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Ewa Szymańska, Michał Jan Markuszewski ∗, Karolina Bodzioch, Roman Kaliszan
Department of Biopharmaceutics and Pharmacodynamics, Medical University of Gdańsk, Gen. J. Hallera 107, 80-416 Gdańsk, Poland
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bstract

For the analysis of metabolite nucleoside profiles, capillary electrophoretic (CE) methods preceded by appropriate solid phase extraction
rocedures have been developed. The approach has been proposed for the determination of 13 nucleosides and creatinine in human urine. A
ackground solution composed of 100 mM borate–72 mM phosphate–160 mM SDS and a fused silica capillary of 70 cm length to detector and 50 �m
.d. were used. The methods developed were statistically validated for their linearity, trueness, precision and selectivity. Stability of the analyzed
ucleoside profiles in urine during storage was checked. Validation parameters of solid phase extraction procedures for urinary nucleosides were

valuated. The developed analytical methods were employed for the analysis of 22 urine samples from healthy patients and cancer patients from the
rological ward. Nucleoside profiles were compared among the subjects. It was proved that the methods proposed were suitable for a fast and reliable
etermination of urinary creatinine and modified nucleoside profiles, which can be further submitted for the metabonomic analysis of cancer patients.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In human urine, about 1000 different metabolites could be
dentified belonging to different classes of endogenous com-
ounds, like amino acids, peptides, nucleosides, catecholamines,
urines, etc. The variation of concentrations of characteristic
etabolites in urine is specific to the physiological and patho-

ogical state of the organism as well as to individual diseases.
hen metabolite profiles from healthy individuals are compared
ith those from sick patients, the differences observed could

erve as an indication or prediction of disease. One of the main
oals of metabonomics is to identify metabolite profiles which
ould be used as diagnostic tools of various diseases [1,2]. How-
ver, because there are so many urinary components involved,
easuring metabolite profiles of urine is not an easy task. As
consequence, the metabonomic analysis is often focused on
maller sets of compounds such as amino acids, catecholamines
r nucleosides.

∗ Corresponding author. Tel.: +48 58 3493260; fax: +48 58 3493262.
E-mail address: markusz@amg.gda.pl (M.J. Markuszewski).
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Nucleosides are primary constituents of ribonucleic acids
RNA). When RNAs are biotransformed into nucleosides, they
re normally catabolized to uric acid or �-alanine. In particular
ases, RNAs are transformed into modified nucleosides which
annot be reutilized and are extracted intact in urine. Therefore,
t appeared reasonable and interesting to undertake measure-

ents of urinary nucleosides in order to estimate total RNA
urnover. The turnover of nucleic acids increases when cell
roliferation takes place: in physiological processes, like growth
nd pregnancy [3] and in pathological ones, like inflammation,
aemopathies and malignant diseases [4,5]. Urinary profiles
f modified and normal nucleosides have been used in clinical
ractice as markers of leukemia [6], breast cancer [7,8], thyroid
ancer [9], uterine cervical cancer [10], liver cancer [11] and
heumatoid arthritis process [12]. Profiles of urinary nucleo-
ides could also be used in monitoring disease progress and the
esponse of individuals to an applied therapy [8]. Nevertheless,
here are no available clinical tests based on urinary nucleoside
rofiles as a routine diagnostic tool on groups of cancer, the

ack of which could be a consequence of imperfect analytical

ethods used to obtain urinary nucleoside profiles.
Nucleosides in biological samples have been analyzed by

he application of selective solid phase extraction (SPE) fol-

mailto:markusz@amg.gda.pl
dx.doi.org/10.1016/j.jpba.2007.05.010
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owed by specific separation methods. Phenylboronate gel as a
PE stationary phase, has specific affinity to cis-diol groups,
hich are present in the chemical structure of nucleosides,
ucleotides and sugars. It has been successfully applied in
he solid phase extraction of urinary nucleosides by Gehrke
t al. and others (http://www.biorad.com) [13,14]. Differ-
nt analytical techniques such as immunoassays [7,12], high
erformance chromatography [11,15–18] and capillary elec-
rophoresis [8–10,19] have been employed in the separation of
ucleoside and nucleotide metabolites. Nucleosides, due to their
roperties such as: negative electric charge in a wide range of
H, diverse molecular weight and hydrophobicity; were ana-
yzed by capillary zone electrophoresis, micellar electrokinetic
hromatography and isotachophoresis [20,21]. The advantages,
uch as a relatively short time of analysis, a usually high effi-
iency of resolution obtained and a minimal amount of sample
equired, make electromigration techniques especially valuable
n metabonomics studies [22,23]. We also proved them valuable
n the study of urinary nucleosides [24,25].

