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Abstract

Neuropeptides (NPs), a unique class of neuronal signaling molecules, par-
ticipate in a variety of physiological processes and diseases. Quantita-
tive measurements of NPs provide valuable information regarding how
these molecules are differentially regulated in a multitude of neurological,
metabolic, and mental disorders. Mass spectrometry (MS) has evolved to
become a powerful technique for measuring trace levels of NPs in complex
biological tissues and individual cells using both targeted and exploratory ap-
proaches. There are inherent challenges to measuring NPs, including their
wide endogenous concentration range, transport and postmortem degra-
dation, complex sample matrices, and statistical processing of MS data re-
quired for accurate NP quantitation. This review highlights techniques de-
veloped to address these challenges and presents an overview of quantitative
MS-based measurement approaches for NPs, including the incorporation
of separation methods for high-throughput analysis, MS imaging for spatial
measurements, and methods for NP quantitation in single neurons.
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INTRODUCTION

The discovery of neuropeptides (NPs) is rooted in the extensive and groundbreaking research
performed by scientists in the fields of pharmacology, physiology, and endocrinology during the
late nineteenth and early twentieth centuries. However, it was not until 1971 that the term neu-
ropeptide was formally introduced to describe short peptides capable of inducing physiological
responses. This novel class of endogenous signaling molecules shares certain unique character-
istics, including their biosynthesis from larger precursor polypeptides, and their storage in large
dense-core secretory vesicles as opposed to small secretory vesicles of classical neurotransmitters
(1). In this review, we use the term neuropeptide when referring to peptides that act locally in
the nervous system and also peptide hormones that act at distant targets; often, the same peptide
may perform both roles, depending on the context, making their distinction difficult. Importantly,
NPs are promiscuous ligands with high receptor-binding affinities, possessing KD values in the
nanomolar to micromolar range, enabling them to exert their biological functions at several or-
ders of magnitude lower concentrations than classical neurotransmitters. Since the adoption of
the term, hundreds of NPs, often conserved across the animal kingdom, have been discovered
and shown to regulate a broad range of biological functions (2). Select examples of NPs and their
endogenous roles include orexins, which are involved in wakefulness and food intake, substance P
and its role in nociception, and vasopressin, which regulates osmolality and vasoconstriction (3–5).

Given the functional diversity of NPs, they are often prime candidates for studying various
neurological, psychological, and metabolic disorders (6, 7). Currently, there are over 70 US Food
and Drug Administration (FDA)-approved drugs that target specific NP receptors or pathways,
with insulin being perhaps the most well known (8). NPs are broadly localized throughout the
central and peripheral nervous and neuroendocrine systems (2). Quantitative analyses of NPs in
these tissues and cellular releasates help us understand NP differential regulation in response to
environmental or pharmacological stimuli and diseases. Additionally, with the emergence of single
neuron–based NP measurements and improvements in single-cell sampling techniques, quantita-
tive analyses may provide valuable information regarding cellular heterogeneity andNP dynamics
in a neuron-specific manner (9).Here, we present an overview of modern approaches for NP char-
acterization and quantitation powered by cutting edge mass spectrometry (MS) technology.

STRATEGIC MEASUREMENT AND QUANTITATION APPROACHES

A unique aspect of NP detection is that multiple NPs may be produced from one gene via post-
translational enzymatic processing of the encoded precursor protein, typically referred to as a
prohormone (10). Therefore, probing DNA and messenger RNA (mRNA) transcripts does not
provide information regarding the complexity of peptide products, especially as it does not capture
the variety of posttranslational modifications (PTMs) often present on mature NPs. Because these
modifications can change the function and lifetime of peptides, having knowledge of them is often
important. Well suited for the discovery of potentially novel NPs, MS measures NPs in a non-
targeted manner without the use of molecular probes and does not require prior information on
analyte structure. These measurements provide unambiguous identification of NPs based on the
mass-to-charge (m/z) ratios of their ions in the gas phase, as well as their unique molecular frag-
mentation patterns, thereby allowing elucidation of NP structural details. With the development
of MS instruments capable of high-resolution m/z measurements, mass accuracy measurements
in the parts-per-billion (ppb) range become feasible, enabling the discernment of isobaric ions for
reliable assignment of known peptides by mass and isotopic patterns (11). Additionally, when cou-
pled to analytical separations, such as liquid chromatography (LC), capillary electrophoresis (CE),
and ion mobility spectrometry (IMS), MS offers significant improvements in detection capacity
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by reducing sample complexity prior to measurement (12). Furthermore, the development of MS
imaging (MSI) techniques has enabled the visualization of NP distribution within tissues through
direct tissue measurements, both qualitative and quantitative, without the need for NP-specific
antibodies (13).

Given the rapid development of MS platforms with limits of detection approaching 10 amol
and fast scan speeds of up to 100 spectra per second, MS has emerged as a powerful analytical
technique for neuropeptidomics, the global characterization ofNPs in a biological sample (14, 15).
MS-based analyses can be broadly classified into targeted and global approaches, and quantitation
is performed with or without chemical labeling. NP quantitation by MS is often aided by the
front-end analyte separation platforms noted above, usually LC and CE, with IMS becoming
more commonly incorporated into MS workflows. In what follows, the issues with more standard
MS quantitation approaches are outlined, followed by the various LC-MS-based strategies that
are effective for NP quantitation.

CHALLENGES FOR MASS SPECTROMETRY–BASED QUANTITATION

QuantitativeNP analysis in neuronal tissue often yields valuable information regarding the diverse
roles of NPs in various physiological processes and disorders. However, quantifying NPs by MS
does present challenges; some are inherent to MS and several others are unique to NP biology
and the sampling methods used.

