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A B S T R A C T   

Agronomic biofortification using selenium nanoparticles (SeNPs) shows potential for addressing selenium defi
ciency but further research on SeNPs-plants interaction is required before it can be effectively used to improve 
nutritional quality. In this work, single-particle inductively coupled plasma-mass spectrometry (SP-ICP-MS) was 
used for tracing isotopically labeled SeNPs (82SeNPs) in Oryza sativa L. tissues. For this purpose, SeNPs with 
natural isotopic abundance and 82SeNPs were synthesized by a chemical method. The NPs characterization by 
transmission electron microscopy (TEM) confirmed that enriched NPs maintained the basic properties of unla
beled NPs, showing spherical shape, monodispersity, and sizes in the nano-range (82.8 ± 6.6 nm and 73.2 ± 4.4 
nm for SeNPs and 82SeNPs, respectively). The use of 82SeNPs resulted in an 11-fold enhancement in the detection 
power for ICP-MS analysis, accompanied by an improvement in the signal-to-background ratio and a reduction of 
the size limits of detection from 89.9 to 39.9 nm in SP-ICP-MS analysis. This enabled 82SeNPs to be tracked in 
O. sativa L. plants cultivated under foliar application of 82SeNPs. Tracing studies combining SP-ICP-MS and TEM- 
energy-dispersive X-ray spectroscopy data confirmed the uptake of intact 82SeNPs by rice leaves, with most NPs 
remaining in the leaves and very few particles translocated to shoots and roots. Translocation of Se from leaves to 
roots and shoots was found to be lower when applied as NPs compared to selenite application. From the size 
distributions, as obtained by SP-ICP-MS, it can be concluded that a fraction of the 82SeNPs remained within the 
same size range as that of the applied NP suspension, while other fraction underwent an agglomeration process in 
the leaves, as confirmed by TEM images. This illustrates the potential of SP-ICP-MS analysis of isotopically 
enriched 82SeNPs for tracing NPs in the presence of background elements within complex plant matrices, 
providing important information about the uptake, accumulation, and biotransformation of SeNPs in rice plants.   

1. Introduction 

Selenium (Se) is an essential micronutrient for humans and other 
animals [1,2]. However, it is estimated that approximately 1 billion 
people worldwide have an insufficient Se intake [3]. Various approaches 
have been employed to address this issue, including plant bio
fortification with ionic Se [4] and, more recently, with selenium nano
particles (SeNPs) [5]. Among the different plants, rice (Oryza sativa L.) 
stands out as a staple food for more people than any other food obtained 
from a single plant species, being very important for human nutrition 

[6]. Therefore, increasing the Se content in rice grains through agro
nomic biofortification is one of the alternatives for addressing Se defi
ciency [7,8]. 

In the last years, metal-containing nanoparticles (NPs) have been 
increasingly used in many fields, including plant science [9,10]. 
Particularly, the interest in SeNPs has grown as a potential substitute for 
selenite and selenate in agronomic biofortification of food crops 
[11–13]. In general, SeNPs are more efficient in the regulation of sele
noenzymes, more bioavailable, and less toxic when compared to other 
organic and inorganic forms of Se [1,14]. Several studies reported that 
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the use of SeNPs shows benefits for plants, including Se biofortification, 
decrease in metal accumulation, improvement in growth and yield, 
stimulation of the antioxidant system, and improvement in photosyn
thesis [15–17]. 

However, the extensive use of NPs in agriculture generates concerns 
about crop health and food safety [18]. Further studies are needed to 
sensitively track SeNPs in plants and determine their behavior and fate 
in the environment. In this context, inductively coupled plasma-mass 
spectrometry (ICP-MS), operated in both bulk and single-particle (SP) 
modes, can provide invaluable information. SP-ICP-MS has emerged as a 
powerful analytical technique to characterize NPs, as it can simulta
neously provide different types of relevant NP information, such as 
elemental composition, size (spherical equivalent diameter – nm) and 
size distribution, particle number density (particles/mL) and mass 
concentration (mg/L) [19,20]. In the last years, SP-ICP-MS has been 
applied to the characterization of SeNPs in aqueous solutions, as well as 
in biological tissues [13,21,22]. 

Tracing SeNPs in complex matrices by SP-ICP-MS is not straightfor
ward. The most abundant Se isotopes – 78Se (23.80 %) and 80Se (49.60 
%) – strongly suffer from the occurrence of spectral interferences [23], 
particularly those from the Ar dimers (38Ar40Ar+ and 40Ar2

+) overlapping 
at the mass-to-charge (m/z) ratio of 78Se+ and 80Se+, respectively. 
Different strategies have been developed over the years to achieve 
interference-free conditions, such as the use of collision/reaction cell 
(CRC) technology in quadrupole-based ICP-MS instrumentation. How
ever, the use of CRC gases may cause loss of sensitivity, hampering the 
detection of SeNPs [22], while an extension of the NP event duration in 
SP-ICP-MS, depending on the gas used [24], has also been reported to 
have a detrimental effect on the characterization of NPs strongly 
affected by the occurrence of spectral overlap. 

Another challenge is the presence of high background elemental 
contents in complex matrices, such as plant samples, which originate 
from natural or anthropogenic sources. These conditions, combined 
with the presence of NPs at low and environmentally relevant concen
trations, hamper the sensitive tracking of SeNPs. Furthermore, a recent 
study provided evidence of the biosynthesis of SeNPs in some plant 
species [22], which can interfere with the detection of externally applied 
SeNPs in tracing studies. In this context, the application of isotopically 
labeled NPs, enriched with stable isotopes, enables the differentiation of 
NP signals from those of the background, facilitating accurate and pre
cise tracking of these NPs in exposure experiments [25,26]. The com
bination of isotopic labeling of NPs and SP-ICP-MS improves the 
detection capabilities of the technique and allows for sensitive tracking 
of SeNPs in plant samples. 

Previous works focused on using SP-ICP-MS for tracing NPs in plant 
tissues [22,25,27]. However, these studies generally (1) relied on hy
droponic experiments, which do not accurately reflect the conditions of 
rice cultivation, (2) used natural NPs rather than isotopically enriched 
ones [25], (3) did not specifically investigate SeNPs, and (4) examined 
NPs absorbed by the roots rather than those absorbed through the 
leaves. 

