
52

REVIEW

Brazilian Journal of Analytical Chemistry
2022, Volume 9, Issue 36, pp 52–77
doi: 10.30744/brjac.2179-3425.RV-123-2021

Submitted 29 Dec 2021, Resubmitted 1th time 04 March 2022, Resubmitted 2nd time 30 March 2022, Accepted 31 March 2022, 
Available online 07 April 2022.

Cite: Chaves, A. R.; Martins, R. O.; Maciel, L. I. L.; Silva, A. R.; Gondim, D. V.; Fortalo, J. M.; Santos, S. S.; Roque, J. V.; Vaz, 
B. G. Ambient Ionization Mass Spectrometry: Applications and New Trends for Environmental Matrices Analysis. Braz. J. Anal. 
Chem. 2022, 9 (36), pp 52–77. http://dx.doi.org/10.30744/brjac.2179-3425.RV-123-2021

Ambient Ionization Mass Spectrometry: 
Applications and New Trends for Environmental 
Matrices Analysis
Andréa Rodrigues Chaves*  , Rafael Oliveira Martins , Lanaia Ítala Louzeiro Maciel , 
Allyster Rodrigues Silva , Daniel Vieira Gondim , Júlia Martins Fortalo , Steffany de Souza 
Santos , Jussara Valente Roque , Boniek Gontijo Vaz

Instituto de Química, Universidade Federal de Goiás, Avenida Esperança s/n, Câmpus Samambaia, 74690-900, 
Goiânia, GO, Brazil

Since its introduction, ambient mass spectrometry 
methods have been demonstrated as potential 
approaches for a rapid and sensitive analysis of many 
compounds in complex matrices with a minimum or no 
sample preparation step performed. Some of these 
methods include low-cost devices and in situ 
methodologies that are included in the new trend of 
green analytical chemistry. The application of ambient 
methods for environmental analysis has been reported 
in the last decades for qualitative and quantitative 
analysis. This study aims to contribute with an overview 
of the 2016 to 2021 period of ambient mass spectrometry 
methods for applications in environmental analysis. In 
this context, this review reports especially applications 
for qualitative and quantitative analysis of contaminants 
using desorption electrospray ionization (DESI), direct 
analysis in real-time (DART), paper spray ionization 
(PSI), and extractive electrospray ionization (EESI) 
methods.

Keywords: Ambient mass spectrometry, Environmental, Green chemistry, Complex matrices, 
Environmental analysis 

http://dx.doi.org/10.30744/brjac.2179-3425.RV-123-2021
http://dx.doi.org/10.30744/brjac.2179-3425.RV-123-2021
mailto:andrea_chaves%40ufg.br?subject=
https://orcid.org/0000-0002-1600-1660
https://orcid.org/0000-0001-7890-7305
https://orcid.org/0000-0001-6708-0429
https://orcid.org/0000-0002-8504-4250
https://orcid.org/0000-0001-5758-1414
https://orcid.org/0000-0003-1526-516X
https://orcid.org/0000-0003-1685-4257
https://orcid.org/0000-0002-5220-959X
https://orcid.org/0000-0003-1197-4284


53

Braz. J. Anal. Chem. 2022, 9 (36), pp 52–77.

INTRODUCTION
The constant and technological progress of the industrial and agricultural sectors in recent decades 

has brought with it improvements over the obtention of products related to these sectors.1 However, at the 
same time, the anthropogenic activity of humans in the environment because of these advances has also 
increased.2-4 Currently, anthropogenic activities represent the potential of humanity to interfere with the 
natural balance of the environment.1 

The monitoring of some compounds, especially those harmful to the environment, is a requirement 
for the control of the contaminants in environmental matrices. However, this monitoring is a challenge 
for analytical methods due to these contaminants in many cases being found at trace concentration 
levels and in the presence of endogenous compounds that act as interferents.5,6 Thus, the development 
of analytical methodologies for the analysis of contaminants represents a promising approach for the 
adequate monitoring of contaminants. 

During the last decades, analytical methodologies such as ambient mass spectrometry (AIMS) methods 
have been introduced, these methodologies can overcome the use of laborious sample preparation steps 
which demands time and uses considerable solvent volume. The development of AIMS methodologies 
with high sensitivity and selectivity, and devices capable of performing in situ analysis helps to overcome 
the sample preparation methods drawbacks. These AIMS methodologies and devices can improve the 
qualitative and quantitative information on many samples, such as environmental matrices.6 

AMBIENT MASS SPECTROMETRY (AIMS)
In general, electrospray ionization (ESI) represents an approach used to generate ions from the 

sample solution, especially for polar compounds.7 Although ESI and other atmospheric pressure ionization 
(API) sources are capable to generate ions from many matrices, these traditional ionization methods 
still need an extensive sample preparation step before the analysis. These methods usually include the 
hyphenation of the mass spectrometer and a separation system, such as liquid chromatography (LC) and 
gas chromatography (GC).6,8 On the other hand, AIMS methods allow the analysis of compounds in an 
open environment using minimal or no sample preparation, resulting in some devices that cover the trend 
of point-of-care (POC) analysis, which has been higher desirable by testing and diagnostics methods 
routine.7 The literature methodologies reporting the use of techniques by AIMS have shown benefits in 
comparison with conventional ionization techniques, such as smaller sample volume requirement, little or 
no use of organic solvents, the elimination of the separation step by sample preparation, or chromatographic 
methods, and the improve of the method sensitivity and lower time of analysis.6 

The AIMS concept was first introduced in 2004 by Cooks et al.9 in which the use of desorption electrospray 
ionization (DESI) technique for the analysis of compounds present in tomato peel (Lycopersicon esculentum) 
and Conium maculatum seeds was reported. In this first application, it was proved to be an efficient 
approach for analysing the chemical profile and identifying the compounds present in the samples. In 
general, AIMS methods can be classified into two groups, that is spray-based (ESI-like) and plasma-based 
(APCI-like) methods. The spray-based approach includes the extractive electrospray ionization (EESI), 
easy ambient sonic-spray ionization (EASI), paper spray (PSI), probe electrospray ionization (PESI), and 
laser ablation electrospray ionization (LAESI) methods. In resume, this category involves momentum 
desorption, solvent extraction, and finally the ionization of the solution. The plasma-based methods 
include the direct analysis in real-time (DART), low-temperature plasma (LTP), dielectric barrier discharge 
ionization (DBDI), atmospheric pressure solids analysis probe (ASAP), and flowing atmospheric-pressure 
afterglow (FAPA). This category uses an electrical discharge between two electrodes in a gas flow to make 
the ionization of the target analyte (s).6 

Since its introduction, AIMS techniques have brought great advances in the development of analytical 
methods, involving some fast and sensitive methodologies for a wide variety of analytes in different 
matrices, especially for environmental analysis (Figure 1) and (Table I).8,9
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The upward trend in AIMS-related research can also be seen on platforms such as the Web of Science. 
The reports in such platforms have shown the increasing on the publications related with ambient mass 
spectrometry. Following this trend, applications of AIMS methods in environmental sciences has also been 
pointed out as an interesting field to the application of such methods and devices (Figure 2). Considering 
this, a discussion of the publications from the period of 2016-2021 on some AIMS methods for environmental 
matrices is presented in this revision study, as well as the trends for the future of the ambient methods for 
environmental analysis.

Figure 1. Ambient mass spectrometry techniques combined with environmental analysis.

Chaves, A. R.; Martins, R. O.; Maciel, L. I. L.; Silva, A. R.; Gondim, D. V.; Fortalo, J. M.; 
Santos, S. S.; Roque, J. V.; Vaz, B. G.
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Table I. Methods described in the literature using ambient mass spectrometry applied to environmental analysis

Analyte(s) Sample
Analytical 
Methodology

LOQ LOD Recovery (%) Ref.

Perfluoroalkyls Plants DESI-MS
HAS EDS 0.3-0.5 ng g-1 0.09-0.15 ng g-1 87.5-114.9 12

Dimethoate, 
trifloxystrobin, and 
tebuconazol

Olive and vine 
leaves DESI-MS 50.0-150.0 ng g-1 15.0-50.0 ng g-1 - 13

32 pesticides Fruit DESI-MS - 1.0 pg mm² 88.0 14

Ionic liquids Fish DESI-MS - - - 15

Duomeen O (n-oleyl-1,3-
diaminopropane) Industrial waters PSI-MS/MS - < 0.1 pg - 16

Acephate
Cyazofamide
Chlorpyrifos

Tomato peel PSI-MS 0.03 mg g-1 0.01 mg g-1 90.4-96.4 17

Bisphenol A and S Thermal paper PSI-MS 87.0 ng g-1 /
13.0 ng g-1

5.0 ng g-1

1.9 ng g-1 92.0 - 109.0 18

Metaldehyde Water PSI-MS/MS - 0.05 ng mL-1 - 19

Microcystins Water PSI-MS 3.0 µg L-1 1.0µg L-1 77.0 - 103.6 20

Tetrabromobisphenol A
Tap water
Springwater
Lake water

SPME-PSI-MS 0.001 µmol -1 - 95.1 - 101.6 21

U, Bi, Pb, Cd, Fe and Zn Cotton PSI-MS - 94.0 ng - 22

Braz. J. Anal. Chem. 2022, 9 (36), pp 52–77.
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Analyte(s) Sample
Analytical 
Methodology

LOQ LOD Recovery (%) Ref.

Phenoxycarboxylic acids Environmental 
waters DART-MS - 0.5-2.0 ng L-1 79.9-119.1 23

Triazine Herbicides Tap water, pool, 
and lake DMSPE-DART-MS - 1.6-152.1 ng L-1 87.5-115.0 24

Phthalic Acid Esters Environmental 
water SSE-DART-MS - 0.1-0.9 ng -1 82.8–119.0 25

Microplastics and 
Nanoplastics Natural waters DART-MS 100.0 pg L-1 30.0 pg L-1 60.0-70.0 26

Pesticides Surface water SPME-TM-DART/
MS 0.1-5.0 μg kg -1 - - 27

Pesticides Lettuce and celery QuPPe-DART-
HRMS 50-190.0 μg kg 1 20.0-60.0 μg kg-1 71.0-115.0 28

Steroid hormone Residual water DART-MS - 2.5 ng L-1 - 29

Trimethyl phosphate Residual water DART-MS/MS 50.0 pg mL-1 0.05-100.0 ng mL-1 88.0-107.6 30

Organic UV filters Environmental 
water DART-MS - 40.0 ng L-1 - 31

Glycosides Tobacco Leaves DART-MS 0.05-0.1 µg mL-1 0.02-0.05 µg mL-1 - 32

Tetrabromobisphenol A
Wastewater, river 
water and tap 
water

EESI-MS - 0.05-4.6 µg L-1 - 33

DESI-MS: Desorption electrospray ionization-mass spectrometry; HAS-EDS: transmission electron microscopy equipped with energy-dispersive spectroscopy; PSI-MS: Paper spray ionization mass 
spectrometry; PSI-MS/MS: Paper spray ionization-mass spectrometry tandem; SPME-PSI-MS: Solid-phase microextraction-paper spray ionization-mass spectrometry; DART-MS: Direct Analysis 
in Real-Time – Mass Spectrometry; DMSPE-DART-MS: Dispersive Magnetic Solid-phase Extraction - Direct Analysis in Real-Time - Mass Spectrometry; SSE-DART-MS: Sorbent and Solvent co-
enhanced - Direct Analysis in Real-Time - Mass Spectrometry; SPME-TM-DART-MS: Solid Phase Micro Extraction - Transmission Mode - Direct Analysis in Real-Time - Mass Spectrometry; QuPPe-
DART-HRMS: Quick Polar Pesticides Extraction - Direct Analysis in Real-Time - High-Resolution Mass Spectrometry; DART-MS/MS: Direct Analysis in Real-Time – Mass Spectrometry tandem; 
EESI-MS: extractive electrospray ionization mass spectrometry.

