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a b s t r a c t

In this study, an ambient mass spectrometry (AMS) based method was developed for rapid detection of

organophosphorus pesticides in strawberry. This method combines an electric arc and a microsyringe tip

to realize tip-assisted ambient electric arc ionization (TAAEAI). A high-voltage electric arc can be applied

to the microsyringe tip to generate an electric field, which results in corona discharge at the microsy-

ringe tip. The juiced strawberry sample loaded on the tip could be directly ionized with TAAEAI and then

analyzed by a mass spectrometer. TAAEAI-MS was successfully applied to analyze 6 organophosphorus

pesticides in three strawberry samples. Malathion and profenofos were detected from the investigated

strawberry samples. This method could quantitatively determine the contents of organophosphorus pes-

ticides in strawberry with high reproducibility, high precision, and high sensitivity. Sample matrices did

not interfere with the pesticide analysis. The recoveries of organophosphorus pesticides spiked in straw-

berry samples varied between 82.6% and 116% with relative standard deviations (RSDs) less than 9.2%.

The limits of detection (LODs) varied between 0.0124μg/g and 0.0245μg/g, while the limits of quantifi-

cation (LOQs) varied between 0.0413μg/g and 0.0817μg/g. The coefficients of determination (R2) of the

method were determined to be >0.995. The method established here may have potential application in

the detection of organophosphorus pesticides in vegetables and fruits.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Vegetables and fruits are rich in carbohydrates and vitamins.

Recent years have witnessed an increasing consumption of these

two essential foods [1–3]. However, pests and diseases frequently

impact their yields [4]. Therefore, a variety of pesticides are of-

ten used to control pests and weeds in the fields [5]. However,

pesticides cause serious damage to ecological system and seri-

ously affect human health once entering the body [6–8]. Many ev-

idences have indicated that some severe diseases such as cancer

and leukemia are closely related to pesticides [9–12].

Strawberry is a popular fruit and often used as a significant

ingredient in food manufacturing because of its unique fragrance

and excellent taste [13,14]. Studies have shown that hot and hu-

mid environment, such as in the plastic greenhouse, easily causes

fungi growth and crop diseases. Unfortunately, strawberry in most
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parts of China grows in such an unfavorable environment [15–17],

and varieties of pesticides are used in a large amount during the

cultivation of strawberry, resulting in far higher concentrations of

pesticide residues in strawberry than in other fruits. Therefore, the

analysis of pesticides in strawberry has recently become a hot re-

search topic. It is worth noting that organophosphorus pesticides

have a bulk of applications in crop planting due to their strong

and broad-spectrum insecticidal efficacy [18–20]. Organophospho-

rus pesticides can be distributed quickly to various organs and tis-

sues once entering the human body. They inhibit the activity of

acetylcholinesterase and thus prevent acetylcholine from being hy-

drolyzed, causing poisoning and even death [21–23].

Mass spectrometry (MS) is generally used to detect pesticides

in foods following liquid chromatography separation [24–28], and

provides reliable analysis with great detection performance. Ambi-

ent mass spectrometry (AMS) techniques allow direct analysis of

compounds in raw food samples with minimal or no sample pre-

treatment. Desorption electrospray ionization MS (DESI-MS) and

direct analysis in real time MS (DART-MS) are the first developed
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Fig. 1. The schematic diagram (a), photos (b), and ionization mechanism diagram

(c) of TAAEAI-MS setup. d1 is the distance between the needle tip and the arc, and

d2 is the distance between the needle tip and MS inlet.

AMS techniques. Paper spray ionization MS (PSI-MS) and dielectric

barrier discharge ionization MS (DBDI-MS) are subsequently devel-

oped to detect and analyze pesticides [29–32]. In addition, since

the tip has a charge accumulation effect, metal tips are often used

in AMS techniques to assist ionization, whose mechanism is similar

to atmospheric pressure chemical ionization (APCI) [33–35]. How-

ever, most AMS techniques are still subject to complex sample ma-

trices, long sample pretreatment and detection times.

