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a b s t r a c t

Salinity tolerance of ambient electric arc ionization (AEAI) was evaluated by comparing electrospray ion-

ization for various samples at NaCl concentrations from 0 to 1000 mmol/L. AEAI-mass spectrometry

(AEAI-MS) exhibited an excellent signal intensity even at NaCl concentrations of 1000 mmol/L, while the

ESI-MS had no signal because high salinity has a strong inhibitory effect on analytes. The sodium adduct

was verified using LiCl instead of NaCl. AEAI-MS successfully quantified saline samples with an excel-

lent quantitative ability (R2 ≥ 0.998). We also achieved some analytical samples in the buffer solution

at a very high concentration and even in a saturated salt solution. Overall, AEAI-MS has protonated ions

for most target analytes. In addition, the relationship between auxiliary temperature and the distance

from the sample to the arc was investigated, and the results indicated that thermal desorption plays an

important role in AEAI source.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

There is a need to analyze saline sample in mass spectrome-

try (MS). Highly-saline samples cannot be directly analyzed by MS

because of salt precipitation, which blocks cones and ion lenses.

Moreover, the presence of salts severely suppresses MS signal and

leads to salt cluster ions in the mass spectrum. However, salt un-

avoidably exists in many samples because of the production pro-

cess and separation processes [1–4].

Over the years, various MS studies have tried to use differ-

ent ion sources coupled to a mass spectrometer to directly ana-

lyze samples in complex matrices [5–20]. Compared to traditional

electrospray ionization (ESI), desorption nanoelectrospray ioniza-

tion (nanoDESI) exhibits better MS signal intensities for samples

with salt contamination due to the decrease in the number of

droplet fissions causing unnecessary salts enrichment [21]. Signal-

to-noise ratios do not substantially deteriorate even at NaCl con-

centrations of 2.5 mol/L. Based on dielectric barrier discharge ion-

ization (DBDI), a capillary electrophoresis (CE) MS interface ex-

hibits a higher tolerance for non-volatile salts and surfactants [22].

In addition, a centimeter-scale continuous silica isoporous mem-

brane is integrated into a facile microfluidic chip for protein de-

salting based on a dialysis principle before MS analysis. Notably,
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this device achieved approximately 99% desalting efficiency for the

isotonic saline sample at a flow rate of 1 μL/min while protein loss

was only 5% [23].

The arc plasma-based dissociation (APD) device is a newly de-

veloped ionization technique. An electric arc with a voltage ranged

between 15–20 kV is used to induce the dissociation of neutral

molecules or ions generation by arc discharges. Elimination and

aromatization were observed as special dissociation patterns in

this device, which can be applied in isomer differentiation [24].

It is worth noting that, based on previous researches on arc and

plasma [25-29], an AEAI source [30] at a voltage of 7 kV with soft

ionization characteristics was established. We further evaluated the

detection ability of AEAI for samples with high salt or buffer so-

lution concentrations. It is essential that AEAI ionize analytes in

complex matrices such as biological samples.

Herein, saline samples were analyzed using AEAI-MS. Mes-

terolone is a dihydrotestosterone derived anabolic androgenic

steroid and is generally used to treat male hypogonadism. Fig. 1

shows the ESI and AEAI mass spectra of 10 μg/mL mesterolone

samples at different NaCl concentrations, respectively. Figs. S1-S4

(Supporting information) support universality of the phenomenon.

For high-salt samples, the AEAI mass spectrum exhibited a stronger

MS response compared to ESI. At NaCl concentrations of 1000

mmol/L, there was no mesterolone peak in the ESI mass spec-

trum, while a high protonated peak was observed in the AEAI
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Fig. 1. (A) ESI and (B) AEAI mass spectra of mesterolone in 0, 100, and 1000

mmol/L NaCl solutions (10 μg/mL).

Fig. 2. (A) ESI and (B) AEAI mass spectra of mesterolone in 10, 100 and 1000

mmol/L LiCl solutions (10 μg/mL).

mass spectrum. In addition, for samples with 100 mmol/L NaCl or

frequent uses of ESI, salt precipitation accumulates onto the sur-

face of the MS inlet. Notably, this phenomenon did not occur dur-

ing the AEAI process because AEAI has high ionization efficiencies

with very small injection volumes (0.1–0.5 μL). Sodium adduct ions

([M + Na]+) are obtained from samples containing NaCl in the ESI

mass spectrum. As NaCl concentrations increase, the abundance

of sodium adduct ion increases, while there is almost no sodium

adduct ion in the AEAI mass spectrum.

Sodium adduct ions in the laboratory may interfere with ana-

lytical results, therefore, we used lithium ion to verify the sodium

source. Fig. 2 shows that as LiCl concentration increases, the rela-

tive abundance of [M + Li]+ in the ESI mass spectrum increases,

thereby making it difficult to detect mesterolone at high-salt con-

centrations. The other sample results are provided in Figs. S5-S7

(Supporting information). AEAI has excellent salt tolerance and can

hardly be affected by different types of metal ions in solution com-

pared to ESI. Lithium chloride is weakly alkaline in aqueous solu-

tion, which is not conducive to providing protons for analytes [31].

Fig. 3. MS signal intensities of anilofos, cytosine, mesterolone, perylene, and sulfa-

diazine in pH 6.5, pH 7.2, pH 8, and pH 9 phosphate buffers (0.5 mol/L) analyzed

by the AEAI source. Error bars represent standard deviations for samples analyzed

in triplicates.

Therefore, the intensity of the protonated peaks diminished with

the use of AEAI.

