1016/j. yrtph. 2015. 04. 017.

 38. Sarkandi AF, Montazer M, Harifi T, Rad MM. Innovative prep-
aration of bacterial cellulose/silver nanocomposite hydrogels: 
In situ green synthesis, characterization, and antibacterial proper-
ties. J Appl Polym Sci. 2021. https:// doi. org/ 10. 1002/ app. 49824.

 39. Vogel M, Fischer S, Maffert A, Hübner R, Scheinost AC, Franzen 
C, Steudtner R. Biotransformation and detoxification of selenite 
by microbial biogenesis of selenium-sulfur nanoparticles. J Haz-
ard Mater. 2018. https:// doi. org/ 10. 1016/j. jhazm at. 2017. 10. 034.

 40. Godoy NV, Galazzi RM, Chacón-Madrid K, Arruda MAZ, 
Mazali IO. Evaluating the total gold concentration in metallic 
nanoparticles with a high content of organic matter through 
microwave-assisted decomposition platform and plasma-based 
spectrometric techniques (ICP-MS and ICP OES). Talanta. 2021. 
https:// doi. org/ 10. 1016/j. talan ta. 2020. 121808.

 41. Lum JTS, Leung KSY. Current trends in atomic mass spectrom-
etry for the speciation and imaging of metal-based nanomaterials. 
J Anal At Spectrom. 2017. https:// doi. org/ 10. 1039/ c7ja0 0188f.

 42. Luo L, Yang Y, Li H, Ding R, Wang Q, Yang Z. Size characterization 
of silver nanoparticles after separation from silver ions in environ-
mental water using magnetic reduced graphene oxide. Sci Total 
Environ. 2018. https:// doi. org/ 10. 1016/j. scito tenv. 2017. 09. 024.

 43. Wei WJ, Yang Y, Li XY, Huang P, Wang Q, Yang PJ. Cloud 
point extraction (CPE) combined with single particle -inductively 
coupled plasma-mass spectrometry (SP-ICP-MS) to analyze and 
characterize nano-silver sulfide in water environment. Talanta. 
2022. https:// doi. org/ 10. 1016/j. talan ta. 2021. 123117.

 44. Anekthirakun P, Imyim A. Separation of silver ions and silver 
nanoparticles by silica based-solid phase extraction prior to 
ICP-OES determination. Microchem J. 2019. https:// doi. org/ 10. 
1016/j. microc. 2018. 11. 008.

 45. Huang Y, Lum JTS, Leung KSY. An integrated ICP-MS-based 
analytical approach to fractionate and characterize ionic and 
nanoparticulate Ce species. Anal Bioanal Chem. 2022. https:// 
doi. org/ 10. 1007/ s00216- 022- 03958-z.

 46. Degueldre C, Favarger PY. Colloid analysis by single particle 
inductively coupled plasma-mass spectroscopy: a feasibility 
study. Colloids Surf A. 2003. https:// doi. org/ 10. 1016/ S0927- 
7757(02) 00568-X.

 47. Laborda F, Jiménez-Lamana J, Bolea E, Castillo JR. Selective 
identification, characterization and determination of dissolved 
silver(i) and silver nanoparticles based on single particle detec-
tion by inductively coupled plasma mass spectrometry. J Anal At 
Spectrom. 2011. https:// doi. org/ 10. 1039/ C0JA0 0098A. 

 48. Meermann B, Nischwitz V. ICP-MS for the analysis at the 
nanoscale – a tutorial review. J Anal At Spectrom. 2018. https:// 
doi. org/ 10. 1039/ C8JA0 0037A.

 49. Uson L, Arruebo M, Sebastian V, Santamaria J. Single phase 
microreactor for the continuous, high-temperature synthesis of 
< 4 nm superparamagnetic iron oxide nanoparticles. Chem Eng 
J. 2018. https:// doi. org/ 10. 1016/j. cej. 2017. 12. 024.

