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A study has been made of the chromatographic behaviour of modified nucleosides and nucleobases using
different stationary phases with functional groups of polar nature, all of them compatible with aquoor-
ganic mobile phases. The stationary phases assayed were a pentafluorophenylpropyl (PFP) column for
reverse phase separation, and another two for hydrophilic interaction chromatography (HILIC) separa-
tion. Six modified nucleosides and nucleobases (hydroxylated and methylated derivatives) were chosen
as the target analytes. In the study, chromatographic resolution as well as the sensitivity in detection
witterionic hydrophilic interaction
hromatography (ZIC-HILIC)
ulfobetaine stationary phase
odified nucleosides and nucleobases
ethylguanines
ydroxyguanosines

by mass spectrometry were taken into account. The results obtained showed that the zwitterionic (ZIC-
HILIC) column was the most suitable one for the separation of these analytes. From the study of the
different parameters affecting separation it may be concluded that in the ZIC-HILIC column separation is
based on a mechanism of partition and interaction through weak electrostatic forces.

© 2011 Elsevier B.V. All rights reserved.
xidative stress

. Introduction

Oxidative stress is defined as cellular damage caused by reac-
ive oxygen species (ROS). These species are continually being
roduced as a result of the cell’s metabolism and their produc-
ion may be increased as a result of exposure to xenobiotics or to
adiation [1]. ROS interact with and modify several biomolecules,
specially DNA, lipids and proteins [1]. DNA lesions are of special
mportance because they can alter the sequence of nucleotides.
he natural mechanisms for DNA repair involve the excision of the
amaged bases or nucleosides [2]. The products thus released can-
ot be reused and circulate freely through the blood until they are
liminated in the urine [3]. Additionally, the action of hydrolytic
nzymes such as ribonucleases and phosphatases releases normal
nd modified nucleosides during RNA turnover [4], a process that
s enhanced by the presence of different types of tumours [5]. Thus,

odified nucleosides and nucleobases (MNN) arise mainly from the
ost-transcriptional modification of the nucleosides forming trans-
er RNA (tRNA) [6]. Around 100 MNN related to these metabolic

rocesses have been detected to date [7].

Studies have addressed the potential of MNN as markers of sev-
ral diseases [8,9], and, mainly, as early markers of different types

∗ Corresponding author. Fax: +34 923 294 574.
E-mail address: erg@usal.es (E. Rodríguez-Gonzalo).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.05.003
of cancer [10–14]. Other studies have related the urinary concen-
tration of MNN to different life styles [15].

Among the most widely studied MNN are the methylation or
hydroxylation products of guanosine; this is because they are
the most abundant [16–18]. Simultaneous determination of both
groups of MNN (hydroxylated and methylated) is of great interest
since the mechanisms of mutagenesis and carcinogenesis brought
about by the oxidation and methylation processes are different [19].

The analytical techniques most widely employed for the
simultaneous determination include capillary electrophoresis [20],
immunoassay [21] and, mainly, liquid chromatography (HPLC) [22].
UV detection [23] has been replaced by mass spectrometry (MS)
[13,24], which allows a surer identification and confirmation as
well as affording structural information about the compounds
being assayed.

The analysis of highly polar compounds, such as MNN, involves
important difficulties in reverse phase liquid chromatography
(RPLC) owing to the poor retention of these analytes in the sta-
tionary phase. Normal phase liquid chromatography (NPLC) would
afford a better retention but is not desirable owing to the difficulty
involved in coupling this chromatographic technique with mass
spectrometry. Hydrophilic interaction chromatography (HILIC) is a

viable alternative to RPLC for the separation of polar compounds.
HILIC, a term coined by Alpert [25], is based on the use of polar sta-
tionary phases combined with mobile phases with a high organic
content and a small amount of water. In addition, HILIC has the

dx.doi.org/10.1016/j.chroma.2011.05.003
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:erg@usal.es
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Table 1
Characteristics of the chromatographic columns used for the analysis of the modified nucleosides and nucleobases.

