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ABSTRACT: A method for the detection and quantification of nanoplastics (NPTs) at environmentally relevant concentrations 

was developed. It is based on conjugating nanoplastics with functionalized metal (Au)-containing nanoparticles (NPs), thus making 

them detectable by highly sensitive inductively coupled plasma mass spectrometry (ICP-MS) operated in single particle (SP) mode. 

The selectivity of the method was achieved by the coupling of negatively charged carboxylate groups present at the surface of na-

noplastics with a positively charged gelatin attached to the custom-synthesized AuNPs. The adsorbed Au produced a SP-ICP-MS 

signal allowing the counting of individual nanoplastic particles, and hence their accurate quantification (< 5% error). Polystyrene 

(PS) particle models with controlled surface functionalization mimicking the nanoplastics formed during natural degradation of 

plastic debris were used for the method development. The nanoplastic number concentration quantification limit was calculated at 

8.4 x 10
5
 NPTs L

-1
 and the calibration graph was linear up to 3.5 x 10

8
 NPTs L

-1
. The method was applied to the analysis of nano-

plastics of up to 1 µm in drinking, tap and river water. The minimum detectable and quantifiable size depended on the degree of 

functionalization and the surface available for labeling. For a fully functionalized nanoplastic, the lower size detectable by this 

strategy is reported as 135 nm. In this study, authors use the recommendation for the definition of nanoplastics as plastic particles 

with sizes ranging between 1 nm and 1 µm, although it has not been accepted by a dedicated organization.                                                                                          

INTRODUCTION 

The increasing amount of plastic waste in the marine envi-

ronment has become a major cause of concern among scien-

tists’ community, policy-makers and public opinion
1
. Indeed, 

millions of tons of plastics end up in the oceans where they 

undergo fragmentation, mostly due to solar radiation, mechan-

ical forces and biological action leading to smaller debris
2–4

. 

Microplastics (plastic particles below 5µm) have been studied 

in marine and freshwater systems for a number of years.
5
 

Recently, there has been a surge of interest in the presence and 

fate of even smaller, sub-µm plastic particles. Such particles 

have been termed “nanoplastics”,
6,7

 referring to plastic parti-

cles having colloidal behavior and ranging between 1 nm and 

1 µm.
8
 It has to be said, however, that this trend in terminolo-

gy is raising controversy, mainly because of the lack of coher-

ence with the ISO definition of the term “nano” which requires 

that at least one dimension of a particle be 100 nm.    

Although it has been suggested that nanoplastics are potential-

ly more hazardous than microplastics
9,10

, very little is known 

about the presence of these emerging contaminants. Besides 

the fact that nanoplastics can potentially enter higher organ-

isms, their presence in the water column may affect planktonic 

species, and disrupt the energy flow in marine ecosystems
11

. In 

addition, due to their high surface area to volume ratio, nano-

plastics are expected to be able to adsorb, concentrate and act 

as vector of toxic pollutants. Information on the presence of 

plastic particles in the nanometer size range in the environ-

ment is very scarce. Such particles have been detected in the 

north Atlantic gyre only recently.
12

 

The European Commission has recognized the lack of quanti-

tative analytical methods in order to obtain realistic risk as-

sessment studies of nanoplastics
13

. Because of their small size 

and consisting mainly of carbon, they elude most of the in-

strumental techniques available. Therefore, new analytical 

techniques have to be developed to provide information about 

the abundance, size distribution and/or chemical composition 

of nanoplastics at low concentrations and particle size detec-

tion limits
14,15

.  

Some techniques usually dedicated to nanomaterials character-

ization have been employed for the investigation of nanoplas-

tics. They include optical methods such as, e.g., nanoparticle 

tracking analysis (NTA)
16,17

, scanning electron microscopy 

(SEM)
18,19

, transmission electron microscopy (TEM)
20

, SEM 

coupled with energy dispersive X-ray spectroscopy (SEM-

EDX),
21

 and fluorescence microscopy
22,23

. On the other hand, 

some authors  recently proposed  asymmetrical flow field flow 

fractionation (AF4) coupled to multi-angle light scattering 

(MALS) in order to detect and characterize nanoplastics in a 

polydisperse nanoplastic sample
24

, in a food matrix
25

, and in 

spiked eggfishs
26

. However, these techniques have important 

drawbacks:  they might under- or overestimate abundance, be 



 

tedious and time consuming, and can perturb the physiochem-

ical state of the sample
27

.  AF4-MALS may be a powerful tool 

to obtain particle size distribution, but its sensitivity is too low 

to match environmentally relevant concentrations of nanoplas-

tics. Besides, the above mentioned techniques require an addi-

tional sample preparation step, due to the necessity of sample 

preconcentration.    

