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• Nanomaterials and nanoparticles used in an increasing number of 

industrial and consumer products

• Size-related special properties: reactivity, electrical and optical 

properties 
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Increasingly used of 

nanomaterials in different fields  

NPs Release into the 

environment
Interaction with 

environment and 

human being

Which are the consequences?

Nanomaterials and nanotechnology
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Information related with detection, 

characterization and quantification 

of nanomaterials   

Use and development of 

new analytical 

methodologies

Implementation of 

regulatory approaches   
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REGULATORY APPROACHES that guarantee the sustainability of Nanotechnology

Nanomaterials and nanotechnology
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length range approximately from 1 - 100 nm
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Detection, 

characterization 

and quantification

• NPs present in environmentally relevant concentrations: ppb or ppt

• Huge amount of information needed: 
i. Detect the presence of NPs,
ii. Identify the type of NPs (chemical composition)
iii. NP characterization (size, shape, surface characteristics…)
iv. Number concentrations
v. Identify new species

CHALLENGE

Use of (new) specific and sensitive methods of analysis
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Analysis of nanomaterials
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Analytical techniques

-Counting techniques

- Electron microscopy (EM)

- Nanoparticle tracking analysis (NTA)

- Hydrodynamic chromatography (HDC)

- Size exclusion chromatography (SEC)

- Field Flow Fractionation (FFF)

- Ensemble techniques

- Separation 

techniques

- Dynamic light scattering (DLS)

- Small-Angle X-ray Scattering (SAXS)

- X-Ray Diffraction (XRD)

- Atomic Force microscopy (AFM)
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 Dynamic Light Scattering (DLS)

 Small-Angle X-ray Scattering (SAXS)

 X-Ray Diffraction (XRD)

 Information about number-based size distributions

x Only reliable for nearly monodisperse particles

Analytical techniques

88Co-funded by the Horizon 2020 Framework Programme of the European Union

under the grant N° 952306

Analysis of nanomaterials



 Electron Microscopy (EM)

 Atomic Force Microscopy (AFM)

 Nanoparticle Tracking Analysis (NTA)

 Analysis particle by particle

x High number of measurements must be performed

Analytical techniques
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Analysis of nanomaterials



 Hydrodynamic chromatography (HDC)

Size exclusion chromatography (SEC)

 Field-Flow Fractionation (FFF)

 Separation into monodisperse fractions

x Optimization for each type of sample needed

Analytical techniques
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Analysis of nanomaterials



Single Particle Inductively coupled plasma mass spectrometry 

(SP-ICP-MS)

Analytical techniques

Different types of information that can be obtained:

 The presence of the element in its dissolved and nanoparticulate form

 The size distribution or the mass distribution per nanoparticle

 The mass concentration of the dissolved element and nanoparticles

 The number concentration of nanoparticles  

Ultra trace metal analysis: Limit of detection at the level of ATTOGRAM: 10-18 g
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< 10 ms/ reading (> 100Hz)

≤ 108 nanoparticles L-1

Nanoparticle 
concentration

Very low

Data 
acquisition 

rate

Very high
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Single Particle ICP-MS: principals and theory



pulse intensity = K atoms per nanoparticle

= K’ NP mass = K’’ NP size

number of pulses = K nanoparticle concentration

1 pulse   =  1 nanoparticle

s
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l

time
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Single Particle ICP-MS: principals and theory
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Conception 

SP-ICP-MS

1st 

application 

nano

1st 

commercial 

instrument 

dedicated

Characterization Maturity

2003 2011 2014 2018 ??

The “Prehistory”:

• Analyse ‘single particle’ mode: 90’s avec ICP-OES

• Applications: analysis of aerosols, suspended particles in air, 

microparticles and cells   
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Conception 
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1st 

application 

nano
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commercial 
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Characterization Maturity

2003 2011 2014 2018 ??
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Conception 

SP-ICP-MS

1st 

application 

nano

1st 

commercial 

instrument 

dedicated

Characterization Maturity

2003 2011 2014 2018 ??
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Conception 

SP-ICP-MS

1st 

application 

nano

1st 

commercial 

instrument 

dedicated

Characterization Maturity

2003 2011 2014 2018 ??

The first study to demonstrate one of the 

main advantages of SP-ICP-MS: its 

capability to determine selectively the 

analyte in its dissolved and 

nanoparticulate form in a single analysis 

and without a previous separation step
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Evolution of Single Particle ICP-MS

Redefined the basis of SP-ICP-MS
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Conception 

SP-ICP-MS

1st 

application 

nano

1st 

commercial 

instrument 

dedicated

Characterization Maturity

2003 2011 2014 2018 ??

