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Abstract
Sample preparation in an analytical sequence increases the number of errors, is highly time-consuming, and involves the 
manipulation of hazardous reagents. Therefore, when an improvement in an analytical method is required, the sample prepara-
tion step needs to be optimised or redesigned. Moreover, this step can involve significant toxic reagents and a high volume of 
waste. In that regard, this study proposes a new procedure based on microwave-assisted wet digestion combining two green 
strategies: a miniaturised system (with a few microlitres of volume) and the only use of hydrogen peroxide. Three biological 
samples (human serum, urine, and plant in vitro material) were chosen due to their high potential for disease monitoring, 
toxicological studies, and biotechnology applications. Several trace elements (Ca, Cd, Co, Cu, Fe, Mg, Mn, Mo, Ni, Se, and 
Zn) were determined by inductively coupled plasma optical emission spectroscopy and inductively coupled plasma mass 
spectrometry. For human serum and urine, a certified reference material was used to check for accuracy; the recovery ranged 
from 72% (Cd, ICP-MS) to 105% (Mg, ICP OES) for serum, while for urine, they varied from 82% (Ni, ICP-MS) to 122% 
(Zn, ICP-MS). For the soybean callus sample (in vitro plant material), a comparison between the proposed method and the 
acid digestion method was conducted to evaluate the accuracy, and the results agreed. The detection limits were 0.001–60 µg 
L−1 (lowest for Cd), thus demonstrating a suitable sensitivity. Moreover, the decomposition efficiency was demonstrated 
by determining the residual carbon, and a low amount was found in the final product digested (below 0.8% w v−1). A green 
metric approach was calculated for the proposed method, and according to AGREEprep software, it was found to be around 
0.4. Finally, the method was applied to urine samples collected in patients with COVID-19 and soybean callus cultivated with 
silver nanoparticles. This sample preparation method is a new acidless and miniaturised alternative for elemental analysis 
involving biological samples.
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Introduction

Although green analytical chemistry (GAC) recommends 
direct analysis, many techniques, including plasma-based 
techniques such as inductively coupled plasma optical emis-
sion spectroscopy and inductively coupled plasma mass 
spectrometry, demand converting a solid sample into a liq-
uid. Considering this kind of analysis, the sample prepa-
ration procedure is unquestionably the most critical and 
influential step in achieving suitable conditions for GAC 
[1, 2]. Moreover, it is well established that this step is both 
a major source of error and time-consuming [3]. As sam-
ple preparation cannot be neglected and was not previously 
incorporated into GAC principles, a recent work proposed 
that the 10 green sample preparation (GSP) principles are 
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interconnected. To overview, these principles recommend 
safer methodologies for the analyst, minimise both energy 
and reagent volumes or amounts, and employ automation 
and miniaturisation [4, 5].

When elemental analysis is performed on biological 
samples (e.g. serum, blood, cerebrospinal fluid, urine, bio-
molecules, and cells), acid digestion, mainly with nitric 
acid, is commonly reported [2, 6]. On the other hand, new 
methodologies have been proposed to reduce the amount of 
samples used for the reagents [6]. In this sense, ultrasound 
and microwave-based procedures have been suggested [2, 7].

Aiming to explore greener alternatives, miniaturisation 
strategies have been developed to significantly reduce the 
acid and sample amounts [6]. Moreover, this advantage can 
be interesting for samples, mainly clinical samples, which 
are usually available in small quantities. Micro-scaled pro-
cedures have been described in the context of closed-vessel 
microwave-assisted decomposition. In this sense, miniatur-
ised vials were explored early on for the decomposition of 
several biological samples [8, 9]. Early polypropylene (PP) 
vials with 2 mL of capacity were explored for the decom-
position of human hair, aiming to determine As and Se by 
HGAAS [10, 11]. Brancalion et al. [8] proposed a custom-
ised system for Cd determination in plants by thermospray 
flame furnace atomic absorption spectrometry (TS-FF-AAS) 
that involves using four mini-vials inserted inside a micro-
wave vessel.

From another perspective, the sample preparation field 
has received attention due to the need to find sustainable 
and safe reagents. Therefore, improving instruments, such as 
with higher pressure and temperature approaches, has made 
systems more efficient and less time-consuming. In addition, 
it is possible to explore new reagents due to these opera-
tional conditions (high pressure and temperature). In this 
sense, only in a pressurised system has hydrogen peroxide 
been reported for organic matrices, e.g. margarine, honey, 
cocoa butter, and olive oil. Recently, Muller et al. [12] pro-
posed a method for the wet digestion of milk powder, which 
used a microwave containing a single reaction chamber oper-
ated at 200 bars for analysis by ICP-MS and ICP OES. A 
large sample (around 1 g) and 8 mL of H2O2 (50% v v−1) 
were obtained as optimal conditions, and the residual carbon 
content (RCC) assessed was 918 mg L−1.