 50. Flores K, Turley RS, Valdes C, Ye Y, Cantus J, Hernandez-Viez-
cas JA et al. Environmental applications and recent innovations 
in single particle inductively coupled plasma mass spectrometry 
(SP-ICP-MS). Appl Spectrosc Rev. 2019. https:// doi. org/ 10. 
1080/ 05704 928. 2019. 16949 37.

 51. Jiménez – Lamana J, Abad-Álvaro I, Bierla K, Laborda F, Szpunar 
J, Lobinski R. Detection and characterization of biogenic selenium 
nanoparticles in selenium-rich yeast by single particle ICPMS. J 
Anal At Spectrom. 2018. https:// doi. org/ 10. 1039/ C7JA0 0378A.

 52. Barber A, Kly S, Moffitt MG, Rand L, Ranville JF. Coupling 
single particle ICP-MS with field-flow fractionation for charac-
terizing metal nanoparticles contained in nanoplastic colloids. 
Environ Sci Nano. 2020. https:// doi. org/ 10. 1039/ C9EN0 0637K.

 53. Bucher G, Auger F. Combination of 47Ti and  48Ti for the deter-
mination of highly polydisperse  TiO2 particle size distributions 
by spICP-MS. J Anal Atom Spectrom. 2019. https:// doi. org/ 10. 
1039/ c9ja0 0101h.

 54. Phanwichean J, Saenmuangchin R, Siripinyanond A. Use of 
field-flow fractionation and single particle inductively coupled 
plasma mass spectrometry for the study of silver nanoparticle 
shape transformation. Microchem J. 2022. https:// doi. org/ 10. 
1016/j. microc. 2022. 107943.

 55. Meili-Borovinskaya O, Meier F, Drexel R, Baalousha M, Flami-
gni L, Hegetschweiler A, Kraus T. Analysis of complex particle 
mixtures by asymmetrical flow field-flow fractionation coupled 
to inductively coupled plasma time-of-flight mass spectrometry. 
J Chromatogr A. 2021. https:// doi. org/ 10. 1016/j. chroma. 2021. 
461981.

 56. Gundlach-Graham A. Multiplexed and multi-metal single-parti-
cle characterization with ICP-TOFMS. Compr Anal Chem. 2021. 
https:// doi. org/ 10. 1016/ bs. coac. 2021. 01. 008.

 57. von der Au M, Faßbender S, Chronakis MI, Vogl J, Meermann 
B. Size determination of nanoparticles by ICP-ToF-MS using 
isotope dilution in microdroplets. J Anal At Spectrom. 2022. 
https:// doi. org/ 10. 1039/ d2ja0 0072e.

 58. Turiel-Fernández D, Gutiérrez-Romero L, Corte-Rodriguez M, 
Bettmer J, Montes-Bayón M. Ultrasmall iron oxide nanoparticles 
cisplatin (IV) prodrug nanoconjugate: ICP-MS based strategies to 
evaluate the formation and drug delivery capabilities in single cells. 
Anal Chim Acta. 2021. https:// doi. org/ 10. 1016/j. aca. 2021. 338356.

 59. Rujido-Santos I, del Castillo Busto ME, Abad-Alvaro I, Her-
bello-Hermelo P, Bermejo-Barrera P, Barciela-Alonso MC, et al. 
spICP-MS characterisation of released silver nanoparticles from 
(nano) textile products. Spectrochim Acta B. 2022. https:// doi. 
org/ 10. 1016/j. sab. 2022. 106505.

 60. Smith JN, Thomas DG, Jolley H, Kodali VK, Littke MH, 
Munusamy P, et al. All that is silver is not toxic: silver ion and 
particle kinetics reveals the role of silver ion aging and dosimetry 
on the toxicity of silver nanoparticles. Part Fibre Toxicol. 2018. 
https:// doi. org/ 10. 1186/ s12989- 018- 0283-z.

 61. Mansor M, Alarcon H, Xu J, Ranville JF, Montaño D, et al. 
Simultaneous insight into dissolution and aggregation of metal 
sulfide nanoparticles through Single-Particle Inductively Cou-
pled Plasma Mass Spectrometry. ACS Earth Space Chem. 2022. 
https:// doi. org/ 10. 1021/ acsea rthsp acech em. 1c003 68.

