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Abstract

A simple, rapid and sensitive reversed-phase ion-pair high-performance liquid chromatographic method for the
determination of N-acetylneuraminic acid and 2-deoxy-2,3-dehydro-N-acetylneuraminic acid in biological fluids is described.
Determination of N-acetylneuraminic acid released by acidic hydrolysis, in serum, urine and saliva, and 2-deoxy-2,3-
dehydro-N-acetylneuraminic acid in urine, without hydrolysis, was accomplished by injecting the sample without
derivatization, into the chromatograph. Measurements were carried out isocratically within 6 min using a C column and a18

mobile phase of aqueous solution of triisopropanolamine, as ion-pair reagent, 60 mM, pH 3.5 at room temperature with UV
absorbance detection. The present method is reported for the first time for the determination of sialic acids in biological
fluids. Recoveries in serum, urine and saliva ranged from 90 to 102% and the limits of detection were 60 nM and 20 nM for
the two sialic acids, respectively. The method has been applied to normal and pathological sera from patients with breast,
stomach, colon, ovarian and cervix cancers, to normal urine and urine from patient with sialuria and to normal saliva.
 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Sialic acids, acylated derivatives of neuraminic
acid, mainly occur as nonreducing terminal residues
of carbohydrate chains of glycoproteins and gan-
gliosides in biological materials. More than 25
different kinds of sialic acids have now been re-
ported in nature. The most commonly occurring
sialic acid is N-acetylneuraminic acid (5-acetamido-
3,5-dideoxy-D-glycero-D-galactononulosonic acid,
Neu5Ac) (Fig. 1a). They can also be O-substituted at
the 4, 7, 8 and 9 positions, giving rise to a wide

*Corresponding author. Fig. 1. Chemical structures of Neu5Ac (a) and Neu5Ac2en (b).
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variety of compounds and isomers. Unsaturated and Recently, we reported a new reversed-phase ion-
dehydro forms of sialic acids have also been re- pair high-performance liquid chromatographic meth-
ported, like 2-deoxy-2,3-dehydro-N-acetylneuraminc od with UV absorbance detection, using triisop-
acid, Neu5Ac2en (Fig. 1b) [1,2]. There has been ropanolamine (TIP) as ion-pair reagent, for the
great interest in the determination of sialic acids in separation and determination of five selected sialic
man. For instance, increased Neu5Ac concentration acids (Neu5Ac, N-glycolylneuraminic acid
in serum has been reported in patients with in- (Neu5Gc), Neu5Ac2en, cytidine 59-mono-phospho-
flammatory disorders, myocardial infarction and N-acetylneuraminic acid (CMP-Neu5Ac) and N-
chronic glomerulonephritis [3]. Furthermore, serum acetyl-9-O-acetylneuraminic acid (Neu5,9Ac )) with2

sialic acids are raised in certain cancers, including biological importance [21]. This study has led us to
malignant melanoma and cancers of the brain, gas- the successful application of the above method for
trointestinal and gynecologic system, thus they have the determination of Neu5Ac in serum, urine and
been used as tumour markers [4–6]. Whereas serum saliva and of Neu5Ac2en in urine.
sialic acids are of limited use in the initial diagnosis
of malignant disease, serial measurements can be
valuable in detecting the development of secondary 2. Experimental
metastases or in monitoring the tumour bulk in
response to treatment [7]. On the other hand, in- 2.1. Chemicals and materials
creased urinary levels of free or conjugated Neu5Ac
were found in lysosomal storage disorders, such as Deionized water was passed through a Millipore