Ambient Ionization Mass Spectrometry: Applications and New Trends for Environmental Matrices Analysis

Table I. Methods described in the literature using ambient mass spectrometry applied to environmental analysis (Continuation) 
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Figure 2. Publication numbers per year, using ‘Ambient Mass Spectrometry’ and ‘Environmental 
sciences’ as search words. Publication until Feb 2022. Source: www.webofscience.com 

Desorption electrospray ionization desorption (DESI)
DESI technique was developed by Cooks et al. in 2004.34 DESI belongs to the family of AIMS techniques 

and mass spectrometry imaging (MSI). In MSI analysis, chemical images are generated by plotting the 
signal intensities of the analyte of interest in a 2D or 3D space corresponding to the area of the sample 
that was analysed (Figure 1A). Through the application of DESI technique, it is possible to locate the 
spatial distribution of certain compounds in a sample of interest.35 Because of the speed, sensitivity, and 
the possibility to perform in situ analysis, DESI technique has been highlighted as a potential approach to 
the development of surface analysis studies.36

In DESI ion desorption process, a primary spray is formed, with electrically charged solvent drops 
(less than 10 µm),37 under high pressure of an inert gas jet in high-velocity (about 100 m s-1) that reaches 
the sample on a glass slide.38,39 This impact creates a thin layer of solvent that results in a solid-liquid 
extraction of the sample.39 Then, the desorption of the analyte(s) occurs due to the shock of the primary 
spray. A secondary spray is formed containing the sample, and the analytes are then attracted to the mass 
spectrometer inlet.40 The ionization of the technique creates single or multiple ions, in a mechanism exactly 
of what is observed in an ESI interface.41 In this technique, changes in spray solvents are used to obtain 
good sample selectivity in a non-destructive way.42 

The application of DESI in imaging analysis allows the visualization of biomolecules from a sample 
surface.43 The MSI approach has been highlighted in literature to be manly performed in studied of the 
chemical profile of many biomolecules, such as metabolites,44 lipids,45 and proteins.46 In DESI-imaging, 
an unidirectional scan on the x-axis of the sample is performed, in which each line on the x-axis results in 
a mass spectrum. The sample is located on a moving platform on the y-axis, enabling the next row to be 
parsed.47 It is important to emphasize that this movement is repeated, the analytes of the next lines are not 
unduly removed, leading to the loss of information. The total area of the sample is divided into pixels. The 
distance between lines on the y-axis corresponds to 1 pixel and is the same distance on the x-axis. This 
distance corresponds to a spatial resolution that normally ranges from 150 µm to 250 µm. As desorption 
occurs continuously, it is necessary that the surface of the sample be smooth and flat, with no irregularities, 
after analysing the x and y axes, the generated spectra are merged to produce the images.48,49

The desorption efficiency of the analyte(s) is intrinsically linked to the optimization of some parameters 
in the geometric position of the DESI. The parameters that most influences the analysis are the angle of 

Braz. J. Anal. Chem. 2022, 9 (36), pp 52–77.
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incidence, which is the angle formed by the spray on the sample, the angle of ion collection, the distance 
between the sprayer and the surface, and the distance between the surface and the MS inlet, as shown 
in Figure 3.50

Figure 3. Scheme for geometric optimization of DESI.

Furthermore, the composition of the spray solvent is also a fundamental parameter for DESI desorption 
and ionization mechanism. The effect of the solvent on signal intensity and the resolution was extensively 
studied by Green et al.51 The most used solvent composition is methanol and water, however, there are 
other solvent reported that include methanol (MeOH), acetonitrile (ACN), ethanol, dimethylformamide 
(DMF), among others.52 Solvent optimization improves ionization efficiency and the method sensitivity.51 
Other parameters must be optimized for each sample, these parameters include the pressure of the 
nebulizing gas and the conditions in the mass spectrometer, all these parameters are directly linked to the 
obtained response.

DESI technique is widely used for biological samples, mainly for brain tissue in clinical case studies.38,53–55 
However, the literature points out the application in forensic chemistry,56 metabolomics,57 food,14 and 
environmental analysis.12 

Recently, Wang et al.12 verified the absorption potential of perfluoroalkyl substances (PFASs) in 
plants using desorption electrospray ionization-mass spectrometry (DESI-MS) and transmission electron 
microscopy equipped with energy-dispersive spectroscopy (TEM-EDS). Within the PFASs group, 
perfluorooctanoic acid (perfluorooctanoic, PFOA) and perfluorooctane sulfonic acid (perfluorooctane 
sulfonic, PFOS) are the most representative substances, which present great risks of contamination to the 
environment and living beings. For the DESI-MS analysis, eight wet plants were submitted to hydroponic 
experiments (soilless cultivation technique) to visualize their distribution at tissue and cell levels. These 
plants were incubated for 1 month with PFOA and PFOS solutions washed with deionized water and 
divided into roots, stems, and leaves. The optimized DESI parameters were optimized, and results showed 
that the PFASs accumulated in the plants represented 1.67-6.7% of the total mass added to the hydroponic 
systems, and PFOS accumulated mostly in the roots (48.8-95.8%), while the PFOA was stored mainly 
in the aerial part (29.3-77.4%). DESI-MS and TEM-EDS analysis showed that PFASs were transported 
from the hydroponic root solution via both apoplastic (through cell walls and/or intercellular spaces) and 
symplastic pathways (through plasma membranes or via plasmodesma). Thus, DESI-MS and TEM-EDS 

Chaves, A. R.; Martins, R. O.; Maciel, L. I. L.; Silva, A. R.; Gondim, D. V.; Fortalo, J. M.; 
Santos, S. S.; Roque, J. V.; Vaz, B. G.



59

techniques demonstrated to be efficient approaches applied to visualization, tracking, absorption, and 
transport of PFOS and PFOA in plants.

DESI technique was also used as an interface in the analysis of the pesticides dimethoate, tebuconazol, 
and trifloxystrobin in olive and vine leaves by Rocca et al.13 This study aimed to assess the exposure of 
workers during the application of these agrochemicals on crops, as evidence suggested serious adverse 
effects and chronic occupational exposure. The compositional mixture of the solvent used was methanol/
water (80:20 v/v). This mixture showed great efficiency in the desorption of these analytes in the leaves 
of olive trees and vines. The three pesticides were analysed and validated using figures of merit. The 
validation showed weakness in intra-day precision, in which field analyses required more repetitions 
for reliability, which could suggest disadvantages in quantitative assays by DESI-MS. In addition, the 
actual monitoring of samples was close to the last point of the calibration curve, showing an excessive 
concentration of pesticides in the leaves. Although the DESI-MS methods had shown lower precision in 
the quantitative assay, the developed method showed advantages such as low solvent consumption (less 
environmental impact), absence in sample preparation, and reduced analysis time. 

Gerbig et al.14 applied DESI technique to detect 32 pesticides in nine different fruit samples. The surface 
of these fruits was pressed into glass slides to promote the passage of these pesticides onto a flat surface. 
The method showed great potential for quick and simple screening of food items. This was demonstrated 
using real samples taken from routine controls. Thus, it was also shown that DESI-MS could perform non-
destructive actions in qualitative and semi-quantitative measurements. Although quantifying directly from 
the sample surface has limitations, the concentrations determined were in the same order of magnitude 
as the reference values and served as an indicator for deciding whether the product should be reanalyzed 
by another analytical method.

An approach to the toxicity of ionic liquids in zebrafish was reported by Perez et al.15 The authors found 
after the images of these fish using DESI, that the liquid AMOENG 130 accumulated in the central and 
respiratory nervous system and could pass through the blood-brain barrier (“filter” formed by cells and 
nervous tissue). This was the first report on the use of the image produced by DESI to determine the 
distribution and metabolism of an ionic liquid in an aquatic vertebrate and demonstrated the potential of 
this technique to monitor other micropollutants in aquatic vertebrates.

Paper Spray ionization (PSI)
PSI technique was first introduced in 2010 by Cooks et al.22 This AIMS method as the name suggest, 

uses a paper with a triangular shape connected to a macroscopic sharp tip.58,59 The ionization of the 
analytes occurs after the application of the sample on the center of the paper’s surface with later application 
of a voltage (2 to 5kV),60 finally the application of an acid or basic solvent onto the paper promotes the 
desorption of the analytes, this process leads to a generation of a Taylor cone spray which is taken 
towards the mass spectrometer inlet (Figure 1B).61 The analysis is performed in two modes, positive and 
negative, according to the properties of the target analyte(s).62,63 The ionization efficiency of the analyte(s) 
is intrinsically linked to its physicochemical characteristics, an effective interaction between the target 
analyte and the paper substrate, and the optimization of some fundamental parameters, promotes a more 
sensitive method and a better analytical performance.64,65

Among the main parameters to be evaluated, the paper substrate and the solvent must be considered 
to obtain a high sensitivity methodology.61 The solvent must dissolve the compound of interest in the paper 
substrate to its greatest extent via capillarity, moving it to the tip of the triangular paper. The spray solvent 
has the function of extracting and solubilizing the analyte of interest. The choice of solvent is critical in the 
development of the method.66 Due to the porous nature of the paper substrate, it can retain or not elute 
the analyte throughout the paper. Changing solvents can influence on method detection limits. Aqueous 
solvents improve surface tension and spray stability, while chlorinated solvents proved to be efficient in 
increasing the corona discharge voltage potential.67

Braz. J. Anal. Chem. 2022, 9 (36), pp 52–77.
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Different substrates can offer specific results, as they can have different composition, thicknesses, and 
porosity, contributing to hindering the effectiveness of ionization and the flow of analyte throughout the 
paper. The chromatography paper and filter paper are the most commonly used materials; however, the 
modification of the paper can be performed according to the analysis objectives.62 Thinner papers with 
smaller pore diameters, in general, tend to reduce the analyte flow throughout the paper, which could 
increase the ionization efficiency.68 

Another important parameter to be evaluated for the efficiency of spray formation, but sometimes 
neglected, is the angle of the tip of the paper concerning the MS inlet source. Signal intensity, spray 
current and electric field are dependent on the paper angle. Based on the usually applied electric field, the 
literature pointed out that the most used angle has been 30°. In addition to this, paper substrates can be 
laser cut, with this approach it is possible to obtain correct angulation and reproducible construction.62 To 
obtain good results with this technique, in addition to the mentioned factors, it is also necessary to evaluate 
other factors that may influence, such as the sample volume the distance between the spectrometer inlet 
capillary and the tip of the paper, which in general, will also depend on the ionization ratio of the analyte 
of interest.58

Since its introduction, the technique has been widely used in many fields, such as in the clinical,69,70 
forensics,67 foods,71 and environmental.19

Jjunju et al.16 reported the analysis of aliphatic primary alkyl corrosion inhibitor amines in water samples 
reacting PSI experiments using an LTQ Orbitrap Exactive instrument. To prove the analytical performance 
of the method, the PSI-MS method was applied in three different water samples including feedwater, 
condensate water, and boiler water from large medium pressure. The method was capable to achieve 
a low limit of detection (LOD) of 0.1 pg with reproducibility less than 10%. The MS/MS of the Duomeen 
O molecule at the LOD concentration eliminated the matrix effect of the water samples providing to be a 
potential qualitative approach to corrosion inhibitor amines in water samples analysis.

The indirect contact with toxic substances is one of the most concerning about human health, especially 
those with the capacity of being retained in environmental compartments.72 Concerning this, Bernardo 
et al.18 described the use of PSI-MS for the detection and quantification of bisphenol S (BPS) in three 
different commercially brands of thermal papers. The analytical performance of the method showed a 
LOD as low as 5 ng g-1 with recovery values ranging from 92.2 to 109.04%. The quantification of BPS in 
the three papers showed values ranging from 1.36 to 6.77 µg L-1. According to the authors the developed 
method was comparable to conventional analysis such as LC-MS and GC-MS reported in literature for 
BPS analysis. Due to this, the developed PSI-MS method was pointed out as a promising approach to 
replace some conventional methods of determination of BPS and without any sample preparation. 

Rodrigues et al.73 in 2020 reported a PSI-MS methodology for the steroid hormones (levonorgestrel and 
algestona) determination in wastewater samples analysis. The authors described the paper modification 
with a paraffin barrier on the triangular paper. This simple modification improved the analyte flow throughout 
the paper and resulted in a better spray stability, according to the authors. The ionization conditions of the 
analytes involved the use of a spray voltage of 3.5 kV and collision energy of 35 eV. The performance of the 
proposed methodology was evaluated through the figures of merit, reaching the low limit of quantification 
(LOQ) below to 2.3 µg mL-1 and LOD below to 0.7 µg mL- 1, in addition recovery values ranging from 82 to 
102%. According to the obtained results, the modification with paraffin described led to an increase in the 
sensitivity of the technique.

Recently, PSI-MS soil analysis was reported by Dowling et al.74 for the detection of pharmaceuticals, 
drugs, and hydrolysis products of chemical agents used in weapons. The voltage for both analytes was 
optimized separately, being used about 4.5 kV for drug analysis and 4.0 kV for hydrolysis products of 
chemical agents. As could be seen, the voltage is optimized according to the analyte structure and 
physicochemical proprieties, the better MS response is chosen considering not only the analyte response 
but also equipment integrity. According to the authors, the methodology reported an alteration for soil 
analysis, which is usually performed by obtaining the crude soil extract after many sample preparations 
steps.

Ambient Ionization Mass Spectrometry: Applications and New Trends for Environmental Matrices Analysis
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Soil analysis by PSI-MS was also reported by Liu et al.75 in which they described the quantification of 
tetrabromobisphenol A (TBBPA) in soils and sediments. The analysis was performed together with an 
internal standard enriched with a stable isotope (13C12-TBBPA) for the quantification of the target analyte. 
Better results were obtained by the voltage used of -2 kV, the vertex angle of 30°, base length 14 mm, and 
lateral length 29 mm. The chosen distance between the tip of the paper and the mass spectrometer inlet 
was 6 mm. Among the analysed solvents, methanol was chosen as the best for extracting and transporting 
solvents. This study demonstrated an alternative to improve the quantitative performance of the PSI-MS 
methods using an internal standard compound. Under these conditions, it was obtained a linear range of 
0.1-100 mg L-1 (R² = 0.9975) and recoveries values between 90.4%-101.1%, being possible to compare 
with other conventional methods. 

