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Recently, the development of atmospheric pressure matrix assisted desorption/ionization mass
spectrometry (AP MALDI MS) has made contributions not only to biomolecule analysis but also to spatial
distribution. This has positioned AP MALDI as a powerful tool in multiple domains, thanks to its

comprehensive advantages compared to conventional MALDI MS. These developments have addressed
Received 4th September 2023 hall iated with . AP MALDI vsi ¢ h timizati ¢ ¢
Accepted 20th October 2023 challenges associated with previous analysis systems, such as optimization of apparatus
settings, synthesis of novel matrices, preconcentration and isolation strategies before analysis. Herein,

DOI: 10.1039/d3na00734k applications in different fields using AP MALDI MS were described, including peptide and protein analysis,
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Introduction

Matrix assisted laser desorption/ionization at atmospheric
pressure (AP MALDI) is based on the same principle as MALDI
implemented in vacuo, where the sample is blended with
a matrix and irradiated with a pulsed laser beam.' Nowadays, AP
MALDI has not only become a solid platform for biological
analysis, including peptides, proteins, metabolites, and drugs,
but also offers a comprehensive approach for spatial distribu-
tion. Simultaneously, AP MALDI offers advantages over vacuum
MALD], including time and volatility constraints as well as the
capability for analysing materials under more physiologically
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metabolite analysis, pharmaceutical analysis, and mass spectrometry imaging.

relevant circumstances, which is crucial in the developing
region of compound-specific tissue imaging.”> Nevertheless, AP
MALDI still has drawbacks that could decrease its sensitivity.
First, its ion transmission efficiency is lower than vacuum
MALDI due to ionization of the analyte at atmospheric pressure.
Second, the formation of matrix-matrix and analyte-matrix
clusters can have a harmful influence. With the aim of
enhancing the performance of detection, researchers have
made contributions in diverse fields.

AP MALDI combined with mass spectrometry was first re-
ported in 1999, the technique was demonstrated for the inves-
tigation of the peptide composition of paralytic poisons,
conotoxins, from a molluscivorous snail.? In 2000, Laiko and co-
workers formally unravelled atmospheric pressure matrix-
assisted laser desorption/ionization mass spectrometry as an
extension of conventional vacuum MALDI, and it has become
a powerful technique for multiple applications, including the
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identification of proteins, the structural analysis of oligosac-
charides, the characterization of enzymes immobilized on solid
supports, and the study of phosphopeptides, owing to its ability
to detect intact molecular masses.*®

In summary, the developments of AP MALDI adhibition in
the past two decades can be grouped into four aspects: peptide
and protein detection, metabolite identification, pharmaceu-
tical analysis, and mass spectrometry imaging.

AP MALDI
AP interface

The atmospheric pressure interface (API) is a standard feature
of modern laboratory mass spectrometers, which was invented
to transfer ions from an atmospheric pressure region into
areduced pressure region.” Such interfaces can be connected to
various atmospheric pressure ionization sources, including
electrospray ionization (ESI), atmospheric pressure chemical
ionization (APCI), and AP MALDI, enabling their integration
with a variety of separation devices, such as gas/liquid
chromatography.'®** It is also essential for mass spectrome-
ters to have an atmospheric interface to take advantage of the
new category of direct ambient ionization methods, such as
desorption electrospray ionization (DESI), direct analysis in real
time (DART), atmospheric pressure dielectric barrier discharge
ionization (DBDI), electrospray-assisted laser desorption/
ionization (ELDI), and atmospheric pressure solids analysis
probes (ASAPs)."*"” A typical atmospheric pressure interface has
a constantly open orifice and a series of differential pumping
stages, with a capillary or a small aperture to allow ions to be
delivered into the first differential pumping stage and
a skimmer at the entrance to the second stage."® A rough pump
is usually utilized to evacuate the first region to around 1 Torr,
while multiple turbomolecular pumps or a single pump with
split flow is employed to pump the subsequent regions. The
final pressure accomplished in the mass analyser is usually 10-5
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Torr and the largest losses in ion delivery appear in the first and
second stages, resulting in 2 orders of magnitude and 1 order of
magnitude, respectively. This results in an overall efficiency of
no more than 0.1% for ion transfer through the atmospheric
pressure interface (Scheme 1).

MALDI

Matrix assisted laser desorption ionization mass spectrometry
was developed by two independent research groups and became
commercially available in the early 1990s.” With technical
improvements, MALDI has become an irreplaceable tool for
biomolecule analysis.

The ionization process of MALDI occurs in the mixture
solution of the analyte, matrix, and co-crystallization, typically
resulting in the generation of singly charged ions. However, the
mechanism of ion generation is still not fully understood with
two theories persisting: the first is the gas phase protonation
model and the second is known as the ‘Lucky Survivor’
model.**** The ‘Lucky Survivor’ model is based on the premise
that analyte ions are pre-formed before ablation, while the gas
phase protonation model suggests that neutral analyte mole-
cules are protonated after ablation. Both models make the same
assumption that gas phase chemistry and definitely the
recombination processes with the oppositely charged species
during rapid plume expansion play a crucial role in the ioni-
zation process and account for the predominantly singly
charged ions observed.**>¢

Distinct from traditional mass spectrometry (e.g., gas/liquid
chromatography MS, GC/LC MS), spectroscopy (e.g., Raman
spectroscopy and near infrared spectroscopy), and nuclear
magnetic resonance (NMR), MALDI displays desirable advan-
tages. First, MALDI has simple sample pretreatment, superior
to the necessary isotopic treatment of NMR and rigorous
pretreatment of 0.5-1.0 h for target enrichment in GC/LC
MS.>”?® Besides, Raman spectrum requires each droplet to be
deposited onto microscope slides covered with aluminum foil
with the aim of decreasing the fluorescence interference.”® The
detection speed of MALDI shows more advantages than GC/LC
MS, which enables the high throughput for biomolecule anal-
ysis. Furthermore, MALDI is considered to be a “soft” tech-
nique, which allows the desorption and ionization of intact
molecular analyte species and thus their successful mass-
spectrometric analysis.