21Salla disease and sialidosis [8,9]. system (C . 18.2 MV cm (258C), TOC,3 ppb).
A variety of methods are available for the de- TIP, M 191.27, 97% was purchased from Flukar

tection and estimation of sialic acids. Spectrophoto- (Sigma-Aldrich Company, Athens, Greece). Neu5Ac,
metric [10,11], fluorimetric [12] and enzymatic [13] M 309.3, 98% and Neu5Ac2en, M 291.3, 95% werer r

methods have been reported for the determination of purchased from Sigma (Sigma-Aldrich Company,
sialic acids. Most of these methods have been Athens, Greece). Ortho-phosphoric acid, purity 85%,
criticised on the grounds of lack of specificity due to was supplied from MERCK (Darmstadt, Germany).
interfering substances and in addition they cannot Sep-Pak Plus cartridges C , 12% C, pore size 12518

estimate individual sialic acids in mixtures. En- D, particle size 80 mM and HVLP 0.45 mm Millipore
zymatic methods, supposedly more specific, may filters were purchased from Millipore, Waters Chro-
underestimate total sialic acids concentrations due to matography (Malva, Athens, Greece).
the incomplete hydrolysis of sialoconjugates by
neuraminidase [11]. Gas chromatographic methods, 2.2. Biological samples
alone or in combination with mass spectrometry
[14,15], are useful for simultaneous determination of Ten normal sera and nineteen pathological sera
sialic acids but require time consuming derivatization from patients with stomach cancer (four), intestinal
processes prior to analysis. cancer (three), ovarian cancer (four), cervix cancer

During the last 15 years, application of liquid (four) and breast cancer (four) were obtained from
chromatographic methods gradually increased com- male and female subjects. Blood was drawn after an
pared to other methods, because of the advantages of overnight fast by venipuncture and allowed to clot
allowing rapid and direct determination of underiva- for 30 min at room temperature. After centrifugation
tized or derivatized samples with amperometric [16], for 10 min at 1000 g, the serum was pipetted off and
spectrophotometric [17] and fluorimetric [18] de- stored at 2188C until analysed. Ten 24 h urine
tection. In addition, many ion-exchange liquid chro- samples from five male and five female healthy
matographic methods [19,20] have been used, due to individuals with normal creatinine clearance and one
the ionic character of sialic acids. However, to the urine sample from patient with sialuria, were cen-
best of our knowledge, no reports have appeared of trifuged at 4000 g for 10 min. The supernatants were
the determination of sialic acids in biological fluids analyzed immediately or stored at 2188C. Neu5Ac
using ion-pair liquid chromatography. and Neu5Ac2en are stable for as long as 1 month
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under these storage conditions. Ten saliva samples chromatograph. Neu5Ac concentration in the sam-
from seven male and three female healthy indi- ples was calculated by comparing the height of the
viduals were collected as follows: an individual was peak obtained from the samples with that obtained
asked to rinse out his mouth with water and then using a standard Neu5Ac aqueous solution in the
chew a piece of rubber from several min. The first appropriate concentration. The latter was subjected
mouthful of saliva was discarded; thereafter the to the same sample analytical procedure.
saliva was collected into a small glass bottle [22].
Saliva samples were analyzed immediately after 2.5. Procedure for the determination of
collection. Neu5Ac2en in urine

Aliquot of urine sample was passed through a2.3. Instrumentation and chromatographic
HVLP 0.45 mm Millipore filter and 20 ml of the

conditions
sample were injected into the chromatograph.
Neu5Ac2en concentration in the samples was calcu-

The HPLC system consisted of a model Waters
lated by comparing the height of the peak obtained

600 Controller, a solvent delivery system and a
from the samples with that obtained using standard

syringe-loading sample injector valve (20-ml loop)
Neu5Ac2en aqueous solutions 60 mM, which was

was used. The separation was performed in a re-
subjected to the same sample analytical procedure.

versed-phase column LiChrospher RP-18 (25034
mm I.D., particle size, 10 mm, Waters Associates) at
ambient temperature. The samples were eluted with

3. Results and discussion
aqueous TIP solution 60 mM, pH 3.5, adjusted with

21concentrated H PO , at a flow-rate of 0.6 ml min .3 4 3.1. Determination of total Neu5Ac in serum
Mobile phase degassing was performed automatical-
ly, on line, under stream of He. The eluted peaks of

