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Selenium (Se) plays a significant role
in many physiological processes.
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o LOD 0.004 mg kg 46'] two methods for Se determination in
L — fish, by HG-AFS and HG-MP AES
— et = were developed. Moreover, a green

analysis was applied to evaluate them.
To both methods, optimization conditions were exhaustively evaluated and validated. Excellent figures of
merit were obtained, with LOD of 0.04 mg kg and 0.004 mg kg™' to HG-MP AES and HG-AFS, respectively.
The developed methods fit our purpose, being adequate for the determination of Se in fish and were
compared in terms of accordance with the green analytical chemistry principles using AGREE metrics. The
HG-MP AES method constitutes a greener alternative (0.60) than AFS (0.46). Borriqueta porgy (Boridia
grossidens) fish samples from the Uruguayan coast were analyzed. The levels of Se in the samples were
between 0.15 — 0.40 mg kg determined by HG-MP AES and 0.13 — 0.35 mg kg"' with HG-AFS, being the
developed methods two alternatives for the Se monitoring. Finally, an ecotoxicological study was conducted
to evaluate Se protection against Hg in fish tissue. All samples presented a Se:Hg molar ratio and the
Selenium Health Benefit Value above 1, suggesting the protection of Se against mercury toxicity. This work
presents two developed analytical methods suitable for the determination of Se in fish samples; in addition,
this is the first evaluation that presents HG-MP AES for Se determination in fish. Furthermore, this work
constitutes the first to determine Se in Uruguayan coast as well as the first to evaluate the Se protection
against Hg in fish tissue.
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INTRODUCTION

Selenium (Se) exists in both inorganic and organic forms. In its inorganic forms, Se is commonly found as
selenate and selenite. Its organic forms include selenomethionine and selenocysteine. Geochemically, Se is
primarily found in crustal rocks and phosphate-rich soils, and is introduced into aquatic ecosystems through
both natural sources and human activities. Anthropogenic activities, such as mining, coal combustion, oil
refining, and wastewater from agricultural drainage, are the main sources of Se contamination in aquatic
systems, leading to elevated concentrations that are toxic to aquatic organisms.’

Selenium is a vital micronutrient that helps maintain physiological homeostasis in all vertebrates. However,
these elements can become toxic when present in supraphysiological concentrations. It can move through
aquatic food chains via bioconcentration and biomagnification. Given that, fish are top predators in most
aquatic ecosystems and provide approximately 60% of the total animal protein consumed by humans, for
this reason Se accumulation poses a significant food safety concern.”? However, it seems that Se species
play a role in mercury (Hg) detoxification.®

Mercury is a well-known toxic metal that has the capability of bioaccumulation, bioconcentration and
biomagnification. Its main toxic form, methylmercury (Il), causes severe damage to the nervous system,
increases in severity of nephrotoxicity and blood pressure, among other effects. One of the main sources
of Hg intoxication is throw diet, mainly to fish or seafood.’

It is suggested that the protective effect of Se against Hg is related to the amount of Se available. This
occurs when the Se concentration is higher than Hg in tissues, and the Hg is sequestrated. A parameter that
evaluates the protection of Se against Hg is the molar concentration ratio, where tissues need to exceed.®*

Due to its capacity of volatile generation species, Se is commonly determined by hydride generation using
borohydride as a reductant.® The hydride generation could be coupled to atomic fluorescence spectrometry
(HG-AFS) or atomic absorption spectrometry (HG-AAS).>'© HG-AFS continues to be a widely used technique
due to its high sensitivity and outstanding limits of detection." Additionally, the Se determination could be
performed using inductively coupled plasma mass spectrometry (ICP-MS).'2" Also, Se determination could
be carried out by hydride generation coupled to Microwave Plasma Atomic Emission Spectrometry (HG-MP
AES). The MP AES uses plasma generated by nitrogen gas obtained from an air compressor and a nitrogen
generator.” MP AES “runs on air”, so the costs are reduced and the need for the supply of flammable or
expensive gases is eliminated. Furthermore, ICP-OES limit of detection reported in complex matrix are in
the same order of MP AES."®"" For this reason, it is a less expensive and more environmentally friendly
offer than the ICP-OES."® The determination of Se by HG-MP AES has been developed for meat samples
before.'® However, to the best of our knowledge, this is the first work to determine Se in fish samples by
HG-MP AES.