Chromatographic
column

Dimensions
(mm)

Pore size (Å) Particle
size (�m)

Stationary phase

Luna PFP(2) 150 × 4.6 100 3

F F

F

FF

Pentafluorophenylpropyl

Luna HILIC 150 × 4.6 200 3

OH

OH

OH

O O

O

Cross-linked diol

ZIC-HILIC 150 × 4.6 100 3.5 N+ SO3- Sulfobetaine
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dvantage of enhanced detection sensitivity when used in con-
unction with MS due to the high organic content of the mobile
hase, which allows efficient spraying and desolvation in electro-
pray ionization (ESI). The applications of HILIC include the analysis
f different polar molecules, especially those of biological nature
26]. In recent years, new possibilities have emerged with the devel-
pment of stationary phases specific to HILIC, such as zwitterionic
ydrophilic interaction chromatography (ZIC-HILIC) columns [27].

The aim of the present work was to study the chromato-
raphic behaviour shown by different MNN, compounds of similar
nd very high polarity, using a pentafluorophenylpropyl (PFP)
everse phase column and two polar columns based on cross-linked
iol (Luna-HILIC) and sulfobetaine (ZIC-HILIC). The MNN selected
ere 8-hydroxy-guanine, 8-hydroxy-guanosine, 8-hydroxy-2′-
eoxyguanosine, 1-methyl-guanine, 7-methyl-guanine and 9-
ethyl-guanine. The ZIC-HILIC column showed the highest

electivity. The optimum conditions were chosen bearing in mind
esolution and sensitivity in later detection by means of mass
pectrometry. Using this column, a detailed study was performed
o elucidate the mechanisms involved in the retention of the
nalytes.

In sum, this study explores the benefits and limitations of using
ILIC for the analysis of MNN. To our knowledge, no other work has
ttempted to study the mechanisms of retention, for the separation
f MNN using ZIC-HILIC.

. Experimental

.1. Chemicals

Analytical standards of 8-hydroxy-guanine (8OHGua), CAS RN
5614-64-2] and 8-hydroxy-guanosine (8OHG), CAS RN [3868-
1-3] were purchased from Cayman Chemical (Michigan, USA).
-hydroxy-2′-deoxyguanosine (8OH2dG), CAS RN [88847-89-6]; 9-

ethyl-guanine (9mGua), CAS RN [5502-78-3]; 1-methyl-guanine

1mGua), CAS RN [938-85-2] and 7-methyl-guanine (7mGua), CAS
N [578-76-7] were obtained from Sigma–Aldrich (Steinheim,
ermany).
The organic solvents – acetonitrile (ACN) and methanol (MeOH)
– were of HPLC grade (Merck, Darmstadt, Germany) and were used
as received. Ultra-high quality (UHQ) water was obtained with a
Wasserlab (Noain, Spain) Ultramatic water purification system. All
other chemicals were of analytical reagent grade.

2.2. Instrumentation

HPLC analyses were performed on a HP 1100 Series chro-
matograph from Agilent (Waldbronn, Germany). The Diode Array
Detector (DAD) recorded the spectra in the 190–400 nm range.
The Agilent single quadrupole LC/MSD SL mass spectrometer was
equipped with an electrospray (ESI) source. The analytical columns
were a reverse phase Luna PFP(2) packed with 3 �m particles
and a Luna HILIC packed with 3 �m particles from Phenomenex
(Torrance, CA, USA) and a ZIC-HILIC packed with 3.5 �m particles
from Merck (Darmstadt, Germany). The characteristics of the chro-
matographic columns used are shown in Table 1. w

wpH values
were determined with a 691 pH Meter from Metrohm (Herisau,
Switzerland).

2.3. Preparation of standards

The initial stock solutions for the 1mGua, 7mGua, 9mGua
(500 �g mL−1) and for the 8OH2dG and 8OHG standards
(150 �g mL−1) were prepared in acidified UHQ water. The stock
solution for 8OHGua (150 �g mL−1) was prepared in 0.1 M sodium
hydroxide. These stock solutions were stored at 4 ◦C in brown glass
bottles. Working solutions were prepared daily at 5 �g mL−1 for
1mGua, 7mGua and 9mGua, and 3 �g mL−1 for 8OH2dG, 8OHG and
8OHGua.

