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In this study, a high-frequency ultrasound-
assisted extraction (HUAE) method
coupled with high-performance liquid
chromatography-inductively coupled
plasma mass spectrometry (HPLC-ICP-
MS) was optimized to evaluate arsenic
(As) in husked rice from the northeastern
region of Argentina. The optimal conditions
were identified as 0.05 mol L' HNOs, 5
minutes of sonication, and maximum power
(100 W), using a Box-Behnken design. The
effective recovery of total As content (t-As)
was 98%. The limit of detection (LOD) was
0.39 pg kg and the limit of quantification
(LOQ) was 1.29 ug kg™'. The optimized
method was then used to analyze a total

of 64 samples collected from the local farmers. The results showed a similar concentration in terms of t-As
content, with certain samples above the maximum permitted limits (300 ug kg') established by the Brazilian
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Health Regulatory Agency (ANVISA), Codex Alimentarius, and the World Health Organization (WHO).
However, the speciation analysis revealed a predominance of dimethylarsinic acid (DMA), with all samples
showing inorganic arsenic values well below the recommended limits. The proposed method offers a robust,
sensitive, and reliable analytical tool for quality control in rice.

Keywords: arsenic, chemical speciation, food analysis, Box-Behnken design, rice

INTRODUCTION

Arsenic (As) is a ubiquitous element found in soil and water worldwide, and it is recognized as toxic by
many researchers, with dietary intake representing the primary route of human exposure."? Human exposure
to arsenic has become a growing public health concern, as it has been classified as a carcinogenic agent
since 1980 by the International Agency for Research on Cancer (IARC).2 Consequently, as in foodstuffs has
become a central focus for regulatory agencies and the scientific community. Arsenic occurs in both organic
forms (such as monomethylarsonic acid, dimethylarsinic acid, arsenobetaine, and arsenocholine, among
others) and inorganic forms (as arsenite and arsenate, among others), existing in various oxidation states
(-3, 0, +3, +5). Literature indicates that arsenic toxicity depends on its chemical form and oxidation state,
following the order: AsHs > As®* > As®* > monomethylarsenous acid > dimethylarsinic acid > arsenobetaine,
arsenocholine, trimethylarsine oxide.*®

In this context, rice is one of the most widely consumed cereals worldwide and is particularly noteworthy
due to its high capacity to accumulate As, potentially reaching concentrations exceeding 1000 ug kg™.67
Consequently, rice has become one of the most widely studied foods in arsenic research. Due to associated
health risks, several international regulatory bodies have established limits for inorganic arsenic (i-As) in
rice. The European Commission (EC) and China set a maximum limit of 200 ug kg™ for i-As in polished
rice. For rice intended for infants and young children, the European Union (EU) has a stricter limit of 100
ug kg, aligning with the action level recommended by the U.S. Food and Drug Administration (FDA) for
baby food (EC, 2015; U.S. FDA, 2016).8° Additionally, EU regulations define a 250 ug kg™ limit for i-As in
husked rice, while Commission Regulation (EU) 2015/1006 reinforces the 100 ug kg™ limit for infant food
products. In South America, the Brazilian Health Regulatory Agency (ANVISA) and Southern Common
Market (Mercosur) have established a maximum limit of 300 ug kg™ for total arsenic (t-As) in rice' (ANVISA,
2013). The Food and Agriculture Organization (FAQ)/ World Health Organization (WHO) also recommends
the specific determination of inorganic arsenic when total arsenic exceeds 200 ug kg™ in polished rice or
350 pg kg in brown rice."

Various analytical methodologies have been developed to address this issue and achieve high throughput,
sensitivity and precision for the reliable, routine determination of inorganic and organic arsenic species.?
Sample preparation is the most critical step in arsenic speciation, as analyte stability and prevention of
interconversion are essential.’ Extraction techniques such as ultrasound-assisted extraction (UAE)'*'® and
microwave-assisted extraction (MAE) are widely employed for food samples.'® High-frequency ultrasound
systems, such as cup horns, deliver up to 50 times more energy than conventional ultrasonic baths, allowing
simultaneous processing of multiple vials and smaller sample masses.'” This method also requires lower
volumes of concentrated acids and enables faster extraction than microwave-assisted acid extraction.
Analytical throughput can be further improved by applying response surface methodologies, such as Box-
Behnken designs, to optimize all variables in the arsenic extraction process.'®®

