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Extraction electrospray ionization mass spectrometry (EESI-MS), due to the unique
configuration of its ionization module, enables the effective ionization of trace
molecules of interest in samples containing complex matrices with high
sensitivity, high selectivity and high responding speed without requiring sample
pretreatment, and allows high-energy molecular species to undergo specially
designed reactions for advanced functionalization. The typical effects of
operating conditions on the analytical performance of extraction electrospray
ionization mass spectrometry for various pharmaceutical compounds,
pharmaceutical preparations and herbal materials were systematically reviewed.
The application prospect of extraction electrospray ionization in molecular
functionalization for advanced drug discovery is also briefly introduced.
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1 Introduction

Mass spectrometry has been applied to multi-disciplines and sub-fields related to medicine
(such as material base (Ye et al., 2019), pharmacokinetics (Steuer et al., 2017), quality control
(Liu and Schulz, 2021), synthesis and preparation (Mercieca et al., 2020), etc.), because mass
spectrometry offers the premier performance including high sensitivity, high specificity and
rapid response to identify the ingredients and compounds of interest in the real-word
pharmaceutical sample mixtures with qualitative and quantitative information.

At present, pharmaceutical related laboratories often use gas chromatography-mass
spectrometry (GC-MS) (Beale et al., 2018; Wang et al., 2018) and liquid chromatography-
mass spectrometry (LC-MS) (Oh et al., 2021; Zhao et al., 2021), which require dedicated sample
pretreatment prior to sample analysis by mass spectrometry. Usually, the sample processing
protocols are complicated and takes hours to for a single run. It has been known that besides of
the possible sample loss, potential contamination and material degradation, the sample
pretreatment process is a key factor restricting the analysis efficiency of mass spectrometry
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(Chen et al., 2010). Therefore, advanced technologies for mass
spectrometry analysis of real-world samples without pretreatment
is highly desirable in pharmaceutical industry and research
laboratories.

Extractive Electrospray Ionization Mass Spectrometry (EESI-MS)
enables direct analysis of a wide variety of complex matrices without
any sample pretreatment. Due to its extremely high tolerance of dirty
matrix, EESI-MS has been widely used in the safety evaluation of
medicine (Chen et al., 2010; Zeng et al., 2016; Zheng et al., 2022), food
analysis (Deng et al., 2017; Xu et al., 2017; Lu et al., 2021b), life science
(Hu et al., 2011; Ning et al., 2013; Ke et al., 2019), environmental
science (Liu et al., 2011; Liu et al., 2012; Liu et al., 2020), chemical
industry (Zhu et al., 2008; Li X. et al., 2013; Zhang et al., 2018) and
other fields. In addition, based on EESI-MS, Neutral-Desorption
Extractive Electrospray Ionization Mass Spectrometry (ND-EESI-
MS) (Wu et al., 2019; Zheng et al., 2021) and Internal Extractive
Electrospray Ionization Mass Spectrometry (iEESI-MS) (Lu et al.,
2021a; Zheng et al., 2022) were further developed. Herein, we
provide an overview of the typical effects of operation conditions
on the analytical performance of EESI-MS for various pharmaceutical
compounds, pharmaceutical preparations, and herbal medicine
materials. The perspective of EESI-MS application in
functionalization of molecules for advanced pharmaceutical
chemicals is also briefly described.

2 The structure and ionization principle
of EESI-MS

Traditionally, mass spectrometry ionization technologies usually
require multi-step sample pretreatment before the processed sample
can be introduced for ionization and mass analysis and detection in
the vacuum (Chen et al., 2010; Meng, 2022). Nevertheless, EESI-MS
firstly charges the selected reagent (methanol or water, etc.) using ESI
for good production of the ionic reagent plume, which then implact
the sample plume in the open-air with a large volume about 20 cm3 to
transfer the energetic charge to the analyte molecules originated from
the sample mixture. Subsequently, the analytes become ions through
extraction and collision during the interations of the two plume sprays,
and then the analytes are introduced into the mass spectrometer for
subsequent analysis (Figure 1) (Chen et al., 2006). Typically, the EESI
device is mainly composed of two parts: An electrospray channel and a

neutral sample spray channel crossed at a certain angle (Figure 2A). By
adjusting the angle (α) between the extractant and the mass spectrum
inlet, the angle (β) between the two channels, the angle (γ) between the
sample atomizer tube and the mass spectrum inlet, the distance (a)
between the two channels and the distance (b) between the sample
atomizer tube and the mass spectrum inlet, the detection limits for
some substances (such as nicotine) can be even much better than ESI
under the experimental conditions, probably because the overall
efficiency for the ion collection, desolvation and transmission is
improved than the case employing ESI. ND-EESI-MS is developed
based on EESI, by adding appropriate neutral gas plume such as air,
nitrogen to liberate analytes from viscous samples (i.g., human skin,
honey, etc.). Usually, ND-EESI-MS is used for remote analysis by
separating the sampling and ionization processes in time and space
(Figure 2B) (Chen et al., 2010), allowing no/minimal invasion of the
sample during the analysis. iEESI-MS directly introduces a charged
solution (such as methanol, water, acetonitrile, etc.) into a large bulk
sample, in which the solvent diffuses, and then the analyte solution
moves along the electric field gradient inside the sample to the mass
spectrometer. As a result, it forms a stable electrospray plume in front
of the mass instrument entrance to produce analyte ions (Figure 2C)
(Zhang et al., 2013; Xu and Chen, 2018; Lu et al., 2020).

In drug discovery, ESI-MS has been widely used in many fields
such as organic synthesis, pharmaceutical analysis, and reaction
monitoring. However, the ESI-MS requires specially designed
multi-step pre-processing (e.g., extraction, separation, dilution,
etc.), which may delay the process of analysis for several minutes
or hours (Dell‘Orco et al., 1999; Brum et al., 2001; Clinton et al., 2005).
Direct real-time analysis (DART) uses tubes to directly absorb
solution from the reaction system, and then puts in front of a
heated DART ionization source. After the solvent evaporates, the
analyte was ionized and then directed to a mass spectrometer for
analysis. However, high temperature heating may lead to degradation
of the compound (Petucci et al., 2007). EESI-MS offers more
advantages than the above mentioned technologies because it uses
two independent sprays: One sprays the sample solution, and the other
generates charged solvent droplets (Chen et al., 2005a; Chen et al.,
2007a). This method allows directly trace detection of the analytes in
the form of gas, liquid and aerosol quickly and without any sample
pretreatment, and is not interfered by complex matrices (Chen et al.,
2006; Chen et al., 2007a; Chen et al., 2007b; Chen et al., 2007c; Gu
et al., 2007; Zhou et al., 2007; Chingin et al., 2008). Therefore, EESI-MS
is suitable for real-time monitoring of chemical reaction process, and
can directly detect various intermediates and by-products in the whole
reaction process (Qian et al., 2005; Mothana and Boyd, 2007).