This work presents the development of two methods for the determination of Se in fish, by HG-AFS and
HG-MP AES. A green analysis was applied to evaluate both methods. Then, fish samples were analyzed,
as an application to ecotoxicological studies; Se protection against Hg was evaluated for the first time on
the Uruguayan coast.

MATERIALS AND METHODS
Reagents

Standard solutions for calibration curves were prepared by serial dilution of commercial atomic absorption
stock solutions (1000 mg L") of Se and Hg (Merck, Darmstadt, Germany) in acidic media. Nitric acid (HNO,)
70% w w' (Merck, Darmstadt, Germany) was used for microwave-assisted digestions. Ultrapure water
(ASTM Type I) of 18.2 MQ cm resistivity was obtained from a Millipore™ DirectQ3 UV water purification
system (Bedford, Massachusetts, USA). Sodium tetrahydroborate (NaBH,) solutions were prepared from
the salt (Fluka, Hauppauge, USA) in 0.5% w v'' NaOH (Merck, Darmstadt, Germany). Hydrochloric acid
(HCI) (Merck, Darmstadt, Germany) was used to pre-reduce Se (VI) and as the carrier in the determination
of Se employing AFS. All reagents were of analytical grade.
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Samples

According to Muniz et al. (2004),'® Montevideo harbour presented Hg levels that could be harmful to
the ecosystem. For this reason, a representative coastal species of fish such as Borriqueta porgy (Boridia
grossidens) was sampled from Montevideo, Uruguay harbour in winter from July to August 2024.

Fish samples were dissected using a stainless-steel knife, and muscle samples were crushed using a
knife mill and preserved in polypropylene tubes at -4 °C until analysis.

A certified reference material of Dogfish Liver (NRC-DOLT-5, National Research Council Canada, Canada)
was used for the optimization and method validation.

Sample digestion

A microwave-assisted acid digestion was performed using CEM Mars6 microwave equipment (Matthews,
NC, USA) provided with 12 Easy Prep Plus® Teflon vessels. For sample preparation, 0.25 g of sample was
accurately weighed into each reaction vessel, and 10.0 mL of 4.8 mol L' HNO, was added. The program
consisted of a 15-minute ramp to 200 °C, holding for 30 minutes, and then cooling to room temperature.
Power varied between 400 and 1800 W, with a maximum pressure of 3.45 MPa. After mineralization,
samples were filled up to 15.0 mL with ultrapure water. Samples and reagent blanks were run in duplicate.
Reagent blanks were also run.

Sample pre-reduction

Since lower oxidation states can generate Se hydrides, firstly, it is necessary to reduce Se (VI) to Se
(IV).2 For this task, 5.0 mL of HCI 12 mol L' were added to 5.0 mL of the digested sample and heated at
100 °C for 50 minutes using a heating plate.'® Calibration solutions were also run according to this procedure.
Finally, the online reduction with NaBH, generates the selenium hydride (H,Se).

Analytical determinations

Selenium determination by microwave-induced plasma optical emission spectrometry (MP AES) was
performed with an Agilent 4210 spectrometer (Agilent Technologies, Santa Clara, USA). An online nitrogen
generator, Agilent 4107 (Agilent Technologies, Santa Clara, USA), fed from environmental air through a KK70
TA-200 K compressor (Agilent Technologies, Santa Clara, USA) was used. The instrument was equipped
with a multimode spray chamber (MSIS) for vapor generation and a standard torch (Agilent Technologies,
Santa Clara, USA). The instrumental parameters are presented in Table |. Mercury determinations were
also performed by MP AES coupled to cold vapor using NaBH, 2 % w v as reductant according to laquinta
et al. 2024."

Table I. Instrumental parameters of HG-MP AES to determine Se

MP AES instrumental parameter Optimized condition
Pump speed (rpm) 30 (0.90 mL min")
Nitrogen flow (L min-") 1.0

Reading time (s) 10

Viewing position -10
Stabilization time (s) 10
Wavelength (nm) 196.026

Background correction Automatic
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Meanwhile, Se determination by atomic fluorescence spectroscopy (AFS) was performed with a Persee
PF7 Spectrophotometer (Persee Analytics, Beijing, China). Equipped with an integrated continuous flow
hydride system, quartz atomization system, and high-intensity hollow cathode lamp (HCL) used as the
radiation source (Persee Analytics, Beijing, China). Argon 99.998% (Praxair, Montevideo, Uruguay) was
used as a gas carrier. Instrumental conditions were optimized, achieving the following parameters: argon
flow of 200 L min', sample injection of 1.5 mL, lamp main current of 40 mA, atomizer temperature of
200 °C, and 30 s for the lecture time.