 62. Donahue ND, Kanapilly S, Stephan C, Marlin MC, Francek ER, 
Haadad M, et al. Quantifying chemical composition and reaction 
kinetics of individual colloidally dispersed nanoparticles. Nano 
Lett. 2022. https:// doi. org/ 10. 1021/ acs. nanol ett. 1c037 52.

 63. Jreije I, Hadioui M, Wilkinson KJ. Sample preparation for the 
analysis of nanoparticles in natural waters by single particle 
ICP-MS. Talanta. 2022. https:// doi. org/ 10. 1016/j. talan ta. 2021. 
123060.

 64. Xu Y, Xiao G, Chen B, He M, Hu B. Single Particle Inductively 
Coupled Plasma Mass Spectrometry based homogeneous detec-
tion of HBV DNA with rolling circle amplification-induced gold 
nanoparticle agglomeration. Anal Chem. 2022. https:// doi. org/ 
10. 1021/ acs. analc hem. 2c002 72.

 65. Geertsen V, Barruet E, Gobeaux F, Lacour JL, Taché. Contribu-
tion to accurate spherical gold nanoparticle size determination 
by Single-Particle Inductively Coupled Mass Spectrometry: A 
comparison with Small-Angle X-ray Scattering. Anal Chem. 
2018. https:// doi. org/ 10. 1021/ acs. analc hem. 8b011 67.

 66. Tharaud M, Gondikas AP, Benedetti MF, von der Kammer F, 
Hofmann T, Cornelis G.  TiO2 nanomaterial detection in calcium 

https://doi.org/10.1016/j.sab.2018.01.014
https://doi.org/10.1016/j.sab.2018.01.014
https://doi.org/10.1016/j.yrtph.2015.04.017
https://doi.org/10.1002/app.49824
https://doi.org/10.1016/j.jhazmat.2017.10.034
https://doi.org/10.1016/j.talanta.2020.121808
https://doi.org/10.1039/c7ja00188f
https://doi.org/10.1016/j.scitotenv.2017.09.024
https://doi.org/10.1016/j.talanta.2021.123117
https://doi.org/10.1016/j.microc.2018.11.008
https://doi.org/10.1016/j.microc.2018.11.008
https://doi.org/10.1007/s00216-022-03958-z
https://doi.org/10.1007/s00216-022-03958-z
https://doi.org/10.1016/S0927-7757(02)00568-X
https://doi.org/10.1016/S0927-7757(02)00568-X
https://doi.org/10.1039/C0JA00098A
https://doi.org/10.1039/C8JA00037A
https://doi.org/10.1039/C8JA00037A
https://doi.org/10.1016/j.cej.2017.12.024
https://doi.org/10.1080/05704928.2019.1694937.
https://doi.org/10.1080/05704928.2019.1694937.
https://doi.org/10.1039/C7JA00378A.
https://doi.org/10.1039/C9EN00637K
https://doi.org/10.1039/c9ja00101h
https://doi.org/10.1039/c9ja00101h
https://doi.org/10.1016/j.microc.2022.107943
https://doi.org/10.1016/j.microc.2022.107943
https://doi.org/10.1016/j.chroma.2021.461981
https://doi.org/10.1016/j.chroma.2021.461981
https://doi.org/10.1016/bs.coac.2021.01.008
https://doi.org/10.1039/d2ja00072e
https://doi.org/10.1016/j.aca.2021.338356
https://doi.org/10.1016/j.sab.2022.106505
https://doi.org/10.1016/j.sab.2022.106505
https://doi.org/10.1186/s12989-018-0283-z
https://doi.org/10.1021/acsearthspacechem.1c00368
https://doi.org/10.1021/acs.nanolett.1c03752
https://doi.org/10.1016/j.talanta.2021.123060
https://doi.org/10.1016/j.talanta.2021.123060
https://doi.org/10.1021/acs.analchem.2c00272
https://doi.org/10.1021/acs.analchem.2c00272
https://doi.org/10.1021/acs.analchem.8b01167.