In 2017, Kotthoff et al.76 also performed the analysis of TBBPA in sediment samples using liquid 
chromatography coupled with atmospheric pressure photoionization tandem mass spectrometry (LC-
APPI-MS/MS) and obtained recoveries values ranging from 71.5 to112.5%   for sediments. In comparison 
with methodologies applying separation steps such as chromatography, the methodology applied by Liu et 
al.75 showed similar or higher recovery values, in addition to having presented an analysis time of 1 minute 
for each sample. Differences in results compared to other methods can be attributed to the correlation of 
the internal standard of the isotope method. Without sample purification and chromatographic separation, 
the method achieved high sensitivity and low analysis time, which was shown to have great potential for 
routine analysis of emerging contaminants in soil samples.

The analysis of samples from some animals is an alternative to identify the effect of bioaccumulation 
in the environment, in which some compounds with an accumulating potential are retained in animals, 
especially those of aquatic origins, such as fish and some vertebrates. Having this in mind, Chun Wei 
et al.77 reported the modification of a paper with graphene oxide and nylon membrane for the analysis 
of malachite green and its metabolites in freshwater fish. The modification of the paper with graphene 
and the nylon membrane led to a strong interaction between the electrons of the π-π bond of graphene 
oxide with the conjugated in-plane π electrons of the rigid triphenylmethane backbone of the malachite 
green, in addition to the strong electrostatic interaction between the hydrogen bonds of the malachite 
green molecule and the graphene oxide, favoring the interaction between them. As a result, in tests with 
aqueous solutions, more than 98% malachite green was adsorbed onto the modified paper. The analysis 
of fish tissue samples showed that a concentration of 0.65 µg kg-1 was obtained, which met the minimum 
performance limit (2 mg kg-1) proposed by the European Commission to determine the sum of malachite 
green and its metabolite green leucomalachite in food products.

Another paper modification was proposed in 2019 by Zargar et al.78 in which the modification of a porous 
graphene paper with a molecularly imprinted polymer (MIP) was described for the analysis of the pesticide 
propoxur in samples of tap water and water from crops through the source by mobility spectrometry ionic 
(IMS). The application of MIP was intended to offer greater selectivity for the target analyte, thus the 
pesticide itself was used as a template during the synthesis of MIP and later electroplated on the surface 
of the graphene paper. The modification of the paper led to obtaining a LOD of 0.3 ng mL-1 and a recovery 
ranging from 94 to 102%. Through the proposed methodology, the authors stated that compared to other 
methods described in the literature, the PSI method proved to be fast and effective in analysing the target 
analyte. The modification with the polymer MIP generated greater selectivity for the pesticide propoxur, 
increasing the sensitivity of the analyte for the detection technique, which compensated the non-selectivity 
of the IMS analysis.

Direct real-time analysis (DART)
The AIMS method known as DART was introduced by Cooks et al. in 2005,79 months after the introduction 

of DESI. The technique was introduced with the main focus on performing rapid analyses at ambient 
pressure, belonging to the class of AIMS techniques based on plasma ionization.80 In DART the ion source 
can be used to analyse solid liquid, and gaseous samples.81 In a few words, DART ionization uses heated 
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metastable gas atoms that are capable to desorb and then ionize the target analyte(s).82 DART ionization 
process is performed in the presence of an inert gas (usually helium or nitrogen) in a discharge chamber 
leaving the species in an excited (metastable) state, resulting in a flow of plasma gas.83 Upon leaving the 
chamber, the metastable species encounter the sample, and the desorption and ionization of the analyte(s) 
occur, which is directed to the mass spectrometer inlet (Figure 1C), the ionization of the sample can 
generate positive and negative ions. When applied in positive ion mode, metastable species collide with 
atmospheric water molecules producing hydronium (Penning ionization) and subsequently, the ionization 
of the analyte occurs. In contrast, in the negative ion mode, clusters of negative ions composing water and 
oxygen molecules react to form negative ions of the analyte.80,83

The optimization of the DART method involves the study of the ionization gas applied (He or N2) and 
its temperature, the distance between the gas output of the ionization source and the sampling hole of the 
mass spectrometer, the electrical potential responsible for producing a glow discharge and the gas flow.83 

According to Sisco and Forbes,82 although nitrogen can also be used as the ionization gas, helium is 
the most commonly used in DART analysis. This preference of helium instead nitrogen is because of its 
energy to ionize water of the metastable atoms. In positive mode, the ionization mechanism is driven by 
the ionization of water in the atmosphere. The ionization mechanism can be seen in Equations 1–4 as 
follows:

 He⃰ + H2O  He + H2O+▪ + e-  (1)

 H2O+▪ + H2O  H3O+ + OH▪  (2)

 H3O+ + nH2O  [(H2O)n+1 + H] +  (3)

 M + [(H2O)n+1 + H] +   [M+H]+ + (H2O)n+1  (4)

Robert et al. reported that the DART/orifice distance and the grid potential are parameters with significant 
influence on method efficiency, in which, the reduction of this distance and the increasing the potential from 
250 V to 650 V, leads to an increase of the relative abundance of O2+• in the background mass spectrum 
of real-time direct analysis-mass spectrometry. Thus, these conditions benefit the formation of molecular 
ions, these parameters can be optimized and adjusted to the desirable conditions, in which the non-
optimization of these parameters can lead to the two simultaneously ionization in the method (by proton 
transfer or by penning).84

Since the introduction of the DART technique in 2005, the literature has been reporting some applications 
in many scientific fields, such as food,85 agriculture,28 forensic,86 clinical analysis,87 and environmental 
analysis.88

In 2020, Nicolás Zabalegui et al.89 reported the development of an analytical method based on a direct 
transmission mode analysis system in real-time quadrupole time-of-flight mass spectrometry (TM-DART-
QTOF-MS) coupled with multivariate statistical analysis for the analysis of existing organic compounds in 
seawater samples in the surface microlayer (SML) and underlying water (ULW) collected on the Cape Verde 
Islands. The analysis involved the use of He as an ionizing gas at a temperature of 300 °C, in the negative 
ionization mode. The transmission mode geometry TM-DART was implemented as an optimization, which 
established a distance of 2.5 cm from the source, which allowed the analysis of samples in continuous 
flow and minimization of the risk of cross-contamination. From the methodology applied using DART, the 
authors found the possibility of differentiating the SLM and ULW samples through the chemical profile of 
both. In addition, the study pointed out that fatty acids, halogenated compounds, and organic compounds 
containing oxygenated boron were present in SML samples and could participate in photochemical 
reactions at the ocean air-water interface. According to the authors, one of the advantages of applying 
DART technique instead conventional electrospray methodologies for seawater analysis was to minimize 
the high salts concentration levels in the sample to MS analysis, not requiring desalination, which could 
result in a change of the matrix.
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The analysis of microplastics in environmental water samples was recently described by Zhang et al.88 
For the analysis of microplastics, the samples were initially prepared, being heated by a ramp, starting at 
50 °C and reaching 600 °C for 6 min. The products generated from this heating were taken to ionization 
by DART using helium as the reagent gas, a voltage of 350 V and heating of 300 °C, and analysis using 
the Orbitrap mass spectrometer. The application of the methodology for the analysis of microplastics led 
to the identification of plastics with different chemical profiles, and possibly from different origins, in which 
resulted in a mass spectrum exhibiting about ~ 10,000 discrete peaks, corresponding to plastic additives 
released by thermal desorption and degradation products of polymer generated by pyrolysis. Through the 
application of statistical data analysis, the chemical profile of plastics could be differentiated by creating a 
fingerprint for the analysis of each type of plastic.

Still on analysis of aquatic environments, Nei et al.90 reported the use of DART-MS to estimate the 
concentration of histamine and 1,8-diaminooctane in fish fillets. The use of the DART-MS analysis method 
was applied to test the target analytes presented in 165 samples. According to the authors, the detection 
sensitivity was influenced by the temperature of the gas heater, and the temperatures between 350 and 
450 °C resulted in larger and more defined peak areas. In addition, the matrix effect also affected and 
demonstrated by the recovery values of the developed method, (151.5 and 619.9%), in which, according 
to the authors, future studies would be necessary to reduce the matrix effect. However, the study proved to 
be a possible approach for analyzing mainly histamine, since it is a biogenic amine responsible for cases 
of food poisoning.

Emmons and Gionfriddo91 reported a strategy to minimize one of the limitations of ambient mass 
spectrometry, which is the appearance of transient microenvironments (TME), that occur mainly in 
analyses that are carried out in variable and non-ideal conditions. For the study, the authors reported the 
use of solid-phase microextraction (SPME) with DART-MS coupled to a thermal desorption unit (TDU) 
for the analysis of pesticides and drugs from surface water. However, for more precise analysis, a new 
SPME geometry, SPME-Arrow shape, was used, which presented a greater improvement on extraction 
phase volume compared to conventional SPME fiber. This instrumentation used was an optimization of 
the conventional parameters of the DART technique. Furthermore, other parameters that were optimized 
regarding the ionization source were the localization of the TDU-DART device in the inlet of the mass 
spectrometer and the plasma temperature. During the analysis, three positions were tested: first in full 
contact, then a distance of 5mm, and finally 10mm. Meanwhile, for each position, the plasma was at 
different temperatures: 300, 350, and 450 °C, respectively, being capable to quantify the analytes in the 
range of µg L-1 with a time analysis of 5 minutes. The authors concluded that this study proved to be quite 
satisfactory, allowing further expansion of AIMS analysis into more complex samples and in unconventional 
environments, where the use of TDU-DART provided rapid and reliable on-site quantification.

Extractive electrospray ionization (EESI)
Before being known as extractive electrospray ionization, the EESI technique was first introduced as 

fused droplet electrospray ionization (FD-ESI) in 2002 by Shiea et al.92 as an approach for the analysis 
of peptides and proteins. After this first introduction, the technique underwent extensive studies by other 
research groups, especially by Cooks et al.93 In 2006 the technique was finally known as EESI, whose first 
application was in the analysis of biological matrices, reporting a methodology without any previous sample 
preparation.94 The ionization mechanism involves the instrumental configuration using two sprays, one 
containing the solution for electrospray formation and connected to an energy source for the application of 
voltage, and the other spray with a neutral analyte solution. Then the two sprayers are placed in a certain 
position to form two converging streams (Figure 1D). In the gas phase, the particles containing the neutral 
analyte collide with the charged electrospray droplets, through this collision the analyte is extracted from 
the neutral drop to the charged electrospray drop forming the ions that are taken to the mass spectrometer 
inlet and then analyzed.11,93,94
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As previously described, the system involves the use of two sprays that collide with each other. Thus, 
the parameters to be optimized for a better ionization efficiency involve the study of the formation of the two 
sprays.95 In this context, the angles between the two nozzles (β) and between the nozzle containing the 
neutral analyte and the inlet of the mass spectrometer (ɑ) should be optimized, being generally adjusted 
to 60° and 150° respectively. In addition to the angles, the distance between the two sprayers (b) and the 
inlet of the mass spectrometer (a) must be optimized to favor ionization, usually using distances of 0.5-20 
mm and 3-15 mm respectively. In addition to these parameters, the flow of the sprayers must be controlled 
to favor an efficient collision between the charged spray and the neutral sample droplets.6,81

Despite having been introduced for the analysis of biological matrices, since its creation, the technique 
has been used in different scientific fields, such as cosmetic analysis,96 drugs,97 and also in the application 
in the environmental analysis.6

Recently, Giannoukos et al.98 reported the use of the real-time detection of metals and trace elements 
in the production of biogas from the anaerobic digestion of manure and mixed organic sources, using an 
extractive electrospray ionization source coupled with time-of-flight mass spectrometry analysis (EESI-
TOF-MS). The method optimization included the study of how the biogas interacted with the charged 
droplets of the spray. This study involved the evaluation of different proportions of N2 (1/2, 1/5, and 1/10) 
as biogas diluent and N2 flux. The optimization of the gas proportion and flow parameters led to the use 
of a 1:5 mixture of biogas: N2 and a flow of 1.5 µL min-1. Through the methodology, it was possible to 
compare the percentage of removal of 14 metals in installed adsorbent materials dedicated to the removal 
of organic contaminants. EESI quantification found that about 64% (for Cu), 60% (for Fe), 62% (for Zn), 
36% (for Cd) and 100% (for Pb) were removed from the raw biogas. The application of the methodology 
proved to be an effective tool for monitoring the removal of metals in raw biogas, also assisting in the 
creation of cleaning and filtering protocols.

Although AIMS methods are not normally performed after some previous sample preparation, in some 
cases the application of a sample preparation step before the AIMS analysis can lead to an increase in 
the technique’s sensitivity to achieve better analytical performance. In 2020, Liu et al.99 described the use 
of internal extractive electrospray ionization (IESSI) ionization for the analysis of 15 organophosphate 
class pesticides (OPPs) in environmental water samples after enrichment by Fe3O4-ZrO2 particles. The 
application of the material as a sample preparation step led to the removal of interfering agents present 
in the environmental samples and the concentration of OPPs. The proposed methodology showed LODs 
in the range of 0.14 to 16.39 ng L-1 and recovery values in the range of 85.4 to 105.9%. The application 
of EESI allowed the analysis of 15 pesticides in an analysis time of 1 min. The results showed that the 
application of a rapid pre-sample preparation can increase the sensitivity of the EESI technique, including 
high sensitivity, fast analysis, and selectivity for the detection of OPPs in environmental water samples.

