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a b s t r a c t

Nucleosides and nucleotides are intracellular compounds that are precursors of nucleic acids and which
take part in various regulatory and metabolic functions. Although they can be synthesized endogenously,
a dietary supplement is beneficial to the organism under certain conditions when the demand for these
semi-essential nutrients is high. The analysis of these compounds in food is, therefore, of great impor-
tance if we are to improve and ensure food quality. This review summarizes the chromatographic and
capillary electrophoresis analytical methods described for the analysis of nucleosides and nucleotides in
foodstuffs, including sample treatment steps used for isolation and cleanup. In addition, the future
prospects in the analysis of these compounds in food matrices have also been included.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Nucleosides and nucleotides are essential in a large number of
biological processes. All mammal, bacteria, and plant cells naturally
contain these compounds, which are the precursors of the nucleic
acids that make up DNA (deoxyribonucleic acid) and RNA (ribo-
nucleic acid) and, therefore, play a vital role in the storage, transfer,
and expression of genetic information. Moreover, nucleosides and
nucleotides participate in other metabolic functions as they form
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part of biosynthetic routes, operate in the transfer of chemical
energy, are components of some co-enzymes, and play an impor-
tant role as biological regulators.

The human body is capable of synthesising these molecules
endogenously, which means that they are constantly forming and
being broken down in the organism (Fig. 1). Formation may,
therefore, occur in two different ways: by de novo synthesis in new
cells from precursor amino acids; or by alternative recovery routes
known as salvage pathways onwhich the intermediaries generated
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Fig. 1. Pathways leading to the synthesis and incorporation of nucleosides and nucleotides in the body.

J. Domínguez-�Alvarez et al. / Trends in Analytical Chemistry 92 (2017) 12e31 13
in the breaking down of DNA and RNA such as bases and nucleo-
sides are used to synthesise new nucleotides [1,2].

Nucleosides and nucleotides can also enter the organism
exogenously through food; the human body is capable of
absorbing them and making use of them [3]. Under certain con-
ditions the demand for nucleosides and nucleotides increases, the
endogenous supplement becomes insufficient, and the ingestion
of these compounds becomes essential for the normal develop-
ment of the functions of the organism. This may occur during
certain periods of illness such as intestinal lesions, if the ingestion
of proteins is reduced, or if the immune system is activated during
stages of rapid growth or in the presence of regulatory or devel-
opment factors that interfere with the full expression of the ca-
pacity for endogenous synthesis [3]. Many studies have shown
that the presence of these compounds in the diet has beneficial
effects on the immune response, the absorption of iron, lipid
metabolism, gut flora and both intestinal and hepatic morphology
and function [2].

Owing to their important functions, the determination of nu-
cleosides and nucleotides is of great interest in different scientific
Fig. 2. Classification of the articles found in the literature dealing with the use of HPLC and
pair; HILIC, hydrophilic interaction liquid chromatography; IE, ion-exchange. Legend: UV, sp
fields such as chemistry, biochemistry, medicine, genetics, metab-
olomics, and the environment [4].

The methods for the analysis of nucleosides and nucleotides in
milk and pediatric formulas were reviewed by Gill and Indyk in
2007 [5]; the determination of nucleotides and nucleosides by
capillary electrophoresis in food materials was also reviewed by
Chen et al. in 2010 [6]. Taking these bibliographical references as a
starting point, this study revises the current status of the analysis
of nucleosides and nucleotides in dairy and non-dairy foods
including the new analysis methods that have been developed
since 2007 based on high performance liquid chromatography
(HPLC) and those developed since 2010 based on capillary elec-
trophoresis (CE). Sample treatment, HPLC, and CE analysis are
critically discussed and summarized (Tables 2e4); their contents
have been arranged according to their separation type (chro-
matographic or electrophoretic) and to the food type analysed.
Fig. 2 shows the distribution of the applications found which were
carried out as part of the analysis of nucleosides and nucleotides in
foods using different types of HPLC and CE. The number of appli-
cations using reversed-phase liquid chromatography (RP-LC)
CE in the detection of nucleosides and nucleotides in food. RP, reversed-phase; IP, ion-
ectrophotometric detection; MS, mass spectrometry detection.



Table 1
The structures and properties of the main nucleosides and nucleotides analysed in foods.

Nucleosides and Nucleotides Mw log Da pH ¼ 9 Structure pKas

Adenosine (A) 267 �0.75

R1: OH
Adenosine 50-monophosphate (AMP) 347 �7.68 R1: Phosphate
Adenosine 50-diphosphate (ADP) 427 �8.16 R1: Diphosphate
Adenosine 50-triphosphate (ATP) 507 �10.12 R1: Triphosphate

Cytidine (C) 243 �1.81

R2: OH
Cytidine 50-monophosphate (CMP) 323 �9.63 R2: Phosphate
Cytidine 50-diphosphate (CDP) 403 �10.1 R2: Diphosphate
Cytidine 50-triphosphate (CTP) 483 �12.07 R2: Triphosphate

Guanosine (G) 283 �1.47

R3: OH
Guanosine 50-monophosphate (GMP) 363 �8.64 R3: Phosphate
Guanosine 50-diphosphate (GDP) 443 �9.12 R3: Diphosphate
Guanosine 50-triphosphate (GTP) 523 �11.09 R3: Triphosphate

Inosine (I) 268 �1.97

R4: OH
Inosine 50-monophosphate (IMP) 348 �9.01 R4: Phosphate
Inosine 50-diphosphate (IDP) 428 �9.49 R4: Diphosphate
Inosine 50-triphosphate (ITP) 508 �11.46 R4: Triphosphate

Uridine (U) 244 �1.76

R5: OH
Uridine 50-monophosphate (UMP) 324 �8.1 R5: Phosphate
Uridine 50-diphosphate (UDP) 404 �8.55 R5: Diphosphate
Uridine 50-triphosphate (UTP) 484 �10.51 R5: Triphosphate

a Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02 (© 1994e2014 ACD/Labs).
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coupled to ultraviolet (UV) detection is noteworthy, although the
types of ion-pair reversed-phase liquid chromatography (IP-RP-
LC) and hydrophilic interaction liquid chromatography (HILIC)
have a higher number of applications coupled to mass spectrom-
etry (MS) detectors.
2. Properties of nucleosides and nucleotides

2.1. Chemical structure and properties

A nucleoside consists of the covalent union between a nitro-
genised base and a pentose that may be ribose (in RNA) or
deoxyribose (in DNA). The nitrogenised base may be either puric or
pyrimidinic and, in both cases, its atoms originate mainly from
amino acids. The pyrimidinic bases consist of rings of six members
and include: uracil, cytosine, and thymine. The puric bases,
adenine, guanine, hypoxanthine, and xanthine also have a second
ring of five members. A nucleotide is an organophosphate formed
by the union of the carbon 50 of the pentose of the nucleosidewith a
mono-, di- or tri-phosphate group. Table 1 shows the structures
and some of the properties of the main nucleosides and nucleotide
mono-, di- and tri-phosphates (NMPs, NDPs and NTPs) analysed in
food samples.

Nucleosides and nucleotides are highly polar compounds
with distribution coefficient logarithm values (log D) varying
between �0.75 and �12.07 at pH 9 (Table 1). Moreover, each of the
phosphate groups of nucleotides has two ionisable hydroxyl groups
with pKa values of around 1 and 6, owing to which at pH values of
over 6 (which includes physiological pH) all nucleotides have a
negative net charge. The amino groups of the rings of adenine,
guanine, and cytosine behave as extremely weak bases liable to
protonation, with pKa values of between 2 and 4.5. Because of all



Table 2
Application of liquid chromatography in the analysis of nucleosides and nucleotides in non-infant foods.

Analytesa Sample Extraction Clean-up Separationb Detection Quantification Concentrations &
observations

Ref.

C, U, 2′dU, I, G, T, A, 3′dA Fungus
Cordyceps cultures

PLE (0.2 g/0.2 g
diatomaceous earth,
MeOH, 160�C, 5 min, 1
static cycle)

addition 10 mL H2O
filtration 0.22 mm

RP-UPLC 50 � 2.1 mm,
1.7 mm, C18
Gradient 0.5 mM AcOH//
ACN
5 min

UV 254 nm External calibration. LODs
(mg/L)
NUs 12-72
dNUs 21-50

mean contents (mg/kg)
C 716; U 1770; 2′dU
76.3; I 80; G 1313; T
115; A 1615; 3′dA
10917

[33]

G, A, 2′dA, 3′dA//U Fungus
Cordyceps cultures
and natural

SLE (H2O,
ultrasonication, 60min)
centrifugation (50�C,
4000g)

filtration 0.45 mm RP-HPLC 250 � 4.6 mm,
5 mm, C18
Isocratic 5% (vol.) ACN
24 min

UV 260 nm External calibration. LODs
(mg/L)
NUs 10-13
dNUs 15-16

mean contents (mg/kg)
G 1865; A 1840; 2′dA
60; 3′dA 14; U 2095
uridine determined
separately

[23]

U, A, G, I Fungus
Truffle and Tuber
fermentation
mycelia

SLE(H2O,
ultrasonication 2 min)
centrifugation
(13000 rpm, 10 min)
supernatant dilution
with MeOH

DSPE(D3520 resin, 1 min)
centrifugation(13000 rpm,
10 min)
evaporation N2 &
reconstitution with mobile
phase; filtration 0.45 mm

RP-HPLC 250� 2mm, 5 mm,
C18
Isocratic 99%(vol.) 5 mM
AcONH4 pH 2.0 with
HCOOH: 1% MeOH
16 min

MS Q
ESIþ, [MþH]þ

SIM mode

I.S. (Thymine). LODs (mg/L)
NUs 100-500

mean contents(mg/kg)
natural truffle
U 250, A 260, G 300, I
110
fermentation mycelia
U 1300, A 2100, G 2700,
I 69
U, A and G in
fermentation micelia 5
e9 times higher than in
natural fruitting-bodies

[61]

C, U, I, G, T, A Mushrooms
Ganoderma L.