The selection of analytical technique is crucial for the trace-level determination of arsenic species
after sample preparation. Hyphenated methods, typically using high-performance liquid chromatography
(HPLC) for separation, are widely applied in speciation analysis.?>?' HPLC can be coupled with element-
specific detectors, such as atomic fluorescence spectrometry (AFS)?? or inductively coupled plasma mass
spectrometry (ICP-MS).2® Among these techniques, high-performance liquid chromatography coupled with
inductively coupled plasma mass spectrometry (HPLC-ICP-MS) provides high selectivity, sensitivity, and
reproducibility, making it ideal for arsenic speciation in rice. Recently, Kato et al. (2024)?* demonstrated that
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the coupling capabilities of HPLC for arsenic speciation can be enhanced by co-eluting the compounds to
both electrospray ionization mass spectrometry (ESI-MS) and ICP-MS simultaneously, further expanding
these capabilities to enable speciation determinations of both target and non-target analytes. Despite its
advantages, ICP-MS-based speciation faces challenges due to mass spectrometric interferences, including
polyatomic ions and doubly charged ions.?® Understanding the sample matrix and potential interferents is
therefore critical. Recent developments in collision/reaction cell technology have significantly reduced these
interferences, enabling more accurate and reliable results.?®

In this context, the present study aimed to optimize an extraction method for arsenic species in husked
rice samples from the northeastern region of Argentina for analysis by HPLC-ICP-MS. A Box-Behnken
design was employed to optimize high-frequency ultrasound-assisted extraction parameters, achieving
optimal extraction conditions with shorter processing times and high analytical throughput. This approach
is particularly relevant for monitoring arsenic in rice, a globally monitored food product due to its ability to
accumulate this element. Finally, the dissemination of these findings is of significant current relevance.

MATERIALS AND METHODS
Instrumentation

An ICP-MS (iCAP TQ®, Thermo Scientific, Bremen, Germany) was used to perform measurements in
MS/MS mode, employing oxygen (~0.2 mL min™ O,) as the reaction gas. The system was also pressurized
with helium and operated in kinetic energy discrimination (KED) mode (4.3 mL min-' He). The ICP-MS was
tuned daily using a multi-element solution containing Bi, Li, Co, Ce, In, and U (1 ug L") to ensure optimal
sensitivity under the specified operating conditions. High-purity argon (99.999%), supplied by White Martins-
Praxair (Sao Paulo, Brazil), was used to sustain plasma generation in the ICP-MS. A centrifuge (5804 R,
Eppendorf, Hamburg, Germany) was used during sample preparation to separate the supernatant from the
solid residue. The five arsenic species were separated using a Hamilton PRP-X100 column (10 um, 250
mm % 4.1 mm) connected to a Thermo Scientific UltiMate™ 3000 HPLC system coupled to the ICP-MS.
The optimized conditions for both the HPLC and ICP-MS are summarized in Table I.

Table I. ICP-MS and HPLC instrumental parameters and conditions.

ICP-MS operational conditions

RF power 1550 W
Nebulizer borosilicate glass micromist concentric nebulizer pumped at 30 rpm
Spray chamber Quartz cyclonic spray chamber (cooled at 2.7 °C)
Plasma gas flow 14 L min™
Nebulizer gas flow 0.99 L min™
Auxiliary gas flow 0.8 L min™’
HPLC for As speciation analysis
Column Hamilton PRP-X100 column (10 pm, 250 mm % 4.1 mm)
Temperature 30 °C
Flow rate 1.00 mL min-!
Eluent 4 mmol L' ammonium nitrate
60 mmol L"*ammonium nitrate; pH 8.5
Injection volume 50.0 L
Elution program Gradient

100% of 4 mmol L' ammonium nitrate (0.0 — 6.2 min)
100% of 60 mmol L-"ammonium nitrate (6.2 — 15.0 min)
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For total As determination and speciation, Q1 was set to m/z 75, while Q2 was operated in mass-shift
mode at m/z 91 ("*As*®O7). Arsenic extraction from husked rice samples was carried out using a cup-horn
sonicator (Qsonica®, Connecticut, USA) operating at 100 W and 20 kHz.

Reagents and standards

All solutions were of analytical grade and prepared with ultrapure water (resistivity 18.2 MQ-cm) obtained
from a Milli-Q Millipore purification system (Bedford, MA, USA). Nitric acid (65% m/m, Synth, Diadema,
Brazil) and hydrogen peroxide (30% m/m, EMSURE® Merck, Darmstadt, Germany) were used for sample
preparation. Prior to use, nitric acid was purified via sub-boiling distillation. All glassware was cleaned with
10% (v/v) HNO; for 24 h and then thoroughly rinsed with deionised water.