4037Basic and advanced spectrometric methods for complete nanoparticles characterization in…

1 3

rich matrices by spICPMS. A matter of resolution and treatment. 
J Anal At Spectrom. 2017. https:// doi. org/ 10. 1039/ c7ja0 0060j.

 67. Fréchette-Viens L, Hadioui M, Wilkinson KJ. Quantification of 
ZnO nanoparticles and other Zn containing colloids in natural 
waters using a high sensitivity single particle ICP-MS. Talanta. 
2019. https:// doi. org/ 10. 1016/j. talan ta. 2019. 03. 041.

 68. Shaw P, Donard A. Nano-particle analysis using dwell times 
between 10 µs and 70 µs with an upper counting limit of greater 
than 3 x  107 cps and a gold nanoparticle detection limit of less 
than 10 nm diameter. J Anal At Spectrom. 2016. https:// doi. org/ 
10. 1039/ c6ja0 0047a.

 69. Resano M, Aramendía M, García-Ruiz E, Bazo A, Bolea-Fer-
nandez, Vanhaecke F. Living in a transient world: ICP-MS rein-
vented via time-resolved analysis for monitoring single events. 
Chem Sci. 2022. https:// doi. org/ 10. 1039/ d1sc0 5452j.

 70. Choleva TG, Tsogas GZ, Giokas DL. Determination of silver 
nanoparticles by atomic absorption spectrometry after disper-
sive suspended microextraction followed by oxidative dissolution 
back-extraction. Talanta. 2019. https:// doi. org/ 10. 1016/j. talan ta. 
2018. 12. 053.

 71. García-Mesa JC, Montoro-Leal P, Rodríguez-Moreno A, López 
Guerrero MM, Vereda Alonso EI. Direct solid sampling for spe-
ciation of  Zn2+ and ZnO nanoparticles in cosmetics by graphite 
furnace atomic absorption spectrometry. Talanta. 2021. https:// 
doi. org/ 10. 1016/j. talan ta. 2020. 121795.

 72. Tharaud M, Schlatt L, Shaw P, Benedetti MF. Nanoparticle iden-
tification using single particle ICP-ToF-MS acquisition coupled 
to cluster analysis. From engineered to natural nanoparticles. J 
Anal At Spectrom. 2022. https:// doi. org/ 10. 1039/ D2JA0 0116K.

 73. Holbrook TR, Gallot-Duval D, Reemtsma T, Wagner S. An inves-
tigation into LA-spICP-ToF-MS uses for in situ measurement of 
environmental multi-elemental nanoparticles. J Anal At Spec-
trom. 2021. https:// doi. org/ 10. 1039/ D1JA0 0112D.

 74. Borowska M, Giersz J, Jankowski K. Determination of nanopo-
wders using microwave plasma optical emission spectrometry 
operating in a single particle mode. Anal Chim Acta. 2019. 
https:// doi. org/ 10. 1016/j. aca. 2019. 08. 053.

 75. Borowska M, Pawlik E, Jankowski K. Investigation of interac-
tion between biogenic selenium nanoparticles and human serum 
albumin using microwave plasma optical emission spectrom-
etry operating in a single-particle mode. Monatsh Chem. 2020. 
https:// doi. org/ 10. 1007/ s00706- 020- 02663-w.

 76. Kawaguchi H, Fukasawa N, Mizuike A. Investigation of airborne 
particles by inductively coupled plasma emission-spectrometry 
calibrated with monodisperse aerosols. Spectrochim Acta B. 
1986. https:// doi. org/ 10. 1016/ 0584- 8547(86) 80006-4.

 77. De la Calle I, Menta M, Klein M, Séby F. Screening of  TiO2 and 
Au nanoparticles in cosmetics and determination of elemental 
impurities by multiple techniques (DLS, SP-ICP-MS, ICP-MS 
and ICP-OES). Talanta. 2017. https:// doi. org/ 10. 1016/j. talan ta. 
2017. 05. 002.

 78. Soffey E, Jones C, Kelinske M. Rapid multielement nanopar-
ticle analysis using single-particle ICP-MS/MS. Spectroscopy. 
2019;34:10–20.