Method validation

Validation was performed according to the recommendations of the Eurachem Guide.?° The figures of
merit evaluated were linear range, limit of detection (LOD), limit of quantification (LOQ), precision, and
trueness. Precision and trueness were evaluated using dogfish liver CRMs.

RESULTS AND DISCUSSION
Optimization of HG-MP AES conditions

A previously validated method was used to determine Se in beef samples through HG-MP AES."® Based
on these conditions, some parameters were optimized to fit our purpose. Pump speed, nitrogen flow, view
position, and NaBH, concentration were evaluated.

Three different concentrations of NaBH, dissolved in NaOH 0.5% w v' were used to determine the optimal
concentration to generate the hydride. For this task, certified reference material was used, and the evaluation
was the percentage of signal recovery in duplicate. Table Il presents the results and conditions evaluated.
Since experiments 2 and 3 presented similar recoveries, it was decided to continue with NaBH, 2.0%
w v (Experiment 2). This selection was made to seek the lower amount of NaBH, to achieve a quantitative
reduction of Se. Then, the analytical optimization was performed using this concentration.

Table Il. Optimization results in using the HG-MP AES method

Experiment NaBHa: (% w v-) % Signal Recovery*
1 1.5 86 + 1
2 2.0 100 £ 1
3 3.0 101 £ 1

*Signal recovery (%) = [intensity of CRM signal * 100] / [intensity of CRM signal
obtained on calibration curve conditions (Experiment 2)].

Once the hydride conditions were optimized, the view position and the nebulizer flow were evaluated
using a standard of 20 ug L. The nebulizer flow optimization was evaluated between 0.30 and 1.00
L min™', obtaining the highest signal at 1.00 L min-'. On the other hand, the viewing position was optimized,
obtaining a result of -10, in a range from steps -120 to 120. Results are presented in Figure 1.

Finally, the pump speed was evaluated between 15 (0.45 mL min-') and 45 rpm (1,35 mL min™'). The best
condition was 30 rpm (0.9 mL min"). For this task, sensibility (slope of the calibration curve) was evaluated,
resulting on highest sensibility at 30 rpm (0.9 mL min-") with a value of 18.4736 L ug™.
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Figure 1. Flow (a) and view position (b) optimization for Se determination by HG-MP AES.

Optimization of HG-AFS conditions

For Se determination by HG-AFS, the recommended conditions of the Operational Persee Manual
(Persee Analytics, Beijing, China) were considered. Based on them, some parameters were optimized to fit
our requirements. The evaluated parameters were carrier and reductor (NaBH,) concentrations, gas carrier
flow, and sample injection volume, for the proper hydride generation.

A solution of HCI was employed as a carrier for Se determination. Three different acid concentrations
(2.5, 5, and 7.5% v v') were evaluated for the optimal hydride generation. Using the higher signal (area)
for the dogfish liver CRM solution as a criterion, the optimal condition obtained was 5% v v'.

Under those carrier optimized conditions, the reductor concentration (NaBH,), injection volume, and gas
flow were evaluated using a composite-central experimental design of three variables in three levels.?' The
reductor concentrations studied were between 0.4 and 2.5% w v in 0.5% w v NaOH solution, the gas
flow range was 200-400 mL min', and the injection volume between 1.0 and 2.0 mL. All the experiments
were done using the dogfish liver CRM solutions. The signals (area) obtained from the experimental design
were analyzed in STATISTICA 8.0 software (StatSoft Inc, USA), gathering a graphic shown on Figure 2.
Since 1.5 mL presents the highest area (550 IF), showing significant differences between 1 and 2 mL, the
response surface was plotted with reductor concentration (Y), gas flow (X) and area (Z).

Signal (IF): [NaBHg] % wiv ¥

> o0
<900

lII < 800 dp 4éfisb

] <700

B < 600

I < 500

Figure 2. Results of the composite-central experimental design.

