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Abstract: The residues of benfuracarb and carbosulfan required for insect control in
Spergularia marina were evaluated to investigate basic data for their registration with
safe use standards. S. marina grown in soil treated with benfuracarb or carbosulfan
was harvested and subjected to LC/MS/MS analysis equipped with a modified QUEChERS
method for quantitative and qualitative analyses of benfuracarb, carbosulfan and their
metabolites carbofuran and 3-hydroxycarbofuran. The methods for sample preparation
and instrumental analysis were established to meet the CODEX guidelines. Total residues
of benfuracarb were found in the range of 0.01~0.02 mg/kg in samples of S. marina
grown in soil treated with benfuracarb. The low total levels of benfuracarb were suggested
by the rapid degradation of benfuracarb in soil and plant. Total residues of carbosulfan
were in the range of 0.02~0.39 mg/kg in samples of S. marina grown in soil treated
with carbosulfan. Carbosulfan was degraded to carbofuran and 3-hydroxycarbofuran
at higher levels than those in benfuracarb-treated samples. The higher total levels of
carbosulfan than those of benfuracarb were suggested by an increase in the total
amount translocated to plant. The residues of carbosulfan and its metabolites increasing
with harvest time at twice the recommended dose suggested continuous uptake and
translocation occurred during plant growth. Considering the total residues of benfuracarb
and carbosulfan higher than 0.01 mg/kg, the Positive List System level, our study suggests
that the establishment of safe use standards for benfuracarb and carbosulfan in S.
marina is necessary.
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Introduction

Spergularia marina (L.) is a one- to two-year old salt-tolerant herbaceous plant
of the Caryophyllaceae family that grows in saline locations, such as near salt flats,
along the coast [1]. It grows in reclaimed rice fields on the west and south coasts
of Korea [2] and is also distributed in Russia, South Asia, North Africa, Europe
and North America [Plants of the World Online, 2025, https://powo.science.
kew.org]. It is known as tetrapod because of the similarity of its slender, long leaves
to those of a tetrapod squid and is characterized by its semi-cylindrical, row-like
leaves that grow in multiple nodes and have pointed tips [3].

In Korea, according to an unofficial report from the Korea Agriculture,

Fisheries and Food Distribution Corporation, more than 96% of the total product
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of S. marina is cultivated in Jeollanamdo coasts from October to May, including Muanangun, Youngkwanggun, Sinangun, and
Hampyeonggun. S. marina can be grown in outdoors in winter due to its high resistance to cold and drought, thus saving
heating costs (production costs) when grown in facilities. As a result, it is increasingly being grown as an alternative crop to
increase farmers’ income in winter when other crops grow relatively poorly. S. marina contains high amounts of functional
components such as choline, -carotene, betaine, phenolic acids and flavonoids and natural minerals such as calcium, magnesium
and potassium, which may exert anti-aging, antioxidant and anti-inflammatory effects [4,5]. S. marina is attracting attention
as one of the functional food ingredients in the food service industry as it is known to be used as a salt substitute to reduce
high sodium intake [6].

It is expected that the cultivation of S. marina in Korea will continue to increase due to its economic crop status as mentioned
above. However, the cultivation of S. marina is threatened by a number of insects such as black cutworm, aphids, mode cricket
and mites. Especially the black cutworm is one of the typical insects that cause a significant reduction in the production of
S. marina. The black cutworm feeds mainly on the leaves of S. marina, which is the main source of income for the farmers.
According to the Pesticide Safety Information Database of the Rural Administration of Agriculture (RDA), only bifenthrin is
registered as a typical pesticide for the control of black cutworm in S. marina. The RDA has recently received a number of
requests from farmers for additional pesticide registrations that can be used to better control black cutworm in S. marina.
Therefore, there is a need to investigate safe use criteria for additional pesticides that may be used to control insects in S.
marina.

