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Abstract

The capillary electrophoresis (CE) system with optical fiber light-emitting diode (optical fiber LED) induced fluorescence detector was developed
for the analysis of the excitatory amino acids (EAAs) tagged with naphthalene-2,3-dicarboxaldehyde (NDA). The separation of EAAs was carried
out in an uncoated fused-silica capillary (50 cm x 75 wm i.d.) with a buffer of 10 mM borate at pH 9.3 and an applied voltage of 20kV. High
sensitivity was obtained by the use of optical fiber LED induced fluorescence detector with a violet LED as the excitation light source. The limits
of detection (S/N = 3) for glutamic acid (Glu) and aspartic acid (Asp) were 2.1 x 1078 and 2.3 x 1078 M, respectively. The detection approach was
successfully applied to the analysis of Glu and Asp in biological fluids including human serum, rabbit serum and human cerebrospinal fluid (CSF)

with satisfactory results.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Glutamic acid (Glu) and aspartic acid (Asp) are major excita-
tory amino acids (EAAs) in the nervous system. Glu, the brain’s
main excitatory neurotransmitter, iS toxic in excess, overex-
citing neurons to the point of killing them. It causes much
of the damage that occurs after a stroke and is also proba-
bly the chief neuron-killing villain in neurodegenerative dis-
eases [1]. After traumatic or ischemic damage to the central
nervous system, there is a pathological release of EAAs, par-
ticularly Glu and Asp in the extracellular fluid. Increase of
extracellular EAAs is believed to be partially responsible for
the brain damage resulting from a variety of neurological con-
ditions including hypoxia/ischemic, stroke, epilepsy, and head
injuries [2-3]. The functions of excitatory amino acids in various
neurological processes can be realized by monitoring changes
of their levels. Therefore, it is important to develop analyt-
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ical techniques for the determination of EAAs in biological
samples such as cerebrospinal fluid (CSF), serum and neural
tissue.

Analytical methods based on high-performance liquid chro-
matography (HPLC) are so far commonly used for the determi-
nation of EAAs in biological samples [4-8]. However, HPLC
method suffers from high cost and complicated operations.
Meanwhile, the high resolution, short analysis time, low sample
and reagent consumption make capillary electrophoresis (CE)
become a rapidly growing separation technique. It has become
one of the most powerful tools for the analysis of a wide vari-
ety of species, including inorganic compounds, proteins, organic
acids, amino acids, and neurotransmitters [9,10]. In spite of its
powerful separation ability, CE faces the challenge of improving
the detection sensitivity required by the small injection volume
and amount. So electrochemical [11], chemiluminescence (CL)
[12] and laser induced fluorescence (LIF) detectors [13] stand
out for their perfect sensitivity. In the electrochemical detector
system, the high separation voltage could interfere with detec-
tion of the electrochemical signal, and the contamination of
electrode surfaces might also pose problems in the analysis of
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real sample [14]. The CL detector still suffers from the limited
application due to lack of CL reaction for many compounds.
CE with laser induced fluorescence detection is the most sensi-
tive detection scheme and has also been used to analyze amino
acid neurotransmitters in microdialysis samples [15], the dorsal
root ganglion of the rat [16], and cerebral cortex of rat [17].
However, there are many limitations of laser source, such as
large volume, high cost, high power consumption and limited
lifetime.

Recently, LED induced fluorescence detector has aroused
much interest [18-22] because of its low cost, simplicity and
flexibility. The LED induced fluorescence detection systems in
the previous CE studies [23,24] suffer from the light reflecting
and scattering on capillary surface, for which that the excita-
tion light excited analytes from outside of the capillary at the
detection window, which could result in high background noise
and low detection sensitivity. Instead, in the new home-built
optical fiber light-emitting diode (optical fiber LED) induced
fluorescence CE detection system, an optical fiber was inserted
directly into the tail end of capillary and was settled right at
the detection window. The excitation light was transmitted just
to the detection window by the optical fiber to excite analytes,
which avoided the light reflecting and scattering on capillary
surface [25]. The excitation light was guided into the capillary
directly and could be utilized completely to excite analytes. In
this study, a simple, sensitive and reproducible detection sys-
tem has been developed for the analysis of the excitatory amino
acids in human serum, rabbit serum and human cerebrospinal
fluid from healthy subjects.