Another application of previous sample preparation before analysis by EESI was described in 2018 by Kou 
et al.100 in which the use of molecularly imprinted polymers and IEESI tandem analysis of fluoroquinolones 
(FQs) in environmental water samples was reported. The authors chose to use the MIP in a 0.22 µm filter, 
in which the water samples were eluted, and through a selective polymer interaction process, the FQ 
molecules were retained, and by applying electrospray as an elution solution, target analytes were eluted 
into the mass spectrometer inlet. Under the optimized conditions, the methodology offered LOD values 
ranging from 0.015 to 0.026 µg L-1 and recovery values from 91.14 to 103.60%. Although systems by AIMS 
do not normally use any previous sample preparation, the use of MIP’s in this study allowed analyses by 
IESS in shorter times.

The analysis of pesticides in honey samples was described by Deng et al.101 the authors reported 
the use of the neutral desorption-extractive electrospray ionization (ND-EESI) for the determination 
of organophosphate insecticides and two types of carbamate insecticides in commercial samples of 
honey without any previous sample preparation. The application of the methodology for the analysis of 
pesticides proved to be efficient for the determination of the analytes with LODs ranging from 1.16 to 
4.18 ng g-1 and recovery values between 87 to 114.98%. The effect of the matrix on the analytes was the 
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parameter that most influenced the determination of pesticides. Of the five pesticides studied, only one 
(chlorpyriphos-methyl) had an average matrix effect on signal suppression, the others were not affected 
by the sample, this effect was attributed to the interaction of the pesticide with the sample. However, the 
proposed methodology using neutral desorption sampling gas to gently impact a surface led to a lower ion 
suppression which decreased the matrix effect observed for chlorpyriphos-methyl and improved real-time 
detection of other analytes in the sample without prior sample preparation.

In 2020, Gao et al.102 applied EESI for the analysis of the chemical profile of nectar and honey samples 
from three citrus species. The analysis was performed by extractive electrospray ionization high-resolution 
mass spectrometry (EESI-HRMS), the results showed the presence of 12 polyphenols and 8 amino acids, 
while analysis by high-efficiency-detection liquid chromatography by ultraviolet (HPLC-UV) showed the 
presence of 9 polyphenols. Statistical analysis showed that the profile of the nectar samples was similar 
to each other, in the same way as the honey samples. However, through the results, it was possible to 
distinguish the nectar and honey samples by the differences between chemical composition. Compared to 
the HPLC-UV analysis, the EESI analysis showed greater detail in the presence of chemical components 
in the samples, without needing any separation step or previous sample preparation. According to the 
results, the EESI technique could not only be used for quantitative methods, but also for qualitative 
methods, especially for the differentiation of sample chemistry, through fast and sensitive methodologies.

NEW TRENDS FOR AIMS METHODS IN ENVIRONMENTAL ANALYSIS 
Application of sample preparation methods for AIMS analysis 

The combination of an adequate sample preparation with AIMS methodologies shown as an interesting 
tool either for sampling or to improve the selectivity and sensitivity of the MS analytical methods. In 2016, 
Fang et al.103 reported on a review study, strategies, and applications of the SPME technique in association 
with AIMS methods. According to the authors, this combination can offer the opportunity for direct sampling 
and direct analysis of trace analytes in biological, environmental samples, forensics, food, small individual 
organisms, and even single-cell samples under open and environmental conditions.

The protective mask has become a reality for everyone, since 2019 due to an infection disease, known as 
COVID-19. Having this in mind, in 2020, Yuang et al.104 reported the use of SPME fiber-containing different 
coatings (Polydimethylsiloxane, Polydimethylsiloxane /divinylbenzene, Carbon/ polydimethylsiloxane, and 
Carbon/polydimethylsiloxane/ divinylbenzene) into a face mask to in vivo sampling the aerosol of exhaled 
air by patients with the aim to screening the chemical profile of this aerosol by DART-MS. For this purpose, 
two SPME fibers were inserted into a face mask, after the sampling, one fiber was used for recording the 
full spectrum, the other was used to perform MS/MS analysis. 

The related study showed a potential of sampling by SPME in the mask was appropriate to assess 
the chemical profile of breathed air. So, despite having been applied to the analysis of drugs, the authors 
point out that the methodology can be applied to other analyses that are directly linked to the respiratory 
quality of human beings. Thus, sampling by SPME and analysis by AIMS in an environmental context, can 
be used for the analysis of contaminants in the air, especially in large cities, to carry out the monitoring of 
these compounds in the daily life of large urban centers.

Another application of SPME containing a matrix-compatible coating together with DART-MS was 
reported in 2019 by Gómez-Rios et al.27 for the analysis of pesticides in surface water. All the sampling 
processes of the SPME were performed in less than 3 min, after the sampling, the SPME fiber was placed 
at the DART inlet, and the analysis was performed in 4 min, showing the speed of the methodology. The 
applied methodology was capable to obtain LOQ’s values of 0.1-5 µg Kg-1 for the 19 pesticides studied. 
The analysis offered the profile of pesticides in the samples, in addition to allowing their quantification in 
2-minute per sample.

The application of the SPME technique directly to environmental samples was reported by Deng et 
al.105 in which the authors described the coupling of SPME with ambient mass spectrometry ion source 
using a surface coated wood tip probe for ultra-trace perfluorinated compounds (PFCs) in water samples 
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analysis. The authors reported the modification with n-octadecyldimethyl[3-(trimethoxysilyl)propyl] 
ammonium chloride on the surface of a sharp wooden tip via silanization. The wooden tip is a desirable 
substrate for AIMS analysis due to its porous and hydrophilic properties. When applied some solvent and 
voltage, the material becomes conductive, and then an electrospray is generated. Furthermore, because 
of the of hydroxyl groups abundance, the material becomes an ideal candidate for the functionalization 
and modification of its surface. The optimized methodology presented LODs and LOQs values for PFCs 
analysis of 0.06-0.59 ng L-1 and 0.21-1.98 ng L-1 respectively. For last, quantification of real samples was 
performed by isotope internal standard calibration curve method or isotope dilution method, the results 
showed a range of PFCs from 0.95 to 15.95 ng L-1 for lake water, 0.55 to 20.1 ng L-1 for river water, 0.78 
to 12.8 ng L- 1 for whole blood, and 68.6 to 562.1 ng L-1 for milk samples showing its higher concentration 
of PFCs.

Electrospray laser ablation ionization (LAESI) applied for environmental analysis 
The electrospray laser ablation ionization (LAESI) technique was introduced in 2007 by Nemes and 

Vertes.106 The ionization consists in two-stage process.107 In the first stage, it is created a fine mist of neutral 
droplets that is generated from the sample by contact with a pulsed mid-infrared (IR) laser, adjusted to the 
O-H stretch adsorption (2.94 µm). The ionization of the desorbed analytes from the sample is performed 
in the second stage, in which the interaction of the charged spray (ESI source) with the desorbed analytes 
promotes the ionization of the analyte(s) present in the sample (Figure 4A).6,92,107,108 The eminent advantage 
of the technique is its ability to access more internal compounds in the sample and not just compounds 
present on the surface such as DESI. Thus, the LAESI technique brings the formation of chemical images 
as a function of depth (x, y, and z), due to IR laser ablation.108 Since its introduction, the technique has 
been widely applied especially for cell and tissue analysis,109,110 with few recent applications reported for 
analysis in environmental matrices.

In 2014, Beach et al.110 described the analysis of the neurotoxin domoic acid (DA) in crustaceans by 
LAESI-MS/MS. The analysis of the muscle tissue of the crustacean samples compared with reference 
materials, led to the obtainment of a detection limit of 1 mg kg-1 and recovery values close to high-performance 
liquid chromatography-spectrometry methods of tandem masses (HPLC-MS/MS) (103-123%) in addition 
to analyses with times of up to 10 s for each sample. In the same year, Nielen and Beek111 described the 
use of the Laser-ablation electrospray ionization-mass imaging (LAESI-IMS) to investigate the potential 
of the technique for obtaining macroscopic and microscopic images of pesticides, mycotoxins, and plant 
metabolites in rose leaves, orange and lemon fruits, ergot bodies, cherry tomatoes, and corn kernels. 
With the application of the technique, it was possible to quantify the analytes on the surface and inside the 
samples through laser penetration in contact with the different matrices, performing not only 2D images 
but also 3D images. The application of the technique in both studies showed the potential of the LAESI 
technique to carry out the mapping not only on the surface but also inside different samples with an 
environmental focus, in fast methodologies, and without sample preparation.

Recently, Vaz et al.107 described the use of (LAESI imaging) to investigate the diffusion of the 
mycotoxin patulin from rotten to healthy areas of fruits. Although, this can be considered a food analysis, 
the environmental concerning of mycotoxins in food samples is due to its high toxicity in lower levels 
of concentration. Also, according with Escrivá et al.112 due to the bioaccumulation of such secondary 
metabolites, they can cause their carry-over in animal fluid, organs and tissues, and consequently reach 
and affect human health. For the study, Vaz et al.107 used slices of mold-infected and uninfected (control 
samples) apples and strawberries. The application of an infrared laser beam (2.94 μm) resulted in the 
ablation of the analytes. The application of LAESI as capable to achieve a LOD of 50 ng mL-1. The 
visualization of the patulin was observed in all infected fruits in both diseased and healthy areas, these 
results suggested the diffusion of patulin from the mold-infected area.

Although there are not many works in the literature reporting the LAESI technique for environmental 
analysis, recently, Maloof et al.113 described a literature review on the use of chemical imaging techniques 
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for environmental analysis, among them, the LAESI technique was discussed and showing possible trends 
for the technique that should be taken into account in this review. 

The analysis of rocks and other environmental solids has always been considered a challenge, due 
to the difficulty of working with such matrices. However, imaging techniques such as LAESI have been 
proving to be an alternative to solve this problem. The analysis of rocks and other solid particles in the 
environment can provide important information, especially about where they were collected. Having this in 
mind, Gundlach-Graham et al.114 reported the use of the low-dispersion laser ablation-inductively coupled 
plasma-mass spectrometry (LA-ICP-MS) for the analysis of metals in rock samples. The application of 
the technique showed a resolution of ~10 µm, proving to be effective for evaluating the chemical profile of 
environmental rocks.

The potential of this technique for environmental science lies in its functioning, allowing the analysis not 
only of the surface but also of the interior of the sample, which is a possible approach for the analysis of 
contaminants in difficult-to-work environmental matrices, such as rock samples. Furthermore, compared 
to other techniques based on electrospray, such as DESI, for example, the application of LAESI makes it 
possible to obtain 2D and 3D images, which makes it even more feasible to study the chemical profile of 
complex samples.

Perspectives in environmental analyses using the Nano-DESI technique
Another approach that has a few reports in the application in environmental analysis is Nano-DESI. This 

technique was first reported in 2010 by Roach et al.,115 in which the conventional DESI resources are used, 
with some modified configurations. In summary, a solvent bridge is formed between two capillaries, and the 
surface is then analysed. One of the capillaries is responsible for providing the solvent for the extraction 
of analytes onto the surface. The second capillary promotes the transport of the solution containing the 
extracted analytes to the mass spectrometer inlet, through nano-spray self-aspiration (Figure 4B).116,117 

This technique has been constantly improving, showing until now high resolution and sensitivity, providing 
spatial distribution of surfaces analysed in great detail. The technique has been constantly improved 
showing resolutions of 200 µm and 20 µm for biological matrices and good sensitivity, providing adequate 
spatial distribution of surface analytes.118

Yin et al.119 developed a Nano-DESI methodology, that happened the instrument fabrication to 
the processing of the obtained data, resulting in more sensitive and quantitative images of lipids and 
metabolites in biological matrices. A resolution better than 10 µm was possible by acquiring 104.400 
pixels. The method for quantification was based on the use of internal standard and signal normalization 
to minimize the matrix effect, common in quantitative image analysis. The use of the internal standard and 
normalization requires special care, errors may represent inappropriate behavior of the analytes and may 
compromise the developed methodology. These advances show a great contribution to imaging via Nano-
DESI, but the use of other complementary techniques such as HPLC may be necessary.

Like DESI, Nano-DESI can be applied in several areas, such as crude oil analysis,120,121 analyses in 
biological matrices,122,123 bacterial characterization,124 pharmaceutical,125 among others. Despite its wide 
application, its use in environmental matrices is few reported in the literature. In this context, approaches 
that integrate this area can be widely studied using this technique.

In 2014, Laskin et al.126 analysed the molecular composition of organic matter in soil samples using 
the Nano-DESI technique. In this study, it was possible to molecularly characterize these samples without 
prior sample preparation, in short analysis time, high sensitivity, and low sample consumption. Nano-DESI 
made up the need for laborious extraction of organic matter from the soil, which usually uses large volume 
of organic solvents.127 For these analyses, approximately 10 ng of organic mass was used, showing the 
effectiveness of this technique in an environmental matrix.

