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A sensitive, selective and solvent-free procedure is proposed for the rapid determination of

monophosphate nucleotides (cytidine 50-monophosphate, uridine 50-monophosphate, adenosine

50-monophosphate, and guanosine 50-monophosphate) in baby foods. The method is based on

the deproteinization of foods and direct analysis by anion exchange liquid chromatography (LC).

Nucleotides were separated on an SAX anion exchange column with isocratic elution using 0.01 M

dihydrogenphosphate buffer (pH 3.5) as mobile phase at a flow-rate of 1 mL min-1 and detected by

diode-array detection (DAD). The LC method rapidly separated the nucleotides (9 min) and was

validated for linearity, detection and quantitation limits, selectivity, accuracy, and precision. The

recoveries obtained for spiked samples were satisfactory for all the analytes. The proposed

procedure allowed the only authorized nucleotides in infant formulas to be determined and was

successfully applied to the analysis of different baby and/or functional food samples, including infant

formulas, fermented milk, cereals, and purees.
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INTRODUCTION

Childhood constitutes the life period when nutritional
demands are at their highest. Baby foods combine a wide range
of different matrices (1): nonfatty baby foods based on fruits and
vegetables (fat content lower than 2%), fatty foods based on
meat/egg/cheese, and cereal-based foods with different fat con-
tents. Moreover, breast milk and infant formulas are also
included. Research in the field of child nutrition has established
the optimal requirements of proteins, carbohydrates, fats, vita-
mins, and minerals for each stage of child growth. More recent
advances have allowed one to know the importance of other
nutrients, such as fatty acids, lipids, and nucleotides, which take
part in the processes of brain development, learning, language,
and visual growth. Functional foods satisfy the basic nutritional
needs and, moreover, provide health benefits; the range of
functional products has strongly increased in recent years (2).
Dairy functional foods and functional ingredients containing
milk represent a growing market (3). Indeed, because of their
health-giving properties, traditional dairy products (yoghurt,
fermented milk, infant formula, or even milk) can themselves
be considered functional foods, as well as containing different
ingredients for the formulation of other functional foods.

Nucleotides are monomers which constitute the nucleic acids,
DNA and RNA. Each nucleotide is formed by three units, a sugar
with five carbon atoms (ribose forRNAordesoxirribose forDNA),

a nitrogen base (puric or pyrimidic base), and one or more
phosphate groups. The functions attributed to nucleotides are
principally immune-, lipidic-, and digestive-related, to emulate
breast feeding (4, 5). The addition of nucleotides to infant
formulas began in Japan in 1965, and in Spain, the first European
country todo so, in 1983 (6). In total, themaximumconcentration
authorized is 5 mg/100 kcal (0.26 mg g-1), which is equivalent to
the amount of free nucleotides in maternal milk (7). Permitted
nucleotides are limited to five compounds: cytidine 50-monopho-
sphate (CMP), 2.5 mg/100 kcal (0.13 mg g-1); uridine 50-mono-
phosphate (UMP), 1.75 mg/100 kcal (0.09 mg g-1); adenosine 50-
monophosphate (AMP), 1.5mg/100 kcal (0.08mgg-1); guanosine
50-monophosphate (GMP), 0.5 mg/100 kcal (0.026 mg g-1); and
inosine 50-monophosphate (IMP), 1 mg/100 kcal (0.05 mg g-1).
However, the latest recommendations in USA have increased the
total maximum amount to 16mg/100 kcal (0.83mg g-1) in infant
formulas and 22mg/100 kcal (1.13mg g-1) in infant formulas for
premature babies (8). These values are based on the total amount
of potentially available nucleotides (TPAN) in breast milk. Low
weight newbornbabies showed a higher growth rate in the first six
months of life when fed with infant formula supplemented with
nucleotides (9). There is no consensus on the concentration
at which nutrients should be added to infant formula; however,
it seems that the addition of nucleotides is safe and beneficial,
especially for premature and low weight newborn babies,
who have a low endogenous synthesis capacity. Consequently,
supplementation levels need to be monitored.