2. Experimental
2.1. Chemical

Glu, Asp and other amino acids were purchased from
Shanghai Biochemical Reagents Company (Shanghai, China).
Naphthalene-2,3-dicarboxaldehyde (NDA) was obtained from

Fluka (Buchs, Switzerland). All the other chemicals and organic
solvents used in this work were of analytical grade.

Individual standard stock solution of amino acid (1 mM) was
prepared in 0.1 M HCl solution and stored at4 °C [26]. A mixture
of standard amino acids or individual standard amino acids were
further diluted as required with 0.1 M HCI solution and kept at
4 °Cbefore using. NDA solution (2 mM) was prepared weekly in
methanol and kept in dark at 4 °C. KCN solution was prepared
(20mM) in water. Glu and Asp were dissolved in 0.1 M HCl
solution. The running buffer solution was prepared by dissolv-
ing 0.3814 g Na;B40O7-10 H,0 in 100 ml water (10 mM borate)
and adjusted to pH 9.3 with 0.1 M NaOH solution or 0.1 M HCl
solution. Milli-Q water was used throughout the work. All solu-
tions were filtered through a 0.45 pum membrane filter.

2.2. Apparatus

Fig. 1 illustrates the basic design of the CE with optical fiber
LED (CE-optical fiber LED) induced fluorescence detection
system. A high-voltage supply (0-30 kv, Beijing Cailu Science
Instrument Company, Beijing, China) was used to drive the
electrophoresis and a 50 cm x 75 pm i.d. uncoated fused-silica
capillaries (Hebei Optical Fiber, China) was used for the separa-
tion. The detection window was made by removing off a 5 mm
section of polyimide coating on the capillary with about 2.0 cm
distance to the tail end of the capillary. A solid bare optical
fiber with a diameter of 40 wm (Beijing Glass Institute, Beijing,
China) was used as excitation light transmission. The violet LED
(Shifeng Optic and Electronics Ltd., Shenzheng, China; applied
voltage, +3.5V; intensity, ~3 mW; peak wavelength 425 nm,
spectral half width ~25 nm) was used as excitation light source.
The light emanating from the LED was focused by a 100x
microscope objective (Olympus, Japan) before coupling into the
light-guiding optical fiber. The upper end of optical fiber (about
2.0 cm) was inserted into the tail end of separation capillary and
introducing exciting light to reach the detection window (Fig. 1,
insert A). Fluorescence emission from analyte was collected by

Fig. 1. Schematic diagram of the capillary electrophoresis instrument with the optical fiber LED induce fluorescence detector. (1) LED; (2) 100x microscope
objective; (3) capillary for fixing optical fiber; (4) optical fiber; (5) Pt electrodes; (6) buffer reservoir; (7) detection window; (8) 40x microscope objective; (9) spatial
filter; (10) cut-off filter; (11) PMT; (12) electrophoretic capillary; (13) darkbox; (14) electrolyte buffer; (15) high-voltage power supply; (16) computer. (17) organic

glass chip; and (18) bolt.
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a 40x microscope objective (Olympus, Japan) and focused on
a spatial filter (0.3 mm) and passed through a yellow cut-off fil-
ter (maximum wavelength at 455 nm) before reaching the PMT
(CR105 equipped with a socket assembly, Beijing Hamamatsu
Photon Techniques Inc. Beijing, China). The output signal was
recorded and processed with a computer using in-house writ-
ten software. The insert B shows the design of detection cell.
The upper end of optical fiber was inserted into the tail end of
the electrophoretic capillary to take excitation light just at the
detection window. The inserted optical fiber did not effect the
separation of the species that had been separated before. The
capillary, optical fiber and a Pt wire electrode were fixed on an
organic glass chip, and a buffer reservoir was made in the chip.

2.3. Biological samples preparation

The blood samples were obtained from healthy subjects and
kept onice until being centrifuged at 6000 x g for 15 minat4 °C.
The serum layer was carefully collected and stored at —80 °C.
Before assay, 0.5 ml of serum sample was diluted with 0.5 ml
of acetonitrile and shaken vigorously for 15 min to deposit pro-
teins, then left on ice for 1 h. After centrifuging at 10,000 x g
for 15 min, the deproteinized serum was used as analyte in the
experiment [27].