SLE (H2O,
ultrasonication, 45min)
evap. under N2

filtration 0.45 mm RP-HPLC 150 � 4.6 mm,
3.5 mm, C18
Gradient 5 mM AcONH4//
MeOH
16 min

MS Ion-Trap
ESIþ, [MþH]þ,
[MþNa]þ, different
product ions
Scan mode, 50e400
u

External calibration. LODs
NUs 100e300 mg/L

mean contents (mg/kg)
C 57;U 157; I 25;G 54; T
19; A 51
quantification by UV at
254 nm

[22]

CMP, UMP, XMP, GMP,
IMP, C, U, AMP, X, G, A

Mushrooms
Boletus

SLE (H2O, water bath,
1 min)

filtration 0.2 mm RP-HPLC 150 � 3 mm, 4 mm
Gradient 50 mM phosphate
buffer pH 5.8//MeOH
14 min

UV 254 nm External calibration. LODs
(mg/L)
NUs 3-20
NMPs 6-20

mean contents(mg/kg)
CMP 390, UMP 1300,
XMP 250, GMP 470,
IMP 35, C 120, U 510,
AMP 1200, X 520, G
570, A 600
several RP columns and
one HILIC tested

[8]

AMP, CMP, GMP, IMP,
UMP, XMP

elution order not described

Mushrooms SLE(H2O, 100�C, 1 min)
centrifugation
(4000 rpm, 30 min)

supernatant filtration
0.22 mm

RP-HPLC 250 � 4.6 mm,
5 mm, C18
Isocratic 95%(vol.) 0.05%
phosphoric acid: 5% MeOH

MS Ion-Trap
ESI-
Scan mode, 50
e2000 u

not mentioned.
Quantification by UV and
fluorescence

mean contents(mg/kg)
AMP 4500, CMP 6000,
IMP 2600, UMP 2300,
XMP 870

[10]

U, A, I, G Pork meat
raw, dry-cured ham
and cooked ham

SLE (H2O,
ultrasonication, water
bath, 30 min)
centrifugation (20�C,
39200g)

supernatant filtration
hexane washing
centrifugation (5000g)
evap. under N2

RP-UPLC 150 � 1.0 mm,
1.8 mm, C18
Gradient 0.1% formic acid//
ACN
8.5 min

MS/MS QqQ
ESI-, two
transitions
MRM

Matrix matched calibration
& I.S.15N2-xanthine. LODs
NUs 40e150 mg/kg

mean contents(mg/kg)
Raw pork meat
U 69; A 2.7; I 1750; G 29
Dry-cured ham
U 266; A 7.7; I 1348; G
91
Cooked ham
U 114; A 87; I 2297; G
85

[24]

G, I, AMP, IMP
elution order not described

Pork meat
dry-cured ham

SLE(0.6 M HClO4, 4�C,
10 min)
centrifugation(10000g,
4�C, 20 min),
supernatant filtration &
neutralization K2CO3

centrifugation(10000g, 4�C,
20 min)
supernatant storage
(�20�C),
centrifugation(10000g, 4�C,
5 min)

RP-HPLC 150 � 4.6 mm,
4 mm, C18
Gradient 50 mM potassium
phosphate buffer pH 4.0//
MeOH
25 min

UV 250 nm not mentioned mean contents(aprox.,
mg/kg)
G 650, I 2000, AMP 100,
IMP 750
salting and post-salting
processing have a
significant effect on the
degradation of
nucleotides

[45]

(continued on next page)
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Table 2 (continued )

Analytesa Sample Extraction Clean-up Separationb Detection Quantification Concentrations &
observations

Ref.

U, I, G, 2′dG, 2′dI, T, A Mollusk
Mactra Veneriformi

SLE (50% MeOH,
ultrasonication
120 min)
centrifugation
(12000 rpm, 10 min)

supernatant filtration
0.22 mm

RP-HPLC 250 � 4.6 mm,
5 mm
Gradient MeOH//H2O
35 min

MS QTOF
ESIþ, [MþH]þ

Scan mode 100
e1000 u and UV
260 nm

External calibracion. LODs
(mg/L)
NUs 35-101
dNUs 36-61

mean contents(mg/kg)
U 1485, I 668, G 178, 2′
dG 263, 2′dI 701, T 715,
A 88
quantification by UV
260 nm

[27]

I Hake SPE(MIP, hypoxanthine
recognition sites;
washing n-hexane;
elution 5.55 mM NH4OH
pH 9.0)

RP-UPLC 50 � 2.1 mm,
1.7 mm, C18
Gradient 0.1%(vol.) TFA pH
2.2//MeOH
1 min

UV 250 nm Standard additions. LODs
(mg/L)
I 1800

mean contents(mg/kg)
I 230

[63]

CMP, GMP, IMP, I, AMP,
ADP, A, ATP

Squid
Seaweeds
Crab canned
Mushroom

SLE (1 M HClO4,10 min)
centrifugation (1500g,
10 min) & supernatant
precipit. ClO4

� &
neutralization (1 M
KOH, 30 min, cold)

centrifugation (1500g,
10 min)
supernatant water dilution
& filtration 0.45 mm &
dilution phosphate buffer
pH 7.5

RP-HPLC 250 � 4.6 mm,
5 mm, C18
Gradient 95%(vol.)
950:10:5 (vol.)
H2O:TEA:H3PO4//90:10
(vol.) H2O:ACN
37 min

UV 270 nm External calibracion. LODs
(mg/L)
NUs 403-979
NMPs 614-1750
ADP 893
ATP 437

mean contents(mg/kg)
squid CMP 27.8, GMP
7.4, IMP 9.0, I 352, AMP
59, ADP 32, A 0.8;
seaweeds CMP 174,
GMP 42, IMP 70, I 416,
AMP 595, ADP 608, A
92, ATP 1220; canned
crab GMP 79, IMP 99,
AMP 5.7; mushroom
CMP 7.5, GMP 91, I 45,
AMP 11, ADP 19, A 4.2;
comparison between
high- and low-
freshness samples

[9]

A Royal jelly SLE (90%(vol.) EtOH,
ultrasonication, 15min)

filtration 0.45 mm RP-HPLC, 250 � 4.6 mm,
5 mm, C18
Gradient 0.4% H3PO4//
MeOH
25 min

UV 257 nm External calibracion. LOD
(mg/L)
A 17

mean content(mg/kg)
commercial royal jelly
A 293
45 samples. Median
70 mg/kg

[35]

IMP, ATP, ADP, AMP, I Royal jelly SLE (5% HClO4, -5�C)
centrifugation (0�C,
12000g)

supernatant precipit. ClO4
�

& neutralization (KOH/
K2CO3)
centrifugation (0�C,
12000g), supernatant water
dilution, filtration 0.22 mm

RP-UPLC, 100 � 2.1 mm,
1.7 mm, C18
Gradient 50 mM phosphate
buffer pH 6.5//ACN
3 min

UV 257 nm External calibration. LODs
(mg/L)
I 520
NMPs 420-460
ADP 680
ATP 430

mean contents(mg/kg)
fresh royal jelly
IMP 627, ATP 51, ADP
251, AMP 1144, I 23.8
commercial royal jelly
IMP 593, ATP 5.4, ADP
51, AMP 887, I 44
extractions with boiling
water or boiling MgSO4

solution give lower
recoveries

[20]

ATP, IMP, ADP, C, AMP, U,
I, G, 2′dU, T, A

Royal jelly SLE (50%(vol.) EtOH,
acetone,
ultrasonication, 50�C,
25 min)
centrifugation (20�C,
12000g)

supernatant decantation,
water dilution
filtration 0.22 mm

RP-HPLC, 250 � 4.6 mm,
5 mm, C18
Gradient 10 mM phosphate
buffer pH 6.5//ACN
40 min

UV 257 nm External calibration. LODs
(mg/L)
NUs 24-87
2′dU 27
NMPs 20-64
ADP 65
ATP 47

mean contents(mg/kg)
fresh royal jelly
ATP 19, IMP 290, ADP
150, C 11, AMP 1500, U
36, I 117, G 178, 2′dU
2.2, T 15, A 331
commercial royal jelly
IMP 555, ADP 57, C 19,
AMP 1104, U 87, I 143,
G 353, 2′dU 2.5, T 31, A
720

[37]

C, G, A Fungus
Cordyceps cultures
and natural

SLE (HClO4 commercial,
1 h water bath)
neutralization NaOH

filtration & water dilution
filtration 0.45 mm

HPLC 250 � 4.6 mm, 5 mm,
alkyl RP
Gradient 5 mM TEA//MeOH
16 min

UV 254 nm External calibration. LODs
(mg/L)
NUs 20-60

mean contents(mg/kg)
Natural cordyceps
C 460, G 610, A 490
Culture cordyceps
C 650, G 1400, A 2500

[41]
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U, I, G, A, 3′dA Fungus
Cordyceps cultures
and natural

Three methods:
PLE(MeOH)//SLE (H2O,
100�C, 30 min)//SLE
(H2O, room temp.,
30 min)
for SLE, centrifugation
(12000 rpm, 5 min)

filtration 0.45 mm HPLC 250 � 4.6 mm, 5 mm,
alkyl RP
Gradient 10 mM TEA//
MeOH
25 min

UV 254 nm External calibration. LODs
(mg/L)
NUs 30-120

mean contents(mg/kg)
Natural cordyceps
U 1100, I 970, G 510, A
280
Culture cordyceps
U 2200, I 550, G 1600, A
1700, 3′dA 580
extraction methods
greatly influence the
NUs contents

[34]

IMP, GMP, ADP, AMP, I
elution order not described

Duck meat
Nanjing cooked

SLE (5 %HClO4, ice bath,
macerat.)
centrifugation (4 �C,
10000g)

supernatant collection
filtration Whatman#54
pH 6.5 with KOH

HPLC 250� 4.6mm, 5.0 mm,
C18
Gradient 0.72%(vol.) TEA,
0.35% phosphate buffer pH
6.5//MeOH
20 min

UV 254 nm Not mentioned mean contents (mg/kg)
IMP 2650, GMP 92, ADP
394, AMP 72, I 2510
different processing
stages of food

[42]