It is important to highlight that another advantage of H2O2 
is related to minimising non-spectral interferences which are 
usually caused by nitric acid, such as signal suppression, 
in ICP OES and ICP-MS. Fundamental studies have dem-
onstrated the influence of nitric acid in argon plasma, such 
as on the ionisation processes and the reduction of plasma 
temperature (also called cooling effects) due to the energy 
required to break N–O bonds [13]. Considering that it is well 
known that water is the major product of H2O2 decomposi-
tion, these problems involving non-spectra interferences are 

thus overcome [14]. The benefit of reducing the amount of 
acid is related to the blank signal, which is substantially min-
imised, hence improving the sensitivity. Moreover, there is 
less impact on the instrument’s lifetime due to acid damage 
in some components, such as the cone, skimmer, and sample 
introduction system (nebuliser and spray chamber) [15]. In 
this context, this work aims to develop a new and greener 
methodology based on wet microwave-assisted digestion 
involving a miniaturised system and only hydrogen peroxide 
to decompose biological samples, e.g. urine from patients 
with COVID, serum, and plant in vitro biotechnological 
material (soy callus). The residual carbon content (RCC) 
was checked after each decomposition and the green metric 
approach was calculated for the proposed method according 
to AGREEprep software. Also, it is important to highlight 
that, to the best of our knowledge, it is the first time that 
these two green analytical chemistry strategies (miniaturisa-
tion and use of only hydrogen peroxide) have been employed 
in sample preparation for elemental analysis.

Material and methods

Instrumentation

The samples were decomposed in a microwave system 
(DGT-100 microwave oven, Provecto Analitica, Jundiaí, 
Brazil) composed of a magnetron (2450 ± 13 MHz). The 
developed approach for microdecomposition involves using 
a holder with four positions to insert micro-vials composed 
of polytetrafluoroethylene (PTFE) with the same dimen-
sions of Cryovial® polypropylene (PP) mini-vials of 2 mL. 
This system is inserted inside a microwave flask containing 
10 mL of water. It is important to highlight that all of these 
components are composed of PTFE. A design of the system 
used is shown in Fig. 1.

An ICP-MS (iCAP TQ, Thermo Scientific, Bremen, 
Germany) and an ICP OES (iCAP 6300 Duo Series ICP 
OES, Thermo Fisher Scientific, Bremen, Germany) were 
employed to perform the measurements. The emission lines 
monitored were as follows: 396.8 nm (Ca); 279.5 (Mg); 
257.6 nm (Mn); 213.6 nm (P), and 182 nm (S). The ICP-
MS was tuned daily with a solution composed of Bi, Li, Co, 
Ce, In, and U (1 µg L−1) and a 99.999% pure argon dewar 
was used to supply the ICP-MS (White Martins-Praxair, São 
Paulo, Brazil). The equipment was operated with 1550 W of 
RF power, 5 mm of sampling depth, 14 L min−1 of cool flow, 
0.99 mL min−1 of nebuliser flow, and a sample introduc-
tion system composed of a concentric nebuliser (Micromist 
model) and a cyclonic spray chamber. The ICP OES param-
eters employed were 1350 W of plasma power, 0.80 L min−1 
of nebuliser gas flow, and 0.5 L min−1 of auxiliary gas flow, 
while a concentric nebuliser and cyclonic spray chamber 
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were used as the introduction system. Moreover, the reaction 
and collision cell (CRC) was pressurised with helium and 
operated in the kinetic energy discrimination, oxygen, and 
ammonium to reduce the spectral interferences. He-KED 
was used for 56Fe, 64Zn, 58Ni, 59Co, and 111Cd. The analysis 
of 80Se was performed in the mass-shift mode (m/z = 96) and 
using oxygen as reaction gas. Finally, the ammonium was 
used for 57Fe determination in serum samples. The analysis 
of possible subproducts formed during the decomposition 
was carried out by LTQ-Orbitrap Thermo Fisher Scientific 
mass spectrometry system (Bremen, Germany) and the data 
were analysed with Xcalibur software (Thermo Scientific). 
The information about the instrument’s operational condi-
tion is listed in Tables 1, 2, and 3 for ICP OES, ICP-MS, and 
LTQ-Orbitrap, respectively.