Benfuracarb and carbosulfan are carbamate insecticides widely used to control black cutworm in variable crops. They exert
their insecticidal action by inhibiting the function of acetylcholinesterase, an enzyme that hydrolyzes the neurotransmitter ace-
tylcholine in insect bodies [7,8]. Benfuracarb and carbosulfan are known for their low persistence relative to their efficacy, which
contributes to their widespread use in continuous leaf-harvest crops such as S. marina. Considering the potential threat of insects
to the productivity of S. marina and the requests for pesticide registration from farmers, the Korean government has recognized
the need for pesticides that can be used to control black cutworm. Therefore, this study was conducted to evaluate the residues
of benfuracarb and carbosulfan, which can be used to control black cutworm and aphids, which are major problems in the
greenhouse cultivation of S. marina. For this purpose, sample preparation and analytical methods were optimized according
to the CODEX guidelines for pesticide residue analysis [9], and the optimized methods were used to evaluate the residues of
benfuracarb and carbosulfan in samples of S. marina, which will provide basic data for pesticide registration with establishment

of safe use standards.

Results

Method Validation

The method for the analysis of the test chemical components was established by considering the ion ratio difference of
the components, the sample matrix effect, the linearity of the matrix-matched calibration and limit of quantitation (LOQ).

The ion ratio difference was automatically calculated by the instrument sequence setting program to accept the actual detection
of the target compound (benfuracarb, carbosulfan, carbofuran, 3-hydroxycarbofuran) only when the ion ratio difference meets
the level of +30% in reference to the SANTE/SANCO European Food Safety Agency guidelines [10]. The ion ratio differences
of benfuracarb, carbosulfan, carbofuran and 3-hydroxycarbofuran between the solvent-matched calibration and the matrix-match-
ed calibration were similar in the range of +30% (Fig. 1), indicating that the residues of the target compounds detected in
this study were obtained by the method that meets the international guidelines as mentioned above, and the error of the detection

method can be considered insignificant.
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Fig. 1. lon ratio difference patterns of the target compounds at different concentrations prepared in organic solvent or control sam-
ple matrix. lon ratio differences are the averages of triplicates.

The sample matrix effect ranged from -39.820 to -10.479% for the target compounds, and the suppression and enhancement
of ion intensity were within +40% (Table 1). It is known that there is no significant difference between the matrix-matched
calibration and the solvent-matched calibration when the test substance is quantified with the matrix effect within £10% [11,12].
Therefore, in this study, benfuracarb and carbosulfan were quantitatively analyzed based on the matrix-matched calibration curve,
considering the matrix of the sample to ensure the reliability of the method.

The matrix-calibration curve showed good linearity with the coefficient of determination (R?) ranging from 0.9970 to 0.9995
for all samples (Table 2). The curve showed a LOQ of 0.01 mg/kg of the target compound and more than 75% recovery of
back-calculation efficiency at 0.005 mg/kg, indicating that the sample matrix did not interfere with the calibration of the target
compounds in all samples.

Overall, the method established as described above complies with the CODEX guidelines [9], indicating that the method

in our study is suitable for the determination of the target compounds in samples of S. marina.
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Table 1. Sample matrix effects on the calibration linearity of the target compounds

Target compounds Sample matrix effects (%)
Benfuracarb -14.337
Carbosulfan -39.820
Carbofuran -10.479

3-Hydroxycarbofuran -20.205

" [(Slope of linearity curve in matrix - slope of linearity curve in solvent only)/ (slope of linearity curve in solvent only)] x 100%.

Table 2. Correlation factors of determination (R?) of matrix-matched calibration curves of the target compounds

R? factors of the target compounds in sample matrices

Test pesticides

Benfuracarb Carbosulfan Carbofuran 30H-carbofuran
Benfuracarb 0.9973 - 0.9985 0.9993
Carbosulfan - 0.9970 0.9995 0.9988

Recovery and Selectivity of Established Method

The established method for the target compounds was verified by recovery test according to the CODEX guidelines [9].
The LC-MS/MS analysis detected benfuracarb, carbosulfan, carbofuran and 3-hydroxycarbofuran at retention times of 3.38, 3.80,
2.89~2.91 and 2.65~2.66 minutes, respectively, without any interfering peaks on their chromatograms in the control sample at
these retention times. The difference in retention time of the target compound detected in the sample was less than 0.6% com-
pared with the retention time of the standard, which met the 2.5% recommended by the European Community guideline
(2002/657/EC). In addition, peaks considered to be the target compound were observed in the control sample at times close
to the retention times of the target compound in the sample, but these were not accepted as the same substance because they
deviated significantly from the +30% ion ratio difference value set in the instrument sequence program. These results indicated
that the established method had selectivity between samples.