Micellar electrokinetic chromatographic (MEKC) methods
ith sodium dodecyl sulfate (SDS)–borate–phosphate buffers
ere applied to determine nucleoside metabolites by several
roups of researchers. Liebich et al. used 25 mM borate–50 mM
hosphate–300 mM SDS background electrolyte (BGE) (pH
.7) [15]. Zheng et al. used the same BGE but a slightly differ-
nt pH (pH 6.9) [8]. Kim et al. applied 25 mM borate–42.5 mM
hosphate–200 mM SDS (pH 6.7) [10]. All the authors
btained a resolution of 13–16 nucleosides present in urine
amples from cancer patients. The analyzed group of nucleo-
ides included: pseudouridine, uridine, cytidine, methyluridine,
nosine, 1-methylinosine, N4-acethylcytidine, guanosine, 1-

ethylguanosine, adenosine, xanthosine, 2-methylguanosine,
-methyladenosine and dihydrouridine.

The main goal of the present study was to develop a fast and
eproducible CE method to study most of the nucleosides present
n urine samples from urogenitial cancer patients and healthy
ontrols. Our nucleoside set comprised 1-methyladenosine,
hich is of prognostic value in urogenitial cancer [4], and was
ot analyzed before by CE because of a long migration time.
oreover, the capillary electrophoretic method and solid phase

xtraction procedure were fully validated to assure their quality.
alidation data included linearity, limits of detection, preci-
ion, trueness, recovery and stability of nucleosides in frozen
rine. Therefore, an optimized CE method could be success-
ully applied in the analysis of nucleoside profiles in urine
amples as it allows 18 different compounds to be separated and
uantified.

Additionally, another CE method for the assay of urinary cre-
tinine levels was developed. Creatinine is a compound whose
oncentration strictly corresponds to urine dilution and there-
ore is included in the calculation and comparison of nucleoside
evels. The CE method for the determination of creatinine lev-
ls employs the same analytical conditions as for nucleosides

ith some minor changes in operation conditions. This makes

he complete assay of urinary nucleoside profiles feasible con-
isting of the analysis of nucleosides and the following analysis
f creatinine in one capillary run-by-run. Based on the devel-
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ped procedure, urine samples could be effectively examined
nd reliable profiles of nucleosides could be obtained.

. Experimental

.1. Chemicals and preparation of standard solutions

Reference standards for 13 nucleosides, i.e., uridine,
seudouridine, cytidine, 5-methyluridine, inosine, N4-acetyl-
ytidine, guanosine, adenosine, N2,N2-dimethylguanosine,
6-methyladenosine, N1-methyladenosine, xanthosine, and
-bromoguanosine (internal standard) and creatinine were pur-
hased from Sigma–Aldrich (St Louis, MO, USA) Phosphoric
cid, borax (sodium tetraborate decahydrate), sodium dode-
yl sulfate 98.5% and ammonium acetate were from Sigma
Sigma–Aldrich, St. Louis, MO, USA). Formic acid came from
ancaster Synthesis UK (Newgate, Lancashire, UK). Sodium
ydroxide, methanol and ammonia were obtained from POCH
Gliwice, Poland). The Affi-gel 601, used as the stationary phase
or the extraction of nucleosides from urine, was purchased from
io-Rad (Hercules, CA, USA). Reversed osmosed deionised
ater for the preparation of the standard solution, the back-
round electrolyte and other solutions were from MiliQ-Plus
ystem (Millipore, Vienna, Austria).

The 10 mM stock solutions of all standards were prepared in
eionised water (except the stock solution of guanosine, which
as prepared in 0.1M NaOH), and kept frozen at −34 ◦C. The
orking standard solutions were prepared by dilution of the

tock solutions with deionised water to concentrations in the
ange of 5–5000 �M.

.2. Urine samples

Spontaneous urine samples from 12 healthy adults and 10
ancer patients from the Department of Urology, the Medical
niversity of Gdańsk, Gdańsk, Poland were collected after their

nformed consents. The studies were performed in accordance
ith the principles embodied in the Declaration of Helsinki.
he group of healthy controls (5 women, 7 men) consisted of
eople who were not undergoing medication at the time of
ample collection and whose condition was proved by med-
cal examination. The group of cancer patients (5 women,

men) included people with a medical diagnosis of kidney,
rostate and bladder cancer. The cancer patients were under-
oing chemotherapy or radiotherapy treatment but neoplastic
hanges existed at the time of collection. After urine collec-
ion, the samples were frozen immediately and stored at −34 ◦C.
irectly before the analysis, the samples were thawed at room

emperature.