CMP, UMP, GMP/IMP,
AMP, cAMP, CDP/GDP,
UDP, IDP, ADP, CTP,
UTP, GTP/ITP, ATP

Beer yeast
S. Cerevisiae culture

centrifugation (�20�C,
5000g)
SLE (EtOH/H2O, 95�C)
evap. under N2

water dilution
centrifugation (13000g)

IP-RP-HPLC 100 � 1 mm,
3.5 mm, C18
Gradient 10 mM DBAA,
5%(vol.) ACN pH 6.7//
10 mM DBAA, 84%(vol.)
ACN
15 min

MS/MS QqQ
ESI-, [M-
H]� > [nitrogenous
base]�

SRM

13C Isotopic dilution. LODs
NMPs 2e45 mg/L
NDPs 3e10 mg/L
NTPs 6e12 mg/L

s. cerevisiae (mg/kg)
AMP 300; ADP 660;
ATP 2600
column effluent mixed
with 50% ACN prior ESI

[36]

NADþ, AMP, NADH,
NADPþ, ADP, ATP,
NADPH

Beer yeast
S. Cerevisiae culture

SLE (1:2 vol. MeOH/
CHCl3, 4�C, 60 min)
centrifugation (4�C,
5000g)

water phases combined
lyophilization
redissolved in 10 mM TBA,
10 mM AcOH

IP-RP-UPLC 100 � 2.1 mm,
2.7 mm, phenyl-hexyl
Gradient 10 mM TBA,
10 mM AcOH//10 mM TBA,
10 mM AcOH in 90:10 (vol.)
MeOH/H2O
14 min

MS/MS QqQ
ESI-, [M-H]� or
[N-2H]� > two
product ions
MRM

I.S.13C,15N isotope-labelled.
LODs (ng)
AMP 0.3, ADP 0.5, ATP 1.2
NADs (0.5e1)x103

(mg/kg)
NADþ 4.2, AMP 0.11,
NADH 0.08, NADPþ

0.53, ADP 0.39, ATP 4.6,
NADPH 0.05

[38]

C/UMP, GMP, U, AMP, I,
G, T, A, 3′dA

Fungus
Cordyceps cultures
and natural

SLE (H2O, 100�C, reflux
30 min) or (H2O 25�C,
24e56 h, reflux 5 min)

supernatant filtration
0.45 mm

IP-RP-HPLC 250 � 4.6 mm,
5 mm
Gradient 0.25 mM PDFOA//
ACN
60 min

MS Ion-Trap
ESIþ, [MþH]þ,
[2 M þ H]þ,
different product
ions
SRM

I.S.(5-CCA). LODs (mg/L)
NUs 110-240
3′dA 40
NMPs 180-410

mean contents(mg/kg)
Natural cordyceps
C 124, UMP 343, GMP
525, U 846, AMP 452, I
633, G 679, T < LOQ, A
308, 3′dA < LOQ
Culture cordyceps
C 90, UMP 420, GMP
470, U 2800, AMP 300, I
130, G 1900, T 150, A
2400, 3′dA 2100
sample preparation
methods had
significant effects on
the amounts

[16]

CMP, cGMP, dCMP, UMP,
GMP, IMP/dUMP/
cAMP, dGMP/TMP,
AMP, GDP/CDP/OMP/
UDP/XMP, ADP, CTP/
dCTP/GTP, dGTP/UTP,
ATP/TTP, dATP

Curdle bacterium
L. Lactis

Suspension culture
freeze-thaw cycles (x3)
(�80�C//icewater bath)
centrifugation(4248g)

DSPE(activated charcoal,
ice-bath)
centrifugation(4248g, 4�C,
20 min)
ice-cold water washing x2
extraction 2 %NH3, 50 %
ACN, ice-bath
reconstitution 10 mM TBA,
10 mM AcOH

IP-RP-UPLC 100 � 2.1 mm,
2.7 mm, phenyl-hexyl
Gradient 10 mM TBA,
10 mM AcOH pH 5.5//
10 mM TBA, 10 mM AcOH
in 90:10 (vol.) MeOH/H2O
26 min

MS/MS QqQ
ESI-, [M-H]� > one
product ion
SRM

I.S.13C,15N isotope-labelled.
LODs (ng)
NMPs 1-30
dNMPs 2-15
cNMPs 1
NDPs 3-9
NTPs 1-4
dNTPs 1-8

mean contents(mg/kg)
CMP < LOQ, dCMP 0.01,
UMP 0.16, GMP 0.04,
IMP 0.21, TMP 0.10,
AMP 0.14, CDP 0.01,
UDP 0.08, XMP 0.18,
GDP < LOQ, ADP 0.73,
CTP 0.48, dCTP 0.65,
GTP 5.2, dGTP 0.02,UTP
2.4, ATP 8.1, TTP 0.39,
dATP 0.20

[62]

(continued on next page)
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Table 2 (continued )

Analytesa Sample Extraction Clean-up Separationb Detection Quantification Concentrations &
observations

Ref.

compounds without I.S.
showed different
concentrations by
external calibration vs.
standard addition
method

C, U, I, G, T, A, X, CMP,
UMP, GMP, IMP, AMP,
XMP, CDP, IDP/GDP,
UDP, ADP, CTP, GTP,
UTP, ATP, TTP

Soup
Cauliflower
heated & raw
Beer
low-malt

CUF(12000g, 20 min)
filtrate diluted with
mobile phase

filtration 0.22 mm IP-RP-UPLC 100 � 2.1 mm,
1.8 mm, C18
Gradient 1.25 mM DHAA,
10 mM HCOONH4 pH 5.0//
1.25 mM DHAA in ACN
45 min

MS Q
NUs ESIþ, [MþH]þ,
the rest ESI-, [M-
H]�

SIM mode

External calibration. LODs
(mg/L)
NUs 8.1e179
NMPs 11-33
NDPs 77-157
NTPs 157-167

mean contents (mg/kg)
beer
C 190,U 42, I 4.5, G 86, T
7.3, A 6.9, CMP 0.032,
UMP 0.097, AMP 0.035
soup
I 560, A 51, UMP 30,
GMP 170, IMP
1.4 � 104, AMP 99
heated cauliflower
C 5.9, U 4.7, G 5.2, A 23,
CMP 15, UMP 14, GMP
4.4, IMP 0.035, AMP 74,
CDP 13, IDP 0.51, GDP
20, UDP 9.9, ADP 95,
CTP 15, GTP 30, UTP 22,
ATP 100, TTP 0.63. Raw
cauliflower NUs only

[54]

AMP, UMP, GMP, XMP,
CMP, IMP, I, G, A,
cAMP elution order
not described

Chicken broth SLE(H2O, 24 h 90�C)
n-pentane defatted
broth collection by
filtration

filtration 0.45 mm
water dilution 1:100

HILIC 300 � 7.8 mm, 5 mm,
amide
Gradient 1% formic acid in
ACN//1% formic acid
50 min

MS/MS Ion-Trap
ESIþ,
[MþH]þ > one
product ion
SRM

External calibration contents (mg/L)
AMP 42, UMP 3.2, GMP
7.3, XMP 7.3, CMP 3.2,
IMP 120, I 210, G 0.85,
A 1.1, cAMP 1.0

[19]

I, AMP, NADþ, IMP, ADP,
ATP

Pork meat
(L. dorsi muscles)

freezing (liquid N2)
SLE (0.6 M HClO4, 4�C)
centrifugation (4�C,
24500g)

supernatant filtration and
neutralization (K2CO3)
centrifugation (4�C,
24500g)
supernatant deproteiniz.
(ACN)

ZIC-pHILIC 150 � 4.6 mm,
5.0 mm
Gradient ACN//100 mM
AcONH4 pH 7//150 mM
AcNH4 pH 3.5//H2O
35 min

UV 254 nm External calibration. LODs
(mg/L)
NUs 160
NMPs 50-160

mean contents (mg/kg)
I 370, AMP 87, IMP
1900, ADP 210, ATP
400, NAD 220

[44]

T, 2′dU, 2′dA, U, A/2′dI, I,
2′dC, 2′dG, C, G

Clams
commercial

vacuum drying 3 days
& pulverization
SLE (H2O,
ultrasonication, 30�C,
60 min). Three times
centrifugation
(10000 rpm, 15 min)

dilution with 10% MeOH
filtration 0.22 mm

HILIC-UPLC 100 � 2.1 mm,
1.7 mm, amide
Gradient ACN//0.1% formic
acid
7 min

MS/MS Ion-Trap
positive ionization,
[MþH]þ > one
product ion
SRM

External calibration. LODs
(mg/L)
NUs 0.10e4.35
dNUs 0.42e9.20

mean contents(mg/kg)
T 140, 2′dU 55, 2′dA 20,
U 164, 2′dI 588, A 22, I
637, 2′dC 18, 2′dG 184,
C 55, G 347

[32]

T, 2′dA, U, A, I, 2′dC, 2′dG,
C, G

Marine orgamisms SLE (60% vol. MeOH,
ultrasonication, 15
minx3)
rotary evaporation

dissolved in 90% (vol.) ACN
filtration 0.45 mm

HILIC 250 � 4.6 mm, 5 mm
Gradient ACN//0.2% formic
acid 20 mM AcONH4

45 min

MS TOF
ESIþ, [MþH]þ

Scan mode 60e500
u

External calibration. LODs
(mg/L)
NUs 1-130
dNUs 0.7e22

mean contents (mg/kg)
T 178; 2′dA 112; U 250;
A 42; I 73; 2′dC 17; 2′
dG 100; C 71, G 365

[26]

T, 2′dU, 2′dA, U, A/2′dI, I,
2′dC, 2′dG, C, G, CMP

Seaweeds SLE (H2O,
ultrasonication, 30min)
centrifugation (15000g,
10 min)

supernatant storage 4�C
filtration 0.22 mm

HILIC-UPLC 100 � 2.1 mm,
1.7 mm, amide
Gradient 0.05% AcOH in
ACN//0.8% AcOH, 10 mM
AcONH4

11.5 min

MS/MS QqQ
ESIþ,
[MþH]þ > one
product ion
SRM

External calibration. LODs
(mg/L)
NUs 0.04e3.4
dNUs 0.06e1.33
CMP 1.22

mean contents(mg/kg)
T 10, 2′dU 16, 2′dA 7.2,
U 779, A 86, 2′dI 9.7, I
16, 2′dC 1.2, 2′dG 14.5,
C 12.4, G 44, CMP 9.8

[29]

T, 2′dU, 2′dA, U, A, 2′dI, 2′
dC, I, 2′dG, C, G, cAMP,
cGMP, 2′dAMP, CMP

Fruits and leafs
Ziziphus

SLE (H2O,
ultrasonication 30 min)
centrifugation (15000g,
10 min)

supernatant filtration
0.22 mm

HILIC-UPLC 100 � 2.1 mm,
1.7 mm, amide
Gradient 0.1% AcOH in
ACN//0.8% AcOH, 10 mM
AcONH4

10 min

MS/MS QqQ
ESIþ, [MþH]þ> one
production
SRM

External calibracion. LODs
(mg/L)
NUs 0.11e0.84
dNUs 0.12e1.70
CMP 2.44

mean content(mg/kg)
fruits
T 2.0, 2′dA 0.7, U 122, A
77, 2′dI 0.5, I 16, C 33, G
67, cAMP 330, cGMP
95, 2′dAMP 0.45, CMP

[18]
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this, the net charges vary considerably (Table 1) depending on the
species and the pH.