5 of 11



Braz. J. Anal. Chem. (Forthcoming)

Finally, the optimal conditions for the proper hydride generation and detection of Se were under an HCI
carrier concentration of 5% v v!, with an injection of 1.5 mL, flow gas of 200 mL min" and NaBH, reducer
of 0.8% w v'in a 0.5% w v' NaOH solution.

Method validation
Once the critical parameters for hydride generation and the instrumental conditions were optimized,
both methods were validated. The figures of merit evaluated, and their results are presented in Table IIl.

Table Ill. Performance parameters obtained for the proposed methods

Figure of merit HG-MP AES HG-AFS

Linear range (ug L, n=6) 2.45-20.00 0.21-20.00

LOD (instrumental limits / y 4 4 4
method limits) 0.73 ug L'/ 0.04 mg kg 0.065 ug L'/ 0.004 mg kg
LOQ (instrumental limits / y 4 4 4
method limits) 2.45pug L'/0.15 mg kg 0.210 pug L'/ 0.013 mg kg
Precision (RSD%, n=6) 5.8 3.8

Trueness (R%, n=6) 92+5 863

t-experimental -2.54 1.68

£ (0.05; 5) 2.57

Linearity was evaluated by visual inspection and determinant coefficients after the evaluation of six
points of calibration in triplicate. In all cases, the coefficient presented R?>0.99, proper visual adjustment,
and proper randomness study of the residuals. Figure 3 presents the calibration curve with the respective
residuals, showing its randomness. Limits of detection and quantification were evaluated by 3s/b and
10s/b criteria. Where b is the slope of the calibration curve, and s is the standard deviation of 10 blanks
previously pre-reduced. It is highlighted by the ten-times lower limits in the HG-AFS compared with HG-
MP AES. HG-AFS limits allow the detection with reliability of lower levels of Se, being a strength of the
technique. The obtained results are, in the same order or lower than the reported by recent works for HG-
AFS .22 Moreover, HG-AFS limits are in the same order as ICP-MS.'%'* However, the results obtained with
both methods were adequate for our purpose due to the Se content in fish samples previously reported in
Atlantic Ocean.® Precision was estimated as repeatability and expressed as a percentage relative standard
deviation (%RSD) after the analysis of the CRM (n=6). In both methods, it was below 6% which is suitable
for our purpose since Horwitz theory about variability at trace levels has been proposed in 15% RSD.?5 For
trueness evaluation, recoveries of the CRM were evaluated with results of 85-100%. Also, a student’s t-test
was performed to compare the obtained values with the certified values of the CRM. Table Il presents the
results obtained after the statistical analysis. Experimental {-values obtained were below the theoretical t
(0.05, 5) = 2.57, indicating that at the 95% confidence level, the experimental concentrations did not differ
significantly from the certified ones.?
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Figure 3. Calibration curve and residuals for Se determination by means of HG -MP AES (left) an HG-AFS (right).

The performance of the analysis between the developed methods was also evaluated by comparing
the obtained Se levels in fish. For this task, a f-student test of mean values was applied. The result is
presented in Table IV, where the means obtained by both methods were comparable since they did not
differ significantly at a significance level of 95%.

Both methods fit our purpose, being adequate for the determination of Se in fish. It is worth noting that
to the best of our knowledge, this is the first work that presents HG-MP AES for Se determination in fish.

Table IV. Comparison of methods by Student’s t-test

HG-MP AES HG-AFS
Average 0.303 0.254
t experimental 0.45
t (0.05; 6) 2.23

Greenness analysis

Both methods were compared in terms of accordance with the green analytical chemistry (GAC) principles.?”
There are many tools that allow the greenness assessment, Green Analytical Procedure Index (GAPI),
AGREEPrep, Eco-scale.?®?° For this task, the Analytical GREEnnes (AGREE) metric tool was applied.?® This
metric evaluates the 12 principles of green analytical chemistry individually, having each principle its type
of evaluation. Finally, the result is a figure with colors and numbers, where the green color and the number
1 represent a complete approximation to green analytical chemistry principles.*® Since sample preparation
is the same for both methods, this tool provides more information than the AGREEPrep. Also, the AGREE
pictograms are more friendly and easier to compare than GAPI pictograms or Eco-scale categories. Figure
4 presents the results of the AGREE evaluation. As can be observed, HG-MP AES method is more aligned
with the green analytical chemistry principles, with a total score of 0.60. The main problems for both methods
are that they are offline methods (Principle 3) and require a sample treatment (Principle 1). However, HG-
MP AES presents advantages compared to the HG-AFS since it uses lower amounts of reagents, with
lower toxicity and safer conditions, which is better for the environment and operator’s safety (Principles 2
and 12). Also, it generates a higher volume of waste (Principle 7). But the main difference is presented in
principle 10, which involves renewable sources, and HG-MP AES uses air as a consumable, meanwhile
HG-AFS uses argon. Thus, the HG-MP AES method constitutes a greener alternative than AFS.
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Sy,
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Figure 4. Results of AGREE metrics for the methods used.

