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a b s t r a c t

Liquid chromatography–mass spectrometry (LC–MS) using atmospheric pressure ionization is drastically
different from hitherto available analytical methods used to detect polar analytes. The electrospray ion-
ization (ESI) and atmospheric pressure chemical ionization (APCI) sources of MS have contributed to the
vailable online 13 February 2011
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advancement of LC–MS and LC–MS/MS techniques for the analysis of biological samples. However, one
major obstacle is the weak ionization of some analytes in the ESI and APCI techniques. In this review, we
introduce high-sensitivity methods using several derivatization reagents for ionization enhancement. We
also present an overview of chemical derivatization methods that have been applied to small molecules,
such as amino acids and steroids, in biological samples.
lectrospray ionization
tmospheric pressure chemical ionization
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. Introduction cially available in the 1970s. Relatively inexpensive and reliable
GC–MS systems are an indispensable fixture in many clinical bio-
Mass spectrometry (MS) is highly popular because of its high
ensitivity and specificity compared to other analytical techniques
1,2]. The hyphenation of gas chromatography to MS (GC–MS) was
chieved in the 1950s and such instruments became commer-

Abbreviations: APCI, atmospheric pressure chemical ionization; ESI, electro-
pray ionization; GC–MS, gas chromatography–mass spectrometry; LC–MS, liquid
hromatography–mass spectrometry; LC–MS/MS, liquid chromatography tandem
ass spectrometry.

� This paper is part of the special issue “Enhancement of Analysis by Analytical
erivatization”, Jack Rosenfeld (Guest Editor).
∗ Corresponding author. Tel.: +81 3 5498 5765; fax: +81 3 5498 5765.

E-mail address: nakazawa@hoshi.ac.jp (H. Nakazawa).

570-0232/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2011.02.008
chemistry laboratories. Numerous methods that employ GC–MS
and tandem mass spectrometry (MS/MS) have been developed
as well [3–6]. The hyphenation of MS to liquid chromatography
(LC–MS) is an obvious extension and several interfaces have been
developed. Atmospheric pressure chemical ionization (APCI) was
introduced and combined with MS analysis in the early 1970s [7–9].
Furthermore, this trend accelerated with the development of the
electrospray ion source by Fenn et al. in the 1980s [10]. Manufactur-
ers rapidly developed instruments equipped with electrospray ion

sources, and this move had a great impact on protein and peptide
biochemistry. In recent years, the number of publications opting
for the use of LC–MS and LC–MS/MS techniques has increased. The
ionization sources of MS contributed to the advancement of LC–MS

dx.doi.org/10.1016/j.jchromb.2011.02.008
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:nakazawa@hoshi.ac.jp
dx.doi.org/10.1016/j.jchromb.2011.02.008
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Fig. 1. Comparison of chromatograms by derivatization with DTNB or NEM. (A) glu-
tathione, (B) glutathione-DTNB, and (C) glutathione-NEM. Analytical separation was
performed on AtlantisTM HILIC silica column. The elution profile of chromatogram
160 Y. Iwasaki et al. / J. Chrom

nd LC–MS/MS techniques for the analysis of not only biological
amples [11–13] but also environmental samples [14–16].

Disease biomarkers are important because accurate diagno-
is and treatment monitoring are the foundation for successful
utcomes. Genomic, proteomic and metabolomic technologies
re being used to search for novel disease biomarkers. Disease
iomarkers met early diagnostic needs by acting as indicators
f disease severity, response to treatment, disease recurrence, or
atient’s prognosis [17]. However, major obstacles for the deter-
ination are very low concentrations in human samples, and the
eak ionization of analytes such as hormones in the electrospray

onization (ESI) and APCI techniques of LC–MS and LC–MS/MS,
hich leads to low inherent sensitivity and/or matrix effects. These

easons, the limit of detection (LOD) is required too high for appli-
ation to disease biomarkers and related metabolites present at
ery low concentrations in biological samples. To overcome these
rawbacks, several means to remove other matrix components
nd concentrate the sample have been proposed. One of them,
olid-phase extraction (SPE), is commonly used for the removal
f proteins and other matrix components from biological samples
18–20]. If we want to concentrate a sample to measure analytes
resent at low concentrations, the sample should have a large
olume. Of course, long sample preparation times are obviously
disadvantage and multi-step procedures are prone to the loss

f analytes. The adsorption of analytes on the walls of extraction
evices may occur and trace impurities in the extraction solvent can
imultaneously become concentrated. It is difficult to concentrate
biological sample, particularly if that sample has a small volume.
low LOD and a high sensitivity would allow for the reduction of

he sample volume required for the analysis, and consequently the
eduction of the volume of blood drawn from patients.

ESI is considered to be useful for compounds that form ionic
pecies in solution, while APCI is useful for low to medium polar-
ty compounds having high proton-affinity atoms, such as oxygen
nd nitrogen. The chemical and physical properties of an analyte
re perhaps the most critical parameters for realizing superior sen-
itivity in various ionization modes. Ionization state and surface
ctivity that are directly related to the properties of the analyte
etermine the ionization efficiency is expected to improve detec-
ion sensitivity [21]. Chemical derivatization should be performed
or ionization state and surface activity in a target functional group
efore analysis by MS for enhancement of ionization. Derivatiza-
ion changes the structure of an analyte and as a result, its physical
nd chemical properties are changed as well to yield high ionization
fficiency. The chromatographic retention of the analyte will also
e changed after derivatization and therefore, the decrease in ion-

zation suppression caused by the co-elution of matrix components
ay be realized.
In this review, we introduce high-sensitivity methods that use

everal derivatization reagents for ionization enhancement. We
lso present an overview of chemical derivatization methods that
ave been applied to small molecules in biological samples.