Sulfadiazine is an antibiotic. Fig. S8 (Supporting information)

shows quantitative curves of mesterolone and sulfadiazine from

0.10μg/mL to 10 μg/mL at 100 mmol/L NaCl solution, indicating

that AEAI has good quantitative abilities in saline solution. Accord-

ing to the criteria specified by the European Commission Decision

2002/657/EC, limits of detection (LODs) were estimated based on

the standard deviation (SD) obtained through the analysis of 20

spiked blank samples (LOD = 2.33 SD). The LOD for both mes-

terolone and sulfadiazine at 100 mmol/L NaCl solution was 3 ng/μL

(0.1 μL).

We tested salinity tolerance for five standards with different

polarities including anilofos, cytosine, mesterolone, perylene, and

sulfadiazine under several extreme conditions, as shown in Figs.

S9 and S10 (Supporting information). Perylene is a representa-

tive non-polar polycyclic aromatic hydrocarbon. We found that

AEAI-MS can detect protonated ions of target analytes in high-

concentration buffers or in saturated salt solutions. However, due

to the degree of salt interference, the intensities vary with differ-

ent salt concentrations.

Fig. 3 shows analytes in 0.5 mol/L phosphate buffers at pH

values from 6.5 to 9.0. Results showed that MS signal intensi-

ties of anilofos, mesterolone, and perylene did not exhibit obvious

changes with increasing pH values, while the MS signal intensity

of cytosine and sulfadiazine decreased with increasing pH values.

This is because cytosine and sulfadiazine molecules contain amino

groups. Alkalinity of the solution inhibits the protonation process,

therefore, there is no such phenomenon for the other three ana-

lytes without the amino groups.

Furthermore, as a type of thermal plasma with a high energy

and rich charges, the arc ionization is attributed to a desorption

ionization mechanism. In addition, a suitable desorption temper-

ature improves the mass spectrometric signal, whereas high tem-

peratures destroy analyte structures. Thermal burst ionization (TBI)

[32] and fast shot desorption ionization (FEDI) [33] generated ions

in the process of violent and high-speed eruption in a small space.

Therefore, an auxiliary hot air gun was used to replace the heat of

the remote arc to verify the importance of heating desorption for

the AEAI source (Fig. 4A and Fig. S11 in Supporting information).

We used the X axis movable platform to change the distance be-

tween the MS inlet and the arc (d2), and the distance from the arc

to the sample (d1). The muzzle of hot air gun was placed about

10 mm away from the capillary to heat the sample to target tem-

perature. It is noteworthy that the distance between the arc and

MS inlet should be further than 2 mm to avoid discharge risking

the mass spectrometer. Electrical safety in the atmospheric envi-

ronment also needs be executed according to the specifications in

laboratory.
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Fig. 4. (A) Photograph and schematic diagram of the established AEAI coupled with

an LTQ Orbitrap mass spectrometer. Signal intensities of cytosine in different d1

(distance between arc and capillary) and d2 (distance between the arc and the MS

inlet) positions as analyzed by AEAI-MS: (B) No heating; (C) At heating tempera-

tures of 300 °C by hot air gun.

When we used the thermocouple to detect the temperature,

we found that the actual temperature close to the set temperature

could be obtained at 1-2 mm of the front end of the hot air gun.

As shown in Fig. 4B, the signal was only found in a small range

without heating source. As d2 increased, signal intensity decreased.

This was attributed to subuliform ions diffusion. As d1 increased,

the signal intensity also decreased. With the capillary heated to

300 °C using a hot air gun (Fig. 4C), signal intensities decreased

with increasing of d1 and d2. Nonetheless, better signals were ob-

served in a larger range, thereby verifying the significant effect of

heat in AEAI. The temperature at 1 mm near the arc was about 440

°C, about 300 °C at 2 mm, and about 100 °C at 3 mm. The heating

temperature from 100 °C to 450 °C at d1 of 7 mm and d2 of 8 mm

away from the arc had no effect on the capillary. Signal intensities

at different temperatures were similar and without obvious regu-

larity, and were significantly greater than those without heating.

In the end, 300 °C was selected as the optimal desorption temper-

ature. When the arc was removed and the sample was heated to

300 °C only with the hot air gun, no ionization products can be

observed under the same experiment. The d1 was greater than 3

mm (the hot air gun has a certain volume of 3 mm). The wind

from the hot air gun caused the arc whisker to fluctuate, thereby

affecting mass spectrometric results by negatively impacting the

increase in d2 and being advantageous to the heating source. AEAI

are ambient ion sources based on APCI mechanism. The electric arc

provides adequate heat for the thermal desorption of analytes in

high-salt sample. Electric arc ionization region can make the salt

precipitation to fall off and avoid contaminating the instrument,

and the vapor-phase analytes are then converted into cations via

the reaction with the reactive charged species (mainly protonated

water cluster ions) in the arc plasma. The analyte ions eventually

migrate into the MS inlet and a clear mass spectrum is recorded.

In conclusion, we proved the performance and characteristics

of AEAI to salinity tolerance and evaluated its mechanisms. In ad-

dition, AEAI exhibited better salinity tolerance (without obvious

salt precipitation) than the traditional ESI source. Excellent AEAI-

MS signals were obtained without salt cluster ions even at high-

salt samples. Compared to the other desalination methods, such as

two-dimensional liquid chromatography, and microfluidic chip de-

salination among others, AEAI exhibited direct analysis abilities for

saline samples with minimum sample loss. This study informs the

development of a convenient interface between liquid chromatog-

raphy and MS for saline samples.
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