Redefined the basis of SP-ICP-MS

Use of standards with the 

same chemical composition 

to obtain the size distribution 

of AgNPs

n
u

m
b

e
r 

o
f 

p
u

ls
e

s

pulse intensity
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Dissolved
Standard

This procedure involves the calculation of 

Transport efficiency

Conception 

SP-ICP-MS

1st 

application 

nano

1st 

commercial 

instrument 

dedicated

Characterization Maturity

2003 2011 2014 2018 ??

Standard of the same 

element analysed 
Determine the 

mass of analyte

Diameter
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Conception 

SP-ICP-MS

1st 

application 

nano

1st 

commercial 

instrument 

dedicated

Characterization Maturity

2003 2011 2014 2018 ??

It requires the use of reference materials: NPs standards well characterized (known 

size and nanoparticle number concentration) and monodisperse 

NIST RM 8012 Au 30 nm

NIST RM 8013 Au 60 nm

Most used from the : U.S 

National Institute of Standards 

and Technology 

But also: Nanocomposix, BBI…

Transport efficiency (𝜂neb): defined as the ratio between the nanoparticles detected with 

respect to the nanoparticles introduced in the nebulizer
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Conception 

SP-ICP-MS

1st 

application 

nano

1st 

commercial 

instrument 

dedicated

Characterization Maturity

2003 2011 2014 2018 ??

Transport efficiency (𝜂neb): defined as the ratio between the nanoparticles detected with 

respect to the nanoparticles introduced in the nebulizer

There are 3 methods: waste collection, particle size and particle frequency

particle size 

method
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If 
- Ionization efficiency of NPs = 100 %

- Atoms dissolved and atoms NP same 

behaviour in the plasma

𝜂𝑛𝑒𝑏 =
𝑚𝑑𝑖𝑠𝑠

𝑚𝑁𝑃
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Conception 

SP-ICP-MS

1st 

application 

nano

1st 

commercial 

instrument 

dedicated

Characterization Maturity

2003 2011 2014 2018 ??

Transport efficiency (𝜂neb): defined as the ratio between the nanoparticles detected with 

respect to the nanoparticles introduced in the nebulizer

particle frequency 

method s
ig

n
a

l

time

determination of the particle 

frequency (particle/s) of a 

suspension of reference NP of 

known NP number concentration

𝜂𝑛𝑒𝑏 =
𝑓𝑁𝑃

𝑄𝑠𝑎𝑚𝑁𝑁𝑃

fNP: particle frequency

Qsam: sample uptake flow

NNP: NP number conc
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Evolution of Single Particle ICP-MS

There are 3 methods: waste collection, particle size and particle frequency
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Conception 

SP-ICP-MS

1st 

application 

nano

1st 

commercial 

instrument 

dedicated

Characterization Maturity

2003 2011 2014 2018 ??

Dwell time: 5 ms

1 pulse   =  1 nanoparticle

time

si
g

na
l,
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o
un

ts

nanoparticles

500 µs
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1 pulse   = 1 transient signal = 1 nanoparticle
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Conception 

SP-ICP-MS

1st 

application 

nano

1st 

commercial 

instrument 

dedicated

Characterization Maturity

2003 2011 2014 2018 ??

time

si
g

na
l,
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o
un

ts

nanoparticles

Dwell time: 

μs
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Conception 

SP-ICP-MS

1st 

application 

nano

Characterization Maturity

2003 2011 2014 2018 ??

1st 

commercial 

instrument 

dedicated
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a) b)

d)c)

each sample containing nanoparticles is measured by monitoring the 

element of interest according to the corresponding mass-to-charge ratio 

(m/z) during several seconds or minutes

Ultrapure water

(noise)

Dissolved 

species

NPs NPs + dissolved 

species

Very useful for screening purposes!
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- The frequency of the detected pulses is directly related with the NP concentration in 

the sample

- We need to discriminate between signals coming from the nanoparticle and signal 

due to the background/dissolved element

THRESHOLD

YC

> Baseline + 5 σ

YC
NPs

Counting the number of 

pulses > the threshold
𝐶𝑁𝑃 =

𝑁

𝑄𝑠𝑎𝑚𝜂𝑛𝑒𝑏𝑡𝑖

Σ signal > the threshold 

Σ signal < the threshold 

Mass concentration of NPs

Mass concentration of dissolved element 28Co-funded by the Horizon 2020 Framework Programme of the European Union
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Information obtained by Single Particle ICP-MS
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Information obtained by Single Particle ICP-MS
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size??
Particle information:

• Composition

• Density

• Shape
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Information obtained by Single Particle ICP-MS
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Particle information:

• Composition

• Density

• Shape

size!!
𝑑 =

3 6𝑚𝑁𝑃

𝜌𝜋
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Mitrano et al. Environ. Toxicol. Chem. 2012

Occurrence of AgNPs and dissolved silver in influents and effluents of Waste Water 

Treatment Plant (WWTP)

• Influents: 200 ng L-1 Ag-bearing NPs + 520 ng L-1 dissolved Ag

• Effluents: 100 ng L-1 Ag-bearing NPs + 60 ng L-1 dissolved Ag

Determination of anthropogenic nanoparticles in surface waters

• Ti-bearing nanoparticles found in Old Danube Lake during a 12 months sampling period

• Highest concentration in summer (release of TiO2NPs from sunscreens)

Occurrence of silver-, titanium- and cerium-bearing nanoparticles in the Barcelona 

catchment area

Gondikas et al. Environ. Sci. Technol. 2014

• The three studied metal containing nanoparticles were detected in the Beso ̀s River Basin

• Ce-bearing nanoparticles observed in river waters were related to the natural occurrence of the 

mineral Monazite (by monitoring the Ce/La ratio)
Sanchis et al. Environ. Sci. Technol. 2020
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Single Particle ICP-MS: applications
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Dan et al. Environ. Sci. Technol. 2015

Interaction of AuNPs with tomato plants

• Uptake of intact 40 nm AuNPs

Uptake of PdNPs, CeO2NPs and TiO2 NPs by edible plants  

Accumulation of CeO2NPs in cucumber, tomato, soybean, and pumpkin 

Kinska et al. Sci. Total Environ. 2018

• Presence of dissolved Ce and particulate Ce in all plant tissues

• This transformation is thought to happen at the root surfaces

Dan et al. Anal. Bioanal. Chem. 2016

• Preferential uptake of smaller NPs

Wojcieszek et al. Sci. Total Environ. 2019

Wojcieszek et al. Front. Environ. Sci. 2020
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Single Particle ICP-MS: applications
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Scanlan et al. ACS Nano 2013

Quantification of AgNPs and dissolved Ag  in Daphnia magna hemolymph after 

exposure

• Concentrations of both silver forms in the hemolymph exceeded the initial AgNPs concentration

• Confirmation of accumulation during filter feeding

Bioaccumulation of AuNPs and AgNPs exposed to zebrafish (Danio rerio)

• Larger amount of AgNPs in the liver compared to AuNPs

Kyung et al. Chemosphere 2018
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Single Particle ICP-MS: applications
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Loeschner et al. Anal. Bioanal. Chem. 2013

AgNPs in homogenized chicken meat

• Previous separation of NPs by AF4

• Intact AgNPs in the meat

TiO2 NPs in chewing gums

• Detection of TiO2 of sizes ranging 40 to 200 nm in chewing gums after water extraction

Presence of PbNPs from ammunition in game meat

Candas-Zapico et al. Talanta 2018

• Pb-containing NPs with sizes from 75 to 750 nm were detected in game meat shot with lead 

containing bullets

Kollander et al. Anal. Bioanal. Chem. 2017
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c
o

m
p

le
x
ity Naturally occurring nanoparticlestype 3

type 2 Samples spiked with standards < LD

Samples spiked with standards > LDtype 1

Carbon-based nanoparticlestype 4
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Analysis of environmental samples: scenarios
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Practical case: PtNPs characterization in plants
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Practical case: PtNPs characterization in plants



Sample preparation: enzymatic digestion

+ tampon citrate

Macerozyme R-10
Homogenization

37°C, 24h

SP-ICP-MS

Incubation

Filtration
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SP-ICP-MS analysis Sinapis alba

Roots Stems

Leaves Cotyledons - Presence of NPs

- NPs transported to 

above ground organs

Sample
Number of NPs 

/ NP L-1

Leaves 5.30 x 108

Cotyledons 2.85 x 108

Stems 3.11 x1010

Roots 6.18 x 1011
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NPs transported intact
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Citrate-coated AgNPs

PVP-coated AgNPs

Lipoic acid-coated AgNPs

DOM

Agglomeration

Dissolution

Surface modification

Ag+

Ag+

Ag+
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SP-ICP-MS
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50 nm AgNPs
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Separation technique where species are size-separated in a thin 
open channel with laminar flow under the influence of a 
perpendicular external field
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Practical case: AgNPs in lake water
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Practical case: AgNPs in lake water
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Biogenic SeNPs in yeast
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c
o

m
p

le
x
ity Naturally occurring nanoparticlestype 3

type 2 Samples spiked with standards < LD

Samples spiked with standards > LDtype 1

Carbon-based nanoparticlestype 4

55Co-funded by the Horizon 2020 Framework Programme of the European Union

under the grant N° 952306

Analysis of environmental samples: scenarios



56

- SP-ICP-MS is widely used for the analysis of metallic nanoparticles 

- Its excellent sensitivity (detection at the attogram level) allows the 

characterization of nanoparticles with sizes down to 10 nm

- C is not sensitive towards ICP-MS due to its low ionization efficiency ( < 5 

%) and high ionization potential (11.26 eV)