As reported in the literature, Neu5Ac is the major
Neu5Ac and Neu5Ac2en were recorded at 215 and

sialic acid derivative found in serum, at a con-
240 nm, respectively, using a Waters 486 spectro-

centration range 2.0–3.0 mM, mainly bonded to
photometric detector fitted with a 8-ml flow cell.

glycoproteins and glycolipids [25]. Deconjugation is
Data processing was carried out using software

normally achieved by means of acid hydrolysis
Millenium 2.10.

[24,26] or enzymatic digestion [27,28]. Using the
Column can be used for more than 1000 injections

latter procedure the yield of sialic acid is not
with only a small decrease in the theoretical plate

quantitative, as it is dependent on different factors
number, if it is washed with H O: methanol (1:1,2 which are usually difficult to control, such as O-21v /v) at a flow-rate of 1.0 ml min for 30 min every

acetylation and the conformation of the glycosidic
day after analysis has been performed [23].

linkage. In the present work, hydrolysis was carried
out using sulphuric acid [24].

2.4. Procedure for the determination of Neu5Ac in Conversely, the most common problem in HPLC
serum, urine and saliva on injection of a serum sample is the binding of

proteins to the column. Therefore, it is best to avoid
To 100 ml of sample, placed in a vial, were added putting them on the column since removal is difficult

1.90 ml of 0.050 M H SO . The vial was closed and and time consuming [23]. For this purpose, car-2 4

heated at 808C for 1 h to hydrolyze the sample [24]. tridges Sep-Pak Plus C were used. Recovery for18

After cooling, 2.0 ml of the hydrolyzed serum standard aqueous solutions of Neu5Ac was found to
sample were passed through a cartridge Sep-Pak plus be 98%.
C , pre-eluted with 2.0 ml of water, at flow-rate 1 The peak of Neu5Ac was identified on the basis of18

drop per s. In the case of urine or saliva, hydrolyzed the retention time compared with that of the standard
sample was passed through a HVLP 0.45 mm compound, after co-chromatography of the standard
Millipore filter. The eluate, in all cases, was col- and sera. Retention time in standard hydrolysed
lected and 20 ml sample were injected into the Neu5Ac aqueous solutions is 5.01860.029 min
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Fig. 2. Typical chromatogram for a hydrolysed standard Neu5Ac
aqueous solution, 3.0 mM. Mobile phase: TIP 60 mM, pH 3.5,

21flow-rate 0.60 ml min , ambient temperature, l5215 nm.
Fig. 4. Typical chromatogram of total Neu5Ac, 3.5 mM, in
pathological serum from patient with ovarian cancer. Chromato-
graphic conditions as Fig. 3.(n510) and in sera is 4.98460.039 min (n530),

therefore retention of Neu5Ac is not affected by the
serum matrix. Fig. 2 shows a chromatogram for a response (peak height). The slope of the fitted line
hydrolysed standard Neu5Ac aqueous solution under was 0.0019460.00001, the y-intercept was
procedure 2.4. Typical chromatograms obtained with 20.00017160.000030 (r50.999) and the mean ana-
sera from a normal subject and from an ovarian lytical error was found to be 0.8%. The plot was
cancer patient are shown in Figs. 3 and 4, respective- constant for three months with a deviation of the
ly. slope equal to 5.1%. Eventually, reliable results were

