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Abstract A quantitative determination of six neuroactive
amino acids (NAAs) was performed by capillary zone
electrophoresis with amperometric detection (CZE-AD).
This CZE-AD method utilized two electrolytes: the borate
solution flowing in a capillary has the NAAs-separation
effects, and the sodium hydroxide (NaOH) solution filled in
the detection reservoir for the amperometric analysis of
NAAs. The following experimental parameters were opti-
mized: the working electrode potential, the pH value, the
component, and the concentration of running buffer, the
separation voltage, and the injection time on CZE-AD.
Then, under the optimum conditions, the six NAAs could
be completely separated in 30 min and had well-shaped
AD responses at 0.75 V (versus SCE) on a copper elec-
trode. The linear calibration range of NAAs was from
5 x 107*to5 x 107° mol L™" with the limits of detection
(LODs) ranging from 107® to 1077 mol L™" (signal-to-
noise ratio = 3), and the relative standard deviations
(RSDs) of the migration time and peak area were 0.45-0.55
and 3.8-6.3 %, respectively. Moreover, this method has
succeeded in human serum analysis, and the determined
contents of the six NAAs in human serum were in an
average recovery range of 85.3-117.9 %, which confirmed
the validity and practicability of this method.
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Introduction

As we know, there is an intensive focus on the NAAs
studies, due to the important role of NAAs in the central
nervous system [1-3]. The most studied NAAs are alanine
(Ala), glutamic acid (Glu), aspartic acid (Asp), serine (Ser),
taurine (Tau), and glycine (Gly). Asp and Glu are excitatory
neurotransmitters within the central nervous system and
responsible for normal synaptic neurotransmission [1]. Ala
is a neurotransmitter in the optic nerve of the mammalian
visual system [4]. Gly and Ala serve as an inhibitory neu-
rotransmitter in the spinal cord and brainstem via the
strychnine sensitive glycine receptor (GlyR) [5]. L-serine is
the precursor for p-serine, which has a role of neuro-
transmitter/neuromodulator and also in neural development.
Furthermore, it is also believed that p-serine is the endog-
enous obligatory co-agonist of the N-methyl-p-aspartate
(NMDA) receptors in the human CNS [6, 7]. Tau is a
mainly inhibitory neurotransmitter, membrane stabilizer,
and modulator of intracellular calcium levels, and also acts
as an agonist of GlyR [8]. These amino acids were proposed
as having pathological roles in response to neurodegener-
ative conditions from Alzheimer’s disease [9], Parkinson’s
disease [10], and epilepsy [11] to schizophrenia [12]. Their
contents in human organisms could be considered as a
biomarker to indicate the severity of these diseases.

Many methods have been developed for analyzing
amino acids in biological fluids, such as fluorometry,
enzymatic assay, high performance liquid chromatography
(HPLC) [13], gas chromatography-mass spectrometry
(GC-MS) [14, 15], and laser-induced fluorescence
(LIF) [16]. Considering that these compounds lack natural
chromophores or fluorophores, the amino acids cannot
always be determined directly with photometric and
fluorometric detection. Therefore, the most widely used
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methods for the analysis of amino acids has always
depended on the pre- or post-column derivatization with
ninhydrin, naphthalenedialdehyde (NDA), or o-phthalal-
dehyde (OPA) [17-19]. However, these derivatization
methods of amino acids have various drawbacks, includ-
ing complicated derivatization for sensitive detection,
time-consuming for the sample cleaning process, and a
higher background contribution [20].

Here, we introduce a method based on the separation of
the different NAAs firstly with capillary zone electropho-
resis (CZE) technology and then coupled with the amper-
ometric detection (AD). As a liquid-phase separation
technique, CZE has the advantages of short analysis time,
ultra-small sample volume, simple experiment operation,
high separation efficiency, and easy clearing of the con-
taminants [21]. Over the past two decades, various detec-
tion techniques have been developed for being coupled
with CZE to determine amino acids, such as UV-visible
absorbance [22], capacitively coupled contactless conduc-
tivity detection (C*D) [23], MS [24], AD [25], and LIF [26,
27]. Among these analytical detection methods, AD is the
most promising compared to UV-vis and LIF detection,
because AD is inexpensive in cost, provides good selec-
tivity, and appropriate sensitivity.