In summary, Nano-DESI is under constant development showing distinct applications to a wide range 
of analytes in different matrices. Having this in mind, the potential of application of this technique allows 
analyses with minimal or no sample preparation, low solvent consumption, low sample quantity, high 
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sensitivity, low analysis time, and better image resolution. Studies involving environmental matrices (ore, 
wood, rocks, pollutants, plants, among others) can help to unveil environmental states if better explored. 
Finally, the approximate ability to quantify analytes on a surface via Nano-DESI may open new doors for 
routine methods in the expression of pollutants in plants, for example.

As it was possible to observe, AIMS techniques also present the possibility of optimizing their resources, 
whether in the development of new approaches or the improvement of existing methodologies. However, 
there is still a lack of studies reporting the fabrication of devices capable of performing in situ analysis, in 
addition to the development of portable AIMS devices hyphenated to miniaturized mass spectrometers. 
Thus, studies are still needed, especially using consolidated techniques for biological samples, for their 
application in environmental matrices as a way of new approaches for rapid analysis of such complex 
matrices.

Figure 4. A) Schematic representation of the LAESI ionization mechanism, and B) Schematic 
representation of the Nano-DESI ionization mechanism 

CONCLUSIONS
In this review, some of the main AIMS techniques that have been applied for the profile analysis and 

quantification of emerging contaminants in environmental matrices were discussed. Thus, it was possible to 
observe that the DESI, DART, PSI, and EESI techniques have wide application in environmental matrices, 
contributing to fast, sensitive, and high analytical performance analyses. Furthermore, when compared 
to existing conventional techniques, they show analytical capacity equal or superior in different analysis.
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The techniques derived from the concepts established since the creation of DESI in 2004, bring with them 
advantages over conventional ionization techniques. The application of methodologies based on systems 
by AIMS shows analysis with a shorter analysis time than conventional techniques, lower consumption 
of organic solvents (highlighted in the concept of green chemistry). Advances in the development and 
optimization of systems by AIMS must meet the complexity of environmental matrices. Despite being 
techniques widely applied to biological matrices, imaging techniques such as DESI, Nano-DESI, and 
LAESI, which are few used in this scientific field, represent a new alternative for chemical monitoring of 
previously challenging matrices. 

In general, the development of methodologies based on AIMS with a focus on environmental analysis 
still needs a more critical view, considering the development of in situ analysis systems, for quick and 
reliable analysis not only in large urban centers but also in remote locations, where the risk of contamination 
and lack of monitoring is greater. 

Conflicts of interest
The authors declare no conflicts of interest.

Acknowledgements
This research was generously funded by CAPES, CNPq, and FAPEG.

REFERENCES
(1) Vieira Filho, J. E. R.; da Silveira, J. M. F. J. Mudança Tecnológica Na Agricultura: Uma Revisão 

Crítica Da Literatura e o Papel Das Economias de Aprendizado. Rev. Econ. e Sociol. Rural 2012, 50 
(4), 721–742. https://doi.org/10.1590/S0103-20032012000400008

(2) Wang, H.; Yang, Q.; Ma, H.; Liang, J. Chemical Compositions Evolution of Groundwater and Its 
Pollution Characterization Due to Agricultural Activities in Yinchuan Plain, Northwest China. Environ. 
Res. 2021, 200, 111449. https://doi.org/10.1016/J.ENVRES.2021.111449

(3) Zhang, R.; Ma, W.; Liu, J. Impact of Government Subsidy on Agricultural Production and Pollution: 
A Game-Theoretic Approach. J. Clean. Prod. 2021, 285, 124806. https://doi.org/10.1016/J.
JCLEPRO.2020.124806

(4) Han, Q.; Liu, Y.; Feng, X.; Mao, P.; Sun, A.; Wang, M.; Wang, M. Pollution Effect Assessment of 
Industrial Activities on Potentially Toxic Metal Distribution in Windowsill Dust and Surface Soil in Central 
China. Sci. Total Environ. 2021, 759, 144023. https://doi.org/10.1016/J.SCITOTENV.2020.144023

(5) Ayala-Cabrera, J. F.; Santos, F. J.; Moyano, E. Recent Advances in Analytical Methodologies Based 
on Mass Spectrometry for the Environmental Analysis of Halogenated Organic Contaminants. Trends 
Environ. Anal. Chem. 2021, 30, e00122. https://doi.org/10.1016/J.TEAC.2021.E00122

(6) Chen, R.; Deng, J.; Fang, L.; Yao, Y.; Chen, B.; Wang, X.; Luan, T. Recent Applications of Ambient 
Ionization Mass Spectrometry in Environmental Analysis. Trends Environ. Anal. Chem. 2017, 15, 
1–11. https://doi.org/10.1016/J.TEAC.2017.07.001

(7) Martins, R. O.; de Araújo, G. L.; de Freitas, C. S.; Silva, A. R.; Simas, R. C.; Vaz, B. G.; Chaves, A. 
R. Miniaturized Sample Preparation Techniques and Ambient Mass Spectrometry as Approaches 
for Food Residue Analysis. J. Chromatogr. A 2021, 1640, 461949. https://doi.org/10.1016/j.
chroma.2021.461949

(8) Zhang, J.; Yu, W.; Suliburk, J.; Eberlin, L. S. Will Ambient Ionization Mass Spectrometry Become 
an Integral Technology in the Operating Room of the Future? Clin. Chem. 2016, 62 (9), 1172–1174. 
https://doi.org/10.1373/clinchem.2016.258723

(9) Takáts, Z.; Wiseman, J. M.; Gologan, B.; Cooks, R. G. Mass Spectrometry Sampling under Ambient 
Conditions with Desorption Electrospray Ionization. Science 2004, 306 (5695), 471–473. https://doi.
org/10.1126/science.1104404

Braz. J. Anal. Chem. 2022, 9 (36), pp 52–77.



70

(10) GUO, X. Y.; HUANG, X. M.; ZHAI, J. F.; BAI, H.; LI, X. X.; MA, X. X.; MA, Q. Research Advances in 
Ambient Ionization and Miniature Mass Spectrometry. Chinese J. Anal. Chem. 2019, 47 (3), 335–
346. https://doi.org/10.1016/S1872-2040(19)61145-X

(11) ZHANG, X. L.; ZHANG, H.; WANG, X. C.; HUANG, K. K.; WANG, D.; CHEN, H. W. Advances 
in Ambient Ionization for Mass Spectrometry. Chinese J. Anal. Chem. 2018, 46 (11), 1703–1713. 
https://doi.org/10.1016/S1872-2040(18)61122-3

(12) Wang, T. T.; Ying, G. G.; Shi, W. J.; Zhao, J. L.; Liu, Y. S.; Chen, J.; Ma, D. D.; Xiong, Q. Uptake 
and Translocation of Perfluorooctanoic Acid (PFOA) and Perfluorooctanesulfonic Acid (PFOS) by 
Wetland Plants: Tissue- A Nd Cell-Level Distribution Visualization with Desorption Electrospray 
Ionization Mass Spectrometry (DESI-MS) and Transmission Electron Microscopy Equipped with 
Energy-Dispersive Spectroscopy (TEM-EDS). Environ. Sci. Technol. 2020, 54 (10), 6009–6020. 
https://doi.org/10.1021/ACS.EST.9B05160

(13) Mainero Rocca, L.; Cecca, J.; L’Episcopo, N.; Fabrizi, G. Ambient Mass Spectrometry: Direct 
Analysis of Dimethoate, Tebuconazole, and Trifloxystrobin on Olive and Vine Leaves by Desorption 
Electrospray Ionization Interface. J. Mass Spectrom. 2017, 52 (11), 709–719. https://doi.org/10.1002/
JMS.3978

(14) Gerbig, S.; Stern, G.; Brunn, H. E.; Düring, R.; Spengler, B.; Schulz, S. Method Development towards 
Qualitative and Semi-Quantitative Analysis of Multiple Pesticides from Food Surfaces and Extracts 
by Desorption Electrospray Ionization Mass Spectrometry as a Preselective Tool for Food Control. 
Anal. Bioanal. Chem. 2016. https://doi.org/10.1007/s00216-016-0157-x

(15) Perez, C. J.; Tata, A.; de Campos, M. L.; Peng, C.; Ifa, D. R. Monitoring Toxic Ionic Liquids in Zebrafish 
(Danio Rerio) with Desorption Electrospray Ionization Mass Spectrometry Imaging (DESI-MSI). J. 
Am. Soc. Mass Spectrom. 2017, 28 (6), 1136–1148. https://doi.org/10.1007/S13361-016-1515-9

(16) Jjunju, F. P. M.; Maher, S.; Damon, D. E.; Barrett, R. M.; Syed, S. U.; Heeren, R. M. A.; Taylor, 
S.; Badu-Tawiah, A. K. Screening and Quantification of Aliphatic Primary Alkyl Corrosion Inhibitor 
Amines in Water Samples by Paper Spray Mass Spectrometry. Anal. Chem. 2016, 88 (2), 1391–
1400. https://doi.org/10.1021/ACS.ANALCHEM.5B03992.

(17) Moura, A. C. M.; Lago, I. N.; Cardoso, C. F.; dos Reis Nascimento, A.; Pereira, I.; Vaz, B. G. Rapid 
Monitoring of Pesticides in Tomatoes (Solanum Lycopersicum L.) during Pre-Harvest Intervals by 
Paper Spray Ionization Mass Spectrometry. Food Chem. 2020, 310, 125938. https://doi.org/10.1016/j.
foodchem.2019.125938

(18) Bernardo, R. A.; Sousa, J. C. P.; Gallimberti, M.; Junior, F. B.; Vaz, B. G.; Chaves, A. R. A Fast 
and Direct Determination of Bisphenol S in Thermal Paper Samples Using Paper Spray Ionization 
Mass Spectrometry. Environ. Sci. Pollut. Res. 2021 2021, 1–9. https://doi.org/10.1007/S11356-021-
14603-0

(19) Maher, S.; Jjunju, F. P. M.; Damon, D. E.; Gorton, H.; Maher, Y. S.; Syed, S. U.; Heeren, R. M. A.; 
Young, I. S.; Taylor, S.; Badu-Tawiah, A. K. Direct Analysis and Quantification of Metaldehyde in 
Water Using Reactive Paper Spray Mass Spectrometry. Sci. Rep. 2016, 6. https://doi.org/10.1038/
SREP35643

(20) Zhu, X.; Huang, Z.; Gao, W.; Li, X.; Li, L.; Zhu, H.; Mo, T.; Huang, B.; Zhou, Z. Rapid Microcystin 
Determination Using a Paper Spray Ionization Method with a Time-of-Flight Mass Spectrometry 
System. J. Agric. Food Chem. 2016, 64 (27), 5614–5619. https://doi.org/10.1021/ACS.JAFC.6B02101

(21) Zhang, G.; Ding, T.; Shi, Q.; Jiang, Z.; Niu, Y.; Zhang, M.; Tong, L.; Chen, Z.; Tang, B. Covalent 
Organic Frameworks-Based Paper Solid Phase Microextraction Combined with Paper Spray Mass 
Spectrometry for Highly Enhanced Analysis of Tetrabromobisphenol A. Analyst 2020, 145 (19), 
6357–6362. https://doi.org/10.1039/D0AN00759E

(22) Liu, J.; Wang, H.; Manicke, N. E.; Lin, J-M.; Cooks, R. G.; Ouyang, Z. Development, Characterization, 
and Application of Paper Spray Ionization. Anal. Chem. 2010, 82 (6), 2463–2471. https://doi.
org/10.1021/AC902854G

Chaves, A. R.; Martins, R. O.; Maciel, L. I. L.; Silva, A. R.; Gondim, D. V.; Fortalo, J. M.; 
Santos, S. S.; Roque, J. V.; Vaz, B. G.

https://doi.org/10.1016/S1872-2040(19)61145-X
https://doi.org/10.1016/S1872-2040(18)61122-3


71

(23) Wang, J.; Zhu, J.; Si, L.; Du, Q.; Li, H.; Bi, W.; Chen, D. D. Y. High Throughput Screening of Phenoxy 
Carboxylic Acids with Dispersive Solid Phase Extraction Followed by Direct Analysis in Real Time 
Mass Spectrometry. Anal. Chim. Acta 2017, 996, 20–28. https://doi.org/10.1016/J.ACA.2017.10.007

(24) Jing, W.; Zhou, Y.; Wang, J.; Ni, M.; Bi, W.; Chen, D. D. Y. Dispersive Magnetic Solid-Phase Extraction 
Coupled to Direct Analysis in Real Time Mass Spectrometry for High-Throughput Analysis of Trace 
Environmental Contaminants. Anal. Chem. 2019, 91 (17), 11240–11246. https://doi.org/10.1021/
ACS.ANALCHEM.9B02197

(25) Jing, W.; Zhou, Y.; Wang, J.; Zhu, Y.; Lv, Y.; Bi, W.; Chen, D. D. Y. Sorbent and Solvent Co-Enhanced 
Direct Analysis in Real Time-Mass Spectrometry for High-Throughput Determination of Trace 
Pollutants in Water. Talanta 2020, 208, 120378. https://doi.org/10.1016/J.TALANTA.2019.120378