AP MALDI

In 1999, Jean-Luc Wolfender and his group first identified the
tyrosine sulfation in Conus pennaceus conotoxins by using AP
MALDI MS, paving the way for AP MALDI applications. In
addition to the advantages traditionally associated with MALDI,
such as reduced sample clean-up needs, simplicity of sample
preparation, and the ability to re-analyze samples from a previ-
ously investigated spot, AP MALDI has some unique advan-
tages. For example, liquid matrices are more easily
implemented and measurements often exhibit higher repro-
ducibility compared to vacuum MALDI.**** Furthermore, an
important characteristic of the AP MALDI processes is that,
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Scheme 1 An overview of applications based on atmospheric pressure matrix assisted laser desorption/ionization mass spectrometry.

following ionization, ions are rapidly thermalized by collisional
cooling with atmospheric gases, resulting in lower effective ion
temperatures.®?** The rapid thermalization acquired under
atmospheric pressure conditions has proven helpful for
studying labile biomolecules with minimal unwanted frag-
mentation. However, in the ionization process of AP MALDI,
there is a tendency to have the undesirable side effect of
forming matrix-matrix and analyte-matrix clusters and under-
going ion loss when ions transfer from atmospheric pressure to
the vacuum region, resulting in limited sensitivity for AP
MALDI. In recent years, with the continuous development of AP
MALDI-related technologies by scientists, its sensitivity has
been improved to some extent and it has gained increasingly
widespread applications (Fig. 1).**

Applications using AP MALDI

Protein and peptide detection

With the improvement of detection methods, proteomics has
been introduced as an innovative perspective for disease iden-
tification because protein is the material basis of life and the
main participant in life processes, which could reflect changes
in the human body. Nowadays, peptides and protein detection
are studied by AP MALDI from four perspectives: extraction and
separation before analysis, cleavage sites, optimization of mass
spectrometers, and novel matrix synthesis.

6806 | Nanoscale Adv, 2023, 5, 6804-6818

Extraction and separation before analysis

Extraction and separation before analysis was confirmed to be
a viable approach for eliminating unwanted biomolecules and
therefore enhancing the targeted m/z signals. Recently, noble
metal nanoparticles have been widely applied as microprobes in
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Fig. 1 A scheme of the atmospheric pressure MALDI ion source
interfaced with an LCQ ion trap mass spectrometer. Reprinted with
permission from ref. 35, Copyright 2002 Elsevier B.V.
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biological analysis, intending to preconcentrate and isolated ex-
pected biomolecules. In 2005, Yan Wang and co-workers
improved AP MALDI with solid-phase microextraction (SPME)
and evaluated its properties by analyzing four peptide mixtures,
including angiotensin II, bradykinin, angiotensin I and gluco-
protein b.*® In the same year, Putty-Reddy Sudhir's group
employed gold nanoparticle-assisted single drop microextraction
(SDME-AuNPs) before AP MALDI MS to identify 0.2 pM Met-
enkephalin and 0.17 pM Leu-enkephalin in water solution,
respectively.”” However, silver nanoparticles were also used as
electrostatic probes in single drop microextraction (SDME-AgNPS)
by this group in 2008, intending to improve the detection sensi-
tivity for peptide analysis in AP MALDI MS. After optimizing the
experimental conditions, including extraction solvent, extraction
time, stirring rate, and pH, Met-enkephalin and Leu-enkephalin
were successfully extracted from a preconcentrated mixture and
AP MALDI was applied for analysis.®® Further, solid-phase
extraction-elution on diamond (SPEED) was also combined
with AP MALDI-Fourier transform ion cyclotron resonance MS by
Sahadevan Sabu's group in 2007, in order to enhance ion trans-
mission efficiency. With the rapid and convenient SPME method,
analyte molecules (e.g, angiotensin I, gramicitracin S, bradykinin,
and equine cardiomyoglobin Lys C digest) were enriched in highly
diluted solution and compared with electrospray ionization,
SPEED AP MALDI resulted in better sensitivity (Fig. 2a).> In 2008,
Kamlesh's team developed modified silver nanoparticles as
a hydrophobic affinity probe for analyzing peptides. Compared to
traditional AP MALDI MS, a 266- to 388-fold improvement in the
limit of detection (LOD) of 0.16, 0.13, and 0.16 uM in water, urine,
and plasma for gramicidin was achieved, respectively.* In the
next year, 2009, on-chip solid-phase extraction preconcentration/
focusing substrates combined with AP MALDI ion trap MS was
conducted by Arti Navare et al. for high sensitivity biomolecule
analysis including angiotensin I, neuropeptide, trypsin digest,
and derived myoglobin digestives. Compared with conventional
AP MALDI MS, sensitivity increases by about two orders of
magnitude, and the LOD of the standard peptide was enhanced to
5 fmol uL~'. Owing to the improved sensitivity, sequencing of
dilute solutions of a derivatized tryptic digest was performed by
tandem mass spectrometry (MS/MS).** Nevertheless, Pavel Ryu-
min's team ameliorated AP MALDI by coupling nano ultrahigh-
performance for protein identification in 2017, and storage of
MALDI samples on fully spotted target plates was possible for
months without significant sample degradation.* So far, multiple
kinds of nanoparticle have been employed as in the AP MALDI
domain to enhance performance. However, a strategy for signal
enhancing from one perspective cannot meet the diverse needs.