Stock solutions of arsenic species (1000 ug L") were prepared from NaAsO, (arsenite, As®"),
Na,HAsO,-7H,O (arsenate, As®**), C,H, AsO, (arsenobetaine, AsB), (CH,),AsO(OH) (dimethylarsinic acid,
DMA?®) and CH;AsO(OH), (monomethylarsonic acid, MMA). As**, AsB, DMA, and MMA were obtained from
Sigma-Aldrich (Steinheim, Germany), while As®* was obtained from Santa Cruz Biotechnology (Dallas,
USA). Solutions were stored at 10 °C in the freezer prior to analysis.

The mobile phase used for arsenic species separation by high-performance liquid chromatography
(HPLC) was ammonium nitrate (NH,NO,, Sigma-Aldrich, St. Louis, MO, USA).

Samples

A total of 64 whole-grain husked rice samples, representing thirteen different varieties (IRGA424, n=31;
SCS 121, n=5; INOV, n=3; Taim, n=3; Titdn, n=1; Yerua, n=2; Fortuna, n=1; Puita, n=4; XP102, n=1; Guiri,
n=4; 1C110, n=2; IC109, n=5; IC107, n=2), were collected from different sites from the northeastern region
of Argentina, including: Berén de Astrada (n=31) (27°32'00"S, 57°33'00"W), Saladas (n=4) (28°15'00"S,
58°37'00"W), Paso de Los Libres (n=7) (29°43'00"S, 57°05'00"W), San Martin (n=3) (29°06'00"S, 56°40'00"W),
Curuzu Cuatia (n=2) (29°47'00"S, 58°03'00"W), Esquina (n=1) (30°00'00"S, 59°32'00"W), Itati (n=4)
(27°16'00"S, 58°15'00"W), Empedrado (n=1) (27°57'00"S, 58°48'00"W), General Paz (n=3) (27°46'00"S,
57°37'00"W), Lavalle (n=1) (29°01'00"S, 58°58'00"W), San Roque (n=5) (28°34'00"S, 58°43'00"W), and
Mercedes (n=2) (29°11'00"S, 58°05'00"W).

Optimization of the extraction method

The proposed extraction procedure represents an adaptation and optimization of previously reported
methods based on diluted acid combined with ultrasound-assisted extraction for arsenic determination in
food matrices.?”? In those studies, HNO, concentration and extraction time were identified as key factors
influencing arsenic extraction efficiency in rice and related matrices. Building on this foundation, the present
work employed a Box-Behnken experimental design to systematically optimize the extraction conditions
including acid concentration, sonication time, and ultrasonic power. The method, based on diluted nitric
acid extraction (0.05 mol L"), combined with ultrasound-assisted extraction (UAE), employed a cup-horn
system coupled to a high-frequency ultrasonic transducer. Optimization was performed using multivariate
approaches, specifically a Box-Behnken design, to determine the optimal experimental conditions for
arsenic extraction. The Box-Behnken design was selected over other response surface methodology (RSM)
designs, such as the Central Composite Design (CCD), because the Box-Behnken design requires only
15 experimental runs (including triplicate centre points), compared to 20 for the CCD, resulting in reduced
consumption of certified reference material (CRM) and shorter analytical time, and the Box-Behnken avoids
combinations in which all factors are simultaneously evaluated at their extreme levels.?®3° The mass for
optimization applied to the real samples was 50.0 mg; all analyses were realized in triplicate. The variables
studied were HNO; concentration (mol L™"), sonication time (min), and ultrasonic power (W), each evaluated
at three levels. Recovery of total arsenic from a certified reference material (CRM), NIST Rice Flour 1568a,
was used as the response.
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After high-frequency ultrasound-assisted extraction, the samples were centrifuged at 10,000 rpm for 10
min, and the supernatants were collected for analysis by ICP-MS/MS. All experiments were performed in
random order and in triplicate. Extractions were conducted inside an acoustically insulated box to minimize
noise and vibration. The proposed method is illustrated in the corresponding Figure 1.

