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Abstract

There is an urgent need for the harmonization of critical parameters in single particle inductively coupled plasma mass spec-
trometry (SP-ICP-MS) and they have been deeply studied and optimized in the present work using platinum nanoparticles
(PtNPs) as a representative case of study. Special attention has been paid to data processing in order to achieve an adequate
discrimination between signals. Thus, a comparison between four different algorithms has been performed and the method
for transport efficiency calculation has also been thorougly evaluated (finding the use of a well-characterized solution of the
same targeted analyte (30 nm PtNPs) as adequate). The best results have been obtained after the application of a deconvolu-
tion approach for the data processing and using 5 ms as dwell time and 40,000 data points for data acquisition. Under the
optimized conditions, a correct discrimination between NP events and background signal up to 100 or 750 ng L™! of added
ionic Pt was reached for 30 and 50 nm PtNPs, respectively. The suitability of the developed method for the characterization
of PtNPs in relevant environmental (water samples) and biological (cell culture media) matrices has also been demonstrated.

Keywords Platinum nanoparticles - Ionic platinum - Single particle inductively coupled plasma mass spectrometry - Data
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Introduction

During the last decade, single particle inductively coupled
plasma mass spectrometry (SP-ICP-MS) has emerged as one
of the most powerful and versatile techniques to study metal-
lic nanoparticles (NPs) [1]. It can provide relevant analyti-
cal information both in terms of size and concentration in a
particle-by-particle basis [2]. However, this technique is con-
ditioned by several assumptions regarding data acquisition
and processing that are hindering its application in routine
and must be carefully considered to obtain reliable results.
Critical parameters influencing SP-ICP-MS data acqui-
sition should be thoroughly addressed to improve signal
discrimination (between NP events and background), being
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the most remarkable those such as dwell time, the measured
data points, transport efficiency calculation, or sample dilu-
tion [3]. Working with adequate dwell time and data points
will be crucial for a correct determination of the particle
number concentration (PNC) and size distribution [4, 5].
Dilution can help to minimize the risk of measuring two
NPs at the same time (multiple events), but if the sample
is too diluted, the frequency of events would be too low
and subsequently lead to long times to measure representa-
tive data sets [2, 6]. Another key parameter is the transport
efficiency and the method for its calculation. Usually, it is
considered to be the “Achilles heel” of this technique if tra-
ditional pneumatic aspiration is employed. By improving the
transport efficiency, more reliable results will be obtained.
Higher transport efficiencies also mean less time to measure
representative data sets, which would be beneficial from a
metrological point of view [3, 6]. Regarding this, there are
several methods to calculate the transport efficiency that can
be categorized into two major types, direct or indirect. The
first ones are based on the use of a certified reference NP
with a known PNC or size [7]. But the shortage of suitable
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certified reference NPs (stock or specifical of each NP) is a
major issue for these estimations, and other novel alterna-
tives have arisen. One of these new indirect approaches is
the dynamic mass flow method proposed by the group of
Goenaga-Infante [8]. It is a gravimetric approach that does
not require the use of any certified NP, but is complex and
time-consuming. Nevertheless, there is still a lack of con-
sensus about how the transport efficiency can be more effec-
tively calculated.