 79. Chun KH, Lum JTS, Leung KSY. Dual-elemental analysis of 
single particles using quadrupole-based inductively coupled 
plasma-mass spectrometry. Anal Chim Acta. 2022. https:// doi. 
org/ 10. 1016/j. aca. 2021. 339389.

 80. Montaño MD, Badiei HR, Bazargan S, Ranville JF. Improve-
ments in the detection and characterization of engineered nano-
particles using spICP-MS with microsecond dwell Times. Envi-
ron Sci Nano. 2014. https:// doi. org/ 10. 1039/ C4EN0 0058G.

 81. Montaño MD, Lowry GV, von der Kammer F, Blue J, Ran-
ville JF. Current status and future direction for examining engi-
neered nanoparticles in natural systems. Environ Chem. 2014. 
https:// doi. org/ 10. 1071/ EN140 37.

 82. Heetpat N, Sumranjit J, Siripinyanond A. Use of single particle 
inductively coupled plasma mass spectrometry for understand-
ing the formation of bimetallic nanoparticles. Talanta. 2022. 
https:// doi. org/ 10. 1016/j. talan ta. 2021. 122871.

 83. Queipo-Abad S, Pedrero Z, Marchán-Moreno C, El Hanafi K, 
Bérail S, Corns WT, et al. New insights into the biomineraliza-
tion of mercury selenide nanoparticles through stable isotope 
analysis in giant petrel tissues. J Hazard Mater. 2022. https:// 
doi. org/ 10. 1016/j. jhazm at. 2021. 127922.

 84. Hirata T, Niki S, Yamashita S, Asanuma H, Iwano H. Ura-
nium–lead isotopic analysis from transient signals using high-
time resolution-multiple collector-ICP-MS (HTR-MC-ICP-
MS). J Anal At Spectrom. 2021. https:// doi. org/ 10. 1039/ d0ja0 
0363h.

 85. Hirata T, Yamashita S, Ishida M, Suzuki T. Analytical capability 
of high-time resolution-multiple collector-inductively coupled 
plasma mass spectrometry for the elemental and isotopic analysis 
of metal nanoparticles. Mass Spectrom. 2020. https:// doi. org/ 10. 
5702/ masss pectr ometry. A0085.

 86. Yamashita S, Yamamoto K, Takahashi H, Hirata T. Size and 
isotopic ratio measurements of individual nanoparticles by a con-
tinuous ion-monitoring method using Faraday detectors equipped 
on a multi-collector-ICP-mass spectrometer. J Anal At Spectrom. 
2022. https:// doi. org/ 10. 1039/ d1ja0 0312g.

 87. Duffin AM, Hoegg ED, Sumner RI, Cell T, Eiden GC, Wood LS. 
Temporal analysis of ion arrival for particle quantification. J Anal 
At Spectrom. 2021. https:// doi. org/ 10. 1039/ d0ja0 0412j.

 88. Chang PP, Zheng LN, Wang B, Chen ML, Wang M, Wang JH, 
Feng WY. ICP-MS-based methodology in metallomics: towards 
single particle analysis, single cell analysis, and spatial metal-
lomics. At Spectrosc. 2022. https:// doi. org/ 10. 46770/ AS. 2022. 
108.

 89. Szakas SE, Lancaster R, Kaegi R, Gundlach-Graham A. Quan-
tification and classification of engineered, incidental, and natu-
ral cerium-containing particles by spICP-TOFMS. Environ Sci 
Nano. 2022. https:// doi. org/ 10. 1039/ d1en0 1039e.

 90. Praetorius A, Gundlach-Graham A, Goldberg E, Fabienke W, 
Navratilova J, Gondikas A, et al. Single-particle multi-element 
fingerprinting (spMEF) using inductively-coupled plasma time-
of-flight mass spectrometry (ICP-TOFMS) to identify engineered 
nanoparticles against the elevated natural background in soils. 
Environ Sci Nano. 2017. https:// doi. org/ 10. 1039/ c6en0 0455e.