Nucleotides, like many other biological compounds, are rela-
tively nonvolatile and unstable, and LC has been the preferred
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method for their analysis in food matrices as a confirmation
method or screening test. However, the separation of nucleotides
is usually performed by anion-exchange or ion-pairing reversed
phase LC because nucleotides have high polarity and an anionic
nature. Thus, several LC methods for the separation and deter-
mination of nucleotides in infant formulas or biological matrices
have been proposed (10-30). However, there is no information
about the levels of nucleotides in other baby foods such as cereals
and purees. Techniques for the analysis of nucleotides other than
LC include enzymatic assay (31), capillary electrophoresis (32),
and capillary electrochromatography (33).

The proposed method uses anion exchange LC with photo-
diode array detection. This is the first time that the nucleotides,
50-CMP, 50-UMP, 50-AMP, and 50-GMP, have been determined
rapidly in a wide range of baby and/or functional foods, without
and with supplementation, including infant formulas, fermented
milk, cereals, and purees.

MATERIALS AND METHODS

Apparatus. The LC system consisted of an Agilent 1200 (Agilent,
Waldbronn, Germany) binary pump (G1312B) operating at a flow-rate of
1mLmin-1. The solventswere degassed using an onlinemembrane system
(Agilent 1100, G1379A). The column was maintained in a thermostatted
compartment at room temperature (Agilent 1200, G1316B). The diode
array and multiple wavelength detector was an Agilent 1100 (G1315C)
operating at three wavelengths of 252, 260, and 271 nm. Separation
was performedon aTracerExtrasil SAXanion exchange column (15 cm�
0.4 cm x 5 μm). The injection (20 μL) was performed using an autosampler
(Agilent 1200, G1367C). Solutions were stored in 2 or 10 mL amber glass
vials. An EBA 20 (Hettich, Tuttlingen, Germany) centrifuge and an
ultrasonic bath (Selecta, Barcelona, Spain) were used for extraction
purposes.

Reagents. Analytical-reagent grade acetonitrile and methanol were
purchased fronLab-Scan (Dublin, Ireland).Deionizedwaterwas obtained
from aMilli-Q water purification system (Millipore, Bedford,MA, USA).
Four commercially available 50-monophosphate nucleotides, 50-CMP,
50-AMP, 50-GMP, and 50-UMP, were obtained as the sodium salts from
Sigma (St. Louis, MO, USA). Stock solutions (1000 μg mL-1) were
prepared by dissolving the commercial products, without previous
purification, in water. All were kept at 4 �C in dark bottles sealed with
PTFE/silicone caps for a maximum of two weeks. Working standard
solutions were prepared daily by diluting with water. Other reagents
used were sodium dihydrogenphosphate and acetic acid (Fluka, Buchs,
Switzerland, 99.8%).

Samples. The samples of different type of baby and/or functional
foods were supplied from local manufacturers (Hero España, S.A.). These
were five types of infant formula (starting, follow-on, prebiotic follow-on,
lactum 1, and lactum 2), a breakfast cereal (multicereals with honey), two
fermented milk samples (lactis 1 and lactis 2), two puree samples
(vegetables and chicken with rice), and two lyophilized puree samples
(peach with banana and fruit salad). Recovery experiments were carried
out using samples spiked with a standard mixture of nucleotides. The
samples were left to equilibrate at room temperature for at least half an
hour before starting the extraction procedure.

