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Because of great diversity of chemical and physical properties and wide ranges of concentrations of
different metabolites in metabolome samples, metabolome analysis is a challenging task. Compromises
in coverage, quantification accuracy and sample throughput are often used to provide a sufficient amount
of metabolomic information for a biological or clinical application. Chemical derivatization of metabolites
offers an opportunity to improve the overall analytical performance of liquid chromatography mass
spectrometry (LC-MS)-based metabolomics. This review highlights recent progresses (since 2016) in the
field of chemical derivatization LC-MS for both targeted and untargeted metabolome analysis. Due to
increased recognition of the benefits of derivatization in LC-MS metabolome analysis, many research
groups have been involved in advancing this active research field. Due to space limitation, we selected a
few examples of recently reported derivatization methods and applications to showcase the advantages
of chemical derivatization, compared to conventional label-free methods.
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1. Introduction

The current approaches for LC-MS-based metabolomics can
generally be classified into targeted and untargeted metabolomics. In
targeted metabolomics study, a relatively small number of metabo-
lites are selected in advance and the precursor ions and their frag-
mentation patterns are already well understood. Multiple reaction
monitoring (MRM) is then employed in tandem MS to specifically
analyze the selected ions, which can significantly increase the selec-
tivity and sensitivity for detecting the targeted metabolites. This
approach, in conjunction with the use of isotope internal standards, is
commonly used for accurate absolute quantification of metabolites. In
contrast, untargeted metabolomics does not need any prior infor-
mation, aiming at comprehensively exploring the metabolome. The
untargeted approachis closer to the ultimate goal of metabolomics: to
provide qualitative and quantitative information for as many me-
tabolites as possible at the same time. However, realizing this goal is
very challenging.

To analyze the complete or near-complete metabolome, methods
require high metabolic coverage, sensitive detection, accurate
quantification and confident metabolite identification. However, this
task is hindered by the extreme complexity of the metabolome of a
biological system and several practical considerations. First,
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metabolites with various physical and chemical properties coexist in
the biological samples, which may not show acceptable responses
simultaneously in one analytical instrument. Thus the combinations
of instrumental platforms and/or methods are required for
comprehensive profiling of the metabolome, as shown in the con-
ventional workflow for untargeted LC-MS-based metabolomics
(Fig. 1A). This introduces extra analysis time and cost. Second, a wide
range of metabolite concentrations (from pM to mM) in the samples
worsens the detection and quantification of all metabolites at the
same time. The detection and quantification of low abundant me-
tabolites are very difficult, especially if the metabolites have poor
response in their analysis by a certain type of instrument or method.
Third, biological samples are usually very precious, no matter where
they are collected from (e.g., from animal models or clinical volun-
teers). For several types of samples, the sample amount can be very
limited. Cerebrospinal fluid (CSF) is one of the best samples with
metabolites reflecting brain activities. However, collection of CSF
requires careful and professional operations. Even with these, the
volume that can be collected can be very small (i.e., approximately
10 pL from one mouse). Very sensitive methods are required to
analyze these samples. Finally, although many metabolite databases
have been constructed during the last two decades [1], rapid iden-
tification of known and unknown metabolites in metabolomics is
still difficult due to limited availability of metabolite standards and
the complicated matrices of the samples that may affect the gener-
ation of high quality MS and MS/MS spectra.


mailto:liang.li@ualberta.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.trac.2020.115988&domain=pdf
www.sciencedirect.com/science/journal/01659936
www.elsevier.com/locate/trac
https://doi.org/10.1016/j.trac.2020.115988
https://doi.org/10.1016/j.trac.2020.115988

2 S. Zhao, L. Li / Trends in Analytical Chemistry 131 (2020) 115988

(A)
. Sample Instrumental
Fample Eallection J [ Pretreatment J [ Analysis

[ Combined Data

J( Data Analysis ]

RPLC-MS/(MS) in positive ion mode

HILIC-MS/(MS) in positive ion mode

Intensity

HILIC-MS/(MS) in negative ion mode

( J
[ RPLC-MS/(MS) in negative ion mode ]
[ ]
[ ]

: §

Time

(B)

Sample
Pretreatment

|

ﬂ Hﬁ Derivatization

Amines
Carboxyls
Phenols
Hydroxyls
-/ Carbonyls

{ Sample Collection ﬂ

% | |
(

LA ) \a=—r/

(_Other Groups ]

Instrume_ntal [ Combined Data |
Analysis | |

LC-MS/(MS)
(less configurations)

e
o
o
4,
Q
>
=]
o
e
@,
[
[—

Intensity

Time

Fig. 1. General workflows of (A) conventional LC-MS metabolome analysis and (B) chemical derivatization LC-MS metabolome analysis.