Cleavage site

Researchers have investigated the cleavage sites of proteins so
as to evaluate the sequencing ability of AP MALDI MS, which
can help achieve more precise analysis. The complete charac-
terization of the proteolytic fragments produced by the inter-
action of the insulin degrading enzyme (IDE) with bovine
insulin was studied by Guiseppe Grasso and co-workers in 2007,
where insulin solution (m/z range of 2020-3500) was identified

© 2023 The Author(s). Published by the Royal Society of Chemistry
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after interaction with IDE.*”” Then, the result was checked by
chemical modifications, including reduced alkylation reactions,
simplified spectra, and cutting sites. In 2009, this team also
studied MS detection of amyloid B-peptides via MALDI, AP
MALDI, and ESI techniques to select the best analysis method.*
Moreover, in 2010, the targeted proteomics method for species-
level identification of bacillus thuringiensis spores by AP
MALDI was employed by Jennifer Nguyen's group and 75.4%
specificity for thuringiensis and 60.3% specificity for anthrax
were obtained, respectively (Fig. 2b).** Additionally, Rima Ait-
Belcasem et al. optimized in-source decay (ISD) and pseudo-
MS? of a peptide and protein in AP MALDI in 2016, resulting in
100% for bradykinin and 68% for thymin B4 coverage, repre-
senting a peptide and a small protein and 40% coverage for
cytochrome c¢ representing a large protein.*> MALDI MS has
numerous advantages for protein cleavage sites but there still
remains room for researchers to improve.

Optimization of a mass spectrometer

More recently, researchers have devoted their attention to the
comprehensive optimization of mass spectrometers, including
hardware improvement, immobilized enzyme application, and
target plate evaluation. For the hardware improvement, in 2003,
Christine A. et al. optimized the ion sampling hardware and
employed a counter current heated drying gas to inhibit the
introduction of low molecular weight ions, for the sake of
enhancing the low sensitivity of trypsin digest applying AP
MALDI compared with other kinds of analyte (Fig. 2¢).*® The
mixture of trypsin digest (e.g., bovine aipotransferrin, BSA, and
equine myoglobin) was identified successfully. In the same year,
John T. Melh et al. also compared automated protein identifi-
cation using AP MALDI ion trap (IT) MS with nLC MS/MS and
automated MALDI TOF MS, finding that sample throughput
was increased 10-fold in AP MALDI ITMS. Then, Coomassie blue
stained gels combined with AP MALDI IT MS were found to be
a useful platform for rapid protein identification.” AP MALDI
sources were combined with ion mobility time of flight (IM
TOF) MS by Wes E. Steiner and co-workers to identify dipeptide
and biogenic amine mixtures in 2004. Enhanced sample ioni-
zation efficiency created by this combination provided an
overall elevation in signal intensity of ~1.3 orders in magni-
tude. Combinations of three dipeptides (including, Gly-Lys,
Ala-Lys, and Val-Lys) and nine biogenic amines (including,
dopamine, serotonin, B-phenylethylamine, tyramine, octop-
amine, histamine, tryptamine, spermidine, and spermine) were
resolved in less than 18 ms.” In 2010, the AP MALDI MS ion
source can generate laser spray ionization (LSI) using laser
fluence and reflective geometry conditions and switch singly
charged ions immediately by changing the voltage applied on
the target.”®* With zero voltage or around zero voltage, the
multiply charged ions of the peptide and protein were observed.
Nevertheless, Alexander Misharin's team designed a field-
deployable ion trap MS with an atmospheric pressure inter-
face in 2012 and a low femtomole peptide, polyproline, and
angiotensin II mixture was characterized to measure the
sensitivity which was the same as the commercial quadrupole

Nanoscale Adv, 2023, 5, 6804-6818 | 6807
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Fig.2 A schematic illustration of AP MALDI MS for peptide and protein detection. (a) A schematic diagram of the home-made AP MALDI source.
Reprinted with permission from ref. 39, Copyright 2007 Elsevier Inc. (b) The workflow of the AP-MALDI based method for species-level detection
of B. Thuringiensis spores. Reprinted with permission from ref. 44, Copyright 2010 Elsevier B.V. (c) A schematic diagram of the AP-MALDI source.
Reprinted with permission from ref. 46, Copyright 2003 John Wiley and Sons. (d) The workflow of modified AP MALDI to detect peptide ions.
Reprinted with permission from ref. 49, Copyright 2012 American Chemical Society. (e) A scheme of the procedure applied for in situ tryptic
digestion and AP/MALDI-MS characterization. Reprinted with permission from ref. 7, Copyright 2006 John Wiley and Sons. (f) Surface roughness
images determined by 3D-confocal-white-light microscopy of different target surfaces. Reprinted with permission from ref. 50, Copyright 2011
Elsevier B.V. (g) The structure of MALDI mass spectrometry using liquid UV-MALDI matrices and a heated ion-transfer tube. Reprinted with
permission from ref. 51, Copyright 2013 WILEY-VCH. (h) A schematic of the AP-MALDI ion source and modified AP-to-vacuum interface used for
the production of multiply protonated molecules. Reprinted with permission from ref. 26, Copyright 2016 Elsevier Inc.

ion trap MS.” Meanwhile, John R. Stutzman and Scott A.
McLuckey employed a dual-source interface attached to
a hybrid triple-quadrupole/linear ion trap tandem mass spec-
trometer to generate gas-phase modification of peptide ions.*

6808 | Nanoscale Adv, 2023, 5, 6804-6818

The structural characterization of the modified and unmodified
versions of the ions was achieved via ion trap collision-induced
dissociation (CID, Fig. 2d). As to immobilized enzyme applica-
tion, in situ characterization of anchored matrix

© 2023 The Author(s). Published by the Royal Society of Chemistry
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metalloproteinases (MMP) by AP MALDI was accomplished by
Giuseppe Grasso's group in 2006, elucidating that anchoring on
the solid phase could not alter the properties of the protein
interaction.” High coverage of cleavage illustrated that MMP is
desirable for protein digestion in AP MALDI MS (Fig. 2e¢). In
terms of target plate evaluation, in 2011, the capability for
different materials of the target plate was studied, while work
was conducted focusing on different target surfaces, (gold-
covered stainless steel (SS), titanium nitride-covered SS, hand-
polished SS, and microdiamond-covered hard metal).”® A
single peptide, peptide mixture, and trypsin digest were
analyzed using diverse plates, evaluating the sensitivity and
resolution, which suggested that the gold-covered SS target
surface was the first choice for AP MALDI MS proteomics
(Fig. 2f). Generally, different perspectives according to AP
MALDI were considered in order to eliminate the background
noise and enhance the desired signals.