Mass spectrometry based techniques have also been proposed 

for the analysis of nanoplastics
15

. For instance, the use of 

pyrolysis coupled to gas chromatography-mass spectrometry 

(Py-GC-MS) was reported for the detection and identification 

of nanoplastics in aqueous media
12,28

. The use of a pre-

concentration step allowed an improvement of the limit of 

detection of the technique (20 µg L
-1

). Py-GC-MS was shown 

to be a good alternative to Fourier transform infrared (FTIR) 

or Raman spectroscopy, which are commonly used to provide 

the chemical identity of particles
28

. The mass quantification of 

nanoplastics by Py-GC-MS was investigated upon pre-

concentration by cloud-point extraction combined with ther-

mal degradation
29

. Nevertheless, Py-GC-MS still needs to be 

investigated for quantitative purposes due to the lack of repro-

ducibility
30

. On the other hand, novel approaches based on 

thermal fragmentation and matrix-assisted laser desorp-

tion/ionization time-of-flight mass spectrometry (MALDI-

TOF MS)
31

, and liquid chromatography coupled to high reso-

lution mass spectrometry (LC-HRMS) with an atmospheric 

pressure photoionization source (APPI)
32

 were recently pro-

posed for the mass quantification of nanoplastics and small 

microplastics. None of these techniques, however, is suitable 

for the quantification of nanoplastics (number concentration) 

at environmentally relevant concentrations.  

On the other hand, polystyrene (PS), reported in literature
33,34

 

as a major plastic debris occurring in the environment, was 

chosen as a model for the method development. As commer-

cially available polystyrene latex (PSLs) particles contain 

additives, they were considered not to be representative mod-

els because of the scarcity of knowledge of their chemical 

composition and surface functionalisation.
35

 Therefore, soap 

and metal-free model PS nanoplastics with controlled func-

tionality and purity were chosen for the analytical develop-

ments. More specifically, PS particles functionalized with 

carboxyl groups at the surface were synthesized, mimicking 

aged nanoplastics. It has been shown that the surface of poly-

mer nanoparticles in the environment present carbonyl 

groups
35

, because of oxidation processes. As result, environ-

mental nanoplastics presenting oxidized surfaces may act as 

carriers of other pollutants, such as, e.g., heavy metals.  

The objective of this work was to develop a novel analytical 

strategy based on the conjugation of the carboxylate groups 

present at the surface of nanoplastics with metal-containing 

functionalized probes in order to make them detectable and 

quantifiable in aqueous media by single particle inductively 

coupled plasma mass spectrometry (SP-ICP-MS). This tech-

nique, working on a particle-by-particle basis, is able to detect 

metal-containing nanoparticles with the highest sensitivity, 

achieving limits of detection down to attograms
36

. In order to 

make nanoplastics detectable, the surface carboxylate groups 

formed during plastics oxidation leading to the formation of 

nanoplastics were conjugated with custom-designed gold-

labelled amine functionalized nanoparticles, so that the conju-

gates could be detected and counted as 
197

Au by ICP-MS with 

very high sensitivity.   

EXPERIMENTAL SECTION  

Reagents and chemicals. Gold (III) chloride hydrate 

(HAuCl4), trisodium citrate dihydrate (Na3-citrate) and gelatin 

Type A 300 bloom, isoelectric point IEP  8) from porcine 

skin were purchased from Sigma-Aldrich (Saint Quentin 

Fallavier, France). Commercial gold nanoparticle suspensions 

(AuNPs) with nominal sizes of 50 ± 3 and 80 ± 4 nm were 

obtained from BBI solutions (Crumlin, UK). A standard solu-

tion of 1000 mg L
-1

 gold was purchased from Plasma CAL 

standards (Teddington, UK). Commercial carboxylated poly-

styrene particle suspensions (PSL) with nominal diameters of 

759 ± 23, 990 ± 20 and 3030 ± 121 nm were purchased from 

Polysciences (Warrington, PA). All of them present zeta po-

tential values between -47 and -50 mV at pH 7.  