. Ionization enhancement by derivatization reagents

.1. Aldehydes and ketones

It has been reported that carbonyl compounds, including alde-
ydes and ketones, could react with 2,4-dinitrophenylhydrazine
DNPH) [22]. Formaldehyde, acetaldehyde, benzaldehyde, acrolein,

nd C3–C6 n-alkanals were also determined as 2,4-dinitro-3,5,6-
rideuterophenylhydrazones in air samples using LC–APCI-MS
23–25]. To this day, however, the use of MS to detect these DNPH
erivatives in biological matrices is rare [26–28] and thus, the feasi-
ility of this approach for the detection of compounds with multiple
(B) was as follows: 0–20 min 90–70% (B). Mobile phase (A) was 0.5 mM ammonium
formate buffer (pH 4.0) and (B) acetonitrile.
Source: Reproduced from Fig. 1 in Ref. [40].

carbonyl moieties requires further investigation. Andreoli et al.
reported the enhancement of both chromatographic separation and
ionization efficiency of DNPH derivatives using LC–APCI-MS/MS
[26]. Compared with ESI, APCI had a wide linear dynamic range
of up to five orders of magnitude and an approximately 10-fold
lower LOD. The LODs were in the 0.3–1.0 nM range for malon-
dialdehyde, acrolein, 4-hydroxy-2-hexenal, 4-hydroxy-2-nonenal,
and several alkanals in APCI. Lord et al. reported the derivatization
with dansyl hydrazine reagent for ionization enhancement [29]
and succeeded in increasing the detection responses of malonyl-
dialdehyde from human plasma. Barry et al. developed a highly
sensitive charged precolumn derivatization reagent (4-hydrazino-
4-oxobutyl) [tris (2,4,6-trimethoxyphenyl)] phosphonium bromide
(TMPP-PrG), to derivatize aldehydes and ketones and facilitate their
detection by LC–ESI-MS [30]. The increase in molecular mass with
the formation of the derivative allows for the easy discrimination
from background interferences and the chemical noise of the mass
spectrum. The derivatization reagents for aldehyde and ketones are
summarized in Table 1.

2.2. Thiols

Reduced thiols are auto-oxidized by dissolved oxygen. There-
fore, it is necessary to protect the thiol group. The derivatization
reagents for thiols are summarized in Table 2. Reduced glu-
tathione (GSH) could be determined by MS measurements after
derivatization with 5,5′-dithio-(bis-2-nitrobenzoic) acid (DTNB)
[37], iodoacetic acid [38], and p-(hydroxymercuri)benzoate [39].

Maleimide derivatization reagents react rapidly and are useful
to protect the thiol group [40]. The chromatograms of GSH and
derivatizaed with DTNB and NEM reagents were shown in Fig. 1.
Zabet-Moghaddam et al. reported that peptides derivatized with
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Table 1
Derivatization reagents for aldehydes and ketones.

Ion source Derivatization reagent Analyte Sensitivity Sample Reference

APCI DNPH Malondialdehyde 1.0 nM (LOD) Exhaled breath condensate [26]
Acrolein 1.0 nM (LOD)
4-Hydroxyhexenal 0.3 nM (LOD)
4-Hydroxynonenal 0.6 nM (LOD)
n-Hexanal 1.0 nM (LOD)
n-Heptanal 1.0 nM (LOD)
n-Nonanal 1.0 nM (LOD)

ESI DNPH Succinic semialdehyde 10 nM (LOD) Urine
Cerebrospinal fluid

[27]

ESI DNPH �-Dicarbonyl compound (houttuynin) 1.0 ng/mL (LOQ) Human plasma [28]
ESI Dansyl hydrazine Malondialdehyde 0.14 �g/mL (LOQ) Human plasma [29]
ESI TMPP-PrG Aldehyde/ketone (butyraldehyde etc.) N.D. Standard [30]
ESI Girard reagent P 17-Hydroxyprogesterone 10 ng/mL (LOD) Dried blood spots [31]
ESI Girard reagent T 5-Formyl-2′-deoxyuridine 4.3 fmol (LOD) Hela-S3 cells [32]
ESI 1-Phenyl-3-methyl-5-pyrazolone Oligosaccharides N.D. Human urine [33]
ESI DNPH Malondialdehyde

4-Hydroxy-2-nonenal
N.D. Exhaled breath condensate [34]

ESI o-Phenylenediamine Estrone-2,3-quinones 5 ng/mL (LOQ) Rat liver microsome [35]
Estradiol-2,3-quinones 5 ng/mL (LOQ)
Estrone-3,4-quinones 5 ng/mL (LOQ)
Estradiol-3,4-quinones 5 ng/mL (LOQ)

ESI DNPH Acetaldehyde 40 ng/L (LOD) Human urine [36]
Acrolein 15 ng/L (LOD)
Propionaldehyde 30 ng/L (LOD)
Crotonaldehyde 65 ng/L (LOD)
Butyraldehyde 35 ng/L (LOD)
Valeraldehyde 35 ng/L (LOD)

N 4-oxo
(

N
i

2

s
f
m
s
L
b
t
t
a
w

T
D

Hexaldehyde

.D., not described; DNPH, 2,4-dinitrophenylhydrazine; TMPP-PrG, (4-hydrazino-
carboxymethyl)pyridinium chloride hydrazide.

EM or iodoacetanilide showed significant enhancement in ion-
zation efficiencies [41].