Samples, solutions, and reagents

The standards and samples were prepared using deionised 
water (≥ 18.2 MΩ cm) acquired from a Milli-Q water puri-
fication system (Millipore, Bedford, USA). The hydrogen 
peroxide used was purchased from Merck (Darmstadt, 
Germany). The nitric acid (Merck, Darmstadt, Germany) 
employed for sample preparation and to adjust the acidity of 
samples and calibration solutions was twice sub-boiled. The 
calibration solutions were prepared using mono-elemental 
standards (Fluka, Buchs, Switzerland). Regarding calibra-
tion solutions used in ICP-MS, the linear range applied for 
determination of Cd, Co, Mn, Mo, Ni, and Se was from 0.05 
to 10 µg L−1, and for Cu, Zn, and Fe, it ranged from 0.5 to 
100 µg L−1. For analysis in ICP OES, the linear ranges used 
were as follows: 0.2–20 mg L−1 for Ca; 0.1–10 mg L−1 for 
P, S, and Mg; and 0.01–1 mg L−1 for Mn.

Fig. 1   Design of miniaturised system used for microwave-based 
decomposition procedure

Table 1   Operational conditions used for inductively coupled plasma 
optical emission spectrometry (ICP OES)

Parameter

RF power 1150 W
Analysis pump rate 5 rpm
Nebuliser gas flow 0.7 L min−1

Auxiliary gas flow 0.5 L min−1

Plasma viewing Axial (S, Mn, and P) and radial (Mg and Ca)
Emission lines 396.8 nm (Ca); 279.5 (Mg); 257.6 nm (Mn); 

213.6 nm (P); and 182 nm (S)
Nebuliser Concentric
Spray chamber Cyclonic

Table 2   Operational conditions used for inductively coupled plasma mass spectrometry (ICP-MS)

Parameters

RF power 1550 W
Sampling depth 5 mm
Plasma gas flow 14 L min−1

Nebuliser gas flow 0.99 L min−1

Auxiliary gas flow 0.8 L min−1

Interface High sensitivity insert
Spray chamber and nebuliser Quartz cyclonic spray chamber (cooled at 2.7 °C); borosilicate glass micro-

mist concentric nebuliser pumped at 50 rpm
He gas flow (KED) 4.3 mL min−1

O2 gas flow 0.3 mL min−1

NH3 gas flow 0.3 mL min−1

Isotopes 56Fe (urine sample), 57Fe (serum sample), 64Zn, 58Ni, 59Co, 111Cd, 80Se, 98Mo
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For the carbon curve used to assess RCC, citric acid 
(Merck) was diluted, and the calibration range employed 
was from 1 to 500 mg L−1. The accuracy was assessed using 
certified reference materials of serum (ClinChek® Serum 
Control, lyophil., for trace elements, Level II) and urine 
(ClinChek® Urine Control, lyophil., for trace elements, 
Level II), both purchased from Recipe (München, Ger-
many). Urine samples (n = 10) were collected from patients 
diagnosed with COVID-19 in partnership with a project 
approved by the Research Ethics Committee of the Federal 
University of Juiz de Fora (UFJF) together with the State 
University of Campinas (UNICAMP), registered under pro-
tocol number 4.566.092. Samples were refrigerated between 
2 and 8 °C until analysis.

A Murashige and Skoog medium (Sigma-Aldrich, St. 
Louis, MO, USA) was used for soybean callus production. 
First, for callus induction, the medium was supplemented 
with sucrose (Synth, São Paulo, Brazil), agar (Merck, 
Darmstadt, Germany), casein hydrolysate (Sigma-Aldrich, 
St. Louis, MO, USA), and 2,4-dichlorophenoxyacetic acid 
(Sigma-Aldrich, St. Louis, MO, USA). Finally, during cal-
lus propagation, thiamine (Sigma-Aldrich, St. Louis, MO, 
USA) and myo-inositol (Sigma-Aldrich, St. Louis, MO, 
USA) were employed. The detailed procedure can be found 
in the literature [16].

Sample preparation

The proposed method based on microwave-assisted wet 
digestion involves only hydrogen peroxide. To this end, 100 
µL of urine or serum was decomposed using 300 µL of H2O2 
(30% v v−1). For soybean in vitro material (callus), 50 mg 
was digested with 500 µL of H2O2. The heating programme 

comprised 5 min at 400 W, 20 min at 790 W, and 3 min at 
320 W. Acid decomposition was performed to obtain results 
comparable to the proposed method for soybean callus sam-
ples due to the absence of certified reference material for this 
matrix. Therefore, 50 mg of soybean callus and 100 µL of 
urine or serum were digested using 200 µL of HNO3 (14 mol 
L−1) and 50 µL of H2O2 (30% v v−1). The microwave heat-
ing programme was the same as previously described in this 
section. After decomposition, the volumes were adjusted to 
3–5 mL with deionised water.