Analytical Procedure. The samples were prepared by weighing 1 g of
the baby food into a 10-mL centrifuge tube and diluting with 6 mL of
water. To improve homogenization of lyophilized samples, suspensions
were submitted to ultrasounds for 5 min. Then, 0.5 mL of 3% trichlor-
oacetic acidwas added, and the samplewas left to stand for 15min to allow
precipitation of the proteins. The sample was then centrifuged at 6000 rpm
for 10 min at room temperature. The supernatant was recovered and
diluted to 10 mL with water in a calibrated flask. Aliquots were filtered
through 0.2 μm nylon Millipore chromatographic filters, and 20 μL was
injected into the chromatograph using amber vials with the autosampler.
The mobile phase used in isocratic conditions was a 0.01 M dihydrogen-
phosphate buffer (pH3.5). The flow ratewas 1mLmin-1 throughout. The
diode array detector was set at wavelengths of 252 nm for 50-GMP, 260 nm
for 50-AMP and 50-UMP, and 271 nm for 50-CMP. Analyses were
performed in triplicate and injections in duplicate.

RESULTS AND DISCUSSION

Ion Exchange LC Separation. The chromatographic technique
was chosen because nucleotides are ionic and very polar organic
compounds and, consequently, can be resolved using different
techniques such as reversed phase, ionic pairs, or ion exchange
chromatography. Reversed phase was first assayed using a
Zorbax Eclipse XDB-C18 column and different mixtures
(30-100% v/v) of acetonitrile (ACN) and phosphate buffer
(50 mM, pH 7) as mobile phases. However, because of their
polar nature, nucleotides were not retained by the column in any
conditions and were always eluted at the void time so that this
technique was discarded. Subsequently, taking advantage of the
very polar character of the analytes, ion pair chromatography
was tried using the same C18 column and different mixtures of
ACN (0-10% v/v) and a 30 mM buffer phosphate (pH 4.3)
containing 0.03%m/v tetrabutylammonium hydroxide. The best
separation was achieved using 100% buffer, although the peaks
appeared tailed and unresolved. Separation was not improved by
varying several experimental conditions, such as the pH of the
mobile phase (3.5-6.5), the stationary phase (Zorbax XDB-C8

eclipse, 5 μm), or the flow rate (0.25-1 mL min-1).
Finally, ion exchange chromatography was selected since

nucleotides, being negatively charged, present ionic characteris-
tics. The optimal stationary phase was Tracer Extrasil SAX, a
strong anion exchanger generally used for the analysis of small
organic molecules, which provided high selectivity and good
separation efficiency for nucleotides. The equilibrium conditions
depended on variables such as counterion selectivity, pH, tem-
perature, and buffer concentration in the mobile phase. The
counterion selectivity depends on the capacity of the resin to
discriminate between ions with a similar charge but different
geometry. The anions assayed were phosphate, nitrate, acetate,
and formiate, and the best results were obtained using phosphate
as the counterion. In the analysis of partially ionized samples,
the pH of the mobile phase can control the degree of ionization,
and an increase in the ions/neutral molecules ratio for the sample
could increase sample retention. Thus, the effect of the pH of
the mobile phase was studied using different 0.01 M phos-
phate buffers at pH values ranging from 3 to 5 and a flow rate
of 1 mL min-1. Table 1 shows the variation of both retention
time (min) and peakwidth (W, min) for the analytes as a function
of pH. The influence of this variable was more marked for CMP
and AMP, which were strongly retained by the column at
higher pH values. However, the retention of UMP and GMP
were only slightly influenced by pH variations. As can be seen,
the best separation of nucleotides was achieved using a pH value
of 3.5.

When the influence of the buffer concentration was studied in
the 0.01-0.05 M range, retention decreased as the ionic strength
increased so that 0.01Mphosphate buffer was selected.When the
column temperature was increased to 50 �C, the retention factors
slightly decreased for all of the analytes as the temperature
increased; thus, room temperature was selected.