Typical features of EESI-MS are summarized as follows (Zhou
et al., 2007; Zhang et al., 2013; Xu et al., 2017; Zhang et al., 2021):

(1) Rapidness: The molecular information of the sample can be
obtained within few seconds (such as acetone in exhaled gas)
without sample pretreatment. The capability of EESI-MS for in
vivo analysis is a unique feature making EESI-MS outstanding
among all the mass spectrometry-based technologies, and thus
enables the technique attractive for life investigation at the
molecular levers in real time;

(2) Sensitivity: All parameters are adjustable so that 1) the
detection limit of some substances (atrazine, etc.) can reach
fg level; 2) the signal is stable with RSD below 5% in the order of
pg levels;

FIGURE 1
The schematic of ionization principle of EESI-MS.
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(3) Selectivity: Samples with polar, weak polar, and nonpolar
properties can all be detected by altering the extraction
solution;

(4) Accuracy: 1) EESI-MS allows for the analysis of the sample to
obtain abundant molecular information, which may be lost
during sample pretreatment by other analytical methods; 2)
EESI provides maximum assurance that samples are not
affected by reagents and operating conditions during mass
spectrometry;

(5) Application: EESI can directly ionize liquid, colloid, gaseous, solid,
powder and other samples without sample pretreatment;

(6) Automation: Precision-machined EESI is an automated sampling
device that can provide high accuracy and precision.

3 Application of EESI-MS in analysis of
pharmaceutical chemicals

EESI-MS can be used for the identification and separation of
various bioactive substances, such as alkaloids, amino acids,
nucleotides, polypeptides, glycosides, steroidal compounds, volatile
oils, and fatty acids. It has been well established that the ionization
intensity of the compound is positively correlated with the detection
capability and the sensitivity of the mass spectrometer. According to
the molecular structure of drugs, Chen et al. systematically
investigated the influence of basic physical parameters of molecules
on the energy charge transfer process of target molecules in drugs
(Chen et al., 2005b; Chen et al., 2007d; Li et al., 2011; Li et al., 2011; Li
et al., 2012; Li et al., 2013; Badu-Tawiah et al., 2013; Li et al., 2013;
Chen et al., 2014; Xu et al., 2014). As shown in Table 1, the results were
as follows:

1. The polar of the drug molecule is closely associated with the
interaction between the drug molecule and the energy carrier.
When the drug molecule interacts with energy/charge carrier,
ions thus are produced. It has been known that the polar
compounds have an uneven charge distribution and a large
electron pair offset. Therefore, it is easy to give the electron pair
to one side, resulting in ionization of the compounds. For non-
polar molecules, EESI-MS can use charged cations or anions in the
solution to adsorb on the polar group of non-polar molecules to
generate molecular ions. Therefore, EESI-MS can be used for the
detection of polar/non-polar substances.

2. According to Brønsted-Lowry proton theory, acid dissociation
constant (Ka) of an acid HA is expressed by the equation: Ka =
[A−][H+]/[HA], whereas base dissociation constant (Kb) of a base B
is expressed by the equation: Kb = [HB+][OH−]/[B]. Acidic drug
with the larger Ka and the smaller pKa typically shows a stronger
acidic intensity and a higher ionization ability. When the
interaction of molecules is biased towards the deprotonation
state, the Ka value increases, and the pKa value decreases, so the
stronger the acid strength, the easier it is to be ionized. On the
contrary, when the molecular action is in the protonated state, the
Ka value decreases, the pKa value increases, and the ionization
strength becomes weaker. Similarly, alkaline drug with the larger
Kb and the smaller pKb generally shows a stronger alkaline
intensity and a higher ionization ability. At the same time, the
influence of polarity, proton affinity potential, ionization energy
and other factors of the drug should be considered
comprehensively.

3. When there is a strong interaction between the energy charge
carrier and the target molecule, the more energy transferred, the
more it can promote the ionization of the target molecule.
Therefore, the sensitivity of the instrument detection is increased.

4. When there is an extraction process in the energy-charge transfer,
the law of similar phase dissolution still applies, so that the
selectivity of ionization can be improved.

Due to the different dosage states, drugs usually exist in the state of
solid, liquid, colloidal, gaseous and heterogeneous mixtures.
Therefore, suitable ionization variants of EESI can be selected
according to the different states. As shown in Table 2, for Liquid
preparation (injection, eye drop, tincture, etc.), EESI can directly
ionize the sample without pretreatment, which is ideal for real-time

FIGURE 2
The schematic of EESI-MS and its derivatives. (A) The structure of
EESI-MS. (B) The structure of ND-EESI-MS. (C) The structure of iEESI-
MS. α: The angle between the extractant and the mass spectrum inlet; β:
The angle between the two channels; γ: The angle between the
sample atomizer tube and the mass spectrum inlet; a: The distance
between the two channels; b: The distance between the sample
atomizer tube and the mass spectrum inlet.
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TABLE 1 Application of EESI-MS in pharmaceutical chemicals analytical evaluation.

Polarity Drug type Representative Ionization
sources

Molecular structural formula Intensity of acid and
alkali

Ion form LOD
(µg/
L)

Reference

Strong

polarity

Sedative hypnotics Phenobarbital EESI-MS pKb6.6 [M + H]+ 0.049 Liu et al. (2019)

Analgesic drugs Morphine(MOP) EESI-MS pKb5.8 [M + H]+ 0.031 Liu et al. (2019)

Anti-angina drugs Nitroglycerin ND-EESI-MS — [M-AC]- — Chen et al. (2009)

Tetracyclines Tetracycline ND-EESI-MS pKa3.8 [M + H]+ 1. 080 Deng et al. (2016)

Chloramphenicols Chloramphenicol ND-EESI- MS pKb4.0 [M-H]- — Huang et al. (2014)

Cough medicine Codeine EESI-MS pKb5.8 [M + H]+ 0.031 Liu et al. (2019)

Benzodiazepines Nitrazepam EESI-MS pKb2.3 [M + H]+ — Liu et al. (2019)

Methylxanthines Caffeine EESI-MS pKb3.6 [M + H]+ 0.140 Liu et al. (2019)

Opiate agonist drugs Demerol EESI-MS pKb6.8 [M + H]+ 0.034 Liu et al. (2019)

(Continued on following page)
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TABLE 1 (Continued) Application of EESI-MS in pharmaceutical chemicals analytical evaluation.