 91. Naasz S, Weigel S, Borovinskaya O, Serva A, Cascio C, Undas 
AK, et al. Multi-element analysis of single nanoparticles by ICP-
MS using quadrupole and time-of-flight technologies. J Anal At 
Spectrom. 2018. https:// doi. org/ 10. 1039/ c7ja0 0399d.

 92. Luo J, Walker M, Xiao Y, Donnelly H, Dalby MJ, Salmeron-
Sanchez M. The influence of nanotopography on cell behaviour 
through interactions with the extracellular matrix – A review. Bio-
act Mater. 2022. https:// doi. org/ 10. 1016/j. bioac tmat. 2021. 11. 024.

 93. Singh AV, Rosenkranz D, Ansari MHD, Singh R, Kanase A, Singh 
SP, et al. Artificial intelligence and machine learning empower 
advanced biomedical material design to toxicity prediction. Adv 
Intell Syst. 2020. https:// doi. org/ 10. 1002/ aisy. 20200 0084.

 94. Nejati K, Dadashpour M, Gharibi T, Mellatyar H, Akbarza-
deh A. Biomedical applications of functionalized gold nano-
particles: a review. J Clust Sci. 2022. https:// doi. org/ 10. 1007/ 
s10876- 020- 01955-9.

 95. Kruszewska J, Zajda J, Matczuk M. How to effectively prepare 
a sample for bottom-up proteomic analysis of nanoparticle pro-
tein corona? A critical review. Talanta. 2021. https:// doi. org/ 10. 
1016/j. talan ta. 2021. 122153.

 96. Lu M, Yang X, Yang Y, Qin P, Wu X, Cai Z. Nanomaterials 
as assisted matrix of laser desorption/ionization Time-of-Flight 
Mass Spectrometry for the analysis of small molecules. Nano-
materials. 2017. https:// doi. org/ 10. 3390/ nano7 040087.

https://doi.org/10.1039/c7ja00060j.
https://doi.org/10.1016/j.talanta.2019.03.041
https://doi.org/10.1039/c6ja00047a
https://doi.org/10.1039/c6ja00047a
https://doi.org/10.1039/d1sc05452j.
https://doi.org/10.1016/j.talanta.2018.12.053
https://doi.org/10.1016/j.talanta.2018.12.053
https://doi.org/10.1016/j.talanta.2020.121795
https://doi.org/10.1016/j.talanta.2020.121795
https://doi.org/10.1039/D2JA00116K.
https://doi.org/10.1039/D1JA00112D
https://doi.org/10.1016/j.aca.2019.08.053
https://doi.org/10.1007/s00706-020-02663-w
https://doi.org/10.1016/0584-8547(86)80006-4
https://doi.org/10.1016/j.talanta.2017.05.002
https://doi.org/10.1016/j.talanta.2017.05.002
https://doi.org/10.1016/j.aca.2021.339389
https://doi.org/10.1016/j.aca.2021.339389
https://doi.org/10.1039/C4EN00058G
https://doi.org/10.1071/EN14037
https://doi.org/10.1016/j.talanta.2021.122871
https://doi.org/10.1016/j.jhazmat.2021.127922
https://doi.org/10.1016/j.jhazmat.2021.127922
https://doi.org/10.1039/d0ja00363h
https://doi.org/10.1039/d0ja00363h
https://doi.org/10.5702/massspectrometry.A0085
https://doi.org/10.5702/massspectrometry.A0085
https://doi.org/10.1039/d1ja00312g
https://doi.org/10.1039/d0ja00412j
https://doi.org/10.46770/AS.2022.108.
https://doi.org/10.46770/AS.2022.108.
https://doi.org/10.1039/d1en01039e
https://doi.org/10.1039/c6en00455e
https://doi.org/10.1039/c7ja00399d
https://doi.org/10.1016/j.bioactmat.2021.11.024
https://doi.org/10.1002/aisy.202000084
https://doi.org/10.1007/s10876-020-01955-9
https://doi.org/10.1007/s10876-020-01955-9
https://doi.org/10.1016/j.talanta.2021.122153
https://doi.org/10.1016/j.talanta.2021.122153
https://doi.org/10.3390/nano7040087


4038 Borowska M. , K. Jankowski 

1 3

 97. Yan B, Kim ST, Kim CS, Saha K, Moyano DF, Xing Y, et al. 
Multiplexed imaging of nanoparticles in tissues using laser des-
orption/ionization mass spectrometry. J Am Chem Soc. 2013. 
https:// doi. org/ 10. 1021/ ja406 553f.