An effective way to detect amines is to use metallic
electrodes [28, 29], which have greater activity toward the
amino group oxidation. Amino acids can be oxidized in
strong alkaline media on transition metal electrodes such as
Ni and Cu [25, 30] with the application of constant
potential. NiO(OH) or CuO(OH) is formed and acts as
electrocatalyst in different states, including Cu/Ni (I),
Cu/Ni (II), and Cu/Ni (IIT) [31, 32]. The corresponding
process on a copper disk electrode at a relatively high
positive potential of 0.75 V is as follows [33, 34]:

R—CH(NH,)CO; — R—CH = NH+CO+H"+2e~ (1)
R—CH = NH — R—CN + 2H"2¢e"~ (2)
R—CH = NH + H,O — R—CHO + NH; (3)

By using our CZE-AD method, these six NAAs have
been simultaneously detected without derivatization. Two
main kinds of buffers were used in this proposed method,
and the detection limits of NAAs were within 107° to
107" mol L™'. Following a simple sample preparation
procedure, the detection of NAAs in human serum showed
the practical applicability of this non-derivatization
method. The proved method was simple and rapid for
the analysis of NAAs, and the results suggested some
potential to provide an effective way for early diagnosis
of neurodegenerative diseases with abnormal NAAs
concentrations.
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Experimental
Chemicals

Glu, Asp, Ala, Gly, Ser, and Tau were purchased from
Sinopharm Chemical Reagent, (Shanghai, China). Sodium
tetraborate, phosphate, methanol, ethanol, and all the other
chemicals were obtained from Shanghai First Reagent
Factory (Shanghai, China), and all were of analytical
reagent grade. Deionized water was supplied by a Milli-Q
water purification system (Millipore, Milford, MA, USA).

All the stock solutions of the six analytes were prepared in
deionized water with a concentration of 5 x 10™2 mol L,
and diluted by running buffer. Before the CZE experiments,
all solutions were filtered through a 0.22-pm polypropylene
acrodisc syringe filter (Xinya Purification Instrument Fac-
tory, Shanghai, China) and sonicated for 5 min to remove
bubbles.

Apparatus

The home-built capillary electrophoresis system with
wall-jet amperometric detection has been described in our
previous research [31, 35]. Electrophoresis was driven by a
high-voltage power supplier (£30 kV; Shanghai Institute
of Nuclear Research, Shanghai, China). Separations were
performed in a fused silica capillary (Yongnian Optical
Fiber Factory, Hebei, China) with 25 pm inner diameter,
360 um outer diameter, and 65 cm length. The pH value
was monitored by using PHS-3C Acidometer (Shanghai
Jicheng Instrument Factory, China). The electrochemical
data were recorded by recorded by a CHI 660C electro-
chemical workstation (Shanghai Chen Hua Instrument,
Shanghai, China). The three-electrode system is consisted
of a copper-disk (300 um diameter) working electrode, a
saturated calomel reference electrode (SCE), and a plati-
num wire counter electrode. And the preparation of the
copper-disk electrode has been introduced by our group
[36, 37].

Electrophoresis Procedure

During the CZE-AD experiments, the three electrodes were
placed in their corresponding holes of the electrochemical
reservoir, and the copper-disk electrode has to be positioned
accurately close to the capillary outlet with a three-dimen-
sional locator. The copper-disk electrode was pre-treated
with emery sand paper, and then sonicated in deionized
water for 3-5 min. Additionally, the -capillary was
sequentially rinsed with 0.1 mol L™ hydrochloric acid,
deionized water, 0.1 mol L! NaOH, and then deionized
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water for 5 min, respectively, in a self-made washing sys-
tem, subsequently with running buffer for 10 min to obtain
a reproducible electroosmotic flow (EOF). After the first
injection, the capillary was washed by these washing
solutions for 2 min each successively between run cycles.
All the experiments were performed at room temperature.

Preparation of Human Serum Samples

Blood samples from the healthy volunteers were collected
between 0630 and 0730 hours in the infirmary of East
China Normal University. Then, whole blood samples were
centrifuged at 2,000 rpm for 15 min to obtain serum
samples, and then stored at —20 °C until analysis. For the
CZE-AD experiments, a 200 pl portion of serum sample
was diluted with 400 pl of acetonitrile, and vortexed
thoroughly for 5 min to precipitate out proteins. After
centrifuging at 10,000 rpm for 15 min, the supernatant was
transferred into a 1.5-ml vial and dried with a N, stream
[16, 38]. The supernatant fluid was stored at 4 °C for
analysis and it was vortexed before injected into the CZE-
AD system. Since the content of NAAs in the serum
sample was at low micromolar level, and the sample was
injected directly into capillary without further dilution.

