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Abstract Furosine is a well-know marker of the extent of
the thermal treatment applied to foodstuffs. A fast, repro-
ducible and accurate capillary zone electrophoresis (CZE)
method to analyse furosine focused on complex matrices,
such as cocoa-added breakfast cereals, is presented. A rep-
resentative group of 17 commercial cocoa-added breakfast
cereals were determined by the reference method (HPLC)
and by CZE. In addition, eight ready-to-eat breakfast cere-
als were tested to point out the application of the procedure
to a simpler matrix. Data from both methodologies are com-
pared by F-test and unpaired Student’s t-test, showing no
significant differences among them and an adequate corre-
lation between methods was found (r2=0.9852; p=0.000).
The CZE method provides a valuable analytical tool for
determination of furosine in cocoa-added breakfast cereals
and is suitable for routine analysis where presence of highly
retained material could limit the resolution and shelf-life of
the analytical columns applied for HPLC. The analysis is
carried out in 3 min. The stability of the migration time and
the good correlation between HPLC–CZE results support
the effectiveness of the method.
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Introduction

Cereal flours pass through many manufacturing processes
to finally obtain the usually consumed breakfast cereals.
After drying and toasting, extrusion is the most applied
procedure by the cereal industry to get appropriate tasty
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and texture of raw flours [1]. The use of high temperature
(>180◦C) during the steps of manufacturing in combina-
tion with low moisture (<15%) favoured the development
of the Maillard reaction (MR) [2].

The MR, known as the non-enzymatic reaction between
reducing sugars and primary amino acids, is a complex
set of reactions that take place during the processing,
domestic cooking and storage of most foods [3]. MR may
compromise the nutritional value of foods through the
blocking and destruction of essential amino acids and sub-
sequently by limiting their bioavailability, such as lysine
[4]. Maillard reaction products (MRPs) are responsible of
brown colour and many organoleptic properties of food [5].

Furosine (ε-N-2-furoylmethyl-l-lysine) is an amino acid
generated after acid hydrolysis of the Amadori compounds,
early MRPs, formed from the interaction of the ε-amino
groups of lysine with glucose, lactose and maltose [6],
inducing the loss of amino groups [7]. For this reason,
the estimation of the extent of protein damage caused by
heating in the first stages of that reaction are often based
on determinations of the amount of furosine that is formed
during the acid hydrolysis of foods [8].

Furosine is a highly valuable heat-induced index in cereal
products, since lysine is usually their limiting amino acid.
Knowing the furosine content in these foods would help to
set adequate manufacturing conditions to ensure the highest
nutritional value [3].

Although gas chromatography after derivatisation to hep-
tafluorobutyryl isobutyl esters and amino acids analysis
have also been used, furosine determination has been tradi-
tionally performed by ion-pairing reverse-phase high per-
formance liquid chromatography (HPLC) in many type of
products. It has been successfully applied to cereal prod-
ucts such as pasta [9], dairy products [10], commercial
baby cereal [11, 12] and bread [13, 14]. Recently, capillary
zone electrophoresis (CZE) is being used for this purpose
[15] because of the speed, the efficient separation of peaks
and the low cost of the analysis, which is due to saving of
solvents [16]. On the other hand, depending on the type
of samples, the shelf-life of the analytical columns used
in the ion-pairing reverse-phase HPLC technique could be
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affected. In addition, retention times will change on the
basis of the retention of hydrophobic material by the col-
umn. This fact is especially noteworthy for cocoa-added
foodstuffs and will limit the use of chromatographic tech-
niques in a routine analysis, besides increasing the solvent
cost. However, CZE always offers a clean and conditioned
capillary for each sample analysis.

Some researchers have found the method to be suitable
in terms of repeatability, efficiency, and sensibility but in-
adequate in terms of accuracy when low levels of furo-
sine were determined [15]. Subsequently, Vallejo-Córdoba
et al. [16] have developed a new method to improve the ac-
curacy in furosine determination on dairy products by CZE
applying reverse polarity and using the additive hexade-
cyl trimethylammonium bromide (HDTAB) in the running
buffer.

This study presents a fast, reproducible and accurate CZE
method to analyse furosine content in complex samples,
such as cocoa-added breakfast cereals. Results are com-
pared with the reference method by ion-pairing reverse-
phase HPLC. Moreover, the separation of furosine peak
under reproducible conditions is obtained without the ad-
dition of additives to the running buffer or the use of reverse
polarity conditions.