Statistical analysis

The determination of the difference between the two groups 
was analysed using Student’s t-test where p < 0.05 was con-
sidered significant. A boxplot was plotted with the average 
values of the variables and processed in GraphPad Prism® 
software.

Results

Establishment of decomposition parameters 
and evaluation of decomposition efficiency 
and accuracy

Human biological samples: urine and serum samples

For a preliminary result, the volume of urine and serum 
samples to be tested was evaluated for both 100 and 200 
µL. In visually analysing the digested product, the highest 
volume of sample (200 µL) presented visible particulates, 
mainly in the serum samples. Therefore, the use of 100 µL 
of sample was selected for future studies. First, the RCC was 
assessed to evaluate the proposed decomposition method, 
and the RCCs for urine and serum were determined to be 
0.06% ± 0.002 and 0.81% ± 0.2, respectively. Although RCC 
was observed in these samples, the low values indicate the 
efficiency of the proposed decomposition method. Moreo-
ver, according to the literature, this amount of RCC has not 
induced non-spectral interferences caused by carbon, such as 
analyte signal enhancement or suppression due to a charge 
transfer mechanism, collisional ionisation, or collisional 
excitation with carbon-based species [17–19].

The method’s accuracy was checked by comparing the 
observed values with certified values. For the urine sam-
ple (Table 4), the recovery was estimated from 82% (Ni) to 
122% (Zn). These results indicate that the proposed method 
is suitable for this sample. For serum samples (Table 5), the 
proposed method is also suitable for determining Fe, Cu, 
Zn, Co, Se, Mo, Cd, and Mg; the recoveries found ranged 
from 72 to 105 when employing certified reference material. 
Moreover, as many elements (e.g. Fe, Cu, Zn, Mn, Ni, Co, 

Table 3   Operational conditions used for Q-Exactive Quadrupole 
Orbitrap mass spectrometer

Parameter

Spray voltage ( +) 3500 V
Spray voltage ( −) 3200 V
Spray current 1.8 µA
Capillary temperature 300 °C
Sheath gas 35
Auxiliary gas 10
Spare gas 0
Max spray current ( +) 100
Max spray current ( −) 100
Ion source HESI
Probe heater temperature 300
Acquisition mode Full scan
Full scan resolution 70000
Scan range (m/z) 50–750
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Se, Mo, Cd, Ca, and Mg) could be determined with good 
accuracy and precision, this method can be employed for 
diverse applications, such as clinical toxicological studies 
(Ni and Cd determination), metallomics studies involving 
the ionomic profile due to the occurrence of a disease, and 
the relationship between trace elements and health disorders 
[20, 21].

The detection (LOD) and quantification (LOQ) limits 
were assessed according to IUPAC recommendations: three 
and ten times the blank standard deviation, respectively, 
divided by the slope obtained from the calibration curve. The 
values obtained from this method are presented in Table 6. 
The lowest detection limit found was for Cd (0.001 µg L−1), 
while the highest was for Ca (60 µg L−1).

Soybean callus

The amount of sample and the volume of hydrogen per-
oxide were initially investigated to determine the best 

decomposition conditions. Three sample amounts were 
tested in this context: 10, 25, and 50 mg and two H2O2 
volumes: 300 and 500 µL. In these preliminary results, 
500 µL was more suitable, in terms of decomposition effi-
ciency; therefore, the experiments were carried on with 
this condition. In the supplementary material, in Section 1, 
there are some descriptions about the development and 
optimisation of the digestion method based on the use of 
only hydrogen peroxide.

The decomposition efficiency was assessed by analys-
ing residual carbon by ICP OES. The RCC was below 
the detection limit for all conditions, indicating that the 
proposed method was efficient for plant in vitro biotech-
nological materials. On the other hand, seven elements 
(Zn, Mo, Ca, Mg, Mn, P, and S) were determined by ICP-
MS and ICP OES, aiming to compare with the proposed 
method (Table 7). Based on the results, the values found 
in the digestion method employing only hydrogen peroxide 
are compared to the established decomposition method for 
biological matrices, which usually uses nitric acid com-
bined with H2O2 [2] and satisfactory values were observed 
for the three sample masses tested. Regarding the sam-
pling precision, there is a trend for the mass range used 
(10–50 mg); the low masses, 10 mg and 20 mg, show the 
highest relative standard deviation (RSD), mainly for Ca 
and Zn. Therefore, considering this extremely heteroge-
neous matrix, a high mass is recommended to avoid bias 
and poor repeatability. In addition, increasing the sample 
amount results in sensitivity and precision enhancements. 
In this context, the best condition defined for this sample 
was 50 mg of soybean callus and 500 µL of H2O2 (30% 
v v−1).