In this work, isotopically labeled SeNPs (82SeNPs) enriched with the 
least interfered Se isotope (82Se) were synthesized and used throughout 
the plant experiments. SP-ICP-MS was used to characterize the synthe
sized NPs in terms of size and to trace 82SeNPs in plant tissues. To the 
best of the authors’ knowledge, this is the first work to use isotopically 
enriched SeNPs combined with SP-ICP-MS for tracing studies in complex 
plant matrices. This study aims to provide further insights into the up
take, accumulation, and biotransformation of SeNPs in O. sativa tissues. 

2. Experimental section 

2.1. Standards, samples, and reagents 

Ultra-pure water (resistivity >18.2 MΩ cm) was obtained from a 
Milli-Q water purification system (Millipore, Molsheim, France). 

Reagents of analytical purity grade were used for all experiments. For 
the preparation of samples and standards, nitric acid (HNO3, 65 % 
Suprapur®) and hydrochloric acid (HCl, 30 % Suprapur®) were pur
chased from Merck (Darmstadt, Germany). Hydrogen peroxide (H2O2, 
30 %, VWR, Belgium) and sodium hydroxide pellets (NaOH, Panreac, 
Spain) were also used. 

Sodium selenite (Na2SeO3, Sigma-Aldrich, Germany), polyvinyl 
alcohol (PVA of molecular weight 70 000, Sigma-Aldrich), and ascorbic 
acid (Scharlau, Barcelona, Spain) were used to synthesize SeNPs of 
natural isotopic composition. For the synthesis of isotopically labeled 
SeNPs (82SeNPs), elemental Se powder (82Se isotope, 99.93 % purity) 
was purchased from CortecNet (France). Triton X-100 (Merck) was used 
as a surfactant for NP dilution in plant experiments. Macerozyme R-10 
enzyme (pectinase from Rhizopus sp., Apollo Scientific, UK), trisodium 
citrate dihydrate, and citric acid (Merck) were used for NP extraction 
from plant tissues. Macerozyme R-10 is a multi-component enzyme 
mixture containing cellulase (0.1 unit per mg), hemicellulase (0.25 unit 
per mg), and pectinase (0.5 unit per mg). 

Single-elemental standard solutions of gold and selenium (1 g L− 1, 
Merck) were appropriately diluted for bulk ICP-MS and SP-ICP-MS 
analysis. Yttrium and iridium standard solutions (1 g L− 1, Merck) were 
used as internal standards to correct for matrix effects, instrumental 
drift, and instrument instability for Se and Au determination (bulk ICP- 
MS), respectively. The reference materials SRM 1568b Rice Flour and 
SRM 1570a Spinach Leaves from the National Institute of Standards & 
Technology (NIST, Gaithersburg, MD) were used for QA/QC of the 
analytical protocol. A NanoXact™ gold nanoparticle (AuNP) suspension 
of 70 nm nominal diameter (reference diameter: 71 ± 9 nm), obtained 
from NanoComposix Europe (Prague, Czech Republic), was used in pot 
experiments. For SP-ICP-MS analysis, the transport efficiency (TE) was 
determined using AuNPs of 50 nm nominal diameter (reference diam
eter: 52 ± 5 nm, NanoComposix Europe). 

Rice seeds (O. sativa ssp. japonica) from two varieties (G-Guadiamar 
and NM-Nuovo Maratelli) were provided by the Instituto Agro
alimentario de Aragón-IA2 (Universidad de Zaragoza-CITA). The NM is 
a tolerant Italian variety, while G is a cold-sensitive variety cultivated in 
Northeast Spain [28]. An NPK fertilizer (Nitrofoska 15-5-20, EuroChem 
Agro, Barcelona, Spain) was applied during plant cultivation. 

2.2. ICP-MS and SP-ICP-MS parameters and data processing 

All the measurements were carried out using a quadrupole-based 
ICP-MS instrument (NexION 300X, PerkinElmer, Waltham, USA). This 
instrument is equipped with a quadrupole-based CRC. A quadrupole ion 
deflector (QID) reflects the ion beam over a 90-degree angle, focusing it 
into the CRC. The sample introduction system comprises a 0.4 mL min− 1 

concentric quartz nebulizer and a quartz cyclonic spray chamber. In this 
work, the instrument was operated in no gas or “vented” mode since the 
monitoring of the 82Se isotope (relative abundance of 8.7 %) is not 
strongly affected by the occurrence of spectral overlap. The instrumental 
parameters, such as torch position and sampling depth, were optimized 
daily following the instructions from the manufacturer. The QID and 
nebulizer gas flow rates were daily optimized (highest sensitivity for 
82Se+) using a 5 μg L− 1 ionic standard solution of Se. The liquid flow rate 
was measured daily by weighing the mass of ultra-pure water taken up 
by the peristaltic pump during 1 min. The particle size method [20] 
described by Pace et al. [29] was used to calculate the TE. The ICP-MS 
instrument settings and data acquisition parameters are gathered in 
Table 1. 

The Syngistix PerkinElmer software with the Nano Application 
module was used for data acquisition. Raw data obtained using the 
Syngistix were treated and evaluated externally. For SP-ICP-MS, the so- 
called Hyper Dimensional Image Processing (HDIP) software was 
employed to identify and integrate the individual NP events, as 
described elsewhere [24]. This software was developed at Ghent Uni
versity for post-processing of spectral data and images in the context of 
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laser ablation (LA) ICP-MS and is meanwhile commercially available 
from Teledyne Cetac Technologies for this purpose, but herein was 
adopted to identify the individual events appearing randomly during 
SP-ICP-MS measurements. Subsequently, an Excel (Microsoft, Redmond, 
USA) spreadsheet composed of two interrelated worksheets was used for 
calibration and TE calculation and for NP characterization in terms of 
size distribution, respectively [30]. Such worksheets are a modified 
version of the ones originally described by Peters et al. [31]. Finally, 
data was represented using the OriginPro software (version 2021b, 9.85 
OriginLab Corporation, Northampton, USA). The size distributions were 
fitted to Gaussian functions, and their central values were used as mean 
diameters. A Student t-test was used to assess statistical differences be
tween mean diameters at a significance level of 0.05. 