The mobile phase was a mixture of organic solvent and an
aqueous medium at different pH values and with different con-

centrations of salts. To measure w

wpH values, the pH meter was
calibrated using aqueous buffers and pH measurements were per-
formed before the addition of organic solvent. The apparent w

spH,
after adding the organic solvent, was not measured.
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Table 2
Physical properties of the modified nucleosides and nucleobases analyzed.

Modified nucleosides and nucleobases Mw log Da
pH 3 Structure

1-Methyl-guanine (1mGua) 165.07 −1.4

O

N
N

N N
HH2N

7-Methyl-guanine (7mGua) 165.07 −1.8 HN

N N

N

O

H2N

9-Methyl-guanine (9mGua) 165.07 −1.4

N

NN

O

HN

H2N

8-Hydroxy-guanine (8OHGua) 167.04 −1.5

H2N

HN

N

N

N

OH

O

H

8-Hydroxy-guanosine (8OHG) 299.09 −1.9 NH2

NH
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H
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O
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8-Hydroxy-2′-deoxy-guanosine (8OH2dG) 283.09 −1.3
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a Calculated using ChemBioDraw Ultra 12.0 from CambridgeSoft by Crippen’s
oftware.

. Results and discussion

The high number of known MNN (approx. 100) means that some
f them must be selected as a model to study their behaviour in
ILIC. In the present case, we chose hydroxylated and methylated

orms because these are the commonest modifications. As the base
tructure, we chose guanine, the most studied and abundant base
s regard a possible relationship between the modified nucleo-
ides and different diseases. Some of the physical and chemical
roperties of the six MNN studied are shown in Table 2. The pKa

alues reported in the literature for these compounds lie within a
road interval. This is because the nucleobases and their derivatives
resent multiple tautomers with different site-specific microscopic
Ka values. Thus, values of 3.1–3.3 for guanine and values of −0.1
o 0.2 for hydroxylated-MNN were found [28,29]. In addition, pKa

alues were experimentally calculated by UV spectrophotometry
30], measuring absorbance at different w

wpH values in a 80%

CN: 20% H2O medium; values of 3.2, 3.3 and 3.9 for 7mGua,
mGua and 1mGua, respectively, were found. However, it was
ot possible to determine the pKa values for the hydroxylated-
NN.
iswanadhan’s fragmentations and Advanced Chemistry Development (ACD/Labs)

3.1. Reversed phase chromatography and HILIC for the separation
of modified nucleosides and nucleobases

Using the three chromatographic columns indicated in Section
2, a study was made of the chromatographic behaviour of the six
analytes selected (Fig. 1).

A mobile phase with an aqueous phase of 90% in RPLC (Fig. 1a1)
did not afford a satisfactory separation of the analytes, retention
being almost completely absent (k < 0.8) for all the MNN.

It was necessary to increase the aqueous phase up to 95%
(Fig. 1a2) to obtain significant retentions, and even under these con-
ditions the coelution of two sparingly retained analytes occurred
(0.2 < k < 2.2).

When a Luna HILIC column was used employing 20% formic
acid 2.6 mM (w

wpH = 3.1): 80% ACN, the analytes exhibited greater
retention than in RPLC (k < 1.2), but the resolution was not satis-
factory (Fig. 1b1). A decrease in the proportion of aqueous solvent

to 10% (Fig. 1b2) allowed appropriate retentions to be obtained
(1.6 < k < 3.0), although two pairs of MNN coeluted.

The ZIC-HILIC column with a mobile phase containing 20% of
aqueous phase (Fig. 1c) afforded suitable retentions (1.6 < k < 3.2).
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Fig. 1. UV chromatograms obtained by the analysis of the modified nucleosides
and nucleobases using isocratic elution. By RPLC using 90% formic acid 2.6 mM
w

wpH = 3.1: 10% ACN (a1) and 95% formic acid 2.6 mM w
wpH = 3.1: 5% ACN (a2). By

Luna HILIC using 20% formic acid 2.6 mM w
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wpH = 3.1: 80% ACN (c). Analyte identification: (1) 8OH2dG, (2) 9mGua, (3) 1mGua,
4) 8OHGua, (5) 8OHG and (6) 7mGua. Column temperature: 20 ◦C. Chromatographic
ow rate: 0.5 mL min−1. Detection: DAD 254 nm.

he high selectivity of the ZIC-HILIC column should be noted, since
t resolved the six MNN in a total analysis time of less than 14 min.