The mean recoveries of benfuracarb, carbosulfan, carbofuran and 3-hydroxycarbofuran ranged from 79.5 to 108.4% and from
93.5 to 106.5% at 10 times the LOQ level (Table 3). The percentages of coefficient of variation (%CV) ranged from approximately
1.7~10.3% at the LOQ level and approximately 2.3~13.0% at 10 times the LOQ level. In a separate preliminary experiment,
the chemical stability of the target compound in the samples during storage was investigated. The target compound was added
to the control samples at 0.1 mg/kg and stored at -20°C in a refrigerator until analysis. The mean recoveries of the target com-

pound ranged from 80.3 to 111.9% with %CV less than 4.8%, indicating that the target compound was chemically stable during

Table 3. Recovery values of the test compounds from spiked plant samples

Recovery (%)

Test pesticide Target compounds Spiked levels (mg/kg)
0.01 (LOQ) 10 x LOQ
Benfuracarb 87.6+6.8 94.2+12.2
Benfuracarb Carbofuran 1049+10.8 103.5+4.9
30H-carbofuran 93.8+1.6 93.5+87
Carbosulfan 79.5+4.7 102.1 £2.3
Carbosulfan Carbofuran 1083 +4.3 106.5+£4.8
30H-carbofuran 1084+ 1.7 99.8 +4.6

" Data are meanszstandard deviation of triplicates.
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the test period. Overall, the above results met the guidelines for pesticide residue analysis recommended by the CODEX.

Residues of Benfuracarb and Carbosulfan in Harvested Samples

The above established method was used to determine the residues of benfuracarb and carbosulfan in samples of S. marina
grown in greenhouse. The residues of benfuracarb and carbosulfan were calculated on the basis of the total carbofuran residue
converted as described in the Materials and Methods section.

In samples treated with benfuracarb, the residues of benfuracarb and 3-hydroxycarbofuran were found to be less than 0.01
mg/kg in all samples, while carbofuran was found at levels of 0.02 mg/kg and 0.01 mg/kg at the recommended dose and twice
the recommended dose, respectively (Table 4), Thus, the total residues of benfuracarb were calculated to be 0.01~0.02 mg/kg.

In samples treated with carbosufan, carbosulfan, carbofuran and 3-hydrocarbofuran were found at levels of 0.11 mg/kg, 0.06
mg/kg and 0.03 mg/kg, respectively, 37 days after treatment at the recommended dose (Table 5), and their residues decreased
to levels of 0.01~0.02 mg/kg 44 days after treatment. Carbosulfan, carbofuran and 3-hydrocarbofuran were found at levels of
0.14 mg/kg, 0.11 mgkg and 0.03 mg/kg, respectively, 37 days after treatment at twice the recommended dose, these residue
levels were 0.44 mg/kg, 0.11 mg/kg and 0.02 mg/kg, respectively, 44 days after treatment. Thus, the total residues of carbosulfan
calculated as described above were 0.22~0.39 mg/kg, higher than in the samples treated with benfuracarb.

Table 4. Residues of the test compounds in the samples of harvested plant grown in soil treated with benfuracarb

Residues (mg/kg)"

Treated levels (mg/kg) Target compounds
o9 J P 37 DAT? 44 DAT
Benfuracarb <0.01 <0.01
Carbofuran 0.02 £0.01 0.01 £0.01
0.12 kg a.i/10a
30H-carbofuran <0.01 <0.01
Total carbofuran 0.02 £0.01 0.01 £0.01
Benfuracarb <0.01 <0.01
Carbofuran 0.02 £0.01 0.02 +0.01
0.24 kg a.i/10a
30H-carbofuran <0.01 <0.01
Total carbofuran 0.02 +0.01 0.02 +0.01

"V Data are means#standard deviation of triplicates.
2 DAT: day after treatment.