2.3. Synthesis of SeNPs and 82SeNPs 

SeNPs were synthesized via chemical reduction of Na2SeO3 by 
ascorbic acid, using PVA as a stabilizer. The method used is based on 
that of Boroumand et al. [32] and Freire et al. [21], with some modifi
cations. Briefly, 10 mL of Na2SeO3 12.5 mmol L− 1 and 10 mL of PVA 
0.025 % m/v were mixed. Then, 30 mL of ascorbic acid 12.5 mmol L− 1 

was added dropwise into the mixture (1 mL min− 1, Minipuls 3, Gilson, 
Middleton, USA) under magnetic stirring (HI 190 M, Hanna Instruments, 
Italy). The color change from uncolored to orange following ascorbic 
acid addition indicated SeNP formation. 

For synthesizing 82SeNPs, selenite was synthesized first using the 
isotopically enriched 82Se standard [33,34]. For this purpose, 10 mg of 
82Se were mixed with 1 mL of concentrated suprapur HNO3. The mixture 
was heated at 60 ◦C in a hotplate (HPX-100, Savillex, MN, USA) for 1 h 
under argon flow. The resulting solution (~0.2 mL) was made up to 10 
mL with ultra-pure water, and the pH was adjusted to 8–9 with NaOH 1 
mol L− 1. After that, the 82SeNP synthesis was carried out following the 
same procedure described for SeNPs. The final concentration of Se in the 
NP suspensions was calculated to be approximately 200 mg L− 1. 

2.4. Nanoparticle characterization 

The synthesized SeNPs and 82SeNPs were characterized by ultra
violet–visible spectrophotometry (UV–vis), transmission electron mi
croscopy (TEM), and SP-ICP-MS. The UV–vis absorption spectra from 
the solutions obtained in section 2.3 were recorded within the 200–400 
nm wavelength range using a UV–vis spectrophotometer (Jasco V-730, 
USA), after dilution in ultra-pure water. Synthesized NPs were also 
characterized by TEM to determine the shape, agglomeration state, and 
size distribution. TEM images were performed in a Tecnai T20 

microscope (FEI Company) at a working voltage of 200 kV. Acquired 
images were evaluated by ImageJ 1.53k software (Wayne Rasband, 
National Institutes of Health, USA). 

For SP-ICP-MS analysis, NP suspensions were stirred and sonicated 
before dilution. Appropriate dilutions were prepared to minimize the 
occurrence of double events. The measurement procedure comprised 
several steps, including the determination of the TE, the calibration 
using ionic standard solutions of Au (0–3 ng mL− 1) and Se (0–20 ng 
mL− 1), and the analysis of the samples, consisting of suspensions of 
SeNPs and 82SeNPs. 

As mentioned before, the TE was calculated by relying on the particle 
size method, as described elsewhere [29]. After TE calculations, the 
mass and diameter of each NP in the samples were calculated according 
to Resano et al. [20]. 

The size limits of detection (LoDsize) were calculated as described by 
Laborda et al. [35], applying the 3σ criterion for spherical, solid, and 
pure NPs [36], following Eq. (1): 

LoDsize =

⎛

⎜
⎝
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2
w πρFPKICPMSKMtdwell

⎞

⎟
⎠

1/3

Eq.1  

where σB is the standard deviation of a blank solution measured in SP- 
ICP-MS mode, w is the peak width when working at microsecond 
dwell times, ρ is the density of the NPs, Fp is the mass fraction of the 
element in the NP, KICPMS is the detection efficiency, KM is the element 
factor, and tdwell is the dwell time. 

The SP-ICP-MS approach was also used to monitor the long-term 
stability of the synthesized 82SeNPs upon storage. For this purpose, 
the suspension of synthesized NPs was stored at 4 ◦C and the stability 
was evaluated after 5 months. 

2.5. Plant cultivation and exposure assay 

To trace the uptake, accumulation, and biotransformation of SeNPs 
by plants, the experimental design was set up as a completely random
ized 4 x 2 factorial scheme, with 4 treatment groups (control, 82SeNPs, 
sodium selenite, and AuNPs) and two seed varieties (G and NM). 

The rice seeds were germinated in water for 10 days, and subse
quently, the viable seeds were transferred to 0.5 L pots containing a 
mixture of topsoil, organic matter, and sand in a 1.5:1.5:1 ratio [37]. 
Each group consisted of four pots with 6 seeds per pot, except for AuNPs 
(two pots). Plants were cultivated under greenhouse conditions from 
April to September 2023 at the Polytechnic School of Huesca (University 
of Zaragoza, Spain). The water regime was flooding, with 3–4 cm of 
water after 15 days. On day 30, plants were fertilized with NPK 15-5-20, 
which was distributed equally in all pots according to the manufac
turer’s instructions. 

Thirty-day-old plants were exposed to isotopically labeled 82SeNPs, 
AuNPs, or Se salt by foliar spraying. The Se concentration applied was 
10 mg L− 1 in the groups of 82SeNPs and sodium selenite, based on a 
previous study that recommended this concentration of sodium selenite 
as appropriate for foliar rice fertilization [38]. A suspension of 70 nm 
AuNPs was applied in the AuNP group (at 1 mg L− 1). Triton X-100 0.1 % 
m/v was used as a surfactant in all dilutions. Plants of each group were 
sprayed in the morning (from 8:00 to 10:00h) until the solution was 
uniformly distributed on the leaves’ surface. A total of four applications 
were made, with an interval of three days between each application, 
except for the AuNP group, in which only two applications were made. 

At the end of the vegetative period (approximately 45 days), the 
plants of three pots per group were harvested (one pot for the AuNP 
group). The roots, shoots, and leaves were separated, washed individ
ually with tap water, rinsed with ultra-pure water 5 times, and oven- 
dried (50 ◦C) until constant weight. Then, the rice tissues were 
roughly cut into small pieces with metal-free scissors and stored until 
sample preparation. At this point, the plants of one pot per group were 

Table 1 
ICP-MS instrument settings and data acquisition parameters.  