Synthesis of gold nanoparticles. Gelatin coated AuNPs 

(AuNPs@gel) with a median size of 17 ± 3 nm were synthe-

sized as follows: monodisperse AuNPs were first elaborated 

by rapidly injecting Na3-citrate (11.4 g L
-1

, 0.3 mL) into a 

boiling aqueous solution of HAuCl4 (0.1 g L
-1

, 20 mL) under 

stirring. Then, a gelatin coating on AuNPs was achieved by 

injecting drop by drop the previous solution at 40°C into 3 mL 

of gelatin solution (0.3 g L
-1

). The size distribution is shown in 

the supporting information (Figure S-1).  

Synthesis of polystyrene (PS) nanoplastic models. PS nano-

plastics were synthesized avoiding any additives, especially 

surfactants, bactericide species and trace metals potentially 

present in commercial standards. The synthesis and character-

istics of soap-free polystyrene models were detailed else-

where
37

. A suspension of spherical particles (PS22) with sur-

face functionalized by carboxylic groups was used throughout 

this study. It presents a number average diameter of 420 ± 20 

nm (determined by scanning electron microscopy), a low 

polydispersity (polydispersity index (PDI) of 0.009), zeta 

potential of -46 mV at pH 7, particle surface functionality of 

45 COOH groups per nm
2
.   

Instrumentation  

Single Particle ICP-MS. An Agilent 7900 ICP-MS (Agilent, 

Tokyo, Japan) equipped with Single Nanoparticle Application 

Module was used for the detection and quantification of nano-

plastics by monitoring the Au signal. The default instrumental 

and acquisition parameters are listed in Table 1.  

The calculation of transport efficiency affects critically the 

accuracy of in SP-ICP-MS results. The two methods mostly 

used in literature to calculate transport efficiency are the parti-

cle frequency method and particle size method
38

. Transport 

efficiency was calculated according to both methods using a 

50-nm AuNPs suspension as calibration material. The 

transport efficiency calculated by the particle frequency meth-

od was used to determine the nanoplastic number concentra-

tion, whereas the transport efficiency calculated by the particle 

size method was used to determine the mass of Au per nano-

plastic particle. The sample flow rate was calculated daily by 

measuring the mass of water taken up by the peristaltic pump 

during 2 min. This operation was repeated twice and the aver-

age values were used for calculations. After each sample anal-

ysis, the software automatically processed the raw data and 

generated the particle concentration and the signal frequency 

histogram. The latter was converted into mass distribution 

through equation 1 that relates signal and mass: 

                      𝑚𝑝 =  𝐼𝑝 ×
1

𝐾
× 𝑡𝑑 × 𝑞 × 𝜂𝑛                            (1) 



 

where mp is the mass of Au per nanoplastic, Ip the Au signal in 

counts, td the dwell time, q the sample uptake flow, 𝜂n the 

transport efficiency and K the response of the instrument per 

ppb of Au. Time scans and mass distributions were prepared 

in Origin 8.5 software (Northampton, MA). 

Scanning electron microscopy (SEM). Images were obtained 

using a JEOL JAMP-9500F Field Emission Auger Microprobe 

operated at 30 kV and 5 nA. The powders were deposited on 

an aluminum foil and placed in an oven at 120 °C for 5 min 

before being mounted on the sample microscope holder.  

Procedure. The analytical strategy developed in this work is 

based on the conjugation of carboxylated PS nanoplastics with 

gelatin coated AuNPs. To prepare the suspension of conjugat-

ed (PS22 or PSL) nanoplastics, an aliquot of 20 L of 

AuNPs@gel suspension was mixed with 20 L of a suspen-

sion of nanoplastics at a ratio of approx. 500:1 in terms of 

number of particles. The resulting mixture was diluted accord-

ingly with water in order to have a nanoplastic number con-

centration of around 1 x 10
8
 L

-1
 or lower prior to SP-ICP-MS 

analysis. 

Table 1. Default instrumental and data acquisition param-

eters for SP-ICP-MS 

Instrumental parameters 

RF power 1550 W 

Argon gas flow rate  

    Plasma 15 L min-1 

    Auxiliary 0.9 L min-1 

    Nebulizer 1.10 L min-1  

Sample uptake rate 0.300 mL min-1 

  

Data acquisition parameters  

Dwell time 100 µs 

Readings per replicate 600 000 

Total acquisition time 60 s 

Isotope monitored 197Au 

 

Water samples. Drinking water of high hardness (72 mg Ca 

L
-1

, 19 mg Mg L
-1

) was purchased from a local market. Tap 

water was collected from the municipal water system of Pau, 

France. River water was collected from Besòs River in Cata-

lonia, Spain, in polypropylene conical bottom tubes of 250 ml 

capacity, previously washed with nitric acid (2 %), rinsed 

thoroughly with water, and kept at 2~4 ºC until the moment of 

their analysis. River sample was filtered through 5.0 µm sy-

ringe filter before analysis.  