.3. Instrumentation

The CE experiments were carried out on a Beckman Coulter

/ACE MDQ (Beckman Instruments, Fullerton, CA, USA) fit-

ed with a diode array UV-absorbance detector (190–600 nm), a
emperature-controlled capillary compartment (liquid cooled)
nd a temperature-controlled autosampler (air cooled). Elec-

http://www.biorad.com/


1 al an

t
s

(
t
f
f
a
T
f
w
f
N
2

m
m
l
O

2

o

p
6
t
(

o
a
p
t
t
f
a
s
D
2

2

a
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rophoretic data were acquired and analysed by 32 Karat
oftware.

Separations were performed in fused silica capillaries
50 �m, i.d.) (Microsolv CE, Microsolv Technology Corpora-
ion, Eatontown, NJ, USA). New capillaries were conditioned
or 10 min at 30◦ C with deionised water, followed by 1 M NaOH
or 10 min, 0.1 M NaOH for 20 min, deionised water for 20 min
nd BGE for 60 min using pressure 20 psi (1 psi = 6894.76 Pa).
hen, the capillaries were conditioned with high voltage: 10 kV

or 20 min, followed by 25 kV for 20 min. Each capillary was
ashed every morning with deionised water for 5 min and BGE

or 20 min, and immediately before each analysis with 0.1 M
aOH for 2 min and BGE for 3 min, also using a pressure of
0 psi.

Solid phase extractions were performed on a vacuum
anifold column processor (J.T. Baker, Griesheim, Ger-
any). Eluates obtained during the extraction procedure were

yophilized in a Christ freeze dryer Alpha 1-2LD (Martin Christ,
sterode am Harz, Germany).
.4. Capillary electrophoretic conditions

The running buffer for the analysis of creatinine and nucle-
sides was composed of 100 mM sodium borate, 72.5 mM

i

d
j

Fig. 1. Schematic overview of the preparation of urin
d Biomedical Analysis 44 (2007) 1118–1126

hosphoric acid and 160 mM SDS. The pH was adjusted to
.7 with 1 M NaOH before the addition of SDS. Buffer solu-
ions were filtered before use through a 0.45 �m Minisart filter
Sartorius, Gottingen, UK).

Optimum separations for nucleosides and creatinine were
btained using an 80 cm capillary (70 cm effective length), 25 kV
pplied voltage (observed current was 78–83 �A) with 0.1 psi
ressure applied during electrophoretic run and 30 ◦C main-
ained temperature of the capillary. Samples were introduced
o the capillary in the pressure injection mode for 5 s at 0.5 psi
or the analysis of nucleosides, and for 10 s at 0.5 psi for the
nalysis of creatinine. For the analysis of creatinine, the time of
eparation was 12 min and detection was carried out at 234 nm.
uring the analysis of nucleosides, the time of separation was
5 min and detection was performed at 214 and 254 nm.

.5. Sample preparation and extraction conditions

Each urine sample was used for the analyses of both creatinine
nd nucleosides. The process was composed of several steps and

s briefly illustrated in Fig. 1.

In the case of creatinine analysis, the urine samples were
iluted 20-fold in deionised water, mixed, centrifuged and sub-
ected to analysis in a CE system.

e samples for capillary electrophoretic analysis.
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For the analysis of nucleosides, 25% ammonia was added to
rine samples to adjust pH to the range from 8.2 to 8.6. Next,
rine samples were mixed and centrifuged. After centrifugation,
ml of the supernatant was loaded on a preconditioned PBA col-
mn, together with a constant volume of the internal standard
100 �l of 150 �M internal standard solution). The PBA col-
mn consisted of a luer-tipped polypropylene SPE tube (3 ml)
urchased from Supelco (Bellefonte, PA, USA), packed with
tationary phase material Affi-gel 601 (200 mg). Before first
se, the gel was allowed to swell for 5 min in 3 ml of water
nd after that, was alternately washed 10 times with methanol
nd water (0.5 ml each time). Before the application of super-
atant, the column was equilibrated by washing sequentially
ith 0.1 M formic acid in 50% methanol and 0.25 M ammo-
ium acetate (pH 8.6), as described by Gehrke et al. [13]. After
oading the sample on the PBA column, it was washed with
.5 ml of 0.25 mM ammonium acetate and the column was left
o stand for 10 min. Then, the column was rinsed with 4 ml
f 0.25 mM ammonium acetate and 0.3 ml 50% methanol (two
imes). Between every rinse, a 3 min interval was applied. Then,
.5 ml 0.1 M formic acid in 50% methanol was introduced to the
PE column to replace 50% methanol and again a 3 min interval
as adopted to prepare the column for the elution of nucle-
sides. At the end, the PBA column was eluted with 3 ml of
.1 M formic acid in 50% methanol. Methanol from the eluate
as evaporated under a stream of nitrogen at 36 ◦C in a ther-
oblock and the final volume of ca. 1.5 ml was lyophilized.
he residue was dissolved in 100 �l of deionised water and

njected into the capillary. The obtained aliquot was concen-
rated by the factor of 20. The PBA column was reconditioned
nd used in SPE extraction 12 times without loss of recovery
erformance.