Polarity Drug type Representative Ionization
sources

Molecular structural formula Intensity of acid and
alkali

Ion form LOD
(µg/
L)

Reference

Antihistamines Promethazine EESI-MS pKb4.9 [M + H]+ 0.018 Liu et al. (2019)

Alpha-and Beta-adrenergic

Agonists

Ephedrine EESI-MS pKb3.7 [M + H]+ 0.090 Liu et al. (2019)

Polarity Benzodiazepines Triazolam EESI-MS pKa4.3 [M + H]+ 0.023 Liu et al. (2019)

Fluoroquinolones Norfloxacin EESI-MS pKb5.2 [M + H]+ — Li (2015)

Sulfonamides Sulfamethazine ND-EESI-MS pKb6.4 [M + H]+/[M

+ Na]+
0.010 Liu et al. (2011b)

Sulfonamides Sulfafurazole ND-EESI-MS pKa2.2 [M + H]+ — Liu et al. (2011b)

Sulfonamides Sulfathiazole ND-EESI-MS pKb6.8 [M + H]+ 0.010 Liu et al. (2011b)

Sulfonamides Sulfadiazine ND-EESI-MS pKa6.4 [M + H]+/[M

+ Na]+
— Liu et al. (2011b)

(Continued on following page)
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online analysis (Chen et al., 2007b; Chen and Zenobi, 2008; Ding et al.,
2009; Law et al., 2009; Chen et al., 2010; Zhang et al., 2010; Li et al.,
2011; Zhang et al., 2013; Xu and Chen, 2018). Rapid, sensitive and

reliable analysis of metabolic components in biological samples is
vitally important, which is commonly used in pharmacokinetic
studies. In the study of drug metabolism with urine samples for

TABLE 1 (Continued) Application of EESI-MS in pharmaceutical chemicals analytical evaluation.

Polarity Drug type Representative Ionization
sources

Molecular structural formula Intensity of acid and
alkali

Ion form LOD
(µg/
L)

Reference

Sulfonamides Sulfapyridine ND-EESI-MS pKb6.6 [M + H]+/[M

+ Na]+
0.10 Liu et al. (2011b)

Analgesic drugs Paracetamol ND-EESI-MS pKb4.2 [M + H]+ — Williams and

Scrivens, (2008)

β-receptor antagonists Propranolol EESI-MS pKb4.3 [M + H]+ — Koyanagi et al. (2015)

Weak polarity Benzodiazepines Diazepam EESI-MS pKa3.4 [M + H]+ 0.0024 Liu et al. (2019)

Sulfonamides Sulfanilamide ND-EESI-MS pKb3.4 [M + H]+/[M

+ Na]+
0.10 Liu et al. (2011b)

TABLE 2 Selection of ionization sources for the analysis of drugs in different dosage forms.

Drug
classification

Western
medicine

Traditional
Chinese medicine

Morphology Solid preparation Semi-solid
preparation

Liquid preparation Gas
preparation

Solid preparation Semi-solid
preparation

Liquid
preparation

Gas
preparation

Dosage form
category

Tablet,
suppositories,

pill

Ointment,
syrup

Aromatic water,
injection, eye drop,
lotion, tincture, soft

capsule

Aerosol,
powder mist

Tablet, pill,
suppositories,

plaster

Syrup, fluid
paste, ointment

Decoction,
wine, dew,
injection

Aerosol,
powder
mist

Ionization Sources iEESI ND-EESI EESI EESI iEESI ND-EESI EESI EESI
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example, the ionization sources selection is also shown as the same as
above (Figure 3). For example, urine and other liquid samples (Huang
et al., 2007) can be directly introduced to EESI for ionizatin and post
mass analysis. Zhong et al. analyzed phospholipids in the urine of
HCC, cirrhosis, chronic hepatitis B and healthy controls by EESI,
which showed the strongest signal peak at voltage +3 kV, methanol/
double vapor/glacial acetic acid (1/1/0.02), and the highest signal peak
in the range of m/z 50 to 1,000 (Zhong, 2020). EESI also has the
outstanding ability to directly analyze volatile and nonvolatile
compounds in gaseous samples. Wang et al. adopted the EESI-MS/
MS method to conduct a semi-quantitative analysis of the creatinine
content in the exhaled gas of patients with kidney disease, and found
that the more serious the kidney damage was, the higher the creatinine
content in the exhaled gas was (Wang et al., 2015).

EESI has been also applied for traditional Chinesemedicine samples (as
shown in Figure 3). Firstly, EESI-MS can be used for screening of
endogenous substance. For example, (Lai et al., 2022) conducted a self-
constructed real-time EESI-MS device to investigate the compatibility of
aconite and meat cooking and attenuating toxicity, and analyzed 9 diester,
monoester and alcohol-amine aconitine compounds and 9 internal
standard compounds, and they found no mass spectrum response
saturation and good resistance to complex matrix interference, both of
which could meet the requirements of quantitative analysis of components.
Furthermore, EESI-MS can also be used for the identification of exogenous
substances in traditional Chinese medicine. During the cultivation of
Chinese medicinal materials, pesticides, heavy metals, sulfur dioxide and
other exogenous harmful substances are introduced due to improper
fertilizer application or environmental pollution and improper operation
in the processing and storage. It has been reported thatmultistage extraction
electrospray ionization mass spectrometry (EESI-MSn) rapidly detected
trace lead levels in an aqueous solution, with a detection limit (LOD) of
10−13 g/mL, indicating that EESI-MS is a useful tool for the rapid detection
of lead in various solutions, which shows the promise of the rapid screening
of lead-contaminated aqueous liquid samples (Liu et al., 2012).

ND-EESI can desorbate a small amount of samples with suitable
neutral airflow, and separate the sampling and ionization process from

time and space, which has been widely applied to the analysis of sticky
samples such as paste, colloid and syrup. This method is particularly
suitable for mass spectrometry in harsh environment such as high
temperature, low temperature, biohazard or radioactivity (Figure 3).
(Chen et al., 2007b; Chen and Zenobi, 2008; Ding et al., 2009; Law
et al., 2009; Li et al., 2011; Liu et al., 2011; Deng et al., 2017). Huang
et al. (2014) used ND-EESI to detect chloramphenicol (CAP) in honey.
By using heated methanol-N2 as spray reagent, they observed that the
CAP limit of determination (LOD) reduced from 73.3 to 0.3 ng/mL, and
the CAP detection was linear in the range of 1–5,000 ng/mL (R = 0.9947).
This study showed that ND-EESI-MS is powerful for direct, rapid, and
quantitative CAP analysis in honey samples with high sensitivity,
precision, and specificity . In addition, ND-EESI can be selected for
desorption of blood, sputum, intestinal contents and other samples due to
their viscosity. ND-EESI-MS and collision induced dissociation (CID)
were reported to detect sputum metabolites from 143 spontaneous
sputum samples. In this study, 19 altered metabolites were detected by
ND-EESI-MS from 76 cases of LAC and 67 cases of control (Zheng et al.,
2021). Moreover, ND-EESI technology can also be used for the detection
of exogenous substances. For example, a previous study using ND-EESI
without any sample pretreatment reported that there were three kinds of
organophosphorus insecticides and two kinds of carbamate insecticides
present in honey. The detection limits of the assay ranged from 1.16 to
4.18 ng/g for the studied pesticides. The developed assay was linear over
the concentration range of 20.00-1000.00 ng/mL, with correlation
coefficients of more than 0.996, and the recoveries ranged between
87.00% and 114.98%, with RSD lower than 6.22% for all pesticides
(Deng et al., 2017).

iEESI can achieve good sensitivity for solid samples (such as tablet,
pill, etc.) (Zhang et al., 2013; Xu and Chen, 2018), as well as the
samples of heart, liver, spleen, lung and kidney (Figure 3) (Lu et al.,
2020; Wu et al., 2021). Lu used iEESI-MS to conduct a comparative
study on the morphological changes of phospholipids in human and
mouse liver cancer, and they found that iEESI-MS is a promising
technology for the rapid targeted diagnosis of liver cancer with high
accuracy, sensitivity and specificity (Lu et al., 2020).