Results and Discussion
Optimization of CZE-AD Parameters
Electrochemistry Experiments

Firstly, the cyclic voltammetric behaviors of NAAs were
investigated in the NaOH solutions at a copper-disk
working electrode (Fig. 1). Obviously, anodic peaks at
about 0.65 V (vs. SCE) appears in the potential range from
0.20 to 0.90 V (red lines), while there was no anodic peak
in the blank NaOH solution (black lines).

Amino acids can be electrochemically oxidized at a
relatively moderate potential on the copper electrode.
Fig. 2 illustrates the hydrodynamic voltammetries (HDVs)
of the above analytes, which were obtained by monitoring
the current responses with the applied potential varying
from 0.55 to 0.75 V. Clearly, the increasing applied
potential led to the stronger, current responses of these
analytes. However, when the applied potential was greater
than 0.75 V, the baseline noise was too large. In order to
obtain signals with the highest signal-to-noise ratio, 0.75 V
was selected as the most suitable detection potential in the
following experiments.
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Fig. 1 Cyclic voltammetry of 5 x 10~* mol L™' NAAs (Ala, Gly, Ser, Tau, Glu, and Asp) in 50 mmol L~! NaOH solution (red lines). Blank:

50 mmol L™! NaOH solution (black lines). Scan rate: 50 mV/s
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Fig. 2 Hydrodynamic voltammograms of the NAAs: 5 x 107°
mol L™" Ala, Gly and Ser, and 2.5 x 10™* mol L™' Tau, Glu, and
Asp. Running buffer: 50 mmol L™! borate buffer (pH = 9.2);
Electrokinetic injection: 10 s (at 15 kV). Error bars (£SD, n = 3)
are shown (but not always visible)

Effect of pH Value and Buffer Concentration

The pH value of running buffer plays an important role in
CZE as it affects on the zeta potential ({), the EOF, as well
as the overall charge of the analytes, which influences the
migration time and the resolution of the analytes. The
running buffer with a series of concentrations in the pH
range of 9.2-13.5 was introduced to obtain the optimum
separation conditions. Firstly, NaOH solution (pH > 12)
was employed in the CZE separation to give good
response, because the amine groups of amino acids have a
pKa between 9 and 10 [22]. Under strong alkaline condi-
tions, the charge—mass ratio of amino acids has the maxi-
mized differences and CZE separation is always achieved
due to the ionized analytes. With the concentration of the
NaOH solution increasing from 20 to 100 mmol L™", the
resolution has no evident improvement. However, tailing
peaks appeared and resulted in declined resolution and
overlapping peaks. Furthermore, the increase of both the
baseline noise and background current were attributed to
Joule heating from NaOH solutions with high concentra-
tions (>100 mmol L™").

The borate buffer system has previously been known as
a suitable medium for amino acids separation. The influ-
ence of its pH value was also investigated in the range of
9.2-12.5. The current was very small with pH arranging
from 9.2 to 11. Once the value was larger than 11, the
signal intensity increased obviously, but the analytes’ res-
olution was deteriorated.