The detection limit was assessed according to recommen-
dation of IUPAC, and for both methods (acid and hydrogen 

Table 4   Elemental concentration determined in certified reference 
material of urine by ICP OES (Mg and Ca) and ICP-MS (Cd, Co, Cu, 
Fe, Mn, Mo, Ni, Se, and Zn)

Analyte Certified value 
(µg L−1)

Found value (µg L−1) Trueness (%)

Ca 16.8 14.3 ± 1.1 85
Cd 14.1 12.8 ± 0.9 91
Co 9.5 8.9 ± 1.5 94
Cu 104.0 102.0 ± 8.9 98
Fe 222.0 250.0 ± 58.6 91
Mg 45.1 45.4 ± 1.5 101
Mn 9.5 8.5 ± 0.5 90
Mo 93.0 96.5 ± 3.5 104
Ni 14.6 12.0 ± 0.1 82
Se 75.3 64.8 ± 1.2 86
Zn 502 609.0 ± 13.5 122

Table 5   Elemental concentration determined in certified serum refer-
ence material by ICP OES (Mg) and ICP-MS (Cd, Co, Cu, Fe, Mo, 
Se, and Zn)

Analyte Certified value 
(µg L−1)

Found value (µg L−1) Trueness (%)

Cd 5.9 4.2 ± 0.3 72
Co 5.7 4.70 ± 0.2 82
Cu 1400 1238.0 ± 59.2 88
Fe 1500 1357 ± 126 91
Mg 21.8 19.5 ± 0.1 105
Mo 5.8 4.7 ± 0.1 81
Se 105 92.6 ± 7.2 88
Zn 1700 1648 ± 134 97

Table 6   Detection limit values estimated for the proposed method 
(serum and urine) using only hydrogen peroxide in a miniaturised 
system and ICP OES (Mg and Ca) and ICP-MS (Cd, Co, Cu, Fe, Mn, 
Mo, Ni, Se, and Zn) as detection techniques

Analyte LOD (µg L−1) LOQ (µg L−1)

Mn 0.10 0.34
Fe 0.50 1.67
Ni 0.02 0.06
Co 0.01 0.03
Cu 0.02 0.07
Zn 0.52 1.74
Se 0.002 0.007
Mo 0.01 0.02
Cd 0.001 0.002
Ca 60.00 240.00
Mg 10.00 20.00
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peroxide decomposition), it is shown in Table 8. According 
to the results, the decomposition procedure with only hydro-
gen peroxide had LOD values lower than the acid composi-
tion for Mn, Mo, and P.

Considerations for the sample preparation process

Hydrogen peroxide is characterised as a weak acid and 
as a substance with oxidising properties. Moreover, this 

reagent has been considered “green” due to the products 
of decomposition, which are only water and oxygen [12, 
14]. In this context, the use of H2O2 has great promise for 
the principles of green chemistry in addition to the instru-
mental advantages discussed previously. The final aspect 
of digested samples (soybean callus, urine, and serum) is 
shown in Fig. 2.

Further experiments are performed to clarify some insights, 
such as the possible products formed. First, an experiment was 
performed to check the acidity of the digested material. Ten 
replicates containing 500 µL of H2O2 were run in the heating 
microwave programme; afterward, they were mixed, and pH 
was recorded. The initial pH was 2.82 ± 0.05, and the final 
value was 1.27 ± 0.15, indicating the formation of acid species 
and an enhanced factor of 36 related to hydronium forma-
tion during microwave-assisted decomposition. This result is 
relevant because it corroborates the importance of acid spe-
cies formation, which can contribute to the decomposition 
of the sample. The same observation was reported by Muller 
et al. [12] during the decomposition of milk powder with only 
hydrogen peroxide in a high-pressure system. The pH initially 
recorded was 4, while the final pH was 3. Moreover, another 
study investigating the microwave radiation effect in water 

Table 7   Elemental concentration (µg g−1) determined in soybean cal-
lus samples employing the proposed digestion method (only hydro-
gen peroxide) and its comparison with the acid-based digestion. For 

both decomposition procedures, ICP OES (Ca, Mg, P, S, and Mn) and 
ICP-MS (Mo and Zn) were used as detection techniques

a Values obtained by comparing the values found in the proposed method and nitric acid decomposition

Acid decomposition Hydrogen peroxide decomposition

Analyte 
(µg g−1)