-

1

ICP - MS

Sample s .
R Centrifugation,

filtration and
dilution

+
5 mL HNO,
(0.05 mol L)

5 min
81.571)
100 W

Figure 1. Diagram of the experimental steps in the proposed
method using diluted acid as the extractor in cup horn ultrasound-
assisted extraction (UAE).

Microwave-assisted acid decomposition

To compare the extraction efficiency, a microwave-assisted acid decomposition was performed. ADTG
100 microwave oven (Provecto Analitica, Jundiai, Brazil), equipped with a temperature sensor and a 2450
+ 13 MHz magnetron, was employed. Initially, 500 uL of HNO, (65% w w™") and 200 pL of H,0, (30% w
w™") were added to 50.0 mg of NIST Rice Flour 1568a. The microwave-assisted digestion was performed
in closed small-volume digestion vessels. The micro decomposition system consisted of a PTFE holder
with four positions designed to accommodate PTFE micro-vials dimensionally equivalent to 2 mL Cryovial®
polypropylene (PP) mini-vials, the holder was placed inside a microwave digestion vessel containing 10 mL
of water, which acted as the heat-transfer medium. It is important to note that all components of the micro
decomposition assembly were manufactured from PTFE, minimizing contamination risks and ensuring high
chemical resistance. Under these conditions, the use of 500 uL of HNO, (65%) and 200 uL of H,0, (30%)
was adequate and within the manufacturer’s recommended specifications for the sample mass employed
(50.0 mg).2"*2 The microwave-assisted acid decomposition oven digestion program was executed in the
following steps (time, power): 5 min at 240 W, 5 min at 420 W, 5 min at 600 W, 15 min at 800 W, and 10
min at 0 W. The acid digestion was executed in triplicate.

Arsenic speciation

The separation of arsenic species was initially evaluated by injecting individual standards (As®**, As®*,
AsB, DMA, and MMA) to determine their retention times (RT). The chromatographic method was adapted
from Richter et al. (2019).3® A mixed standard solution was injected both before and after the rice samples
to detect any potential alterations.

For arsenic speciation, the ultrasound-assisted extraction procedure described in the “Optimization of
the extraction method” section was followed. The filtrates were then diluted 5-10 times with ultrapure water
and analyzed by HPLC coupled to ICP-MS. Blank experiments were performed using the same procedure.
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Arsenic species were quantified using an external calibration curve ranging from 0.5 to 50.0 ug L™" for each
species. Limits of detection (LOD) and quantification (LOQ) were determined based on signal-to-noise ratios
(S/N) of 3 and 10, respectively, according to the IUPAC recommendation.

Statistical analysis

Pairwise comparisons were performed using the Student’s t-test, Analysis of variance (ANOVA) was
used to assess significant differences in the mean arsenic content of rice grains across geographic sites at
a 95% confidence level (p < 0.05). Tukey’s post hoc test was performed at a = 0.05 when ANOVA detected
significant differences. Statistica software, version 12.5 (StatSoft, Tulsa, USA), was used to optimize arsenic
extraction at three levels using the Box—Behnken design.

RESULTS AND DISCUSSION
Strategy for optimizing the sample preparation procedure

The optimization of variables affecting the extraction of total arsenic (t-As) was carried out using a Box—
Behnken design. Nitric acid concentration and extraction time were identified as key factors influencing
t-As extraction in food matrices such as rice. Since ultrasound energy is involved in the extraction, the
ultrasonic power applied in the cup-horn system was also evaluated. The experimental matrix and the
results for the recovery of total arsenic from the certified reference material (CRM) Rice Flour 1568a are
presented in Table II.

Arsenic recovery was evaluated using two ICP-MS modes: direct monitoring of the "*As isotope and
mass-shift monitoring via *As'®O (m/z = 91). Differences in arsenic recovery were observed between the
two modes, with higher values obtained when monitoring m/z 75 corresponding to arsenic. This increase is
attributed to polyatomic interferences caused by argon (*°Ar) and chlorine (**Cl), the latter originating from
CRM Rice Flour 1568a, which contains 300 mg kg™ of chlorine, sufficient to generate spectral interferences
and lead to inaccurate results. To minimize interfering ions reaching the detector, arsenic determination
was performed using the 0O mass-shift on 7*As.