To address these issues, chemical derivatization techniques are
developed and incorporated into LC-MS-based metabolomics
study. In this review, we will present the general workflow incor-
porating chemical derivatization in metabolome analysis, discuss
the advantages of using chemical derivatization in LC-MS-based
metabolomics methods, followed by discussion of technical con-
siderations and critiques of derivatization. We present a summary
of derivatization reagents targeting different chemical groups and
their applications in metabolomics studies that have been reported
since 2016. Due to space restriction, we will not discuss details of all
reagents. Detailed information can be found in the corresponding
references. In addition, several excellent reviews are available on
the general topic of using chemical derivatization to enhance
chemical analysis [2—6]; our review focuses on the subfield of
chemical derivatization metabolomics.

2. Chemical derivatization metabolome analysis workflow

For the general workflow, biological samples are derivatized
using a reagent which targets a specific chemical functional group.
The metabolites in the samples containing this targeted functional
group react with the reagent to form the derivatized metabolites.
Untargeted profiling or targeted quantification of these derivatized
metabolites is then carried out using LC-MS. In chemical derivati-
zation untargeted metabolomics, the whole metabolome is divided
into several chemical-group-based submetabolomes, followed by
derivatization LC-MS analysis of each submetabolome. The com-
bination of the submetabolome results produces a comprehensive
metabolome profile (Fig. 1B). This “divide-and-conquer” strategy
has been proved to be successful in metabolome profiling using a
combination of reagents that target different groups of metabolites.
For example, 4-channel chemical isotope labeling (CIL) LC-MS has
been developed to profile the human plasma and yeast metab-
olomes with high coverage by targeting several submetabolomes:
amine/phenol-, hydroxyl-, carboxyl-, and carbonyl-sub-
metabolome [7]. 7431 and 5629 metabolites were detected from
combining 4-channel results from plasma and yeast, respectively.

Similarly, a comprehensive profiling of mouse fecal samples using
integrated derivatization LC-MS strategy has been reported [8]. In
this study, different reagents targeting amine-, carboxyl-, carbonyl-,
and thiol-submetabolome were applied. 2302 metabolite candi-
dates were detected.

3. Rationales and technical considerations of chemical
derivatization

In developing the chemical derivatization methods to be com-
bined with LC-MS for metabolome analysis, there are a number of
important considerations that need to be paid particular attentions
to. Ideally, a chemical derivatization method would offer concomi-
tant improvement in separation, detection and identification. How-
ever, meeting this requirement is a challenge, which actually
differentiates the performance of derivatization methods and their
applicability in metabolomics. Fig. 2 illustrates a number of factors
that need to be carefully considered in developing or selecting
derivatization methods for targeted and untargeted metabolome
analysis.

3.1. From separation perspective

Ion suppression is one obstacle in analyzing complex mixtures
using mass spectrometry, especially in electrospray ionization
(ESI)-MS. Chemical species compete with each other to reach to the
surface of the ESI droplets and get ionized. This competion process
may adversely alter the ionization efficiency of many metabolites in
ESI of metabolome samples with complex matrices. Liquid chro-
matography is usually employed in metabolome analysis to reduce
the ion suppression effect. In a conventional approach, reversed-
phase liquid chromatography (RPLC) and hydrophilic interaction
liquid chromatography (HILIC) are used either alone or combined
(Fig. 1A). However, this approach suffers from poor retention of
very polar or ionic compounds on RPLC, relatively low performance
of HILIC separation and requirement of multiple modes of separa-
tion conditions.
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Derivatization strategy has been proved to be effective to over-
come these issues and improve the separation ability of a complex
biological sample. Derivatization introduces a chemical moiety into
the original chemical species, resulting in a larger molecule. If the
introduced moiety or tag contains a hydrophobic part such as an
aromatic ring (e.g., dansyl chloride for amine/phenol/hydroxyl
group derivatization [9,10]) or other parts that can block polar
groups, the hydrophobicity of the metabolites would increase,
resulting in better retention and peak shapes on a RPLC column. For
example, acetone and dg-acetone were developed to label cis-diol-
containing metabolites. By blocking the very polar cis-diol group in
metabolites, the derivatization process improves their separation
on a RPLC column [11,12]. In this way, polar metabolites within a
biological sample can be retained and separated effectively even if
only RPLC is used, avoiding the need of using other types of col-
umns. Many derivatization reagents for LC-MS have this benefit.
Thus in some derivatization methods, RPLC is usually sufficient for
analyzing the near-complete metabolome (Fig. 1B).

The improvement of HILIC separation after derivatization was
also reported. Bawazeer et al. found that, after using ds-aniline to
label the sugars, better separation and peak shape of mono-
saccharides with ZIC-HILIC column was observed [13]. With this la-
beling reagent, they could perform separation of fructose, glucose,
galactose and mannose with baseline resolution and better peak
shape, offering a significant improvement in analyzing mono-
saccharides, compared with separation of underivatized
counterparts.