.3. Phenols and alcohols

The accurate measurement of 17�-estradiol (E2) in human
erum is important for the precise evaluation of ovarian function,
ertility, menopausal status, and cancer risk [42,43]. Numerous

ethods employing GC–MS and MS/MS have been developed for
teroid analysis [44–46]. A major obstacle in steroid analysis by
C–MS and LC–MS/MS is that many steroids are weakly ionizable

y the ESI and APCI techniques of LC–MS and LC–MS/MS, leading
o low inherent sensitivity. Over the years, chemical derivatization
echniques were developed to enhance the ionization of various
nalytes in LC–MS or MS/MS [47]. One analyte, ethinylestradiol,
as dansylated [48].

able 2
erivatization reagents for thiols.

Ion source Derivatization reagent Analyte

ESI 5,5′-Dithio-(bis-2-nitrobenzoic) acid Glutathione

Cysteine
Homocysteine

ESI Iodoacetic acid Glutathione
Cysteine
Homocysteine
�-Glutamyl-cysteine
Cysteinyl-glycine

ESI p-(Hydroxymercuri)benzoate Glutathione
Cysteine
Homocysteine
�-Glutamyl-cysteine
Cysteinyl-glycine

ESI N-Ethylmaleimide Glutathione
60 ng/L (LOD)

butyl) [tris(2,4,6-trimethoxyphenyl)phosphonium bromide; Girard reagent P, 1-

Xu and Spink compared dansyl chloride, 1,2-dimethyl-
imidazole-4-sulfonyl (DMIS) chloride, pyridine-3-sulfonyl (PS)
chloride, and 4-(1H-pyrazol-1-yl) benzenesulfonyl (PBS) chloride
as derivatization reagents for sensitivity enhancement in the anal-
ysis of estrogens by LC–ESI-MS/MS [1]. As those reagents offer
different hydrophobicities of the resultant estrogen derivatives,
the analyst can choose the shorter retention times in reversed-
phase HPLC by selecting one of the less hydrophobic derivatives.
The product ion spectra of the dansyl and DMIS derivatives were
dominated by ions representing derivatization reagent moieties. In
contrast, the product ion spectrum of the PS derivative of E2 shows

a series of intense ions that appear to have originated from the E2
moiety.

Higashi et al. examined the derivatization with isonicotinoyl
azide reagent for ionization enhancement [49] and succeeded in
increasing the detection responses of weakly ionizable hydroxys-

Sensitivity Sample Reference

3.3 pmol (LOD) Rat brain, plasma,
heart, lung, liver,
erythrocytes and
kidney

[37]

16.5 pmol (LOD)
29.6 pmol (LOD)

100 ng/mL (LOD) Mouse liver [38]
100 ng/mL (LOD)
100 ng/mL (LOD)
100 ng/mL (LOD)
100 ng/mL (LOD)

5 nmol/g (LOD) Yeast [39]
4 nmol/g (LOD)
5 nmol/g (LOD)
5 nmol/g (LOD)
4 nmol/g (LOD)

30 nM (LOD) Human saliva [40]
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Table 3
Derivatization reagents for phenols and alcohols.

Ion source Derivatization reagent Analyte Sensitivity Sample Reference

ESI Dansyl chloride Ethinylestradiol 5 pg/mL (LOQ) Rhesus monkey
plasma

[48]

ESI Pyridine-3-sulfonyl
chloride

17�-Estradiol 10 pg/mL (LOQ) Fetal bovine serum [1]

ESI Isonicotinoyl azide and
methyl iodide

Estrone 3.0 fmol (LOD) Standard [49]

Androsterone 2.1 fmol (LOD)
ESI p-Toluenesulfonyl

isocyanate
3-Hydroxy-7-methyl-norethynodrel 100 pg/mL (LOQ) Human plasma [50]

ESI Dansyl chloride Testosterone 2.9 pg (LOD) Human liver [51]
Cholesterol 3.9 pg (LOD)
Retinol (vitamin A) 8.6 pg (LOD)
Cholecalciferol (vitamin D3) 12 pg (LOD)
12-OH dodecanoic acid 22 pg (LOD)
3-OH palmitic acid 27 pg (LOD)
6�-OH testosterone 3.0 pg (LOD)
Deoxycholic acid 20 pg (LOD)
Hydrocortisone 109 pg (LOD)

ESI PPMP Monosaccharides SPPB-1
polysaccharide
from Spirulina
platensis

[52]

d-Glucose 29.54 pmol (LOD)
d-Galactose 29.50 pmol (LOD)
d-Mannose 9.72 pmol (LOD)
d-Glucosamine 16.67 pmol (LOD)
d-Galactosamine 14.86 pmol (LOD)
d-Xylose 82.08 pmol (LOD)
d-Arabinose 117.7 pmol (LOD)
d-Fucose 154.0 pmol (LOD)
l-Rhamnose 29.58 pmol (LOD)

ESI Dansyl chloride Estrogen metabolites N.D. Human serum and
urine

[53]

ESI C1-NANHS �-Tocopherol and its metabolites N.D. Human A549 cell [54]
ESI Dansyl chloride Estrogens 2–4 pg/g (LOQ) Human plasma [55]

Bisphenol A 5 pg/g (LOQ)
OH-PBDEs 3–30 pg/g (LOQ)
Bromophenols 3–60 pg/g (LOQ)

ESI 2-Sulfobenzoic
anhydride

Fatty alcohol ethoxylates N.D. Standard [56]

ESI Fusaric acid and 2-
methyl-6-nitrobenzoic
anhydride

Dehydroepiandrosterone N.D. Standard [57]

Testosterone
Pregnenolone

N HS, N

t
f
a
s

2

n
4
t
[
E
t
e
p
n
o
a
M
o

17�-Hydroxypregnenolone
ESI Dansyl chloride 17�-Estradiol

.D., not described; PMPP, 1-(4-lsopropyl) phenyl-3-methyl-5-pyrazolone; C1-NAN

eroids. They concluded that charged derivatization is very useful
or the detection of trace amounts of steroids having only one utiliz-
ble functional group. The derivatization reagents for phenols are
ummarized in Table 3.