General conditions 

RF power, W 1500 
Plasma gas flow, L min− 1 15 
Auxiliary gas flow, L min− 1 1.2 
Nebulizer gas flow, L min− 1 1.02 to 1.16 
QID, V − 12.7 to − 11.0 
Nuclides monitored 82Se and197Au 
Bulk analysis parameters 
Internal standards 89Y and 193Ir 
Dwell time, ms 10 
Sweeps 100 
Replicates 10 
Integration time, ms 1000 
SP-ICP-MS analysis parameters 
Dwell time, μs 100 
Acquisition time, s 60 
Sample flow rate, mL min− 1 0.40-0.53 
AuNP density, g cm− 3 19.3 
SeNP density, g cm− 3 4.79 
Transport efficiency, % 3.9 to 5.7  
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transplanted to 3.4 L pots and cultivated until grain maturation, with 
two more foliar applications starting at the flowering stage. After com
plete maturity, the grains were harvested and oven-dried (50 ◦C) until 
constant weight. Then, husks were removed, and the grains were ground 
manually with a ceramic mortar and pestle and stored until sample 
preparation as described below. 

2.6. Tracing nanoparticles in rice plants 

2.6.1. Acid digestion for bulk ICP-MS analyses 
Samples were acid-digested and bulk-analyzed by ICP-MS to study 

the uptake and accumulation of NPs by rice plants. A fraction of 0.025 g 
of dried and homogenized sample was accurately weighed in Savillex 
PFA beakers, and 2 mL of 14 M HNO3 were added. After 24 h of pre- 
digestion at room temperature, 0.7 mL of H2O2 (30 %) was added, 
and samples were digested on a hot plate at 110 ◦C for 7 h. Subsequently, 
the solutions were evaporated at 70 ◦C until almost dryness. Finally, the 
residue of each sample was diluted to 2 mL using 0.7 M HNO3 for the 
reference materials, control samples, and samples treated with ionic Se 
and SeNPs, and 0.6 M HCl for the samples treated with AuNPs. Di
gestions were made in triplicate. Prior to ICP-MS analysis, the sample 
digests were diluted for appropriate quantification via external cali
bration (concentrations ranging from 0 to 10 μg L− 1 for Au and from 0 to 
25 μg L− 1 for Se). The limits of detection (LoDs) and of quantification 
(LoQs) were calculated as 3 and 10 times the standard deviation of 10 
consecutive measurements of a blank solution, divided by the slope of 
the calibration curve, respectively. Significant differences between 
groups (at a 95 % significance level; p = 0.05) were evaluated by one- 
way analysis of variance (ANOVA). Two standard reference materials 
(NIST 1568b Rice Flour and NIST 1570a Spinach Leaves) were subjected 
to the same procedure for QA/QC (n = 3) of the analytical protocol. A 
recovery ranging between 106 and 120 % was achieved. 

2.6.2. Enzymatic digestion for SP-ICP-MS analyses 
To assess the biotransformation and size distributions of NPs in rice 

tissues, plant samples were digested with Macerozyme R-10, according 
to the procedure reported by Jiménez-Lamana et al. [27], with minor 
modification. The procedure consisted of two steps: homogenization of 
the sample with citrate buffer and incubation with enzyme solution in a 
water bath [27]. In this study, the mixture was homogenized in an ul
trasonic bath (USC200T, VWR International; 45 kHz and 60 W, 
Amsterdam, the Netherlands) rather than in an ultrasonic probe, as 
previously reported by Jiménez-Lamana et al. [27]. The sonication time 
was optimized from 0 to 120 min to extract the highest number of NPs 
without affecting the NP size distribution (cf. Section 3.3). The initial 
optimization was carried out using a 70 nm AuNPs commercial sus
pension and rice leaves from the group exposed to AuNPs (NM variety) 
since sizing AuNPs by SP-ICP-MS is more straightforward. 
Enzyme-digested samples were directly analyzed by SP-ICP-MS without 
further dilution. Digestions were performed per duplicate, and blanks 
were analyzed throughout the experiment. To assess a possible effect of 
the enzymatic digestion on the 82SeNPs, the synthesized suspension was 
subjected to the same procedure and analyzed by SP-ICP-MS, after 
50-fold dilution with ultra-pure water. 

2.6.3. TEM and EDS 
The NPs extracted from rice leaves by the enzymatic procedure were 

also characterized by TEM. TEM images were performed in a Tecnai F30 
high-resolution (HR) microscope (FEI Company) at a working voltage of 
300 kV. The microscope is equipped with an energy-dispersive X-ray 
spectroscopy (EDS) system, allowing for confirmation of the NPs 
elemental composition. 

3. Results and discussion 

3.1. Characterization of SeNPs and 82SeNPs 

The accurate characterization of NPs in terms of size, size distribu
tion, and morphology relies on the combination of the results obtained 
via multiple analytical techniques [9]. In this work, UV–vis, TEM, and 
SP-ICP-MS were used to characterize the synthesized NPs. The SeNPs 
and 82SeNPs were characterized via UV–vis absorption spectrometry 
within the 200–400 nm range. The presence of an absorption peak at 
265 nm (Fig. S1), indicative of surface plasmon resonance excitation, 
confirmed the formation of SeNPs in both suspensions; this peak results 
from the reduction of selenite to SeNPs [21,39,40]. TEM analysis 
showed that both SeNPs and 82SeNPs are monodisperse (RSD <10 %) 
and spherical, with sizes of 82.8 ± 6.6 and 73.2 ± 4.4 nm, respectively 
(Fig. S2). The smaller average size of the isotopically enriched 82SeNPs 
can be attributed to the nucleation and growth processes of the NPs, 
which are influenced by the relative concentrations of the reducing 
agent and the precursor [41]. For a detailed discussion on the UV-vis and 
TEM characterization of SeNPs and 82SeNPs, please refer to the sup
plementary information. 

In addition to UV–vis and TEM analysis, the NP suspensions were 
also characterized via SP-ICP-MS by relying on the monitoring of the less 
interfered 82Se nuclide (natural abundance = 8.73 %). Fig. 1A and B 
shows the time scans obtained for SeNPs and 82SeNPs, respectively. 