FIGURE 3
Selection of ionization sources based on traditional Chinese medicine and different sample states.
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4 Application of EESI-MS in
pharmaceutical chemicals synthetic
preparation

EESI can monitor chemical reaction online. Briefly, the reactor
was a three necked round bottom flask placed on a magnetic stirrer. A
50 mL flask was used as a safety bottle to prevent the solution from

backflow. The gas flowmeter and glass rotor were used to regulate the
flow of carrier gas (N2). Generally, N2 was introduced into the reaction
vessel through glass tube. The reaction products and intermediates
were carried and sprayed out of a capillary by N2. Another sprayer
generates charged spray solvent droplets. The analytes were extracted
by solvent droplets for further mass spectrometry analysis (Marquez
et al., 2008; Zhu et al., 2008; Zhang et al., 2019).

FIGURE 4
The mechanistic analyses of several different types of reactions by EESI. (A) The mechanism of Michael addition reaction of phenylethylamine (PEA) and
acrylonitrile in ethanol. (B) The reaction mechanism of catalytic acetylation of acetic anhydride and benzyl alcohol in the presence of 4-DMAP. (C) The
mechanism of acetic acid-catalyzed reaction between aniline and acetonylacetone. (D) The mechanism of dimerization of trans-anethole based on free
radical cation cyclization reaction.
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EESI has been reported to be used for the mechanistic analyses of
several different types of reactions. For example, Zhu et al. (2008) used
EESI to real-time monitor the one-step Michael addition reaction of
phenylethylamine (PEA) and acrylonitrile in ethanol. In this reaction,
the delay between the changes in solution and the corresponding
signal was estimated to be in the range from 0.2 to 1 s.
Phenylethylamine (10.4 mL) and acrylonitrile (12.5 mL) are easy to
Michael addition reaction when stirred in ethanol (27 mL), which can
react at room temperature. During this reaction, phenylethylamine
propiononitrile (PEAP, m/z 175) can obtained in a short time, but
after a longer reaction time, 3-[(2-cyanoethyl)phenylethylamino]-
propionitrile (CPEAP, m/z 228) can be produced by adding
acrylonitrile to PEAP. EESI effectively monitors PEAP and CPEAP
at 60 and 300 min, respectively (Figure 4A) (Zhu et al., 2008).

In addition, Zhu et al. (2008) also used EESI to real-time monitor
the multi-step acetylation reaction of benzyl alcohol and acetic
anhydride catalyzed by 4-dimethylaminopyridine (4-DMAP) in
dichloromethane. In this study, they proposed a possible reaction
mechanism about the catalytic acetylation of acetic anhydride and
benzyl alcohol in the presence of 4-DMAP, and found the key
intermediate protonated benzyl acetate (m/z 165) which support
for this assumption (Figure 4B) (Zhu et al., 2008). Similarly, Zhang
et al. 2019 used EESI to real-time monitor the reaction process of
aniline and acetylene acetone catalyzed by acetic acid, and proved that
acetylene acetone can generated three different forms of ions in the
reaction: Acetonylacetone molecular ion at m/z 115, radical of
acetonylacetone combined with water [M + H2O]

+· at m/z 132 and
acetonylacetone sodiated [M + Na]+ ion at m/z 137, and then
condensed and cyclized with aniline, with the removal of two
molecules of water to obtain the product (Figure 4C) (Zhang et al.,
2019).

Furthermore, EESI can be used as a tool for the detection and
characterization of reactive intermediates of reactions in solution.
Marquez et al. (2008) observed and characterized the dimerization of
trans-anethole based on free radical cation cyclization reaction by
using EESI, and detected directly from the ongoing reaction in
solution. This demonstrated the ability of EESI-MS to study rapid
reactions in solutions within a millisecond time window (Figure 4D).

5 Conclusion

EESI-MS is a technique elaborately developed for liquid, solid,
colloidal, powder, paste and other samples that takes advantage of its
high sensitivity, selectivity, accuracy and rapidity. With different
samples and sampling methods, EESI-MS have been developed for
advanced bioanalytical and life science applications, including but not
limited to the analysis of various pharmaceutical compounds, different
pharmaceutical preparations, and herb medicine materials, and drug
synthesis.

In the future, EESI-MS will be further developed in several aspects,
including: 1) In vivo analysis: The EESI device will be further
optimized to improve quantitative performance in living objects
analysis, which makes EESI the preferable technique over others
for in vivo analysis, including but not limited to biologically living

objects, in vivo drug analysis, pharmaceutical dynamics, in vivo
metabolomics, etc.; 2) Reliability: The analysis process will be
further strengthened, and the standardized analysis scheme will
further shortened the analysis time; 3) Field application: Combined
with miniature mass spectrometer, dedicated EESI-MS instruments
will be developed for rapid field analysis of public safety (food safety,
environmental testing, criminal investigation safety, etc.) and life
safety (early diagnosis of disease, precision treatment of disease,
and postoperative health monitoring). On the basis of a deep
understanding of the basic process of ion formation, it is of great
significance to establish the EESI-MS analysis technology and method
system, improve the mass spectrometry analysis effect of complex
matrix samples, and expand the existing means of drug analysis and
preparation, which will promote the development of mass
spectrometry and related disciplines in various fields.

Author contributions

MQ and YQ: literature search, collection of data, and writing
original draft. LH: modification of the chart. HC, JY, CZ, and ML:
conceptualization, visualization, review, supervision, analysis, review,
and editing.