.4. Amines

Several derivatization methods are available for the determi-
ation of amino compounds. One of the derivatization reagents,
-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F), has excellent fea-
ures with regard to sensitivity, stability, and solubility in water
59,60]. Song et al. reported that NBD-F was used in positive
SI detection [61]. The method involves precolumn derivatiza-
ion of the amine with NBD-F. The precolumn derivatization
nhances the sensitivity of LC–MS/MS. They referred to the
re-column derivatization enhances the LC–MS/MS determi-

ation in three aspects: (1) allowing on-column enrichment
f the highly water-soluble amines, (2) facilitating the sep-
ration on reversed-phase columns, and (3) improving the
S detection. Kurihara et al. compared the ion intensities

f eight fluorescent reagents, 4-(N,N-dimethylaminosulfonyl)-7-
2.5 pg/mL (LOQ) Rat serum [58]

-methyl-nicotinic acid N-hydroxysuccinimide ester.

fluoro-2,1,3-benzoxadiazole (DBD-F), NBD-F, dansyl chloride, 2,3-
naphthalenedialdehyde (NDA), 1-pyrenesulfonyl chloride (PSC),
fluorescein-5-isothiocyanate (FITC), 9-fluorenylmethyl chlorofor-
mate (Fmoc-Cl), and 3-chlorocarbonyl-6,7-dimethoxy-1-methyl-
2(1H)-quinoxalinone (DMEQ-COCl) [62]. On the other hand,
tris (trimethoxyphenyl) phosphonium promoted the reaction of
carboxylic acids with primary amine groups in the 1-chloro-4-
methylpyridinium iodide and triethylamine (CMPI/TEA) coupling
reaction to form stable amide linkages with the corresponding
amine. A simple method for the derivatization of primary amines
and carboxylic acids with TMPP reagents to enhance their detec-
tion by ESI-MS was developed as well [63]. Recently, Inagaki
et al. developed a highly sensitive and positively charged pre-
column derivatization reagent (5-N-succinimidoxy-5-oxopentyl)
triphenylphosphonium bromide (SPTPP), for the analysis of amines
and amino acids by LC–ESI-MS/MS [64]. Using the selected reaction

monitoring (SRM) mode, highly sensitive detection was possible
as the SPTPP-derivatized amines and amino acids formed regular
and intense product ions. Amines are easily derivatized with dansyl
chloride. Timperio et al. performed the quantitative determina-
tion of glutamic acid and the ionization efficiency was significantly
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Table 4
Derivatization reagents for amines.

Ion source Derivatization reagent Analyte Sensitivity Sample Reference

ESI NBD-F Agmatine 0.6 ng/mL (LOD) Rat brain, stomach and intestine [61]
ESI PSC Asparaginyl-oligosaccharide 58 fmol (LOD) Ovalbumin [62]

Fmoc-CI 61 fmol (LOD)
Dansyl chloride 164 fmol (LOD)
2,3-Naphthalenedialdehyde 304 fmol (LOD)
DMEQ-COCI 315 fmol (LOD)
Fluorescein-5-isothiocyanate 739 fmol (LOD)
NBD-F 746 fmol (LOD)
DBD-F 1950 fmol (LOD)

ESI 2-Chloro-1-methylpyridinium
and phosphonium compounds

n-Butylamine N.D. Standard [63]

Morpholine
Sarcosine methyl ester
Benzylamine

ESI (5-N-succinimidoxy-5-
oxopentyl)

Phenylalanine 0.20 fmol (LOD) Rat serum [64]

triphenylphosphonium
bromide

Tyrosine 0.34 fmol (LOD)

Tryptophan 0.23 fmol (LOD)
ESI Dansyl chloride Glutamic acid 0.5 pg (LOD) Retina diffusion medium [65]
ESI Diethyl

ethoxymethylenemalonate
23 Amino acids 0.05–0.72 mg/kg

(LOQ) (exception of
proline)

Honey [66]

ESI Dansyl chloride Piperazine phosphate 0.01 �g/mL (LOD) Human plasma [67]
ESI 2,4-Dinitrofluorobenzene �-Fluoro-�-alanine 1 �g/L (LOQ) Human urine [68]
ESI 3-Pyridyl isothiocyanate Octylamine N.D. Standard [69]

DMAP-NCS 1-Aminodecane
m-Nitrophenyl isothiocyanate n-Dodecylamine

n-Tetradecylamine
Hexadecylamine

ESI APDS 23 Amino acids 0.04–2.3 nmol/mL
(LOD)

Human plasma [70]

N yrenes
q zole;
h

i
a
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g
l
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2

c
t
s
L
b
d

.D., not described; NBD-F, 4-fluoro-7-nitro-2,1,3-benzoxadiazole; PSC, 1-p
uinoxalinone; DBD-F, 4-(N,N-Dimethylaminosulfonyl)-7-fluoro-2,1,3-benzoxadia
ydroxysuccinimidyl carbamate.

ncreased by the derivatization [65]. The derivatization reagents for
mines are summarized in Table 4.