Biological Factors Influencing Quantitation

Tissue collected for NP analysis may not reflect NP in vivo localization and concentration. Sev-
eral factors contribute to these discrepancies, including regulated transport of NPs to peripheral
release sites far from the origin of synthesis and postmortem protein degradation. Brain and other
tissues have the ability to rapidly degrade NPs for termination of their signals after release (16).
Postmortem protein degradation, in particular, must be controlled during tissue sampling because
massive proteolysis of ubiquitous and structural proteins increases the dynamic range of biochem-
ical concentrations and often obscures NPs, thereby limiting their detection and quantitation (17).
Because postmortem proteolysis begins seconds after animal sacrifice, fast and effective tissue sta-
bilization is crucial for preservation of the in vivo, neurochemical state. Various techniques have
been developed for tissue stabilization, including, but not limited to, focused microwave irradi-
ation, tissue boiling, adding protease inhibitors, and convective heating (18, 19). Comparative
studies show that rapid heating is currently one of the more efficient tools for halting postmortem
proteolysis and preserving intact NPs (20).

Localization of NPs to a subpopulation of peptidergic neurons within neural tissues poses
challenges for sampling (21). While the concentration of an NP within an attoliter-containing
dense-core secretory vesicle may be in the millimolar range, the effective local concentrations
in many tissues are in the nanomolar to femtomolar range. Their sparse cellular localization
dilutes peptide amounts in collected tissue extracts even further (22). As a result, tissue samples
may contain NP concentrations spanning 6 to 10 orders of magnitude (23). This makes quan-
titative studies challenging because endogenous NP levels, typically between 3 to 5 orders of
magnitude, may fall outside of the linear dynamic range of the mass spectrometer (24).Wide NP
concentrations within a sample are problematic for MS quantitation, as these could lead to space-
charge effects, which reduce the linear intra-scan dynamic range of the instrument, effectively
masking the signal from trace NPs. Space-charge effects arise mainly from coulombic interac-
tions between ions, and are especially pronounced in trap-based mass analyzers used in ion trap,
Orbitrap, and ion cyclotron resonance mass spectrometers. These effects may reduce ion trapping
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capacities, distort peak shapes from ions with similar m/z values, and reduce mass accuracy and
sensitivity, making quantitation of lower level peptides in complex samples difficult (25). Thus,
depending upon sample complexity and peptide concentrations, alternative mass analyzers, such
as quadrupole time-of-flight, may be advantageous (26). Additionally, due to low endogenous
amounts of certain NPs, a larger amount of tissue is often required to achieve adequate sensitivity
for quantitation, which may prove impractical when analyzing tissue-limited samples. Larger
samples are typically chemically complex, with salts, lipids, and metabolites present at higher
levels than many NPs, further contributing to ion suppression (27). Off-line sample cleanup and
purification steps are often incorporated to improve sensitivity and precision for quantitation.

Standard quantitation methods also prove challenging. For most bottom-up proteomic ap-
proaches, proteins are digested by trypsin, and individual peptides from the proteins are measured.
Most software packages designed for proteomic quantitation rely on multiple tryptic peptides to
infer protein abundance in a sample, e.g., by summing the top three largest peptide areas or taking
the median of peptide ratios for a given protein (28, 29). For NPs, the levels of each peptide may
be distinct and do not necessarily track each other. Tissue-specific processing of prohormones
often arises from differences in the distributions of prohormone processing enzymes, leading to
differences in the localization of NPs derived from the same precursor. For example, proopiome-
lanocortin produces over 10 unique NPs with various anatomical distributions (30). In addition,
because distinct peptides from a prohormone may have different biological roles, quantifying the
levels of the prohormone protein is rarely the goal. Thus, software that quantifies proteins based
on combining the measurements of multiple peptides may not be useful for NP studies.

This is also why prohormone transcript quantitation may not be ideal for probing in vivo NP
concentrations. Transcript levels do not necessarily correlate with prohormone levels due to mul-
tiple factors, such as translational regulation of mRNA, half-life differences between transcripts
and the encoded prohormones, and neuronal polarity, which may cause spatially distinct (typically
millimeters to centimeters) localization between transcripts and prohormones after transport of
the prohormone away from the neuron soma to remote release sites (31). Accordingly,NP quanti-
tation must be performed at the individual peptide level with direct measurement of mature NPs
and their PTMs after prohormone processing.

Challenges with Statistical Processing of Mass Spectrometry Data

An important step in global, quantitative NP studies is post-MS statistical processing of raw data,
including missing value imputation, peak intensity/area normalization, and multiple hypothesis-
testing corrections. Because NP quantitation is often performed at the single-peptide level, miss-
ing peptide measurement values, e.g., ∼20–50% of the peptide features in a typical LC-MS data
set, are problematic for global NP quantitation (32). This presents unique challenges for quanti-
tation, including reduced statistical power or preventing certain downstream statistical analyses.
Missing peptide features often arise from biological factors; either the peptide is truly absent or
below the detection limit of the instrument (not missing at random). Technical factors can also
play a role, such as poor ionization and fragmentation, resulting in low-quality MS2 spectra (33).
Several approaches developed for missing peptide imputation have been reviewed (34, 35).

Differential analysis of NPs often involves determining which peptides are significantly ele-
vated or decreased in a particular condition relative to a control. When performing significance
tests for hundreds or thousands of peptides in anMS experiment,multiple hypothesis-testing cor-
rections are crucial. As the number of significance tests is increased, the number of peptides that
pass the significance threshold will also increase simply by chance, resulting in multiple false pos-
itives (36). Therefore, multiple testing corrections aim to control either the false discovery rate
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(FDR) or the familywise error rate by limiting the number of false positives that pass the sig-
nificance threshold. Compared to the FDR, familywise error rate approaches may be excessively
stringent, resulting in too few peptides considered significantly different. FDR-based approaches
are typically more suitable for the exploratory nature of peptidomic analyses, as a more optimal
balance between false positives and false negatives can be achieved (37).

TARGETED MASS SPECTROMETRY QUANTITATION

Targeted quantitation is a hypothesis-driven measurement of previously selected peptides for
the purpose of comparing their levels under experimental conditions. This experimental design
requires substantial knowledge about the presence of NPs in the sample and details about NP
structural characteristics. For targeted NP quantitation, multiple-reaction monitoring (MRM)
is perhaps one of the most commonly employed techniques, offering high precision, high
sensitivity, and high throughput (38, 39). It is also important to define two types of quantitative
measurements in the field of MS: A quantitative measurement provides relative quantitation be-
tween samples, whereas absolute quantitation provides an absolute amount (or concentration) of
peptide.