.6. Validation of analytical methods

The concentrations used during the studies were based on
he expected range during analysis of urine samples. The
ollowing concentrations in water were used to construct
he calibration curves: 0, 5, 10, 25, 50, 100, 250, 500 �M
or cytidine, 5-methyluridine, guanosine, adenosine, N2,N2-
imethylguanosine, N6-methyladenosine, xanthosine; 0, 10, 25,
0, 100, 250, 500, 1000 �M for N1-methyladenosine, uridine,
nosine, N4-acetylcytidine; 10, 25, 50, 100, 500, 1000, 2000 �M
or creatinine; and 0, 40, 100, 200, 400, 1000, 2000, 5000 �M
or pseudouridine.

In assessment of the intra- and inter-day precision, aqueous
olutions and pooled urine spiked with nucleosides and crea-
inine were repeatedly analyzed. Between day validation was
alculated for three concentrations (100%, 150% and 50% mean
oncentration of each compound in urine multiplied by a factor
f 20 for nucleosides and by a factor 0.05 for creatinine) and
ne pooled urine sample spiked with nucleosides or creatinine
orresponding to 100% mean concentration in urine, also mul-

iplied by a factor 20 or 0.05. The mean concentrations of each
ompound were: 2500 �M for pseudouridine, 75 �M for uri-
ine, 200 �M for 5-methyluridine, 30 �M for cytidine, 100 �M
or N4-acetylcytidine, 85 �M for guanosine, 120 �M for N2,N2-

•

d Biomedical Analysis 44 (2007) 1118–1126 1121

imethylguanosine, 100 �M for inosine, 60 �M for xanthosine,
0 �M for adenosine, 30 �M for N6-methyladenosine, 500 �M
or N1-methyladenosine and 600 �M for creatinine.

Trueness of the method was investigated on five concentra-
ions of the analyzed compounds, on the same samples as used
n the construction of calibration curves. The detection limit
as calculated on the basis of standard deviation of results for
lank samples and calibration curve parameters. Selectivity of
he assay was determined by chemometric tools such as mul-
ivariate curve resolution-alternating least squares (MCR-ALS)
pplied to electrophoretic peaks from urine samples [26]. The
tability of nucleosides in urine, stored at −24 ◦C for 3 months,
as also been monitored.

. Results

.1. Optimization of the MEKC method for analysis of
ucleosides

Urinary nucleosides were analyzed by several capillary elec-
rophoretic methods but the most common are those with BGE
ontaining sodium borate, sodium phosphate and relatively high
oncentrations (250–300 mM) of SDS, with pH in the range
f 6.7–6.9 [8,10,15,19]. During our studies, BGE consisting of
5 mM borate–42.5 mM phosphate–300 mM SDS developed by
im et al. [10] was used as a starting BGE for method optimiza-

ion.
Finally, after several modifications, a background electrolyte

ontaining 100 mM borate–72.5 mM phosphate–160 mM SDS
ppeared to possess the best separation properties. Additionally,
ther capillary electrophoretic conditions have been changed,
amely the length of the capillary (70 cm – length to detector,
0 cm – length of the whole capillary), the applied voltage –
5 kV and the temperature during separation – 30 ◦C. Another
mprovement was the application of additional pressure during
he electrophoretic run (0.1 psi) for the reduction of analysis
ime.

A shorter time of analysis for a similar set of compounds
nd very good reproducibility of results (see Section 3.2) were
chieved in comparison to the previously-described methods.
his is an effect of:

Involvement of 0.1 psi during the analytical run and BGE
with a higher concentration of phosphoric acid anions
(72.5 mM), which increases the background solution conduc-
tivity (the current observed during electrophoretic analysis
was 75–85 �A) and by doing so, increases the migration of
compounds in the electric field, resulting in a decrease in the
analysis time to 25 min (Fig. 2).
Application of BGE with a higher content of borate anions
(100 mM), which creates complexes with diols such as nucle-
osides, which introduces an additional mechanism for the
separation of nucleosides besides the electric field and pseu-

dostationary phase (SDS), resulting in high efficiency of the
resolution of analyzed compounds.
Application of BGE with a concentration of 160 mM of
SDS assures a higher stability of the prepared BGE at
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Fig. 2. Typical electropherogram of standard modified nucleosides in a water
sample. Peaks: 1 – EOF; 2 – pseudouridine; 3 – uridine; 4 – cytidine; 5 – 5-
methyluridine; 6 – inosine; 7 – N4-acetylcytidine; 8 – guanosine; 9 – adenosine;
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0 – N2,N2-dimethylguanosine; 11 – 6-methyladenosine; 12 – xanthosine; 13 –
.S. (8-bromoguanosine); 14 – 1-methyladenosine.

room temperature and fewer problems in cleaning the cap-
illary and electrodes after analysis. It improves method
reproducibility.