Another challenge that SP-ICP-MS faces is the data pro-
cessing step to accurately discriminate NP signals, especially
those of the smallest sizes, from the continuous background
signal. Nowadays, there is no standardized method to distin-
guish those signals [9]. As an attempt to fill this gap, some
authors have developed home-built software [10, 11] to inte-
grate the different data processing algorithms and advance
towards a harmonization of this step. Usually, threshold lim-
its of a number of times of the standard deviation (denoted
by o) from the continuous signal have been used [12]. Dur-
ing the last years, ¢ values from 3 to 8 have been applied, but
recently, 5 has been described as the best option to reduce
the occurrence of false positives to virtually O for Poisson
baseline distributions [12]. In some cases, this approach
treats incorrectly background signals as NP, overestimating
the number of small NPs [5]. Also, it can arbitrarily classify
NP signals as background, especially in cases where more
than 5¢ would work better as threshold [12, 13]. The set-
ting of threshold limits based on outlier analysis seems to
introduce a bias, especially, for challenging situations, when
overlap between signals may occur, such as the analysis of
complex samples. In these cases, the use of a deconvolution
approach [14] appears to be more suitable. This method is
based on the fitting of polyagaussian probability mass func-
tions to frequencies of the lowest signal intensities such as
those of blanks or dissolved ions and the subsequent subtrac-
tion of the dissolved signal component. Another alternative
is to apply a K-clustering algorithm, proposed by Bi et al.
[15], which defines groups in the data set based on their
similarity [15]. This approach needs the optimization of the
K value for each situation, which is crucial for an optimum
discrimination, making this option arduous to perform [15].
Therefore, the performance of reliable studies of NPs in
complex matrices using SP-ICP-MS is still an arduous task
due to the lack of harmonization for the data acquisition and
processing conditions, and a thorough optimization would
be needed.

Thus, this work is devoted to the development and criti-
cal evaluation of an analytical method based on SP-ICP-MS
for the correct characterization and quantification of NPs in
terms of size distribution, and PNC. As a case study, plati-
num nanoparticles (PtNPs) have been investigated due to
their interesting properties for many biomedical [16], tech-
nological, and daily product applications, which come with
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an increase of their release into the environment and the sub-
sequential human exposure [17]. Different methods for data
processing based on distinct algorithms have been rigorously
evaluated and compared. Also, key acquisition parameters,
such as dwell time, data points, dilution effect, and the
method for the calculation of the transport efficiency, have
been thoroughly optimized. Additionally, the applicability of
the optimized method for the discrimination between ionic
and NP forms of Pt under co-existence conditions and the
characterization of PtNPs in relevant environmental and bio-
logical matrices have been addressed.

Materials and methods
Chemical and reagents

All chemicals and reagents were of analytical grade. Solu-
tions were prepared in ultrapure water (18.2 MQecm),
obtained from a Milli-Q® A10™ water purification system
(Millipore Corporation, USA). Details of all reagents are
given in the Electronic Supporting Material (ESM, Supple-
mentary text, Section 1).

Commercial solutions of 30 and 50 nm PtNPs and 30 nm
AuNPs stabilized in 2 mM citrate were purchased from
nanoComposix (USA). Characterization of those solutions
is provided in the ESM (Supplementary text, Section 2).
Before their use, all NP solutions were homogenized for
1 min with vortex agitation (using an advanced ZX3 Vor-
tex from Velp Scientifica, Italy) at 1200 rpm to prevent NP
aggregation. Then, they were diluted to accomplish the SP-
ICP-MS requirements stated in previous works [4, 13, 18].
Also, more challenging situations which exceed these typical
working conditions were considered.

SP-ICP-MS analysis: instrumental conditions
and data processing

A triple quadrupole ICP-MS iCap-TQ (Thermo Electron
Corporation, Germany), equipped with a Micromist nebu-
lizer and a cyclonic spray chamber, was employed for SP-
ICP-MS analysis. Operational conditions are summarized
in Table 1. The equipment was tuned daily for the highest
sensitivity in the Single Quadrupole Kinetic Energy Dis-
crimination (SQ-KED) mode with He as collision gas. Raw
signal data were processed using different methods and
algorithms by means of the npQuant plug-in of Qtegra™
Intelligent Scientific Data Solution™ (ISDS) and Nanocount
version 3.2 software [11] to obtain the size distribution and
PNC. These calculations were performed using the density
of Pt and mass fraction of PtNPs and assuming that NPs are
spherical and solid. The data of a particle solution (30 nm
PtNPs with a nominal size of 32+ 3 nm at 5.28¢10* p mL~})
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Table 1 SP-ICP-MS operating conditions