Figure 1 shows the chromatogramobtained for amixture of the
four standard nucleotides under the selected chromatographic

Table 1. Effect of Mobile Phase pH on Nucleotide Retention Using a SAX
Column

nucleotide 50-CMP 50-AMP 50-UMP 50-GMP

pH tR W tR W tR W tR W

3.0 1.97 0.08 3.22 0.13 7.17 0.22 8.37 0.25

3.5 2.75 0.10 4.75 0.17 6.48 0.21 8.10 0.26

4.0 3.12 0.12 5.93 0.22 6.57 0.22 8.38 0.26

5.0 4.33 0.16 6.26 0.21 7.23 0.25 8.03 0.27
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conditions. The sequence of the analytes as a function of the
eluting time was 50-CMP (2.75min), 50-AMP (4.75min), 50-UMP
(6.48 min), and 50-GMP (8.10 min). Retention factors (k) were
between 1.7 and 8, separation factors (R) in the 1.3-2.1 range,
and resolution (RS) between 6.9 and 14.8.

Analytical Data and Validation. The method was validated for
linearity, detection limit, selectivity, accuracy, and precision.
Calibration curves were obtained by least-squares linear regres-
sion analysis of the peak area versus analyte concentration using
six concentration levels. Quantification was performed by the
external standard procedure. The validation parameters, correla-
tion coefficients, andworking range for the nucleotides are shown
in Table 2. The values of r2 were good (r2 > 0.99), and excellent
linearity was obtained for the range studied. The detection limits
were calculated on the basis of three times the standard deviation
of the intercept of the calibration graphs and the quantitation
limits using 10 times the standarddeviation of the intercept. These
values are also given in Table 2. To check the repeatability of the
method, 10 replicate analyses of a baby food sample containing
1 μgmL-1 of the standards were performed; anRSDof<3% for
peak area values was obtained in all cases (Table 2). These values
indicate that the precision of the method was satisfactory for the
control analysis.

The selectivity of the method was judged according to the
absence of interfering peaks at the elution times of the analytes
for blank chromatograms of different unspiked baby food
samples.

For the analysis of samples, different procedures for the
extraction of nucleotides from baby foods were compared. The
extraction solvent of choice should be able to recover the
nucleotides quantitatively and also to precipitate the proteins
efficiently. Different experiments were carried out using acetic
acid, formic acid, trichloroacetic acid, acetonitrile, and methanol
as solvents. The best absolute recovery and best reproducibility
for all nucleotides were obtained using extraction with acetic and
trichloroacetic acid, probably because of the highly hydrophilic
nature of the compounds. Conversely, very low recovery was
obtainedwith the use of the organic solvents. The precipitation of
proteins was more complete when using trichloroacetic acid
instead of acetic acid. However, the optimal concentration was
studied, and the supernatants after filtration remained without
turbidity with a concentration of trichloroacetic acid above
3% m/v, which was selected.

The matrix effect of the different baby food samples for the
studied nucleotides was evaluated by comparing the slopes of
aqueous standards and standard addition calibration graphs for
different matrices, obtained by plotting concentration (at five
levels) against peak area and following linear regression analysis.
Table 3 shows the data obtained. A statistical study was carried
out to compare the slope values using the one-sample t test, which
operates by comparing the different slopes obtained from baby
foods with the aqueous slope for each analyte. Slopes of the
standard addition calibration graphs for the samples were similar
to those of aqueous standards (P>0.05) for the four nucleotides,
as shown in Table 3 (values in parentheses correspond to
P values), confirming that the matrix did not interfere and that
calibration could be carried out using aqueous standards.

To check the accuracy of the proposed method, a recovery
study was carried out by fortifying three samples (infant formula,
breakfast cereals, and vegetables puree) at two concentration
levels corresponding to approximately two and four times the
quantitation limits. The recoveries of the nucleotides from spiked
samples varied from 88 to 97% with an average recovery ( SD
(n=24) of 93( 3. The similarity in recoveries obtained for each

Figure 1. Elution profile obtained for a standard nucleotide mixture using
anion exchange LC (260 nm).