Funding

This work was supported by the Scientific Research Foundation of
the Education Department of Jiangxi province (GJJ201270); Science
and Technology Program of the Department of Jiangxi
Administration of Traditional Chinese Medicine (2021A394);
Jiangxi University of Chinese Medicine School-level Science and
Technology Innovation Team Development Program
(CXTD22005); High-level Talents Project of First-class Discipline
of Traditional Chinese Medicine (13030599); Jiangxi Key
Laboratory of Traditional Chinese Medicine for Prevention and
Treatment of Vascular Remodel-ing Diseases (20202BCD42014);
National Natural Science Foundation of China (82104180); Jiangxi
Provincial Natural Science Foundation (20212BAB216012).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Frontiers in Pharmacology frontiersin.org09

Qin et al. 10.3389/fphar.2023.1110900

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1110900


References

Badu-Tawiah, A. K., Eberlin, L. S., Ouyang, Z., and Cooks, R. G. (2013). Chemical
aspects of the extractive methods of ambient ionization mass spectrometry. Annu. Rev.
Phys. Chem. 64, 481–505. doi:10.1146/annurev-physchem-040412-110026

Beale, D. J., Pinu, F. R., Kouremenos, K. A., Poojary, M. M., Narayana, V. K., Boughton,
B. A., et al. (2018). Review of recent developments in GC-MS approaches to metabolomics-
based research. Metabolomics 14 (11), 152. doi:10.1007/s11306-018-1449-2

Brum, J., Dell’Orco, P., Lapka, S., Muske, K., and Sisko, J. (2001). Monitoring organic
reactions with on-line atmospheric pressure ionization mass spectrometry: The hydrolysis
of isatin. Rapid Commun. Mass Spectrom. 15 (17), 1548–1553. doi:10.1002/rcm.403

Chen, H. W., Hu, B., and Zhang, X. (2010a). Principle and application of ambient mass
spectrometry for direct analysis of complex samples. Chin. J. Anal. Chem. 38 (8),
1069–1088. doi:10.1016/S1872-2040(09)60060-8

Chen, H., Hu, B., Hu, Y., Huan, Y., Zhou, Z., and Qiao, X. (2009). Neutral desorption
using a sealed enclosure to sample explosives on human skin for rapid detection by EESI-
MS. J. Am. Soc. Mass Spectrom. 20 (4), 719–722. doi:10.1016/j.jasms.2008.12.011

Chen, H., Sun, Y., Wortmann, A., Gu, H., and Zenobi, R. (2007a). Differentiation of
maturity and quality of fruit using noninvasive extractive electrospray ionization
quadrupole time-of-flight mass spectrometry. Anal. Chem. 79 (4), 1447–1455. doi:10.
1021/ac061843x

Chen, H., Wortmann, A., and Zenobi, R. (2007b). Neutral desorption sampling coupled
to extractive electrospray ionization mass spectrometry for rapid differentiation of
biosamples by metabolomic fingerprinting. J. Mass Spectrom. 42 (9), 1123–1135.
doi:10.1002/jms.1282

Chen, H., Wortmann, A., Zhang, W., and Zenobi, R. (2007c). Rapid in vivo
fingerprinting of nonvolatile compounds in breath by extractive electrospray ionization
quadrupole time-of-flight mass spectrometry. Angew. Chemie-International Ed. 46 (4),
580–583. doi:10.1002/anie.200602942

Chen, H.W., Talaty, N. N., Takats, Z., and Cooks, R. G. (2005a). Desorption electrospray
ionization mass spectrometry for high-throughput analysis of pharmaceutical samples in
the ambient environment. Anal. Chem. 77 (21), 6915–6927. doi:10.1021/ac050989d

Chen, H. W., Venter, A., and Cooks, R. G. (2006). Extractive electrospray ionization for
direct analysis of undiluted urine, milk and other complex mixtures without sample
preparation. Chem. Commun. 2006 (19), 2042–2044. doi:10.1039/b602614a

Chen, H. W., Xu, R. F., Chen, H., Cooks, R. G., and Ouyang, Z. (2005b). Ion/molecule
reactions in a miniature RIT mass spectrometer. J. Mass Spectrom. 40 (11), 1403–1411.
doi:10.1002/jms.924

Chen, H., Yang, S., Li, M., Hu, B., Li, J., and Wang, J. (2010b). Sensitive detection of
native proteins using extractive electrospray ionization mass spectrometry. Angew.
Chemie-International Ed. 49 (17), 3053–3056. doi:10.1002/anie.200906886

Chen, H., and Zenobi, R. (2008). Neutral desorption sampling of biological surfaces for
rapid chemical characterization by extractive electrospray ionization mass spectrometry.
Nat. Protoc. 3 (9), 1467–1475. doi:10.1038/nprot.2008.109

Chen, H., Zhang, H., Wang, H., Huang, K., and Yuan, L. (2014). The molecular view of
energy and charge transfer among the ambient molecules. Sci. Sin. Chim. 44, 789–794.
doi:10.1360/N032014-00035

Chen, H., Zheng, J., Zhang, X., Luo, M., Wang, Z., and Qiao, X. (2007d). Surface
desorption atmospheric pressure chemical ionization mass spectrometry for direct
ambient sample analysis without toxic chemical contamination. J. Mass Spectrom. 42
(8), 1045–1056. doi:10.1002/jms.1235

Chingin, K., Gamez, G., Chen, H., Zhu, L., and Zenobi, R. (2008). Rapid classification of
perfumes by extractive electrospray ionization mass spectrometry (EESI-MS). Rapid
Commun. Mass Spectrom. 22 (13), 2009–2014. doi:10.1002/rcm.3584

Clinton, R., Creaser, C. S., and Bryant, D. (2005). Real-time monitoring of a
pharmaceutical process reaction using a membrane interface combined with
atmospheric pressure chemical ionisation mass spectrometry. Anal. Chim. Acta 539
(1-2), 133–140. doi:10.1016/j.aca.2005.03.006

Dell‘Orco, P., Brum, J., Matsuoka, R., Badlani, M., and Muske, K. (1999). Monitoring
process-scale reactions using API mass spectrometry. Anal. Chem. 71 (22), 5165–5170.
doi:10.1021/ac990554o

Deng, M., Fang, X. W., Guo, X. L., Huang, X. Y., Liu, X., Yu, T., et al. (2016). Direct
determination of tetracycline in honey by neutral desorption-electrospray extraction
ionization mass spectrometry. Chemical Journal of Chinese Universities 37 (8),
1430–1434. doi:10.7503/cjcu20160127

Deng, M., Yu, T., Luo, H., Zhu, T., Huang, X., and Luo, L. (2017). Direct detection of
multiple pesticides in honey by neutral desorption-extractive electrospray ionization mass
spectrometry. Int. J. Mass Spectrom. 422, 111–118. doi:10.1016/j.ijms.2017.09.005

Ding, J., Gu, H., Yang, S., Li, M., Li, J., and Chen, H. (2009). Selective detection of
diethylene glycol in toothpaste products using neutral desorption reactive extractive
electrospray ionization tandem mass spectrometry. Anal. Chem. 81 (20), 8632–8638.
doi:10.1021/ac9013594

Gu, H., Chen, H., Pan, Z., Jackson, A. U., Talaty, N., Xi, B., et al. (2007). Monitoring diet
effects via biofluids and their implications for metabolomics studies. Anal. Chem. 79 (1),
89–97. doi:10.1021/ac060946c

Hu, B., Yang, S., Li, M., Gu, H., and Chen, H. (2011). Direct detection of native proteins
in biological matrices using extractive electrospray ionization mass spectrometry. Analyst
136 (18), 3599–3601. doi:10.1039/c1an15410a