MRM-based quantitation is conducted by selecting multiple m/z ratios of a peptide and its
corresponding product ions, referred to asm/z transitions, with usually the most intense ion tran-
sition serving as the quantifier ion, and several transitions serving as qualifier ions. Quantitation is
performed by integrating the peak area of the quantifier transition,whereas the qualifier ions serve
to verify the identity of the analyte. The ability to deal with complex samples using MRM arises
from three requirements for analytes to reach the MS detector: Analytes must be detected at the
specified retention time and have both the specified precursor and fragmentm/z ratios (40).These
requirements ensure specificity, as detection is dependent upon multiple user-specified transitions
unique for eachmonitored peptide sequence.The sensitivity ofMRM-based assays is from a lower
background and greater MS instrument observation time dedicated to peptide-specific transitions
observed within a narrow retention time window.Typically performed on a triple quadrupole mass
analyzer, which offers relatively low resolution [<5,000 full width at half maximum (FWHM)] and
mass accuracies compared to high-resolution mass analyzers (10,000–1,000,000 FWHM) (41),
MRM is suitable for quantitation of known NPs. However, distinguishing isobaric or structurally
similar compounds that coelute with the targeted peptide may be difficult. For example, the C-
terminal amidation PTM produces a mass shift of only −0.98 Da from the carboxylated peptide.
Unless a sufficiently narrow mass window is used for MRM acquisition, the amidated and car-
boxylated forms of the NP may not be resolved if the chromatographic separation between them
is insufficient (42).

A similar and newer alternative toMRM is parallel-reaction monitoring (PRM).UnlikeMRM,
a high-resolution mass analyzer, such as an Orbitrap, is used to detect fragment ions.Quantitation
via PRM is similar to MRM, whereby a quantifier m/z transition is selected for peak area quanti-
tation; a compelling advantage of PRM is that all fragment ions from the transmitted precursor
ions are monitored. Furthermore, the high-resolution analyzer significantly improves measure-
ment confidence because high mass-accuracy fragment ions can be used to confirm the identity
of an NP beyond the monitored transitions. Few PRM-based assays have been applied to quan-
titative NP measurements, though this is a relatively new technique compared to MRM (43, 44).
For instance, the Nemes group (45) employed an Orbitrap operating in PRM mode to quantify
angiotensin peptides in mouse hypothalami and achieved limits of detection with synthetic stan-
dards between 5 amol and 300 zmol (Figure 1a). The mass accuracy and sensitivity of PRM-based
quantitation suggest that this technique may become commonplace for targeted NP studies.
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Figure 1

Depiction of targeted and untargeted MS approaches for NP quantitation. (a, left) Targeted PRM workflow for the quantitation of Ang
peptides in the mouse SFO and the PVN. (a, right) The box-and-whisker plots depict the summed peak areas from the PRM transitions
for the selected Ang peptides between control and water-deprived mice in both organs. Panel a adapted with permission from
Reference 45; copyright 2019 Springer Nature. (b) Untargeted LC-MS workflow for the quantitation of NPs from the dorsal horn and
dorsal root ganglia of mice. This method employed a dual MS approach where a comprehensive peptide library was first generated
from the pooled extracts of either tissue region via LC-MS-Orbitrap analysis, followed by a database search of the obtained MS/MS
spectra. The individual samples were separately analyzed via LC-MS-QTOF for MS1 analysis. Label-free quantitation of the peptides
was then performed. The bar graph depicts the relative quantitation between various prohormone-derived peptides in the dorsal horn
between treated and control samples. Significance values: ∗, p < 0.05; ∗∗, p < 0.01. Panel b adapted with permission from Reference 54;
copyright 2020 American Chemical Society. Abbreviations: AEW, acetone/ethyl ether/water; Ang, angiotensin; AngT, angiotensinogen;
CALCA, calcitonin gene–related peptide alpha; HCD, higher-energy C-trap dissociation; LC, liquid chromatography; MS, mass
spectrometry; MS/MS, tandem mass spectrometry; m/z, mass-to-charge ratio; NCE, normalized collision energy; NP, neuropeptide;
PCSK, ProSAAS; PENKA, proenkephalin-A; PRM, parallel-reaction monitoring; PVN, paraventricular nucleus; Q, quadrupole;
QTOF, quadrupole time-of-flight; SFO, subfornical organ; SPA, summed peak areas; TAC1, protachykinin-1; WD, water-deprived.

The number of NPs that can be quantified in a single MRM or PRM run depends on the
number of transitions monitored for each peptide, which in turn may depend on the length of
the NP. With longer NPs, more transitions should be monitored for accurate measurements.
Monitoring three to five transitions per NP dramatically increases the confidence in assay
specificity, although this does reduce throughput. The practical throughput limitations, however,
are the cost and availability of the targeted peptide standards for separation optimization and
validation of precursor–fragment ion transitions. Scheduling monitored retention times for each
transition according to each NP elution window allows dozens of peptides to be measured in a

88 De La Toba et al.

A
nn

ua
l R

ev
. A

na
l. 

C
he

m
. 2

02
2.

15
:8

3-
10

6.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 2

60
1:

24
0:

84
80

:2
f0

:8
d2

1:
82

01
:6

e9
9:

6f
8c

 o
n 

06
/2

2/
22

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



single analysis. The multiplexed capability of targeted MS approaches yields the most precise
quantitation of NPs in neural and neuroendocrine pathways.

Untargeted Mass Spectrometry Quantitation

Unlike targeted approaches whereNPs are preselected, untargeted approaches seek to identify and
quantify as many NPs in a sample as practical. These measurements are well suited for discovery-
oriented research, as they are typically performed in a shotgun manner; novel or unexpected en-
dogenous peptides can be explored under various experimental paradigms. Different workflows
for untargeted MS quantitation have been previously reviewed, including labeled or label-free
schemes and data-dependent acquisition (DDA) or data-independent acquisition (DIA) (46, 47).
This section focuses on highlighting the characteristics and challenges that may be encountered
when implementing these approaches specifically for NP quantitation.