Electric arc based MS is a new AMS technique developed in

2020. Arc plasma dissociation MS (APD-MS) was used to detect fin-

gerprint under atmospheric condition [36]. High energy and volt-

age of APD can desorb and ionize target molecules. Then, the team

used APD to split and ionize the polymer, and obtained the struc-

tural information of the polymer through fingerprint analysis [37].

Ambient electric arc ionization MS (AEAI-MS) with a soft ioniza-

tion source is a novel, versatile AMS technique to analyze com-

pounds with a wide range of polarities [38]. Notably, AEAI only

requires an open arc for ionization without laser and gas input.

AEAI realizes the analysis of samples in solid, semi-solid, liquid,

and gaseous states, and has good salt and matrix tolerances [39].

Besides, a portable MS ionization source named “MasSpec Pointer”

with a mass of only 65 g was recently developed and used for the

positioning of fatty acid carbon-carbon double bonds and the rapid

detection of pesticides [40].

In this study, we built a tip-assisted ambient electric arc ioniza-

tion (TAAEAI) device, and developed a detection method combin-

ing TAAEAI and high-resolution orbitrap MS for simultaneous anal-

ysis of 6 organophosphorus pesticides in strawberry. The accuracy,

precision, limits of detection (LODs), and limits of quantification

(LOQs) of the method met the requirements of pesticide residue

analysis. The results showed that TAAEAI-MS is suitable for simul-

taneous detection of multiple pesticides in vegetables and fruits.

As shown in Fig. 1, the needle of a microsyringe containing a

proper amount of liquid sample is placed on the arc discharge re-

gion. The arc is 1–5mm away from the needle tip. When the liquid

sample is pushed out, the arc plasma not only has enough temper-

ature to desorb the sample, but also generates a discharge region

in the surrounding air. The gas-phase analyte can be attached with

the active charged particles in the arc plasma (mainly protonated

water cluster ions) and then enter the mass spectrometer to be de-

tected. The presence of the metal tip can greatly improve the ion-

ization efficiency of the sample. On the one hand, the metal needle

tube can transfer the heat generated by the arc to the sample and

help the sample thermally desorb. On the other hand, the arc can

be regarded as a charge generator, which can continuously provide

free charges to the metal needle tube. The needle tip can accumu-

Fig. 2. The MS (a) and MS/MS (b) spectra of chlorpyrifos (10 μg/g) recorded by

TAAEAI-MS. The error is within the tolerance range of 10ppm.

late charges due to its sharp shape, which is beneficial to increase

the ionization efficiency. The whole analysis takes only a few sec-

onds from sampling to data collection.

Parameters of d1, d2, and arc voltage were optimized for best

ionization. We used malathion at a concentration of 10μg/g as

model molecule. The peak intensity-distance curves/arc voltage are

shown in Fig. S1 (Supporting information). The optimal d1 was

3mm with highest peak intensity observed. When d1 was less

than 3mm, the arc was too close to the needle tip, and would

burn and destroy the sample. Meanwhile, large d1 (>3mm) was

not conducive to heat transfer and arc ionization. The optimal

d2 was 3mm, too. When d2 was set at 1–3mm, the peak inten-

sity of [malathion+H]+ was pretty high. When d2 was more than

3mm, the peak intensity significantly reduced. Given that short

d2 (<3mm) would trigger the analyte being more easily sucked

in the MS inlet by negative pressure, the optimal d2 was thus

set at 3mm. In addition, we determined the optimal arc voltage

as 7 kV (Fig. S1c), which was consistent with previous work. All

the subsequent experiments were performed under the optimal

conditions.

Commercial strawberry juice samples spiked by 6 pesticides

at the concentration of 10μg/g were used to test the TAAEAI-MS

method. Fig. 2a and Fig. S2 (Supporting information) showed that

the protonated ions of pesticides could be successfully detected

with low interference by sample matrix. Therefore, the protonated

pesticide ions were chosen for subsequent qualitative and quanti-

tative analysis. Collision-induced dissociation (CID) was also per-

formed to fragment the target ions of pesticide-spiked strawberry

juice samples (Fig. 2b and Fig. S3 in Supporting information). The

literature-supported fragmentation pathways of precursor ions are

shown in Fig. S4 (Supporting information) [41]. These results in-

dicated that TAAEAI-MS could effectively analyze pesticides in the

samples containing complex matrices.