50 mg 50 mg Agreement (%)a 20 mg Agreement (%)a 10 mg Agreement (%)a

Ca 258.3 ± 13.7 260.2 ± 16.7 101 263.0 ± 42.8 102 268.6 ± 44.3 111
Mg 60.9 ± 1.4 65.7 ± 3.1 108 68.1 ± 1.4 112 59.0 ± 3.8 97
Mn 8.1 ± 0.7 8.7 ± 0.5 107 8.4 ± 0.4 104 8.8 ± 0.7 109
Mo 0.31 ± 0.05 0.27 ± 0.01 87 0.27 ± 0.01 87 0.26 ± 0.05 84
P 112.0 ± 3.9 132.6 ± 6.5 118 127.1 ± 9.6 113 113.1 ± 15.0 101
S 162.0 ± 6.5 186.9 ± 12.1 115 179.6 ± 8.5 111 164.7 ± 8.1 102
Zn 3.8 ± 0.6 3.1 ± 0.2 82 3.6 ± 1.2 95 5.3 ± 3.3 139

Table 8   Detection limit values obtained for acid and hydrogen per-
oxide decomposition of soybean callus samples using ICP OES (Ca, 
Mg, P, S, and Mn) and ICP-MS (Mo and Zn) as detection techniques

Limit of detection Acid decomposi-
tion

Hydrogen perox-
ide decomposition

Ca (µg g−1) 2.1 9.1
Mg (µg g−1) 1.2 2.8
Mn (ng g−1) 43.9 13.0
Mo (ng g−1) 4.0 3.0
P (µg g−1) 9.4 5.9
S (µg g−1) 14.4 13.7
Zn (ng g−1) 1.2 1.1

Fig. 2   The final aspect of the 
samples digested with only 
hydrogen peroxide, in a minia-
turised system, and after adjust-
ing the final volume. a Soybean 
callus; b urine; c serum
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observed that increasing microwave exposure time reduces 
pH [22].

A solution containing only H2O2 (30% v v−1) was submit-
ted to microwave-assisted digestion with the same heating 
program previously described to evaluate which products 
can be formed during decomposition. After this process, 
the solution was directly injected into the LTQ-Orbitrap, 
and the analysis was run in negative mode. A peak derived 
from nitrate (NO3

−) was found at m/z = 61.99 (Fig. 3), thus 
indicating the formation of nitric acid in situ. This nitric acid 
production is probably related to NOx recombination and 
water vapor [22]. Moreover, the high temperature and pres-
sure in the miniaturised vials contribute to these processes 
[23]. The acid formation corroborates the pH decreases 
that were discussed above. Figueiredo et al. reported the 
presence of nitrate and other anions (e.g. fluoride, chloride, 
and sulfate) in water after microwave heating. Furthermore, 
an increase in microwave radiation exposure increases the 
amount of NO−

3. According to the authors, some compounds 
in the air, such as nitrogen, contribute to these anions in the 
digested sample [22].

Green analytical chemistry metrics

Aiming to assess the procedure’s greenness, a recently 
released software called AGREEprep (Analytical greenness 
metric for sample preparation) was employed [24]. The main 

advantage of this approach is that it considers all principles of 
GAC flexibly combined with green sample preparation (GSP), 
some of which have not been considered in other available 
software. Overall, the software scores the analytical proce-
dure from 0 to 1, with a higher value corresponding to a more 
desirable GSP condition. The 10 principles of GSP are pre-
sented in this approach, among them miniaturisation, sample 
amount, energy consumption, sample throughput, waste pro-
duction, and operator safety. Moreover, the weight for each 
principle used was in the default condition as recommended.

In this sense, the H2O2 decomposition procedure was 
compared with three different acid-based methods described 
in the literature [25–27]. It is important to highlight that 
the energy consumption was estimated employing the same 
microwave system used in this work; therefore, the dif-
ference of value was due to the several powers and times 
employed in the heating program. The pictogram with the 
metrics is shown in Fig. 4, and more details about the meth-
ods described in the literature are discussed in the supple-
mentary material (Table S2).

According to the results, the H2O2 decomposition showed 
a score value of 0.42 for callus decomposition and 0.45 for 
urine and serum decomposition. Moreover, the green metric 
for the miniaturised method employed nitric acid and hydro-
gen peroxide described for callus samples showed a value 
of 0.42. Comparing both miniaturised methods (hydrogen 
peroxide and acid decomposition), it is possible to see that 

Fig. 3   The mass spectrum of a solution composed of hydrogen peroxide after decomposition
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criterion 10 (Ensure safe procedures for the operator) is 
significantly affected by using nitric acid and H2O2, which 
has more than four safety pictograms. Moreover, three con-
ventional closed-vessel microwave decompositions for cal-
lus samples and urine showed critical metric values, around 
0.2 - 0.37. This observation is related to the high amount 
of sample and reagents used, which affects Criterion 2 and 
5; hence, the waste generated tends to increase in this con-
ventional procedure (Criterion 4). Furthermore, the sample 
throughput is diminished (Criterion 6) due to the capability 
of running 16 samples in a batch with miniaturised decom-
position, as opposed to the conventional method which 
allows for only 12 samples per batch.