 98. Marsico ALM, Elci GS, Moyano DF, Tonga GY, Duncan B, Lan-
dis RF, et al. Enhanced laser desorption/ionization mass spec-
trometric detection of gold nanoparticles in biological samples 
using the synergy between added matrix and the gold core. Anal 
Chem. 2015. https:// doi. org/ 10. 1021/ acs. analc hem. 5b029 85.

 99. Nicolardi S, van der Burgt YEM, Codée JDC, Wuhrer M, Hokke 
CH, Chiodo F. Structural characterization of biofunctionalized 
gold nanoparticles by ultrahigh-resolution mass spectrometry. 
ACS Nano. 2017. https:// doi. org/ 10. 1021/ acsna no. 7b034 02.

 100. Trinh DN, Gardner RA, Franciosi AN, McCarthy C, Keane MP, 
Soliman MG, et al. Nanoparticle biomolecular corona-based 
enrichment of plasma glycoproteins for N-glycan profiling and 
application in biomarker discovery. ACS Nano. 2022. https:// doi. 
org/ 10. 1021/ acsna no. 1c095 64.

 101. Hortin GL, Sviridov. The dynamic range problem in the analysis 
of the plasma proteome. J Proteomics. 2010. https:// doi. org/ 10. 
1016/j. jprot. 2009. 07. 001.

 102. Brinkmann BW, Singhal A, Sevink GJA, Neeft L, Vijver MG, 
Peijnenburg WJGM. Predicted adsorption affinity for enteric 
microbial metabolites to metal and carbon nanomaterials. J Chem 
Inf Model. 2022. https:// doi. org/ 10. 1021/ acs. jcim. 2c004 92.

 103. Xia RX, Monteiro-Riviere NA, Mathur S, Song X, Xiao L, Old-
enberg SJ, Fadeel B, Riviere JE. Mapping the surface adsorption 
forces of nanomaterials in biological systems. ACS Nano. 2011. 
https:// doi. org/ 10. 1021/ nn203 303c.

 104. Chen R, Riviere JE. Biological surface adsorption index of nano-
materials: modelling surface interactions of nanomaterials with 
biomolecules. Modelling the Toxicity of Nanoparticles. 2017. 
https:// doi. org/ 10. 1007/ 978-3- 319- 47754-1_8.

 105. Burk J, Sikk L, Burk P, Manshian BB, Soenen SJ, Scott-Fords-
mand JJ, et al. Fe-Doped ZnO nanoparticle toxicity: assessment 
by a new generation of nanodescriptors. Nanoscale. 2018. https:// 
doi. org/ 10. 1039/ c8nr0 5220d.

 106. Mansouri F, Sarlak N. Exploring structural requirements of 
simple benzene derivatives for adsorption on carbon nanotubes: 
CoMFA, GRIND, and HQSAR. Struct Chem. 2022. https:// doi. 
org/ 10. 1007/ s11224- 022- 01973-5.

 107. Omanović-Mikličanin E, Husremović T, Jakupović A, Omerbašić 
A. Application of biological surface adsorption index approach 

(BSAI) in the characterization of interactions between gold 
nanoparticles and biomolecules. IFMBE Proceedings. 2017. 62: 
176–182.

 108. Omanović-Mikličanin E, Valzacchi S, Simoneau C, Gilliland D, 
Rossi F. Solid-phase microextraction/gas chromatography-mass 
spectrometry method optimization for characterization of surface 
adsorption forces of nanoparticles. Anal Bioanal Chem. 2014. 
https:// doi. org/ 10. 1007/ s00216- 014- 8078-z.