For all six compounds studied, the order of elution in RPLC was
ifferent from that observed in Luna HILIC and ZIC-HILIC columns.

n the latter two, hydrophilic interactions play an important role in
he separation. No correlation was observed between the number
f hydroxyl groups of the molecule and the retention observed, a

elationship, however, that has been found for other molecules [31].

For the analytes studied, the best conditions as regard separa-
ion were obtained with RPLC (separation of five MNN) and with
IC-HILIC (separation of all six MNN). However, with RPLC it was
togr. A 1218 (2011) 3994–4001 3997

necessary to use a high water content in the mobile phase, usually
above 90% (Fig. 1a2). This has a negative effect in mass spectrometry
when it is used as the method of detection because solvents with a
high water content produce a less efficient ionization in the electro-
spray ionization (ESI). Table 3 shows the signal ratio obtained, using
mass spectrometry with a single quadrupole, when the chromato-
graphic eluent has a water content of 20% (ZIC-HILIC separation)
or of 95% (RPLC separation). The relationship between both signals
varied by one order of magnitude, between 10- and 23-fold (ratio
I/II). Likewise, the signal/noise ratios observed (data not shown)
were between 8- and 26-fold higher with ZIC-HILIC than with RPLC.

3.2. Separation of modified nucleosides and nucleobases in
ZIC-HILIC

In light of the results obtained, the ZIC-HILIC column was
selected for all the later studies since it seems to offer the optimum
possibilities for analysis of the MNN. Alpert proposed a partition
mechanism between aqueous layer associated with the stationary
phase, and the organic phase to explain separation in HILIC [25].
However, later studies have shown that the mechanism of reten-
tion involves more complex equilibria [32]. Moreover, the presence
of charged sites in the stationary phase in ZIC-HILIC would pro-
pitiate the appearance of other retention mechanisms. All these
factors prompted us to study the different factors that could affect
the separation of the MNN.

3.2.1. Effect of the nature and content of the organic phase
A study was made of analyte separation in a typical protic polar

solvent, in this case MeOH, and an aprotic polar solvent, ACN. MeOH
can act as a donor and an acceptor of hydrogen bonds, whereas ACN
can act as an acceptor of hydrogen bonds and furthermore pro-
vides stronger dipole–dipole interactions. It has been suggested
that protic polar solvents are able to compete for the polar sites
of the stationary phase disturbing the formation of the aqueous
layer required for the partition mechanism [33]. This leads to a
more hydrophobic aqueous stationary phase, whose consequence
is a poor retention of analytes with a high capacity to form hydro-
gen bonds. The results obtained, upon varying composition of the
mobile phase for ACN or MeOH/2.6 mM formic acid (pH: 3.1) mix-
tures, show that for all the analytes MeOH acted as a stronger
solvent than ACN. Thus the retention factors were always lower
with MeOH, although the order of elution persisted in both cases.
Optimum separation was achieved with a mobile phase made up
of 80% ACN: 20% formic acid 2.6 mM (w

wpH = 3.1). For higher per-
centages of ACN (>80%), very strong retentions occurred and the
analysis time being more than 40 min for a percentage of 85% of
ACN and 75 min for a percentage of 90%.