RF-Power (KW) 1.5

Plasma gas flow rate (L min™) 14

Carrier gas flow rate (L min~!) 1

Nebulizer flow rate (L min~") 1.0

Auxiliary gas flow rate (L min™") 0.8

Nebulizer Meinhard type

Spray chamber Cyclonic type
Isotope monitored 195pg
Analyte mass (u.m.a) 194.96
Density (g cm™) 21.45
Mode SQ-KED
He flow rate (mL min~") 4.9

Q1 bias (V) -25
Qcell bias (V) -2.0

Q3 bias (V) -1.0
Transport efficiency (%) 9-12
Sample flow rate (mL min~!) 0.32-0.40
Dwell time (ms) 5
Acquisition time (s) 200

Data points 40,000

was used in each series of measurements as a reference to
determine the transport efficiency and for the calculations of
particle size and concentrations. The response factor of the
ionic analyte standard must also be known and was calcu-
lated using different standards (100 to 2000 ng L") of ionic
Pt. The sample flow rate was estimated daily by measuring
the mass of water taken up by the instrument for 5 min. This
measurement was performed by duplicate. The concentra-
tion and size limit of detection (LOD, and LODy;,., respec-
tively) were calculated using the spreadsheet proposed by
Laborda et al. [12]. Particle events in corresponding blanks
were measured and subtracted through all the experiments.

Sample preparation

Synthetic water referred to as moderately hard water was
prepared following a U.S. Environmental Protection Agency
protocol (EPA-821-R-02—12) [19], in the presence (2 mg
L~ or absence of humic acid (HA). Chemical composi-
tion and characterization are provided in Table S1. Tap
water sample was taken from our laboratory after letting
flow for 5 min. Two different water samples (W#1 and W#2)
were collected in locations along the Tagus River in Cas-
tilla, La Mancha region, Spain. Global positioning system
(GPS) coordinates and water characteristics are presented
in Table S2.

For the experiments with cell culture media, Dulbecco’s
modified eagle medium (DMEM)-high glucose was used
either directly or supplemented with a mixture of antibiotics

(100 U mL™"! of penicillin and 100 ug mL~! streptomycin) or
a combination of these antibiotics with 10% of fetal bovine
serum (FBS).

A series of dilutions (3.02¢10%-1.06¢10° p mL™!) of
30 nm PtNPs were mixed in each of the studied matrices
(water samples and cell culture media) in the absence or
presence of different reagents (2% HCI, 0.1% cysteine (Cys),
or a mixture of them). In all cases, samples were homog-
enized by vortex agitation for 10 s.

Results and discussion

During the optimization process of this SP-ICP-MS-
based method, critical parameters have been meticulously
addressed for an accurate determination of PtNP size dis-
tribution (nm) and PNC (p mL™!) with a special focus on
data processing. Recoveries (%) were calculated as the found
PNC relative to the spiked PNC.