RESULTS AND DISCUSSION 

In a first approach, the labelling through interactions between 

COO
-
 groups and positive metal ions was attempted. However, 

the total amount of metal adsorbed on each nanoplastic parti-

cle turned out to be insufficient for the correct quantification. 

Consequently, an alternative approach was proposed using 

positively-charged gelatin-coated gold nanoparticles 

(AuNPs@gel) as adsorbed tags of nanoplastic particles to 

make them detectable by ICP-MS. Type A gelatin is a protein 

composed of a set of amino acids, containing NH2 and COOH 

groups. Due to the protonation state of acid (carboxylates) and 

basic (amines) functions, gelatin provides a net global positive 

charge (isoelectric point  8) at the working pH (6-8)
39

. There-

fore, the labelling is achieved through electrostatic interactions 

between the global negative charge bearing by the deprotonat-

ed carboxylate groups from the surface of nanoplastics, and 

the positive charge of gelatin-coated gold nanoparticles at 

neutral pH. In this way, an increase in the total mass of metal 

adsorbed per nanoplastic particle was achieved in comparison 

with the use of the ionic metal form. 

Detection of AuNPs-labelled nanoplastics. A suspension of 

carboxylated model nanoplastics, PS22, was mixed with a 

suspension of AuNPs@gel and the resulting suspension of 

conjugate nanoplastic-AuNPs@gel was analyzed, without 

further dilution, by SEM. Images in Figure 1 confirmed the 

successful labelling of nanoplastics by a significant number of 

AuNPs@gel (white dots) covering the surface of PS22 nano-

plastics. Low magnification images (figures 1a and 1b) show 

several nanoplastics with a good homogeneous gold coverage. 

In addition, high magnification pictures in figures 1c and 1d 

display clearly gold nanoparticles adsorbed on a representative 

single polymer particle. The gold nanoparticles size was esti-

mated on the basis of such images around 15 ± 5 nm which is 

in good agreement with the size distribution obtained by SP-

ICP-MS in Figure S-1. 

The same suspension was diluted and analyzed by means of 

SP-ICP-MS. The time scan obtained by monitoring the 
197

Au 

signal showed a significant number of pulses above the back-

ground (Figure 2a), produced by the ions coming from all the 

AuNPs@gel attached to a single nanoplastic. In addition, a 

background signal produced by AuNPs@gel that are not 

linked to any nanoplastic carriers and hence remain ‘free’ in 

the suspension is also observed. Since the concentration of 

‘free’ AuNPs@gel is relatively high, each droplet introduce 

into the plasma will contain more than one nanoparticle, re-

sulting in a steady background signal instead of individual 

peaks. The size of AuNPs@gel is also a critical parameter to 

be taken into account. The use of bigger AuNPs@gel will 

result in a higher Au mass per nanoparticle but also in a higher 

background due to nanoparticles not conjugated with nano-

plastics that will produce a higher background that may hinder 

the detection of signals produced by conjugated nanoplastics. 

On the other hand, the use of smaller AuNPs@gel will pro-

duce a lower background, but also a lower signal of conjugat-

ed nanoplastics due to the presence of lower Au mass at the 

surface. The choice of AuNPs@gel of around 17 nm resulted 

in a good compromise between both factors. The removal of 

‘free’ AuNPs@gel may sound attractive. It would lead to a 

time scan where signals observed are due to conjugates nano-

plastics-AuNPs@gel only and hence to avoid a risk of false 

positives. In the developed methodology, the use of 17 nm 

AuNPs@gel allowed to obtain well-separated signals, without 

a previous separation step, making the occurrence of false 

positives negligible and thus allowing the quantification of 

nanoplastics. 



 

 

Figure 1. SEM images of several (a and b) and single (c and d) 

PS22 nanoplastics labelled with AuNPs@gel  

 

The difference between the signals produced by not linked 

AuNPs@gel and by conjugated nanoplastics is perfectly re-

flected when zooming into the time scan obtained (Figure 2b). 

In order to confirm this difference, a method blank, consisting 

of a suspension of AuNPs@gel at the same nanoparticle con-

centration as in the previous mixture (~ 3 x 10
10

 L
-1

) but with-

out the addition of nanoplastics, was analyzed by SP-ICP-MS. 