2.2. Sources of nucleosides and nucleotides. Digestion and
absorption

Nucleosides and nucleotides are present in any foodstuff
composed of living cells; the largest concentrations are found in
foods with a greater cell density or which come frommetabolically
active tissue. This means that, in general, foods of animal origin
contain a larger amount than those deriving from plants, with the
exception of beans and other pulses, which have relatively high
amounts in their seeds. Various studies have shown that the in-
ternal organs of animals such as the liver, the kidney, or the heart
and small fish, and shellfish are rich in nucleosides and nucleotides.
The latter are also found to a lesser extent in pulses, mushrooms,
and vegetables [7].

Some nucleotides such as inosine 50-monophosphate (IMP)
and guanosine 50-monophosphate (GMP) are used as flavour en-
hancers. The umami or “fifth taste” [8e10] includes substances
such as IMP and glutamic acid and is also associated with foods
rich in proteins. The effect of nucleotides as flavour enhancers
implies their presence in a wide variety of prepared foods and
beverages, which increases the level of ingestion of these com-
pounds. Although no recommendations exist as to the amount of
nucleosides and nucleotides that may be beneficial in the diet, it
has been suggested that it is better to take a certain amount than
none [7].

2.3. Their importance in infant foods

The analysis of nucleosides and nucleotides in infant foods
constitutes an area of application of great interest, given that the
exogenous contribution of these compounds is particularly
important in the stages of rapid growth of both babies and children
[5] and also has a positive effect on the regulation of the immune
response.

Human milk is the best source of nucleotides and the latter
form part of the non-proteic nitrogen content of milk. In the case of
cow's milk however non-proteic nitrogen represents only 2% of
total nitrogen [11]. For these reasons, the European Scientific
Committee on Food (SCF,1993) recommends supplementing infant
formulas with nucleotides in concentrations similar to those found
in human milk. The free forms of cytidine 50-monophosphate
(CMP), uridine 50-monophosphate (UMP), adenosine 50-mono-
phosphate (AMP), GMP and IMP are those appearing in a higher
concentration in human milk, although some authors have found
that cytidine 50-diphosphate (CDP) is also a predominant nucleo-
tide in some human milk [11]; guanosine di-phosphate mannose
and uridine di-phosphate hexose have also been found at lower
concentrations [12].

Infant formulas are only supplemented with the five free NMPs
as these are the main forms of intestinal absorption. Human milk
contains, however, other forms of nucleotides which are also
nutritionally available to babies: polymeric ribonucleic acids and
nucleoside and nucleotide adducts. In some cases it is interesting to
determine the total potentially available nucleos(t)ides (TPAN)
[13,14]. Over 80% of the TPAN is present in the form of polymeric
nucleotides (43.3%) and free nucleotides (39.9%) and the remainder
in that of nucleoside and nucleotide adducts.

Non-dairy food complements must have a suitable composition
as far as energy and nutrients are concerned, as in some cases they
represent the only source of nutrition for babies aged between 6
and 12 months [15]. Although no information is currently available
on the levels of nucleotides that are desirable in this kind of food,



Table 3
Application of liquid chromatography in the analysis of nucleosides and nucleotides in infant foods.

Analytesa Sample Extraction Clean-up Separationb Detection Quantification Concentrations & observations Ref.

CMP, UMP, GMP, IMP,
AMP

Infant formulas dispersion in 1 M NaCl,
5 mm EDTA
SPE (strong anion
exchange)

washing 0.3 M KBr
elution 0.5 M KH2PO4

pH 3.0
filtration 0.2 mm

RP-HPLC,
250 � 4.6 mm, 5 mm,
C18
Gradient 0.1 M KH2PO4

pH 5.6//MeOH
30 min

UV 260 nm I.S. TMP. LODs (mg/L)
NMPs 0.8e1.9

mean contents(mg/kg)
bobine-milk based
CMP 81, UMP 33, GMP 29, IMP
10, AMP 40
caprine-milk based
CMP 40, UMP 82, GMP 64, IMP
3.0, AMP 23
soy based
CMP 1.0, UMP 3.0, GMP 3.0,
AMP5.0
caprine-milk and soy not
supplement.

[56]

CMP, UMP, GMP, IMP,
AMP

Infant formulas &
adult/pediatric
nutritional
formulas

SPE (strong anion
exchange)

filtration 0.2 mm RP-HPLC 250 � 4.6 mm,
5 mm, C18
Gradient 10 mM
KH2PO4 pH 5.6//MeOH
45 min

UV 250, 260, 270 nm I.S. TMP. LODs
NMPs 60e190 mg/kg

AOAC official method [57]

CMP, UMP, GMP, IMP,
C, U, AMP, G, I, A

Infant formulas dispersion in H2O
CUF (3500g 60 min)

analysis of filtrate RP-HPLC 250 � 4.6 mm,
5 mm, C18
Gradient 10 mM
AcONH4, 5 mM
NH4HCO3 pH 5.6//
MeOH
16 min

MS/MS Ion-Trap
ESIþ,
[MþH]þ > [nitrogenous
base]þ

[UMP þ H]þ > 97
SRM

I.S.13C,15N isotope-
labelled. LODs (mg/kg)
NUs 100-1200
NMPs 100-1300

concentration levels not
mentioned
accuracy validated against CRM.
Recoveries in spiked samples,
80e115%

[48]

CMP, AMP, UMP, GMP,
IMP

Infant formulas dispersion in H2O, 50�C
pH 4.6 with 1 %HCOOH
SLE(ultrasonication, room
temp., 10 min)
centrifugation (15000 rpm,
15 min)

supernatant filtration
0.22 mm

HPLC 150 � 2.1 mm,
3.5 mm, polar
embedded C18
Gradient 0.1% formic
acid//ACN
8 min

MS/MS QqQ
ESI-, [M-H]� > two product
ions
MRM

External calibration.
LODs (mg/L)
NMPs 9-15

mean contents (mg/kg)
CMP 103, AMP 53, UMP 47,
GMP 30, IMP 29

[25]

C, U, G, A Bovine milk 1 M NaOH, 30 min
neutralization, HCl & water
dilution
enzymatic hydrolysis
SPE(phenylboronate, high
pH)

washing twice at high
pH
elution, 0.25 M H3PO4

filtration

RP-HPLC 150 � 4.6 mm,
5 mm, C18
Gradient 50 mM AcONa
pH 4.8//MeOH
18 min

UV 260 nm I.S. (5 mC). LODs not
mentioned

mean contents (0e30 days of
lactation)
(mg/L) C 6.8, U 64, G 2.0, A 0.25
(mmol/dL) monomeric, adducts
and polymeric nucleotides: C
7.5, U 22, G 2.3, A 2.8
nucleotides hydrolysed to
nucleosides before analysis

[13]

C, U, G, A Bovine, caprine and
ovine milks

1 M NaOH, 30 min
neutralization, HCl & water
dilution
enzymatic hydrolysis
SPE(phenylboronate, high
pH)

washing twice at high
pH
elution, 0.25 M H3PO4

filtration

RP-HPLC 150 � 4.6 mm,
5 mm, C18
Gradient 50 mM AcONa
pH 4.8//MeOH
18 min

UV 260 nm I.S. (5 mC). LODs not
mentioned

mean contents (ovine)
(mg/L) C 5.6, U 36, G 1.7
(mmol/dL) monomeric, adducts
and polymeric nucleotides: C
7.1, U 292, G 30, A 28. Highest
concentration of TPAN in ovine
milk

[14]

C, U, A, G, I, CMP, UMP,
AMP, GMP, IMP, CDP

elution order not
described

Human milk protein precipitation,
10%(w/v) TCA, 30min
centrifugation (30000g,
15 min)
TCA elimination (diethyl
ether)

lyophilization &
storage �30�C
dissolved in H2O
filtration 0.45 mm

HPLC 500 � 4.6 mm,
C18, polymer silica
coating
Isocratic 25 mM
TBAHSO4 50 mM K3PO4

pH 3.5

UV 254 nm not mentioned mean contents(mg/L)
C 2.2, U 1.5, A 0.05, G 0.10, I
0.06, CMP 16, UMP 1.8, AMP
1.0, GMP 0.30, IMP 8.8, CDP 52
taiwanese breast milk with
higher free nucleotides
regarding US, Europe and
Southeast Asia

[11]
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CMP, UMP, GMP, IMP,
AMP

Infant formulas dispersion in H2O
centrifugation (15 min,
2800g)
CUF (2800g, 30 min)

analysis of filtrate nano-IP-RP-HPLC
150 � 75 mm, 3.6 mm,
C18 core-shell
Isocratic 95%(vol.)
100 mM HCOONH4,
20 mM TBAOH pH 8.0:
5% MeOH
5 min