As can be seen in Fig. 1A, it was not possible to distinguish between 
the signal events generated by natural SeNPs and the background signal 
under the selected measurement conditions. To overcome this limita
tion, the synthesis of isotopically enriched 82SeNPs allowed for an 
improvement in the signal-to-background ratio (approx. 11-fold). 
Fig. 1B shows that the 82SeNP events could easily be distinguished 
from the background signal. Data processing showed that the average 
integrated intensity of 82SeNPs was 27.03 counts. Considering the nat
ural abundance of 82Se, this signal intensity would be 2.36 counts for 
natural SeNPs, which in practice makes it impossible to distinguish the 
NP signal using the 82Se nuclide for signal monitoring. In addition, the 
theoretical LoDsize determined according to Eq. (1) was lowered to less 
than half, from 89.9 for SeNPs to 39.9 for 82SeNPs. Nath et al. also re
ported that using isotopically labeled metallic NPs for tracing studies in 
plants improved detection capabilities [25]. Therefore, the method was 
found to be suitable for characterizing the synthesized 82SeNPs (TEM =
73.2 ± 4.4 nm), as shown in Fig. 2A. The average diameter obtained was 
74.1 ± 7.8 nm, which was found to be in excellent agreement with the 
TEM results (p > 0.05). 

The stability of the synthesized NPs is an important parameter to be 
studied when samples may be stored before analysis [40]. The particle 
size distribution obtained after 5 months (Fig. 2B, red bars, mean 
diameter = 77.4 ± 7.3 nm) showed no significant difference (p > 0.05) 
compared to freshly synthesized NPs (Fig. 2B, blue bars, mean diameter 
= 74.1 ± 7.8 nm). Therefore, the 82SeNPs were considered stable for 
more than 5 months. The use of PVA as stabilizer can be related to the 
observed stability. 

3.2. Gold and selenium accumulation in rice tissues from different 
varieties 

The total Au content was determined in acid-digested roots (25.4 ±
4.2 μg kg− 1), shoots (40.5 ± 15 μg kg− 1), and leaves (429 ± 74 μg kg− 1) 
of plants from NM variety exposed to 70 nm AuNPs aiming to identify 
the tissue type with the highest Au accumulation. Even though investi
gating the behavior of AuNPs is not the topic of the current study, this 
was performed in order to use this tissue for optimization of the enzy
matic digestion protocol (cf. Section 3.3). The results indicate that rice 
plants can uptake Au when applied as AuNPs on the leaves. The Au 
accumulation followed the order: leaves > shoots > roots. Based on 
these results, leaves from the AuNP exposed group were used for the 
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enzymatic digestion optimization, as described in section 3.3. 
The total Se content was determined in rice roots, shoots, leaves, and 

grains from the two O. sativa varieties (NM and G). Control, Na2SeO3, 
and 82SeNP-treated plants were analyzed. The calibration data and 
instrumental (bulk) LoDs and LoQs for natural and isotopically enriched 
Se standards are shown in Table 2. The use of 82Se-enriched standards 
allowed for an 11-fold increase in detection capabilities, as indicated 
before. 

The results of plant analysis are presented in Table 3. For the 
Na2SeO3 and 82SeNPs-treated plants, the highest amount of Se was 
found in leaves, followed by shoots, for both rice varieties. Comparing 
the treatments, the application of Na2SeO3 caused a greater increase in 
Se concentrations in rice roots, shoots, and grains, while the Se content 
in leaves was similar (no statistical difference detected) between 
Na2SeO3 and 82SeNPs groups. This suggests that the uptake behavior of 
Se by O. sativa leaves is quite similar independently of the application in 
ionic or nanoparticulate form. However, the use of ionic Se results in a 

greater translocation to other plant parts. The rice grains of the Na2SeO3 
treated group presented significantly higher (2- and 4-fold) Se concen
trations than the grains of the 82SeNPs treated group for NM and G va
rieties, respectively. It has already been demonstrated that foliar 
application of sodium selenite effectively increased the accumulation of 
Se in rice grains [7,38]. Wang et al. demonstrated with hydroponic ex
periments that SeNPs can be absorbed by rice roots, however, the uptake 

Fig. 1. 82Se + time scans obtained for (A) SeNP and (B) 82SeNP suspensions. The inset in Fig. (B) shows an example of the peak shape obtained for an individual NP.  

Fig. 2. (A) Particle size distribution of 82SeNP suspensions obtained by SP-ICP-MS. The mean diameter was 74.1 ± 7.8 nm (mean ± s). (B) Effect of storage time on 
the stability of 82SeNPs. Size distributions obtained by SP-ICP-MS for the fresh suspension (blue) and the same suspension after five months of storage at 4 ◦C (red). 
The diameters were 74.1 ± 7.8 nm and 77.4 ± 7.3 nm (mean ± s), respectively. 

Table 2 
Comparison of calibration data and instrumental limits of detection (LoDs) and 
of quantification (LoQs), obtained for m/z = 82 determination using ICP-MS in 
standards with natural isotopic composition of Se and standards enriched 
with82Se. LoDs and LoQs were calculated as 3 and 10 times the standard devi
ation on 10 consecutive measurements of a blank solution, divided by the slope 
of the calibration curve, respectively.  

Parameter Natural Se abundance 82Se-enriched standards 

Sensitivity (cps L μg− 1) 1066 12201 
R2 0.999991 0.999991 
LoD (μg L− 1) 0.27 0.024 
LoQ (μg L− 1) 0.92 0.080  

Table 3 
Total Se content in different tissues of two rice varieties (NM- Nuovo Maratelli 
and G- Guadiamar) from control, sodium selenite, and82SeNP treated plants 
(average ± standard deviation, n = 3).  