Label-Free Versus Labeled Quantitation

One can categorize quantitative approaches based on whether or not they need a label. In label-
free quantitative LC-MSmeasurements, the samples are measured in their native form (no chem-
ical derivatization). Practically, the lack of a chemical label enables the analysis of more biological
replicates per sample group, thereby increasing the statistical power of the assays. Although one
of the obvious advantages of label-free quantitation is simplified sample preparation, label-free
analyses tend to have a lower throughput than labeling schemes; each sample is measured sepa-
rately, increasing acquisition time and potential variability among samples. Fortunately, various
data normalization techniques exist that help minimize these often random biases for more accu-
rate quantitation (48, 49).

Label-free quantitation of NPs typically follows two main approaches: spectral counting and
signal comparison via peak area integration. Spectral counting is based on the premise that peptide
abundance is proportional to the number of MS2 spectra observed for that peptide (50). While
spectral counting-based quantitation is straightforward, factors such as NP structure should be
considered in relation to ionization and fragmentation efficiency. For instance, cyclic NPs and
large peptide hormones (e.g., oxytocin and insulin) are easily omitted in shotgun MS measure-
ments due to the gas-phase stability imparted by their disulfide bonds, leading to poor fragmen-
tation under typical collision-induced dissociation conditions (51). Different fragmentation tech-
niques have been employed with the goal of obtaining higher-quality MS2 spectra for unusually
stable molecules. As one example, to characterize the disulfide bond–containing hyperglycemic
hormones in crustacean sinus glands and pericardial organs, Liu et al. (52) employed chemical re-
duction of disulfide bonds followed by fragmentation with electron-transfer high-energy C-trap
dissociation. This approach enabled higher fragmentation efficiency when compared to fragmen-
tation of the NPs using only high-energy collisional C-trap dissociation. Although routinely used
in proteomics applications, reduction/alkylation of disulfide bonds is not typically required in
peptidomics. This method shows potential for improving MS2 spectral quality for more accurate
quantitation of select peptides by spectral counting-based techniques.

Peak area-based quantitation relies on integration of the area under the curve for extracted
ion chromatograms (XICs) of each detected peptide. Here, quantitation is performed at the MS1
level and the area of the peptide XIC is compared across replicates (53). This method of un-
targeted NP quantitation has been employed by various groups to study NP profiles in differ-
ent physiological models, including migraine, chronic itch, and feeding behavior (26, 54, 55).
Tillmaand et al. (54) employed a dual MS-based approach for quantifying NPs in the dorsal horn
and dorsal root ganglia of mice in a model of chronic itch. Tissue-specific peptide libraries were
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generated by searching Orbitrap-tandemMS (MS/MS) results for pooled tissues against a peptide
database. Individual samples were then analyzed by LC-MS-quadrupole time-of-flight (QTOF)
to obtain the MS1 spectra for each sample. The resulting MS1 spectra and peptide libraries were
then imported into Skyline (56), whereby XIC-based relative quantitation of the peptides was per-
formed (Figure 1b). XIC-based quantitation has been shown to be linearly correlated with peptide
abundances, though shifts in chromatographic retention times across samples create the need for
peptide retention time alignment and isotopic pattern validation for accurate quantitation.

Quantitation Through Chemical Labeling

Alternatively, if individually labeled peptides in each sample have known, recognizable molecular
weight differences, incorporating isobaric or isotopic labels into the peptides allows for multi-
plexed MS analyses. Multiple chemical labels have been described previously, whereby heavy and
light isotopes, or isobaric labels containing unique reporter ions in the MS2 spectrum, are in-
corporated into the peptides prior to MS analysis to determine the fold-change ratios among
the differently labeled isotopic peptides or reporter ions with different masses, respectively (46).
For instance, Sauer & Li (57) recently employed custom N,N-dimethyl leucine isobaric labels to
measure the changes in NP profiles in crustacean neuronal tissues in response to copper toxicity.
Multiplexing capabilities of up to 21-plex have been reported with this particular isobaric label,
but no commercial kit is yet available (58).This multiplexing capability of labeled peptides reduces
analysis time but limits the number of biological replicates to the number of distinct labels avail-
able. The most parallelized commercial kit currently provides 18-plex labeling capabilities with
a proprietary tandem mass tag reagent. Because isobaric labeling approaches work at the MS2
level by comparing the ratios of reporter ions from different tags that are generated upon frag-
mentation of labeled peptides (46), this feature may limit quantitation to abundant NPs for which
high-quality MS/MS can be obtained. Additionally, quantifying NPs with PTMs on N-terminal
residues, such as acetylation and pyro-glutamination, may not be possible with isobaric tags that
react with primary amines at the N termini of peptides (59).

Data-Dependent Acquisition Versus Data-Independent Acquisition

DDA generates high-quality MS2 spectra, whereby a user-defined subset of the most intense pre-
cursor ions from theMS1 survey scan are selected for subsequentMS2 analysis.Through dynamic
exclusion of previously sampled precursor ions from MS/MS, DDA workflows facilitate the de-
tection of low-abundance ions that otherwise would not be selected for fragmentation. However,
dynamic exclusion may have a detrimental impact on MS2-based quantitation methods, such as
spectral counting (60). In contrast, DIA-based quantitation circumvents the semi-stochastic na-
ture of DDA, as all precursor ions from the MS1 survey scan are fragmented using stepwise iso-
lation windows that span the length of the entire m/z range (61). DIA-based quantitation shows
promise for future NP studies, though one of the main difficulties in DIA-based analyses is their
dependence on spectral reference libraries, typically generated viaDDAmethods.AlthoughDDA’s
high-quality MS2 spectra complement DIA, the compilation of libraries via separate peptidomics
analyses increases sample consumption. However, DeLaney & Li (62) recently developed a neu-
ropeptidomic DIA workflow that circumvents the need for a preexisting spectral library by op-
timizing the m/z range of the precursor survey scan to reflect the m/z range encompassing the
highest frequency of NPs. This improved DIA method detected over 80 unique NPs, relative to
DDA, in both the brain and pericardial organ of Cancer borealis, and identified 68 novel putative
NPs across both tissue regions.While DDA-based analyses have traditionally been employed for
neuropeptidomic quantitative analysis, the high reproducibility and sensitivity of DIA workflows
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are promising. They have been reported to increase precision across injections, as evidenced by
lower coefficients of variation among technical replicates, to lower the percentages of missing
peptide values across samples, increase quantitative accuracy as verified by spike-in experiments,
and provide higher numbers of peptide identifications (61–63). Nonetheless, analysis of DIA data
remains challenging, with few tools applicable to NPs. Development of user-friendly software
packages for interpretation of the complex LC-MS data generated from these experiments may
facilitate DIA-based quantitation of neuropeptidomes.