(26) Schirinzi, G. F.; Llorca, M.; Seró, R.; Moyano, E.; Barceló, D.; Abad, E.; Farré, M. Trace Analysis 
of Polystyrene Microplastics in Natural Waters. Chemosphere 2019, 236, 124321. https://doi.
org/10.1016/J.CHEMOSPHERE.2019.07.052

(27) Gómez-Ríos, G. A.; Gionfriddo, E.; Poole, J.; Pawliszyn, J. Ultrafast Screening and Quantitation 
of Pesticides in Food and Environmental Matrices by Solid-Phase Microextraction–Transmission 
Mode (SPME-TM) and Direct Analysis in Real Time (DART). Anal. Chem. 2017, 89 (13), 7240–7248. 
https://doi.org/10.1021/ACS.ANALCHEM.7B01553

(28) Lara, F. J.; Chan, D.; Dickinson, M.; Lloyd, A. S.; Adams, S. J. Evaluation of Direct Analysis in Real 
Time for the Determination of Highly Polar Pesticides in Lettuce and Celery Using Modified Quick 
Polar Pesticides Extraction Method. J. Chromatogr. A 2017, 1496, 37–44. https://doi.org/10.1016/J.
CHROMA.2017.03.020

(29) Lei, Y. T.; Lu, Y.; Zhang, T. C.; Qi, Y.; Lu, Y. F. Rapid Screening of Testosterone in the Aquatic 
Environment Using Direct Analysis in Real-Time (DART) Mass Spectrometry. Environ. Earth Sci. 
2016 7512 2016, 75 (12), 1–7. https://doi.org/10.1007/S12665-016-5830-Z

(30) Wang, X.; Liu, J.; Liu, C. C.; Zhang, J.; Shao, B.; Liu, L.; Zhang, N. Rapid Quantification of Highly 
Polar Trimethyl Phosphate in Wastewater via Direct Analysis in Real-Time Mass Spectrometry. J. 
Chromatogr. A 2014, 1333, 134–137. https://doi.org/10.1016/J.CHROMA.2014.01.076

(31) Haunschmidt, M.; Klampfl, C. W.; Buchberger, W.; Hertsens, R. Determination of Organic UV Filters 
in Water by Stir Bar Sorptive Extraction and Direct Analysis in Real-Time Mass Spectrometry. Anal. 
Bioanal. Chem. 2010 3971 2010, 397 (1), 269–275. https://doi.org/10.1007/S00216-009-3438-9

(32) Li, X.; Wang, X.; Ma, W.; Ai, W.; Bai, Y.; Ding, L.; Liu, H. Fast Analysis of Glycosides Based on 
HKUST-1-Coated Monolith Solid-Phase Microextraction and Direct Analysis in Real-Time Mass 
Spectrometry. J. Sep. Sci. 2017, 40 (7), 1589–1596. https://doi.org/10.1002/JSSC.201601115

(33) Tian, Y.; Chen, J.; Ouyang, Y. zhong; Qu, G. bo; Liu, A. feng; Wang, X. mei; Liu, C. xiao; Shi, J. B.; 
Chen, H. wen; Jiang, G. bin. Reactive Extractive Electrospray Ionization Tandem Mass Spectrometry 
for Sensitive Detection of Tetrabromobisphenol A Derivatives. Anal. Chim. Acta 2014, 814, 49–54. 
https://doi.org/10.1016/J.ACA.2014.01.035

(34) Takáts, Z.; Wiseman, J. M.; Gologan, B.; Cooks, R. G. Mass Spectrometry Sampling under Ambient 
Conditions with Desorption Electrospray Ionization. Science 2004, 306 (5695), 471–473. https://doi.
org/10.1126/science.1104404

(35) McDonnell, L. A.; Heeren, R. M. A. Imaging Mass Spectrometry. Mass Spectrom. Rev. 2007, 26 (4), 
606–643. https://doi.org/10.1002/mas.20124

(36) Tang, C.; Guo, T.; Zhang, Z.; Yang, P.; Song, H. Rapid Visualized Characterization of Phenolic 
Taste Compounds in Tea Extract by High-Performance Thin-Layer Chromatography Coupled to 
Desorption Electrospray Ionization Mass Spectrometry. Food Chem. 2021, 355, 129555. https://doi.
org/10.1016/J.FOODCHEM.2021.129555

(37) Gentili, A.; Fanali, S.; Mainero Rocca, L. Desorption Electrospray Ionization Mass Spectrometry 
for Food Analysis. TrAC Trends Anal. Chem. 2019, 115, 162–173. https://doi.org/10.1016/J.
TRAC.2019.04.015

Braz. J. Anal. Chem. 2022, 9 (36), pp 52–77.



72

(38) Maciel, L. I. L.; Pereira, I.; Ramalho, R. R. F.; Ribeiro, R. I.; Pinto, M. C. X.; Vaz, B. G. A New Approach 
for the Analysis of Amino Acid Neurotransmitters in Mouse Brain Tissues Using DESI Imaging. Int. J. 
Mass Spectrom. 2022, 471, 116730. https://doi.org/10.1016/J.IJMS.2021.116730

(39) Cooks, R. G.; Ouyang, Z.; Takats, Z.; Wiseman, J. M. Ambient Mass Spectrometry. Science 2006, 
pp 1566–1570. https://doi.org/10.1126/science.1119426

(40) Campbell, D. I.; Ferreira, C. R.; Eberlin, L. S.; Cooks, R. G. Improved Spatial Resolution in the 
Imaging of Biological Tissue Using Desorption Electrospray Ionization. Anal. Bioanal. Chem. 2012, 
404 (2), 389–398. https://doi.org/10.1007/s00216-012-6173-6

(41) Shrestha, S. A.; Cha, S. Ambient Desorption/Ionization Mass Spectrometry for Direct Solid Material 
Analysis. TrAC Trends Anal. Chem. 2021, 144, 116420. https://doi.org/10.1016/J.TRAC.2021.116420

(42) Zhang, J.; Rector, J.; Lin, J. Q.; Young, J. H.; Sans, M.; Katta, N.; Giese, N.; Yu, W.; Nagi, C.; 
Suliburk, J.; Liu, J.; Bensussan, A.; DeHoog, R. J.; Garza, K. Y.; Ludolph, B.; Sorace, A. G.; Syed, A.; 
Zahedivash, A.; Milner, T. E.; Eberlin, L. S. Nondestructive Tissue Analysis for Ex Vivo and in Vivo 
Cancer Diagnosis Using a Handheld Mass Spectrometry System. Sci. Transl. Med. 2017, 9 (406), 
eaan3968. https://doi.org/10.1126/scitranslmed.aan3968

(43) Ishii, Y.; Nakamura, K.; Mitsumoto, T.; Takimoto, N.; Namiki, M.; Takasu, S.; Ogawa, K. Visualization 
of the Distribution of Anthraquinone Components from Madder Roots in Rat Kidneys by Desorption 
Electrospray Ionization-Time-of-Flight Mass Spectrometry Imaging. Food Chem. Toxicol. 2022, 161, 
112851. https://doi.org/10.1016/J.FCT.2022.112851

(44) Yamamoto, E.; Taquahashi, Y.; Kuwagata, M.; Saito, H.; Matsushita, K.; Toyoda, T.; Sato, F.; Kitajima, 
S.; Ogawa, K.; Izutsu, K. ichi; Saito, Y.; Hirabayashi, Y.; Iimura, Y.; Honma, M.; Okuda, H.; Goda, Y. 
Visualizing the Spatial Localization of Ciclesonide and Its Metabolites in Rat Lungs after Inhalation of 
1-Μm Aerosol of Ciclesonide by Desorption Electrospray Ionization-Time of Flight Mass Spectrometry 
Imaging. Int. J. Pharm. 2021, 595, 120241. https://doi.org/10.1016/J.IJPHARM.2021.120241

(45) Carson, R. H.; Lewis, C. R.; Erickson, M. N.; Zagieboylo, A. P.; Naylor, B. C.; Li, K. W.; Farnsworth, 
P. B.; Price, J. C. Imaging Regiospecific Lipid Turnover in Mouse Brain with Desorption Electrospray 
Ionization Mass Spectrometry. J. Lipid Res. 2017, 58 (9), 1884–1892. https://doi.org/10.1194/JLR.
M078170

(46) Shaw, J. B.; Brodbelt, J. S. Analysis of Protein Digests by Transmission-Mode Desorption Electrospray 
Ionization Mass Spectrometry with Ultraviolet Photodissociation. Int. J. Mass Spectrom. 2011, 308 
(2–3), 203–208. https://doi.org/10.1016/J.IJMS.2011.08.030

(47) Venter, A.; Sojka, P. E.; Cooks, R. G. Droplet Dynamics and Ionization Mechanisms in Desorption 
Electrospray Ionization Mass Spectrometry. Anal. Chem. 2006, 78 (24), 8549–8555. https://doi.
org/10.1021/AC0615807

(48) Francischini, D. S.; Arruda, M. A. Z. When a Picture Is Worth a Thousand Words: Molecular and 
Elemental Imaging Applied to Environmental Analysis – A Review. Microchem. J. 2021, 169, 106526. 
https://doi.org/10.1016/J.MICROC.2021.106526.

(49) Tillner, J.; McKenzie, J. S.; Jones, E. A.; Speller, A. V. M.; Walsh, J. L.; Veselkov, K. A.; Bunch, J.; 
Takats, Z.; Gilmore, I. S. Investigation of the Impact of Desorption Electrospray Ionization Sprayer 
Geometry on Its Performance in Imaging of Biological Tissue. Anal. Chem. 2016, 88 (9), 4808–4816. 
https://doi.org/10.1021/acs.analchem.6b00345

(50) Wójtowicz, A., Wietecha-Posłuszny, R. DESI-MS Analysis of Human Fluids and Tissues for Forensic 
Applications. Appl. Phys. A 2019, 125, 312. https://doi.org/10.1007/s00339-019-2564-2

(51) Green, F. M.; Salter, T. L.; Gilmore, I. S.; Stokes, P.;  O’Connor, G. The Effect of Electrospray Solvent 
Composition on Desorption Electrospray Ionisation (DESI) Efficiency and Spatial Resolution. Analyst 
2010, 135, 731–737. https://doi.org/10.1039/B924208B

(52) Cooks, R. G.; Manicke, N. E.; Dill, A. L.; Ifa, D. R.; Eberlin, L. S.; Costa, A. B.; Wang, H.; Huang, 
G.; Ouyang, Z. New Ionization Methods and Miniature Mass Spectrometers for Biomedicine: DESI 
Imaging for Cancer Diagnostics and Paper Spray Ionization for Therapeutic Drug Monitoring. Faraday 
Discuss. 2011, 149, 247–267. https://doi.org/10.1039/c005327a

Ambient Ionization Mass Spectrometry: Applications and New Trends for Environmental Matrices Analysis

https://doi.org/10.1007/s00339-019-2564-2
https://doi.org/10.1039/B924208B


73

(53) Santoro, A. L.; Drummond, R. D.; Silva, I. T.; Ferreira, S. S.; Juliano, L.; Vendramini, P. H.; da 
Costa Lemos, M. B.; Eberlin, M. N.; Andrade, V. P. In Situ Desi-MSI Lipidomic Profiles of Breast 
Cancer Molecular Subtypes and Precursor Lesions. Cancer Res. 2020, 80 (6), 1246–1257. https://
doi.org/10.1158/0008-5472.CAN-18-3574

(54) Henderson, F.; Jones, E.; Denbigh, J.; Christie, L.; Chapman, R.; Hoyes, E.; Claude, E.; Williams, K. 
J.; Roncaroli, F.; McMahon, A. 3D DESI-MS Lipid Imaging in a Xenograft Model of Glioblastoma: A 
Proof of Principle. Sci. Reports 2020, 10 (1), 1–7. https://doi.org/10.1038/s41598-020-73518-x

(55) Shariatgorji, R.; Nilsson, A.; Strittmatter, N.; Vallianatou, T.; Zhang, X.; Svenningsson, P.; Goodwin, 
R. J. A.; Andrén, P. E. Bromopyrylium Derivatization Facilitates Identification by Mass Spectrometry 
Imaging of Monoamine Neurotransmitters and Small Molecule Neuroactive Compounds. J. Am. Soc. 
Mass Spectrom. 2020, 31 (12), 2553–2557. https://doi.org/10.1021/JASMS.0C00166

(56) Sugiura, Y.; Sugiyama, E.; Suematsu, M. Chapter 4 - DESI-Based Imaging Mass Spectrometry in 
Forensic Science and Clinical Diagnosis. In Ambient Ionization Mass Spectrometry in Life Sciences; 
Zaitsu, K., Ed.; Elsevier, 2020; pp 107–118. https://doi.org/10.1016/B978-0-12-817220-9.00004-7

(57) Morse, N.; Jamaspishvili, T.; Simon, D.; Patel, P. G.; Ren, K. Y. M.; Wang, J.; Oleschuk, R.; Kaufmann, 
M.; Gooding, R. J.; Berman, D. M. Reliable Identification of Prostate Cancer Using Mass Spectrometry 
Metabolomic Imaging in Needle Core Biopsies. Lab. Investig. 2019, 99 (10), 1561–1571. https://doi.
org/10.1038/s41374-019-0265-2