Se concentration 
(mg kg− 1) 

Rice 
variety 

Roots Shoots Leaves Grains 

Control-plants NM <LoQ <LoQ 0.58 ±
0.005*a 

<LoQ 

G <LoQ <LoQ 0.39 ±
0.18a 

<LoQ 

Na2SeO3-treated 
plants 

NM 1.05 ±
0.18a 

3.87 ±
0.44ab 

13.9 ±
1.4b 

0.63 ±
0.04a 

G 1.74 ±
0.15b 

6.15 ±
1.12a 

18.2 ±
2.9b 

1.30 ±
0.03b 

82SeNP-treated 
plants 

NM 0.29 ±
0.04c 

2.20 ±
0.67b 

15.8 ±
3.9b 

0.30 ±
0.001c 

G 0.60 ±
0.10c 

3.60 ±
1.16b 

19.1 ±
2.9b 

0.31 ±
0.01c 

* From the three analyzed biological replicates, Se was quantified just in one, 
while the other two were below the LoQ. In this case, the standard deviation 
reflects the instrumental measurement repeatability. A one-way ANOVA was 
carried out and the results are also shown: different superscript letters denote a 
significant difference (p < 0.05) between groups for the same column (e.g., 
within each column, “a” is similar to “a” and different from “b”, etc.). 
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rate was found to be lower than that of selenite [42]. A recent study has 
demonstrated that, when SeNPs are sprayed onto plant leaves, Se is 
transported both upwards and downwards in the plant [13]. Selenium 
translocation to other plant parts (roots, shoots, and grains), when 
applied in the nanoparticulate form, was also observed in this work, 
despite having a lower translocation rate compared to selenite, con
firming that agronomic biofortification with Se can be carried out by 
foliar application of either selenite or SeNPs. 

Self-evidently, different Se formulations exhibit differences in 
toxicity and bioavailability that are crucial for biofortification programs 
and for ensuring food safety, given the narrow range between normal 
and toxic Se levels [43]. However, the underlying reasons for these 
differences are not yet fully understood. Some studies have shown that 
SeNPs are more bioavailable than both organic and inorganic forms of Se 
[44,45]. Conversely, Hadrup and Ravn-Haren reported that the 
bioavailability of Se compounds follows the ascending order: nano
particulate Se < selenite < organic Se [46]. The lower toxicity of SeNPs 
compared to other forms of Se is well documented [44,45]. 

Comparing the rice varieties subjected to the same treatment, it was 
observed that, for roots and grains, the G variety accumulated signifi
cantly more Se than the NM for the Na2SeO3-treated plants. These results 
suggest that the G variety can be a natural Se accumulator, and then its 
use in Se biofortification programs may be more suitable. It is known 
that different rice varieties can accumulate nutrients and potentially 
toxic elements differently [47]. From the results reported in this work, it 
can be concluded that Se accumulation in rice plants is influenced by its 
physicochemical form and the bioaccumulation mechanism of the plant 
variety. 

3.3. Optimization of the enzymatic digestion method 

Studies reporting enzymatic digestion of plant tissues typically 
involve tissue homogenization using an ultrasonic probe [25,27] or even 
a tissue ruptor [22]. In this work, the procedure developed by 
Jiménez-Lamana et al. [27] was used, but a common ultrasonic bath was 
employed for tissue homogenization. The sonication time during the 
homogenization was optimized from 0 to 120 min, while the extraction 
yield and size distributions of AuNPs were monitored (Supplementary 
Fig. S3). 

As shown in Fig. S3A and a trend of increase in digestion efficiency 
with increasing sonication times during the homogenization was 
observed. More than 120 min of sonication was not assessed due to the 
heating of the samples and to avoid making the procedure more time- 
consuming. 

The effect of sonication time on the NP size distribution was inves
tigated for both the AuNP suspension and the NPs extracted from rice 

leaves (Fig. S3B). The results showed similar size distributions for AuNPs 
extracted from rice leaves using all the tested sonication times. More
over, for all sonication times, the mean diameter obtained for extracted 
particles was in good agreement with that obtained for the original 
suspension of AuNPs. Figs. S3C and S3D show that the size distributions 
obtained after the enzymatic procedure using 120 min of sonication for 
the 70 nm AuNP stock suspension (64.3 ± 11.1 nm) and for the AuNPs 
extracted from rice leaves (68.1 ± 11.0 nm) were in good agreement. 
Therefore, it can be concluded that the use of an ultrasonic bath is 
suitable for extracting AuNPs from rice tissues without causing particle 
dissolution or significant agglomeration. 

Sonication times ranging from 0 to 120 min were also tested for the 
extraction of 82SeNPs from rice leaves of the NM variety. Fig. 3A shows 
that, as observed for AuNPs, increasing the sonication time increased the 
efficiency of 82SeNP extraction. 

The effect of the digestion procedure on the stability of 82SeNPs was 
also evaluated. For this purpose, the optimum conditions were applied 
to a suspension of 82SeNPs, and the mean diameters obtained before and 
after the digestion procedure (Fig. 3B) showed no statistical difference at 
the 95 % significance level (p > 0.05). Therefore, the results confirmed 
that neither the digestion process nor the matrix of the extraction 
enzyme affected the NP size distribution. Based on these results, 120 min 
of sonication was chosen as the optimal condition for the following 
experiments. 

A high dispersion in the number of particles was observed in Fig. S3A 
and Fig. 3A, mainly for high sonication times. Despite compromising the 
accurate quantification of SeNPs by SP-ICP-MS, this dispersion expresses 
the natural plant-to-plant variability that is characteristic of crop plants 
[48], since data corresponds to biological replicates. The high standard 
deviation may also indicate a limitation of the digestion procedure since 
it increased with increasing sonication times. Plant samples are complex 
matrices, and the determination of particle-based concentration and 
mass concentration is a challenge due to non-spectral interferences 
caused by the matrix. Recently, the feasibility of SP-ICP-MS for the 
characterization and quantification of AgNPs in a plant cell medium 
culture was demonstrated by da Silva and Arruda [49]. The authors 
observed signal suppression at high cell medium culture concentration, 
hampering the accurate determination of the mass-based concentration. 
A matrix-matching calibration was performed to overcome these in
terferences [49]. Other strategies to handle the matrix effects are based 
on using a higher dilution factor when the number of particles is high, 
internal standardization, and standard addition [49–51]. Similarly to 
the cell medium culture, the high content of salts and organic com
pounds in plant enzymatic extracts can cause a critical matrix effect. 
However, the determination of the particle-based concentration is 
considered beyond the scope of this work, as our focus was to develop a 

Fig. 3. (A) Number of events of 82SeNPs extracted from rice leaves by enzymatic digestion (n = 2), with increasing sonication times. The uncertainties are expressed 
as standard deviation. (B) Size distributions obtained for 82SeNPs suspension before (blue) and after (red) enzymatic digestion. The diameters were 77.7 ± 7.4 and 
77.9 ± 9.8 nm (mean ± s), respectively. 
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methodology for the detection and size-characterization of isotopically 
enriched 82SeNPs for tracing experiments in plant tissues. 