Determination of chiral metabolites is another challenge in
metabolome analysis, such as in the analysis of D/L amino acids.
One approach that enables the separation of enantiomers relies on
the special chiral chromatography, which either employs columns
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Fig. 2. Key factors to be considered in developing and applying chemical derivatization methods for improving LC-MS metabolome analysis.

packed with chiral bonded stationary phase or uses chiral mobile
phase. Another way is to use a chiral derivatization reagent which
contains another chiral center to react with the enantiomers by
generating diastereomers. Unlike enantiomers, diastereomers have
different chemical/physical properties and can be easily separated
on an achiral column [14]. Takayama et al. successfully found chiral
biomarker candidates for Alzheimer's disease using DMT-(S)-A and
DMT-(S)-PO reagents with a common C18 UPLC column. D-BPBr
was developed for analysis of chiral amino acids and amino-
containing metabolites, which shows strong chiral selectivity on
p-amino acids [15]. The natural isotopic pattern of bromine (7?Br
and 8'Br) also helps to improve recognition of the labeled metab-
olites. S-NIFE was developed to analyze chiral amino acids [16] and
chiral endogenous catecholamines [17] using targeted analysis
approach.

3.2. From detection perspective

Detection of chemical species in mass spectrometry relies on the
ionization of molecules in the source region of a mass spectrometer.
Although in conventional LC-MS-based metabolomics approach,
combined use of positive ion mode and negative ion mode can
provide complementary information for metabolite profiling of a
complex biological sample (Fig. 1A), there are still a large fraction of
metabolites in the metabolome that lack chemical moiety for effi-
cient ionization. Usually these metabolites are the “blind spot” of
the LC-MS-based metabolomics method. Note that using both po-
larity modes for detection also doubles the analysis time.

Derivatization offers improvement in metabolite detection,
which can be attributed to several aspects. First, as discussed above,
the introduction of a hydrophobic moiety into metabolites
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increases the retention of labeled metabolites on RPLC column. The
labeled metabolites will then elute out at higher composition of
organic phase, leading to more efficient desolvation and less sur-
face tension of droplets in the ESI process. In the meantime,
increased hydrophobicity assists metabolites to reside on the sur-
face of the droplets. Both benefit the ionization process. Second, the
added labeling group or tag increases the mass of the analyte,
avoiding severe interference in the low m/z region from impurities
and background molecules in solvents, reagents and containers.
This provides a significant improvement in detectability of low-
molecular-weight metabolites, such as amino acids.

Last, but most importantly, many derivatization reactions will
introduce permanently charged moiety or easily ionizable part to
metabolites to enhance the ionization of molecules. For positive ion
mode, quaternary ammonium, pyridinium and phosphonium salts
are often used as charged moiety. Girard's Reagent P and Girard's
Reagent T, which contains a precharged pyridinium structure and
quaternary ammonium, respectively, have been widely used to
derivatize carbonyl functional groups [18,19]. Guo et al. reported
that the detection sensitivity of steroid hormones increased 4—504
folds using Girard's Reagent P as the derivatization reagent [19]. In
another way, moieties containing nitrogen atoms are often
designed as easily ionizable groups in reagents, such as the dime-
thylamino structure in dansyl chloride (DnsCl), which can increase
the detection ability by 10-1000 folds for amine/phenol-containing
metabolites [9]. A similar example is shown in the methylpyridine
structure in 2-hydrazino-1-methylpyridine (HMP) for carbonyl la-
beling, which allows more than 100-fold increase in sensitivity for
detecting neurosteroides [20].

3.3. From stability perspective

Some categories of metabolites in biological samples are very
highly reactive and not stable during the conventional sample
preparation and analysis steps, such as thiol-containing metabo-
lites [21]. The sulfhydryl group is very easy to be oxidized and can
have interactions with different enzymes and other types of mol-
ecules. The accurate quantification of primary thiol-containing
metabolites, including cysteine, homocysteine, glutathione, etc., is
adversely affected by the spontaneous redox reaction in the bio-
logical system. Russo et al. performed detailed evaluation of two
thiol-protecting reagents, NEM and NPEM, for thiol group deriva-
tization in LC-MS analysis [22]. Both reagents have fast reaction
rates under mild conditions. Their cell permeability also helps to
protect the thiol groups before sample pretreatment (e.g., cell lysis).
The results indicated that NEM is more stable as the derivatization
reagent with less side-reactions compared with NPEM.

Another aspect of improving stability is from the MS detection
point of view. In-source fragmentation of metabolite ions can cause
confusion on the detection of metabolites: fragment ions produced
may be wrongly considered to be the molecular ions of other me-
tabolites. Derivatization can improve the stability of ions, reducing
their chances of forming fragment ions during the ion transport
from the ionization source to the mass analyzer. For example,
dansyl labeled metabolites do not fragment readily in the source
region.