Table 2. Analytical Data for Nucleotides Using Anion Exchange LC

parameter 50-CMP 50-AMP 50-UMP 50-GMP

slopea (mL μg-1) 26 ( 0.9 43 ( 1.7 40 ( 1.8 43 ( 2.1

ordinatea -0.94 ( 0.04 -2.2 ( 0.09 -0.37 ( 0.02 -2.5 ( 0.11

correlation coefficient 0.9998 0.9998 0.9999 0.9999

working range (ng mL-1) 100-2000 50-2000 50-2000 50-2000

detection limit (ng mL-1) 40 20 20 20

quantitation limit (ng mL-1) 130 65 65 65

repeatability (RSD for peak areas, n = 10) 2.9 1.8 2.5 1.9

aMean ( standard deviation (n = 6).

Table 3. Calibration Slopes for Different Baby Food Samples (mL μg-1)a

sample 50-CMP 50-AMP 50-UMP 50-GMP

aqueous standards 26.14 43.55 39.64 43.07

vegetables puree 25.25 (0.90) 43.09 (0.96) 40.10 (0.96) 42.62 (0.96)

milk lactis 1 25.00 (0.87) 41.21 (0.80) 38.52 (0.90) 40.99 (0.82)

milk lactis 2 26.03 (0.99) 44.68 (0.90) 38.14 (0.86) 42.86 (0.98)

supplemented starting milk 25.48 (0.96) 41.34 (0.81) 38.19 (0.87) 39.41 (0.67)

supplemented follow-on milk 24.25 (0.94) 42.57 (0.79) 38.46 (0.97) 42.70 (0.92)

prebiotic follow-on milk 25.58 (0.79) 41.10 (0.91) 39.02 (0.89) 43.99 (0.97)

aValues in parentheses correspond to the P values for one-sample t-test.
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nucleotide in the three samples indicates that the matrix had no
influence on the method performance.

Analysis of Samples. Typical chromatographic profiles ob-
tained using anion exchange LC for infant formula (A), vegeta-
bles puree (B), and cereal (C) samples are shown in Figure 2.
Similar chromatograms were obtained for the other samples. The
profiles demonstrated the absence of interfering peaks. The
chromatographic peaks were first identified by comparing the

retention data obtained for the standards, the samples, and the
different samples spiked with the standards under identical
conditions. The average values (mean ( SD) for the retention
times of nucleotides in the different baby food samples (n = 13)
were as follows: 50-CMP, 2.75 ( 0.10 min; 50-AMP, 4.83 ( 0.09;
50-UMP, 6.58 ( 0.17; and 50-GMP, 8.05 ( 0.09. These values
pointed to very good agreement between the retention data in the
different baby foods. The peaks were identified again using the
DAD detector to continuously measure the spectrum while the
solute passed through the flow-cell, thus confirming the identity
and the purity of the peaks. Good agreement was found between
the UV spectra of the different peaks obtained for the standards,
the samples, and the spiked samples.

Twelve different baby food samples were analyzed correspond-
ing to five infant formulas (starting, follow-on, prebiotic, and
supplemented), two fermented milk samples (lactis 1 and 2),
breakfast cereal (multicereals with honey), two puree samples
(vegetables and chicken with rice), and two lyophilized puree
samples (peach with banana and fruit salad). All samples were
analyzed in triplicate. Table 4 shows the results obtained. As can
be seen, the highest levels of nucleotides were found in lactum
1 and 2 supplemented infant formulas and were in accordance
with label values. The lowest levels were found in the puree
samples. Consequently, the levels found in the baby food samples
were adequately quantified with no sensitivity problems using the
anion exchange LC procedure.

Conclusions. Nucleotides are semiessential functional nutri-
ents, and new analysis methods are needed for their quantifica-
tion to enable the supplementation of infant formulas with higher
amounts of nucleotides. The proposed procedure involving anion
exchange LC with DAD detection represents a good alternative
since it improves resolution, sensitivity, and the speed of analysis.
The sample preparation was very simple and avoided the use of
organic solvents and cleanup steps, thus reducing the total
analysis time. This solvent-free, economic, and clean procedure
allows the reliable control and screening by regulatory agencies of
the nucleotides which are authorized for supplementing infant
formulas, using instrumentation accessible to almost every
laboratory equipped to carry out routine controls on baby foods.
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