3.4. Tracing 82SeNPs in rice tissues by SP-ICP-MS 

The calculations performed to obtain the size distribution by SP-ICP- 
MS involve assuming that the NPs are spherical and that they are pure 
metallic SeNPs. Therefore, the use of complementary techniques (such 
as TEM) to confirm the sphericity and chemical composition of NPs 
extracted from plant tissues is highly recommended. For this purpose, 
the enzymatic extracts of rice leaves from NM and G varieties exposed to 
82SeNPs were analyzed by TEM-EDS. The results are shown in Supple
mentary Figs. S4A and S4B for the NM and G varieties, respectively. TEM 
images showed the presence of sphere-shaped NPs with diameters of 
approximately 100 nm. EDS spectra showed the presence of a strong 

peak at 1.5 keV, which is characteristic of Se [52], confirming that the 
NPs are mainly composed of this element. Size histograms could not be 
obtained due to the low particle concentration in the extracts. Still, the 
presence of spherical SeNPs in exposed rice leaves can be confirmed 
based on these results. 

Before the analysis of 82SeNP-treated samples, the control and 
Na2SeO3-treated samples were enzymatically digested and analyzed by 
SP-ICP-MS. The time scans obtained for representative samples of each 
tissue and group, as well as those obtained for blank solutions, are 
provided in the Supplementary Figs. S5–S6 and in Figs. 4 and 5. 

For control samples, no NP events were identified in roots, shoots, 
and leaves for both rice varieties, and time scans were comparable to 
those obtained for blanks (Figs. S5 and S6). A similar trend was observed 
for Na2SeO3-treated samples (Fig. 4A, B, and C; and Fig. 5A, B, and C). 
However, for this group, an increase in the baseline intensity was 

Fig. 4. 82Se time scans obtained for Na2SeO3-treated samples of rice (A) roots, (B) shoots, and (C) leaves, and for 82SeNPs-treated samples of (D) roots, (E) shoots, and 
(F) leaves from Nuovo Maratelli variety, after enzymatic digestion procedure. 
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observed following the ranking: roots < shoots < leaves. This can be 
explained by the ionic Se concentration, which increased in the same 
ascending order. Although some plants can be able to biosynthesize 
SeNPs when exposed to sodium selenite [22], no SeNPs were detected in 
this work for plants treated with Na2SeO3. This can be explained by the 
low sensitivity of the method to detect natural SeNPs via the monitoring 
of the 82Se nuclide or by the high background signal resulting from ionic 
Se. Still, considering the LoDsize obtained, it is possible to discard the 
presence of natural SeNPs larger than 89.9 nm. 

The optimized method was then applied for the sensitive tracing of 
82SeNPs present in rice roots, shoots, and leaves of the group exposed to 
82SeNPs. A clear trend was observed between plant tissues regarding the 
detection of NPs (Fig. 4D, E, and F; and Fig. 5D, E, and F). For both 

varieties, none or very few particles were identified in roots and shoots, 
which was not enough to obtain a size distribution. However, from 375 
to 804 signal events were detected on the leaves, which was found to be 
in good agreement with the total Se determination (section 3.2) and the 
higher accumulation in the leaves. Moreover, an increase in the baseline 
was observed for tissues of groups exposed to 82SeNPs as compared to 
control samples, mainly for leaves and shoots, suggesting that a fraction 
of the NPs was solubilized and oxidized to ionic Se during the uptake and 
translocation processes in rice plants. The results confirmed that 
O. sativa absorbed 82SeNPs by leaves’ stomata, with a fraction of the Se 
remaining in the form of NPs on the leaves and very few NPs transported 
as such downwards in the plant. Another possibility is that ionic Se from 
82SeNPs dissolution is accumulated in the leaves and transported to the 

Fig. 5. 82Se time scans obtained for Na2SeO3-treated samples of rice (A) roots, (B) shoots, and (C) leaves, and for 82SeNPs-treated samples of (D) roots, (E) shoots, and 
(F) leaves from Guadiamar variety, after enzymatic digestion procedure. 
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shoots and roots where the in vivo formation of SeNPs may occur, as 
reported by Verstegen and Günther [22]. 

The size distributions could be obtained for 82SeNPs extracted from 
the leaves of the NM and G varieties and the results were compared with 
the original 82SeNP distribution (Fig. 6A and B, respectively). The size 
histograms obtained for both varieties presented very similar distribu
tion patterns, with a broad size distribution compared with the 82SeNP 
original size distribution. The first particle distribution is in the same 
size range as the original 82SeNP suspension, with the most frequent 
detected sizes ranging between 70 and 90 nm, consistent with the results 
obtained by TEM. These results confirm that O. sativa can uptake intact 
82SeNPs. On the other hand, a second distribution at higher sizes (up to 
200 nm) was also observed. This broadening of the size distribution can 
be attributed to the occurrence of multiple events, suggesting that 
82SeNPs probably went through an agglomeration process in rice leaves. 
Nanoparticle agglomeration was confirmed by HR-TEM. Figs. S7A and B 
show agglomerates of two or more particles in enzyme-digested rice 
leaves. The agglomeration process of metallic NPs in plants is not fully 
understood. Jiménez-Lamana et al. observed that PtNPs agglomerated in 
Lepidium sativum and Sinapis alba plants [27]. The authors attributed the 
agglomeration process to mutual attraction between NPs via chemical 
bonds or van der Waals forces. The NP chemical composition and the 
plant species may affect the formation of these aggregates [27]. This 
explains why no agglomeration was observed when rice plants were 
treated with AuNPs, as shown in Fig. S3D. No significant differences 
were observed in the biotransformation mechanisms of 82SeNPs be
tween NM and G varieties. 