The CSF samples were obtained from healthy subjects and
stored at —80 °C before assay. The process of CSF samples
preparation was the same as the process described above for
blood samples.

2.4. Precolumn derivatization

Glu and Asp show neither native UV absorption nor fluo-
rescence. Therefore, a chemical derivatization with NDA was
necessary for detection. A 10 .l of standard amino acid solu-
tion, 10 nl deproteinized serum, and 30 w1 of deproteinized CSF
analyte solution were allowed to react with 50 l of NDA (2 mM
in methanol), respectively in the presence of 50 .l of potassium
cyanide (20 mM in water) [28,29] and 150 pl of 10 mM borate
buffer solution (pH 9.3). The reaction mixture was vortexed and
kept at room temperature for 30 min. Then, the derivative sample
solution was injected for separation without additional purifica-
tion.

2.5. CE procedure

The new capillary was preconditioned by flushing with 1 M
NaOH for 30 min before the first use. Between two consecu-
tive injections, the capillary was rinsed sequentially with 0.1 M
NaOH, water and running buffer for 3 min each. Following
precolumn derivatization with NDA, the sample solution was
injected into the capillary by hydrodynamic flow at a height dif-
ferential of 20 cm for 10s. After the introduction of derivative
sample solution, 20kV were applied across the capillary. All
separations were performed on an uncoated fused-silica capil-
lary (50 cm x 75 wm i.d.) with a buffer of 10 mM borate at pH
9.3. Fluorescence was excited by a violet LED with a maxi-
mum wavelength at 425 nm and detected after passing through

a 0.3 mm spatial filter and a 455 nm yellow cut-off filter. The
electropherogram was recorded and EAAs quantification was
achieved by measuring the CE peak height. All CE procedures
were conducted at 25 °C.

3. Results and discussion
3.1. Choice of LED

In order to obtain high excitation efficiency, the emission
wavelength of LED had to match the excitation wavelength of
NDA derivative. Therefore, the excitation wavelength of LED
should be chosen carefully. Fig. 2 shows the excitation (spec-
trum1) and fluorescence (spectrum 2) spectra of NDA-labeled
EAAs. As can be seen, NDA-labeled EAAs produced high
fluorescence with a maximum excitation at 445 nm and a maxi-
mum emission at 486 nm. Because the fluorescence compounds
had little wavelength difference (Aeyy — Aex =41 nm), if a LED
with maximum wavelength at 445 nm had been used, it would
have overlapped for approximately 35% with the fluorescence
emission of NDA-labeled EAAs, which would result in high
background. It could also be seen from Fig. 2, a shoulder peak
was situated at 425 nm in the excitation spectrum of the NDA-
labeled EAAs. When a violet LED with a maximum wavelength
at 425nm and a full-width at half-maximum of ~25nm was
used, there would be only slight overlapping with a fluorescence
emission of NDA-labeled EAAs. It appeared that this LED with
a maximum wavelength at 425 nm was optimum for exciting the
NDA-labeled EAAs. So a LED with a maximum wavelength of
425 nm was chosen for this experiment.

3.2. Optimization of separation conditions

Many endogenous amino acids in biological fluids reacted
with NDA forming fluorescent derivatives, which might inter-
fere with the determination of Glu and Asp. Therefore, to achieve
an efficient separation between Asp and Glu as well as other
endogenous amino acids, the separation conditions such as pH
of running buffer and the applied voltage were investigated.
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Fig. 2. Typical spectra: (1) excitation spectrum of the NDA-labeled EAAs; (2)
emission spectrum of the NDA-labeled EAAs.
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3.2.1. Effect of pH of running buffer