We next used commercial strawberry juice samples spiked by 6

pesticides to establish a quantitative TAAEAI-MS method. A series

of strawberry juice samples containing mixed pesticide standard

solutions were made and the calibration curves were established

(Fig. S5 in Supporting information). The calibration equations, the

coefficients of determination (R2), linear ranges, relative standard

deviations (RSDs), LODs, and LOQs data for 6 organophosphorus

pesticides are shown in Table 1. The results indicated that the

TAAEAI-MS method had good reproducibility and high precision,

and the R2 numbers were greater than 0.995 and the RSD numbers

are less than 9.2%.
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Table 1

The calibration equations, R2, linear ranges, RSDs, LODs, and LOQs of 6 organophosphorus pesticides.

Pesticide Equation R2 Linear range (μg/g) Concentration (μg/g) RSD (%) LOD (μg/g) LOQ (μg/g)

Chlorpyrifos y= 33048x+ 680.83 0.9988 0.1–10 0.1 5.96 0.0142 0.0475

0.5 3.49

2 2.15

5 2.84

10 2.53

Dichlorvos y= 44654x+698.68 0.9969 0.1–10 0.1 2.53 0.0124 0.0413

0.5 4.43

2 3.23

5 1.89

10 4.91

Dimethoate y= 34098x+ 964.70 0.9974 0.1–10 0.1 6.25 0.0216 0.0721

0.5 7.87

2 4.43

5 2.60

10 6.58

Malathion y= 73365x+1617.2 0.9969 0.1–10 0.1 7.69 0.0245 0.0817

0.5 3.99

2 2.42

5 4.97

10 3.76

Profenofos y= 47272x+455.62 0.9985 0.1–10 0.1 5.20 0.0136 0.0454

0.5 5.42

2 3.17

5 7.38

10 2.55

Trichlorfon y= 34583x+399.44 0.9969 0.1–10 0.1 8.90 0.0169 0.0564

0.5 6.12

2 8.02

5 7.04

10 9.14

The mixed standard solution was spiked at the concentration

of 0.05 μg/g to strawberry juice sample, and the LODs and LOQs

were correspondingly measured. The LODs and LOQs of 6 pesti-

cides range from 0.0124μg/g to 0.0245μg/g and from 0.0413μg/g

to 0.0817μg/g, respectively. Except dimethoate, other pesticides′
LODs were lower than the maximum residue limits (MRLs) of the

National Food Safety Standards of the People’s Republic of China

No. 2763–2021 (GB 2763–2021) and the European Parliament and

Council Regulations No. 149/2008 (EC 149/2008) [42,43]. Thus, the

method established here could be used to determine whether the

contents of pesticide residues in fruits and vegetables exceed the

national standards.

Three strawberry samples were obtained from local markets.

The juices were squeezed from the strawberries. The TAAEAI-MS

method was then used to detect possible pesticides in these juice

samples. Each sample was analyzed in triplicate, and the aver-

age content and the recovery were determined according to the

established calibration curves (Table 1). The results showed that

three organophosphorus pesticides were detected in three straw-

berry samples. Sample 1 contains profenofos residue, sample 2

contains malathion residue, and sample 3 contains both profeno-

fos and malathion residues (Table 2 and Fig. S6 in Supporting

information). Sample 3 also contains non-quantifiable chlorpyri-

fos residue. The contents of profenofos in samples 1 and 3 ex-

ceed the MRL of EC 149/2008 by 190% and 128%, respectively,

while the contents of malathion in samples 2 and 3 are lower

than the MRL. The standard addition experiments were also car-

ried out for three strawberry samples to measure the recovery.

The addition concentrations for each pesticide were 0.1 μg/g and

0.5 μg/g, respectively. The recoveries ranged from 82.6% to 116%

(Table 2).