(58) Zhi-Ping, Z.; Xiao-Ning, L.; Ya-Jun, Z. Ambient Ionization-Paper Spray Ionization and Its Application. 
Chinese J. Anal. Chem. 2014, 42 (1), 145–152. https://doi.org/10.1016/S1872-2040(13)60706-9

(59) Smith, B. L.; Boisdon, C.; Romero-Perez, D.; Sham, T. T.; Bastani, B.; Zhou, Y.; McWilliam, S.; Badu-
Tawiah, A. K.; Maher, S. Ambient Ion Focusing for Paper Spray Ionisation. Int. J. Mass Spectrom. 
2022, 471, 116737. https://doi.org/10.1016/J.IJMS.2021.116737

(60) Fernandes, A. R.; Bernardo, R. A.; Sousa, J. C. P.; Georg, R. de C.; Vaz, B. G.; Chaves, A. R. Restrict 
Access Material for Paper Spray Ionization Mass Spectrometry: A Versatile Tool for Catecholamines 
and Antidepressants Determination in Plasma Samples. Microchem. J. 2020, 158, 105245. https://
doi.org/10.1016/J.MICROC.2020.105245

(61) Da Silva, L. C.; Pereira, I.; De Carvalho, T. C.; Allochio Filho, J. F.; Romão, W.; Vaz, B. G. Paper 
Spray Ionization and Portable Mass Spectrometers: A Review. Anal. Methods 2019, 11 (8), 999–
1013. https://doi.org/10.1039/C8AY02270D

(62) McBride, E. M.; Mach, P. M.; Dhummakupt, E. S.; Dowling, S.; Carmany, D. O.; Demond, P. S.; 
Rizzo, G.; Manicke, N. E.; Glaros, T. Paper Spray Ionization: Applications and Perspectives. TrAC 
Trends Anal. Chem. 2019, 118, 722–730. https://doi.org/10.1016/j.trac.2019.06.028

(63) Espy, R. D.; Muliadi, A. R.; Ouyang, Z.; Cooks, R. G. Spray Mechanism in Paper Spray Ionization. 
Int. J. Mass Spectrom. 2012, 325–327, 167–171. https://doi.org/10.1016/J.IJMS.2012.06.017

(64) Frey, B. S.; Damon, D. E.; Badu-Tawiah, A. K. Emerging Trends in Paper Spray Mass Spectrometry: 
Microsampling, Storage, Direct Analysis, and Applications. Mass Spectrom. Rev. 2020, 39 (4), 336–
370. https://doi.org/10.1002/MAS.21601

(65) Ren, Y.; Wang, H.; Liu, J.; Zhang, Z.; McLuckey, M. N.; Ouyang, Z. Analysis of Biological Samples 
Using Paper Spray Mass Spectrometry: An Investigation of Impacts by the Substrates, Solvents and 
Elution Methods. Chromatographia 2013, 76 (19–20), 1339–1346. https://doi.org/10.1007/S10337-
013-2458-Y

(66) Liu, J.; Wang, H.; Manicke, N. E.; Lin, J. M.; Cooks, R. G.; Ouyang, Z. Development, Characterization, 
and Application of Paper Spray Ionization. Anal. Chem. 2010, 82 (6), 2463–2471. https://doi.
org/10.1021/AC902854G

(67) McKenna, J.; Dhummakupt, E. S.; Connell, T.; Demond, P. S.; Miller, D. B.; Nilles, J. M.; Manicke, N. 
E.; Glaros, T. Detection of Chemical Warfare Agent Simulants and Hydrolysis Products in Biological 
Samples by Paper Spray Mass Spectrometry. Analyst 2017, 142 (9), 1442–1451. https://doi.
org/10.1039/C7AN00144D

Braz. J. Anal. Chem. 2022, 9 (36), pp 52–77.

https://doi.org/10.1016/S1872-2040(13)60706-9


74

(68) Bills, B. J.; Kinkade, J.; Ren, G.; Manicke, N. E. The Impacts of Paper Properties on Matrix Effects 
during Paper Spray Mass Spectrometry Analysis of Prescription Drugs, Fentanyl and Synthetic 
Canabinoids. Forensic Chem. 2018, 11, 15–22. https://doi.org/10.1016/J.FORC.2018.08.002

(69) Jett, R.; Skaggs, C.; Manicke, N. E. Drug Screening Method Development for Paper Spray Coupled 
to a Triple Quadrupole Mass Spectrometer. Anal. Methods 2017, 9 (34), 5037–5043. https://doi.
org/10.1039/C7AY01009E

(70) Maciel, L. Í. L.; Ramalho, R. R. F.; Ribeiro, R. I.; Pinto, M. C. X.; Pereira, I.; Vaz, B. G. Combining 
the Katritzky Reaction and Paper Spray Ionization Mass Spectrometry for Enhanced Detection of 
Amino Acid Neurotransmitters in Mouse Brain Sections. J. Am. Soc. Mass Spectrom. 2021, 32 (10), 
2513–2518. https://doi.org/10.1021/JASMS.1C00153

(71) Su, Y.; Ma, X.; Ouyang, Z. Rapid Screening of Multi-Class Antimicrobial Residues in Food of Animal 
Origin by Paper Spray Mass Spectrometry. Int. J. Mass Spectrom. 2018, 434, 233–239. https://doi.
org/10.1016/j.ijms.2018.10.003

(72) Jin, H.; Yang, D.; Wu, P.; Zhao, M. Environmental Occurrence and Ecological Risks of Psychoactive 
Substances. Environ. Int. 2022, 158, 106970. https://doi.org/10.1016/J.ENVINT.2021.106970

(73) Rodrigues, M. F.; Pereira, I.; Morais, R. L.; Lobón, G. S.; Gil, E. de S.; Vaz, B. G. A New Strategy 
for the Analysis of Steroid Hormones in Industrial Wastewaters by Paper Spray Ionization Mass 
Spectrometry. J. Am. Soc. Mass Spectrom. 2020, 31 (11), 2250–2257. https://doi.org/10.1021/
JASMS.0C00145

(74) Dowling, S.; McBride, E. M.; McKenna, J.; Glaros, T.; Manicke, N. E. Direct Soil Analysis by Paper 
Spray Mass Spectrometry: Detection of Drugs and Chemical Warfare Agent Hydrolysis Products. 
Forensic Chem. 2020, 17, 100206. https://doi.org/10.1016/J.FORC.2019.100206

(75) Liu, H.; Gao, W.; Tian, Y.; Liu, A.; Wang, Z.; Cai, Y.; Zhao, Z. Rapidly Detecting Tetrabromobisphenol 
A in Soils and Sediments by Paper Spray Ionization Mass Spectrometry Combined with Isotopic 
Internal Standard. Talanta 2019, 191, 272–276. https://doi.org/10.1016/J.TALANTA.2018.08.069

(76) Kotthoff, M.; Rüdel, H.; Jürling, H. Detection of Tetrabromobisphenol A and Its Mono- and Dimethyl 
Derivatives in Fish, Sediment and Suspended Particulate Matter from European Freshwaters and 
Estuaries. Anal. Bioanal. Chem. 2017, 409 (14), 3685–3694. https://doi.org/10.1007/S00216-017-
0312-Z

(77) Wei, S. C.; Fan, S.; Lien, C. W.; Unnikrishnan, B.; Wang, Y. S.; Chu, H. W.; Huang, C. C.; Hsu, P. 
H.; Chang, H. T. Graphene Oxide Membrane as an Efficient Extraction and Ionization Substrate for 
Spray-Mass Spectrometric Analysis of Malachite Green and Its Metabolite in Fish Samples. Anal. 
Chim. Acta 2018, 1003, 42–48. https://doi.org/10.1016/J.ACA.2017.11.076

(78) T, Z.; MT, J.; T, K. Molecularly Imprinted Graphite Spray Ionization-Ion Mobility Spectrometry: 
Application to Trace Analysis of the Pesticide Propoxur. Mikrochim. Acta 2019, 186 (7). https://doi.
org/10.1007/S00604-019-3467-9

(79) Cody, R. B.; Laramée, J. A.; Durst, H. D. Versatile New Ion Source for the Analysis of Materials in 
Open Air under Ambient Conditions. Anal. Chem. 2005, 77 (8), 2297–2302. https://doi.org/10.1021/
AC050162J

(80) Blokland, M. H.; Gerssen, A.; Zoontjes, P. W.; Pawliszyn, J.; Nielen, M. W. F. Potential of Recent 
Ambient Ionization Techniques for Future Food Contaminant Analysis Using (Trans)Portable Mass 
Spectrometry. Food Anal. Methods 2020, 13 (3), 706–717. https://doi.org/10.1007/s12161-019-
01666-6

(81) Domínguez-Rodríguez, G.; Marina, M. L.; Plaza, M. Rapid Fingerprinting of Extractable and Non-
Extractable Polyphenols from Tropical Fruit Peels Using Direct Analysis in Real Time Coupled 
to Orbitrap Mass Spectrometry. Food Chem. 2022, 371, 131191. https://doi.org/10.1016/J.
FOODCHEM.2021.131191

(82) Sisco, E.; Forbes, T. P. Forensic Applications of DART-MS: A Review of Recent Literature. Forensic 
Chem. 2021, 22, 100294. https://doi.org/10.1016/J.FORC.2020.100294

Chaves, A. R.; Martins, R. O.; Maciel, L. I. L.; Silva, A. R.; Gondim, D. V.; Fortalo, J. M.; 
Santos, S. S.; Roque, J. V.; Vaz, B. G.



75

(83) Gross, J. H. Direct Analysis in Real Time-a Critical Review on DART-MS. Anal. Bioanal. Chem. 2014, 
406 (1), 63–80. https://doi.org/10.1007/s00216-013-7316-0

(84) Cody, R. B. Observation of Molecular Ions and Analysis of Nonpolar Compounds with the Direct 
Analysis in Real Time Ion Source. Anal. Chem. 2008, 81 (3), 1101–1107. https://doi.org/10.1021/
AC8022108

(85) Bee-DiGregorio, M. Y.; Feng, H.; Pan, B. S.; Dokoozlian, N. K.; Sacks, G. L. Polymeric Sorbent 
Sheets Coupled to Direct Analysis in Real Time Mass Spectrometry for Trace-Level Volatile 
Analysis—A Multi-Vineyard Evaluation Study. Foods 2020, Vol. 9, Page 409 2020, 9 (4), 409. https://
doi.org/10.3390/FOODS9040409

(86) Peace, M. R.; Smith, M. E.; Poklis, J. L. The Analysis of Commercially Available Natural Products 
Recommended for Use in Electronic Cigarettes. Rapid Commun. Mass Spectrom. 2020, 34 (11), 
e8771. https://doi.org/10.1002/RCM.8771

(87) Gui, Y.; Lu, Y.; Li, S.; Zhang, M.; Duan, X.; Liu, C. C.; Jia, J.; Liu, G. Direct Analysis in Real Time-Mass 
Spectrometry for Rapid Quantification of Five Anti-Arrhythmic Drugs in Human Serum: Application 
to Therapeutic Drug Monitoring. Sci. Reports 2020 101 2020, 10 (1), 1–10. https://doi.org/10.1038/
S41598-020-72490-W

(88) Zhang, X.; Mell, A.; Li, F.; Thaysen, C.; Musselman, B.; Tice, J.; Vukovic, D.; Rochman, C.; Helm, 
P. A.; Jobst, K. J. Rapid Fingerprinting of Source and Environmental Microplastics Using Direct 
Analysis in Real Time-High Resolution Mass Spectrometry. Anal. Chim. Acta 2020, 1100, 107–117. 
https://doi.org/10.1016/J.ACA.2019.12.005

(89) Zabalegui, N.; Manzi, M.; Depoorter, A.; Hayeck, N.; Roveretto, M.; Li, C.; Van Pinxteren, M.; 
Herrmann, H.; George, C.; Monge, M. E. Seawater Analysis by Ambient Mass-Spectrometry-Based 
Seaomics. Atmos. Chem. Phys. 2020, 20 (10), 6243–6257. https://doi.org/10.5194/ACP-20-6243-
2020

(90) Nei, D.; Nakamura, N.; Ishihara, K.; Kimura, M.; Satomi, M. A Rapid Screening of Histamine 
Concentration in Fish Fillet by Direct Analysis in Real Time Mass Spectrometry (DART-MS). Food 
Control 2017, 75, 181–186. https://doi.org/10.1016/j.foodcont.2016.12.001

(91) Emmons, R. V.; Gionfriddo, E. Minimizing Transient Microenvironment-Associated Variability for 
Analysis of Environmental Anthropogenic Contaminants via Ambient Ionization. Sci. Total Environ. 
2021, 775, 145789. https://doi.org/10.1016/J.SCITOTENV.2021.145789

(92) Chang, D-Y.; Lee, C-C.; Shiea, J. Detecting Large Biomolecules from High-Salt Solutions by Fused-
Droplet Electrospray Ionization Mass Spectrometry. Anal. Chem. 2002, 74 (11), 2465–2469. https://
doi.org/10.1021/AC010788J

(93) Chen, H.; Venter, A.; Cooks, R. G. Extractive Electrospray Ionization for Direct Analysis of Undiluted 
Urine, Milk and Other Complex Mixtures without Sample Preparation. Chem. Commun. 2006, No. 
19, 2042–2044. https://doi.org/10.1039/B602614A