Neu5Ac concentration in the samples was calcu- obtained using quantitation procedure based on one
lated by comparing the height of the peak obtained standard aqueous solution.
from the samples with that obtained using a standard Repeated determinations (n54) indicated that
Neu5Ac aqueous solution of 3.0 mM. Calculations coefficient of variation of Neu5Ac was 2.7% at 3.0
based on peak area have the same measurement mM level. Detection limit, which is defined as (3
reliability. In addition, to compare the results, cali- s / slope of calibration plot) and limit of quantifica-y / x

bration curve for Neu5Ac in water (range 0.41–4.0 tion, which is defined as (10 s / slope of calibrationy / x

mM, N5532) showed a linear relation between the curve), were found to be 60 nM and 200 nM,
concentration of the compound and the detector respectively. Recovery, which was examined in the

range 1.0–5.5 mM by taking a serum sample in
which Neu5Ac was present at a concentration of
1.02 mM and to aliquots of that adding Neu5Ac at
concentrations of 0.64, 1.28, 2.26, 3.40 and 4.60
mM, was found to be 9864% (n5532) (Table 1).

The concentrations of total Neu5Ac in human sera
from healthy volunteers and from patients with
different cancers were determined under the pro-
cedure reported in Section 2.4. The same results have
also been reported by other methods [29]. As might
be expected, the mean value in normal sera (2.360.6
mM, n51032, range 1.36–3.4 mM) is significantly
different compared to the mean value in pathologicalFig. 3. Typical chromatogram of total Neu5Ac, 2.8 mM, in
sera-including cancer of stomach, colon and ovaries-normal serum. Mobile phase: TIP 60 mM, pH 3.5, flow-rate 0.60

21ml min , ambient temperature, l5215 nm. (3.860.7 mM, n51532, range 2.2–4.8 mM) accord-
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Table 1
Recovery study of Neu5Ac added to normal serum

a a,b cAdded [Neu5Ac] Found [Neu5Ac] Recovery
(mM) (mM) (%)

0 0.051 –
0.032 0.081 94
0.064 0.113 97
0.113 0.167 103
0.170 0.225 102
0.230 0.271 96

x̄6s59864
a Concentrations refer to hydrolysed samples, meaning a 20-fold

dilution. Fig. 5. Typical chromatogram of standard Neu5Ac2en aqueous
b The values were calculated using standard Neu5Ac solution solution, 80 mM. Mobile phase: TIP 60 mM, pH 3.5, flow-rate

213.0 mM diluted 20-fold. 0.60 ml min , ambient temperature, l5240 nm.
c Duplicate runs.

elute with Neu5Ac2en, resulting in large positive
ing to the Mann–Whitney test within a 95% confi- errors.
dence interval [30]. Using the same statistical test, The peaks of Neu5Ac and Neu5Ac2en were
the importance of the differentiation in concentration identified on the basis of the retention time compared
of Neu5Ac was statistically checked for each kind of with those of the standard compounds, after co-
cancer. Concentrations of Neu5Ac were found to be chromatography of the standards and urine. Reten-
significantly increased in sera from stomach cancer tion time of Neu5Ac in urine is 4.65260.021 min
patients (3.361.1 mM, n5432), colon cancer pa- (n59). Retention time in standard Neu5Ac2en aque-
tients (3.9 mM with s<0.05 mM, n5332), cervix ous solutions (Fig. 5) is 5.583 min with s<0.05
cancer patients (4.260.7 mM, n5432) and ovarian (n58) and in urine is 5.65660.098 min (n510). A
cancer patients (4.0260.04 mM, n5432). On the typical chromatogram obtained for Neu5Ac2en in
other hand, concentrations in sera from breast cancer urine from a normal subject is shown in Fig. 6.
patients (2.060.9 mM, n5432) were almost identi- Observed peaks with retention time 3.40 and 4.30

22 2cal with those in normal sera. min may be attributed to SO and Cl . Identifica-4

tion was carried out after addition of the two
substances to urine samples, resulting in the increase

3.2. Determination of Neu5Ac and Neu5Ac2en in of the peak height.
urine

It has been reported that human urine contain free
Neu5Ac, |40 mM, and bound Neu5Ac at the level of
250 mM [31]. Neu5Ac2en was found for the first
time in nature from a sialuric patient’s urine and its
normal urine value is about 50 mM [32,33]. Since
Neu5Ac2en is lacking the glycosidic hydroxyl group,
it occurs in a free form in biological materials, so
that the hydrolysis step is not necessary.