To examine whether washing could reduce the amount of pes-

ticide residues in strawberries, we thoroughly washed three straw-

berry samples with deionized water and performed the analysis

again. The results showed that the contents of profenofos in sam-

ples 1 and 3 greatly reduced and were not detected by our method.

The amount of malathion residues in samples 2 and 3 also reduced

to a non-quantifiable level. These results suggested that washing

can effectively reduce and even remove pesticide residues from

strawberry products. Therefore, although samples 1 and 3 contain

profenofos exceeding the MRL, they are still edible after thorough

washing.

We compared TAAEAI-MS with other AMS techniques devel-

oped in recent years to assess their performances in pesticide

detection (Table S1 in Supporting information). These AMS tech-

niques include thermal desorption electrospray ionization-MS

(TD-ESI-MS), PSI-MS, wooden-tip electrospray ionization-MS

(Wooden-tip ESI-MS), leaf spray ionization-MS (LSI-MS), DART-

MS, and electrospray laser desorption ionization-MS (ELDI-MS)

[44–49]. PSI-MS has low LODs and LOQs but requires complicated

sample pretreatment such as extraction and separation thus is

time-consuming and resource-demanding. Some AMS techniques

can directly analyze sample without pretreatment or only with

simple pretreatment (no extraction and separation). However,

due to matrix effect, the performances of these AMS techniques

fluctuate greatly, and the LOD sometimes can even reach as high

as 1000μg/L. In contrast, TAAEAI-MS can directly detect pesticides

in strawberry juice sample with no need of sample extraction and

separation, and the detection performance is not largely compro-

mised by complex matrices in strawberry. TAAEAI-MS are signif-

icantly better than other direct injection AMS techniques in LODs

and LOQs, and even comparable to PSI-MS. In addition, the analysis

time of TAAEAI-MS is extremely short. It takes only a few seconds

for the entire process from sampling to data collection, which is

very valuable for rapid, real-time application. Therefore, TAAEAI-

MS has advantages in pesticide detection, especially suitable for

those samples containing complex matrices. In addition, TAAEAI

can be applied to efficiently analyze low-polarity pesticides, such

as phenoxycycloposphazene and diphenylphosphine oxide in

methanol solution (10μg/g) (Fig. S7 in Supporting information).
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Table 2

The contents and recoveries of 6 organophosphorus pesticides in 3 strawberry samples and the MRLs of GB 2763–2021 and EC 149/2008.

Pesticide Sample 1 Sample 2 Sample 3 MRLs (μg/g)

Result (μg/g) Recovery (%) Result (μg/g) Recovery (%) Result (μg/g) Recovery (%) GB 2763–2021 EC 149/2008

Chlorpyrifos NDa 104d 89.0e ND 108d 85.1e NQ 101d 88.0e 0.3 0.2

Dichlorvos ND 105d 92.8e ND 93.3d 88.8e ND 89.3d 110e 0.2 0.01

Dimethoate ND 97.4d 89.3e ND 105d 110e ND 113d 97.1e 0.01 0.02

Malathion ND 91.4d 105e 0.186 94.3d 90.0e 0.162 116d 96.1e 1 /

Profenofos 0.145 103d 96.4e NQb 109d 88.4e 0.114 109d 92.7e /c 0.05

Trichlorfon ND 98.3d 103e ND 92.5d 114e ND 98.6d 82.6e 0.2 2

a ND, not detected.
b NQ, not quantified.
c /, not mentioned in the literature.
d The added standard concentration was 0.1 μg/g.
e The added standard concentration was 0.5 μg/g.

In summary, a TAAEAI-MS method was developed in this work,

which combines microsyringe tip sampling and electric arc ion-

ization for direct juice sample analysis. This method was success-

fully applied to rapidly measure organophosphorus pesticides in

strawberry with good quantitative performance, good repeatabil-

ity, high precision, high sensitivity, and low matrix interference. In

the future, TAAEAI-MS might have potential to be a routine anal-

ysis method for the detection of pesticide residues in fruits and

vegetables.
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