Table 5. Residues of the test compounds in the samples of harvested plant grown in soil treated with carbosulfan

Residues (mg/kg)”

Treated levels (mg/kg) Target compounds
I 9 P 37 DAT? 44 DAT
Carbosulfan 0.11£0.01 <0.01
Carbofuran 0.06 £ 0.01 0.02 £0.01
0.18 kg a.i/10a
30H-carbofuran 0.03 £0.01 <0.01
Total carbofuran 0.15+0.01 0.02 +0.01
Carbosulfan 0.14+£0.03 0.44 +0.01
Carbofuran 0.11+£0.01 0.11+£0.02
0.36 kg a.i/10a
30H-carbofuran 0.03+0.01 0.02 +0.01
Total carbofuran 0.22 £0.02 0.39+0.02
"V Data are means+standard deviation of triplicates.
2 DAT: day after treatment.
https://doi. 10.5338/KJEA.2025.44.23
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Discussion

In this study, the residue patterns of benfuracarb and carbosulfan were investigated in S. marina grown in greenhouse soil
treated with the test pesticides at the recommended dose and double dose, respectively. The methods for sample preparation
and instrumental analysis were successfully optimized and established according to the CODEX guidelines in order to quantita-
tively and qualitatively evaluate the residues of the target compounds in the samples.

Total residues of benfuracarb were found at levels of 0.01 mg/kg and 0.02 mg/kg in samples of S. marina grown in soil
treated with benfuracarb, which were significantly low as compared to the treated level. The levels of carbofuran were higher
than those of benfuracarb, suggesting that benfuracarb was degraded to carbofuran during the experiment. The detection of
3-hydroxycarbosufran indicated that carbofuran was also degraded to 3-hydroxycarbofuran. The low total levels of benfuracarb
were suggested by the rapid degradation of benfuracarb in soil. It has been reported that benfuracarb degrades mostly to with
carbofuran as the major degradation product within 7 to 10 days after soil treatment [13]. Benfuracarb has also been reported
to degrade rapidly in an upland soil to 74% of the treated level within 5 days with carbofuran as the major degradation product
[14]. Benfuracarb, in particular, is known to be significantly degraded to carbofuran and other products by sunlight in plant
and soil [15]. In our study, S. marina was harvested 37 days and 44 days after soil treatment with benfuracarb, which is longer
than the above time period known to degrade most of the treated benfuracarb. Given the degradation behaviour of benfuracarb,
the length of time that S. marina was grown was likely sufficient for significant degradation of benfuracarb. Benfuracarb is a
systemic carbamate insecticide that translocates from the treated part to the whole plant and is metabolized to carbofuran and
3-hydroxycarbofuran [16]. Benfuracarb has been reported to persist for 7 to 12 days in the brinjal crop, with 50% reduction
in applied residue within 3 to 5 days after foliar spraying at rates of 0.25 mg/kg and 0.5 mg/kg [17]. The metabolism of "“C-rabeled
benfuracarb in cotton, bean, and corn plants demonstrated the rapid degradation of benfuracarb to carbofuran and 3-hydrox-
ycarbofuran and carbofuran phenol as major metabolites following foliar application [18]. Benfuracarb is known to be mostly
immobile in soil after soil treatment [19], which may contribute to the amount of benfuracarb translocated to the plant depending
on its levels in the soil. Soil-treated benfuracarb is known to be absorbed at the root level and translocated via the apoplast
pathway to the aerial parts of the plant where it is distributed and accumulated at low levels in the plant body [20]. These
observations in previous studies may explain the low levels of benfuracarb in S. marina in our study.

Total residues of carbosulfan were in the range of 0.02~0.39 mg/kg in samples of S. marina grown in soil treated with
carbosulfan, which were higher than those of benfuracarb. The detection of carbofuran and 3-hydroxycarbofuran indicated that
carbosulfan was degraded to these degradation products at higher levels than those in benfuracarb-treated samples. The higher
total levels of carbosulfan than those of benfuracarb may be due to a difference in the rate of degradation between them, consider-
ing that the rate of degradation of carbosulfan is lower than that of benfuracarb in soil [13,14]. The slower degradation of
carbosulfan and its products in soil may contribute to an increase in the total amount translocated to the plant. Soil-treated
carbosulfan is known to be taken up by the plant and translocated via the apoplast pathway, distributed and accumulated in
cell walls and in roots [21,22]. It is also metabolized to carbofuran and 3-hydroxycarbofuran in plant leaves, roots and shoots
[23]. These observations suggest that the residue patterns of soil-treated carbosulfan in the plant may need to be considered
for carbosulfan and its metabolites, as their levels are higher than those in benfuracarb-treated samples. The residue levels of
carbosulfan and its metabolites decreased with harvest time in the samples treated at the recommended dose, but their residue
levels increased with harvest time in the samples treated at twice the recommended dose, suggesting that continuous uptake
and translocation of the compounds occurred during plant growth after treatment at twice the recommended dose. These ob-
servations are consistent with a previous study showing that carbofuran residue levels in plants increase with treatment levels
[24]. Carbosulfan treated in different growth stages (sowing, seedling, and podding) of cowpea demonstrated that the risk of
acute dietary intake of the total residues of carbosulfan, including carbosulfan, carbofuran, and 3-hydroxycarbofuran, was higher