Huang, G., Chen, H., Zhang, X., Cooks, R. G., and Ouyang, Z. (2007). Rapid screening of
anabolic steroids in urine by reactive Desorption Electrospray ionization. Anal. Chem. 79
(21), 8327–8332. doi:10.1021/ac0711079

Huang, X. Y., Fang, X. W., Zhang, X., Dai, X. M., Guo, X. L., Chen, H. W., et al. (2014).
Direct detection of chloramphenicol in honey by neutral desorption-extractive
electrospray ionization mass spectrometry. Anal. Bioanal. Chem. 406 (29), 7705–7714.
doi:10.1007/s00216-014-8176-y

Ke, M., Zhang, H., Ding, J., Xiong, X., Li, F., Chingin, K., et al. (2019). Generating
supercharged protein ions for breath analysis by extractive electrospray ionization mass
spectrometry. Anal. Chem. 91 (5), 3215–3220. doi:10.1021/acs.analchem.8b03114

Koyanagi, G. K., Blagojevic, V., and Bohme, D. K. (2015). Applications of extractive
electrospray ionization (EESI) in analytical chemistry. Int. J. Mass Spectrom. 379, 146–150.
doi:10.1016/j.ijms.2015.01.011

Lai, C. J. S., Qiu, Z. D., Wei, X. Y., and Chen, Z. Y. (2022). Construction of quality
evaluation strategy for Chinese medicine based on ambient mass spectrometry. Zhongguo
Zhong yao za zhi = Zhongguo zhongyao zazhi = China J. Chin. materia medica 47 (1),
279–284. doi:10.19540/j.cnki.cjcmm.20210712.602

Law, W. S., Chen, H., Ding, J., Yang, S., Zhu, L., Gamez, G., et al. (2009). Rapid
characterization of complex viscous liquids at the molecular level. Angew. Chemie-
International Ed. 48 (44), 8277–8280. doi:10.1002/anie.200902360

Li, A., Wang, H., Ouyang, Z., and Cooks, R. G. (2011a). Paper spray ionization of polar
analytes using non-polar solvents. Chem. Commun. 47 (10), 2811–2813. doi:10.1039/
c0cc05513a

Li, J. (2015). Study of fuoroquinolone antibiotics by direct mass spectrometry analysis.
Master degree, East China University of Technology

Li, M., Ding, J., Gu, H., Zhang, Y., Pan, S., Xu, N., et al. (2013a). Facilitated diffusion of
acetonitrile revealed by quantitative breath analysis using extractive electrospray
ionization mass spectrometry. Sci. Rep. 3, 1205. doi:10.1038/srep01205

Li, X., Fang, X., Yu, Z., Sheng, G., Wu, M., Fu, J., et al. (2012). Application of non-polar
solvents to extractive electrospray ionization of 1-hydroxypyrene. Anal. Methods 4 (5),
1212–1214. doi:10.1039/c2ay25178g

Li, X., Fang, X., Yu, Z., Sheng, G., Wu, M., Fu, J., et al. (2013b). Direct analysis of urinary
1-hydroxypyrene using extractive electrospray ionization ion trap tandem mass
spectrometry. Anal. Methods 5 (11), 2816–2821. doi:10.1039/c3ay40241j

Li, X., Hu, B., Ding, J., and Chen, H. (2011b). Rapid characterization of complex viscous
samples at molecular levels by neutral desorption extractive electrospray ionization mass
spectrometry. Nat. Protoc. 6 (7), 1010–1025. doi:10.1038/nprot.2011.337

Liu, A., Kou, W., Zhang, H., Xu, J., Zhu, L., Kuang, S., et al. (2020). Quantification of
trace organophosphorus pesticides in environmental water via enrichment by magnetic-
zirconia nanocomposites and online extractive electrospray ionization mass spectrometry.
Anal. Chem. 92 (5), 4137–4145. doi:10.1021/acs.analchem.0c00304

Liu, C., Hu, B., Shi, J., Li, J., Zhang, X., and Chen, H. (2011a). Determination of uranium
isotopic ratio (235U/238U) using extractive electrospray ionization tandem mass
spectrometry. J. Anal. Atomic Spectrom. 26 (10), 2045–2051. doi:10.1039/c1ja10054h

Liu, C., Zhang, X., Xiao, S., Jia, B., Cui, S., Shi, J., et al. (2012). Detection of trace levels of
lead in aqueous liquids using extractive electrospray ionization tandemmass spectrometry.
Talanta 98, 79–85. doi:10.1016/j.talanta.2012.06.048

Liu, S., and Schulz, B. L. (2021). Biopharmaceutical quality control with mass
spectrometry. Bioanalysis 13 (16), 1275–1291. doi:10.4155/bio-2021-0123

Liu, Y., Zhang, X., Ouyang, Y., Hu, Z., Ma, L., Zhang, J., et al. (2011b). Trace detection of
hormones and sulfonamides in viscous cosmetic products by neutral desorption extractive
electrospray ionization tandem mass spectrometry. J. Mass Spectrom. 46 (8), 794–803.
doi:10.1002/jms.1944

Liu, Y. Z., Zhou, P., Cao, D. F., Dong, X. F., Hu, Y. Q., Chen, H. W., et al. (2019).
Application of electrospray extraction ionization mass spectrometry in rapid screening of
poisons. Chinese Journal of Forensic Medicine 34 (45), 471–477. doi:10.13618/j.issn.1001-
5728.2019.05.011

Lu, H., Li, Y., Zhang, H., Chingin, K., Wei, Y., Huang, K., et al. (2021a). Direct
quantitative profiling of amino acids in tissues for the assessment of lung cancer. Talanta
233, 122544. doi:10.1016/j.talanta.2021.122544

Lu, H., Zhang, H., Xiao, Y., Chingin, K., Dai, C., Wei, F., et al. (2020). Comparative study
of alterations in phospholipid profiles upon liver cancer in humans and mice. Analyst 145
(20), 6470–6477. doi:10.1039/d0an01080d

Lu, H., Zhang, H., Zhou, W., and Chen, H. (2021b). Evaluation of the phytotoxicity of
nano-particles on mung beans by internal extractive electrospray ionization mass
spectrometry. Analyst 146 (18), 5675–5681. doi:10.1039/d1an00871d

Marquez, C. A., Wang, H., Fabbretti, F., and Metzger, J. O. (2008). Electron-transfer-
catalyzed dimerization of trans-anethole: Detection of the distonic tetramethylene radical
cation intermediate by extractive electrospray ionization mass spectrometry. J. Am. Chem.
Soc. 130 (51), 17208–17209. doi:10.1021/ja806791c