Application to fish samples

Borriqueta porgy is a common fish from the southwest Atlantic Ocean, which is found in Uruguay, Brazil,
and Argentina. However, there is no evidence of Se determination in fish of the Uruguayan coast. In this
work, six fish samples were analyzed in duplicate using both methods for Se determination. The levels of
Se in the samples were between 0.15 — 0.40 mg kg™, determined by HG-MP AES, and 0.13 — 0.35 mg kg™’
with HG-AFS.

The Se levels found in this work are in the same range as previous studies of fish in the Atlantic Ocean,®
and also in the Mediterranean Sea.®' Since fish is a good model for detecting toxic and nutritional chemicals
in aquatic ecosystems,*? the developed methods are two alternatives for the Se monitoring.

Selenium:mercury evaluation

In this work an ecotoxicological application was studied: the evaluation of Se protection against Hg.
Selenium has an important role in the sequestration and reduction of bioavailability of methylmercury,
suggesting its relevance in the reduction of mercury toxicity.*® There are many studies in which the evaluation
of the selenium:mercury molar ratio is presented in fish muscle. This ratio provides information about the
protection against mercury toxicity. When the ratio is above 1 suggests that it is protecting against Hg.*¢ Also,
a Health Benefit Value (HBV) has been proposed as an indicator of sufficient selenium in fish in comparison
to mercury. A positive Se-HBV suggests that Se could protect against Hg toxicity.*33

The selenium:mercury (Se:Hg) molar ratio was evaluated using Equation 1:8

Se concentration (%) /
g

Equation 1

ion (-9
Hg concentration ( kg)

/200.59

Meanwhile, Selenium Health Benefit Value was evaluated using Equation 2:

(Se—Hg)

HBV (Se) = Se x (Se + Hg) Equation 2
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Table V presents the results for the six samples evaluated.

Table V. Total selenium and mercury content, molar ratios, and HBV

Selenium (mg kg™) Mercury (mg kg™) Se:Hg ratio HBV_,
0.345 £ 0.011 0.108 £ 0.017 8.14 4.31
0.256 £ 0.021 0.088 £ 0.013 7.41 3.19
0.250 £ 0.020 0.211 £ 0.087 3.01 2.81
0.294 + 0.027 0.251 £ 0.019 2.98 3.31
0.197 £ 0.044 0.162 £ 0.022 3.09 2.23
0.305 £ 0.016 0.108 £ 0.014 7.18 3.79

Mean concentration + standard deviation.

As we can observe, all samples presented a Se:Hg molar ratio above 1, suggesting the protection of
Se against the mercury toxicity. As we can notice, even when the samples are from the same fish species,
the ratio may vary; this could be related to the few samples evaluated. Nevertheless, this constitutes the
first work that evaluates this relationship in Uruguayan samples. Also, the HBV_ is positive in all cases,
reinforcing the Se protection in the evaluated samples.

CONCLUSIONS

Two analytical methods were developed and validated for the determination of Se in fish muscle tissue.
Both methods were adequate for the purpose proposed, HG-MP AES being more aligned with the Green
Analytical Chemistry principles. To the best of our knowledge, this constitutes the first work assessing Se
in fish through HG-MP AES.

The methods proposed were used for the determination of Se in Borriqueta porgy samples from Montevideo,
Uruguay. An ecotoxicological application for a preliminary evaluation of Se protection against mercury
was conducted in each sample, showing that it has a protective role in fish samples from Montevideo bay.
However, more samples should be analyzed to confirm this protective activity.

Finally, these methods, HG-AFS and HG-MP AES could be used for the Se determination in ecotoxicological
studies.
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