The recovery of total arsenic (t-As) was used as the response for optimization via the Box-Behnken
design as part of the response surface methodology (RSM). The effect of each factor on t-As extraction from
rice samples was evaluated, with trueness ranging from 69% to 101%. Recoveries exceeding 100% when
monitoring "°As* (m/z 75) arise from the overlap between the arsenic signal and the polyatomic interference
YOAr3SCIt (m/z 75), which is generated by the presence of chlorine in the NIST Rice Flour 1568a CRM matrix
(300 mg kg CI). This interference artificially enhances the measured signal, resulting in overestimated
recovery values, the mass-shift mode (?As'®O+, m/z 91) effectively eliminates this interference by promoting
the reaction of arsenic with oxygen in the collision/reaction cell, shifting the analyte signal to a mass free
from polyatomic interferences.

Based on the results presented in Table Il, the effects of each variable and their interactions were
calculated, as illustrated in Figure 2. The Pareto chart displays the experimental design results, highlighting
the effects of each evaluated factor (nitric acid concentration, extraction time, and ultrasonic power) as well
as their respective synergistic interactions.
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Table Il. Experimental matrix from a Box-Behnken design for multivariate optimization of t-As
extraction and its determination as As* or as AsO* using mass-shift strategy.

75As160+ 75As+
E Power Time HNOs
xp (W) (min) (mol L") Found Recovery Found Recovery
(mg kg™') (%) (mg kg™') (%)

1 20 1 0.08 0.26 87.99 0.27 92.5
2 100 1 0.08 0.20 69.02 0.28 95.0
3 20 5 0.08 0.25 84.71 0.36 122.5
4 100 5 0.08 0.29 100.99 0.40 138.0
5 20 3 0.05 0.25 85.30 0.36 123.8
6 100 3 0.05 0.28 98.22 0.43 150.0
7 20 3 0.10 0.23 79.89 0.36 124 .4
8 100 3 0.10 0.24 81.09 0.43 148.1
9 60 1 0.08 0.22 74.61 0.36 122.8
10 60 5 0.08 0.24 82.50 0.41 139.7
11 60 1 0.08 0.20 70.66 0.35 120.3
12 60 5 0.08 0.22 75.10 0.38 129.9
13 60 3 0.08 0.21 73.03 0.37 127.0
14 60 3 0.08 0.22 74.59 0.38 1294
15 60 3 0.08 0.21 73.81 0.35 122.3

1Lby2L 5,841334

(2)Time(L) 4,808539
Amplitude(Q) -4,66696
(3)(HNO,)(L) -3,73664
1LbyaL 1.2,19839
(1) Amplitude(L) 1,632325
Time(Q) -826877
[HNO3(Q) -,388998

p=0.05

Figure 2. Pareto charts for the effects of the factors on the
response of t-As. The red line corresponds to the critical value.
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As shown in Figure 2, the most significant factors were variable 2 (extraction time) and variable 3 (HNO;
concentration), as well as the interaction between variables 1 (ultrasonic power) and 2. This synergistic
interaction was identified as the most important contributor to an increased response. However, despite its
significance, HNO3 concentration exhibited an adverse effect on arsenic extraction from rice. In other words,
high concentrations of HNO, do not allow for effective extraction using high-power ultrasound-assisted
extraction. Despite its significance, HNO, concentration exerted a negative effect on arsenic extraction from
rice at higher levels. This behavior may be attributed to physicochemical factors, in particular, increasing
HNO, concentration increases the viscosity of the extraction medium, which can alter cavitation dynamics
and consequently reduce extraction efficiency during ultrasound-assisted extraction.®* Higher viscosity
dampens the propagation of acoustic waves and raises the cavitation threshold, reducing the intensity of
microbubble implosion and, consequently, the efficiency of analyte release from the matrix.3

The increase in ionic strength resulting from the dissociation of HNO, in the aqueous medium enhances
analyte extraction, making the acidic environment important for the method. This suggests that a diluted
acid provides better conditions for the efficient propagation of ultrasonic waves in the reaction medium.3®
Nonetheless, the primary interaction driving the increase in response was between extraction time and
ultrasonic amplitude, as illustrated in the response surface plot shown in Figure 3.

170
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asuodsay

D

Figure 3. Response surface in function of the Arsenic

recuperation in Rice CRM obtained from Box-Behnken
design.