Applications

Urinary metal concentrations in patients with COVID‑19

The analytical methodology was applied to 20 urine samples 
(10 COVID-19 positive and 10 control) to determine Mn, Fe, 
Ni, Co, Cu, Zn, Se, Mo, Cd, Ca, and Mg content by ICP-MS 
and ICP OES. The results in Fig. 5 indicate statistical dif-
ferences in the Ca, Cd, Co, and Mg (p < α) levels between 
urine samples from patients with COVID-19 and control 
samples. However, levels of all elements except Cu (with an 

average concentration of 4.7 µg L−1) were higher in COVID-
19 samples than in controls, suggesting increased excretion.

During COVID-19 viral infection, studies show that met-
als play important roles in the complex interactions between 
the virus and cells in the human body. This is because most 
metals are present in the form of metalloproteins that are 
involved as agents in the immune response and the deregu-
lation of the system [28]. The elements calcium and mag-
nesium, for example, were associated with severe and post-
mortem stages in patients with COVID-19 in a study carried 
out by Guerrero-Romero et al. [29]. However, there is still 
a gap to understanding the homeostasis of these metals in 
individuals with COVID-19. Some results have indicated Fe, 
Zn, and Cu as targets for studies on biochemical pathways 
during viral disease [30].

In this context, Aryal et al. analysed plasma samples from 
healthy patients and patients with COVID-19. To digest the 
samples, the authors used an oven at 80 °C for 4 h in concen-
trated HNO3, repeating the procedure twice for a total of 8 h. 
As a main result, they found that the concentration of copper 
increased significantly in plasma samples with COVID-19 
compared to control samples [31].

Zeng et al. [32] conducted a study of 138 patients with 
COVID-19 to assess urinary concentrations of chromium, 
manganese, copper, selenium, cadmium, mercury, and lead 

Fig. 4   AGREEprep scores were obtained for the conventional (a) 
H2O2 microdecomposition for callus samples (our work); b HNO3 
microdecomposition for callus samples (our work); c H2O2 microde-
composition for urine and serum samples (our work); d Arruda et al. 

— callus (acid decomposition) [25]; e Grassin-Delyle et  al. — bio-
logical samples (acid decomposition) [26]; f Zhang et  al. — urine 
samples (acid decomposition) [27]
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from the onset of the disease and over its clinical course. For 
sample preparation, 400 μL of urine was diluted in a solution 
of Triton X-100 and HNO3. This sample preparation strategy 
is critical and may affect the accuracy of the results due to 
the non-ionic surfactant effect of Triton X-100, which leads 

to a decrease in the amount of metal available for ionisation 
in the plasma [33]. The results pointed to abnormalities in 
the urinary levels of trace metals, mainly the element Cu, 
and associated high levels of Cu with severe states of the 
disease and fatal outcomes of COVID-19 [32].

Fig. 5   Average concentrations of metals in urine from control 
patients and those diagnosed with COVID-19. Error bars show mean 
values ± standard deviation. p values were calculated using the non-

paired t-test. Statistical significance is indicated as ns not significant 
(p > 0.05), *p ≤ 0.05 and **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001
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Excessive levels of iron and zinc may be related to the 
activity of the virus in the system, which increases muta-
tion rates and requires greater activity of the immune 
response [34]. In this sense, Alkattan et al. [35] studied 
the association between Zn, Fe, Cu, and Se in the blood 
during viral infection by COVID-19. The authors detected 
different levels of elements in blood plasma, such as zinc 
concentrations in the range of 120 mcg/dL, iron 776 mcg/
dL, and copper 18 mcg/dL, respectively. In this work, 
excessive levels of iron and zinc were also detected in 
urine samples from patients with COVID-19 disease.

In summary, the analytical method developed in this 
work is suitable for clinical studies and toxicological tests, 
in addition to helping to define the factors associated with 
the severity of COVID-19 and predicting clinical outcomes 
to improve the prognosis of the disease. It has the advan-
tages of using a low volume of sample and reagent, having a 
shorter preparation time, and being environmentally friendly, 
in addition to ensuring the accuracy of the results obtained.