3.4. From quantification perspective

In LC-MS or LC-MS/MS quantification approach, internal stan-
dards are usually required to correct the sample loss, matrix effect
and ion suppresion effect in sample preparation and instrumental
detection. Compared with chemical structural analogue, stable-
isotope-labeled (SIL) internal standard is a better choice due to its
nearly identical physical and chemical properties to the interested

analyte. However, SIL internal standard is usually very expensive
and the accessibility is limited. In metabolome analysis, it is
impossible to purchase or synthesize all the isotopic internal
standards for all the metabolites.

Many reagents can incorporate isotopic atoms (e.g., H/D, 12C/3C,
14N/5N, etc.) and introduce the isotopic moiety into the labeled
metabolites during derivatization. Metabolites derivatized by
heavy reagents can serve as the internal standards for light-reagent
labeled metabolites. This “chemical isotope labeling” (CIL) strategy
has been widely used in relative quantification of metabolites for
untargeted metabolomics and absolute quantification for targeted
metabolomics. The general workflow using CIL internal standard
for quantification is shown in Fig. 3.

For metabolome profiling or relative quantification in two
comparative groups of samples, one group of samples (e.g., healthy
or pooled control) are labeled by heavy reagent, while samples
from the other group (e.g., disease or experimental group) are
derivatized by light reagent. Then the two derivatized samples are
mixed and injected into LC-MS for analysis. Since for certain me-
tabolites, light-labeled derivative and heavy-labeled derivative
have nearly identical properties, they elute out at the same reten-
tion time. In mass spectra, the two derivatives are shown as a peak
pair. The relative amount of the metabolite can be determined from
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Fig. 3. General workflow of using chemical isotope labeling (CIL) combined with LC-
MS for relative or absolute quantification in metabolomics. The term, CIL, is used in
contrast to cell-culture isotope labeling for generating isotope analogues.
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the comparison of peak areas of the two derivatives. Combined
with database identification and statistical analysis, this approach
has been successfully used for biomarker discovery [23]. Since
there is no prior knowledge about the metabolites to be detected,
high-resolution mass spectrometers are usually employed,
including time-of-flight (TOF), Orbitrap and Fourier-transform ion
cyclotron resonance (FTICR) instruments, enabling accurate mass
detection. For absolute quantification, similar as before, samples are
derivatized with a light labeling reagent and interested analyte
standards of known concentration are labeled with a heavy labeling
reagent. The resulting heavy derivatives will be used as CIL internal
standards for performing quantification with tandem mass spec-
trometers (e.g., triple quadrupole or QTRAP mass spectrometer).
Using selected reaction monitoring (SRM) mode or MRM mode, the
detection sensitivity for targeted metabolites would further
increase.

Another benefit of using CIL internal standards for metab-
olomics is related to the picking of metabolite candidates in MS
spectra. Since in the MS spectra the differentially isotope labeled
metabolites are shown as peak pairs, they can be easily distin-
guished from the singlet noise and background signals or singlet
unlabeled metabolite signals. Thus extraction of peak pair infor-
mation can be achieved selectively, ensuring the picking of high-
confident metabolite candidates. Software packages such as
IsoMS have been reported to extract peak pair information from MS
spectra [9].

3.5. From MS/MS spectra acquisition perspective

Metabolite fragmentation pattern generated from MS/MS
acquisition is very useful in LC-MS-based metabolomics for both
metabolite recognition and quantification. By comparing MS/MS
spectra with authentic standards or in-silico predicted spectra, the
identities of unknown metabolites can be confirmed. In addition, as
discussed above, SRM or MRM shows outstanding performance for
quantification in terms of sensitivity and selectivity. However, not
all metabolites can fragment in tandem MS. And for metabolites
with low abundance, it is not easy to acquire MS/MS spectra with
sufficiently high quality for recognition or quantification. In
contrast, derivatized or labeled metabolites with a proper tag can
fragment more easily so that there is always a fragment ion
detectable in tandem MS, which can improve quantification in
MRM-based method. Here we take dansyl chloride as an example
again. Dansylated metabolites can produce intense and stable
fragment ions at m/z 170 or m/z 171 in collision-induced dissocia-
tion (CID) in tandem MS/MS acquisition. This feature has been
explored by many research groups for targeted quantification of
various types of metabolites from different samples, such as amino
acids [24], polyphenols in urine [25] and plasma [26], estrogen-
related metabolites [27], etc. In the meantime, since many labeled
metabolites share similar fragment ion peaks, this pattern can be
used for metabolite signal picking in untargeted profiling approach.