Novel matrix synthesis

In the MALDI MS system, an appropriate matrix can promote
nanoplatforms to display excellent performance so multiple
matrices were employed and evaluated to enhance the analyte
signals. AP MALDI has been proven to facilitate the formation of
multiply charged ions, which increase the degree of fragments,
and many researchers demonstrated that a liquid matrix can lead
to multiply charged ions rather than singly charged ions. In 2013,
Prof. Rainer Cramer applied glycerol and triethylamine based on
DHB and CHCA, to enable high and prolonged ion yields of
multiply charged peptide and protein ions via AP ultraviolet (UV)
MALDI MS (Fig. 2g).** Further, the optimization of liquid AP
MALDI MS equipment coupling with ion mobility separation
including the temperature of ion transmission region, geometry
of ion source, and residence time was achieved by Pavel Ryumin
and his co-workers in 2016, which afforded a 14-fold increase for
ionization efficiency. Thereby, peptide and protein (e.g., angio-
tensin I and bradykinin) solution concentrations as low as 2 fmol
uL " were detected successfully (Fig. 2h).>* Moreover, this team
also developed a novel matrix in 2018 for peptide and protein
detection using liquid AP MALDI MS, and the analytical property
of the matrix was evaluated with mainly multiply charged ion
production.®® Numerous studies have demonstrated that an
applicable matrix can facilitate the platform to perform better
consequences, efforts should be dedicated to this field in the
near future.

Proteomics has been widely studied in recent decades as it
provides significant evidence for disease diagnosis and disease
mechanism investigation. Meanwhile, AP MALDI MS has
become an emerging tool in this field. However, there are still
many aspects, such as the tedious pretreatment, for researchers
to develop in order to improve the efficacy of AP MALDI MS
towards clinical applications.

Metabolite identification

Metabolomics is considered to be an irreplaceable platform of
biological sciences, which is the closest to the phenotype and
the most predictive of phenotype compared with other omics

© 2023 The Author(s). Published by the Royal Society of Chemistry
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such as genomics, transcriptomics, and proteomics.*® With the
emerging of metabolism, AP MALDI has been widely used to
detect metabolites in recent years.

Direct analysis

Direct analysis of metabolites employed by AP MALDI has been
undertaken recently. In 2006, polypeptide antibiotics were
detected by Ernst Pittenauer et al. through AP MALDI coupled
with an ion trap. Compared with vacuum MALDI IT/RTOF, TOF/
reflectron TOF, and ESI IT MS, AP MALDI MS offered the best
performance considering the collision induced dissociation
spectra of singly charged polypeptide antibiotic precursor
ions.* In 2009, Giuseppe Grasso's team immobilized IDE on
a gold surface to interact with insulin delivered by a micro-
fluidic system, then AP MALDI was employed to detect the IDE
activity.® Further, a standard lipid sample, choline phosphate
(PC), was detected by Bindesh Shrestha's group using AP
infrared MALDI MS to evaluate the analytical capability in 2010,
while different lipids (cholesterol, PC, phosphatidylethanol-
amine, and sphingomyelin) and metabolites in tissue sections
of a mouse brain were analyzed, depicting that this method
could not only minimize or eliminate artifacts linked to freeze-
thawing and post-mortem tissue disintegration but could also
provide the substantial capability of studying biological
samples with minimal pretreatment.>® In 2012, Emi Ito's group
combined AP MALDI with quadrupole ion trap TOF shifting
positive and negative ion mode, which was applied to identify
the structural characterization of monosialogangliosides (e.g.,
GM1 and GM2), disialogangliosides, (e.g., GD2, GD1a, and
GD1b), and trisialoganglioside (e.g., GT1a). In this system, the
negative ion mass spectra of MS, MS2, and MS3 provided
sufficient information for the determination of molecular
weights, oligosaccharide sequences, and ceramide structures.®”
In addition, real samples were also detected recently, which
were an extension for AP MALDI applications. In 2020, Cristian
Piras et al. classified sheep and goat milk with 100% accuracy
via AP MALDI MS. Pure goat milk and sheep milk containing
10% goat milk were also discriminated between with 98%
accuracy. Accordingly, B-lactoglobulin was considered to be the
biomarker for classification (Fig. 3a).>® However, the feasibility
of using AP MALDI with ion trap MS in the analysis of plant
oligosaccharides was validated by Sunli Chong and co-workers
in 2011. They found that this approach was able to detect
xylooligosaccharides (XOS) with a chain length of up to ten
xylopyranosyl residues. Specifically, AP MALDI ITMS seemed to
be more suitable for the detection of acetylated XOS compared
with conventional MALDI MS.* Giuseppe Grasso et al. non-
invasively characterized carbonaceous ink from Renaissance
documents by AP MALDI MS in 2017, and the consequences
were supported by the validation of Raman spectrometry
(Fig. 3b).%® Although direct analysis has afforded better results
than NMR, LC/GC MS, and Raman spectroscopy, there are still
drawbacks that need to be resolved to improve the MS
performance.