.5. Carboxylic acids

Carboxylic acids are ionized by ESI-MS operating in the neg-
tive ion mode, using a basic mobile phase in which carboxyl
roups are ionized. However, negative ESI-MS/MS sometimes
acks the sensitivity required for the trace analysis of carboxylic
cids. Many pharmaceuticals contain carboxylic acids as either
he main constituent or an impurity at low levels. MS is well
uited for the detection because of its high sensitivity and selec-
ivity. However, carboxylic acids tend to be poorly ionized by
he ionization sources used in MS. To enhance the detection of
arboxylic acids in ESI-MS/MS, several chemical derivatization pro-
edures suitable for the positive ion detection have been developed
71–76]. For example, Cartwright et al. reported that tris(2,4,6-
rimethoxyphenyl)phosphonium propylamine (TMPP) bromide
as used as the derivatization reagent for the LC–ESI-MS/MS

nalysis of carboxylic acids in pharmaceutical products [75]. The
erivatization reagents for carboxylic acids are summarized in
able 5.

.6. Other

The analysis of vitamin D and its metabolites is very diffi-
ult because they exist at very low levels in the circulation. Their

hermal instability and low polarity also impede the direct mea-
urement with LC–MS or GC–MS. Aronov et al. demonstrated an
C–MS/MS method for the quantification of an array of the most
iologically important vitamin D metabolites after Diels-Alder
erivatization with 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD)
ulfonyl chloride; DMEQ-CI, 3-chlorocarbonyl-6,7-dimethoxy-1-methyl-2(1H)-
DMAP-NCS, p-(dimethylamino)phenyl isothiocyanate; APDS, 3-aminopyridyl-N-

[77,78]. The derivatization markedly improved the ionization effi-
ciency of the analytes and stabilized the dihydroxyl metabolites.
Duan et al. developed a highly sensitive, accurate, and selective
method that permits the robust quantification of four key vitamin
D metabolites in human serum [79].

3. Mechanism of ionization enhancement

Fenn et al. developed ESI into a robust ion source capable of
interfacing to LC and demonstrated its application to a number
of important biological molecules [10]. ESI works well with mod-
erately polar molecules and is thus well suited for the analysis
of many biological compounds. Dissolved samples are pumped
through a metal capillary and nebulized at the tip of the capillary to
form a fine spray of charged droplets. As a result, the liquid forms
a cone jet, the so-called Taylor cone [80,81], in which positive ions
drift towards the surface of the liquid jet. The droplets are rapidly
evaporated by the application of heat and dry nitrogen gas, and
the residual charges with electrical charge are transferred to the
analytes [82]. At a certain radius, called the Rayleigh limit [83], the
charge density at the surface becomes so high that the repulsion
forces on the surface exceed the surface tension of the droplet. The
ionized analytes are then transferred into the high vacuum of the
MS via a series of small apertures and focusing voltages. The ion
source and the subsequent ion optics can be operated to detect
positive or negative ions, and switching between these two modes

within an analytical run can be performed. ESI revolutionized bio-
chemical research by offering a highly sensitive and specific method
for the analysis of large biomolecules. For this reason, ESI has been
widely used also for small polar organic molecules and is the most
commonly used atmospheric pressure ionization technique.
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Table 5
Derivatization reagents for carboxylic acids.

Ion source Derivatization reagent Analyte Sensitivity Sample Reference

ESI 1-Chloro-4-methylpyridinium
iodide and triethylamine

Levulinic acid N.D. Standard [71]

Benzoic acid
Phenylacetic acid
Pimelic acid etc.

ESI Heptadecafluoroundecylamine N-Acetylneuraminic acid 60 amol (LOD) Human urine [72]
N-Glycolylneuraminic acid 250 amol (LOD)
2-Keto-3-deoxy-d-glycero-d-
galactonononic
acid

750 amol (LOD)

ESI AMPP Eicosanoids Mouse serum [73]
Bronchial epithelial cells

6-keto-PGF2� 0.3 pg (LOQ)
TxB2 0.2 pg (LOQ)
PGE2 0.3 pg (LOQ)
PGD2 0.6 pg (LOQ)
PGF2� 0.5 pg (LOQ)
LTB4 0.5 pg (LOQ)
5(S)-HETE 0.4 pg (LOQ)
8(S)-HETE 0.2 pg (LOQ)
11(S)-HETE 0.3 pg (LOQ)
12(S)-HETE 0.9 pg (LOQ)
15(S)-HETE 0.4 pg (LOQ)
Arachidonic acid 1 pg (LOQ)

ESI 2-Hydrazinopyridine (HP) Chenodeoxycholic acid 5.1 fmol (HP) (LOD) Human saliva [74]
2-Picolylamine (PA) 1.5 fmol (PA) (LOD)

Glycochenodeoxycholic acid 6.7 fmol (HP) (LOD)
5.6 fmol (PA) (LOD)

�-Lipoic acid 2.9 fmol (HP) (LOD)
1.5 fmol (PA) (LOD)

PGE2 5.7 fmol (HP) (LOD)
2.8 fmol (PA) (LOD)

5-Hydroxyindole-3-acetic acid 10 fmol (HP) (LOD)
2.6 fmol (PA) (LOD)

Homovanillic acid 11 fmol (HP) (LOD)
2.2 fmol (PA) (LOD)

2-(�-Carboxyethyl)-6-
hydroxy-

4.5 fmol (HP) (LOD)

2,7,8-trimethylchroman 1.9 fmol (PA) (LOD)
ESI 2-Chloro-1-methylpyridinium

and
Fumaric acid 2 fmol (LOD) Tablets [75]

TMPP Sorbic acid 4 fmol (LOD)
Maleic acid 0.4 fmol (LOD)
Salicylic acid 540 fmol (LOD)

ESI 4-APEBA Aliphatic acid (C5–C9) N.D. Human urine and plasma [76]

N (2,4,6
b

s
a
e
f
C
s
d
i
r
a
d
f
h

t
a
t
i
a

.D., not described; AMPP, N-(4-aminomethylphenyl)pyridinium; TMPP, tris
romophenethyl)dimethylammonio)ethoxy)benzenaminium dibromide.