Peaks of nucleoside standards were identified on the basis
f their migration time and spiking. In the case of urine sam-
les, peak identity was confirmed by chemometric analysis as
escribed below in Section 3.6.

In the SPE method, significant changes included the intro-
uction of an elapse time (3 min) between every rinse of the
olumn after sample application and a change in the amount of

ater (100 �l) used for redissolution of freeze-dried compounds

t the end of the analytical procedure. The elapsed time improves
he selectivity of impurity and nucleoside elution. Redissolution
f the residue in 100 �l enhances the recovery of compounds
rom sample walls.

a
a
t
e
a

able 1
inearity parameters: linear range, slope, limit of confidence for slope, intercept, lim
f detection (LOD) for modified nucleosides and creatinine

ompound Linear range
(�M)

Slope
(�M/�A)

Limit of confidence
for slope p = 95%

In
(�

seudouridine 20–5000 0.0445 0.0419–0.0471 33
ridine 10–500 0.0468 0.0436–0.0501 9
-Methyluridine 5–500 0.0356 0.0330–0.0383 4
ytidine 5–500 0.0564 0.0527–0.0601 3
4-Acetylcytidine 10–500 0.0425 0.0388–0.0462 5

nosine 10–500 0.0405 0.0378–0.0432 −7
uanosine 5–500 0.0198 0.0181–0.0216 4
2,N2-Dimethylguanosine 5–500 0.0110 0.0101–0.0119 4
anthosine 5–500 0.0321 0.0302–0.0339 −1
denosine 5–500 0.0249 0.0237–0.0261 −4
-Methyladenosine 10–500 0.0403 0.0370–0.435 −1
-Methyladenosine 5–500 0.0179 0.0165–0.0193 4
reatinine 10–2000 0.0250 0.0238–0.0262 6
d Biomedical Analysis 44 (2007) 1118–1126

.2. Validation of MEKC method for analysis of nucleosides

Method validation is the last step in method development
nd is carried out to ensure its quality. Because our method is
oing to be used in the analysis of numerous nucleoside profiles
n biological samples, we decided to validate MEKC and SPE

ethods separately. We have checked if validation parameters
f the MEKC method allow its use not only in the analysis of
rinary nucleosides but also nucleosides present in other bioflu-
ds. On the other hand, separate validation of SPE procedure also
nsures its quality when we would like to use it with other sep-
ration methods, e.g. high performance liquid chromatography
HPLC).

The linearity of the analytical method is its ability (within
given range) to obtain results which are directly proportional

o the concentration of the analytes in the sample. It was tested
y analyzing eight stock solutions in the concentration range of
–1000 �M for most nucleosides as described in Section 2.6.
he data were subjected to linear regression analysis in order

o achieve the appropriate calibration factors. The regression
arameters such as linearity range, slope, intercept, standard
rror and correlation coefficients (r) are presented in Table 1.

The limits of detection (LOD) were determined at 254 nm and
alculated as described in Section 2.6. They were below 1 �M for
ost investigated compounds which confirmed the suitability of

he developed method for the analysis of biological samples. The
alues of LOD are also presented in Table 1 and are expressed
n �M and �g/ml.

The precision of the method was evaluated by means of area
nd migration time reproducibility in four samples as described
n Section 2.6. In comparison to previously-reported methods
8,10,15,19], in our method, a lower concentration of SDS was
pplied, which improved the migration time precision between
uns within and between the days of analysis. This is also due to
ppropriate capillary conditioning. The intra-day (each sample

nalyzed six times one-by-one) and inter-day (three consecu-
ive days, three different BGEs, each sample analyzed six times
ach day) precision of the assay was tested. The calculations
re presented in Tables 2 and 3 as relative standard deviations

it of confidence for intercept, standard error, correlation coefficients and limit

tercept
M)

Limit of confidence
for intercept p = 95%

Standard
error

r LOD
(�M)

LOD
(�g/ml)