With the development of technology and the investigation of

researchers, improvements for enhancing AP MALDI
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employed a 6-7 pm-band mid-infrared tunable laser in 2015.°*
Water was considered to be a desirable matrix in this approach,
indicating that this method has the potential application for
organic solvent and non-volatile buffer solutions. Further, Kasai
Hiroko's team synthesized a new matrix, 5-(3-trifluoromethyl
benzylidene) thiazolidine-2,4-dione (3-CF3-BTD) to apply in AP
MALDI MS in 2016, which could detect dopamine.®> Notably,
Oliver J. Hale and her teammates conducted preliminary opti-
mization of ESI-like ions employing the negative mode in liquid
AP MALDI MS in 2018, and peptide, protein, DNA, and lipid
were identified using the optimal method. In this experiment,
analysis of lipid and DNA benefited from the complementary
lipid species and the stronger DNA intensity of the signal.®®
However, Oliver's group also detected milk samples by liquid AP
MALDI MS, intending to diagnose cow mastitis in 2019.
Samples were classified according to mastitis status using
multivariate analysis, achieving 98.5% accuracy (100% speci-
ficity) determined by “leave 20% out” cross-validation and a-s1-
casein was found to be the diagnosis biomarker (Fig. 3d).** In
the same year, genetically different bacterial strains were
discriminated between by Sophie E. Lellman and Rainer
Cramer through liquid AP-MALDI MS, including clinically
relevant species such as Escherichia coli, Staphylococcus aureus,
and Klebsiella pneumoniae. Each species produced a unique
lipid profile in the m/z range of 400-1100, allowing species
differentiation and a classification accuracy of 98.63% was
achieved by principal component analysis (PCA).** Further-
more, in 2020, advancing liquid AP MALDI MS towards
ultrahigh-throughput analysis for a peptide, lipid, and antibi-
otic was constructed with <5 s per sample by Henriette Krenkel's
group. The ultimate limits of this method in sample throughput
can be conservatively estimated to be beyond 10-20 samples per
second, which showed highly competitive results (Fig. 3c).*®
However, many researchers have determined that an inorganic
matrix can reduce the low-mass interferences arising from the
organic matrix, so in recent years, metal nanoparticles have
emerged as a new choice in AP MALDI systems.

Optimization of apparatus settings

As to the optimization of apparatus settings, Victor V. Laiko and
co-workers invented a pneumatically assisted (PA) AP MALDI
ion source to transfer ions from the atmospheric pressure
ionization region to a high vacuum region in 2000, which
improved the analysis for a peptide, protein, and oligosaccha-
ride. This ionization approach enables the production of
protonated molecular ions for small proteins such as insulin,
but tended to form clusters with the matrix material and
opened a new chapter for MALDI MS.* In 2007, an infrared laser
was employed in AP MALDI MS by Li Yue's group to stimulate
peptides, carbohydrates, and other small biomolecules (e.g.,
sucrose, reserpine, bradykinin, substance P, and insulin).*”’
Further, field-free transmission geometry AP MALDI was
designed by Sarah and co-workers to identify a lipid, carbohy-
drate, peptide, and polymer in 2010. Different matrices and
preparation experiments were conducted to detect singly and
multiply charged ions, while cytochrome c and ubiquitin were
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obtained in low femtomole amounts and angiotensin I and II
were obtained in attomole amounts (Fig. 3e).? In the same year,
an inline pneumatically assisted AP MALDI ion source was
developed by Arti T. Navare's team and the capability of the ion
carrier, including nitrogen, helium, and sulfur hexafluoride,
was tested through experiments of standard peptide and
hydroquinone. The best performances were given by nitrogen
(Fig. 3f).*® In 2011, U. Hochkirch's group used electron spin
resonance (ESR) as a complementary method to examine the
distribution profile of the main biotransformation product of
nitroxide radicals, CAT-1, while AP MALDI MS was utilized to
detect CAT-1 and its diamagnetic metabolites in the different
skin layers, discovering information about the concentration of
the corresponding hydroxylamine over the sample extension.*
AP visible-wavelength MALDI in transmission geometry MS
implement was developed by Raymond E. West III et al. with
a LOD of picomole quantities of oligosaccharides and femto-
mole quantities of peptides in 2013.7° Nevertheless, a novel
method utilizing the doping of liquid MALDI samples with
divalent metal chloride salts was presented by Oliver J. Hale
et al. in 2017, which produced ions with the formula [L + M]** (L
= lipid and M = divalent metal cation). Pseudo-MS*" experi-
ments such as in-source decay-CID and ion mobility-enabled
time-aligned parallel (TAP) MS provided diagnostic product
ion spectra for determining the location of double bonds on the
acyl chain and were applied to identify and characterize lipids
extracted from soya milk.”* However, in 2018, Bingming Chen
et al. combined high-resolution AP MALDI with quadrupole-
orbitrap MS, which provided an in situ analysis platform for
biomolecules applying multi-mode ionization, including
MALD]I, LSI, and matrix assisted ionization (MAI) and acquisi-
tion, including full MS, targeted MS/MS, data dependent
acquisition, and parallel reaction monitoring, aiming to achieve
in-depth characterization. This design expanded the detection
range and enhanced the fragment efficiency, owing to the
multiply charged ion production.””? Anh Tran's team con-
structed rapid detection of a viral envelop lipid (Influenza A
virus, IVA) using a lithium adduct applying AP MALDI MS in
2019. Eight subclasses, including 132 kinds of lipids were
identified.” The construction of the AP MALDI selected reaction
monitoring (SRM) method by Vishal Mahale's group in 2022
provided a rapid and quantitative platform for analysis of afla-
toxin M1 in milk. The calibration curve displayed excellent
linearity (R> = 0.99) with good recoveries for quality control
samples (97-106%) and this method's property was validated by
ultrahigh-performance liquid chromatography with fluores-
cence (UHPLC-FLD).™

Optimization of the preconcentration method

For the preconcentration method before analysis, Kamlesh
Shrivas and Huifen Wu employed different functional groups
capped with silver nanoparticles as affinity probes in AP MALDI
ITMS for rapid analysis of sulfur drugs and biothiols in human
urine in 2008 (Fig. 3).”® They also applied AgNPs as the matrix
of AP MALDI MS to reduce the side effects arising from
a traditional organic matrix. In the same year, Kavita Agrawal
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and Huifen Wu used bare silica nanoparticles as concentrating
and affinity probes for rapid analysis of aminothiols, lysozyme,
and peptide mixtures in urine and plasma through AP MALDI
ITMS, with enhancing the ionization efficiency of analytes. The
limits of detection of the peptide were 4.7 to 360 nM in water, 28
to 620 nM in plasma, and 9.5 to 520 nM in urine, respectively,
and homocysteine was successfully discriminated from cysteine
(Fig. 3h).” The nanoparticles displayed excellent capacity for
preconcentration, which indicated their potential in AP MALDI
systems.