3.2.2. Effect of buffer pH
The nature of the stationary phase in ZIC-HILIC restricts the

range that can be used to pH 3–8. We assessed its performance
from w

wpH = 3.1 (2.6 mM formic acid) to 6.7 (2.5 mM ammonium
formate) with intermediate points at 3.8, 4.7 and 5.7 (2.5 mM formic
acid/ammonium formate buffer, setting ammonium concentra-
tion to 2.5 mM with ammonium perchlorate). Fig. 2 shows the
chromatograms obtained at w

wpH: 3.1, 4.8 and 6.7. In these exper-
iments, confirmation of the identity of the analytes was achieved
with ESI-MS. Comparison of the chromatograms at w

wpH = 3.1
(Fig. 2a) and 4.8–6.7 (Fig. 2b and c) allowed us to conclude that
hydroxylated-MNN were not charged in the range of pH from 3.1
to 6.7. However, at w

wpH = 3.1, methylated-MNN were positively

charged as can be deduced from the variation in their retention
times. This theory is supported by the pKa values found in the
literature [28,29], and by those pKa values obtained experimen-
tally by us. The retention of these MNN is greater in the positively
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Table 3
Comparison between mass spectrometric signals of the modified nucleosides and nucleobases studied using different elution solvents in ZIC-HILIC and RPLC separation.

Modified
nucleosides and
nucleobases

MS signala Ratio I/II Ratio I/III

ZIC-HILIC
acidb (I)

RPLC acidc (II) ZIC-HILIC
neutrald (III)

8OH2dG 4.6 × 107 2.0 × 106 4.6 × 106 23 10
9mGua 3.0 × 109 3.0 × 108 4.1 × 108 10 7.3
1mGua 7.2 × 108 3.2 × 107 5.1 × 107 22 14
8OHGua 1.2 × 108 8.5 × 106 1.3 × 107 14 9.4
8OHG 2.5 × 108 1.1 × 107 3.0 × 107 23 8.3
7mGua 4.0 × 108 2.6 × 107 3.3 × 107 15 12

a ESI settings: capillary voltage: +3500 V; drying gas flow: 10 L min−1; temperature: 350 ◦C; nebulizer pressure: 50 psi. Signals as chromatographic areas in Selected Ion
Monitoring (SIM) mode for: 284, 166, 168 and 300 m/z.

c
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s
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e
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F
e
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2
p
P

b Mobile phase: 20% 2.6 mM formic acid (w
wpH = 3.1): 80% ACN.

c Mobile phase: 95% 2.6 mM formic acid (w
wpH = 3.1): 5% ACN.

d Mobile phase: 20% 2.6 mM ammonium formate (w
wpH = 6.7): 80% ACN.

harged form (Fig. 2a) than in their neutral form (Fig. 2b and c).
his behaviour is consistent with a mechanism based on partition,
ince the protonated forms would be more soluble in the aqueous
hase retained on the stationary phase. Likewise, the electrostatic

nteractions with the residue of sulfobetaine of the stationary phase
ould be greater in the case of positively charged molecules. The

lectrostatic interactions would thus occur mainly with the ter-
inal sulfonic group and not with the interior ammonium group,

hich is clearly sterically hindered.

Regarding the separation of the MNN, it can be accomplished at
ny w

wpH values from 3.1 to 6.7, but better resolution was obtained

a

1 4 5

2

3 6

w
wpH: 3.1

min

2

w H 4 8

5 10 15 20

b

c
min5 10 15 20

1 4 5

2

3 6
w

wpH: 4.8

1 4 5

2

3 6
w

wpH: 6.7

min5 10 15 20

ig. 2. UV chromatograms, normalized to the highest peak, obtained using isocratic
lution 20% formic acid: 80% ACN at w

wpH = 3.1 (a); 20% formic acid/ammonium
ormate buffer 2.5 mM: 80% ACN at w

wpH = 4.8 (b); and 20% ammonium formate
.5 mM: 80% ACN at w

wpH = 6.7 (c). Analyte identification as in Fig. 1. Column tem-
erature: 20 ◦C. Chromatographic flow rate: 0.5 mL min−1. Detection: DAD 254 nm.
eak identification confirmed by ESI-MS.
at more acidic pHs. Moreover, the electrospray ionization is much
more favourable if the analytes arrive at the ionization system at a
w

wpH where they are easily charged. Thus, it is seen that a change
in w

wpHs from 6.7 to 3.1, maintaining the same concentration of
salts, elicited an increase in the signal varying between 7.3- and
14-fold (Table 3, ratio I/III).

3.2.3. Effect of the salt concentration
Owing to the high organic content of the mobile phase in ZIC-

HILIC, the number of salts available is limited to those showing an
acceptable solubility in organic medium, like perchlorate or organic
salts.