.83 −15.51–83.17 40.7 0.9987 1.12 0.27

.21 −5.21–23.62 11.91 0.9982 0.17 0.04

.11 −4.07–12.28 5.59 0.9986 0.98 0.28

.09 −10.92–17.11 11.38 0.9984 0.5 0.12

.34 −4.13–14.81 6.53 0.9981 2.26 0.58

.71 −22.35–6.95 11.53 0.9984 0.61 0.16

.79 −4.64–14.22 6.47 0.9981 0.55 0.16

.99 −3.88–13.86 6.10 0.9983 0.93 0.29

.69 −14.78–10.79 10.00 0.9988 0.41 0.12

.71 −15.22–5.81 8.35 0.9992 0.78 0.21

.68 −22.37–19.02 9.96 0.9990 0.65 0.18

.74 −4.06–13.53 6.04 0.9983 0.93 0.26

.30 −16.03–28.62 15.70 0.9994 0.85 0.09
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Table 2
Migration time precision of standard nucleosides and creatinine in water and urine samples expressed as relative standard deviation R.S.D. (%)

Compound/Sample Intra-day repeatability Inter-day repeatability

100%a in
water

150%a in
water

50%a in
water

100%a in
urine

100%a in
water

150%a in
water

50%a in
water

100%a in
urine

Pseudouridine 0.14 0.17 0.16 0.42 1.31 1.27 0.89 0.90
Uridine 0.3 0.32 0.10 0.26 1.39 1.07 1.04 1.14
5-Methyluridine 0.16 0.18 0.09 0.46 1.44 1.34 0.87 0.97
Cytidine 0.32 0.31 0.11 0.30 1.57 1.17 1.19 1.2
N4-Acetylcytidine 0.16 0.17 0.11 0.50 1.34 1.21 0.76 0.81
Inosine 0.38 0.34 0.10 0.32 1.46 1.13 0.92 1.23
Guanosine 0.19 0.22 0.11 0.54 1.48 1.10 0.65 0.92
N2,N2-Dimethylguanosine 0.25 0.28 0.11 0.67 2.48 1.61 1.58 1.02
Xanthosine 0.48 0.62 0.13 0.47 1.80 1.26 1.37 1.23
Adenosine 0.53 0.41 0.14 0.35 0.99 2.10 1.72 1.41
1-Methyladenosine 0.76 0.62 0.26 0.75 5.51 5.25 4.62 5.94
6-Methyladenosine 0.26 0.29 0.12 0.69 1.93 1.73 1.71 1.08
Creatinine 0.14 0.13 0.12 0.15 0.15 0.71 0.40 0.26
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F
c

or the intra-day repeatability, the number of replicates in each case was 6 (n =
onsecutive days.
a percent mean concentration of each compound in 22 analyzed water or urin

R.S.D.) (%). The inter-run precision of the migration time and
he peak area for the internal standard were also evaluated and
ere 0.24% and 2.22%, respectively.
Trueness of the method for within-day variability is presented

n Table 4 and is at a satisfactory level.

.3. Extraction efficiency

In our work, recovery pertains to the extraction efficiency
f the optimized method within the limits of variability. The

ecoveries of nucleosides were measured by assaying pooled
rine samples with an added standard mixture. Recoveries were
erformed for urine samples fortified with two concentrations
f nucleosides: 10 and 100 nmol/ml. The average recoveries for

d
u

t

able 3
eak area precision of standard nucleosides and creatinine in water and urine sample

ompound Intra-day repeatability

100%a in
water

150%a in
water

50%a in
water

seudouridine 1.49 3.78 5.93
ridine 1.86 4.61 8.96
-Methyluridine 1.90 3.11 5.67
ytidine 2.77 5.53 7.16
4-Acetylcytidine 4.06 4.43 7.47

nosine 2.69 4.80 5.71
uanosine 1.88 3.46 4.15
2,N2-Dimethylguanosine 5.18 4.13 6.81
anthosine 4.69 6.60 5.92b

denosine 2.45 4.37 6.77
-Methyladenosine 5.04 6.42 6.36
-Methyladenosine 4.32 3.93 10.41b

reatinine 3.71 3.78 3.95

or the intra-day repeatability, the number of replicates in each case was 6 (n = 6), fo
onsecutive days.
a percent mean concentration of each compound in 22 analyzed water or urine sam
b R.S.D. (%) calculated for five replicates (n = 5).
r inter-day precision, the number of replicates was 18 (n = 18) run within three

ples.

3 nucleosides were for 100 nmol/ml (93.63%, R.S.D. 7.84%,
= 12) and for 10 nmol/ml (112.15%, R.S.D. 15.75%, n = 15),

espectively. The results for all the analytes were consistent,
recise and reproducible.

.4. Stability studies

The stability of nucleosides in urine samples after one, two
nd three months storage at −24 ◦C was evaluated. Accord-
ng to [27,28], there is high probability that most nucleosides

egrade in solutions at pH above 5.0. Thus, pH adjustment of
rine samples is essential to limit the degradation process.