Material and methods

Chemicals

All chemical used were of analytical grade and were ob-
tained from Merck (Darmstadt, Germany), unless men-
tioned otherwise. Furosine was obtained from Neosystem
Laboratories (Strasbourg, France).

Samples

A total number of seventeen commercial cocoa-added
breakfast cereals from seven different manufactures were
collected from supermarkets. Another eight ready-to-eat
cereals non cocoa added were also included to check the
utility of the method in a simpler matrix. Breakfast cere-
als containing dried fruit were excluded of this study to
avoid bias during data interpretation. The whole product
contained in each package was powdered, homogenised
and stored in polyethylene containers under vacuum at 4◦C
until analyses were performed.

Analytical techniques

Total protein content

Samples (0.800–1.000 g) were heated to 1,050◦C following
AOAC 992.15 [17] in a LECO model FP-2000 (Leco Instru-
ments, Madrid, Spain) protein/nitrogen analyser calibrated
with EDTA (Dumas method). The nitrogen-to-protein con-
version factor considered was 5.70, 5.95 or 6.25% for

wheat, rice and the rest of cereals, respectively. Results
were expressed as grams of protein/100 g of products.

Ion-pairing HPLC determination of furosine

Furosine determination was performed following the meth-
ods described by Delgado et al. [18] with some modifica-
tions. Briefly, 30 mg of the sample were hydrolysed with
4 ml of 7.95 M HCl at 110◦C for 23 h in a Pyrex screw-
cap vial with PTFE-faced septa. Hydrolysis tubes were
sealed under nitrogen. The hydrolysates were aerated and
cooled at room temperature and subsequently centrifuged
at 14,000×g for 10 min. A 0.5-ml portion of the supernant
was applied to a Sep-pak C18 cartridge (Millipore) pre-
wetted with 5 ml of methanol and 10 ml of deionized water
and was then eluted with 3 ml of 3 M HCl. The dried sam-
ple was dissolved in 1 ml of a mixture of water, acetonitrile
and formic acid (95:5:0.2). A degassed mobile phase was
prepared with 5 mM sodium heptane sulphonate including
20% of acetonitrile and 0.2% of formic acid. An Extrasyl-
ODS2 analytical column (25×0.40 cm, 5-µm particle size,
Tecknokroma, Barcelona, Spain) was used at 32◦C. The
elution was isocratic and flow rate was 1.0 ml/min. The in-
jection volume was 20 µl and detection at 280 nm. Furosine
was quantified by the external standard method. Calibration
curves were built from a stock solution (1.2 mg/ml of furo-
sine) in the ranges 1.25–10.00 mg/l and 10.00–75.00 mg/l
of furosine in distilled deionized water. The HPLC sys-
tem consisted of a MD-420 pump, a MD-465 autosampler,
a MD-432 ultraviolet-visible detector and a DT-450/MT
v.3.90 computing integrator connected to a PC, all from
Kontron Instruments (Milan, Italy).

Capillary zone electrophoresis analysis

Electromigration was carried out with a HP3D system
equipped with a built-in diode-array detector and a HP
ChemStation for system control, data collection, and data
analysis from Hewlett-Packard (Madrid, Spain). Capillary
zone electrophoresis was performed on an uncoated fused
silica capillary with 48.5 cm total length (40 cm effec-
tive length), 50 µm internal diameter, and an extended
light path (bubble factor×3) supplied by Hewlett-Packard
(Madrid, Spain). Capillary was conditioned by filling (high-
flush 5.0 bar for 1 min) with 1 M NaOH and maintained so
for 25 min. Afterward, it was washed with water for 1 min
and then buffer was passed for 1 min. All the samples tested
in the HPLC technique, prepared as described before, were
also determined by CZE. They were hydrodynamically in-
jected by applying 50 mbar pressure for 4 s at the anionic
end of the capillary. After every run, the capillary was hi-
flushed (5 bar) with 0.1 M NaOH (0.2 min), and 50 mM
sodium phosphate pH 7.0 for 0.4 min. Electrolyte solutions
were renewed every five runs with 0.5 ml per pot. Tem-
perature of the cartridge was maintained at 25◦C, and total
running time was set at 3 min. A standard electrophoretic
run was performed at a constant voltage of 25 kV with the
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anode at the inlet side. Electropherograms were monitored
at 280 nm wavelength, with raw spectral data collection
between 190 and 700 nm. Benzyl alcohol (3.2 min) was
used as marker of the electroosmotic flow (EOF) and a
benzoic acid solution (1 mg/ml, 9.8 min) as internal stan-
dard. Peak identification was confirmed by migration time,
standard addition and PDA spectrum, and quantified by an
external standard. Same calibration curves used for HPLC
determinations were also run for CZE analysis.

