
Determination of riboflavin, flavin mononucleotide
and flavin adenine dinucleotide in biological
tissues by capillary zone electrophoresis and
laser-induced fluorescence detection

The separation of riboflavin, flavin mononucleotide and flavin adenine dinucleotide
was investigated by capillary zone electrophoresis using laser-induced fluorescence
detection. In the systematic approach developed, the differential electrophoretic
mobilities were first maximized by adjusting the pH. Increasing the buffer concentra-
tion improved the separation at the expense of migration times. A buffer consisting of
50 mM phosphate adjusted to pH 8.5 was found to provide a very efficient and stable
electrophoretic system. Responses were linear within the range 0.1–100 µmol L–1,
and the detection limits of B2 vitamers were 0.23 nmol L–1 or less. The method was
successfully applied to a variety of biological tissues from different animals.

Keywords: B2 vitamers / Capillary zone electrophoresis / Laser-induced fluorescence detection /

Biological tissues EL 4221

Tomás Pérez-Ruiz
Carmen Martínez-Lozano
Antonio Sanz
Eva Bravo

Department of Analytical
Chemistry,
Faculty of Chemistry,
University of Murcia,
Murcia, Spain

1 Introduction

Vitamin B2 is the general term for the fluorescent isoallox-
azine derivate which, in principle, can exist naturally as
riboflavin (RF), flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD), although there are also other
flavin derivates present in nature. FMN and FAD are pro-
tein-bound and the latter compound is usually the most
abundant in natural products. It is well known that vitamin
B2 is a dietetically important compound and a variety of
methods are available for its determination. Several tech-
niques, mainly microbiological [1], fluorimetric [2], spec-
trophotometric [3], electrochemical [3, 4] and photochem-
ical [5] methods have been developed for the determina-
tion of free RF or total flavins, after conversion of FMN and
FAD into RF. More recently, high-performance liquid chro-
matography with fluorescence and electrochemical
detection [6–8] has been applied to determine and to
quantify RF, FMN and FAD in different matrices, since it
provides sensitivity and selectivity and overcomes some
of the problems associated with chemical methods.

Capillary electrophoresis (CE) is a relatively new mode of
analytical separation with great potential and is already
applied to a wide variety of molecules, ranging from sim-
ple ions to large particles, and for ionized as well as neu-

tral compounds. It is worth noting that only one CE assay
for vitamin B2 has been published, which determines RF,
FMN and FAD in human plasma using micellar electroki-
netic capillary chromatography [9]. The aim of this study
was to develop a method for separating RF, FMN and
FAD by capillary zone electrophoresis (CZE) using laser-
induced fluorescence (LIF) detection. For this purpose
the pH and composition of the eletrophoretic buffer were
optimized. The proposed CZE-LIF method was validated
by determining its accuracy, precision, linearity, specific-
ity and robustness. The applicability of the assay was
demonstrated by determining B2 vitamers in biological
tissues.

2 Materials and methods

2.1 Reagents and solution

RF (98% purity), FMN and FAD (both of 95% purity) were
purchased from Sigma (St. Louis, MO, USA). Standard
solutions were freshly prepared daily in dimmed light.
Amber glass bottles were used and the solutions were
stored in a refrigerator (4oC). Borate, carbonate and
phosphate buffers were prepared by adjusting to the
desired pH with sodium hydroxide or hydrochloric acid.
Unless otherwise stated, a 50 mM borate buffer of pH 8.5
was used as the electrophoretic buffer. All aqueous so-
lutions were prepared using ultrapure water obtained
from a Milli-Q system (Milipore Ibérica, Madrid, Spain)
and filtered through a 0.45 µm filter.

2.2 Apparatus and running conditions

All CE experiments were performed on a P/ACE Model
5000 instrument (Beckman, Palo Alto, CA, USA)
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equipped with a Beckman LIF detector. In this setup, the
exciting light (488 nm) was provided by an argon laser
source, and a 520-nm band mass emission filter was
used. The Beckman System Gold Software was used for
system control, data collection, and processing. Separa-
tion took place in an uncoated fused-silica capillary
(57 cm, 50 cm to the detector × 75 µm ID) which was
installed in a temperature-controlled (25oC) cartridge
specially designed for the LIF detector. The applied volt-
age was 14 kV. Injections were by pressure (3.45 kPa) for
a time of 2–12 s. The capillary was conditioned every
morning before starting a sequence of runs by rinsing in
the high-pressure mode for 5 min with 0.1 M sodium
hydroxide, 5 min with water and 10 min with the running
buffer. After every run it was rinsed for 5 min with the
electrophoretic buffer.