In ultrasound-assisted extraction (UAE), acoustic cavitation is the primary physical phenomenon driving
the extraction process. The implosion of microbubbles within the extraction solvent disrupts the matrix and
facilitates the release of analytes into the solution.?” As shown in Figure 3, ultrasonic amplitude is directly
related to ultrasonic power, and when combined with longer sonication times, it resulted in improved arsenic
recoveries (highlighted in red). However, due to instrumental limitations, higher amplitudes could not be
applied. The optimal conditions for total arsenic extraction, 0.05 mol L HNO, and 5 minutes in a cup-horn
sonicator at 100% power allow for increased analytical throughput while achieving low LOD and LOQ values
of 0.39 pug kg™ and 1.29 ug kg™, respectively. The method also demonstrated an accuracy of 98 + 1%, as

evidenced by the measured value of 0.28 £ 0.02 mg kg compared to the certified value of CRM NIST Rice
Flour 1568a, as demonstrated in Table II.
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Table Ill. Comparison between arsenic concentration in NIST Rice Flour 1568a applying
the proposed procedure and microwave-assisted acid decomposition (average + standard
deviation, n = 3). The certified value of total arsenic in the NIST Rice Flour 1568a certified
reference material (CRM) is 0.290 + 0.030 mg kg™.

Analvte Microwave-assisted ¢ Ultrasound-assisted
y digestion (mg kg') calculated extraction (mg kg™)
As 0.26 £ 0.01 1.73 0.28 +0.02

t 4.30

abulated —

A statistical comparison using Student’s f-test revealed no significant difference between the certified
and measured values at the 95% confidence level. Similarly, when comparing the proposed method with
conventional microwave-assisted acid decomposition, no significant difference was found. Therefore, the
high-frequency ultrasound method demonstrates comparable analytical performance to traditional methods,
requiring only 5 minutes for effective arsenic extraction from the husked rice.

Speciation analysis of CRM NIST 1568a rice flour

For arsenic extraction, total arsenic recovery alone is not a sufficient indicator of an efficient method for
food matrices. It is essential to perform arsenic speciation, and, consequently, to prevent interconversion
between species. The same ultrasound-assisted extraction method was applied for arsenic speciation.
Figure 4 shows the chromatograms of the five arsenic species, demonstrating excellent chromatographic
resolution, which enabled accurate identification and quantification of the investigated species.
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Figure 4. Chromatograms of arsenic calibration standards (0.5;
1.5; 2.5; 5.0; 15.0; 30.0; 50.0 pg L") for arsenic compounds.

Once the retention times for the arsenic compounds had been established, 2.20, 3.85, 8.80, 9.90 and
11.0 minutes for AsB, As®*", DMA, MMA and As®* respectively, the extraction efficiency of the arsenic species
was evaluated using the NIST CRM 1568a rice flour. Table IV shows the concentrations of the arsenic
species found in the CRM. The calibration curves for the standards exhibited coefficient of determination
(R?) > 0.9990 for all arsenic species (Figure S1, Supplementary Material). Limits of detection (LOD) and
quantification (LOQ) were calculated using blank samples, as described in the “Arsenic speciation” section
of the Materials and Methods.
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For AsB, As®, DMA, MMA, and As®*, the LOD values were 0.002, 0.01, 0.02, 0.05, and 0.35 ug kg,
respectively, while the corresponding LOQ values were 0.01, 0.04, 0.06, 0.17, and 1.17 ug kg™, respectively.
These values are well below the maximum concentrations established by legislation®'° for safe arsenic
levels in rice.

Table IV. Mass balance of CRM NIST 15682 rice flour, concentration of AsB, As (lll), DMA, MMA
and As (V). Results expressed in mg kg™

Method AsB As (Ill) DMA MMA As (V) (XTZL"’: 3:5)
SRM NIST 1568 - - - - - 0.290 = 0.030
This study - 0.018 £0.002 0.210+0.050 0.011£0.005 0.022 +0.002 0.260 £ 0.020
(Farias et al. 2015)% - 0.066 +0.017 0.200 + 0.030 <LOQ 0.033+0.010 0.299 + 0.075
Mean values and standard deviations are shown; — : information not available.

The concentration of arsenic species obtained in this study indicated a recovery of approximately 95%
of the certified total arsenic content, demonstrating the efficiency of the proposed method not only for total
extraction but also for the preservation of species during the process. Although individual species values
are not provided in the reference material, the results are consistent with literature data,??* confirming the
method’s reliability and reproducibility.