So far, metabolites have been emerging as an innovative
perspective for detecting disease and depicting the mechanism
of disease towards clinical adhibition, owing to the location of
metabolites being more distal compared to proteomics and
transcriptomics, which could offer more direct information
about the human body. Although the detection effect has been
improved with the utilization of AP MALDI MS in recent years,
there still remain some drawbacks which limit the application
of metabolomics by AP MALDI MS in clinical application.

Pharmaceutical detection

Pharmaceutical detection, such as pharmacokinetics, has
become much more significant in many domains for deter-
mining the clinical medication regimen, predicting the efficacy
and toxicity of a drug and rational drug usage. Notably, AP
MALDI MS, emerging as an innovative method, has been
applied for drug identification from four perspectives: direct
analysis, optimization of a mass spectrometer, matrix innova-
tion, and extraction and isolation before analysis.

Direct analysis

In terms of direct analysis, in 2008, Bindesh Shrestha and co-
workers analyzed different forms of pharmaceuticals, excreted
xenobiotics, and endogenous metabolites by AP IR MALDI,
suggesting that AP IR MALDI can recover oligomer size distri-
bution changes in excreted samples. Diagnosis of intestinal
permeability can be established based on this method.”
However, mass spectra of 39 kinds of seized drugs produced by
LC-ESI MS/MS were identified via AP MALDI MS by Pekka
Ostman et al. in 2012, elucidating that different mass spec-
trometers could identify an unknown compound with a library
established by different ion sources.”

Optimization of a mass spectrometer

As to the optimization of a spectrometer, Piia K. Salo's group
applied two-dimensional ultra-thin-layer chromatography (2D-
UTLC) coupled with AP MALDI MS for bioanalysis in 2007 and
benzodiazepines were studied as model substances in human
urine.” First detected by 2D-UTLC, a picomole LOD of benzo-
diazepine was achieved and then identified by AP MALDI with
the aim to enhance the sensitivity. Notably, in 2017, an
endogenous substance in a biosample was confirmed to have an
influence on the MS results. A chromatography-free AP MALDI
high-resolution MS (HRMS) was constructed by Vishal Mahale
et al. for simultaneous determination of triazines and triazoles
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in grapes and 15-20 ng g~ of LOD and LOQ with <5 ppm of
quality error was accomplished.®

Matrix innovation

For matrix innovation, Kamlesh Shrivas' group utilized oxidized
multiwalled carbon nanotubes (O-MWCNT) as preconcentra-
tion probes for quantitative determination of cationic surfac-
tants (CS) in water samples using AP MALDI MS in 2008. The
acceptable relative recovery percentage achieved 90.5-97.8%
with relative standard deviation (RSD) <15.4%, indicating the
high reliability of this separation method.** Further, Sijian
Chen's team also applied four kinds of MWCNT including
Fe;04,-droped MWCNT, oxidized MWCNT, p-cyclodextrin-
coated MWCNT, and intrinsic MWCNT, to detect nine kinds
of pesticides with high performance, finding that the structure
of the pesticide could influence the results of analysis in 2023.
Experiments confirmed that a matrix can help pesticides to
dissociate, while the pesticide would not decompose due to the
matrix remaining.*

Extraction and isolation before analysis

Besides, extraction and isolation strategies were also employed.
In 2017, Yuan Chin et al. applied single drop microextraction as
a separation method combined with AP MALDI MS for quanti-
tative analysis of quinidine in fish tissue, showing an absorp-
tion rate >72% and a regression ecoefficiency of 0.99,
demonstrating the disabled reproducibility and feasibility.*

Recently, pharmaceuticals have received more and more
attention from the public due to their use not only in medical
treatment but also in medical study. However, there are only
a few works in drug detection applying AP MALDI MS, which
limit the evolution of pharmaceuticals.

Mass spectrometry imaging

Imaging mass spectrometry (IMS) enables spatial visualization
of proteins, lipids, and metabolite distribution in tissues,
making it a powerful tool for molecule analysis in various fields.
We have compiled an overview of IMS applications based on AP
MALD], including lipid visualization, metabolite identification,
biomedical analysis, and botanical analysis.

Lipid visualization

For lipid visualization, Janne Bredehoft and co-workers visual-
ized lipids and profiled in the vascular organ of the lamina
terminalis (OVLT) murine brains during systemic lipopolysac-
charide (LPS)-induced inflammation using AP scanning
microprobe MALDI MSI in 2019 (Fig. 4b).** In 2021, another
work reported “matrix-free” imaging using the AP transmission
mode (TM) MALDI source with low-temperature plasma (LTP)
postionization. Direct MSI analysis of murine testis with no
sample preparation after tissue sectioning enabled imaging of
a range of lipid classes at pixel sizes of 25 um (Fig. 4a).*
Moreover, in the same year, the distribution of lipids in murine
was visualized by Max A. Miiller et al. through a high-repetition-
rate laser in an AP MALDI MSI system, providing a lateral
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resolution of 5 pm.*® Besides, lipids in the kidney tissue of
a mouse with acute cadmium poisoning were located by Ting
Zeng and co-workers with 40 lipid classes visualization in
2022.% Varun Krishnan and co-workers applied IMS to detect
PC and phosphatidylserine (PS) in murine ocular tissue in 2023,
which allowed researchers to pinpoint areas of lipid deficiencies
or accumulations associated with ocular disorders such as age-
related macular degeneration and diabetic retinopathy.*® As to
human section visualization, N. Desbenoit and co-workers
detected serial cryo-sections of human colon cancer through
both time-of-flight secondary ion MS and AP MALDIMS in 2017.
Fatty acids, cholesterol, phosphatidylcholine, and sphingo-
myelin were successfully visualized with complementary data
and high spatial correlation from mass spectra, achieving
multimodal imaging.* Kaija Schaepe's team analyzed lipids in
native human bone sections to generate high-resolution label-
free imaging in 2018. This approach preserved the lipid
content (e.g., glycero-, glycerophospho-, and sphingolipids) and
the heterogeneous structure of osseous tissue, which enabled
consecutive detection of the same sample by TOF-SIMS and AP-
SMALDI Orbitrap MSL*® Recently, many reports focusing on
Schistosoma were conducted via AP MALDI MSI. In 2020, lip-
idomic analysis of Schistosoma mansoni was implemented by
Patrik Kadesch et al. via AP scanning microprobe MALDI MS]I,
demonstrating the tissue- and sex-specificity of lipids.** In 2022,
Katja R. Wiedemann's team characterized changes in the lipid
profile of hamster liver after Schistosoma mansoni infection by
LC MS/MS, 372 biomarkers were detected. AP MALDI MSI was
then employed to analyze these biomarkers, showing the
distribution in tissue sections.”” In the same year, 2022, AP
scanning microprobe MALDI was established in blood flukes
and liver flukes by Saleh M. Khalil's group to identify endoge-
nous lipids that mark characteristic tissues such as the gastro-
dermis, the tegument, and the parenchyma.”® In addition, in
2015, the phospholipid topography of whole-body sections of
the Anopheles stephensi mosquito was characterized by high-
resolution AP MALDI MSI with a dedicated sample prepara-
tion method.”