Mora et al. noted that the typical ESI source is a two-electrode
ystem that consists of a capillary with a high applied voltage and
n atmospheric sampling aperture plate. They proposed that an
lectrolytic process must be present in the ESI source for success-
ul ionization according to the law of charge conservation [84].
onsequently, a series of derivatization methods to enhance the
ensitivity of ESI-MS based on electron transfer reactions were
eveloped by Van Berkel’s group [85,86]. The introduction of an ion-

zable moiety can also be achieved by reacting with derivatization
eagents possessing nitrogen atoms, particularly those possessing
n amine group. In addition to the derivatization approaches intro-
uced above, esterification has proven to be another useful tool
or improving the detection of small polar compounds possessing
ydroxyl groups [21].

In a growing number of publications, the analytes are deriva-

ized even though LC–MS is used for analysis. Different intentions
re associated with this approach [87]. The first is that the detec-
ion sensitivity can be increased for compounds that are difficult to
onize by introducing an ionic functional group. The second is that
compound class can be labeled by uniform fragmentation of the
-trimethoxyphenyl) phosphonium propylamine bromide; 4-APEBA, 4-(2-((4-

group introduced by derivatization in MS/MS analyses. This label-
ing can increase sensitivity and may also be suited for the screening
for unknown members of a predefined class of compounds by pre-
cursor ion scanning. Finally, several derivatizations have also been
proposed for some very polar compounds. Here, not ionization but
chromatographic retention (and extractability) should be improved
by derivatization.

4. Conclusions

MS coupled to a chromatographic detector has always been
desirable due to its high sensitivity and specificity. Derivatization
techniques are expected to improve the detectability of weakly ion-
izable analytes. Derivatization increases the molecular mass of a
precursor ion and improves ionization efficiency. Thereby, there is

a possibility to be able to detect weakly ionizable analytes because
of eliminating interference and changing the polarity of the detec-
tion to improve fragmentation patterns and reduce matrix effects.
LC–MS techniques will probably be most beneficial in clinical bio-
chemistry when used in multiplexed and screening-type assays.



atogr.

R

[

[

[
[
[

[
[
[
[
[
[

[
[

[
[
[
[

[

[
[

[

[

[
[
[

[

[
[

[

[

[

[

[

[

[

[
[
[

[

[
[
[
[
[

[
[

[

[

[

[
[

[

[

[

[

[

[
[
[

[
[

[

[

[

[

[

[

[

[

[

[
[
[
[

Y. Iwasaki et al. / J. Chrom

eferences

[1] L. Xu, D.C. Spink, Anal. Biochem. 375 (2008) 105.
[2] J.J. Pitt, Clin. Biochem. Rev. 30 (2009) 19.
[3] K.K. Pasikanti, P.C. Ho, E.C. Chan, J. Chromatogr. B 871 (2008) 202.
[4] P.M. Medeiros, B.R. Simoneit, J. Sep. Sci. 30 (2007) 1516.
[5] E. Schwedhelm, R.H. Böger, Clin. Chem. Lab. Med. 41 (2003) 1552.
[6] A. Fox, J. Chromatogr. A 843 (1999) 287.
[7] E.C. Horning, M.G. Horning, D.I. Carroll, I. Dzidic, R.N. Stillwell, Anal. Chem. 45

(1973) 936.
[8] D.I. Carroll, I. Dzidic, R.N. Stillwell, K.D. Haegele, E.C. Horning, Anal. Chem. 47

(1975) 2369.
[9] I. Dzidic, D.I. Carroll, R.N. Stillwell, E.C. Horning, Anal. Chem. 48 (1976) 1763.
10] J.B. Fenn, M. Mann, C.K. Meng, S.F. Wong, C.M. Whitehouse, Science 246 (1989)

64.
11] M. Rafii, R. Elango, J.D. House, G. Courtney-Martin, P. Darling, L. Fisher, P.B.

Pencharz, J. Chromatogr. B 877 (2009) 3282.
12] C. Mesaros, S.H. Lee, I.A. Blair, J. Chromatogr. B 877 (2009) 2736.
13] H.J. Issaq, J. Blonder, J. Chromatogr. B 877 (2009) 1222.
14] M. Seifrtová, L. Nováková, C. Lino, A. Pena, P. Solich, Anal. Chim. Acta 649 (2009)

158.
15] R.D. Briciu, A. Kot-Wasik, J. Namiesnik, J. Sep. Sci. 32 (2009) 867.
16] M. Kuster, M. López de Alda, D. Barceló, J. Chromatogr. A 1216 (2009) 520.
17] M.M. Kushnir, A.L. Rockwood, J. Bergquist, Mass Spectrom. Rev. 29 (2010) 480.
18] T. Hyötyläinen, M.L. Riekkola, J. Chromatogr. B 817 (2005) 13.
19] M.C. Hennion, J. Chromatogr. A 856 (1999) 3.
20] K. Tahara, A. Yonemoto, Y. Yoshiyama, T. Nakamura, M. Aizawa, Y. Fujita, T.