Comparison of data processing algorithms

Dilution is an important factor when working with this tech-
nique because if samples are not sufficiently or too diluted,
size and concentrations would be determined in a wrong
way. There are two potential scenarios that would respond to
different statistical distributions. On one hand, the frequency
distribution of samples with low-intensity signals will fol-
low a Poisson distribution [2, 4]. Some authors recommend
selecting the dilution based on a ratio between the desired
NP events in the plasma and the number of total data points
[4, 13, 18]. Commonly, under well-established data process-
ing conditions (such as the 5-c criterion), it is accepted that a
ratio of 0.1 is enough for an adequate size determination, but
to obtain reliable PNC results, this ratio has to be 0.05 [13,
18]. On the other hand, if samples have a high dissolved or
particle concentration (or both combined), their frequency
distribution will follow a Polyagaussian distribution; other
data processing conditions that attend to this particular issue
should be applied, such as the deconvolution approach [14].
Thus, in order to cover both scenarios, samples containing
30 or 50 nm PtNPs individually were diluted in ultrapure
water covering a range from 1.06¢10* to 3.02¢10° p mL~!
through all the experiments (which corresponds to ratios
from ~ 0.03 to 0.75, calculated taking an average value of
transport efficiency of 10+0.4% (n=6)). Regarding the
data acquisition, 5 ms was initially established as dwell time
(based on previous studies with PtNPs [20]), and the number
of data points used was 30,000, until their optimization in
ESM (Supplementary text, Section 3). Under these condi-
tions, samples can be divided into two main groups, the ones
that will match Poisson statistics (1.06¢10* to 5.28+10% p
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mL~") and those with higher intensities that will follow a
Polyagaussian distribution (1.06¢10° to 3.02¢10° p mL™}).
Four different algorithms to discriminate between PtNPs
and the background signal to obtain information on size
and concentration have been tested. Thus, the proprietary
software of the ICP-MS instrument (npQuant plug-in from
Thermo Electron Corporation), a well-established approach
(5-o criterion) [12], an option based on K-clustering algo-
rithm [15], and a deconvolution method stated by Cornelis
et al. (2014) [11, 14] have been compared. Their perfor-
mance to determine recovery (%) using the initial acqui-
sition conditions mentioned above has been tested. The
mean registered particle events in three consecutive blanks
(n=3) were measured and calculated for each case. Thus,
the false positives arising from the background signal were
subtracted. Obtained recoveries using the software npQuant
for 30 nm PtNPs (Fig. 1A) were lower as long as the PtNP
concentration raises. But, for 50 nm PtNPs (Fig. 1B), this
decrease is not noticeable up to samples above the Poisson
requirements (5.28+10* p mL ™). This software works with
pre-fixed upper and lower thresholds, which are selected
based on the frequency distribution of a reference NP. This
fact can explain the low recoveries for most dilutions since
it is not able to resolve changes in the frequency distribution.
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Fig. 1 Recoveries (%) for PtINP PNC (p mL™") of A 30 nm and B
50 nm PtNPs using 5-c criterion (blue), K-means (red), npQuant (yel-
low), and deconvolution (black) as data processing method (5 ms as
dwell time, and 30,000 data points for data acquisition)
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When the 5-c criterion and high PtNP concentrations
were used, the signal discrimination was very poor, obtain-
ing a high percentage of false negatives. In this case, a cor-
rect signal discrimination was only achieved in a short range
of concentrations (1.06¢10% — 3.02+10% p mL™") for both
PtNP sizes, since those samples will follow Poisson statis-
tics correctly. Applying K-means (K =2) results in a constant
decreasing trend of the recoveries when the concentration
raises consistent with that observed for npQuant. Close to
100% recoveries were obtained for 30 nm (Fig. 1A) mainly
at higher dilutions, but for 50 nm (Fig. 1B), they were close
to 80% until the concentration raises above 1.06¢10° p mL~".
In the present work, K=2 has been selected taking into
account the literature [15]. This algorithm classifies signals
based on their similarity, specifically into K groups with K
centers (each center corresponding to a single group). There-
fore, in an ideal situation, where only 2 groups are present
in the sample (NP signals and background), 2 is selected
as the K value. However, this assumes a monodisperse NP
solution, which is rarely the case. Thus, in a real situation
like the one studied, part of the particle distribution is going
to be addressed as background signals, causing an inaccurate
signal discrimination. Lastly, when the deconvolution algo-
rithm was applied, recoveries close to 100% were reported
in a wider range of PtNP concentrations (Fig. 1A and B).
Even though values achieved for PtNP sizes applying this
algorithm were adequate, the ones obtained for 50 nm PtNPs
were higher. This can be explained by its frequency distribu-
tion, which would be easily deconvolved from the dissolved
one as it is located further from the background signal dis-
tribution being less overlapped.