The urine samples with pH 5.2, 6.7 and 7.4 were divided into
wo sets. One set of urine samples was adjusted to pH 4.0 with

s expressed as relative standard deviation R.S.D. (%)

Inter-day repeatability

100%a in
urine

100%a in
water

150%a in
water

50%a in
water

100%a in
urine

5.96 10.39 8.81 12.57 11.76
6.73 9.30 6.79 9.33 26.40
6.30 9.99 8.38 12.56 14.06
5.42 9.23 9.23 8.57 11.60
9.50 8.22 6.10 12.68 12.69
6.17 8.26 7.57 9.06 13.15
6.29 10.92 8.73 12.53 12.52
5.70 11.58 9.95 13.78 10.65
6.45 11.90 8.13 14.13 12.94
6.68 10.92 7.27 8.68 19.74
6.50 12.27 7.68 8.71 6.49
8.78 13.75 8.98 15.02 20.50
7.23 8.01 6.94 7.62 10.04

r inter-day precision, the number of replicates was 18 (n = 18) run within three

ples.
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Table 4
Trueness of nucleoside analysis expressed as mean percentage recovery of amount added to 1 ml sample

Compound A B C D E

Pseudouridine 115.60 (107.96–123.24) 101.20 (87.56–114.84) 85.42 (80.46–90.38) 95.40 (83.76–107.04) 101.43 (93.13–109.73)
Uridine 117.08 (105.42–128.49) 90.80 (82.74–98.86) 97.75 (83.31–112.19) 91.37 (86.99–95.75) 101.97 (96.01–107.93)
5-Methyluridine 94.75 (84.73–104.77) 103.84 (94.36–113.32) 96.94 (83.3–108.58) 88.97 (81.55–96.39) 101.48 (96.12–106.84)
Cytidine 103.6 (96.8–110.4) 95.72 (90.58–100.86) 108.86 (94.22–123.5) 91.24 (85.56–96.92) 101.59 (86.15–117.03)
N4-Acetylcytidine 124.80 (117.52–132.08) 105.88 (97–114.76) 96.06 (78.78–113.34) 90.72 (85.58–95.86) 101.31 (95.31–107.31)
Inosine 87.70 (77.46–97.94) 93.30 (81.34–105.26) 120.39 (102.09–138.69) 103.19 (94.29–112.09) 98.25 (93.01–103.49)
Guanosine 98.74 (86.4–111.08) 105.48 (96.24–114.72) 96.31 (90.49–102.13) 89.16 (76.52–101.8) 101.48 (95.7–107.26)
N2,N2-Dimethylguanosine 124.91 (114.83–134.99) 107.59 (99.81–115.37) 96.29 (79.27–113.31) 89.74 (83.88–95.6) 101.40 (88.44–114.36)
Xanthosine 99.68 (95.84–103.52) 94.29 (78.35–110.23) 117.68 (102.5–132.86) 94.86 (85.74–103.98) 100.04 (94.18–105.9)
Adenosine 85.85 (73.79–97.91) 93.23 (72.43–114.03) 114.71 (97.45–131.97) 102.48 (96.72–108.24) 98.78 (94.34–103.22)
1-Methyladenosine 93.88 (68.76–119) 93.03 (75.17–110.89) 97.11 (78.89–115.33) 105.99 (95.13–116.85) 98.58 (80.9–116.26)
6-Methyladenosine 128.46 (105.84–151.08) 105.64 (99.7–111.58) 95.74 (80.86–110.62) 90.03 (85.21–94.85) 101.39 (88.85–113.93)

I number of replicates in each case was 6 (n = 6). A, B, C, D, E correspond to 25, 50,
1 sine, xanthosine, adenosine and 1-methyladenosine, 100, 200, 400, 1000, 2000 nmol
f .
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Fig. 3. Typical electropherograms: (A) Modified nucleoside analysis in a urine
n brackets, limits of confidence for mean recovery (p = 95%) are included. The
00, 250, 500 nmol added to 1 ml sample, respectively, for uridine, cytidine, ino
or pseudouridine and 10, 25, 50, 100, 250 nmol for other nucleosides analysed

oncentrated formic acid and frozen. The second, unadjusted set
f urine samples, was frozen immediately. They were analyzed
fter 1, 2 and 3 months of storage and the results of the assay
ere compared with the urine samples not subjected to storage.
here was no significant or relevant change (no more than 10%)

n nucleoside concentrations between samples with an adjusted
H in a different range of pH. Therefore, there is no need for
pecial urine pH adjustment before freezing and storage.