Metabolite distribution

Metabolite distribution was depicted by AP MALDI MSI. AP
MALDI imaging of neuropeptides in the mouse pituitary gland
was achieved by Sabine Guenther's group with 5 pm spatial
resolution and high mass accuracy in 2011.” Nevertheless,
single cell detection was demonstrated by Yvonne Schober and
co-workers with the combination of high spatial resolution (7
pm pixel), high mass accuracy (<3 ppm rms), and high mass
resolution (R = 100000 at m/z = 200) in the MS imaging in
2012.°° Dhaka Ram Bhandari and his co-workers employed AP
high-resolution scanning microprobe MALDI MSI in 2015 for
metabolite localization in whole-body sections and individual
organs of the rove beetle Paederus riparius. A spatial resolution
of 250 pm was accomplished, and assigned key lipids for
specific organs to describe their location in the body were
described without any labeling.’” In 2017, another AP MALDI
mass spectrometry imaging setup was reported with a lateral
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resolution of 1.4 um, a mass resolution greater than 100 000,
and an accuracy below £2 ppm. They showed that the setup can
be used to detect metabolites, lipids, and small peptides, as well
as to perform tandem MS experiments with 1.5 um?® sampling
areas. To showcase these capabilities, they identified subcel-
lular lipid, metabolite, and peptide distributions that differen-
tiate, for example, cilia and oral grooves in Paramecium
caudatum.’® In 2018, Shelley N. Jackson and his team conducted
AP MALDI MSI to detect gangliosides in the murine brain using
2,6-dihydroxy acetophenone (DHA), which is a novel volatile
solid organic matrix. This combination apparently decreased
the fragments of ganglioside, owing to the sublimation reduc-
tion of DHA.*® In 2019, the build of a new AP TM MALDI MSI ion
source was reported by Rory T. Steven's team with plasma
ionization enhancement while this novel ion source was used to
analyze a selection of increasingly complex systems from
molecular standards to murine brain tissue sections. Signifi-
cant enhancement of detected ion intensity is observed in both
positive and negative ion modes in all systems, with up to 2000-
fold increases observed for a range of tissue endogenous
species.’® However, to improve the detection of certain ions,
Efstathios A. Elia et al. developed a second-generation trans-
mission mode AP MALDI imaging platform with in-line plasma
postionization in 2020 to detect different metabolites, including
amino acids, fatty acids, and raffinose (Fig. 4d)."* In 2021,
venom gland mass spectrometry imaging of saw-scaled viper,
Echis carinatus sochureki, was realized by Parviz Ghezellous's
group with a high lateral resolution of 12 pm via autofocusing
AP MALDI MS.*** Novelly, C. Jacques visualized sun filter skin
spatial distribution and penetration and detected endogenous
metabolites induced by a sun filter in human skin in 2022.'*
Metabolic study of aristolochic acid I (AAI)-exposed murine liver
section by AP MALDI MSI was conducted by Wenjing Guo's
group in 2022, demonstrating the distinct metabolic alterna-
tions. Then, AAI-exposed liver was discriminated from a healthy
control with a high accuracy of 99.81% by machine learning
(LASSO), and metabolomics pathway analysis (MetPA) was
conducted to identify influenced pathways (Fig. 4c).***

Biomedicine analysis

MSI is a cutting-edge method in the fields of life sciences and
biomedicine, which integrates molecular imaging and
advanced image analysis. Thereby, it can visualize the molec-
ular distribution of a large number of endogenous and exoge-
nous compounds simultaneously in tissues without the
addition of labels. In drug distribution detection, an in vivo
experiment in a rodent model utilizing AP MALDI MSI was
conducted by Akos Vegvari's team in 2017, revealing the
distribution of tiotropium with 10 pm resolution.'® Meanwhile,
AP MALDI imaging mass microscope combined with a relative
exposure approach was employed by Tai Rao et al. to study
pharmacokinetics via octreotide analysis in mouse target
tissues.'® In 2020, three kinds of MSI, desorption electrospray
ionization (DESI) MSI, MALDI MSI, and AP MALDI MSI, were
employed by Ariful Islam's team for rap mapping of imipra-
mine, chloroquine, and their metabolites in mice kidneys and
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brains. AP MALDI MSI displayed the best performance and MS/
MS was applied for double-check identification.'”” Furthermore,
in the same year, a study of phospholipid imaging of zebrafish
exposed to fipronil was conducted by Wenjie Liu and his group,
depicting the alternation of the phospholipid metabolism.'*®
Ting Zeng's group integrated omics analysis and AP MALDI MSI
in 2021 to investigate cadmium toxicity in female mice,
uncovering the toxicological mechanism via representative lipid
observation.’ Annika S. Mokosch's team investigated the
potential uptake and distribution of imatinib in adult schisto-
somes including its distribution kinetics in 2021.*° Yanyan
Chen's team also imaged murine kidneys to reveal the per-
fluorooctane sulfonate-induced nephrotoxicity, elucidating
changes of 42 lipid species in 2022 (Fig. 4e).""* Lavinia Morosi
and her team developed an innovative quantitative measure-
ment and validated it for pioglitazone analysis in neoplastic
kidney tissues and Carolin M. Morawietz and her team con-
ducted in vitro spatial visualization of triclabendazole (TCBZ)
uptake and distribution in Fasciola hepatica with 100 pm of
resolution in 2022 (Fig. 4f).>***