than 100% in the seedling and podding stages, 10 days after foliar application [25]. It was also reported that the pre-harvest
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interval should be strictly considered for 7 days after foliar application on cucumber to ensure the safety of dietary intake [26].
These observation together our study suggest that the total residues of carbosulfan are needed to carefully follow the pre-harvest
interval after soil treatment and foliar application to ensure.

In this study, the total residues of benfuracarb and carbosulfan based on the residues of carbofuran in S. marina were found
to be in the range of 0.01~0.39 mg/kg. The total residues of carbosulfan were higher than those of benfuracarb, which may
be due to the differences in water solubility and LogP values between them. Carbosulfan has about 0.3 mg/kg of water solubility
and 5.4 of LogP value, while benfuracarb has about 0.8 mg/kg of water solubility and 4.3 of LogP value, suggesting more hydro-
phobicity for carbosulfan than benfuracarb, which may contribute to the differences in the total residues in S. marina. Considering
the total residues of benfuracarb and carbosulfan higher than 0.01 mg/kg, the Positive List System level, our study suggests
that the establishment of safe use standards for benfuracarb and carbosulfan in S. marina is necessary. Based on the OECD
MRL calculator (http://www.oecd.org/env/pesticides), the residues of benfuracarb and carbosulfan that could be proposed as tem-

porary MRLs (maximum residue limits) in S. marina are estimated to be 0.06 mg/kg and 0.8 mg/kg, respectively.

Materials and Methods

Chemicals

The test products of benfuracarb and carbosulfan were 3% granular formulations (GRs) commercially available in Korea.
Standard stock solutions of benfuracarb, carbosulfan, carbofuran and 3-hydroxycarbofuran (Fig. 2) were purchased from Kemidas
(Gunpo, Gyeonggido, Korea) at a concentration of 1,000 mg/L dissolved in acetonitrile. Organic solvents used were of HPLC
grade purchased from J.T. Baker (Phillipsbug, NJ, USA). Formic acid (99%) was purchased from Sigma-Aldrich (St. Louis, USA).
All other chemicals were reagent grade purchased from Junsei Chemical Co., Ltd. (Tokyo, Japan), unless otherwise stated. The

QuEChERS kit used for sample preparation was purchased from Agilent (San Francisco, CA, USA).
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Fig. 2. Chemical structures of benfuracarb (1), carbosulfan (2), carbofuran (3) and 3-hydroxycarbofuran (4) test in this study.
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Field Trials

Field trials were conducted in a greenhouse in Sinangun, Jeollanamdo. S. marina, which had grown in the greenhouse during
the winter season, was conventionally cut to a height of less than 1 cm before treatment with the test granular formulations
(GRs). The test GRs were thoroughly mixed with soil at a ratio of 1 to 100 (g/g) in polyvinyl bags and applied evenly to the
greenhouse soil plot (2 m x 5 m) at the recommended doses of 4 kg/10a for benfuracarb and 6 kg/10a for carbosulfan and
twice their recommended doses. Greenhouse soil plots were designed and prepared in triplicate as described in a previous study
[27]. S. marina was conventionally cultivated under greenhouse conditions and harvested 37 days and 44 days after the GRs
treatments. The average temperature and humidity during the field trials were 4.5~16.6°C and 52.8~90.1%, respectively. The
harvested samples were chopped into small pieces, then ground using a high-speed homogenizer with dry ice. All samples were

then stored at -20°C until analysis.