Nishikawa, Biomed. Chromatogr. 20 (2006) 1200.
21] S. Gao, Z.P. Zhang, H.T. Karnes, J. Chromatogr. B 825 (2005) 98.
22] R. Mateos, E. Lecumberri, S. Ramos, L. Goya, L. Bravo, J. Chromatogr. B 827 (2005)

76.
23] S. Kölliker, M. Oehme, C. Dye, Anal. Chem. 70 (1998) 1979.
24] E. Grosjean, P.G. Green, D. Grosjean, Anal. Chem. 71 (1999) 1851.
25] G. Zurek, U. Karst, J. Chromatogr. A 869 (2000) 251.
26] R. Andreoli, P. Manini, M. Corradi, A. Mutti, W.M. Niessen, Rapid Commun. Mass

Spectrom. 17 (2003) 637.
27] E.A. Struys, E.E. Jansen, K.M. Gibson, C. Jakobs, J. Inherit. Metab. Dis. 28 (2005)

913.
28] X. Duan, D. Zhong, X. Chen, J. Mass Spectrom. 43 (2008) 814.
29] H.L. Lord, J. Rosenfeld, V. Volovich, D. Kumbhare, B. Parkinson, J. Chromatogr. B

877 (2009) 1292.
30] S.J. Barry, R.M. Carr, S.J. Lane, W.J. Leavens, C.O. Manning, S. Monté, I. Water-

house, Rapid Commun. Mass Spectrom. 17 (2003) 484.
31] C.C. Lai, C.H. Tsai, F.J. Tsai, C.C. Lee, W.D. Lin, Rapid Commun. Mass Spectrom.

15 (2001) 2145.
32] H. Hong, Y. Wang, Anal. Chem. 79 (2007) 322.
33] T.C. Nielsen, T. Rozek, J.J. Hopwood, M. Fuller, Anal. Biochem. 402 (2010) 113.
34] P. Manini, R. Andreoli, S. Sforza, C. Dall’Asta, G. Galaverna, A. Mutti, W.M.

Niessen, J. Chromatogr. B 878 (2010) 2616.
35] K. Yamashita, A. Masuda, Y. Hoshino, S. Komatsu, M. Numazawa, J. Steroid

Biochem. Mol. Biol. 119 (2010) 141.
36] C.E. Baños, M. Silva, J. Chromatogr. B 878 (2010) 653.
37] X. Guan, B. Hoffman, C. Dwivedi, D.P. Matthees, J. Pharm. Biomed. Anal. 31

(2003) 251.
38] J. Bouligand, A. Deroussent, A. Paci, J. Morizet, G. Vassal, J. Chromatogr. B 832

(2006) 67.
39] Y. Rao, B. Xiang, E. Bramanti, A. D’Ulivo, Z. Mester, J. Agric. Food Chem. 58 (2010)

1462.
40] Y. Iwasaki, M. Hoshi, R. Ito, K. Saito, H. Nakazawa, J. Chromatogr. B 839 (2006)

74.
41] M. Zabet-Moghaddam, T. Kawamura, E. Yatagai, S. Niwayama, Bioorg. Med.

Chem. Lett. 18 (2008) 4891.
42] T.V. Clendenen, K.L. Koenig, R.E. Shore, M. Levitz, A.A. Arslan, A. Zeleniuch-

Jacquotte, Cancer Epidemiol. Biomarkers Prev. 18 (2009) 275.

43] C.G. Woolcott, Y.B. Shvetsov, F.Z. Stanczyk, L.R. Wilkens, K.K. White, C. Caberto,

B.E. Henderson, L. Le Marchand, L.N. Kolonel, M.T. Goodman, Endocr. Relat.
Cancer 17 (2010) 125.

44] L.M. Thienpont, K. Van Uytfanghe, S. Blincko, C.S. Ramsay, H. Xie, R.C. Doss, B.G.
Keevil, L.J. Owen, A.L. Rockwood, M.M. Kushnir, K.Y. Chun, D.W. Chandler, H.P.
Field, P.M. Sluss, Clin. Chem. 54 (2008) 1290.

[

[
[

[

B 879 (2011) 1159–1165 1165

45] U. Turpeinen, E. Hämäläinen, U.H. Stenman, J. Chromatogr. B 862 (2008) 113.
46] S.S. Tai, B. Xu, M.J. Welch, Anal. Chem. 78 (2006) 6628.
47] X.M. Zhuang, M. Yuan, Z.W. Zhang, X.Y. Wang, Z.Q. Zhang, J.X. Ruan, J. Chro-

matogr. B 876 (2008) 76.
48] M.R. Anari, R. Bakhtiar, B. Zu, S. Huskey, R.B. Franklin, D.C. Evans, Anal. Chem.

74 (2002) 4136.
49] T. Higashi, T. Nishio, N. Hayashi, K. Shimada, Chem. Pharm. Bull. 55 (2007) 662.
50] M. Zuo, M.J. Gao, Z. Liu, L. Cai, G.L. Duan, J. Chromatogr. B 814 (2005) 331.
51] Z. Tang, F.P. Guengerich, Anal. Chem. 82 (2010) 7706.
52] P. Zhang, Z. Wang, M. Xie, W. Nie, L. Huang, J. Chromatogr. B 878 (2010) 1135.
53] R.N. Hoover, T.D. Veenstra, L.K. Keefer, X. Xu, J. Steroid Biochem. Mol. Biol. 121

(2010) 538.
54] W.C. Yang, F.E. Regnier, Q. Jiang, J. Adamec, J. Chromatogr. A 1217 (2010) 667.
55] H. Chang, Y. Wan, J. Naile, X. Zhang, S. Wiseman, M. Hecker, M.H. Lam, J.P. Giesy,