A zoom into the time scan showed the presence of a back-

ground signal coming from the AuNPs@gel (Figure 2c), 

whereas no peaks above the baseline were registered. This 

confirmed that the peaks observed in Figure 1a corresponded 

exclusively to nanoplastics conjugated with AuNPs@gel and 

not to an artefact. In this context, the possible occurrence of 

big aggregates of AuNPs@gel was investigated. These aggre-

gates could produce signals leading to false positives. Figure 

2c shows that in the time scan obtained for a suspension of 

AuNPs@gel, no signals due to agglomerates were observed. 

In addition, the UV-Vis spectrum of the AuNPs@gel suspen-

sion (Fig S-1 b) shows only one single maximum (near 500 

nm) corresponding to the typical plasmon resonance wave-

length value of near 20-nm gold nanoparticles. Such spectrum 

is characteristic for well dispersed gold nanoparticles without 

aggregates.
40

 It is also important to highlight that the back-

ground signal obtained for the sample of conjugated nanoplas-

tics is 3 times lower than that obtained for the blank of 

AuNPs@gel even though the nanoparticle concentration is the 

same for both suspensions. This can be explained by the fact 

than in the sample containing conjugated model nanoplastics a 

significant number of AuNPs@gel is attached to the polymer 

nanoparticles, and hence the concentration of free AuNPs@gel 

is lower than in the blank sample. 

Finally, the possibility of destabilization of the conjugate 

nanoplastic-AuNPs@gel by depletion forces due to the high 

size relation between both particles must be discussed. The 

aggregation of conjugates would lead to a scenario where 

some nanoplastics will eventually settle down at the bottom of 

the suspension and other aggregates will be counted by SP-

ICP-MS as single nanoplastics, resulting hence in an underes-

timation of the nanoplastic number concentration. In the pro-

posed approach, the probability of this scenario is negligible 

due to the preparation of very dilute suspensions, which limits 

the physical contact between conjugates, and the analysis 

carried out immediately upon mixing. No agglomerates were 

observed in the next hour following the preparation of the 

conjugates. 

 

Figure 2. Time scan obtained by SP-ICP-MS for: a) a suspension 

of functionalized PS22 model nanoplastics conjugated with 

AuNPs@gel, with a zoom on b); and c) a suspensions of 

AuNPs@gel at the same concentration 

Determination of transport efficiency. Two different meth-

ods used to calculate the transport efficiency were compared 

by analyzing two commercial AuNPs suspensions of different 

size, 50 and 80 nm.  

Transports efficiencies values obtained for both suspensions 

were in good agreement for each method (3.8 and 3.7 % for 

particle frequency method and 6.9 and 7.1 % for particle size 

method) but a significant difference between the methods was 
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obtained (Table 2). This difference raised the question of 

which value should be used for the rest of the study. In order 

to answer this question, the following experiment was per-

formed: one of the AuNPs suspension was used as reference 

material to calculate the transport efficiency by both methods, 

while the other AuNPs suspension was used as an ‘unknown 

sample’ and vice versa. The experimental values of nanoparti-

cle number concentration and median diameter for the ‘un-

known sample’ were calculated and compared with the theo-

retical ones. Results are shown in Table 2.  

According to the results obtained, an accurate quantification of 

nanoparticle number concentration was obtained for both 

AuNPs suspensions when using the transport efficiency calcu-

lated by the particle frequency method, while the particle size 

method provided errors higher than 40 %. However, the medi-

an diameters calculated using the transport efficiency obtained 

by the particle frequency method were far from the nominal 

ones, while the particle size method reported accurate diame-

ters. Similar results have been previously reported by other 

authors
41

. Liu et al investigated both transport efficiency cali-

bration methods by using a NIST reference material (RM 

8013), coming to the conclusion that the particle size method 

is more robust and yields accurate results
42

. However, the 

transport efficiency value calculated by the particle frequency 

in this study (3.7-3.8%) is in very good agreement with the 

values (between 3.5 and 4%) calculated by using the same 

NIST reference material in previous studies with the same 

ICP-MS instrument and sample introduction system
43,44

. Con-

sequently, throughout the whole study, the transport efficiency 

calculated by the particle frequency was used in order to de-

termine the nanoplastic number concentration. On the other 

hand, since according to the SP-ICP-MS theory size and mass 

are directly related
36

, the transport efficiency calculated by the 

particle size method was used to calculate the mass of Au per 

nanoparticle. Images and size distribution obtained by SEM 

for the 50-nm AuNPs suspension are shown in Supporting 

Information (Fig S-2). 