The isobaric tag for relative and absolute quantification (iTRAQ)
reagent is another example for MS/MS-assisted metabolite recog-
nition and quantification [28]. The reagent has been widely used in
proteomics before and is applied for analyzing amino acids and
other amine-containing metabolites now. Unlike mass-difference
isotope coding reagents described above, the chemical isotope
labeled internal standards were made in different ways. The iTRAQ
reagent consists of a reporter group, a mass balance group and an
amine-reactive group. Two iTRAQ reagents use different isotope
coding patterns in both reporter group and balance group. The
overall mass of the whole reagent keeps constant. In derivatization
for absolute quantification, metabolites from test samples are
labeled by the reagent containing the light reporter group and the

heavy mass balance group. The analyte standards are labeled by the
reagent containing the heavy reporter group and the light mass
balance group, which were spiked into the labeled test samples as
internal standards for LC-MS analysis. The labeled standards and
corresponding metabolites in test samples elute out at the same
retention time and have the same m/z in mass spectra. Upon MS/MS
fragmentation, the reporter group will be cleaved from the labeled
compounds to produce unique product ions, which can be quan-
tified in the SRM mode as an indicator of the metabolite amount in
samples [28].

Similarly, multiplex tandem mass tag reagents, such as N,N-
dimethyl leucine (DiLeu) [29], for analyzing the amine sub-
metabolome have been developed. They also contain a mass re-
porter, a mass normalizer and a reaction moiety. Hao et al. used 4-
plex DiLeu reagents to perform relative quantification of the amine
submetabolome [29]. The authors also developed a MS'-centric
quantification method for simultaneous proteomics and amine
metabolomics analyses using mass defect-DiLeu (mdDilLeu) re-
agents [30]. The reagents offer the advantages of clean MS spectra
and differential labeling for quantification.

3.6. From the cost and experimental perspective

The availability and cost of reagents are important consider-
ations in determining the usage of a chemical derivatization
method. Many reported reagents are synthesized in research labs
and not commercially available. The added cost should be justified
within the context of the overall analysis. For example, if derivati-
zation allows the detection of an equivalent or more metabolites
using one LC-MS run, compared to using multiple runs with
different detection conditions without using derivatization, the
analysis cost per analyte with derivatization may be still lower.

From the experimental perspective, Zhao et al. pointed out that
arobust chemical derivatization (e.g., by merely adding a reagent to
a sample) may be seamlessly incorporated into the overall work-
flow, just as it is done for protein precipitation (e.g., by adding a
solvent to precipitate proteins and then removing them), sample
normalization (e.g., by creatinine measurement for urine samples),
cell lysis (e.g., by adding a lysis reagent) and metabolite extraction
(e.g., by adding a solvent for liquid-liquid extraction) [7]. Thus,
performing derivatization may not cause significant inconvenience
in the sample handling process.

4. Potential disadvantages of derivatization for LC-MS based
metabolomics

The extra time and cost required in derivatization is one po-
tential weakness in the derivartization LC-MS metabolomics
approach. Although the reactions that are chosen for derivatization
have relatively rapid reaction speed, the required time for many
reactions is still in hour-scale to ensure that the complex targeted
submetabolome can be fully analyzed. One way to address this is to
develop and employ reaction conditions that can achieve very fast
derivatization. On balance, the added benefits, such as improve-
ment in detection sensitivity, metabolome coverage and quantifi-
cation accuracy, often outweigh the inconvenience of performing
chemical derivatization of metabolites.