ABSOLUTE QUANTITATION

In contrast to relative quantitation by MS, which compares fold changes between NP profiles,
absolute quantitation techniques determine the actual concentration (or amount) of NPs.MS ap-
proaches for absolute quantitationmust account for analyte physicochemical properties, including
isoelectric point, solubility, and conformation, which influence peptide ionization efficiency and
signal intensity (64). Structurally different peptides that are equimolar in the sample may produce
significantly different signals because of these factors, making absolute quantitation challenging.
One technique that accounts for such variabilities and determines absolute NP concentrations
is stable isotope dilution. This method compares peak area ratios of a peptide and its isotopi-
cally labeled synthetic standard, at various concentrations, to generate a calibration curve. The
endogenous peptide concentration can be extrapolated by spiking a known amount of the iso-
tope standard into the sample (53). This approach, combined with MRMmeasurements, has been
used for quantifying endogenous neuropeptides in various tissues and fluids. For instance, Hop-
kins et al. (65) developed an LC-MS assay employing stable isotope dilution in conjunction with
MRM to quantify orexin A in the cerebrospinal fluid of a mouse model of sleep deprivation. The
assay achieved an impressive limit of quantitation of 1.65 fM, with intra- and interday variabil-
ities of less than 10%. Endogenous concentrations of orexin A in the cerebrospinal fluid were
determined to range from 660 to 3,500 amol/μL. Although this approach is simple, it is expensive
and has limited throughput because custom isotopically labeled standards are required for each
peptide of interest. Assay validation must be optimized as well, accounting for linearity across
concentration ranges and matrix effects from tissue samples.

Absolute quantitation is less common for neurochemical investigation because a typical study
design looks for induced NP changes relative to physiologically normal controls. Such changes
can be captured with relative quantitation at lower costs and with fewer resources while probing
a broader subset of NPs for more in-depth insights into molecular signaling events.

ION MOBILITY SPECTROMETRY

The hyphenated analytical approaches described above serve as effective analysis tools for
structural and quantitative characterization of complex endogenous peptides samples; however,
throughput and linear dynamic range for quantitation need improvement for some applications.
One solution for increasing the depth of peptidome coverage and quantitation accuracy is inte-
grating IMS measurements as an additional separation dimension between the liquid separation
and the mass analyzer. In IMS, gas-phase ions of different shapes travel with different velocities
in a weak electric field of a drift cell filled with a buffer gas—in essence, this is a gas-phase form of
electrophoresis that separates ions according to their gas-phase molecular shapes (66). LC-IMS-
MS can offer increased ion utilization efficiency, improved sensitivity and specificity of detection,
and broader dynamic range. Because of the introduction of a new range of IMS instruments, this
approach is rapidly gaining application in traditional proteomics analysis (67), including quanti-
tation (68), and is advantageous for NPs (69–72).
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LC-IMS-MS evaluates samples based on four distinct dimensions (retention time, drift time,
m/z, and intensity) and increases the number of peptide precursor ions that are targeted for se-
quencing in a single acquisition. This results in a dramatic increase of peptide identification rates
and specificity of detection, even in samples of high anatomical and chemical complexity. Impor-
tantly, confident identifications are possible from chimeric tandem spectra of multiple coeluted
peptides with different ion mobilities. IMS reduces the burden of sample preparation by elimi-
nating previously essential prefractionation steps prior to LC-MS. Fewer steps and less handling
during sampling open opportunities for analysis of mass-/volume-limited samples, including sin-
gle cells (73).

Several commercial, conceptually different instruments with ion mobility capabilities have re-
cently been released on the market: field asymmetric IMS (FAIMS) (74), traveling wave (75), and
trapped ion mobility spectrometry (TIMS). Due to space limitations, we focus our discussion on
the increased sensitivity provided by TIMS analysis (76).

Nested LC-IMS-MS measurements are effectively lossless in terms of the peptide ion signals
due to the ability to concentrate ions before the IMS step and reduce the background from the
IMS separation. In one embodiment, parallel accumulation serial fragmentation (PASEF) enables
large enhancements in detectability/sensitivity in a high-throughput manner for complex sam-
ples. This technology is available with both electrospray ionization (ESI) and matrix-assisted laser
desorption/ionization (MALDI) configurations, making IMS directly accessible for both liquid
samples and analyzing single cells with high spatial resolution (77). By synchronizing precursor
selection with gas-phase TIMS separation, one can select up to 120 precursor ions within a sin-
gle ion mobility scan, increasing sequencing speed severalfold without losses in sensitivity. This
strategy of ion accumulation and analysis provides improvements to high-throughput MS2 anal-
ysis and sensitivity, enabling small-volume, mass-limited studies in a quantitative manner (78).
In a typical DDA scheme combined with PASEF, MS2 precursor selection is dynamic and based
on m/z signal intensity and ion mobility. The DIA-PASEF mode concurrently fragments numer-
ous precursors within relatively broad, user-defined m/z ranges. In contrast to traditional DIA or
SWATH-MS (sequential window acquisition of all theoretical spectra mass spectroscopy) work-
flows, where wide isolation windows result in noisy fragment ion spectra, DIA-PASEF is more
sensitive and selective.

With all IMS measurements, the inclusion of the peptide collisional cross sections (derived
from the ion mobility separation) facilitates differentiation of isobaric sequences or positional
isomers of PTMs, thereby extending the analytical possibilities for NPs to conformational analysis
for improved compound identification, to confident library matching, and potentially, to lower
FDRs in large data sets (52, 69). One notable example of a challenging PTM is isomerization of a
single amino acid in a peptide from the l to d conformation. d-Amino acid–containing peptides
(DAACPs) are notorious for being difficult to characterize by MS because isomerization does not
change the molecular mass of the peptide (79). Recently though, a CE-IMS workflow (Figure 2a)
was developed in which analysis of a DAACPNP in single neurons and connective tissues revealed
numerous stereoisomers (80) (Figure 2b–g). For relative quantitation of the NP diastereomers
across these samples, the peak areas of native NP mobility profiles were compared to a simulated
calibration curve based on synthetic NP mobility profiles. By comparing relative abundances of
NPs throughout the nervous system, it may be possible to determine where unusual PTMs occur.