2.3 Determination of RF, FMN and FAD in
biological tissues

The tissue was excised freshly from animals, immediately
weighed and cut into small pieces. A 3 g mass of tissue
was placed in a few millimeters of ultrapure water previ-
ously heated to 60oC and kept at 60oC for 5 min in order
to denature phosphatases, which may attack flavin
nucleotides. The extraction of tissue flavins with ultra-
pure water was completed by heating at 80oC for 5 min.
The tissue was ground in a glass homogenizer, then the
resulting suspension was transferred quantitatively into a
50-mL beaker, diluted with water to a volume of over
20 mL and heated at 80oC for 15 min with occasional
stirring. After cooling to room temperature, the suspen-
sion was filtered and diluted with ultrapure water to
25 mL in a calibrated flask. A 10 mL volume of the solu-
tion was pipetted into a centrifuge tube containing 2 mL
of 2 M trichloroacetic acid; the mixture was allowed to
stand for about 20 min in the dark at 4oC. Precipitated
proteins were removed by centrifugation, the superna-
tant was neutralized by addition of 5 M sodium hydroxide
and diluted with ultrapure water to a volume of 15 mL in
a calibrated flask. The solution was filtered through a Mil-
lipore filter (0.45 µm pore size). An aliquot of the sample
filtrate was analyzed by CZE under the above described
conditions.

3 Results and discussion

3.1 Fluorescence properties

The fluorescence spectra of aqueous solutions of each
B2 vitamer were recorded in order to determine the exci-
tation and emission wavelengths for the detection. The
results showed that the maximum positions in the excita-
tion and emission spectra of RF, FMN and FAD were sim-

ilar. From the maxima of the peaks, 488 nm was selected
as the excitation wavelengths using an inexpensive air-
cooled argon ion laser as irradiation source. The fluores-
cence radiation was measured at 520 nm. The fluores-
cence intensity of B2 vitamers is pH-dependent [10, 11].
Figure 1 shows that strong alkaline environments (pH 10
or higher) must be avoided in order to achieve good sen-
sitivity using the LIF detection.

3.2 Development of CZE system

Results of the CE experiments are shown in Fig. 2. The
B2 vitamers migrated in the following order of increasing
migration times: RF < FAD < FMN. RF elutes first
because under the pH conditions used, it is neutral
according to its pKa value of 10.2 [12]. In contrast, FMN
and FAD are negatively charged as is to be expected
from their pKa values of 1.3 and 6.5 for their phosphate
group [11]. As a result, the electrophoretic end electroos-
motic flows would be in different directions. FAD mi-
grates faster than FMN because of its greater molecular
size. From the pH-dependence of the apparent mobilities
of the three flavins, a pH value of 8.5 was selected as
optimum for the separation.

The nature of the components of the buffer affected the
CZE electrophoresis separation of B2 vitamers. Borate,
carbonate and phosphate buffers were used at the same
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Figure 1. Influence of pH on the fluorescence of B2

vitamers (λexc = 488 nm; λ = 530 nm).
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molar concentration (50 mM) and the pH was adjusted to
8.5 in all cases. Since phosphate buffer provided the
best results as regards peak symmetry and differences in
the migration times it was selected for further studies.

The influence of electrolyte on resolution and the appar-
ent mobility of RF, FMN and FAD was also investigated.
In these experiments, the pH was kept constant at 8.5
and the concentration of the phosphate buffer was in-
creased from 5 to 100 mM. An increase in the buffer con-
centration improved the resolution of the pairs RF/FAD
and FAD/FMN up to 80 mM, above which it decreased. In
addition, buffer concentrations higher than 60 mM led to
FAD and FMN appearing on the electropherogram as
peaks with a leaning tendency. As optimum for the sepa-
ration of the three flavins, 50 mM phosphate buffer of pH
8.5 was selected. To limit the Joule heat generated inside
the capillary, the maximum voltages were chosen from
the Ohm’s law plot. The best-defined peaks were a-
chieved with a voltage of 14 kV.

The duration of hydrostatic injection was studied to
achieve the sensitivity required for determination of B2

vitamers at the low levels commonly found in real sam-
ples. It was possible to perform pressure injections of up
to 12 s with no loss in resolution but with a satisfactory

linearity of peak area with injection time. Peaks moni-
tored by LIF detection were identified by their retention
times compared with external standards and by standard
additions. The UV-visible spectra obtained by injecting,
in the same conditions, into a CE system equipped with
diode-array detection, were also compared.

3.3 Calibration graphs

Calibration graphs were obtained by injecting standard
solutions of the analytes in the concentration range 0.1–
100 µmol L–1. External calibration was used because no
improvement was observed when an internal standard
was used. Each point of the calibration graph corre-
sponded to the mean value from three independent
measurements of peak area. The corresponding regres-
sion equations and other characteristic parameters for
the determination of B2 vitamers are shown in Table 1.

The reproducibility of the method was studied by meas-
uring the migration times, peak areas and peak heights
of eleven consecutive runs of a solution containing
0.6 µmol L–1 of each analyte. The peaks corresponding
to B2 vitamers (see Fig. 3A) are completely separated
and the relative standard deviations of the migration time
were within the range 0.1–0.6%. Both peak areas and
peak heights were reproducible with an RSD of less than
1.2%. When the same sample was run 30 times over
five-day period, the RSDs were 4.5%, 3.5% and 4.2%
for RF, FMN and FAD, respectively. Figure 3B shows the
separation of RF, FMN and FAD in the extract of raw
chicken liver.