In HILIC columns, the increase in salt concentration usually
leads to an increase in retention [34]. Additionally, other effects
may appear in ZIC-HILIC [35,36], since when working at low salt
concentrations a displacement equilibrium is established between
charged analytes and the cations of the mobile phase in the station-
ary phase (ion exchange).

These effects were assessed varying the salt concentration from
0.25 to 200 mM for ammonium perchlorate and from 0.25 to
5.0 mM for potassium perchlorate (because of its poor solubility)
at w

wpHs of 3.1 and 6.7.
At high salt concentrations, above 50 mM (Fig. 3a), an increase

in retention occurs for all MNN at any w
wpHs, in agreement with

the characteristics of a partition mechanism. The high organic con-
tent of the mobile phase led the salts to be located mainly in the
aqueous phase bound to the stationary phase of the column. Thus,
high concentrations could have produced an increase in the volume
or hydrophilicity of the aqueous layer, attracting the solvated MNN
and causing a greater retention of the analytes.

At low salt concentrations, methylated-MNN at a w
wpH

where they are not charged (Fig. 3a: 7mGua, w
wpH = 6.7) and

hydroxylated-MNN at any w
wpH (Fig. 3a and b: 8OH2dG) keep rel-

atively constant retention values. However, for positively charged
methylated-MNN (Fig. 3a and b: 7mGua, w

wpH = 3.1), an increase
in retention occurs, indicating that if analytes are in its protonated
form, a electrostatic interaction occurs. Starting out from equi-
librium (1), whose equilibrium constant is K, where BH+ are the
charged analytes, whose acid–base ionization constant is Ka, and
M+ represents the cations of the salts present:

BH+ + RSO3
−M+ ↔ RSO3

−BH+ + M+ (1)
It has been reported [32] that electrostatic interactions fit Eq. (2):

keI = A
1

[M+]
(2)



E. Rodríguez-Gonzalo et al. / J. Chromatogr. A 1218 (2011) 3994–4001 3999

2.9a

b

7mGua (w
wpH: 6.7)

2.1

2.5

k 8OH2dG (w
wpH: 6.7 and 3.1)

7mGua (w
wpH: 3.1)

1.50

1.90

2.30

0 3 5

1.3

1.7

0 25 50 75100 200

2.70

3.10

k

8OH2dG (w
wpH: 3.1)

7mGua (w
wpH: 3.1)

[NH4
+] / mM

1.50

1.90

2.30

0 1 2 3 4 5

[K+] / mM

Fig. 3. Retention factors for 7mGua and 8OH2dG, plotted versus salt concentra-
t
p
0

w

A

a
b
o
t
a
(
fi
o
a
t
o

i
m
t
d
p
m

3

t
g
o
T

2.90a

b

k 9mGua

1 40

1.90

2.40 1mGua

7mGua

1.40
40003000200010000

[NH4
+]-1 /M-1

2.20

2.70

k 9mGua

1mGua

1.20

1.70

40003000200010000

[K+] 1 /M 1

7mGua

[K+]-1 /M-1

Fig. 4. Retention factors for methylated-MNN, plotted versus the inverse of salt con-
centration, obtained using 20% ammonium perchlorate (with formic acid, 2.6 mM at
w

wpH = 3.1): 80% ACN (a), and 20% potassium perchlorate (with formic acid 2.6 mM

be considered optimum for performing the separation of the MNN
studied.

Table 4
Effect of temperature on ZIC-HILIC separation of the modified nucleosides and
nucleobases analyzed. Thermodynamic parameters calculated from the Van’t Hoff
equation.a

Modified
nucleosides and
nucleobases

r2 Slope (K) �H◦ (kJ mol−1)

8OH2dG 0.430 – –
9mGua 0.987 480 −4.0
1mGua 0.900 325 −2.7
8OHGua 0.739 – –
ion, obtained using 20% ammonium perchlorate: 80% ACN (a) and 20% potassium
erchlorate: 80% ACN (b). Column temperature: 20 ◦C. Chromatographic flow rate:
.5 mL min−1.

here A is a constant similar to that described by McCalley [32]:

∝ K[RSO3
−M+]

1 + Ka/[H+]
(3)

Accordingly, a plot of the experimental retention factors (kexp)
gainst the inverse of the salt concentration ([M+]−1) should
e a straight line, proportional to A, with the ordinate at the
rigin being zero if electrostatic interactions are the only reten-
ion mechanism (Eq. (2)). Experimentally, the values found for
mmonium and potassium salt concentrations of 0.25–2.5 mM
corresponding to [M+]−1 values ranging from 4000 to 400 M−1)
tted a second-order polynomial equation (Fig. 4). The presence of
ther non-electrostatic retention mechanisms (e.g. partition mech-
nism) was indicated by the fact that values for the ordinate at
he origin are different from zero and a straight line was not
btained.

The results obtained show that the presence of salt and the
ncrease in its concentration do not elicit any significant improve-

ent in the separation of the MNN. If it is also considered that
he presence of salts can increase ion suppressions in the possible
etection by mass spectrometry, sensitivity thus decreasing, it is
ossible to set 2.6 mM formic acid in the absence of salts as the
ost appropriate medium for these analytes.

.2.4. Effect of temperature
The Van’t Hoff equation has been proposed as a way to relate
he retention factor and temperature. Likewise, it has been sug-
ested that if the retention mechanism in HILIC is a mechanism
f partition, then the Van’t Hoff equation must be fulfilled [37].
able 4 shows the results obtained upon modifying the column
at w
wpH = 3.1): 80% ACN (b). Column temperature: 20 ◦C. Chromatographic flow rate:

0.5 mL min−1.

temperature between 20 ◦C and 60 ◦C (5 calibration points). A
good correlation was obtained for the nucleobases modified by
methylation, negative enthalpy values being observed for the
three analytes. Accordingly, the retention process is exothermic,
and its values seem to be compatible with a partition mecha-
nism. However, the nucleosides and the nucleobases modified
by hydroxylation do not fit the Van’t Hoff equation. This can be
related to the presence of hydroxyl groups and their ability to
form hydrogen bonds. Thus, the presence of a greater number of
hydroxyl groups (one in 8OHGua, three in 8OH2dG and four in
8OHG) produces a larger deviation from the ideal behaviour of
a partition mechanism that could be described by the Van’t Hoff
equation.

Regarding separation, variations in temperature did not seem
to be critical. Neither the efficiency nor the selectivity of the sepa-
ration was significantly affected. Thus, a temperature of 20 ◦C can
8OHG 0.288 – –
7mGua 0.970 440 −3.7

a Isocratic elution: 80% ACN: 20% formic acid 2.6 mM (w
wpH = 3.1). Temperature:

variable from 20 to 60 ◦C. Flow rate: 0.5 mL min−1. Injection: 50 �L in ACN.
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Fig. 5. UV chromatograms obtained using isocratic elution 20% formic acid
2.6 mM w

wpH = 3.1: 80% ACN for a working standard solution at 5 �g mL−1 for
methylated-MNN and 3 �g mL−1 for hydroxylated-MNN. Column temperature:
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Fig. 6. (a) Total Ion Chromatogram (TIC) and (b) UV chromatogram obtained from
a urine sample fortified at 5 �g mL−1 for methylated-MNN and 3 �g mL−1 for
0 ◦C. Chromatographic flow rate: 0.5 mL min−1. Detection: DAD 254 nm. Injection
f 5 �L in ACN (a); 50 �L in ACN (b); 50 �L in 50% ACN: 50% water (c); and 5 �L in
ater (d). Analyte identification as in Fig. 1.