.5. Optimization and validation of MEKC method for the
nalysis of creatinine

Creatinine could be analyzed by several analytical meth-
ds including capillary electrophoretic procedures [29–31]. The
implest solution in this study appeared to be the analysis of
reatinine in the same conditions as nucleosides and this idea
ppeared to be easy to employ. Creatinine could easily be mea-
ured in urine with the application of the nucleosides’ method
ith only a change of time of sample injection (10 s) and detec-

ion wavelength (234 nm). The migration time of creatinine
nder these conditions was ca. 10.1 min. The quantification
t 234 nm is appropriate for creatinine, which has its sec-
nd absorbance maximum at this wavelength. The capillary
lectrophoretic method was compared and verified with a col-
rimetric method based on the Jaffe reaction (absorbance at
90 nm). The accuracy of the CE method in comparison with
he colorimetric one was 109.67% with R.S.D. 6.35% for 20
rine samples. The trueness of the assay for creatinine in aque-
us solutions was 92.00% with R.S.D. 1.32% for three different
oncentrations (1 mM, 100 �M and 25 �M).

Other validation parameters like linearity, LOD and migra-
ion time and area precision are presented in Tables 1–3.

.6. Application of the developed methods in the analysis of
iological samples
In order to demonstrate the applicability of the validated
rocedure, it was applied to 22 urine samples collected from
ealthy and cancer patients. Samples were extracted by SPE

sample; peaks: 1 – EOF; 2 – pseudouridine; 3 – uridine; 4 – cytidine; 5 – 5-
methyluridine; 6 – inosine; 7 – N4-acetylcytidine; 8 – guanosine; 9 – adenosine;
10 – N2,N2-dimethylguanosine; 11 – 6-methyladenosine; 12 – xanthosine; 13 –
I.S. (8-bromoguanosine); 14 – 1-methyladenosine; * – unidentified peaks; (B)
of creatinine analysis in a urine sample; peaks: 1– EOF; 2 – creatinine.
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nd analyzed by MEKC as described above. The typical elec-
ropherogram of a urine sample is shown in Fig. 3A.

In order to assess the selectivity of the method and verify
he identity of peaks in urine samples, we applied MCR-ALS
o electrophoretic profiles acquired at 190–300 nm wavelengths
y a diode array UV-absorbance detector. We have used spec-
ra of pure standards as initial estimates in MCR-ALS and the
ollected multiwavelength electrophoretic profiles were ana-
yzed instantly by matrix augumentation [26]. By this method
he presence of analyzed nucleosides in urine profiles were
onfirmed.

In Fig. 3A, the peaks corresponding to 12 assayed nucleo-
ides are displayed and a few peaks of unidentified substances
resent both in healthy and cancer patients’ urine. The mean con-
entrations of nucleosides in 22 urine samples were calculated
n the basis of calibration equations. They were expressed in
M nucleoside/mM creatinine and compared with values in the
ibliography (Table 5). In Table 5, we have compared the levels
f 12 nucleosides measured by seven different electrophoretic,
hromatographic and immunoassay methods, with the devel-
ped one. It could be seen that levels of nucleosides in urine
rom healthy subjects could vary between analytical methods but
he levels assessed by our analytical method strictly correspond
o levels obtained by other authors [8,10,16–19]. Therefore, we
ould recommend our method in the analysis of those nucle-
sides. In the case of other peaks observed, whose identity is
ot known, we could consider the use of the untargeted analysis
f obtained nucleoside profiles by the chemometric evaluation
f data [24,25]. Untargeted analysis has shown a trend of dis-
rimination of more numerous groups of cancer and healthy
ubjects.

In the case of creatinine assay, the analysis of biological
amples by developed analytical procedure also confirmed its
eliability and analytical value. The typical electropherogram
f creatinine analysis in urine samples is given in Fig. 3B and
resents only one peak corresponding to creatinine, due to the
elective absorption of this compound at 234 nm.

. Conclusions

The developed new procedure of sample preparation, involv-
ng solid phase extraction with subsequent CE analyses, was
ppropriate for the study of nucleoside urinary profiles within
reasonably short time (25 min of electrophoretic assay). The
ethod was successfully verified by means of trueness, recov-

ry, linearity and precision. Subsequently, analyses of 22 urine
amples from healthy controls and cancer patients from the
rological ward were done. Levels of nucleosides for healthy
ubjects compared with data from literature prove the appli-
ability and reliability of the developed analytical procedure.
dditionally, the method was modified and employed in the

ssay of urine creatinine levels, with good results. The appli-
ation of the developed analytical procedure allows analysis of

rofiles of nucleosides and creatinine in urine with similar ana-
ytical conditions and hence, comparison of nucleoside profiles
rom different subjects instantly. An extension of the developed
ethod to a greater number of cancer patients will enable the
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