Currently, interpretation of raw IMS data inflated by the addition of the fourth dimension,
and easily reaching 10 GB per sample, poses a computational challenge. While instrument ven-
dors quickly introduced real-time data reduction strategies resulting in file sizes of ∼1 GB, typical
for LC-MS/MS, the data architecture is not readily compatible with existing bioinformatics. Our
impression is that the advancement of bioinformatics resources for IMS-MS/MS raw data analysis
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Figure 2

Analysis of individual neurons by CE-nanoESI-TIMS-TOF MS. (a) The workflow includes single-cell sampling, neuropeptide
extraction, CE separation, and MS measurements on a TIMS-TOF instrument that result in three-dimensional data: CE MT,m/z, and
reduced ion mobility (1/k0). Using this approach, stereochemical configurations of three neuropeptides, Plrn1, Plrn2, and Plrn3,
derived from the pleurin precursor in individual neurons in the central nervous system of Aplysia californica, were determined by
comparison of the mobility profiles of synthetic and native Plrn1–Plrn3 peptides. (b–d) Assignment of native Plrn1–Plrn3
stereochemistry in the pleurin neuron by TIMS. Plots show overlaid EIMs of native (b) Plrn1, (c) Plrn2, and (d) Plrn3 with the
corresponding synthetic 13C-labeled all-l standard. (e–g) EIMs of 1:1:1 mixtures of synthetic 13C-labeled l-, d2-, d3- (e) Plrn1,
( f ) Plrn2, and (g) Plrn3. The vertical bar in panel e highlights the differences between the mobility fingerprints of the pure l-Plrn1 in
panel b and the combined l-, d2-, and d3-Plrn1 shown in panel g. EIMs in panels b–g are of the [m+2H]2+ or [m∗+2H]2+ ions.
Abbreviations: CE, capillary electrophoresis; EIM, extracted ion mobilogram; ESI, electrospray ionization; MS, mass spectrometry;
MT, migration time; m/z, mass-to-charge ratio; TIMS, trapped ion mobility spectrometry; TOF, time-of-flight. Figure adapted with
permission from Reference 80; copyright 2021 American Chemical Society.
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lags behind rapidly progressing MS instrumentation. Although all major MS vendors offer some
form of IMS on their flagship instruments, few bioinformatics tools are currently capable of ef-
fective processing of multidimensional data (81, 82). Quantitation of endogenous peptides whose
levels are assessed irrespective of other peptides matching the same precursor protein is especially
limited at this time, which hinders implementation of this technology in direct quantitation of
NPs on the global scale.

MASS SPECTROMETRY IMAGING

With the introduction of MSI for large molecules in biological samples ∼20 years ago, it is
possible to visualize the spatial localization of NPs within tissues (83). Briefly, MSI is usually
performed by creating a two-dimensional (2D) sampling grid across the surface of the tissue; mass
spectra are then collected at each point along the grid. The resulting data can be translated into a
heat map representing the abundance of selected ions across the tissue surface. The soft ionization
provided byMALDImakes it a practical choice for producing easily interpretable spectra of singly
charged, intact peptides and proteins. Alternatives to MALDI (84, 85) and ambient ionization
(86, 87) techniques are available for imaging but are generally more suitable for small molecules
and lipids. Comparing MS images of tissues from different models, e.g., behavioral, disease, or
therapeutic, allows correlation of NP signals and tissue structures that can reveal NP signaling or
transport mechanisms during normal or perturbed functioning. For accurate and sensitive mea-
surements of NPs by MSI, optimization of parameters for relative quantitation of neuropeptide
distributions such as tissue preparation, spatial resolution, and instrumentation is vital.

NPs are stored within dense core vesicles in tissues. Efficient extraction of NPs and removal of
interfering matrices are important for obtaining the reproducible signals required for comparing
the abundance of NPs under different biological conditions. Many established tissue washes were
not designed with the goal of NP detection, but rather protein detection. In the past ∼7 years, a
variety of organic solvent–based tissue washes (88–91) have been developed, with an emphasis on
solvent choice and strict monitoring of timing for removal of biological salts while preserving NP
localization (88, 92, 93). Furthermore, advanced derivatization techniques have been developed
to remove interfering matrices from NPs. As one example, the use of nanosecond photochemical
reaction (nsPCR) click chemistry induces thermo- and electrophoretic separation of cationic salts
and matrices from NPs directly on the tissue (Figure 3a), preserving spatial information and
enhancingNP detection (94). Further improvement of the nsPCR labeling efficiency may provide
amore general technique for on-tissue quantitation. In addition to fresh and frozen tissue,MSI can
be extended to fixed tissues from clinically relevant samples. The development of a digestion-free
deparaffination method facilitated NP detection in fixed tissues up to 30 years old (95). Although
improving extraction of NPs from tissues is of great interest, these efforts must be balanced with
efforts to maintain their spatial localization.

As the foremost goal of MSI is to provide information about the spatial localization of NPs
within a tissue section, recent advancements have aimed to improve the spatial resolution of the
imaging techniques. Laser spot diameter, step size, and the matrix application are user-controlled
parameters that directly affect the obtainable lateral resolution. Furthermore, both the matrix-
solvent and crystallization rates will affect what types of peptides are seen in MALDI analyses
(96). With the development of automated matrix applicators, it is easier to balance extraction ef-
ficiency and delocalization (88). Further improvements provide near-single-cell spatial resolution
of 25 μm and below by utilizing finely focused lasers and small step sizes (43, 90, 95, 97, 99) or
using alternative ionization sources such as primary ion beams (100). Spatial resolution has even
reached the subcellular level, nearing 1μm (101, 102).These advances enable visualization of finer
structural-chemical details within tissues.
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Two key factors limit obtaining enhanced spatial localization, even when the instrument is
capable of it. First, as the spot size decreases, the area of tissue sampled is reduced as the square of
the reduction; reducing the spot size dramatically decreases the available material to measure. In
addition,more spots need to be assayed per tissue area, increasing the analysis time and its effect on
sample integrity and throughput.Better spatial resolution correlates withmore time under vacuum
during which the MALDI matrix can sublime from the tissue. In some cases, sampling time can
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Figure 3 (Figure appears on preceding page)