Statistical analysis of data

Statistical analysis of data was performed by F-test (vari-
ance comparison) and unpaired Student’s t-test (means
comparison) and the level of significance was set at
95%. Statgraphic v.2.0 software (Statistical Graphics Corp.,
Rockville, MD, USA) was used. Samples were analysed by
duplicate at least.

Results and discussion

The repeatability of the CZE method was investigated by
performing eight determinations at two different levels of
the standards (10 and 75 mg/l) as well as in a sample. Resid-
ual standard deviations were found to be 0.79% (10 mg/l),
0.85% (75 mg/l) and 3.68% (sample). Furosine migration
time was highly reproducible in all measurements (Table 1).
Then it was not necessary to apply corrected area values for
quantitative purposes. Therefore, adsorption of analyte on
the capillary wall did not take place and it was not necessary
to operate the instrument with reverse (sample-side nega-
tive) polarity. This is a procedure used in previous works
aimed to apply CZE to determine the furosine content in
dairy products [16]. Main cause of adsorption to the fused
silica wall is ionic interactions between cationic solutes
and the negatively charged wall. But furosine is positively
charged at the analytical conditions. In this way, migration
time for furosine remained limited to 2.60–2.65 s and it was
not observed tailing peaks. Current was about 84 mV at the
analytical conditions described. Additionally, linearity of
the volume of sample loaded was evaluated in the range
of 50–500 mbar·s (n=8) at a fixed pressure of 50 mbar.

Table 1 Precision study on a furosine standard and a cocoa-added
breakfast cereal

Sample Furosinea Migration timeb Nc

Mean±SD RSD (%) Mean±SD RSD (%)

Standard 10 ppm 10.30±0.08 0.79 2.65±0.01 0.20 8
Standard 75 ppm 75.19±0.64 0.85 2.65±0.02 0.68 8
Breakfast cereald 31.19±1.15 3.68 2.60±0.01 0.35 8

aExpressed as mg/l
bExpressed as minutes
cNumber of determinations
dFurosine content of this cocoa-added breakfast cereal was
617.17±5.03 mg/100 g of protein

A good correlation coefficient was obtained (r2=0.9964)
for cocoa-added breakfast cereals. Injection time up to 10 s
could be applied for low levels of furosine content. How-
ever, all samples analysed were carried out at 4 s (50 mbar).

Detection limit (DL) and quantification limit (QL) for
furosine were determined by the standard deviation ap-
proach in the estimated limit of quantification, both in
HPLC and CZE techniques (Table 2). It was confirmed
a higher sensibility in the HPLC method than in the CZE
one, as expected. Usually, linear detection range in the
CZE equipment is significantly lower than that observed in
liquid chromatography because of the small size and curva-
ture of the capillary, but this is partially overcome by using
extended path-light capillaries.

Two levels of calibration curves for each method, corre-
sponding to high and low levels of furosine, were necessary
to meet high accuracy and precision in the measurement
(Table 2). By application of a unique calibration curve up
to 75 mg/l, furosine levels close to the low range were un-
derestimate as compared with the HPLC method. In this
sense, some authors have reported the inadequate accuracy
of CZE when samples contain low furosine levels [15],
probably the use of an exclusive calibration curve for those
type of samples would be indicated.

Figure 1 shows a typical electropherogram of a cocoa-
added breakfast cereal, current curve, which was stable
during the analysis, and the UV-scan for furosine, with a
maximum value of absorbance at 280 nm, are also depicted.
Figure 1 shows the symmetrical peak shape and the high
resolution of the method, demonstrating that it was not nec-
essary to add a surfactant in the running buffer. Thus, CZE
gave higher resolution compared to reverse-phase HPLC,
which is in agreement with observations of Tomlinson et
al. [19] and Ames et al. [20] who analysed MRPs by both
methodologies.