For SP-ICP-MS analysis, not only a correct concentra-
tion determination should be achieved, but also size distri-
bution must be accurately determined. Regarding particle
size determination (Figure S1), when the software from the
instrument is used, the calculated size remained almost con-
stant for the two studied PtNP sizes (Figures S1A and B).
Therefore, if changes in the frequency distribution are not
resolved, the size seems to be not greatly disturbed. If 5-¢
is applied as a data processing method, more biased results
are obtained. In this case, size was correctly determined
for both sizes in the same short range of concentrations
(1.06010°-3.02¢10% P mL™"). Size determination under the
K-means algorithm was adequate for 30 nm PtNPs (Fig-
ure S1A) in all cases, but for 50 nm PtNPs (Figure S1B),
it was overestimated. As explained earlier, the subjective-
ness introduced by selecting this K value can produce the
observed effects, as it can change completely particle size
distribution. For deconvolution, following the same tendency
observed for concentrations, size was accurately determined
through all the concentrations studied.

In order to compare the performance of the different
employed algorithms, the linearity was calculated, along
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with the LOD;,, and LOD, (Table 2). Deconvolution offers
a wider linearity range since it can work with samples
above the Poisson requirements [14]. Regarding LODy;,,
and LOD,, there is no method to accurately calculate them
using deconvolution or K-means, so they were calculated
following the definitions proposed by Laborda et al. (2020)
for other data processing algorithms [12]. Even though
lower values were achieved using deconvolution, signifi-
cant differences were not found between them. As mentioned
above, other data processing methods, like 5-¢ criterion or
K-means, can perform an accurate size and PNC but in a
narrower range than deconvolution, probably because those
works were conducted under samples following Poisson sta-
tistics and also because of the subjective bias that an outlier
analysis introduces in the data processing, making the dilu-
tion range a restrictive condition for an SP-ICP-MS analysis.
Thus, by using deconvolution, the dynamic concentration
range where those parameters are correctly studied can be
expanded, since it offers a better discrimination when the
overlapping of signals occurs [14].

Transport efficiency calculation method

The feasibility of the SP-ICP-MS analysis relies on the trans-
port efficiency calculation. Therefore, the correct estimation
of this parameter becomes crucial. As a rule of thumb, a
direct method based on the size of AuNP reference stand-
ards [7], such as NIST RM 8011, 8012, and 8013 or LGC
QC5050, has been used for transport efficiencies calcula-
tions for a variety of metallic NPs including PtNPs [6, 9,
21-24]. But the limited availability of an adequate refer-
ence NP made this direct approach challenging. Moreover,
this method based on a standard NP relies on the element
sensitivity as one of the parameters to do the calculations,
so it would be of paramount interest to use NP reference
materials of the same element, since differences between

Table 2 PNC linear range (p mL™"), concentration, and size limits of
detection (LOD) for the studied data processing algorithms

Algorithm PNC linear range ~ LOD,, (nm) LOD, (ug L™
NP-Quant! 1.06+10* to 17.16 0.063
2.11.10°
5-c criterion>  1.06¢10* to 16.95 0.077
3.02.10*
K-means® 1.06¢10* to 17.01 0.066
1.0610°
Deconvolution*  1.06¢10* to 16.70 0.059
3.02.10°

!Software from Thermo Electron Corp
Refs. [7] and [12]

3Ref. [15]

“4Ref [14]

elements’ sensitivities are usually reported [4, 9]. Therefore,
a well-characterized NP with the same core as the target
NP appears to be the most convenient direct approach for
that task.

After a study of other acquisition parameters, such as
dwell time and data points (ESM, Supplementary text, Sec-
tion 3), where 5 ms and 40,000 data points were found as
optimum, different methods for the estimation of transport
efficiency have been compared. This parameter was calcu-
lated using either a solution of 30 nm PtNPs purchased at
nanoComposix (32+3 nm) or the LGC QC5050 AuNPs
standard (33 +2 nm). A novel gravimetric method, which
is based on indirect assumptions and does not need the
use of any reference NP, has also been tested (Table S3)
[8]. No remarkable differences were observed between the
transport efficiencies (Table S3) obtained using the distinct
approaches. It involves that no statistically significant dif-
ferences were found (p <0.05) in the determination of PtNP
size and concentration when applying the different values
(Table S3).