(94) Koyanagi, G. K.; Blagojevic, V.; Bohme, D. K. Applications of Extractive Electrospray Ionization 
(EESI) in Analytical Chemistry. Int. J. Mass Spectrom. 2015, 379, 146–150. https://doi.org/10.1016/J.
IJMS.2015.01.011

(95) Law, W. S.; Wang, R.; Hu, B.; Berchtold, C.; Meier, L.; Chen, H.; Zenobi, R. On the Mechanism of 
Extractive Electrospray Ionization. Anal. Chem. 2010, 82 (11), 4494–4500. https://doi.org/10.1021/
AC100390T

(96) Zhang, X.; Wang, N.; Zhou, Y.; Liu, Y.; Zhang, J.; Chen, H. Extractive Electrospray Ionization Mass 
Spectrometry for Direct Characterization of Cosmetic Products. Anal. Methods 2012, 5 (2), 311–315. 
https://doi.org/10.1039/C2AY25876E

(97) Berchtold, C.; Meier, L.; Zenobi, R. Evaluation of Extractive Electrospray Ionization and Atmospheric 
Pressure Chemical Ionization for the Detection of Narcotics in Breath. Int. J. Mass Spectrom. 2011, 
299 (2–3), 145–150. https://doi.org/10.1016/J.IJMS.2010.10.011

Braz. J. Anal. Chem. 2022, 9 (36), pp 52–77.

https://doi.org/10.1007/s00216-013-7316-0


76

(98) Giannoukos, S.; Tarik, M.; Ludwig, C.; Biollaz, S.; Slowik, J.; Baltensperger, U.; Henry Prevot, A. S. 
Detection of Trace Metals in Biogas Using Extractive Electrospray Ionization High-Resolution Mass 
Spectrometry. Renew. Energy 2021, 169, 780–787. https://doi.org/10.1016/J.RENENE.2021.01.047

(99) Liu, A.; Kou, W.; Zhang, H.; Xu, J.; Zhu, L.; Kuang, S.; Huang, K.; Chen, H.; Jia, Q. Quantification of 
Trace Organophosphorus Pesticides in Environmental Water via Enrichment by Magnetic-Zirconia 
Nanocomposites and Online Extractive Electrospray Ionization Mass Spectrometry. Anal. Chem. 
2020, 92 (5), 4137–4145. https://doi.org/10.1021/ACS.ANALCHEM.0C00304

(100) Kou, W.; Zhang, H.; Bibi, A.; Ke, M.; Han, J.; Xiong, J.; Su, R.; Liang, D. Fast Quantification of 
Fluoroquinolones in Environmental Water Samples Using Molecularly Imprinted Polymers Coupled 
with Internal Extractive Electrospray Ionization Mass Spectrometry. RSC Adv. 2018, 8 (31), 17293–
17299. https://doi.org/10.1039/C8RA01837E

(101) Deng, M.; Yu, T.; Luo, H.; Zhu, T.; Huang, X.; Luo, L. Direct Detection of Multiple Pesticides in Honey 
by Neutral Desorption-Extractive Electrospray Ionization Mass Spectrometry. Int. J. Mass Spectrom. 
2017, 422, 111–118. https://doi.org/10.1016/J.IJMS.2017.09.005

(102) Gao, Y.; Xue, A.; Li, X.; Huang, X.; Ning, F.; Zhang, X.; Liu, T.; Chen, H.; Luo, L. Analysis of Chemical 
Composition of Nectars and Honeys from Citrus by Extractive Electrospray Ionization High Resolution 
Mass Spectrometry. LWT 2020, 131, 109748. https://doi.org/10.1016/J.LWT.2020.109748

(103) Fang, L.; Deng, J.; Yang, Y.; Wang, X.; Chen, B.; Liu, H.; Zhou, H.; Ouyang, G.; Luan, T. Coupling 
Solid-Phase Microextraction with Ambient Mass Spectrometry: Strategies and Applications. TrAC 
Trends Anal. Chem. 2016, 85, 61–72. https://doi.org/10.1016/J.TRAC.2016.05.025

(104) Yuan, Z.-C.; Li, W.; Wu, L.; Huang, D.; Wu, M.; Hu, B. Solid-Phase Microextraction Fiber in Face 
Mask for in Vivo Sampling and Direct Mass Spectrometry Analysis of Exhaled Breath Aerosol. Anal. 
Chem. 2020, 92 (17), 11543–11547. https://doi.org/10.1021/ACS.ANALCHEM.0C02118

(105) Deng, J.; Yang, Y.; Fang, L.; Lin, L.; Zhou, H.; Luan, T. Coupling Solid-Phase Microextraction with 
Ambient Mass Spectrometry Using Surface Coated Wooden-Tip Probe for Rapid Analysis of Ultra 
Trace Perfluorinated Compounds in Complex Samples. Anal. Chem. 2014, 86 (22), 11159–11166. 
https://doi.org/10.1021/AC5034177

(106) Nemes, P.; Vertes, A. Laser Ablation Electrospray Ionization for Atmospheric Pressure, in Vivo, 
and Imaging Mass Spectrometry. Anal. Chem. 2007, 79 (21), 8098–8106. https://doi.org/10.1021/
AC071181R

(107) da Silva Lima, G.; Franco dos Santos, G.; Ramalho, R. R. F.; de Aguiar, D. V. A.; Roque, J. V.; 
Maciel, L. I. L.; Simas, R. C.; Pereira, I.; Vaz, B. G. Laser Ablation Electrospray Ionization Mass 
Spectrometry Imaging as a New Tool for Accessing Patulin Diffusion in Mold-Infected Fruits. Food 
Chem. 2022, 373, 131490. https://doi.org/10.1016/J.FOODCHEM.2021.131490

(108) Kiss, A.; Hopfgartner, G. Laser-Based Methods for the Analysis of Low Molecular Weight Compounds 
in Biological Matrices. Methods 2016, 104, 142–153. https://doi.org/10.1016/J.YMETH.2016.04.017

(109) Zhu, G.; Shao, Y.; Liu, Y.; Pei, T.; Li, L.; Zhang, D.; Guo, G.; Wang, X. Single-Cell Metabolite Analysis 
by Electrospray Ionization Mass Spectrometry. TrAC Trends Anal. Chem. 2021, 143, 116351. https://
doi.org/10.1016/J.TRAC.2021.116351

(110) Beach, D. G.; Walsh, C. M.; McCarron, P. High-Throughput Quantitative Analysis of Domoic 
Acid Directly from Mussel Tissue Using Laser Ablation Electrospray Ionization – Tandem Mass 
Spectrometry. Toxicon 2014, 92, 75–80. https://doi.org/10.1016/J.TOXICON.2014.10.009

(111) Nielen, M. W. F.; Van Beek, T. A. Macroscopic and Microscopic Spatially-Resolved Analysis of Food 
Contaminants and Constituents Using Laser-Ablation Electrospray Ionization Mass Spectrometry 
Imaging. Anal. Bioanal. Chem. 2014, 406 (27), 6805–6815. https://doi.org/10.1007/S00216-014-
7948-8

(112) Escrivá, L.; Font, G.; Manyes, L.; Berrada, H. Studies on the Presence of Mycotoxins in Biological 
Samples: An Overview. Toxins (Basel). 2017, 9 (8). https://doi.org/10.3390/TOXINS9080251

Ambient Ionization Mass Spectrometry: Applications and New Trends for Environmental Matrices Analysis



77

(113) Maloof, K. A.; Reinders, A. N.; Tucker, K. R. Applications of Mass Spectrometry Imaging in the 
Environmental Sciences. Curr. Opin. Environ. Sci. Heal. 2020, 18, 54–62. https://doi.org/10.1016/J.
COESH.2020.07.005

(114) Gundlach-Graham, A.; Burger, M.; Allner, S.; Schwarz, G.; Wang, H. A. O.; Gyr, L.; Grolimund, D.; 
Hattendorf, B.; Günther, D. High-Speed, High-Resolution, Multielemental Laser Ablation-Inductively 
Coupled Plasma-Time-of-Flight Mass Spectrometry Imaging: Part I. Instrumentation and Two-
Dimensional Imaging of Geological Samples. Anal. Chem. 2015, 87 (16), 8250–8258. https://doi.
org/10.1021/ACS.ANALCHEM.5B01196

(115) Roach, P. J.; Laskin, J.; Laskin, A. Nanospray Desorption Electrospray Ionization: An Ambient Method 
for Liquid-Extraction Surface Sampling in Mass Spectrometry. Analyst 2010, 135 (9), 2233–2236. 
https://doi.org/10.1039/C0AN00312C

(116) Roach, P. J.; Laskin, J.; Laskin, A. Molecular Characterization of Organic Aerosols Using Nanospray-
Desorption / Electrospray Ionization-Mass Spectrometry. Anal. Chem. 2010, 82 (19), 7979–7986. 
https://doi.org/10.1021/ac101449p

(117) Lanekoff, I.; Heath, B. S.; Liyu, A.; Thomas, M.; Carson, J. P.; Laskin, J. Automated Platform for High-
Resolution Tissue Imaging Using Nanospray Desorption Electrospray Ionization Mass Spectrometry. 
Anal. Chem. 2012, 84 (19), 8351–8356. https://doi.org/10.1021/AC301909A

(118) Nguyen, S. N.; Sontag, R. L.; Carson, J. P.; Corley, R. A.; Ansong, C.; Laskin, J. Towards High-
Resolution Tissue Imaging Using Nanospray Desorption Electrospray Ionization Mass Spectrometry 
Coupled to Shear Force Microscopy. J. Am. Soc. Mass Spectrom. 2018, 29 (2), 316–322. https://doi.
org/10.1007/S13361-017-1750-8

(119) Yin, R.; Burnum-Johnson, K. E.; Sun, X.; Dey, S. K.; Laskin, J. High Spatial Resolution Imaging of 
Biological Tissues Using Nanospray Desorption Electrospray Ionization Mass Spectrometry. Nat. 
Protoc. 2019, 14 (12), 3445–3470. https://doi.org/10.1038/s41596-019-0237-4

(120) Laskin, J.; Eckert, P. A.; Roach, P. J.; Heath, B. S.; Nizkorodov, S. A.; Laskin, A. Chemical Analysis 
of Complex Organic Mixtures Using Reactive Nanospray Desorption Electrospray Ionization Mass 
Spectrometry. Anal. Chem. 2012, 84 (16), 7179–7187. https://doi.org/10.1021/AC301533Z

(121) Eckert, P. A.; Roach, P. J.; Laskin, A.; Laskin, J. Chemical Characterization of Crude Petroleum Using 
Nanospray Desorption Electrospray Ionization Coupled with High-Resolution Mass Spectrometry. 
Anal. Chem. 2012, 84 (3), 1517–1525. https://doi.org/10.1021/AC202801G

(122) Lanekoff, I.; Burnum-Johnson, K.; Thomas, M.; Cha, J.; Dey, S. K.; Yang, P.; Prieto Conaway, M. C.; 
Laskin, J. Three-Dimensional Imaging of Lipids and Metabolites in Tissues by Nanospray Desorption 
Electrospray Ionization Mass Spectrometry. Anal. Bioanal. Chem. 2015, 407 (8), 2063–2071. https://
doi.org/10.1007/s00216-014-8174-0

(123) Bergman, H. M.; Lundin, E.; Andersson, M.; Lanekoff, I. Quantitative Mass Spectrometry Imaging 
of Small-Molecule Neurotransmitters in Rat Brain Tissue Sections Using Nanospray Desorption 
Electrospray Ionization. Analyst 2016, 141 (12), 3686–3695. https://doi.org/10.1039/C5AN02620B

(124) Watrous, J.; Roach, P.; Heath, B.; Alexandrov, T.; Laskin, J.; Dorrestein, P. C. Metabolic Profiling 
Directly from the Petri Dish Using Nanospray Desorption Electrospray Ionization Imaging Mass 
Spectrometry. Anal. Chem. 2013, 85 (21), 10385–10391. https://doi.org/10.1021/AC4023154

(125) Cardoso-Palacios, C.; Lanekoff, I. Direct Analysis of Pharmaceutical Drugs Using Nano-DESI MS. J. 
Anal. Methods Chem. 2016, 2016. https://doi.org/10.1155/2016/3591908

(126) Laskin, A.; Laskin, J.; Nizkorodov, S. Probing Molecular Composition of Soil Organic Matter with 
Nanospray Desorption Electrospray Ionization (Nano-DESI) High-Resolution Mass Spectrometry. 
In AGU Fall Meeting Abstracts 2014, Vol. 2014, B31L-06. [Available at: https://agu.confex.com/agu/
fm14/meetingapp.cgi/Paper/5677]

(127) Akomeng, N.; Adusei, S. Organic Solvent Extraction and Spectrophotometric Quantification of Total 
Phenolic Content of Soil. Heliyon 2021, 7 (11), e08388. https://doi.org/10.1016/J.HELIYON.2021.
E08388

Braz. J. Anal. Chem. 2022, 9 (36), pp 52–77.

https://doi.org/10.1021/ac101449p