The SP-ICP-MS results obtained using the sensitive method devel
oped for tracing isotopically labeled SeNPs confirmed the internaliza
tion of nanoparticulate Se by rice leaves and provided further insights 
into the accumulation, translocation, and biotransformation of these 
NPs in plant systems. This knowledge about NP-plant interactions is 
relevant because there is still no legislation for the use of NPs in agri
culture or the remediation of these NPs in the environment [9]. Also, the 
potential ecological or health impacts of these materials need to be 
considered. Once released in the agricultural systems, NPs undergo 
transformations [53]. The partial dissolution of NPs, as evidenced by the 
results of this study, may produce more available forms of Se and alter 
toxicity [54]. The biotransformation of SeNPs into selenite and 
organo-selenium in plants was reported before [13,42]. Nevertheless, 
the persistence of a fraction of Se in nanoparticulate form and the 
possible bioaccumulation and human consumption are concerns that 
still need to be clarified. There are several reviews on the applications, 
fate, bioaccumulation, and toxicity of NPs [53,55,56], but the impact of 
nanomaterials on the environment and human health is still not fully 
understood. 

4. Conclusion 

The use of isotopically labeled 82SeNPs combined with SP-ICP-MS 
enhanced the detection capabilities and allowed for the sensitive 
tracing of 82SeNPs extracted from rice tissues. Tracing studies of total Se 
content in O. sativa by ICP-MS revealed that the application of both 
82SeNPs and sodium selenite had the potential to produce rice grains 
with increased Se content. Se concentration and translocation in rice 
tissues were significantly affected by Se forms and rice variety. 

The SP-ICP-MS results confirmed the uptake of intact 82SeNPs by rice 
leaves. Moreover, size distributions obtained by SP-ICP-MS indicated 
that 82SeNPs underwent an agglomeration process in the leaves, while 
very few NPs were found in shoots and roots following foliar application. 
HR-TEM-EDS analysis of enzymatic digested leaves confirmed the up
take of spherical NPs composed of elemental Se, and the agglomeration 
processes occurring in rice leaves. This comprehensive study design with 
isotopically labeled 82SeNPs brings further insights on NP-plant in
teractions, improving our understanding of the uptake, accumulation, 
translocation, and biotransformation of SeNPs in rice plants, which is 
essential for their application in biofortification programs and for risk 
assessment. The related mechanisms are outside the scope of this work 
and need to be further elucidated. 
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[55] L.A. Paramo, A.A. Feregrino-Pérez, R. Guevara, S. Mendoza, K. Esquivel, 
Nanoparticles in agroindustry: applications, toxicity, challenges, and trends, 
Nanomaterials 10 (2020) 1654, https://doi.org/10.3390/nano10091654. 

[56] E. Kabir, V. Kumar, K.H. Kim, A.C. Yip, J.R. Sohn, Environmental impacts of 
nanomaterials, J. Environ. Manage. 225 (2018) 261–271, https://doi.org/ 
10.1016/j.jenvman.2018.07.087. 

B.M. Freire et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.sab.2020.105883
https://doi.org/10.1016/j.sab.2020.105883
https://doi.org/10.1021/ac402980q
https://doi.org/10.3390/toxics11040362
https://doi.org/10.3390/toxics11040362
https://doi.org/10.1002/jsfa.9502
https://doi.org/10.3390/biom9090419
https://doi.org/10.1016/j.sab.2022.106592
https://doi.org/10.1016/j.sab.2022.106592
https://doi.org/10.1016/j.matchemphys.2005.02.023
https://doi.org/10.1186/s12951-020-00659-6
https://doi.org/10.1186/s12951-020-00659-6
https://doi.org/10.1016/j.jtemb.2023.127235
https://doi.org/10.1016/j.jbiotec.2020.11.004
https://doi.org/10.3390/soilsystems4030057
https://doi.org/10.3390/soilsystems4030057
https://doi.org/10.1016/j.jtemb.2021.126801
https://doi.org/10.1016/j.jtemb.2021.126801
https://doi.org/10.1039/D0AY00294A
https://doi.org/10.1016/j.yrtph.2010.08.019
https://doi.org/10.1016/j.yrtph.2010.08.019
https://doi.org/10.1016/j.sab.2023.106663
https://doi.org/10.1016/j.sab.2023.106663
https://doi.org/10.1039/d0ja00180e
https://doi.org/10.1039/d0ja00180e
https://doi.org/10.1016/j.aca.2022.339738
https://doi.org/10.1016/j.aca.2022.339738
https://doi.org/10.1007/s00449-015-1413-8
https://doi.org/10.1007/s00449-015-1413-8
https://doi.org/10.1016/j.scitotenv.2021.152249
https://doi.org/10.1016/j.scitotenv.2021.152249
https://doi.org/10.1016/j.chemosphere.2020.126197
https://doi.org/10.1016/j.chemosphere.2020.126197
https://doi.org/10.3390/nano10091654
https://doi.org/10.1016/j.jenvman.2018.07.087
https://doi.org/10.1016/j.jenvman.2018.07.087

	Tracing isotopically labeled selenium nanoparticles in plants via single-particle ICP-mass spectrometry
	1 Introduction
	2 Experimental section
	2.1 Standards, samples, and reagents
	2.2 ICP-MS and SP-ICP-MS parameters and data processing
	2.3 Synthesis of SeNPs and 82SeNPs
	2.4 Nanoparticle characterization
	2.5 Plant cultivation and exposure assay
	2.6 Tracing nanoparticles in rice plants
	2.6.1 Acid digestion for bulk ICP-MS analyses
	2.6.2 Enzymatic digestion for SP-ICP-MS analyses
	2.6.3 TEM and EDS


	3 Results and discussion
	3.1 Characterization of SeNPs and 82SeNPs
	3.2 Gold and selenium accumulation in rice tissues from different varieties
	3.3 Optimization of the enzymatic digestion method
	3.4 Tracing 82SeNPs in rice tissues by SP-ICP-MS

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