Mass distribution and nanoplastic quantification. Once the 

transport efficiency determined, the time scans obtained for a 

suspension of nanoplastics conjugated with AuNPs@gel can 

be converted into signal frequency histogram and this into 

mass frequency histogram according to equation 1. As ex-

pected, the mass frequency histogram obtained for the suspen-

sion of conjugated PS22 model nanoplastics showed two dis-

tributions, the first one due to the AuNPs@gel that have not 

interacted with nanoplastics and the second one due to the 

AuNPs@gel linked to the surface of the nanoplastics (Figure 

3), reflecting the two different types of signals recorded in a 

time scan (Figure 2b). Note that the Au mass distribution 

shown in Figure 3 was obtained without taking into account 

the threshold applied for the quantification of nanoplastics 

discussed below. 

 

Figure 3. Au mass distributions obtained for a carboxylate PS22 

model nanoplastic suspension, after the conjugation with 

AuNPs@gel and analysis by SP-ICP-MS. 

With the analytical strategy presented in this work, the number 

of peaks above the baseline registered in a time scan is propor-

tional to the nanoplastic number concentration. In this context, 

in order to get an accurate quantification in a nanoplastic sus-

pension it is necessary to discriminate between both signals, 

and hence both distributions must be well resolved. In SP-ICP-

MS, the discrimination between the baseline signal and the 

analyte signal is done by the calculation of a threshold or 

critical value (YC) through the following equation: 

                                       𝑌𝐵 = 𝑌𝐶 + 𝑘𝜎𝐵                                 (2) 

Where YB is the mean baseline signal and σB the standard 

deviation of the baseline signal of the sample. A 5σB criterion 

was used to minimize the occurrence of false positives as 

proposed by Laborda et al
45

. In this work, all signals above 

this critical value were attributed to a conjugate nanoplastics-

AuNPs@gel. 

Two well-resolved distributions were observed when the strat-

egy was applied for the quantification of PS22 model nano-

plastics, where a good agreement between theoretical and 

experimental values was obtained (Table 3). The counting of 

the number of peaks due to a conjugated nanoplastic was 

performed through an iterative algorithm previously report-

ed
46

. In addition, by knowing the median mass of Au per na-

noplastic and the size of the AuNPs@gel used in this study, an 

average number of gold nanoparticles attached to the surface 

of each nanoplastic can be determined, which gives an idea 

about the yield of the labelling process. For PS22 model nano-

plastics, an average of 290 AuNPs@gel per nanoplastic was 

obtained (Table 3).

Table 2. Comparison of median sizes and nanoparticle number concentration values obtained by particle frequency and 

particle size methods for 50 and 80 nm AuNPs suspensions (mean ± standard deviation; n = 3)  

Calibration Material AuNPs 50 nm AuNPs 80 nm 

Method Particle frequency Particle size Particle frequency Particle size 

Transport efficiency, % 3.8 6.9 3.7 7.1 

Sample AuNPs 80 nm; 8.69 x 107 NPs L-1 AuNPs 50 nm; 9.32 x 107 NPs L-1 

Nanoparticle concentration, NPs L-1 8.46 ± 0.04 x 107 4.66 ± 0.02 x 107 1.00 ± 0.02 x 108 5.23 ± 0.11 x 107 
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Median diameter, nm 63 ± 1 77 ± 1 40 ± 1 50 ± 1 

pH plays a key role in the stability of the conjugate nanoplas-

tics-AuNPs@gel. In order to investigate the pH working 

range, different suspensions of conjugated PS22 model nano-

plastics were prepared at different pH and analyzed by SP-

ICP-MS. No differences were found from pH 5.0 to pH 8.6, 

showing that the conjugate was stable in that pH range, 

whereas a loss on the number of AuNPs@gel at the nanoplas-

tics surface was observed at pH > 8.6. 

Nanoplastic number concentration: linearity, limit of 

quantification and precision. Linearity was studied by pre-

paring a series of suspensions of PS22 model nanoplastics 

conjugated with AuNPs@gel at different nanoplastic number 

concentrations and counting the number of peaks produced by 

SP-ICP-MS. The number of peaks detected was plotted 

against the nanoplastic number concentration (Figure 4). The 

calibration curve showed a good linear relationship from con-

centrations of 3.6 x 10
7
 NPTs L

-1
 up to 3.3 x 10

8
 NPTs L

-1
 

with a slope of 1.19 ± 0.02 x 10
-5

 NPTs L
-1

. 