In HPLC-ICP-MS analysis, chromatographic separation can resolve the “°Ar®Cl* interference temporally,
since chloride ions elute at different retention times from the arsenic species. However, the decision to
employ the mass-shift mode ("*As'®O*, m/z 91) for arsenic speciation in this study was motivated by the
use of the same detection mode for both total arsenic determination and arsenic speciation. This approach
facilitates direct comparison between the two datasets and minimizes potential systematic errors arising
from the use of different analytical modes.*

Figure 5 shows the correlation of retention times between the CRM rice flour extract and arsenic
standards. These chromatograms indicate not only that the arsenic species remained stable during acid
extraction, but also that no significant matrix interferences were observed.

—— As Standards

30000
—— NIST CRM 1568°

20000

Counts (CPS)

10000

Ly

0 NI EL}L

0 5 10 15 20
Time (min)
Figure 5. Chromatograms CRM Rice Flour NIST 15682
(red line) and As Standards (black line).
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The predominance of DMA, followed by lower concentrations of As®* and As®, is consistent with the
speciation profile commonly observed in rice samples.*® Therefore, the optimized method proved effective
for both total quantification and speciation of arsenic in complex food matrices such as rice.

Application of the optimized method to husked rice samples

The developed method was applied to determine t-As in 64 husked rice samples from the different sites
in the northeastern region of Argentina, with additional details provided in Table S1 of the Supplementary
Material. The total arsenic concentration in husked rice from this region ranged from 16.0 to 1206.8 ug
kg™'. Figure 6 shows the mean values of the total arsenic concentration for the different sites of this study
and the maximum t-As limit established by ANVISA, MERCOSUR, Codex Alimentarius, and the WHO
(300 pg kg™). Only ten out of 64 husked rice grain samples exceeded this limit, with the highest mean t-As
values exhibited by samples from Paso de los Libres, San Martin, and Itati. Figure 7 shows the distribution
of arsenic concentrations in three samples with a higher total arsenic concentration that HPLC-ICP-MS
analyzed for speciation. The results revealed higher concentrations of organic arsenic, primarily in the form
of DMA, followed by inorganic arsenic in the form As®*.
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Figure 6. Total As in husked rice from different sites in the
northeastern region of Argentina compared to maximum
levels (ML) established by legislation.

Considering the toxicity of arsenic species, organic forms are generally less toxic than inorganic arsenic.
It should be highlighted that the samples with higher total arsenic concentrations predominantly contained
methylated species, such as DMA and MMA. Soil conditions can promote arsenic methylation, producing
species such as DMA.#' Furthermore, studies have demonstrated that DMA is more mobile within plants,
leading to increased translocation rates from roots to grain.*>#® This is consistent with the findings of Kato
et al. (2019),** who reported a similar profile in rice produced in southern Brazil. Future studies should
focus on understanding the environmental parameters or conditions that favour As methylation in rice in
the region of study.
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Figure 7. Distribution of arsenic species (ug kg™) in husked
rice samples with t-As greater than 300 ug kg'.

These results highlight the importance of arsenic speciation data for accurate health assessments.
Therefore, chemical speciation requires quantification, as it provides information on the concentration of
arsenic species in various food matrices. In this sense, the implementation of a rice traceability system
appears to be an excellent alternative as a tool to monitor the rice production process. In terms of risk
assessment, understanding the origin and variety of grain, along with information on soil, water, and cultivation
characteristics, enables the development and adoption of suitable arsenic mitigation methods, such as crop
practices, water management, and rice variety selection. Another important consideration is that exposure
estimates based solely on total arsenic concentrations assume complete gastrointestinal availability of the
element, potentially leading to conservative risk assessments. Consequently, the integration of arsenic
speciation and bioaccessibility data would provide a more realistic estimate of human exposure and a more
accurate evaluation of the potential health risks associated with rice consumption.

CONCLUSIONS

A rapid and sensitive method using diluted nitric acid combined with high-frequency ultrasound was
developed for arsenic extraction from husked rice, enabling accurate determination of total arsenic and
its speciation. The results demonstrate that this methodology, based on ultrasound-assisted extraction
optimized via a Box-Behnken experimental design, allows efficient and precise extraction of total arsenic
from rice in just five minutes, with detection and quantification limits suitable for regulatory monitoring.
Furthermore, applying the method to arsenic speciation enabled the identification and quantification of the
main species present in the matrix without promoting interconversion, a critical consideration for toxicological
risk assessment. This finding highlights the importance of chemical speciation, as it provides an accurate
and comprehensive perspective on food safety. The proposed method represents a robust, sensitive, and
reliable analytical tool for quality control, food safety monitoring of arsenic in rice, and potentially in other
food matrices.
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Table S1. Total arsenic concentration in rice samples from the northeastern region of Argentina.