Some authors have described the appearance of tail in
the furosine peak, what they associated with the difference,
into the capillary, between initial pH values the running
buffer zone and the sample zone [21]. In our study, there
was no evidence of tailing peaks which indicates that the
hydrolysis, clean-up step, dried-vacuum and reconstitution
in a water/acetonitrile/formic acid (95:5:0.2) solution bear
an adequate final pH of sample. It is known that acid-
hydrolysed samples cannot be directly injected into the
CZE system due to the high ionic strength [14].

Data from both methodologies were consistent, as man-
ifested the mean furosine content in all samples by HPLC
and CZE (315.27±239.31 vs. 306.52±234.04 mg/100 g
protein, respectively) (Fig. 2). Samples analysed cover
the usual distribution of furosine in breakfast cereals, in-
cluding low-range sample (1.40 mg/l, corresponding to
38.79 mg/100 g protein) and high-range sample (17.3 mg/l,
corresponding to 822.35 mg/100 g protein). The variation
among the methods ranged from 12.52 to 0.22%, with
a mean value of 6.99±4.41%. F-test (p=0.9294) and t-
test (p=0.9156) showed no significant differences between
both methods. A high correlation was obtained between the
HPLC and the CZE method (r2=0.9852; p<0.001).
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Table 2 Calibration curve,
range, limit of quantification
(LQ), and limit of detection
(LD) calculated for furosine
determination by HPLC and
CZE (mg/l)

Parameters HPLC CZE
Low range High range Low range High range

Slope 0.3044 0.3101 2.1279 2.1212
Intercept 0.2193 0.0422 0.2819 1.3086
r2 0.9992 0.9999 0.9988 0.9987
Levels 5 6 5 6
Repetitions/level 2 2 2 2
Range 1.25–10.00 10.00–75.00 1.25–10.00 10.00–75.00
LQ 0.299 0.609
LD 0.099 0.203

On the other hand, this fast method was previously ap-
plied in several commercial breakfast cereals without added
cocoa and with different fibre content. Data obtained by the
present procedure showed adequate correlation with those
obtained from HPLC analysis, independently of fibre con-
tent (Table 3).

In summary, the fast, reproducible and accurate CZE
method presented in this study provides a quantitative de-
termination of furosine in complex breakfast cereals such

Fig. 1 Typical electropherogram of a cocoa-added breakfast cereal
(617.17 mg furosine/100 g of protein) corresponding to 124.76 µg
of furosine injected (4 nl). Current profile and the furosine UV-scan
(λmax 280 nm) are included. Conditions: buffer 50 mM phosphate
(pH 7.0), voltage 25 kV, capillary 48.5 cm length and 50 µm i.d.,
25◦C, injection 200 mbar×s

y= 1.0152x + 4.0176 

R2 = 0.9852
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Fig. 2 Relationship between furosine determination by HPLC
and by CZE (mg/100 g of protein). Error bars (y, x axes) lies in-
side symbols and denote standard deviation from two independent
analyses

Table 3 CZE vs. HPLC furosine analysis in non cocoa-added
breakfast cereal

Sample Fibrea Furosineb

HPLC method CZE method

High fibre
A 28.0 811.23±9.42 814.98±1.94
B 20.2 400.48±5.61 408.00±3.50
Low fibre
C 3.0 267.35±3.06 254.10±5.51
D 3.0 54.15±6.53 54.19±7.00
E 2.8 132.95±9.84 141.28±9.82
F 3.2 645.84±16.87 644.11±24.10
G 4.0 569.04±3.18 575.55±8.62
H 4.2 117.86±3.32 128.74±2.26

aExpressed as g/100 g of product
bExpressed as mg/100 g of protein. Duplicate of two independent
analyses

as those to which cocoa was added. The analysis is carried
out in 3 min and, therefore there is a significant saving of
solvents as compared with classical HPLC analysis. On the
other hand, the presence of hydrophobic material in the
extract did not affect to the resolution of the analysis or the
shelf-life of the capillary. The effectiveness of the method
is also supported by the stability of the furosine migration
time and the adequate correlation between data obtained
by HPLC and CZE. Finally, addition of HTDAB in order
to improve the resolution or operating the instrument with
reverse (sample-side negative) polarity is not needed.
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