- The background of 12C is very high due the presence of carbon in water and 

air

- 13C is not sensitive enough due to its low abundance (1.1 %)

 For inorganic nanoparticles

 For carbon based nanoparticles
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SP-ICP-MS

Microplastics

Laborda et al. Talanta 2021

Detection and quantification of 1.2-5 µm PS 

microplastics by monitoring 13C

Applied to screening in food 

packaging and personal care 

products 
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Bolea-Fernandez et al. RSC 2020 - Determine size and number concentration of 

spherical polystyrene microspheres of 1 and 2.5 µm 

by monitoring 13C

- Number based concentrations were assessed by 

comparing 13C-related events with the events 

detected when monitoring the 165Ho signal for 2.5 

mm lanthanide-doped polystyrene beads

Gonzalez de Vega et al. Analytica Chimica Acta 2021

- Development of an SP/SC ICP-MS method for the 

analysis of C-based microestructures in a particle-

by-particle basis

- Achieved a size detection limit of 0.6 µm for PS-

based microplastics by monitoring 12C 
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Nanoplastics labelled with specific metal probes

Labelled NPT  

COO—NH2AuNPs

+

Positively 

charged gelatin-

coated AuNPs

COO- pH > 5 

NH2
+ pH < 9 

PS nanoparticles 

functionalized with 

carboxyl groups

At working pH (6-8): 

labelling through 

electrostatic interactions 

COO- (NPTs surface)

NH2
+ (AuNPs surface)
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Labelling of nanoplastics with AuNPs as specific metal probes

+

PS nanoparticles

420 nm 

AuNPs@gel

17 nm

SEM

- Successful labelling of NPTs 

- Homogeneous Au coverage 

- Significant number of AuNPs and hence 

enough Au mass for ICP
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Each NPTs-AuNPs

conjugate produces a 

cloud of Au ions that 

produces a discrete 

signal pulse due to 

AuNPs in surface. 

“Background”

Due to free AuNPs
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Suspension of conjugates

NPTs-AuNPs@gel

AuNPs@gel

17 nm

No pulses
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We observe 2 types of signal: the first one due to

presence of free AuNPs and the second one due

the NPTs labelled

AuNPs

NPT-AuNPs

Each intensity can be converted

into mass sorbed on each NPT

for the evaluation of the mass

distribution
𝑚𝑠𝑜𝑟𝑏 𝑎𝑔 =

𝐼𝑝

𝑠
∗ 𝑞 ∗ 𝑡𝑑 ∗ 𝜂 ∗ 106
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YC

NPT-AuNPs

NPT-AuNPs

Nanoplastic Size, nm Theoretical 

concentration, 

NPTs L-1

Experimental 

concentration, NPTs 

L-1

Average Au

mass per NPT, 

fg

Average 

number of 

AuNPs per NPT

PS22 420 ± 20 6.42 x 107 6.25 ± 0.36 x 107 14.4 ± 1.4 290 ± 28

good agreement between theoretical and experimental values

> Baseline + 5 σ

> Baseline + 5 σ
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Detection and quantification on water samples

Water sample Theoretical 

concentration, 

NPTs L-1

Experimental 

concentration, NPTs L-

1

Average Au 

mass per 

NPT, fg

Drinking 

water

5.46 x 107 5.74 ± 0.19 x 107 7.4 ± 0.1

Tap water 2.23 x 108 2.00 ± 0.07 x 108 13.1 ± 0.4

River water 2.15 x 108 2.12 ± 0.07 x 108 13.2 ± 0.2

Ultra pure 

water

6.42 x 107 6.25 ± 0.36 x 107 14.4 ± 1.4

Nanoplastics well detected in all the matrix

Au mass per NPT for drinking water and tap water close to 

the value obtained with ultra pure water
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Hypothesis: higher conductivity of drinking water may influence the 

electrostatic interaction between negative and positive charges
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• Single particle ICP-MS is a powerful technique.

• SP-ICP-MS can detect particulate forms of elements at very low

concentrations.

• SP-ICP-MS cannot size unknown particles by itself.

• Additional techniques are needed to know the nature of the

particles.

• SP-ICP-MS must be used in combination with other

characterization techniques to analyze real-world samples.
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