In conventional LC-MS/MS-based quantification approach, in-
ternal standards, either SIL or chemical structural analogues, are
added to the samples at the very beginning of sample pretreatment.
Therefore, the internal standards and analytes share the identical
preparation steps and, theoretically, the same recovery rate. Thus
matrix effect and analyte loss during sample preparation can be
well corrected. However, the internal standards created by the CIL
approach are usually added to the samples just before the
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Table 1
List of selected derivatization reagents used for targeted and untargeted metabolome analysis since 2016.
Reagent Isotope Positive Attributes Limitations Targets Applications References
Reagent
Dansyl chloride ~ '3C,-DnsCl - Enhancement of - Limited structural ~ Amines/phenols - Constructed library  Han et al. [23],
(DnsCl) sensitivity by 10 information in MS/ containing 273 Wang et al. [32],
—1000 folds MS spectra dansylated metabolites Luo et al. [33]
- Improvement of - Profiled and positively
retention on RPLC identified metabolites in
urine, blood, fecal, CSF,
tissues, and cells
- Targeted absolute
quantification of 19
metabolites as asthma/
CPOD potential
biomarkers
DnsCl and NA - Avoid using - Retention time shift Tryptophan - Quantification twin  Guo et al. [34]
DensCl expensive isotope between Dns-and metabolism labeling using DnsCl and
reagents Dens-labeled metab- DensCl, in which Dens-
olites, thereby having labeled metabolites as
uneven ion suppres- internal standard
sion effects (similar
to isotope effect)
MASC d3-MASC - Fast reaction for - Isotope effect using Amino acids - Absolute quantification of ~ Zheng et al. [35].
5 min under mild deuterated reagent amino acids and
condition monoamine
- Improve  detection neurotransmitters using
sensitivity and MRM mode
retention on RPLC
BzCl 13C6-BzCl - Enhancement of - Lack of easily  Neurochemicals - Absolute quantificationof ~ Wong et al. [36].
sensitivity ionizable moiety 70 neurochemicals
- Fast reaction speed
(seconds at ambient)
APDS NA - Sensitivity - No isotope reagent Amines - Rapid measurement of Arashida et al. [37]
improvement 105 compounds with
amino groups
- Rapid analysis of low
concentrations of 40
amines
DIPP-L-Ala- 180,-DIPP-L- - Separation of chiral - Required desalting Amines - Determination of 20 - Zhang et al. [38]
NHS Ala-NHS metabolites step by SPE amino acids and 10 b-
- 13 orders of amino acids
magnitude of
sensitivity
improvement
- Compatible with
other detectors (e.g.,
P-NMR)
DiLeu Multiplex - Less complexity in - Required MS/MS  Amines - Profiling and relative Hao et al. [29]
DiLeu MS spectra experiment quantification of amine
- Higher throughput submetabolome of mouse
- Increased  reporter urine
ion signal than iTRAQ
DiLeu mdDiLeu - MS1-centric quantifi- - Unclear about the Amines - Paralleled proteomics  Hao et al. [30]
cation for both pro- extent of sensitivity and amine metabolomics
teins and metabolites improvement analyses of pancreatic
- Clean MS spectra cancer cells
with the accuracy of
differential labeling
DMAP d,-DMAP - Improve sensitivity - Isotope effect using Amines - Constructed library  Yuan et al. [8]
by tertiary amine deuterated reagent containing 118 amine
compounds
- Positively identified 46
amine metabolites in
fecal sample
Acetone dg-Acetone - 22-25 folds - Isotope effect using Phosphatidyl - Identified and quantified Wang et al. [39]
improvement of deuterated reagent ethanolamine 45 PE species in rat
sensitivity livers using double
neutral loss scan
D-BPBr NA - Separation of chiral - No isotope reagent Chiral amines - Quantified ~20 L- and p-  Shenetal. [15]

amines

Strong
selectivity on p-
amino acids over L-
form
Bromide
pattern helps

chiral

isotope

amino acids in urine and
plasma

Identified 119 amines in
urine and plasma
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Reagent Isotope Positive Attributes Limitations Targets Applications References
Reagent
metabolite
recognition
S-NIFE NA - Separation of chiral - No isotope reagent Chiral amines - Quantified 17 p-amino  Barbas-Bernardos
amines acids in the cooked food etal [16],
samples Lvetal [17]
- Analyze epinephrine and
norepinephrine
enantiomers in plasma
DMT-(S)-PO 13C- DMT-(S)- - Chiral  metabolites - Metabolite Chiral amines - Developed a novel Takayamaetal.[14]
PO separation identification method, iCAN-Met, for
contained manual determining both chiral
process and achiral biomarkers
candidates
DMT-(S)-A 13C- DMT-(S)-A - Chiral  metabolites - Metabolite Chiral carboxylic - Developed a novel Takayamaetal. [14]
separation identification acids method, iCAN-Met, for
contained manual determining both chiral
process and achiral biomarkers
candidates
DMED d4-DMED - Sensitivity - Isotope effect using Carboxylic acids - Constructed library  Yuan et al. [8]
improvement by 5 deuterated reagent containing 184 carboxyl
—817 folds metabolites
- Positively identification
of 83 carboxyl
metabolites
DnsHz 13C,-DnsHz - Improved sensitivity - Limited structural  Carboxylic acids - Construct library  Zhao et al. [40],
and retention on information in MS/ containing 193 carboxyl Chen et al. [41]
RPLC MS spectra metabolites
- 81 metabolites were
positively identified
- Absolute quantification of
SCFA
4-BNMA NA - Improved retention - No isotope reagent Carboxylic acids - Rapid analysis of 12  Marquis et al. [42]
- Bromine's isotope - Lack of easily carboxylic acids in TCA
pattern assist in ionizable moiety cycle
feature identification
Dns-PP/Dens- NA - Enhance sensitivities - Retention time shift Free fatty acids - Quantification of 38 free  Jiang et al. [43]
PP by 50—1500 folds between Dns-and fatty acids with the LLOQ
- Avoid using Dens-labeled metab- varied from 2 to 20 nM
expensive isotope olites, thereby having
reagents uneven ion suppres-
sion effects (similar
to isotope effect)
Cholamine NA - Enhanced ionization - No isotope reagent Long chain free - Targeted: 27 LCFFAs Bian et al. [44]
and separation fatty acids quantified in human sera
efficiency - Untargeted: tentatively
- Sensitivity improved identification of 35
up to 2000-fold LCFFAs
Methanol HCI NA - Common chemicals - No isotope reagent Acidic - Determination of 20 Leeetal.[45]
as reagents neurochemicals neurochemicals in
human urine
AABD NA - Increase - No isotope reagent SCFAs - Measured SCFAs in  Song et al. [46]
hydrophobicity - Lack of sensitivity mouse feces, plasma, and
enhancement moiety human exhaled breath
condensates
Girard's NA - Permanent cationic - HILIC separation SCFAs - Analyze SCFAs in gut Song etal. [47]
reagent T charge - No isotope reagent microbial experiment
DHPP dg-DHPP - Fast reaction in mild - Isotope effect using  SCFAs - 10 SCFAs and 30 OH Wei et al. [48]
condition deuterated reagent —SCFAs were analyzed in
- Improved overall mouse fecal, serum, and
analysis performance liver tissue samples
HIQB d;-HIQB - 11-1674 folds - Isotope effect using Carbonyls - Constructed library  Guo et al. [49],
sensitivity deuterated reagent containing 147 carbonyl Yuan et al. [8]
enhancement, compounds
- Better sensitivity - Untargeted profiling
than Girard-T and carbonyl submetabolome
Girard P of human serum and fecal
sample using double
precursor ion scan. 12
and 50 metabolites were
positively identified,
respectively
4-APC d4-4-APC - Isotope effect using Aldehydes - Profiling aldehyde  Zheng et al. [50]