As previously stated, transport efficiency calculations
are based on many assumptions (e.g., element density and
sensitivity, or the certified size) [7]. Accordingly, to reduce
the uncertainty (or assumed error) on those calculations and
improve the transport efficiency values and the simplicity of
the analysis routine, the use of a NP made from the same
element that the targeted analyte (Pt in this case) as reference
appears to be beneficial. Therefore, we suggest this option
while appropriate certified materials with known particle
size are available. Regarding the application of the indirect
approach, its use can be suitable to calculate the transport
efficiency in situations where certified reference materials
are lacking [8]. However, this method is time-consuming
and arduous to perform, so it can be mainly considered a
control tool to check the accuracy of the determined size of
a NP solution before being used as a reference for the other
methods.

Even so, all transport efficiencies obtained were below
15%. This is a typical drawback for SP-ICP-MS methodolo-
gies if traditional aspiration based on regular-flow nebulizers
and cyclonic spray chambers is employed [6]. Due to techno-
logical limitations, the improvement of this value can just be
achieved if other aspiration devices are used. In this sense,
there are several alternatives based on pneumatic nebuliza-
tion such as microdroplet generator or total consumption
chambers, where values close to 100% can even be reached
that can be explored [25].

Study of discrimination capabilities
Final optimized SP-ICP-MS operating conditions are sum-

marized in Table 1. As a proof of applicability for the dis-
crimination of different NP sizes, mixtures of 30 and 50 nm

@ Springer
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PtNPs at different concentrations (1.06e10*~1.0610° p mL ™"
for each NP) were analyzed using deconvolution as a data
processing algorithm, providing an accurate size and con-
centration determination of both PtNPs. As an example, the
frequency histogram after the deconvolution treatment as
well as the final particle size distribution of a mixture of 30
and 50 nm PtNPs at intermediate concentrations (5.28¢10%
p mL~! for each NP) is shown in Figure S6.

One of the main goals of the SP-ICP-MS method is to
achieve a correct discrimination of ionic (or dissolved) and
NP signals, since both forms can co-exist, and the perfor-
mance of the analysis should not be affected by this fact.
In this regard, the developed method was tested under situ-
ations where this discrimination between signals can be
difficult, leading to errors in the determination of the con-
centration and size. For that aim, two sizes of PtNPs (30
and 50 nm) were mixed individually (~ 5¢10% P mL™") or
jointly with increasing concentrations of ionic Pt (04000 ng
L~"). Regarding concentration (Fig. 2), quantitative recov-
eries were obtained up to 100 ng L™! of ionic Pt for 30 nm
and 750 ng L™! for 50 nm and the mixture of both PtNP
sizes. Larger dissolved concentrations in each situation lead
to underestimation in the concentration, being most of the
PtNPs regarded as ionic signals.

The higher value for 50 nm and the mixture can be attrib-
uted to the higher intensity frequencies that are needed to
produce signal overlapping. Size was accurately determined
(Figure S7) for a larger range of added ionic Pt concentra-
tions even though concentration was not correctly deter-
mined in some of these cases. For 30 nm, size was overesti-
mated when more than 500 ng L~! of ionic Pt is added, alone
(Figure S7A) or mixed with 50 nm PtNPs (Figure S7B). For
50 nm, size was overestimated when these NPs were mixed
with 1500-2000 ng L~! of ionic Pt (Figure S7A). For the
mixture sample (30 and 50 nm PtNPs simultaneously), a
misleading determination was obtained, since, apparently,
no overestimation was observed until 3000 ng L™! of ionic

120

100

Recovery (%)
3

Q Q \e} Q Q Q Q Q \} Q Q Q \}
N N \?) N\) o) Q Q \) \) Q
Vv ) N ~ B) N S RS "19 N

BN
Added Tonic Pt (ng L)

Fig.2 Recoveries (%) of PtNPs at increasing ionic platinum concen-
trations for 30 (blue), 50 nm (red) PINPs, or a mixture of both PtNPs
(black) at a concentration of ~ 510 P mL~! each
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Pt (Figure S7B). However, this is caused by an overestima-
tion of the 30 nm PtNP distribution, which is incorrectly
determined as 50 nm PtNPs.