.2.5. Effect of chromatographic flow rate
The flow rate directly affects the efficiency of the column, as

ay be deduced from the equation of Van Deemter. For two of the
nalytes (9mGua and 8OHG), a study was made of the effect of the
hromatographic flow rate, analyzing 22 flow rates ranging from
.1 mL min−1 to 2 mL min−1. The correlation coefficients (r2) for
he theoretical curve (HETP = A + B/u + C·u) were 0.947 for 9mGua
nd 0.955 for 8OHG. For both analytes, the minimum experimen-
al value for the HETP was seen at 0.5 mL min−1. As a side effect,

he increase in flow produced a corresponding increase in column
ressure. Thus, for a flow rate of 0.5 mL min−1 the pressure was
5 bar; for 1.0 mL min−1 it was 121 bar, and for 2.0 mL min−1 it was
04 bar. These observations allowed a flow rate of 0.5 mL min−1 to
hydroxylated-MNN using isocratic elution 20% formic acid 2.6 mM w
wpH = 3.1: 80%

ACN. Column temperature: 20 ◦C. Chromatographic flow rate: 0.5 mL min−1. Analyte
identification as in Fig. 1.

be selected as optimum for separation. With this flow rate value,
HETP of around 20 �m were obtained (equivalent to 50,000 N/m)
with a total analysis time of 15 min.

3.3. Injection in ZIC-HILIC

Another important advantage of HILIC as compared with RPLC is
the possibility of injecting samples with a high content of organic
solvent, without this affecting the separation and the symmetry
of the chromatographic peaks. The usual procedures of extrac-
tion, preconcentration and sample cleaning, which are essential
for the analysis of trace amounts of compounds in complex sam-
ples, as is the case of the analysis of MNN [38], generate a solution
that contains the analytes dissolved in predominantly organic
media, which means that it is necessary to incorporate an evapora-
tion/redissolution step. This step can be sidestepped by injecting
the organic extract directly in HILIC. As organic solvent, ACN
has been suggested as the best choice although ACN/isopropanol
mixtures could be used in case of solubility issues. In addition, pro-
portion of water greater than 10% in the sample diluent should be

avoided to maintain sharp peaks [39].

The separation and symmetry of peaks obtained were satis-
factory when injections of 5 �L and 50 �L were performed in a
100% organic medium (Fig. 5a and b) thus showing the injection
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olume capacity of the column. The correlation coefficients (r2)
etween the volume injected and the peak area obtained (6 cal-

bration points) for the analytes studied varied between 0.986 and
.997.

Injections of 50 �L with different water contents showed a dete-
ioration in the separation and symmetry of the peaks as expected
Fig. 5c). However, when 5 �L were injected in a 100% aqueous

edium (Fig. 5d), the separation and symmetry of the peaks were
atisfactory and very similar to those obtained in totally organic
edium. Nevertheless, injection of 5 �L in ACN afforded a better

eparation and peak shape.
Fig. 6 shows the injection of 5 �L of a real urine sample

urified following the procedure proposed by Li et al. [40], elut-
ng the SPE cartridge with mobile phase (80% ACN: 20% formic
cid 2.6 mM) and sidestepping the evaporation/redissolution
tep.

.4. Reproducibility in ZIC-HILIC

One of the best-known disadvantages of NPLC is its lack of
eproducibility [34]. To determine the precision of the separation
chieved with the ZIC-HILIC column, three samples (prepared daily)
ere analyzed along three consecutive days, performing 7 injec-

ions per day (21 injection in all). The relative standard deviations
RSD) were lower than 2.5% for the retention times and lower
han 3.5% for the adjusted retention times. Regarding the analyti-
al signal obtained, measured as chromatographic peak areas, the
orresponding RSD remained below 4%.

. Conclusions

It has been showed that ZIC-HILIC is a suitable alternative for
he chromatographic analysis of MNN. A mobile phase containing
0% ACN and 20% of formic acid (2.6 mM) allowed appropriate res-
lution to be achieved. Additionally, the characteristics of ZIC-HILIC
ean that the compatibility between chromatographic separation

nd detection by mass spectrometry is very high, allowing the
njection of volumes up to 50 �L in a completely organic medium,
eading to high sensitivity and compatibility with the usual meth-
ds of extraction/preconcentration used for the analysis of MNN.
he retention of these compounds in ZIC-HILIC occurs through a
echanism of partition between the aqueous phase bound to sta-

ionary phase and the organic component of the mobile phase;
owever, the mechanism is complex, and it presumably involves
ther processes such as retention of the MNN with hydroxyl groups
y hydrogen bonding or electrostatic interactions, for positively
harged analytes.
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