Botany detection

Additionally, botany has been studied by AP MALDI MSI in
recent years. In 2007, the feasibility of AP infrared MALDI
imaging was undertaken by Yue Li et al. according to plant
metabolomics, observing carbohydrate, oligosaccharide, amino
acid, organic acid, and lipid mass peaks in both positive and
negative modes.*” This team also visualized the spatial distri-
bution of metabolites in 2008, including GABA, glutamine,
hexose sugars, toluidine blue O, and sucrose in white lily
flowers, depicting the accessibility of AP MALDI in botany.'*
Besides, in 2014, Bin Li's group imaged natural products in
glycyrrhiza glabra rhizome at the cellular level, while AP MALDI
MSI at 10 um pixel size was performed to unravel the spatio-
chemical distribution of major secondary metabolites in the
root of Paeonia lactiflora in 2016."'*'** In 2017, Ralf W. Kessler's
group implemented in situ monitoring of molecular changes
during cell differentiation processes in marine macroalgae
through AP MALDI MSI, determining representative biomarkers
in different developmental stages.'*® In 2018, the comparison of
vacuum and AP MALDI MSI was implemented by Caitlin Keller
and co-workers for detection of metabolites involved in salt
stress in Medicago truncatula with the identification of LC
tandem MS. This work showed better performance in AP
MALDI, providing robust evidence for plant applications.**”
Furthermore, in 2020, Li Na and co-workers achieved spatial
distribution of endogenous molecules (e.g., sucrose, caffeine,
and caffeoylquinic acid) in coffee beans with PCA analysis,
elucidating differences in chemical composition and relative
content (Fig. 4h)."*® Distribution of phytochemicals in the dried
root of Isatis tinctoria was carried out by Li Xing Nie et al. and
118 compositions were identified without extraction and isola-
tion in 2021. Using partial least squares regression (PLS),
samples collected from four habitats were differentiated
unambiguously."™ Moreover, Domenic Dreisbach and co-
workers visualized plant defensive cardiac glycosides in

© 2023 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Advances

Asclepias curassavica through three dimension-surface MALDI
MSI in 2021 (Fig. 4g). Variation in oligosaccharide profiles was
observed by Jonatan R. Granborg's team in different regions of
maize kernels after treatment with xylanases both by AP MALDI
MSI in 2023.%2%12*

In summary, atmospheric pressure mass spectrometry
imaging has been extensively employed from lipid, metabolite,
biomedical, and botany perspectives, which allows the
construction of analyte distribution reflecting the perturbations
in different tissues, resulting in a powerful tool for biomarker
visualization in many domains.

Other applications

In addition to the aforementioned applications, the advantages
of AP MALDI MS have led to its increasing use in the fields of
food science and environmental analysis.

For environmental analysis, in 2022, Lamprini
colleagues utilized AP MALDI to analyze and evaluate engine oil,
successfully identifying pure additives. Further, this work
revealed that AP MALDI is an efficient technique for directly
determining lubricant additives from commercial oil prod-
ucts.” In 2023, Maurice and co-workers developed and opti-
mized 48 well graphene nanoplatelets (GNP) doped AP MALDI
target plates for the fast-screening analysis of additives in
electronics and plastic consumer products, while a total of 56
additives including antioxidants, flame retardants, plasticizers,
UvV-stabilizers, and UV-filters were identified.** This helps in
understanding the level of pollution in the environment and
taking necessary measures to protect the environment and
human health.

In the field of food science, in 2022, Diming Tan and his
group utilized AP MALDI MS to characterize the diversity of
esters and partially monitor the fate of propionyl-
fructooligosaccharides (FOS). Their aim was to utilize ester
bonds to link propionic acid (PA) and a prebiotic FOS to form
propionyl-FOS capable of delivering PA to the colon.'*
Furthermore, in 2023, Francesco and co-workers subjected fruit
seeds belonging to the pomegranate cultivar “Granata” to
extraction and oily component analysis through AP MALDI MS
to gain information about their composition.” This contrib-
utes to enhancing food safety and preventing outbreaks of
foodborne diseases.

It is worth noting that while AP MALDI shows promising
potential in these fields, its application in food science and
environmental analysis is still relatively new and requires
further research and development to refine analytical methods
and enhance accuracy and repeatability.

and

Conclusions and perspectives

AP MALDI has attracted the attention of scientists due to its
unique advantages. Over the past 20 years, its analytical
performance has been continuously improved, leading to
a series of advancements in various analysis domains, including
peptide and protein analysis, metabolite detection, pharma-
ceutical identification, and mass spectrometry imaging.
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In this review, we have summarized the major applications
of AP MALDI in the aforementioned fields. With the increasing
demand for these applications, we believe that in the near
future, further research in this field will be carried out,
including but not limited to (1) more high sensitivity AP MALDI
analysis system development; (2) innovative matrix synthesis
applied in AP MALDI; (3) AP MALDI MS systems with low costs
and smaller sizes; and (4) high spatial resolution performance
for AP MALDI MS imaging. Nevertheless, our work did not
record applications of environmental analysis and food science.
However, considering the evident virtues of AP MALDI, the
prevailing employment of AP MALDI is imperative. We believe
our review will contribute towards a comprehensive summary of
AP MALDI applications.
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