UV 260 nm External calibration.
LODs (mg/L)
NMPs 250

mean contents (mg/kg)
CMP 96, UMP 48, GMP 12, IMP
12, AMP 25

[51]

AMP, CMP, GMP, IMP,
UMP

elution order not
described

Infant formulas dispersion in H2O, 50�C
6.5%(vol.) HClO4

SLE(room temp., 15 min)
centrifugation (4000g,
20 min)

supernatant
neutralization (KOH)
& dilution
ice-bath 1 h,
decantation
filtration 0.45 mm

IP-RP-HPLC
150 � 4.6 mm, 3.0 mm,
C18
Isocratic 100 mM
potassium phosphate,
4 mM TBA, pH 6.0
30 min

UV 260 nm, 278 nm External calibration.
LODs not mentioned

not mentioned [43]

CMP, UMP, GMP, IMP,
AMP

Baby foods dispersion in H2O
protein precipitation, 3%
TCA 3�C, 15 min
centrifugation (6000 rpm,
10 min)

supernatant
collection
filtration 0.45 mm

IP-RP-HPLC
150 � 4.6 mm, 5 mm,
C18
Isocratic 95%(vol.)
0.1 M formate buffer,
0.01 M DMHA pH 5.5:
5% MeOH
17 min

MS TOF
ESI- & APCI-, [M-H]�

Scan 50e600 u

External calibration.
LODs (mg/L)
NMPs 11-19

mean contents(mg/kg)
meat based
CMP 0.43, UMP 1.4, GMP 0.28,
IMP 1.1, AMP 1.6
fish based
CMP 1.7, UMP 2.2, GMP 1.0,
IMP 2.2, AMP 3.2
vegetables
CMP 1.0, UMP 2.2, GMP 1.0,
IMP 1.1, AMP 2.4
fruit based
CMP 1.0, UMP 2.3, GMP 0.59,
IMP 0.21, AMP 1.0
cereals
CMP 0.22, UMP 0.15, GMP 0.20

[40]

CMP, UMP, AMP, IMP,
GMP

Infant formulas dispersion in H2O, stored
4�C, 10 min
centrifugation (2328g,
15 min)
CUF (supernatant, 2328g,
15 min)

analysis of filtrate IE(anion)-HPLC,
250 � 4.6 mm, 5 mm,
NH2

Isocratic 50 mM
(NH4)2HPO4 pH 4 with
H3PO4.
30 min

UV 254 nm External calibration mean contents (mg/kg)
CMP 73, UMP 23, AMP 23, IMP
29, GMP 31
CMP eluted with front sample
matrixes. pH critical to avoid
interferences

[46]

CMP, AMP, UMP, GMP Infant formulas dispersion in H2O, 60�C
pH acidic with 1 M HCl
centrifugation (11000g,
20 min)
water dilution &
neutralization NaOH

SPE(strong anion
exchange)
elution 0.05 M HCl &
pH adjustment 2.5
water dilution
filtration 0.2 mm

IE(dendritic)-HPLC
150 � 2.1 mm, silica
based
Isocratic 75 mM
KH2HPO4/H3PO4 pH 2.5
7.5 min

UV 254 nm External calibracion.
LODs (mg/L)
NMPs 130-170

mean contents(mg/L)
CMP 11, AMP 1.6, UMP 3.1,
GMP 1.4
different dendritic stationary
phases

[58]

CMP, AMP, UMP, GMP Baby foods dispersion in H2O
ultrasonication 5min
protein precipitation, 3%
TCA, 15 min
centrifugation (6000 rpm,
10 min)

supernatant
collection & water
dilution
filtration 0.2 mm

IE(anion)-HPLC,
150 � 4.0 mm, 5 mm,
SAX
Isocratic 10 mM
phosphate buffer pH
3.5
10 min

UV 252, 260, 271 nm External calibration.
LODs (mg/L)
NMPs 20-40

contents(mg/kg) dairy foods
(mean) CMP 12, AMP 3.1, UMP
4.8, GMP 6.3
chicken puree CMP 2.5, AMP
4.4, UMP 3.7, GMP 6.6
vegetables puree CMP 2.7, AMP
6.2, UMP 4.1, GMP 6.5
cereals CMP 7.5, AMP 10, UMP
12, GMP 2.7
fruits lyophilized (mean) CMP
14, AMP 20, UMP 15, GMP 13

[39]

AMP/UMP, IMP, GMP/
CMP

Infant formulas dispersion in H2O, 5 min
mixed
CUF(2328g, 15 min)

analysis of filtrate
diluted with MeOH

HILIC 150 � 2 mm,
3 mm, amino
Gradient MeOH//
30 mM HCOONH4 pH

MS/MS QqQ
ESIþ, [MþH]þ > two
product ions
MRM

I.S.13C,15N isotope-
labelled. LODs (mg/L)
NMPs 5-10

mean contents (mg/kg)
AMP 34, UMP 43, IMP 17, GMP
36, CMP 110
unlike [46] this could be applied

[47]

(continued on next page)
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their study is arousing interest as they are includingmore andmore
different ingredients.

3. Analytical techniques

3.1. Sample treatment

Owing to the high polarity of nucleosides and nucleotides, the
most frequently used method for extracting these analytes from
different samples of food was liquid-liquid or solid-liquid
extraction, using mainly water or other polar solvent [16e18]. It
is also common to carry out extraction assisted by temperature
[8,10,16,19e21], ultrasounds [18,22e32] and pressurized liquid
extraction (PLE) [33,34]. The use of different mixtures of solvents
such as water-ethanol [35,36], water-methanol [26,27,30,32],
water-ethanol-acetone [37], or methanol-chloroform [38] has
also been recommended. It has been found that the extraction
methods employing PLE and water extraction, at high or room
temperature, could greatly influence the quantitation of nucleo-
sides [34]. Nucleosides, monomeric nucleotides, polymeric nu-
cleotides and nucleotide adducts have been determined in milk
samples employing parallel enzymatic treatments and obtaining
each contribution by means of the difference [13,14]: i) mea-
surement of innate nucleosides; ii) a treatment involved phos-
phatase (pH 8.5, 3 h) to dephosphorylate monomeric nucleotides
to nucleosides; iii) a treatment involved nuclease (pH 5.1, 16 h)
and phosphatase to hydrolyse polymeric nucleotides to mono-
meric nucleotides and dephosphorylate them to nucleosides; iv) a
treatment consisted of nuclease, pyrophosphatase and phospha-
tase to convert polymeric, monomeric nucleotides, and nucleotide
adducts to free nucleosides.

In sample treatments, one of the most widely used strategies
was the addition of acid mediums to precipitate the proteins and
thus eliminate any possible interference caused in the macro-
molecules present in food matrices. Some of the most frequently
used acids were trichloroacetic acid [11,39,40], formic acid [25],
and perchloric acid [9,20,41e45]. Owing to the instability of nu-
cleotides at a low pH, an additional stage of the neutralization of
the acid is required before the analysis is carried out [20,42,44].
Unlike the acid treatment, boiling water or saline solution/heating
methods (to inactivate enzymes) do not require this neutraliza-
tion, but significantly lower recoveries have been found [20] for
adenosine 50-triphosphate (ATP) and adenosine 50-diphosphate
(ADP), and recoveries higher than 100% for IMP when the three
treatments were compared. In the analysis of samples of milk and
baby foods, highly satisfactory results have been obtained with the
use of centrifugal ultrafiltration (CUF) [46e52]. This is a simple and
efficient procedure for the cleaning of complex samples such as
those of food matrices, in the case of both foodstuffs in general
[53e55] and baby foods; it is based on the retention by ultrafil-
tration of interfering macromolecular species. Fig. 3 shows the
total ion electropherograms (TIE) and extracted ion electrophe-
rograms (XIE) of a powdered infant formula (A) and a human milk
(B) samples analysed by CUF followed by CE-ESI-MS. These results
revealed that this is a satisfactory method to carry out the analysis
of NMPs in infant foods.

Depending on the levels of nucleosides and nucleotides in the
samples, and also on the separation-detection technique to be used,
the implementing of a stage of the preconcentration of the analytes
may be recommendable or necessary. Solid phase extraction (SPE)
is one of the most frequently used procedures for the cleaning and
the preconcentration of samples. SPE has been carried out with
anionic exchange sorbents [56e58], metal oxide affinity chroma-
tography materials [59], and boronate sorbents [13,14]. It has been
found that trapping of the nucleosides on boronate affinity columns



Table 4
Application of capillary electrophoresis in the analysis of nucleosides and nucleotides in foods.

Analytesa Sample Extraction Clean-up Separationb Detection Quantification Concentrations & observations Ref.

cAMP, AMP, ADP, ATP Beer yeast
S. Cerevisiae

lysis frozen yeast
(boiling H2O, 10 min)
centrifugation (4�C,
13000 rpm)

supernatant
collection

CE 44 cm � 50 mm,
uncoated, �20 kV
60mMborate buffer pH
9.5, 1%(w/v) PEG
38 min

UV 210 nm External calibration.
LODs (mg/L)
cAMP 1.76; AMP
0.76; ADP 1.22; ATP
1.11

contents in extract (mg/L)
cAMP 2.96; AMP 41.67; ADP 26.50;
ATP 9.44

[21]

A, G, U, I, AMP, GMP, UMP Fungus
Mushrooms

SLE (MeOH,
ultrasonication, 60min)
Filtration, evaporation

dissolved in H2O
filtration 0.45 mm

CE 42 cm � 50 mm,
uncoated, 15 kV
125 mM borate pH 9.1
10 min

UV 260 nm External calibration.
LODs (mg/L)
NUs 20-30
NMPs 38-80

mean contents (mg/kg)
A 884, G < LOQ, U 1320, I < LOQ,
GMP < LOQ

[28]

AMP, GMP, IMP, XMP
migration order not described

Mushrooms Lentinus
edodes

SLE(H2O, 22e70�C, 30
e60 min)
filtration (Whatman#1)
CUF(3000g, 30 min)

analysis of filtrate CE 56 cm � 75 mm,
uncoated, 20 kV
50 mbar
20 mM phosphate-
borate buffer pH:9.2
30 min