Frontiers in Pharmacology frontiersin.org10

Qin et al. 10.3389/fphar.2023.1110900

https://doi.org/10.1146/annurev-physchem-040412-110026
https://doi.org/10.1007/s11306-018-1449-2
https://doi.org/10.1002/rcm.403
https://doi.org/10.1016/S1872-2040(09)60060-8
https://doi.org/10.1016/j.jasms.2008.12.011
https://doi.org/10.1021/ac061843x
https://doi.org/10.1021/ac061843x
https://doi.org/10.1002/jms.1282
https://doi.org/10.1002/anie.200602942
https://doi.org/10.1021/ac050989d
https://doi.org/10.1039/b602614a
https://doi.org/10.1002/jms.924
https://doi.org/10.1002/anie.200906886
https://doi.org/10.1038/nprot.2008.109
https://doi.org/10.1360/N032014-00035
https://doi.org/10.1002/jms.1235
https://doi.org/10.1002/rcm.3584
https://doi.org/10.1016/j.aca.2005.03.006
https://doi.org/10.1021/ac990554o
https://doi.org/10.7503/cjcu20160127
https://doi.org/10.1016/j.ijms.2017.09.005
https://doi.org/10.1021/ac9013594
https://doi.org/10.1021/ac060946c
https://doi.org/10.1039/c1an15410a
https://doi.org/10.1021/ac0711079
https://doi.org/10.1007/s00216-014-8176-y
https://doi.org/10.1021/acs.analchem.8b03114
https://doi.org/10.1016/j.ijms.2015.01.011
https://doi.org/10.19540/j.cnki.cjcmm.20210712.602
https://doi.org/10.1002/anie.200902360
https://doi.org/10.1039/c0cc05513a
https://doi.org/10.1039/c0cc05513a
https://doi.org/10.1038/srep01205
https://doi.org/10.1039/c2ay25178g
https://doi.org/10.1039/c3ay40241j
https://doi.org/10.1038/nprot.2011.337
https://doi.org/10.1021/acs.analchem.0c00304
https://doi.org/10.1039/c1ja10054h
https://doi.org/10.1016/j.talanta.2012.06.048
https://doi.org/10.4155/bio-2021-0123
https://doi.org/10.1002/jms.1944
https://doi.org/10.13618/j.issn.1001-5728.2019.05.011
https://doi.org/10.13618/j.issn.1001-5728.2019.05.011
https://doi.org/10.1016/j.talanta.2021.122544
https://doi.org/10.1039/d0an01080d
https://doi.org/10.1039/d1an00871d
https://doi.org/10.1021/ja806791c
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1110900


Meng, C. (2022). Application of mass spectrometry in pharmaceutical analysis.
Chemical Engineering Design Communications 48 (5), 190–192.

Mercieca, G., Odoardi, S., Mestria, S., Cassar, M., and Strano-Rossi, S. (2020).
Application of ultrasound-assisted liquid-liquid microextraction coupled with gas
chromatography and mass spectrometry for the rapid determination of synthetic
cannabinoids and metabolites in biological samples. J. Sep. Sci. 43 (14), 2858–2868.
doi:10.1002/jssc.202000181

Mothana, B., and Boyd, R. J. (2007). A density functional theory study of the mechanism
of the Paal-Knorr pyrrole synthesis. J. Mol. Structure-Theochem 811 (1-3), 97–107. doi:10.
1016/j.theochem.2006.11.034

Ning, X., Zhi-Qiang, Z., Shui-Ping, Y., Jiang, W., Hai-Wei, G., Zhen, Z., et al. (2013).
Direct detection of amino acids using extractive electrospray ionization tandem mass
spectrometry. Chin. J. Anal. Chem. 41 (4), 523–528. doi:10.3724/SP.J.1096.2013.20952

Oh, M. J., Seo, Y., Kim, U., and An, H. J. (2021). In-depth glycan characterization of
therapeutic glycoproteins by stepwise PGC SPE and LC-MS/MS.Methods Mol. Biol. 2271,
121–131. doi:10.1007/978-1-0716-1241-5_9

Petucci, C., Diffendal, J., Kaufman, D., Mekonnen, B., Terefenko, G., and Musselman, B.
(2007). Direct analysis in real time for reaction monitoring in drug discovery. Anal. Chem.
79 (13), 5064–5070. doi:10.1021/ac070443m

Qian, R., Guo, H., Liao, Y. X., Guo, Y. L., and Ma, S. M. (2005). Probing the mechanism
of the palladium-catalyzed addition of organoboronic acids to allenes in the presence of
AcOH by ESI-FTMS. Angew. Chemie-International Ed. 44 (30), 4771–4774. doi:10.1002/
anie.200463101

Steuer, A. E.,Williner, E., Staeheli, S. N., and Kraemer, T. (2017). Studies on themetabolism of
the fentanyl-derived designer drug butyrfentanyl in human in vitro liver preparations and
authentic human samples using liquid chromatography-high resolutionmass spectrometry (LC-
HRMS). Drug Test. Analysis 9 (7), 1085–1092. doi:10.1002/dta.2111

Wang, H., Yang, M., Liao, S., Hu, Z., and Chen, H. (2015). Microware plasma desorption
ionization mass spectrometry for rapid screening counterfeit medicine. J. Investigative
Med. 63 (8), S67.

Wang, X. R., Cassells, J., and Berna, A. Z. (2018). Stability control for breath analysis
using GC-MS. J. Chromatogr. B-Analytical Technol. Biomed. Life Sci. 1097, 27–34. doi:10.
1016/j.jchromb.2018.08.024

Williams, J. P., and Scrivens, J. H. (2008). Coupling desorption electrospray ionisation
and neutral desorption/extractive electrospray ionisation with a travelling-wave based ion
mobility mass spectrometer for the analysis of drugs. Rapid Commun. Mass Spectrom. 22
(2), 187–196. doi:10.1002/rcm.3346

Wu, D., Cui, M., Hao, Y., Liu, L., Zhou, Y., Wang, W., et al. (2019). In situ study of
metabolic response of Arabidopsis thaliana leaves to salt stress by neutral desorption-
extractive electrospray ionization mass spectrometry. J. Agric. Food Chem. 67 (46),
12945–12952. doi:10.1021/acs.jafc.9b05339

Wu, X., Zhang, J., Yan, X., Zhu, Y., Li, W., Li, P., et al. (2021). Characterization of liver
failure by the analysis of exhaled breath by extractive electrospray ionization mass
spectrometry (EESI-MS): A pilot study. Anal. Lett. 54 (6), 1038–1054. doi:10.1080/
00032719.2020.1793993

Xu, J., and Chen, H. (2018). Internal extractive electrospray ionization-mass
spectrometry: A powerful platform for bioanalysis. Bioanalysis 10 (8), 523–525. doi:10.
4155/bio-2018-0038

Xu, J., Xu, S., Xiao, Y., Chingin, K., Lu, H., Yan, R., et al. (2017). Quantitative
determination of bulk molecular concentrations of beta-agonists in pork tissue

samples by direct internal extractive electrospray ionization-mass spectrometry. Anal.
Chem. 89 (21), 11252–11258. doi:10.1021/acs.analchem.7b00517