3.4 Applications

The proposed CZE assay is characterized by long-term
stability and reproducibility. To demonstrate the useful-
ness of the procedure for the determination of B2 vitam-
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Figure 2. Apparent mobility as a function of pH. Effec-
tive capillary length, 50 cm; total length, 57 cm; applied
voltage, 14 kV. Hydrodynamic injection was performed
for 12 s at 0.5 psi. Phosphate buffer (50 mM) was used as
the electrophoretic buffer.

Table 1. Figures of merit of CZE method for determina-
tion of RF, FMN and FAD

Compound Y = A + BX r2 D.L. N/m

RF A = 11.070 ± 9.749 0.9996 0.15 25 131
B = 90.067 ± 1.804

FMN A = –40.535 ± 16.450 0.9999 0.07 119 644
B = 412.498 ± 1.533

FAD A = 18.076 ± 8.298 0.9996 0.23 105 109
B = 99.282 ± 1.600

X, analyte concentration in µmol L–1; A, intercept of the
regression lines fitted to the calibration data set ± stan-
dard deviation; B, slope of the regression lines fitted to
the calibration data set ± standard deviation; D.L., detec-
tion limit in nmol L–1 (signal-to-noise ratio = 3); N/m, num-
ber of theoretical plates per meter



ers, different biological tissues were analyzed. The linear-
ity of the assay at B2 vitamin concentrations greater than
endogenous levels was determined by the addition of
increasing amounts of the vitamers to the biological tis-
sue containing RF, FMN and FAD. For concentrations
less than the endogenous levels, the solution obtained
from the treatment of the tissues (see procedure) was
first exposed to ultraviolet irradiation for 6 h in order to
achieve the photodegradation of B2 vitamers. The corre-
lation coefficient of the regression lines was 0.999 or
higher. The repeatibility of the method was excellent
(RSD less than 4.8% were always obtained). Day-to-day
precision data taken over a period of five working days
gave RSD values less than 5.6% for the three flavins.
Table 2 summarizes the results obtained for three types
of tissues from different kinds of animal.

The relative recoveries in the analysis of different sam-
ples of biological tissues spiked with known amounts of
the analytes (between 50 and 100% of their endogenous
level) ranged between 92.3 and 107.9%. Table 3 lists
some of the results obtained.

4 Concluding remarks

The CZE-LIF method develop in this work has been
shown to be simple, sensitive, accurate and reproducible
for the determination of RF, FMN and FAD in biological
tissues. The new approach can be considered as a val-
uable alternative to HPLC because of the short analysis
time and low running costs.
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Figure 3. CZE separation of B2 vitamers. Electrophoretic
conditions were as for Fig. 2. (A) Standard solution. (B)
Extract of raw chicken liver.

Table 2. RF, FMN and FAD contents of biological tissues

Type of sample Number of Concentration of individual flavins
analyses (nmol g–1)a)

RF FMN FAD

Heart
Chicken 3 24.1 ± 2.0 18.7 ± 0.2 18.7 ± 1.4
Rabbit 4 21.2 ± 1.4 4.4 ± 0.4 27.6 ± 0.8
Lamb 5 9.1 ± 0.3 5.8 ± 0.1 24.9 ± 0.4

Liver
Chicken 3 105.9 ± 1.9 39.2 ± 0.2 38.8 ± 1.4
Rabbit 4 41.7 ± 2.3 29.8 ± 1.1 77.4 ± 2.7

Kidney
Chicken 3 18.7 ± 0.5 7.0 ± 0.4 5.4 ± 0.4
Rabbit 4 63.3 ± 1.9 50.7 ± 0.8 49.6 ± 2.1
Pig 4 18.4 ± 1.1 14.3 ± 0.5 37.5 ± 1.5

a) Expressed as mean ± standard deviation

Table 3. Recoveries of RF, FMN and FAD from spiked
biological tissue samples

Type of sample %Recovery a)

RF FMN FAD

Heart
Chicken 92.3 ± 1.5 101.9 ± 0.3 103.6 ± 1.2
Rabbit 107.9 ± 1.2 93.1 ± 0.8 95.9 ± 0.8
Lamb 99.5 ± 1.3 104.4 ± 0.6 100.7 ± 0.5

Liver
Chicken 100.7 ± 0.9 98.2 ± 0.4 100.2 ± 0.9
Rabbit 103.3 ± 1.8 96.5 ± 0.7 97.8 ± 0.8

Kidney
Chicken 98.2 ± 1.5 101.2 ± 0.5 97.1 ± 0.6
Rabbit 98.7 ± 1.9 99.9 ± 0.2 99.1 ± 1.6
Pig 105.0 ± 1.0 99.7 ± 0.7 97.8 ± 1.4

a) Expressed as mean ± standard deviation
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