UV 254 nm I.S. purine. LODs not
mentioned

mean contents (70�C, 360 min, mg/
kg extract)
AMP 1380, GMP 3260, XMP 55
50-phosphodiesterase breaks down
RNA in the mushrooms into 50-
nucleotides at higher temperatures

[55]

AMP, CMP, GMP Glucoside and
peptide capsule

CE 30 kV
15 mM NaBO3, 35 mM
Na2CO3, 60 mM HP-b-
CD

UV 254 nm External calibration.
LODs (mg/L)
NMPs 2000-3000

[100]

AMP, GMP, IMP, XMP
migration order not described

Beef meat minced SLE(0.01 M HCl,
vortexing, 2 min)
centrifugation (10000g,
4�C, 30 min)
supernatant filtration
(Whatman#1)
CUF(3000g, 30 min)

analysis of filtrate CE 56 cm � 75 mm,
uncoated, 20 kV
50 mbar
20 mM phosphate-
borate buffer pH:9.2
30 min

UV 254 nm I.S. purine. LODs not
mentioned

mean contents (mg/kg)
AMP 81.2, GMP 9.2, IMP 2.1

[55]

I, IMP, AMP, GMP
migration order not described

Goat meat raw &
cooked

SLE (H2O cold,
vortexing, 1 min)
centrifugation (4�C,
20 min, 10000g)
filtration (Whatman#1)
CUF(5000g, 4�C, 4 h)

CE 56 cm � 75 mm,
uncoated, 20 kV
50 mbar
20 mM phosphate-
borate buffer pH:9.2
30 min

UV 254 nm I.S. purine. LODs not
mentioned

mean contents(mg/kg)
raw meat (mg/kg)
I 1520, IMP 1050, AMP 5, GMP 25
cooked meat (mg/kg)
I 1130, IMP 690, AMP 87, GMP 16
I, IMP and GMP decreased by about
one third and AMP increased by 17-
fold during cooking

[53]

C/A/3′dA, T, G/2′dG, U, I Marine organisms SLE (60% vol. MeOH,
ultrasonication,
15 min � 3)
rotary evaporation

dissolved in 2% (vol.)
NH3, 4%(vol.) MeOH
centrifugation
(6000g, 10 min)
filtration 0.45 mm

CE 80.5 cm � 50 mm,
uncoated, 25 kV
30 mM AcONH4 pH 9.9
11 min

MS TOF
ESIþ, [MþH]þ Sheath
liquid 0.25% formic
acid, 50% (vol.) MeOH
Scan 110e500 u

External calibration.
LODs (mg/L)
NUs 30-1000

only nitrogenous bases found in
two of the three samples studied
identifying known nucleobases and
nucleotides in different natural
products (dereplication)

[30]

GMP, IMP Soy sauce CE 50 cm � 50 mm,
uncoated
30 mM NaBO3, 30 mM
Na2CO3, 60 mM HP-b-
CD

UV 254 nm LODs (mg/L)
NMPs 2000

sample medium 50 mM AcOH [101]

AMP, CMP, GMP, UMP, IMP Human milk dispersion in H2O
centrifugation (15 min,
2800g)
CUF (3500g, 60 min)

analysis of filtrate CE 87.5 cm � 50 mm,
uncoated, 30 kV
30 mM HCOONH4

pH:9.6
12 min

MS Q
ESI-, [M-H]� Sheath
liquid 50% (vol.)
isopropanol
SIM mode

External calibration &
addition of standards.
LODs (mg/L)
NMPs 80-130

1-month human milk (mg/L)
AMP 1.6, CMP 6.5, GMP 0.8, UMP
2.1
human milk bank (high press., mg/L)
AMP 0.8, CMP 3.8, UMP 0.7
pasteurization exhibit higher levels
than high pressure preservation

[50]

AMP, CMP, GMP, IMP, UMP Infant formulas dispersion in 50 mM
AcOH aqueous solution
centrifugation (9000g)

supernatant filtration CE 40 cm � 75 mm,
uncoated, 20 kV
30 mM borate buffer,
80 mM HP-b-CD pH 10
23 min

UV 254 nm External calibration.
LODs (mg/L)
NMPs 800-1000

mean contents (mg/kg)
AMP 34; CMP 103; GMP 41; IMP
14; UMP 58

[17]

(continued on next page)
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is possible only in 100% acetonitrile (ACN) conditions and this
retention is not specific to cis-diol-containing compounds [60].
Dispersive solid-phase extraction (DSPE) has also been used, add-
ing the sorbent material to the extract to separate the compounds
of interest from the matrix component and then, removing it from
the extract by centrifugation. The materials used as DSPE materials
to retain nucleosides and nucleotides with complex matrices were
resins [61] and activate charcoal [62]. Furthermore, molecularly
imprinted polymer-matrix solid-phase dispersion (MIP-MSPD) has
been prepared by using hypoxanthine as a template so as to achieve
the selective retention of inosine (I) and hypoxanthine (Hx) [63].

A novel procedure has been described in the extraction and
preconcentration of nucleotides from samples of infant formulas
and human milk; in which selective micro-extraction is carried out
using alumina and stannia hollow fibres, previously precipitating
the proteins in an acidic medium [64]. Alumina- and stannia-based
hollow fibres were synthesized via solegel procedures and the
micro-extraction of NMPs takes place owing to the high affinity of
phosphorylated species for metal oxides.

Owing to the great importance of the analysis of nucleosides and
nucleotides in infant formulas, in collaborationwith 12 laboratories
from different countries, B. D. Gill and H. E. Indyk have developed a
method of the AOAC [57]. This method is applicable to the analysis
of 50-NMPs in infant and pediatric nutritional formulas and, also,
formulas for adults. The extraction of analytes is carried out with
anionic exchange SPE sorbents, and a C18 stationary phase with an
elution gradient is used for chromatographic separation. UV
detection and quantification is carried out with the internal stan-
dard technique (50-monophosphate thymidine). Another method of
the AOAC [65], based on CUF and HILIC-MS/MS, had also been
proposed in 2012 to carry out this same determination.

3.2. Liquid chromatography

LC has been the most frequently used technique for the anal-
ysis of these compounds; however, the simultaneous chromato-
graphic determination of nucleosides and nucleotides is no easy
task. They are highly polar and ionisable compounds, which
means that their retention on C18 conventional columns, that are
normally used in reversed-phase liquid chromatography (RP-LC),
is limited. However, at the appropriate mobile phase pH, polar
nucleotides can be retained on a reversed-phase column
[10,20,45,56] and an organic solvent gradient is able to remove
late-eluting nucleosides [8,9,13,14,22,24,27,33,37,48,61]. An
attempt has been made to improve retention by the use of sta-
tionary phases with polar modifiers, the so-called polar
embedded and polar end-capped phases [4,25]. IP-RP-LC has
currently become one of the most commonly used modes, as
when working at a suitable pH the ionic nature of the organo-
phosphate of the nucleotides allows interaction with cationic
reagents capable of forming ionic pairs [16,36,38,40,43,54,62].
The use of ion-exchange liquid chromatography (IE-LC) with
stationary phases of anion exchange has also been proposed
[39,46,58]. Knowledge of the type of interaction of nucleotides
with novel stationary phases [66] is arousing interest: is the case
of the mixed-mode stationary phases [67,68]; affinity chroma-
tography monolithic columns for specific cis-diol interactions of
nucleosides [69,70]; or counter-current chromatography using
aqueous potassium phosphate buffer [71] or ammonium sulfate
buffer [72] as mobile phases, respectively.

In recent years, the use of HILIC [73e75] has become
very important in the separation of these polar analytes
[19,29,31,42,47,64,65]. Partitioning between the aqueous layer
associated with the stationary phase and the organic component
of the mobile phase is the main retention mechanism in HILIC,
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although secondary interactions such as dipole-dipole, hydrogen
bonding, and ion exchange may play a role in separation. Novel
materials with different functional groups e charged, non-
charged and zwitterionic (ZIC) e are being developed and the
separation mechanisms are being investigated [68,76,77]. It is
possible that the use of HILIC in the analysis of compounds as
polar as nucleosides and nucleotides has the limitation that the
analytes must be extracted in aqueous mediums and that injec-
tion, in an HILIC system, should be carried out with a high content
of organic solvent (generally ACN). For this reason, it is always
necessary to change the solvent of the aqueous extract before its
injection into the chromatographic system, and/or to inject small
volumes of the sample.

One of themost frequently used detectors for coupling with HPLC
has been the UV-spectrophotometer with diode array detection
(DAD) [8,9,11,13,14,20,23,33e35,37,39,41e46,51,56e58,63,64,76,77].
Currently however, hyphenation with mass spectrometry (MS)
gives greater sensitivity and selectivity [10,16,18,19,22,24e27,29,31,
32,36,38,40,47,48,52,54,61,62]. In the MS detection of nucleotides,
nucleosides and nucleobases it is very important to obtain a good
chromatographic separation, as the fragmentations thatmay occur at
the sourcemay cause interference with the MS signals [78]. With the
use of MS detection, those mobile phases with non volatile compo-
nents are not compatible. The high salt concentrations used in IE-LC,
therefore, mean that its coupling to electrospray ionization-mass
spectrometry (ESI-MS) may be inadvisable and that, for those LC
modes based on ion-pairing, the use of volatile reagents is required.
The ion-pairing reagents used include N, N-dimethylhexylamine
(DMHA) [40,79], diethylamine (DEA) [52,80], tributylamine (TBA)
[38,62], dibutylammonium acetate (DBAA) [36], tetrabutylammo-
nium hydroxide (TBAOH) [51], and dihexylammonium acetate
(DHAA) [54]; all of these interact with the phosphate groups of nu-
cleotides. Also, ion-pairing reagents that interact with the amino
groups, instead of the phosphate groups (such as pentadeca-
fluorooctanoic acid or PDFOA) could be used at very low concen-
trations (0.25 mM) [16].