Xu, N., Chingin, K., and Chen, H. (2014). Ionic strength of electrospray droplets affects
charging of DNA oligonucleotides. J. Mass Spectrom. 49 (1), 103–107. doi:10.1002/jms.3311

Ye, X., Zhu, X. X., Liu, T., Liu, X. Q., Hui, L. Q., Feng, W. H., et al. (2019). Diuretic effect
and material basis of Clematidis Armandii Caulis in rats. Zhongguo Zhong yao za zhi =
Zhongguo zhongyao zazhi = China J. Chin. materia medica 44 (9), 1889–1894. doi:10.
19540/j.cnki.cjcmm.20190321.307

Zeng, Q., Li, P., Cai, Y., Zhou, W., Wang, H., Luo, J., et al. (2016). Detection of creatinine
in exhaled breath of humans with chronic kidney disease by extractive electrospray
ionization mass spectrometry. J. Breath Res. 10 (1), 0160082020031810364491. doi:10.
1088/1752-7155/10/1/016008

Zhang, H., Gu, H., Yan, F., Wang, N., Wei, Y., Xu, J., et al. (2013). Direct characterization
of bulk samples by internal extractive electrospray ionization mass spectrometry. Sci. Rep.
3, 2495. doi:10.1038/srep02495

Zhang, X., Jia, B., Huang, K., Hu, B., Chen, R., and Chen, H. (2010). Tracing origins of
complex pharmaceutical preparations using surface desorption atmospheric pressure
chemical ionization mass spectrometry. Anal. Chem. 82 (19), 8060–8070. doi:10.1021/
ac100407k

Zhang, X., Liu, J., Xiong, J., Ji, Y., Zhang, Y., Chen, H., et al. (2018). Differentiation of
isomeric methoxychalcones by electrospray ionization tandem mass spectrometry. Int.
J. Mass Spectrom. 434, 100–107. doi:10.1016/j.ijms.2018.09.023

Zhang, X., Pei, M., Wu, D., Yang, S., and Le, Z. (2019). Real-time monitoring of the
reaction between aniline and acetonylacetone using extractive electorspray ionization
tandem mass spectrometry. Sci. Rep. 9, 19279. doi:10.1038/s41598-019-55921-1

Zhang, X., Ren, X., Zhong, Y., Chingin, K., and Chen, H. (2021). Rapid and sensitive
detection of acetone in exhaled breath through the ambient reaction with water radical
cations. Analyst 146 (16), 5037–5044. doi:10.1039/D1AN00402F

Zhao, D. T., Gao, Y. J., Zhang, W. J., Bi, T. C., Wang, X., Ma, C. X., et al. (2021).
Development a multi-immunoaffinity column LC-MS-MS method for comprehensive
investigation of mycotoxins contamination and co-occurrence in traditional Chinese
medicinal materials. J. Chromatogr. B-Analytical Technol. Biomed. Life Sci. 1178, 122730.
doi:10.1016/j.jchromb.2021.122730

Zheng, Q., Zhang, J., Wang, X., Zhang,W., Xiao, Y., Hu, S., et al. (2021). Neutral desorption
extractive electrospray ionization mass spectrometry analysis sputum for non-invasive lung
adenocarcinoma detection. Oncotargets Ther. 14, 469–479. doi:10.2147/OTT.S269300

Zheng, R., Su, R., Xing, F., Li, Q., Liu, B., Wang, D., et al. (2022). Metabolic-
dysregulation-based iEESI-MS reveals potential biomarkers associated with early-stage
and progressive colorectal cancer. Anal. Chem. 94 (34), 11821–11830. doi:10.1021/acs.
analchem.2c02072

Zhong, Q. (2020). Screening and identification of differential phospholipids in urinary
exosomes of patients with hepatocellular carcinoma. Master degree, Nanchang University.
doi:10.27232/d.cnki.gnchu.2020.000218

Zhou, Z., Jin, M., Ding, J., Zhou, Y., Zheng, J., and Chen, H. (2007). Rapid detection of
atrazine and its metabolite in raw urine by extractive electrospray ionization mass
spectrometry. Metabolomics 3 (2), 101–104. doi:10.1007/s11306-006-0050-2

Zhu, L., Gamez, G., Chen, H.W., Huang, H. X., Chingin, K., and Zenobi, R. (2008). Real-
time, on-line monitoring of organic chemical reactions using extractive electrospray
ionization tandem mass spectrometry. Rapid Commun. Mass Spectrom. 22 (19),
2993–2998. doi:10.1002/rcm.3700

Frontiers in Pharmacology frontiersin.org11

Qin et al. 10.3389/fphar.2023.1110900

https://doi.org/10.1002/jssc.202000181
https://doi.org/10.1016/j.theochem.2006.11.034
https://doi.org/10.1016/j.theochem.2006.11.034
https://doi.org/10.3724/SP.J.1096.2013.20952
https://doi.org/10.1007/978-1-0716-1241-5_9
https://doi.org/10.1021/ac070443m
https://doi.org/10.1002/anie.200463101
https://doi.org/10.1002/anie.200463101
https://doi.org/10.1002/dta.2111
https://doi.org/10.1016/j.jchromb.2018.08.024
https://doi.org/10.1016/j.jchromb.2018.08.024
https://doi.org/10.1002/rcm.3346
https://doi.org/10.1021/acs.jafc.9b05339
https://doi.org/10.1080/00032719.2020.1793993
https://doi.org/10.1080/00032719.2020.1793993
https://doi.org/10.4155/bio-2018-0038
https://doi.org/10.4155/bio-2018-0038
https://doi.org/10.1021/acs.analchem.7b00517
https://doi.org/10.1002/jms.3311
https://doi.org/10.19540/j.cnki.cjcmm.20190321.307
https://doi.org/10.19540/j.cnki.cjcmm.20190321.307
https://doi.org/10.1088/1752-7155/10/1/016008
https://doi.org/10.1088/1752-7155/10/1/016008
https://doi.org/10.1038/srep02495
https://doi.org/10.1021/ac100407k
https://doi.org/10.1021/ac100407k
https://doi.org/10.1016/j.ijms.2018.09.023
https://doi.org/10.1038/s41598-019-55921-1
https://doi.org/10.1039/D1AN00402F
https://doi.org/10.1016/j.jchromb.2021.122730
https://doi.org/10.2147/OTT.S269300
https://doi.org/10.1021/acs.analchem.2c02072
https://doi.org/10.1021/acs.analchem.2c02072
https://doi.org/10.27232/d.cnki.gnchu.2020.000218
https://doi.org/10.1007/s11306-006-0050-2
https://doi.org/10.1002/rcm.3700
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1110900

	Extractive electrospray ionization mass spectrometry for analytical evaluation and synthetic preparation of pharmaceutical  ...
	1 Introduction
	2 The structure and ionization principle of EESI-MS
	3 Application of EESI-MS in analysis of pharmaceutical chemicals
	4 Application of EESI-MS in pharmaceutical chemicals synthetic preparation
	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