Highlighted mass spectrometry imaging (MSI) techniques for tissue treatment and relative quantitation.
(a) Tissue treatment by nanosecond photochemically promoted click chemistry for on-tissue separation of
peptides and matrices controlled by the matrix-assisted laser desorption/ionization (MALDI) laser on/off
switch. In stages 1–3, laser excitation of 2-nitrobenzaldehyde (NBA) labels peptides and proteins to establish
a microelectric field thermal gradient, peptides and proteins then separate from matrices, and finally
peptides/proteins are concentrated to the center of the 20–50-μm laser spot. This process provides up to
93% labeling efficiency and shows promise as an on-tissue, labeled quantitation technique. Panel a adapted
with permission from Reference 94 (CC BY 4.0). (b) MALDI-MSI was used to visualize neuropeptide
alterations in a Parkinson’s disease model displaying four different treatments: unlesioned, lesioned, saline,
and l-3, 4-dihydroxyphenylalanine (l-DOPA). Results for dynorphin-B are shown here. For relative
quantitation, both a two-way ANOVA and a posthoc Sidak’s multiple comparison test were used to
determine significant differences in neuropeptide abundance across three brain regions: globus pallidus
(GP), caudate-putamen (CPu), and lateral hypothalamus (LH). Significance values: ∗, p ≤ 0.05; ∗∗, p ≤ 0.01;
∗∗∗, p ≤ 0.001; ∗∗∗∗, p ≤ 0.0001. Panel b adapted with permission from Reference 89; copyright 2020 Elsevier.

be decreased from days to hours by increasing stage movement speed (101, 102). Additionally,
atmospheric pressure (AP)-MALDI can be used to eliminate the effects of vacuum on sample
integrity while maintaining spectral resolution (102, 103). Recently, Li et al. (103) developed a
sub-AP-MALDI source through optimization of intermediate pressure conditions, alleviating ion
suppression effects seen in traditional AP sources and improving the sensitivity of simultaneous
imaging of NPs and lipids in mouse brain tissue.

MSI is commonly used to compare the effects of stressors (88, 104), behaviors (90), and disease
processes (89, 92, 105, 106) on the abundance of NPs. Due to the variability in ionization, most
quantitation in MSI is done using relative measures of ion abundance both within and across tis-
sues.Within tissues it is useful to determine changes in NP localization across different structures,
for example, to investigate signaling mechanisms (107). Cross-tissue comparisons also provide NP
signaling information with regard to inducing different behaviors (90) or disease therapies (89).
To determine whether the differences in NP signals are significant or occur due to variability in
ionization or sampling artifacts, a variety of statistical tests are used (89, 95, 106). For example,
multivariate data analysis on NPs in Parkinson’s disease models (Figure 3b) revealed significant
differences in NP abundances and previously unreported NP regulation in areas of the brain crit-
ical to locomotion (89). Relative quantitation of NP abundance and distribution provides valuable
insight into the chemical consequences of various conditions.

Peptides in tissue extracts can also be quantified using imaging platforms. These techniques
discard spatial information for improved quantitation for MALDI-MSI analysis of NPs across
biological conditions (104, 107). The quantified tissue extracts can be directly compared to tissue
images because the same ion source is used for both data sets. This comparison is useful because
someNPs show changes in localization but not concentration or vice versa, while other NPs show
changes in both parameters (107).

Furthermore, MALDI-MSI peptide detection can be improved by coupling separation meth-
ods. DeLaney & Li (108) demonstrated that the number of NPs detected can be significantly
increased by depositing a continuous trace of CE-separated NPs on a MALDI substrate. De-
velopment of these hyphenated techniques provides a complementary analysis of NPs compared
to classical separations, as different ionization techniques excite different NPs. Additionally, the
abundance and localization of lipids (43) and neurotransmitters (109, 110) can be obtained simul-
taneously to provide context about NP functions. The resulting MS images can be compared to
immunostaining of analogous or the same tissue sections post-MALDI for comparison of chemical
and anatomical structures, respectively (92, 95, 98, 105). The combination of imaging modalities
can reveal the interplay between different structural and chemical patterns within tissues.
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SINGLE-CELL MASS SPECTROMETRY

AlthoughMSI reveals the spatial location of NPs within tissues, the resulting NP profiles are gen-
erally averaged over many cells. Even with MSI spatial resolution reaching the dimension of the
cell body, mechanical sectioning of tissues and the intertwining of cellular projections throughout
tissues cause overlap of individual cell signals. To probe the cellular heterogeneity of these tissues,
single cells can be isolated and analyzed individually. While the specific spatial location of NPs is
lost, chemical heterogeneity and detection of rare cellular populations, or low-abundanceNPs, are
gained. Similarly, single-cell molecular techniques, such as polymerase chain reaction and RNA-
sequencing, allow an understanding of the heterogeneity of gene expression (111). Single-cell MS
excels as a complementary technique to transcriptomics, as it provides untargeted detection of the
NP gene products (112). Methods utilizing strategies to explore and quantitate the heterogeneity
of cellular populations are discussed below.

High-Throughput Single-Cell Classification

Developments in single-cell sampling and analysis have advanced high-throughput detection ca-
pabilities for classification of cellular populations by MS (113). MALDI-MS is well suited for
analysis of small volumes because it requires few sample preparation steps, thereby reducing sam-
ple loss. For analysis of single cells byMALDI, cells must be isolated from tissues and deposited on
a MALDI-compatible substrate. Single cells may be surgically dissected from tissue (114–116) or
enzymatically dissociated (117–120). Enzymatic dissociation can produce thousands of cells suit-
able for analysis; however, we find that dissociation protocols must be optimized for specific cell
types and animal models to guarantee the structural and chemical integrity of the cell. To enable
characterization of thousands of cells, optical images of dispersed isolated cells may be used to
align the MALDI laser with single cells on the sample holder (121). Sensitivity, robustness, and
scan rates up to 2 kHz make MALDI compatible with high-throughput analysis of thousands of
single cells. In combination with a TOF analyzer, sampling times of ∼1 s/cell with largem/z range
capabilities can be achieved (117–119). The combination of MALDI with a Fourier transform ion
cyclotron resonance analyzer leads to increased spectra acquisition time but dramatically increases
mass resolution relative to MALDI-TOF (122).