Although the use of HILIC in the analysis of nucleosides and
nucleotides in foods is currently rather limited, we believe that it
is the most suitable chromatographic mode for the simultaneous
determination of a large number of nucleotides and their me-
tabolites. It should be pointed out that, in the analysis of a subset
of analytes, other chromatographic modes may also be suitable.
The efficiency in the separation of NMPs, nucleosides and nucle-
obases by three different separation methods (RP-HPLC, IP-RP-
HPLC and HILIC), all of which coupled to ESI-MS/MS has been
investigated [78]. The results obtained indicated that RP-HPLC,
with stationary phases tolerating the use of mobile phases with
a high aqueous content, was the most suitable separation mode
for the 50-monophosphates regarding the 20- and 30-phosphory-
lated isomers. Those authors also pointed out that the combina-
tion of RP-HPLC and inductively coupled plasma (ICP)-MS
detection was straightforward, and detection limits were lower
than one order of magnitude.

Very satisfactory results have been obtained in the separation
of 15 nucleosides and nucleotides within 10 min with the use
of an amide HILIC column, in ultra-high performance liquid chro-
matography coupled to triple-quadrupole tandem mass spec-
trometry (HILIC-UHPLC -MS/MS) [18]. More recently, ultra-fast
liquid chromatography coupled with tandem mass spectrometry
(HILIC-UFLC-MS/MS) has also been applied in the analysis of nu-
cleosides using an amide type column of 100 � 2.1 mm (1.7 mm);
this allows the separation of 17 nucleosides and nucleobases and 23
free amino acids in clam samples in a single run of 15 min [32].

In the analysis of phosphorylated compounds (as is the case of
NMPs, NDPs and NTPs) by LC-MS, the analytes may interact with
specific parts of the instrumental configuration [81]. These in-
teractions occur in two different ways, either by the absorption of
the analytes on the silanol groups of the stationary phases when
one is working in an acid medium, or by means of the formation of
metallic complexes of the phosphorylated waste with metallic ions
generated in different parts of the chromatographic system [82].
Both processes lead to the reduction of the chromatographic signals
and to the appearance of peak tailing. Various strategies have been
proposed to prevent the formation of links by hydrogen bridges
between the silanol groups and the phosphorylated compounds,
such as the derivatization of the free silanol groups or the deacti-
vation of the silica with trimethylchlorosilane [83].

The interaction between the phosphorylated compounds and
the metals, which mainly come from the stainless steel of the
HPLC-ESI-MS systems or from the solvents themselves, affects
detection owing to the formation of complexes of the phosphor-
ylated compounds with Fe(III) [84]. In order to prevent this
interaction, strategies have been proposed such as replacing the
stainless steel with polyether ether ketone (PEEK), the use of
mobile phases with a high pH [81], the pre-treatment of the
chromatographic system with phosphoric acid [82], or the use of
mobile phases containing carbonate anions [48,85] or chelating
agents such as ethylene diamine tetraacetic acid (EDTA) [84].
However, some of these treatments are not very compatible with
MS and it is, therefore, necessary to work at low ionic strength in
the mobile phase with the aim of avoiding a loss of sensitivity and
obstructions in the detector [48]. A method was recently validated
for the simultaneous determination of 5 nucleosides and 15mono-
, di- and tri-phosphate nucleotides by HILIC [80]. In order to pre-
vent the adsorption of nucleotides on the LC-MS setup and to
enhance their retention on the HILIC stationary phase, a mobile
phase containing hexafluoro-2-propanol (HFIP), and DEA as hy-
drophilic cationic ion-pairing reagent, was used. The results
revealed the formation of an ionic-association compound between
the phosphorylated analytes and the cationic ion-pairing reagent
and the improvement of peak symmetry due to HFIP [80,86].

3.2.1. Analysis of nucleosides and nucleotides in non-infant foods by
liquid chromatography

New HPLC methods from 2007 to date applied to the analysis of
non-infant food samples are summarized in Table 2.

It is worth noting that, in the field of food technology, there is
great interest in assessing both the freshness of fish and meat
samples and the efficiency of the various technologies used in food
preservation such as salting, dry-curing, freezing, high pressure
treatments, atmosphere/vacuum packaging and irradiation. It is
known that, during postmortem storage, the small portion of free
forms of nucleotides present in animal muscle are degraded in a
series of stages due to endogenous biochemical changes; the level
of major adenine nucleotides and their related compounds has
been used extensively as an index of freshness of, mainly, fish
muscle. Different freshness indices (K, Ki, P, logG and H) have been
commonly used [87], all of which provide similar information. In
order to determine these indices, most of the methods are based on
or are variants of the old RP-HPLC-UV method developed by J. M.
Ryder in 1985 [88] or that of M. Aliani in 2005 [89]. Food tech-
nology, therefore, includes a multitude of applications orientated in
this sense, mainly for fish muscle samples [90] and also in other
foods. These methods assess the ATP content together with some/
all of its breakdown/degradation products e ADP, AMP, IMP, I and
Hx. In some cases, co-elutionwith matrix components and/or other
different nucleosides, nucleotides and nucleobases has been found,
which means that these methods should be used with care [9,88].
For this reason, new methods have now been developed that not
only avoid the interferences indicated but also allow the



Fig. 3. Total ion electropherograms (TIE) and extracted ion electropherograms (XIE) of powdered infant formula (A) and human milk (B) samples treated by CUF and analysed by
CE-ESI-MS. Separation conditions: 30 mM ammonium formate-ammonia medium (pH 9.6); 30 kV/87.5 cm (positive CE mode), 25�C; sheat liquid 50:50, v/v isopropanol:UHQ water
mixture, split 1:100, ESI(�) 4000 V, [M-H]�. Legend as in the text. Adapted with permission from Ref. [49]. Reproduced from Ref. [50].
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assessment of other purine and pyrimidine compounds which are
also associated with the freshness of marine foods [9].

There is a large number of new methods concentrating on
the analysis of different fungi and mushrooms by RP-HPLC
[8e10,22,23,33,34,41,61] and IP-RP-LC [16] (Table 2). This type of
matrix has been the subject of various studies because the ingredients
responsible for the umami taste and their concentrations in mush-
rooms are influenced by the species type, the maturity stage, the part
of the mushroom, the quality grade, and the storage time [91].
The umami taste in mushroom extracts has recently been analysed
[10], with the result that the equivalent umami concentrations
(EUC) obtained by LC-MS have a strong correlation with the results
obtained by the electronic tongue system and sensory evaluation.

The analysis of marine organisms including fish, molluscs, crabs,
squid, and seaweeds by liquid chromatography [9,26,27,29,32,63]
has also attracted great attention. Marine products of the bivalve
species type are foods with a high nutritional value, and have been
studied in order to determine their contents in nucleosides,
nucleobases and free amino acids. Their determination using an RP
column coupled toMS has been satisfactorily used in the separation
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of ten nucleosides and nucleobases in 35 min [27]. Also, a highly
efficient separation of 17 nucleosides and nucleobases and 23 free
amino acids in clam samples in a single runwithin 15 min has been
achieved by using ultra-fast LC employing an amide column. This
last method has been using to monitor the quality of food products
from aquacultural areas and in ascertaining the time of year when
the contents of nucleosides, nucleobases and free amino acids in
clams are the highest [32].

New methods for determining freshness or assessing the in-
fluence of different treatments on the quality of meat products
have also been developed [19,24,42,44,45]. The use of UPLC-MS/
MS allowed the simultaneous determination of the content of
four nucleosides and two nucleobases and uric acid in pork meat,
dry cured ham and cooked ham. The matrix effects were variable
and depended on the analyte type and on the matrix; for this
reason, it is recommendable to carry out the quantification by
using matrix matched calibration [24]. The use of HILIC for the
simultaneous separation of AMP, ADP, ATP, IMP, I, nicotinamide
adenine dinucleotide (NADþ), and a nucleobase in pork meat
samples has been proposed [44]. Fig. 4 shows the chromatograms
corresponding to standard (A) and 5 h post-mortem pork loin
sample (B) analysis employing a HILIC column. Pork meat samples
at different post-mortem times were analysed using both a
zwitterionic-organic polymer HILIC (ZIC-pHILIC) column and a
Fig. 4. Chromatograms corresponding to standard (A) and 5 h post-mortem pork loin sample
0.5 mL/min; 28�C; gradient elution: (1)ammonium acetate 150 mM pH 3.5; (2)ammonium
creatinine (Cn), guanosine (GUA), Inosine (Ino), uric acid (AU), other acronyms as in the tex
Zorbax© Eclipse© XDB-C18 column. The results obtained with both
modes were significantly equal, although the HILIC method
allowed the additional separation of the family of guanosine, GMP,
guanosine 50-diphosphate (GDP) and guanosine 50-triphosphate
(GTP), together with creatinine and uric acid in a standard
mixture.

In royal jelly, which is the food of honeybee larvae, a method for
the determination of adenosine (A) in 45 samples has been pro-
posed [35]. ATP and its degradation metabolites (ADP, AMP, IMP, I
and Hx) have been determined by RP-UPLC [20] with relatively
short analysis times. On the other hand, the assessment of ATP and
its metabolites, together with a large number of nucleosides and
nucleobases, requires the increasing of the time of chromato-
graphic separation to 40 min [37].

Other foodstuffs have been studied such as curdle bacterium
[62]; beer and beer yeast [36,38,54]; and cauliflower and certain
types of soups enriched with nucleotides as flavour enhancers [54].
The presence of nucleosides and nucleotides in the fruits and leaves
[18,31] of Ziziphuse a food andmedicinal plant used in Chinae has
also been determined. These matrices turned out to be rich in nu-
cleosides and nucleotides and could be selected as healthy foods; as
far as the nucleosides analysed are concerned, the highest contents
in both fruits and leaves correspond to uridine (U) and A while the
highest nucleotide contents are found in the fruits.
(B) analysis. Separation conditions: ZIC-pHILIC column (150 � 4.6 mm, 5 mm); flow rate:
acetate 100 mM pH 7; (3) ACN and (4)bidistilled water; UV detection 254 nm. Legend:
t. Reproduced from Ref. [44].
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3.2.2. Analysis of nucleosides and nucleotides in infant foods by
liquid chromatography

Table 3 summarizes the applications of LC in the analysis of
nucleosides and nucleotides in dairy and non-dairy infant foods.
Analytical determinations in baby foods [39,40,52], bovine, caprine
and ovine milk [13,14], human milk [11,64], and infant formulas
have been carried out.