Hence, it has been demonstrated that this method can
be applied to follow size changes under situations where
high ionic Pt is expected to be present, although under these
conditions it can be limited for the accurate calculation of
concentration.

Analytical characterization of the method

Working under the optimized data acquisition (Table 1)
and deconvolution as data processing, a full analytical per-
formance characterization of the method has been carried
out for 30 nm PtNPs. The studied characteristics for PNC
(5.2810% P mL™") and size were trueness (referred as the
closeness of agreement between the determined mean and
the reference or expected values, %), intra-day precision
(relative standard deviation in six replicates measured in
the same day, RSD;,.,), inter-day precision (relative stand-
ard deviation in samples measured in six different days,
RSD;,.,), and linearity (studied in a range between 1.06+10*
and 3.02¢10° p mL™"). All results are summarized in Table 3.
Trueness close to 100% for concentration and particle size
was achieved when comparing the found and expected
values, demonstrating the accuracy of the analysis. With
respect to the precision, values below 2% for concentration
and below 1% for size were found for intra- and inter-day
precisions, respectively. In the same way, good linearity was
reported in the studied range for concentration (as repre-
sented in the scatterplot, Figure S8). As presented earlier,
low size (13.78 nm) and concentration (0.029 ng L™!) of
LODs were reached. Nevertheless, to perform a complete
analytical validation process, it would be required the exist-
ence of PtNP reference materials, which are not currently
available.

Determination of PtNPs in environmental
and biological matrices

As stated earlier, PtNPs are present in almost all environ-
mental compartments and organisms, and therefore, their

Table 3 Analytical characteristics of the optimized SP-ICP-
MS method in terms of mass concentration and size for trueness
(expressed as mean and standard deviation (n=6)), intra-day pre-

cision (RSD,,.), and inter-day precision (RSDy,.) for PtNPs
(32+3 nm at 5.2810%* p mL™")

Mass concentration Size
Trueness (%) 94+8 100+7
RSD;, o (%) 1.8 0.7
RSDy, e (%) 1.9 0.9
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monitoring would be interesting [26]. Up to now, SP-ICP-
MS has been mainly used to study PtNPs in environmental
samples, such as synthetic waters [22], road dust [27], or
plants [23], although some application to biofluids has also
been reported [20].

The applicability of the optimized method for the deter-
mination of PtNPs in complex biological samples has been
evaluated in the present work using DMEM (directly, sup-
plemented only with antibiotics, or with antibiotics and 10%
FBS). Also, it has been tested in moderately hard water
(Table S1) without and with 2 mg L' of HA, as an example
of a proposed media for ecotoxicity tests involving nano-
materials [28] and three real water samples (tap water and
two collected in the Tagus River, W #1-2, characterization
in Table S2). The effect over concentration and size of dif-
ferent reagents previously used in the literature has been
tested. Cysteine was selected based on other studies where
it was employed to reduce the memory and matrix effects,
improving the LODs of other metals using ICP-MS-based
techniques [14]. In the same way, HCI has been typically
used in environmental and biological analysis to reduce the
matrix effect and improve sensitivities [3]. Therefore, for
this study, 30 nm PtNPs (at 5.28+10% p M1~!) were mixed
with 2% HCI, 0.1% Cys, or a mixture of both, in each matrix.