deuterated reagent

submetabolome using

(continued on next page)
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Reagent Isotope Positive Attributes Limitations Targets Applications References
Reagent
- More than 1000-fold double neutral loss scan
improvement of of urine, beer and wine
sensitivity obtained samples
- Aldehyde-specific
reagent
DnsHz 13C,-DnsHz - Provide 15—940 folds - Limited structural ~ Carbonyls - Constructed library  Zhao et al. [51]
increase of detection information in MS/ containing 78 carbonyl
sensitivity MS spectra compounds
- Profiling  of  urinary
carbonyl submetabolome
and positive
identification of 33
metabolites
Ds-Aniline NA - Provided better - Not applicable in  Sugars - Separated and analyzed Bawazeer et al. [13]
separation of isotope labeling 10 sugars in urine and
monosaccharide than brain samples
aniline
Girard P ds-GP - 4-504 folds increase - Isotope effect using Steroid hormones - Quantified steroid  Guo et al. [19]
of ionization deuterated reagent hormones in human
efficiency for follicular fluid
hormones
HMP d3-HMP - 100-fold decrease of - Isotope effect using  Neurosteroid - Relative and absolute  Higashi et al. [20]
LOQs due to perma- deuterated reagent quantification of
nently charged allopregnanolene and
pyridinium pregnenolone levels in
brain
T3 D3 (d30-T3) - Quicker and milder - Isotope effect using Fatty aldehydes - Globally profiling of fatty  Tie et al. [52]
than several other deuterated reagent aldehyde in plasma and
reagents brain tissue
DnsCl 13C,-DnsCl - Isotope reagent - Limited structural ~ Hydroxyls - Constructed library  Zhao et al. [10]
labeled internal information in MS/ containing 85 hydroxyl
standards MS spectra standards
- Untargeted profiled
urinary hydroxyl
submetabolome and
positively identified 20
metabolites
Acetone de-Acetone - Improve retention on - Isotope effect using Cis-diol - Profiling urinary cis-diol-  Lietal. [11,12]
RPLC deuterated reagent metabolites containing metabolites
- Improve peak pair under BPA exposure
recognitions - 66 nucleosides were
identified and evaluated
in urine samples
BQB d7;-BQB - Rapid reaction within - Isotope effect using Thiols and oxidized - Constructed library  Yuan et al. [8]
3 min with the aid of deuterated reagent thiols containing 27 thiol
a microwave. metabolites
- Sensitivity increased - Profiled thiol
by 10—40 folds for submetabolome in urine,
certain thiols beer and fecal samples
- Positively identified 14
and 8 thiol metabolites
in fecal and urine,
respectively
N-ethyl NA - Fast reaction rates - No isotope reagent Thiols - Performed detailed  Russo et al. [22]
maleimide under mild reaction evaluation of two
(NEM) conditions reagents using thiol-
- Cell permeability containing standards
allowing
derivatization before
cell lysis

More stable with less
side reactions

instrumental analysis (LC-MS or LC-MS/MS), lacking the ability to
correct for potential sample-to-sample variations in analyte re-
covery rates during sample preparation. To overcome or miminize
this problem, sample pretreatment procedures need be optimized
to achieve high recovery rates or at least similar recovery rates from
comparative metabolome samples. Another approach is processing
the analyte standards of known concentrations in an identical or

similar matrix with test samples.