P.D. Jones, J. Chromatogr. A 1217 (2010) 506.
56] C. Zu, H.N. Praay, B.M. Bell, O.D. Redwine, Rapid Commun. Mass Spectrom. 24

(2010) 120.
57] K. Yamashita, K. Yamazaki, S. Komatsu, M. Numazawa, J. Am. Soc. Mass Spec-

trom. 21 (2010) 249.
58] C. Petucci, T. Lloyd, H.A. Harris, X. Zhang, V.M. Chennathukuzhi, B. Mekonnen,

Y. Cai, J. Mass Spectrom. 45 (2010) 65.
59] T. Toyo’oka, T. Suzuki, Y. Saito, S. Uzu, K. Imai, Analyst 114 (1989) 413.
60] Y. Miyoshi, K. Hamase, Y. Tojo, M. Mita, R. Konno, K. Zaitsu, J. Chromatogr. B

877 (2009) 2506.
61] Y. Song, Z. Quan, J.L. Evans, E.A. Byrd, Y.M. Liu, Rapid Commun. Mass Spectrom.

18 (2004) 989.
62] T. Kurihara, J.Z. Min, T. Toyo’oka, T. Fukushima, S. Inagaki, Anal. Chem. 79 (2007)

8694.
63] W.J. Leavens, S.J. Lane, R.M. Carr, A.M. Lockie, I. Waterhouse, Rapid Commun.

Mass Spectrom. 16 (2002) 433.
64] S. Inagaki, Y. Tano, Y. Yamakata, T. Higashi, J.Z. Min, T. Toyo’oka, Rapid Commun.

Mass Spectrom. 24 (2010) 1358.
65] A.M. Timperio, M. Fagioni, F. Grandinetti, L. Zolla, Biomed. Chromatogr. 21

(2007) 1069.
66] R. Rebane, K. Herodes, Anal. Chim. Acta 672 (2010) 79.
67] H. Lin, Y. Tian, Z. Zhang, L. Wu, Y. Chen, Anal. Chim. Acta 664 (2010) 40.
68] S. Ndaw, F. Denis, P. Marsan, A. d’Almeida, A. Robert, J. Chromatogr. B 878 (2010)

2630.
69] T. Santa, Biomed. Chromatogr. 24 (2010) 915.
70] K. Shimbo, S. Kubo, Y. Harada, T. Oonuki, T. Yokokura, H. Yoshida, M. Amao, M.

Nakamura, N. Kageyama, J. Yamazaki, S. Ozawa, K. Hirayama, T. Ando, J. Miura,
H. Miyano, Biomed. Chromatogr. 24 (2010) 683.

71] S.J. Barry, R.M. Carr, S.J. Lane, W.J. Leavens, S. Monté, I. Waterhouse, Rapid
Commun. Mass Spectrom. 17 (2003) 603.

72] T. Hayama, Y. Sakaguchi, H. Yoshida, M. Itoyama, K. Todoroki, M. Yamaguchi,
H. Nohta, Rapid Commun. Mass Spectrom. 24 (2010) 2868.

73] J.G. Bollinger, W. Thompson, Y. Lai, R.C. Oslund, T.S. Hallstrand, M. Sadilek, F.
Turecek, M.H. Gelb, Anal. Chem. 82 (2010) 6790.

74] T. Higashi, T. Ichikawa, S. Inagaki, J.Z. Min, T. Fukushima, T. Toyo’oka, J. Pharm.
Biomed. Anal. 52 (2010) 809.

75] A.J. Cartwright, P. Jones, J.C. Wolff, E.H. Evans, Rapid Commun. Mass Spectrom.
19 (2005) 1058.

76] M. Eggink, M. Wijtmans, A. Kretschmer, J. Kool, H. Lingeman, I.J. de Esch, W.M.
Niessen, H. Irth, Anal. Bioanal. Chem. 397 (2010) 665.

77] P.A. Aronov, L.M. Hall, K. Dettmer, C.B. Stephensen, B.D. Hammock, Anal.
Bioanal. Chem. 391 (2008) 1917.

78] S. Ding, I. Schoenmakers, K. Jones, A. Koulman, A. Prentice, D.A. Volmer, Anal.
Bioanal. Chem. 398 (2010) 779.

79] X. Duan, B. Weinstock-Guttman, H. Wang, E. Bang, J. Li, M. Ramanathan, J. Qu,
Anal. Chem. 82 (2010) 2488.

80] G.I. Taylor, Proc. R. Soc. Lond. A 280 (1964) 383.
81] M.S. Wilm, M. Mann, Int. J. Mass Spectrom. Ion Proc. 136 (1994) 167.
82] P. Kebarle, J. Mass Spectrom. 35 (2000) 804.
83] L. Rayleigh, Philos. Mag. 14 (1882) 184.

84] J.F. Mora, G.J. Van Berkel, C.G. Enke, R.B. Cole, M. Martinez-Sanchez, J.B. Fenn, J.

Mass Spectrom. 35 (2000) 939.
85] G.J. Van Berkel, K.G. Asano, Anal. Chem. 66 (1994) 2096.
86] G.J. Van Berkel, J.M. Quirke, R.A. Tigani, A.S. Dilley, T.R. Covey, Anal. Chem. 70

(1998) 1544.
87] R. Thorsten, J. Chromatogr. A 1000 (2003) 477.


	A new strategy for ionization enhancement by derivatization for mass spectrometry
	Introduction
	Ionization enhancement by derivatization reagents
	Aldehydes and ketones
	Thiols
	Phenols and alcohols
	Amines
	Carboxylic acids
	Other

	Mechanism of ionization enhancement
	Conclusions
	References