Sample Preparation

A modified QUEChERS method was used for sample preparation. A 10 g sample from above was added to a 50 mL centrifuge
tube with 10 mL of acetonitrile containing 6.0 g of anhydrous MgSO,, 1.5 g of CH;COONa and vortexed vigorously for 2.0
min. The mixture was then centrifuged at 4,500 rpm for 5.0 min to obtain the supernatant. A 1.0 mL aliquot of the supernatant
was transferred to a 2 mL micro-centrifuge tube containing anhydrous MgSO, (150 mg), PSA (25 mg) and GCB (7.5 mg),
mixed and centrifuged at 8,000 rpm for 3.0 min. The resulting supernatant was passed through a 0.2 um syringe membrane
filter (PTFE-H) and used for LC/MS/MS analysis. In a separate study, the chemical stability of the test compounds in the samples
during storage at -20°C was examined by calculating the recovery data of the standards spiked at a level of 0.1 mg/L in the
control samples. The chemical stability of the target compounds was tested at -20°C for the same period as the field samples
until analysis. The residues of benfuracarb and carbosulfan were calculated on the basis of the total carbofuran residue converted
as follows:

1) The total carbofuran residue (mg/kg) in the samples treated with benfuracarb = carbofuran residue (mg/kg) + [conversion

factor I x benfuracarb residue (mg/kg)] + [conversion factor II x 3-hydroxycarbofuran (mg/kg)]

2) The total carbofuran residue (mg/kg) in the samples treated with carbosulfan = carbofuran residue (mg/kg) + [conversion

factor III x carbosulfan residue (mg/kg)] + [conversion factor II x 3-hydroxycarbofuran (mg/kg)]

3) The conversion factors are; I. Molecular weight of carbofuran/molecular weight of benfuracarb, II. Molecular weight

of carbofuran/molecular weight of 3-hydroxycarbofuran, III. Molecular weight of carbofuran/molecular weight of

carbosulfan.

Method Validation

The ion ratio, calibration linearity, sensitivity, precision and accuracy of the analytical methods were subjected to method
validation tests according to the guidelines of the European Commission document SANTE/11813/2017 [10]. The ion ratio differ-
ence was automatically calculated by the instrument sequence setting program as a level of +30% in the reference. A qualitative
ion ratio was used to indicate the presence of interferences, which was calculated as the ratio of the peak area for the quantifier
transition to the peak area of the qualifier transition in the calibration standard and sample matrix solutions. The selected ions
used to calculate the ion ratio are as follows: precursor ion m/z 411.5 and product ions m/z 195.1 and m/z 158.4 for benfuracarb,
precursor ion m/z 381.2 and product ions m/z 118.0 and m/z 160.1 for carbosulfan, precursor ion m/z 222.0 and product ions
m/z 165.1 and m/z 123.0 for carbofuran, and precursor ion m/z 238.0 and product ions m/z 181.2 and m/z 163.0 for 3-hydroxy-
carbofuran. The linearity of matrix-matched standard calibration curve was obtained by diluting serially their stock solutions (100
mg/L) with the extracts of control samples into their working solutions ranged from 5.0 to 200 pg/L. The sensitivity of the method
was evaluated by the quantification of limit (LOQ) at the signal to noise of 10:1. The LOQ was calculated as:
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LOQ (mg/kg) = [minimum detectable amount (ng) x final sample volume (mL)] / injection volume (L) x sample amount (g)]

The precision and accuracy of the methods were evaluated by the recovery data using the standards spiked in the control
samples at levels of LOQ and 10 x LOQ. The recovery data were acceptable in the range of 70~120% with the relative standard
deviation (RSD) less than 20% according to the guidelines of the European Commission document SANTE/11813/2017 [10].

The recovery was conducted in triplicate and calculated as:

Recovery (%) = (the concentration detected in the sample) / (the spiked concentration) x 100.

Instrumentals

A Waters model Xevo TQD-XS triple quadrupole LC/MS/MS equipped with a Waters model ACQUITY™ UPLC system was
used. An Acquity BEH Cis stainless steel column (100 x 2.1 mm, 1.7 pm thickness) was used for the sample separation. The
mobile phase was consisted of water (A) and acetonitrile (B) containing 0.1% (v/v) formic acid, and its isocratic and gradient
were performed as follows: isocratic 100% solvent A for 1.0 min, linear gradients 100% solvent B for 2.0 min, isocratic 100%
solvent A for 5.0 min, flow rate 0.3 mL/min. Electron spray ionization (ESI) mode was used for LC/MS/MS spectra. LC/MS/MS
conditions were routinely optimized at desolvation gas flow 10.8 mL/min (N,), capillary gas flow 0.4 mL/min, capillary voltage

3.5 KV, ion source temperature 150°C and desolvation temperature 350°C.

Data Availability: All data are available in the main text or in the Supplementary Information.
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