SUPPLEMENTARY MATERIAL

Sample code Variety Sites (pgAksg? ;aISD)
1 IRGA424 Beron de Astrada 152.2+6.4
2 IRGA424 Beron de Astrada 129.1+£6.3
3 IRGA424 Beron de Astrada 287.5+4.5
4 IRGA424 Beron de Astrada 1529+ 11.7
5 IRGA424 Beron de Astrada 109.5+0.6
6 IRGA424 Beron de Astrada 198.4 £ 9.1
7 SCS 121 Beron de Astrada 226.3+4.3
8 IRGA424 Beron de Astrada 264.6 £10.2
9 SCS 121 Beron de Astrada 131.9+1.0
10 SCS 121 Beron de Astrada 193.7+£6.2
11 SCS 121 Beron de Astrada 209.1+4.1
12 SCS 121 Beron de Astrada 113.2 +1
13 IRGA424 Beron de Astrada 204.4 £12.1
14 IRGA424 Beron de Astrada 194957
15 IRGA424 Beron de Astrada 97.9+0.6
16 IRGA424 Beron de Astrada 1216 £24.8
17 IRGA424 Beron de Astrada 94.2 £ 18.1
18 IRGA424 Beron de Astrada 126.9 £ 10.9
19 IRGA424 Beron de Astrada 50.6 £ 0.4
20 Taim Beron de Astrada 96.3£19.2
21 Yerua Beron de Astrada 183.1£12.9
22 Puita Beron de Astrada 193.8+5.8
23 Guri Beron de Astrada 200.8 £ 0.6
24 Guri Beron de Astrada 825+1.3
25 IC110 Beron de Astrada 161.2+5.7
26 IC110 Beron de Astrada 1189+ 0.8
27 IC109 Beron de Astrada 293.1+4.6
28 IC109 Beron de Astrada 158.2+0.9
29 IC109 Beron de Astrada 263.2+0.8

(continued on next page)
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Table S1. Total arsenic concentration in rice samples from the northeastern region of Argentina (continued).

Sample code Variety Sites (pgAI:g?? ;aISD)
30 IC109 Beron de Astrada 288.2+5.9
31 IC109 Beron de Astrada 143.8 £+ 0.1
32 IRGA424 Curuzu Cuatia 237.8+121
33 Guri Curuzu Cuatia 108.9+1.7
34 INOV Empedrado 201.6 £65.8
35 IRGA424 Esquina 147.4+£6.5
36 INOV General Paz 132+104
37 Titan General Paz 129.3 £ 20.7
38 Puita General Paz 272.8 +13.1
39 IRGA424 Itati 395.8+17.5
40 IRGA424 Itati 82.3+3.3
41 IC107 Itati 146.3+1.5
42 IC107 Itati 839+6.0
43 IRGA424 Lavalle 183.1 £ 4.1
44 Yerua Mercedes 16.5+2.1
45 Guri Mercedes 484.9 + 6.1
46 IRGA424 Paso de los Libres 730.5£9.5
47 IRGA424 Paso de los Libres 1206.8 £ 33.9
48 IRGA424 Paso de los Libres 490.8+2.3
49 IRGA424 Paso de los Libres 325.8 £62.9
50 IRGA424 Paso de los Libres 96.5+4.4
51 IRGA424 Paso de los Libres 2679.1 £ 1841
52 IRGA424 Paso de los Libres 67.1+£12.5
53 IRGA424 Saladas 155.4 £ 12.9
54 IRGA424 Saladas 2295+22
55 Taim Saladas 130.5+11.6
56 Taim Saladas 370.4 £ 19.5
57 IRGA424 San Martin 2219+0.8
58 IRGA424 San Martin 615.1+3.2
59 IRGA424 San Martin 75.6 £ 0.1

(continued on next page)
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Table S1. Total arsenic concentration in rice samples from the northeastern region of Argentina (continued).

. . As total
Sample code Variety Sites (g kg * SD)
60 INOV San Roque 183.8 +11.2
61 Fortuna San Roque 2214 +£3.8
62 Puita San Roque 159.5+14.9
63 Puita San Roque 420.4 +40.4
64 XP102 San Roque 66.5 £ 2.1
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Figure S1. Calibration curves for AsB, As®**, As®**, DMA, and MMA.
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