In CE separation, changes in pH of running buffer may
cause changes in the charges of analytes, which would lead
to changes in separation selectivity. In this separation system,
pH affected directly the ionization of NDA-labeled EAAs. In
weak basic running buffer, NDA-labeled EAAs remain nega-
tively charged. Therefore, the weak basic borate buffers in the
pH at range of 8.7-9.8 were used to study the effects of sepa-
ration. In fused-silica capillaries, with the increase of the pH of
the buffer, the charges on the capillaries wall are increased and
the electroosmotic flow is also increased, which can be ascribed
to the dissociation of surface silanol groups. It is now gener-
ally accepted that the electroosmotic mobility strongly up to pH
7-8. At higher pH, the mobility increases very slowly because
the dissociation of surface silanol groups gradually reaches sat-
uration. In the range of pH 8-9, the ionic strength effect is not
strong, which result in a predominant dependence of electroos-
motic mobility on the pH of buffer. And the effect of buffer
pH is so moderate that the electroosmotic mobility remained
nearly constant [30]. So the migration times for Glu and Asp
at pH 8.7 are close to that at pH 9.0. When pH value is higher
than 9.0, the ionic strength effect is stronger than the “pure”
pH effect. The borax—-NaOH system can be considered as weak
base-strong acid-type buffer. Increasing the pH will result in an
increase in the ionic strength and a decrease in electroosmotic
flow [30]. So the migration times for EAAs were increased
gradually with increasing pH values of buffer. As shown in
Fig. 3, other amino acids very likely migrate faster than Glu
and Asp in all investigated pH values. They may not affect the
separation of Glu and Asp. Glu and Asp could be well sep-
arated under the conditions. As higher fluorescence intensity,
well-shape peak and optimum migration time were obtained
at pH 9.3. So, the buffer of pH 9.3 was used as the running
buffer.
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Fig. 3. Electropherograms of standard solution containing 20 NDA-labeled
amino acids at a concentration of 7.7 x 10~7 M. Electrolyte composition was
10 mM borate buffer (at pH 8.7, 9.0, 9.3, 9.6 and 9.8). Capillary was 75 pm i.d.,
50 cmin length. Temperature 25 °C; Applied voltage was 20 kV; LED maximum
wavelength was 425 nm.

3.2.2. Effect of applied voltage

Applied voltage affects directly the migration time and peak
shape of analytes. Increasing operating voltage may increase
electroosmotic flow and decrease the time of migration, how-
ever, may result in excessive Joule heating that ruins the reso-
lution and repeatability. Generally, higher resolution should be
achieved when more time is available for the separation of Asp
and Glu, while longer migration time should also cause peak
broadening. Thus, a 20kV of applied voltage is optimum con-
sidering the appropriate migration time and acceptable Joule
heating.

3.3. Linearity, limit of detection, reproducibility

In the present work, optical fiber LED induced fluorescence
detection CE method for simultaneous determination of Glu and
Asp in biological fluids was examined by determining their per-
formance characteristics regarding linearity, limit of detection
and reproducibility (precision). The results were summarized in
Table 1.

In order to test the fluorescence response linearity, the EAAs
standard solutions at a series of concentration were deter-
mined. As can be seen, the linear ranges were from 5.2 x 10-8
to 2.6 x 1075 M for NDA-labeled Glu (NDA-Glu) and from
5.8 x 1078 t0 2.9 x 107> M for NDA-labeled Asp (NDA—Asp),
respectively, which were better than 1 x 107°~1 x 10* M for
NDA-Glu and NDA-Asp by electrochemical detector [31] and
were similar to 1078-107> M for NDA-Glu and NDA—Asp
by LIF detector [32]. The correlation coefficients were higher
than 0.999. The optical fiber LED induced fluorescence detec-
tor offered better limits of detection (LODs) (2.09 x 1078 M
for NDA-Glu and 2.31 x 1078 M for NDA—Asp) than that
obtained by UV detector (107°-10~% M) [33] and electrochem-
ical detector (1.2 x 1076 M for NDA-Glu and 1.1 x 107 M for
NDA-Asp) [31], and similar LODs to that obtained by CL detec-
tor (2 x 1078 M with luminol reaction reagent and 5 x 10~ M
with ATP reaction reagent) [34] and LIF detector (3.7 x 107°M
for NDA-Glu and 1.7 x 1073 M for NDA-Asp) [32]. The repro-
ducibility of the method was investigated by analyzing stand
EAAs 5 times, and was demonstrated by means of relative
standard deviation (R.S.D.). Satisfactory reproducibilities were
obtained and the R.S.D.s of peak height were less than 5% for
standard Glu and Asp.