The nanoplastic number concentration limit of quantification 

(LOQNPT) can be related with the capability of counting 10 

peaks generated by nanoplastics conjugated with AuNPs@gel 

in a situation of two well resolved populations. Under these 

conditions and by taking into account the slope of the calibra-

tion curve obtained in Figure 4, a nanoplastic number concen-

tration quantification limit of 8.4 x 10
5
 NPTs L

-1
 was obtained. 

On the other hand, the linearity of the calibration is lost for 

nanoplastic concentration above 3.5-4 x 10
8
 NPTs L

-1
, as it can 

be seen in Figure S-3. This is explained by an underestimation 

on the number of peaks detected due to the counting of peaks 

generated by two nanoplastic as if they were individual nano-

plastics.  

The intra-assay precision of the nanoplastic number concentra-

tion determination was studied by analyzing each point of the 

calibration curve by triplicate. Relative standard deviations of 

1-1.5 % were obtained for those nanoplastic concentrations 

implying the counting of 1000 or more peaks, whereas a value 

of 7% was obtained for the lowest concentration, which im-

plied counting 400 peaks. 

Lower and upper size limits of detection.  In order to study 

the size limits of detections (upper and lower) of the strategy 

presented in this work, three commercial carboxylated poly-

styrene latex particle suspensions (PSL) with different nomi-

nal diameters (759, 990 and 3030 nm) were conjugated with 

AuNPs@gel and analyzed by SP-ICP-MS. 

 

 

 

Figure 4. Linear relationship between nanoplastic number concen-

tration and number of peaks counted by SP-ICP-MS. Errors bars 

in red (n = 3).  

For the three standards tested, time scans with a significant 

number of peaks above the background baseline were obtained 

(Figure S-4). As it was explained before, in order to have an 

accurate quantification, the signals distribution generated by 

conjugated nanoplastic must be well resolved from the signal 

distribution generated by the background. 

Well resolved distributions were obtained for the PSL particle 

suspensions of 759 and 990 nm. As it can be seen in Figure S-

4, the intensity of the peaks is increasing when increasing the 

size of the polymer particles. This is explained by the fact that 

the bigger the nanoplastic particle, the higher surface area is 

available for the conjugation with AuNPs@gel, which results 

in a higher mass of Au per nanoplastic. Under these condi-

tions, accurate quantification in terms of the nanoplastic num-

ber concentration was obtained for both PSL particle suspen-

sions (Table 3). The errors were of 1 and 5% for the suspen-

sions of 759 and 990 nm, respectively. 

However, the number concentration obtained for the PSL 

particle suspension of 3030 nm was 10 times lower than ex-

pected despite the fact that the signal distribution due to con-

jugated nanoplastics was well resolved from the distribution 

due to the background (Table 3). This fact may be explained 

by an insufficient vaporization and ionization of the nanoplas-

tics in the plasma due to their size, resulting in a loss during 

the SP-ICP-MS analyses.  

 

 

 

Table 3. Nanoplastic number concentration, Au mass per nanoplastic and number of AuNPs@gel per nanoplastic obtained 

by SP-ICP-MS for different carboxylated PS nanoplastics (mean ± standard deviation; n = 3)

Nanoplastic Size, nm Theoretical concen-

tration, NPTs L-1 
Experimental 

concentration, 

NPTs L-1 

Average Au mass 

per NPT, fg 

Average number of 

AuNPs@gel per 

NPT 

Average num-

ber of 

AuNPs@gel per 

µm2 

PS22 420 ± 20 6.42 x 107 6.25 ± 0.36 x 107 14.4 ± 1.4 290 ± 28 523 ± 51 

PSL 759 ± 23 6.08 x 107 6.00 ± 0.35 x 107 18.2 ± 0.7 365 ± 14 202 ± 8 
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PSL 990 ± 20 5.20 x 107 4.89 ± 0.39 x 107 23.9 ± 5.1 480 ± 102 156 ± 33 

PSL 3030 ± 121 5.18 x 108 2.81 ± 0.92 x 107 50.2 ± 4.0 1008 ± 80 35 ± 3 

On the other hand, the smallest nanoplastic particle that can be 

detected and quantified by this strategy will be determined by 

the surface available for labelling and hence by its diameter 

and also by its degree of surface functionalization. By assum-

ing a fully functionalized nanoplastic, the theoretical limit of 

detection of the proposed strategy is calculated as 135 nm. 