For DMEM, there were no major size changes in the
core size under any circumstances (Figure S9A). It can be
related to the potential formation of a “bio-corona,” which
typically occurs to NPs in this kind of matrices that may
have conferred more stability to the PtNPs than their own
coating, preventing the core from any clustering processes
[29]. The formation of this interaction was reported for a
variety of NPs in various biological matrices [30, 31]. As
for PtNPs, it has been previously studied by Fernandez-
Trujillo et al. [20] in the same cell culture media by means
of HPLC-ICP-TQ-MS, where it was immediately observed.
As a result of the formation of the bio-corona, growth in the
hydrodynamic diameters of PtNPs was reported, but aggre-
gates, agglomerates, or relevant changes in their diameters
were not observed using HR-SEM or DLS [32]. Regarding
concentration determination (Figure S10A), no statistically
significant differences were found (p < 0.05).

In contrast, interesting transformations have been
observed in other matrices such as synthetic waters. Sam-
ples with cysteine (0.1% or mixture with HCI) experienced
growth on the mean determined diameter (Figure S9B). The
formation of larger aggregates can be responsible for this
increase, as it can be checked regarding particle size distri-
butions (Fig. 3).

In moderately hard water, those aggregates were only
formed in samples with cysteine (Fig. 3A). This effect is also
accompanied with a decrease in the concentration for 30 nm
PtNP peak (Figure S10B). However, when organic matter
(2 mg L~! of HA) is added, those effects are diminished

A)
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Diameter (nm)

Fig.3 Particle size distribution in the presence of 2% HCI (blue),
0.1% Cys (red), a mixture of both (yellow), or none (black) for 30 nm
PtNPs (5¢10* p mL™!) in moderately hard water A without or B with
(2 mg L") humic acid (HA)

(Fig. 3B), reducing the growth in the mean diameter and
the concentration decrease. In this situation, a comparable
effect to the one reported in biological matrices seems to be
happening. The interaction of the organic matter with the
PtNPs results in the formation of an “eco-corona,” which
also enhances their stability. This is a common transforma-
tion for NPs in the environment, being reported in various
studies [33, 34]. Specifically for different sized PtNPs, the
formation of this coating was also described in a previous
work using AF4-ICP-MS, where the interaction of organic
matter in synthetic waters was studied following changes
in their hydrodynamic diameters [35]. Thus, when organic
matter was present, aggregation was reduced, while their
hydrodynamic diameters increased. Organic matter can
either replace or overcoat PtNPs’ original coating, which
ultimately increases their stability [35].

Finally, the proposed method was tested under real
environmental conditions. PtNPs were spiked in tap water
and two samples collected in the Tagus River (W #1 and
#2). No differences on the average determined diameter
were reported under any circumstances (Figure S9C) even
though conductivity and hardness in the river waters are
higher (Table S2) than in the synthetic water (Table S1).
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This can be explained through the formation of the “eco-
corona” as previously observed in the synthetic water with
organic matter. In all these samples, natural organic matter is
present, which can result in the formation of the same entity,
preventing any aggregation process. As for concentration
(Figure S10C), no relevant differences were observed, fol-
lowing the same tendency as in previous samples.

Conclusions

The proposed method based on SP-ICP-MS using an under-
exploited deconvolution algorithm for data processing has
been efficient to follow changes and transformations of
PtNPs in relevant environmental and biological matrices,
which would be interesting for toxicological and environ-
mental fate studies. Although PtNPs have been used in this
study, the method shows great potential to be applied to
other metallic NPs, since all the conditions are still general
and not restricted or conditioned by Pt or the reference solu-
tion used for the transport efficiency calculations. In this
sense, this approach can be used as a tool to assess other NPs
in complex biological and environmental matrices.

The results of this work also highlight the need for a deep
understanding of crucial SP-ICP-MS parameters and con-
cepts, to reach harmonized methodologies or strategies to
correctly perform any analysis using this approach. Also,
there is an imperative necessity for the development and
production of adequate reference materials for NP analysis,
with certified size and mass- and number-based concen-
tration values. Thus, further research and inter-laboratory
comparisons would be helpful in the advancement of this
technique’s maturity.
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