 109. Xia XR, Monteiro-Riviere NA, Riviere JE. An index for charac-
terization of nanomaterials in biological systems. Nat Nanotech-
nol. 2010. https:// doi. org/ 10. 1038/ nnano. 2010. 164.

 110. Zielińska K, van Leeuwen HP. Role of nanoparticles in analyti-
cal solid phase microextraction (SPME). Environ Chem. 2013. 
https:// doi. org/ 10. 1071/ EN130 04.

 111. Vaes WHJ, Ramos EU, Verhaar HJM, Seinen W, Hermes JLM. 
Measurement of the free concentration using solid-phase micro-
extraction: binding to protein. Anal Chem. 1996;68:4463–7.

 112. Chen N, Yao P, Zhang W, Zhang Y, Xin N, Wei H et al. Selenium 
nanoparticles: enhanced nutrition and beyond. Crit Rev Food Sci 
Nutr. 2022. https:// doi. org/ 10. 1080/ 10408 398. 2022. 21010 93.

 113. Zangmo T, Siripinyanond A. Exploring the applicability of nano-
selenium for capture of mercury vapor: paper based sorbent and 
a chemical modifier in graphite furnace atomic absorption spec-
trometry. Anal Chim Acta. 2019. https:// doi. org/ 10. 1016/j. aca. 
2019. 08. 021.

 114. Yang J, Zhang Y, Guo J, Fang Y, Pang Z, He J. Nearly monodis-
perse copper selenide nanoparticles for recognition, enrichment, 
and sensing of mercury ions. ACS Appl Mater Interfaces. 2020. 
https:// doi. org/ 10. 1021/ acsami. 0c098 65.

 115. Takahashi K, Encinar JR, Costa-Fernández JM, Ogra Y. Distribu-
tions of mercury and selenium in rats ingesting mercury selenide 
nanoparticles. Ecotoxicol Environ Saf. 2021. https:// doi. org/ 10. 
1016/j. ecoenv. 2021. 112867.

 116. Borowska M, Jankowski K. Sensitive determination of bioac-
cessible mercury in complex matrix samples by combined pho-
tochemical vapor generation and solid phase microextraction 
coupled with microwave induced plasma optical emission spec-
trometry. Talanta. 2020. https:// doi. org/ 10. 1016/j. talan ta. 2020. 
121162.

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1021/ja406553f
https://doi.org/10.1021/acs.analchem.5b02985
https://doi.org/10.1021/acsnano.7b03402
https://doi.org/10.1021/acsnano.1c09564
https://doi.org/10.1021/acsnano.1c09564
https://doi.org/10.1016/j.jprot.2009.07.001.
https://doi.org/10.1016/j.jprot.2009.07.001.
https://doi.org/10.1021/acs.jcim.2c00492
https://doi.org/10.1021/nn203303c
https://doi.org/10.1007/978-3-319-47754-1_8
https://doi.org/10.1039/c8nr05220d
https://doi.org/10.1039/c8nr05220d
https://doi.org/10.1007/s11224-022-01973-5
https://doi.org/10.1007/s11224-022-01973-5
https://doi.org/10.1007/s00216-014-8078-z
https://doi.org/10.1038/nnano.2010.164
https://doi.org/10.1071/EN13004
https://doi.org/10.1080/10408398.2022.2101093.
https://doi.org/10.1016/j.aca.2019.08.021
https://doi.org/10.1016/j.aca.2019.08.021
https://doi.org/10.1021/acsami.0c09865
https://doi.org/10.1016/j.ecoenv.2021.112867
https://doi.org/10.1016/j.ecoenv.2021.112867
https://doi.org/10.1016/j.talanta.2020.121162
https://doi.org/10.1016/j.talanta.2020.121162

	Basic and advanced spectrometric methods for complete nanoparticles characterization in bioeco systems: current status and future prospects
	Abstract
	Introduction
	Determination of the yield of NP synthesis
	Determination of the particle size (stability, solubility, aggregationagglomeration state) and particle number concentration
	Determination of the elemental and isotopic composition of NPs
	Characterization of the NP surface
	Conclusion and perspective
	References