Determination of micro‑ and macronutrients in soybean 
callus cultivated in the presence of silver nanoparticles

Plant tissue culture, also called PTC, has been highlighted 
in the biotechnology field due to several possibilities, 
such as genetic, pharmaceutical, cosmetic, and bioener-
getic research. One of the most interesting products of 
this in vitro process is the plant callus, which is composed 
of pre-existing stem cells. This material is produced from 
any plant part (e.g. stem, leaf, root, or seed) in an asep-
tic medium under controlled conditions (temperature and 
photoperiod) [36, 37]. Moreover, the culture of plant sus-
pension cells is produced from callus employing a culture 
medium under shaking, and this process is widely used 
for studies at the single-cell level [38]. Recently, nano-
technology has been combined with the plant in vitro 
cultures, and opportunities have been highlighted such as 
the production of secondary metabolites [39, 40]. From 
another perspective, the in vitro plant cultures can also be 
used for toxicological investigations [41]. Considering the 
importance of biotechnological material, the analysis of 
trace elements provides relevant information, for example, 

in the determination of elements involved in biochemical 
pathways or the internalisation of a target analyte.

In this context, the proposed method is an important tool 
for these studies. For evaluation of the applicability of the 
sample preparation procedure, five samples of soybean cal-
lus were cultivated in the presence of silver nanoparticles 
with a nominal size of 60 nm and at a concentration of 
400 µg L−1. Samples collected from the medium without 
silver nanoparticles were analysed and named “control”. 
The results for the determination of seven elements (Ca, 
Mg, Mn, Mo, S, P, and Zn) are shown in Table 9. According 
to the results, the elements with the highest concentrations 
were Ca, S, and Mg, with values ranging 305–426 mg g−1, 
84–131 mg  g−1, and 58–82 mg  g−1, respectively. Con-
versely, Mo was the element with the lowest concentration 
(175–289 µg g−1). Moreover, comparing the soybean callus 
cultivated in the presence of silver nanoparticles with the 
soybean callus control, there were no verified differences 
among the elemental concentrations. Kučerová et al. [42] 
employed an analytical method for the determination of 
nutrients in poplar calli cultivated in the presence of arsenic 
and silicon based on acid digestion (4 mL of concentrated 
HNO3 and 2 mL of H2O2), flame atomic absorption spec-
trometry (FAAS), and ICP-MS. The nutrient concentrations 
that they observe agree with those found in this work, and 
Ca is the element present in the highest amounts.

Conclusion

According to the results, the proposed method is an 
excellent alternative for sample preparation of biologi-
cal samples in the context of green chemistry, mainly for 
procedures with applications for disease monitoring and 
biotechnology. The miniaturised method significantly 
reduced the quantity of both samples and reagents, thus 
contributing to the greenness of the method. Additionally, 
using only hydrogen peroxide as a reagent greatly impacts 
other analytical issues, such as by improving sensibility 
due to a cleaner blank and reducing non-spectral inter-
ferences in plasma-based techniques which are caused 
by nitric acid. Concerning the analytical parameters, the 

Table 9   Determination of micro- and macronutrients in soybean callus samples employing the proposed sample preparation method and ICP 
OES (Ca, Mg, P, S, and Mn) and ICP-MS (Mo and Zn) as detection techniques

Sample Ca (μg g−1) Mg (μg g−1) Mn (μg g−1) Mo (ng g−1) P (μg g−1) S (μg g−1) Zn (ng g−1)

60 nm 390.2 ± 22.0 77.1 ± 4.5 8.8 ± 0.4 289.4 ± 19.5 52.8 ± 6.5 131.3 ± 7.1 5494.5 ± 315.7
Control 304.6 ± 11.9 58.2 ± 8.7 6.8 ± 0.9 200.8 ± 31.7 30.8 ± 5.4 83.9 ± 8.5 4018.2 ± 799.3
Control 385.1 ± 55.6 76.2 ± 9.7 9.2 ± 1.2 207.7 ± 23.1 49.6 ± 5.5 119.1 ± 13.9 4467.1 ± 491.1
Control 426.1 ± 59.5 81.5 ± 12.1 9.8 ± 1.3 175.2 ± 2.1 52.9 ± 5.7 124.0 ± 14.0 4214.8 ± 54.1
Control 305.5 ± 40.0 61.5 ± 7.1 7.6 ± 0.8 224.9 ± 18.1 42.9 ± 3.8 107.4 ± 5.7  5110.4 ± 18.11
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method’s accuracy was satisfactory for all matrices, show-
ing trueness above 72% for all the analytes investigated. 
Moreover, the assessment of RCC (less than 0.8%) in the 
samples after decomposition indicates the efficiency of 
the method.
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