Though the information gained from each cell is less than that from a larger, homogenized
sample, a compelling advantage of profiling thousands of individual cells per sample is the in-
creased power of statistical tests for categorization of cellular populations. Statistical analysis of
spectral characteristics from individual cells by principal component analysis (117–119), cluster-
ing techniques (117, 118), and machine learning (123) allows the cells’ chemical heterogeneity
to be categorized and quantified for comparison to known cell identities. These methods allow
identification of rare cells and subpopulations that would be undetected in bulk measurements
(117). Understanding this variation is important, as a single neuron can be responsible for certain
physiological functions (124).

Furthermore, because MALDI leaves behind a majority of the sample (125), individual
cells can be probed multiple times by MALDI (117) or complementary methods for testing
different hypotheses. Multi-omics measurements have become possible through other ionization
sources for complimentary metabolomic or lipidomic measurements of the same cells (126, 127).
After classification of cells by their NP profiles, Comi et al. (127) utilized liquid microjunction
extraction on the same cells for low-mass metabolite detection by CE-ESI-MS. Accordingly, this
multiplexed method profiled a broader range of chemical species while reducing spectral com-
plexity and ion suppression effects by capitalizing on the advantages of each technique. Through
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multi-omics, single-cell measurements provide clues about NP function in cell–cell signaling
processes.

Subcellular Mass Spectrometry

As part of the secretory process, newly synthesized NPs are sorted into secretory granules, where
they are concentrated and stored, awaiting release stimuli. Importantly, NP sorting and packag-
ing influence the physiological actions of peptides. Singular NPs located to the same vesicle are
obligatory cotransmitters. However, if sorted into distinct granules, their release and function
can be regulated independently within the same cell (128, 129). Therefore, chemical profiling of
secretory granules and other subcellular structures presents significant interest. A surprising ad-
vantage of subcellular MS is the reduction of overall sample complexity and access to high, local
concentrations of NPs.

Subcellular MS via secondary ionization mass spectrometry (SIMS) is highly amenable for
metabolomics (130, 131); however, SIMS is not ideal for the analysis of mostNPs due to significant
fragmentation of their larger molecular ions. To avoid NP fragmentation, bulk (132) or single-
organelle (73, 133) measurements are accessible by ESI-MS or MALDI-MS. In 2000, Rubakhin
et al. (133) devised a micromanipulator-controlled micropipette to collect single dense core vesi-
cles for MALDI-MS profiling of NPs in volumes >300 aL; this technique was expanded recently
to measuring hundreds of individual dense core vesicles to distinguish several classes of vesicles
(134). Microsampling techniques (135) can also be adapted to extract NP contents directly from
subcellular compartments, such as the nucleus and cytoplasm (73). In all cases, sample preparation
is important for reducing NP delocalization (136). Further development of high-throughput
organelle isolation would provide a valuable opportunity for optically guided, subcellular
MALDI-MS.

Single-Cell Quantitation

There are a variety of approaches for single-cell quantitation, as highlighted inFigure 4.However,
NP quantitation in single cells facesmany challenges.Foremost, compared to single-cell transcrip-
tomics approaches, there are no amplification techniques available for NPs. Labeled quantitation
(135, 137) is possible; however, incomplete labeling of NP species may result in a loss of signal due
to smaller NP copy numbers in single cells versus bulk samples. For label-free quantitation, a va-
riety of statistical techniques are well suited for relative quantitation across samples. In subcellular
MS, multivariate statistical analysis of normalized NP signals has revealed distinct differences in
NP abundances across cellular compartments, providing clues about NP transport, creation, and
degradation (73). Alternatively, calibration curves may be simulated from NP mobility profiles,
benefiting from the additional separation afforded by IMS (80). Clearly, this area would benefit
from one standardized, user-friendly technique to obtain quantitative results from single cells.

LOOKING AHEAD

This review highlights the current status of NP measurements with MS, including a range of ap-
proaches for quantitation, localization, and single-cell measurements. With the introduction of
enhanced IMS instruments and newer protocols for single-cell analyses, the future of NP charac-
terization is exciting. The time and effort required for more routine studies are decreasing, more
standardized approaches are available, and the ability to interweave NP data and transcriptomics,
and perhaps LC-MS-based quantitation with MSI and single-cell studies, all point to the ability
to gain improved information on NPs from a broader range of tissues.
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Highlighted single-cell MS methods for categorization, relative quantitation, and multi-omics measurements of cellular populations.
(a) Results of hierarchical clustering of neuropeptide profiles for categorization of thousands of dorsal root ganglia cells. (Top) The
Venn diagram represents the three primary cellular populations labeled Type A, B, and C. (Bottom) Individual cells are plotted with
respect to the presence of selected neuropeptide markers indicative of each type: m/z 9,437 (Type C),m/z 1,947 (Type B), and m/z
4,404 (Type A). Panel a adapted with permission from Reference 117; copyright 2018 Wiley-VCH. (b, top) Comparison of mass spectra
from the cytoplasm (C) and nucleus (N) illustrating the differences in abundance of two selected neuropeptides: acidic peptide (+4,m/z
990.468) and a previously unreported 28-residue peptide (+3,m/z 1,111.183). (b, bottom) The box-and-whisker plot demonstrates a
significantly lower abundance of acidic peptide in the nucleus than the cytoplasm. Panel b adapted from Reference 73 (CC BY 4.0).
(c) Interfacing of MALDI-MS for high-throughput detection of neuropeptides followed by CE-ESI-MS for in-depth profiling of small
metabolites from an individual pancreatic islet cell. This method was utilized to discriminate between α and β cell types. The MALDI
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matrix-assisted laser desorption/ionization; MS, mass spectrometry; m/z, mass-to-charge ratio.
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