Another potential disadvantage of using CIL internal standards is
the isotope effect in chromatography when using deuterium as
isotope. The retention of deuterium-derivatized species is generally
less than its hydrogen coded counterpart on RPLC column due to
weaker hydrophobic interactions with the stationary phase. The
lack of co-elution leads to different matrix for ionization, which
may be detrimental for quantification. One way to overcome the
isotope effect is to use a special column to make them co-migrated
or co-eluted. However, this may reduce the separation of other
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species. The isotope effect of 13C-, 180- or 1°N- is often negligible.
Thus the reagents can be perfectly used to overcome matrix effects
for MS analysis.

5. Derivatization reagents for different submetabolomes

Development of new reagents for chemical derivatization LC-
MS-based targeted or untargeted metabolomics is an active
research area. We have seen an increasing use of this approach for
metabolome analysis. Not to be exhaustive, Table 1 highlights some
of reported reagents and applications. These reagents have been
used to derivatize different chemical groups, as outlined below.

5.1. Reagents for amine/phenol-containing metabolite
derivatization

Although the amino group in amine-containing metabolites is
relatively easy to protonate in acidic mobile phase and to ionize in
the ESI source, the analysis of the amine submetabolome without
derivatization is still troublesome. The problem arises from the
high polarity and water solubility of amine-containing compounds,
resulting in poor retention on RPLC column and strong matrix
interference. Derivatization that can increase the hydrophobicity of
molecules and provide better separation of the labeled compounds
is used. Since phenol functional groups also behave nucleophilicity
in basic conditions, many amine-labeling reagents are also suitable
for derivatization of phenol-containing metabolites.

5.2. Reagents for carboxyl-containing metabolite derivatization

The detection of underivatized carboxylic acids using LC-MS is
usually conducted in negative ion mode, which suffers from less
sensitivity and more interference than positive ion mode, especially
in a complex matrices in biological samples. In order to get better
retention on reversed-phase column, acidifying the mobile phase is
required. However, the acidic reagent may introduce other back-
ground to the MS spectra. Therefore, derivatization techniques are
used for carboxylic acids to enable more sensitive detection.

5.3. Reagents for carbonyl-containing metabolite derivatization

Unlike amine or carboxyl groups, carbonyl is a neutral functional
group that has low ionization efficiency in ESI. In the meantime,
many important ketones or aldehydes have very low abundance
(e.g., hormones) and/or very weak retention on RPLC column (e.g.,
carbohydrates). Derivatization as a technique that can increase the
detection sensitivity and introduce hydrophobic moiety is used in
the analysis of carbonyl-containing metabolites.

5.4. Reagents for hydroxyl-containing metabolite derivatization

Alcoholic hydroxyl groups are generally neutral moiety in the
common pH range of LC solvent gradients. The ionization efficiency
is very low, and in fact, several alcohols are solvents used in elec-
trospray ionization. Therefore, derivatization is usually needed
targeting hydroxyl groups to enhance MS detection. Similar to the
amine group, the hydroxyl group is also a nucleophile and can react
with electrophile such as sulfonyl chloride. However, less nucleo-
philicity makes it harder to react with many labeling reagents that
are used in derivatizing the amine-containing metabolites. For
some amine-labeling reagents, reaction conditions need to be
adjusted to allow efficient reaction with hydroxyl.

5.5. Reagents for thiol-containing metabolite derivatization

Unlike derivatization of other functional groups, techniques to
label a thiol group need to consider not only detection enhance-
ment and separation improvement, but also stabilization of the
thiol group. Thiol groups are easily oxidized by autoxidation and
disulfide formation during the sample preparation process [21].
Some reagents were reported to be used in thiol submetabolome
profiling, showing both increasing ionization efficiency and ability
of stabilizing thiols.

5.6. Reagents for labeling other groups

A rapid thiol radical-based chemical isotope labeling strategy
was developed for quantitative profiling of sterols. Unlike the
previous —OH based reaction, this chemical labeling reaction oc-
curs at the allyl hydrogen in the B-ring of sterols, which is driven by
the thiol radical produced from the reagent under the UV irradia-
tion. A pair of NCPM-dp/d,-SH was used to identify and quantify
sterols in vegetable oils [31].

6. Concluding remarks

Chemical derivatization of metabolites, prior to LC-MS analysis,
offers several advantages for metabolome analysis. It can overcome
the limitations of the conventional label-free LC-MS approach,
including increasing metabolic coverage, enhancing detection
sensitivity, improving quantification accuracy and enabling
metabolite identification. We envisage a significant increase in the
applications of the derivatization LC-MS approach for both targeted
and untargeted metabolomics studies in the future.
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