This diameter corresponds to a nanoplastic containing the 

minimum available surface for labeling a number of 

AuNPs@gel able to produce a signal detectable from the 

background signal according to equation 2. In any case, these 

results demonstrated the capability of the labelling strategy to 

detect and quantify plastics particles up to a size of 1000 nm, 

covering then the upper size limit for the definition of a nano-

plastic proposed by Gigault et al
8
. 

Detection and quantification of nanoplastics in water sam-

ples. The feasibility of the proposed strategy was in three 

different matrices: tap water, river water and a drinking water. 

For that, a suspension of model PS22 nanoplastics of around 1 

x 10 
12

 NPTs L
-1

 was prepared in the three matrices listed 

above, a suspension of AuNPs@gel was spiked and the result-

ing mixture of conjugate PS22 nanoplastics- AuNPs@gel 

diluted and analyzed by SP-ICP-MS. 

As it is shown in Figure 5, nanoplastics were well detected 

regardless of the matrix studied. Moreover, the signal due to 

conjugated nanoplastics could be well discriminated from the 

background, which lead to accurate quantifications (Table 4), 

showing that the proposed strategy can be successfully applied 

in drinking water, tap water and even in river water, where the 

presence of organic matter and other colloids could modify the 

behavior and physicochemical properties of nanoplastics, as it 

was pointed out elsewhere
47

. 

On the other hand, no significant differences were observed on 

the Au mass per nanoplastics particle obtained when the ex-

periments were conducted in tap water and river water (Table 

4). In addition, these values were close to those obtained 

working in ultrapure water (Table 3). However, the Au mass 

per nanoplastic obtained in drinking water is significant lower 

(7.4 fg vs 13.1 and 13.2 fg). This may be explained by differ-

ences in the quality parameters of the three matrices. For this 

purpose, pH, conductivity and carbonate content were deter-

mined (Table S-1). In comparison with tap water and river 

water (which was collected from a pristine point), drinking 

water presented higher carbonate content and conductivity. 

The latter may have an influence on the labelling strategy by 

reducing the electrostatic interaction between the negative 

charge at the surface of nanoplastics, and the positive charge 

of AuNPs@gel. In any case, the determination of the nano-

plastic number concentration was not hampered by a labelling 

with a lower number of AuNPs@gel.  

Table 4. Nanoplastic number concentration obtained by 

SP-ICP-MS for a model PS nanoplastic suspension in dif-

ferent matrices  

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 

However, the developed approach may not be directly applied 

in more complex matrices presenting negatively charged spe-

cies like organic dissolved matter and/or other particles which 

may compete for the positively charged groups at the surface 

of the AuNP@gel. In this case, dedicated sample preparations 

steps, including matrix degradation and nanoplastics isolation 

must be developed. 

 

 

Figure 5. Time scans obtained by SP-ICP-MS for a suspension of 

PS22 model nanoplastics conjugated with AuNPs@gel in differ-

ent matrices: a) drinking water, b) tap water, and c) river water. 
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CONCLUSIONS          

A novel analytical method for the detection and quantification 

of nanoplastics in aqueous media was developed. The strategy 

took advantage of the oxidation signature of ageing plastic 

debris, mimicked by carboxyl groups present at the surface of 

nanoplastic particles for their conjugation with functionalized 

positively charged AuNPs. These results showed that the Au 

signal generated by the conjugated nanoplastics allowed their 

counting in a particle-by-particle basis. This work demonstrat-

ed the suitability of SP-ICP-MS analysis after metal labelling 

to detect and determine nanoplastic number concentration of 

nanoplastics with sizes up to 1 µm in different water samples. 

While the development of the analytical strategy was based on 

model studies and applications were demonstrated on synthet-

ic samples, the proposed concept has a significant potential to 

become the basis of analysis of environmental (e.g., seawater, 

river water, waste water) samples containing nanoplastics with 

carbonyl groups due to oxidation processes. However, the 

study of more complex matrices and real environmental sam-

ples should imply additional nanoplastic isolation and/or pre-

concentration steps and hence further analytical development. 

Finally, by assuming a constant density of AuNPs@gel la-

belled per nanoplastic, this approach can eventually be applied 

to measure the surface available area and hence the size of 

isotropic nanoplastics. For anisotropic nanoplastics, closer to 

what is expected in real samples, information about available 

surface could be obtained.      
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