In the present work, chosen detection wavelength
21for Neu5Ac2en is 240 nm (e 55600 M240 nm

21cm ), which differs from the common wavelength
for sialic acids, 215 nm, due to their carboxylic Fig. 6. Typical chromatogram of Neu5Ac2en, 42 mM, in normal
group [21]. The reason for choosing 240 nm is to urine. Mobile phase: TIP 60 mM, pH 3.5, flow-rate 0.60

21avoid interference from urine substances that co- ml min , ambient temperature, l5240 nm.
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Neu5Ac and Neu5Ac2en concentrations in the
samples were calculated by comparing the height of
the peaks obtained from the samples with those
obtained using standard Neu5Ac and Neu5Ac2en
aqueous solutions of 200 and 60 mM, respectively.
Calibration plot for Neu5Ac2en in water ranges from
0.040 mM to 0.400 mM (n5532). The slope of the
fitted line was 0.55560.003, the y-intercept was
0.0016260.00070 (r50.9999) and the mean ana-
lytical error was found to be 0.90%.

Repeated determinations (n55) indicated that the
coefficient of variation of determination of Neu5Ac
and Neu5Ac2en in urine were 2.5% at 43 mM and Fig. 7. Typical chromatogram of free Neu5Ac, 304 mM, in urine
2.2% at 4.7 mM, respectively. The detection limit from patient with sialuria. Chromatographic conditions as Fig. 3.
and the quantification limit for Neu5Ac2en were
found to be 20 nM and 66 nM, respectively. Re-
coveries, in the range 130–735 mM for Neu5Ac and sample from patient with sialuria, as illustrated in
50–135 mM for Neu5Ac2en, were found to be Fig. 7, and was found to be 304 mM. Therefore free
9262% (n55) and 9563% (n54), respectively sialic acid excretion was increased about 7-fold
(Table 2). compared with the value in a normal urine sample,

Total Neu5Ac and Neu5Ac2en contents in urine |40 mM, as reported in the literature [31]. Con-
from ten healthy volunteers, five males and five centrations of total Neu5Ac and Neu5Ac2en were
females, could be more conventionally expressed as found to be 382 and 16 mM, respectively.
follows: total Neu5Ac ranges from 43 to 435 mM
with median value 303 mM, n51032, and 3.3. Determination of total Neu5Ac in saliva
Neu5Ac2en ranges from 4.7 to 78 mM with median
value 32 mM, n51032. These results agree well A typical chromatogram obtained in saliva from a
with those reported previously [31,34]. Furthermore, normal subject is shown in Fig. 8. Retention time of
it is noticed that values range widely for both sialic Neu5Ac in saliva is 4.76160.031 min (n59).
acids, but seem independent of sex. Neu5Ac concentration in the samples was calcu-

In addition, free Neu5Ac was determined in urine lated by comparing the height of the peak obtained

Table 2
Recovery studies of Neu5Ac and Neu5Ac2en added to normal 24-h urine sample

dAdded (mM) Found (mM) Recovery (%)
a a,b c[Neu5Ac] [Neu5Ac2en] [Neu5Ac] [Neu5Ac2en] Neu5Ac Neu5Ac2en

0 0 6.47 40.5 – –
2.41 17.1 8.64 56.1 90 91
4.42 42.2 10.4 81.5 89 97
6.14 74.0 12.3 111 95 95

18.9 96 23.7 134 91 97
32.5 36.7 93

¯ ¯x6s59262 x6s59563
a Concentrations refer to hydrolysed samples, meaning a 20-fold dilution.
b The values were calculated using standard Neu5Ac solution 202 mM diluted 20-fold.
c The values were calculated using standard Neu5Ac2en solution 128 mM.
d Duplicate runs.
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