Table 1
Linear ranges, regression equations, correlation coefficients, detection limits and
relation standard deviations of peak height for standard Glu and Asp

Amino acid Glu Asp

Linear range (M) 52x10782.6x107  58x107829x 107
Regression equation® y=24.5x+4.44 y=20.1x+4.03
Correlation coefficients 0.9999 0.9996

LOD (M) 2.09 x 1078 231 %1078

R.S.D. (%)° 22 2.8

See Section 2.5 for CE condition.
2 x: NDA-AAs concentration (wM); y: fluorescent intensity (mV).
b
n=>5.
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Fig. 4. Electropherograms obtained from the separation of: rabbit serum (A); human serum (B); and human CSF sample (C). Solid trace of insert was obtained from
sample analysis and the dotted trace was obtained from sample spiked with 4.6 x 1077 M NDA-Glu and NDA-Asp. Electrolyte composition was 10 mM borate

buffer (pH 9.3). Other CE condition was as in Fig. 3.

3.4. Samples analysis

Rabbit serum, human serum and human CSF samples from
healthy subjects were analysed, respectively. After preparation
and precolumn derivatization as described in Sections 2.3 and
2.4, respectively, the samples were measured by CE-optical fiber
LED induced fluorescence detection using an uncoated fused-
silica capillary. The CE condition was described in Section 2.5.

Table 2
Determination results of Glu and Asp in biologic fluids

Under this CE condition, other amino acids or biogenic amines
migrate faster than the EAAs, and the derivatives of Glu and
Asp were completely resolved as single peaks within 10 min.
Glu and Asp were detected in all the samples tested. The con-
centration of Asp and Glu in the serum appears a higher level
than that in the CSF, and the ratio of Glu to Asp (Glu/Asp)
in the serum is also higher than that in the CSF. The typical
electropherograms obtained from these samples analysis were

Sample Glu concentration® (M) R.S.D. (%) Recoveryb (%) Asp concentration® (M) R.S.D. (%) Recoveryb (%)
Rabbit serum-1 29.34 2.1 90.3 10.08 2.2 91.3

Rabbit serum-2 22.07 2.4 4.71 1.1

Human serum-1 40.94 2.8 93.4 9.86 4.3 94.5

Human serum-2 34.86 3.5 7.12 2.8

Human CSF-1 1.94 3.1 99.2 1.44 3.1 98.8

Human CSF-2 2.18 2.8 1.74 3.6

See Section 2.5 for CE condition.
4 Mean (n=5).
b Mean (n=3).
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shown in Fig. 4 and the insert of Fig. 4 (solid trace). The peaks
corresponding to Asp and Glu were well identified. To verify
the peak identification, 5l of 25 uM standard Glu and Asp
solutions were added to the sample solution, and the sample
solution was derivatized and separated again. The electrophero-
grams obtained were also shown in the insert of Fig. 4 (dotted
trace). The recovery data were obtained by spiking biological
fluids samples with known quantities of standard solutions of
Glu and Asp. The analytical results were summarized in Table 2.
As can be seen, the levels of Glu and Asp determined by this
method were within the range of the values reported in the liter-
atures [35-38] and the R.S.D.s of the concentration for both Glu
and Asp were less than 5%. The recoveries for Glu and Asp were
found to be 90.3-99.2 and 91.3-98.8%, respectively, which were
close to 89-105% for NDA-Glu and 90-107% for NDA—-Asp
by electrochemical detector [39] and were close to 99.2 + 7.8%
for NDA-Glu and 99.44+6.0% for NDA-Asp by LIF
detector [40].

4. Conclusions

A CE-optical fiber LED induced fluorescence detector was
developed for the analysis of real biological samples. Quantita-
tive measurements of free Asp and Glu in rabbit serum, human
serum and human CSF had been demonstrated. The present
detector was a sensitive, accurate, simple and economic detec-
tion scheme, which can be easily set up in laboratory, since an
inexpensive LED was used as excitation source, and a cheap opti-
cal fiber for guiding the excitation light was utilized. Although
we primarily focused on the analysis of EAAs in biological flu-
ids, the home-built detection system could also be expected to
apply to the determination of EAAs in neural tissue. The present
detection method represented a new approach for EAAs inves-
tigations and leaded to further potential uses in the future.
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