Infant formulas supplemented with 50-NMPs have been analysed
by RP-HPLC-UV [56,57], IP-RP-HPLC-UV [43,51], IE-HPLC-UV
[46,58], and HILIC-UV [64]. Novel dendrimeric IE stationary phases
have been proposed, in which nucleotide retentionwas determined
by both the increase in the number of NR3

þ groups and the ability to
penetrate stationary phase layers [58]. In the IP-RP-HPLC-UV AOAC
method [57], intended for infant formulas, the interferences were
removed by anion-exchange SPE and the quantification was carried
out by internal standard calibration. Methods based onMS have also
been developed that could be applied to support the more
frequently used HPLC-UV methods for the determination of 50-
NMPs [25,47] and the simultaneous determination of 50-NMPs and
nucleosides [48] in infant formulas. The latter has been validated
against the NIST 1849a certified reference material (CRM). It is
worth nothing that, when developing methods for routine analysis,
their validation is crucial; the NIST 1849a CRM provides reference
mass fraction values for the nucleotide monophosphates AMP, CMP,
GMP and UMP, and also information regarding mass fraction values
for the sum of each NMP with its homologous nucleoside e AMP
plus A, CMP plus cytidine (C), GMP plus guanosine (G), and UMP
plus U. Most of all these applications have been used to study nu-
cleosides or nucleotides separately, which may be due to the diffi-
culties of the joint determination of these compounds [54] and to
the loss of sensitivity deriving from the problems inherent to the
analysis of phosphorylated compounds [48].

For babies aged between 6 and 12 months complementary
feeding should have an appropriate composition as regards energy
and nutrients, since it is sometimes their main source of nutrition.
Analytical methods for the determination of 50-NMPs in infant
foods by IP-RP-HPLC-Time of flight (TOF)-MS [40] and IE-HPLC-UV
[39] have been proposed. The sensitivity, together with the mass
accuracy of the TOF-MS method, allowed the correct identification
of compounds despite the complexity of the sample matrix. A
recent development has been an analytical method based on HILIC-
MS/MS, in the presence of DEA as a hydrophilic ion-pairing reagent,
for the simultaneous separation of nucleosides and nucleotide
mono-, di- and tri-phosphates within 9 min [80] which was suc-
cessfully applied to infant food samples [52].

Regarding CRM for non-dairy infant foods, NIST 2383a should be
cited which is a CRM for an infant food composite e a mixture of
fruits, vegetables, macaroni, rice flour, and milk powder e inten-
ded, primarily, for use in validating methods for determining cal-
ories, vitamins, carotenoids, and other elements in food matrices.
However, it does not offer reference values for nucleotides or nu-
cleosides and no CRM has been described for the joint determi-
nation of nucleosides and nucleotides in non-dairy infant foods;
neither has an official method been proposed for that purpose.

3.3. Capillary electrophoresis

CE is presented as a suitable, efficient, and versatile option for
the separation of nucleosides and nucleotides, as they are highly
polar compounds and are also charged on a wide pH interval [92].
To determine these compounds, micellar electrokinetic chroma-
tography (MEKC) [93,94] and mixed-mode hydrophilic/strong
anion-exchange interactions in pressurized capillary electro-
chromatography (CEC) [95] have been used. In addition, multi-
functional open-tubular (OT) columns covalently modified with
either [3-(phenylamino)propyl] trimethoxysilane [96] or 3-[2-(2-
aminoethylamino)ethylamino] propyl-trimethoxysilane [97] have
been developed for the separation, among others, of nucleo-
sides and NMPs, respectively; open-tubular capillary electro-
chromatography (OT-CEC) does not require the fabrication of any
frits or blending of monomeric reagents with suitable porogens in
precise proportions for monoliths. MIPs having a phthalocyanine-
based recognition centre have also been developed as receptors
for nucleosides for their use as selective separation matrices in
typical CEC [98]. The use of CEC in food analysis in its different
modalities: packed-colum, monolithic and open tubular-column
has recently been reviewed [99].

However, the electrophoretic mode that has been used, as a
preference, in the analysis of these compounds in foods was capil-
lary zone electrophoresis (CZE) [17,21,28,30,49,50,53,55,100,101].
With this mode, great flexibility can be achieved in the selectivity of
the separation merely by changing the composition of the back-
ground electrolyte (BGE) [17,100e102]. The use of separation media
in a basic medium (a median pH of 9.5) and, also, in the presence of
organic modifiers [21] is frequent.

As has previously been mentioned, these phosphorylated
compounds tend to be adsorbed on surfaces of silica such as the
inner wall of the CE capillaries. One approach [102] consisted of
masking silanols with phosphates to prevent nucleotides from
interacting with the capillary wall, and of using pressurized-
assisted CE to assist the ESI-MS coupling.

The mostly frequently used detector was the spectrophoto-
metric detector with DAD operating at wavelengths of between 200
and 260 nm [17,21,28,53,55,94,100,101], although coupling to MS
detection could improve the specificity of the analysis [30,49,50].
Despite the fact that different types of interfaces have been
developed such as those that do not need additional liquid, those of
liquid union, or those of direct electrodes, systems using additional
liquid continue to be themost frequently used couplings. Finally, CE
to ICP-MS interfacing [103] has also been proposed, in which the
separation and quantification of phosphorus in deoxy-nucleotide
mono-phosphates has been achieved with low detection limits.

As for the food samples analysed, it is worth pointing out that
although a wide variety of foods may act as a potential source of
nucleosides and nucleotides, there are, however, less specific ap-
plications for the determination of these compounds in food by CE
compared with those based on LC. The application of CZE to the
analysis of AMP, ADP, and ATP for the study of the cell metabolism
of the yeast Saccharomyces cerevisiae [21], which is widely used in
the processes of the industrial fermentation of beer, wine, and
bread, has recently been described. Some recent applications also
exist for the determination of these analytes in edible mushrooms
and fungi. The results showed that CZE is a simple and effective
method for the simultaneous analysis of nucleosides and nucleo-
tides, although some of the analytes could not be quantified due to
their very low contents in the samples [28]. The analysis by CZE of
mushroom extracts allowed the proposal of mixtures of concen-
trated extracts with foodse such as minced beef steake in order to
achieve substantial changes in the umami taste of foods, without
significantly changing the flavour attributes of the final product
[55]. AMP, CMP and GMP have also been analysed in health-care
capsules containing glucoside and peptide [100].

GMP, IMP and AMP influence the taste of umami; the taste in-
tensity of GMP is stronger than that of IMP or monosodium L-
glutamate. GMP and IMP were analysed in commercial soy sauces
by CZE using b-cyclodextrins [101] and the quantification results
closely coincided with those obtained by HPLC.

Methods based on CZE have also been applied to the analysis of
NMPs and I in goat meat samples [53]. The results showed that the
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relative contents of the nucleotides and inosine varied significantly
during the cooking of the meat samples.

Some recent applications exist for the analysis of edible marine
organisms [30,94]. The first of them, which is non quantitative in
type, is based on the use of CZE hyphenated to high resolution MS
so as to carry out studies of dereplication. This is a crucial process
thanks to which the reisolation of previously known compounds is
avoided, discriminating between known versus new compounds as
early as possible. The use of CE-ESI-TOF turned out to be a rapid and
effective method for dereplicating known nucleoside compounds
in marine organisms. The second application mentioned above, of a
quantitative nature, uses MEKC to determine nucleosides among
other analytes; micelle formation in MEKC contributed to increase
resolution of nucleosides and nucleobases in the crude extracts of
the sample.

In the field of infant foods, determinations of NMPs in infant
formulas by CE-UV have been described [17]. The addition of
hydroxypropyl-b-cyclodextrin as additive in the running buffer could
successfully improve the resolution of the five nucleotides in infant
formulae with a shorter run time than HPLC. On the other hand,
coupling CE to MS has allowed the development of a simple and
highly efficient method for the determination of five ribonucleotide
monophosphates in pediatric formulas [49]. CE-ESI-MS has also been
used in the analysis of samples from a human milk bank [50]. The
effects on nucleotide preservation by Holder pasteurization and
high-pressure processing were compared, with the result that the
use of high pressure could be a suitable alternative to traditional
pasteurization in the preservation of human milk, because it did not
reveal any modification in the nucleotide contents.
4. Conclusions and perspectives

The assessment of NMPs in infant foods, together with the
relation between the contents of the various NTPs and metabolites
(NDPs, NMPs, and nucleosides) and the freshness and the origin of
certain foods, has generated a growing interest in the development
of methods validated for the simultaneous analysis of a large
number of nucleotides and nucleosides in foods. In these methods,
the separation times must be relatively short, avoiding the co-
elution of interferences of the matrix or among the analytes
themselves. In this field new efforts must be devoted to the prep-
aration of CRMs for nucleos(t)ides in foods compared with those to
validate the methods developed.

With the aim of eliminating undesired interactions of the
phosphorylated compounds (NMPs, NDPs, and NTPs) with different
parts of the instrumental equipment, both on the silica of the col-
umns/capillaries of separation and with metallic areas of the MS
devices, there is a tendency to use physical or chemical coatings of
silica or the use of additives within the separation media them-
selves to avoid, or to compete, with said undesired interactions of
the analytes. In the analysis in foods, the use of HILIC coupled to
mass spectrometry with the use of new stationary phases stands
out as the best approach. On the other hand, the high polarity of the
analytes, and the level of concentration found in the foodstuffs,
means that capillary electrophoresis coupled to mass spectrometry
is a very good alternative for the joint determination of nucleosides
and nucleotides; it should, however, be pointed out that its use is
still not very widespread.

Finally, it should be indicated that, the progress achieved in the
methods of determination that are constantly being proposed in
food materials may be exportable (and vice versa) to the field of
biochemistry; in which nucleosides, nucleotides and their deoxy-
metabolites play an important role as biomarkers or in the
follow-up of intracell reactions, among others.
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