The borate solution was chosen as running buffer in the
capillary for separation, while NaOH solution just filled into
the detection reservoir for amperometric analysis. With the
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increase of borate concentrations (20—100 mmol L_l), the
resolution became better, but at the same time the migration
time was prolonged. When the concentration was higher
than 50 mmol L™', the six NAAs reached baseline sepa-
ration in borate solution. However, when borate concen-
tration exceeded 100 mmol L_l, the effect of Joule heat in
the capillary was elevated, which is associated with some
negative effects, such as decreased detection sensitivity
with an increase in baseline noise. Moreover, when the
ionic strength of the buffer in the capillary was lower than
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Fig. 3 Correlation between the separation voltage and the migration
time of the analytes: 5 x 107> mol L™ Ala, Gly and Ser, and
25 x 107*mol L' Tau, Glu, and Asp. Running buffer:
50 mmol L™! borate buffer (pH = 9.2); Electrokinetic injection:
10 s. Error bars are not shown, since they are smaller than the figure
symbols
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Fig. 4 Correlation between the injection time and the peak current
of the analytes: 1 x 10™* mol L™! Ala, Gly and Ser, and
5 x 107* mol L™" Tau, Glu, and Asp. Running buffer: 50 mmol L'
borate buffer (pH = 9.2); Separation voltage: 15 kV. Error bars
(£SD, n = 3) are shown (but not always visible)
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Fig. 5 Electrophoregrams of a standard solution containing 5 x 107>
mol L™" (@) Ala, (b) Gly and (c) Ser, and 2.5 x 10~* mol L' (d)Tau,
(e) Glu and (f) Asp. Detection potential: 0.75 V (vs. SCE); fused-silica
capillary: 25 pm i.d. X 65 cm; running buffer: 50 mmol L~ borate
buffer (pH = 9.2); electrokinetic injection: 10 s (at 15 kV)

the detection reservoir, the baseline was unstable and the
current in the capillary raised, because the NaOH solution
back-filled into the capillary.

Table 1 Regression equations and the detection limits for NAAs

Finally, in considering the resolution, migration time,
sensitivity, and stability, 50 mmol L~ borate solution
(pH = 9.2) was selected as the optimum separation med-
jum and 50 mmol L™' NaOH solution (pH = 12.6) filled
into the detection reservoir for the amperometric
determination.

Effect of Separation Voltage and Injection Time

For a given capillary length, the separation voltage deter-
mines the electric field strength, which affects both the
velocity of EOF and the migration velocity of the analytes.
The separation efficiency of CZE was investigated in the
separation voltage range from 10 to 20 kV, as shown in
Fig. 3. As expected, the analytes had a shorter migration
time with higher separation voltage. However, when the
separation voltage exceeded 20 kV, the baseline noise
increased continuously. Finally, 15 kV was selected as the
optimum separation voltage, at which a good separation
could be achieved for all analytes within 30 min.

The injection time determines the amount of sampling
and affects both the peak current and the peak shape. The
influence of injection time was studied by varying the

NAAs Concentration range Regression Correlation LOD" (M) RSD (%) (n = 5)°
(1 x 10> mol LY equation® coefficient (R%) R 3
Migration time Peak area

Ala 0.5-50 Y = 10.0X + 4.85 0.9992 0.76 0.49 6.3
Gly 0.5-50 Y =20.0X + 7.84 0.9997 0.55 0.53 4.7
Ser 0.5-50 Y =20.0X 4+ 21.2 0.9981 0.63 0.55 5.5
Tau 2.5-50 Y =5.19X 4+ 0.929 0.9979 2.8 0.46 39
Glu 2.5-50 Y = 4.38X—-0.445 0.9959 2.2 0.45 3.8
Asp 2.5-50 Y =6.54X + 4.52 0.9989 1.5 0.47 4.5

? In the regression equation, the X value was the concentration of analytes (x 10° mol L™Y), the Y value was the peak area (nC)

® Detection limit according to the 3 sb/m criterion, m is slope of the calibration curve and sb the standard deviation [39]

¢ Five injections in the same capillary (5 x 107> mol L™ Ala, Gly, and Ser, and 2.5 x 107* mol L% Tau, Glu, and Asp)

Table 2 Amount of NAAs (uM) in health human serum samples

NAAs Recovery Actual amount® Literature values”
Amount added Amount found Recovery (%)

Ala 50.0 42.7 85.3 277.2 £ 35 316 £ 17

Gly 50.0 45.7 914 675.8 £ 38 248 £ 13

Ser 50.0 59.0 117.9 134.7 £ 13 114 £ 4

Tau 50.0 47.0 93.5 44.6 £ 11 49 +£3

Glu 250 27.2 108.8 639.3 £ 10 655 + 17

Asp 250 27.6 110.2 642 £7 47 +£2

CZE-AD conditions were the same as in Fig. 5

? Express as mean £+ SD of NAAs in health human serum samples (n = 5)

o Express as mean + SD, cited from [40]
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Fig. 6 Typical electropherograms of serum (a) and spiked (b) sam-
ples from healthy volunteers obtained with CZE-AD. Experimental
conditions and peak labels were the same as those in Fig. 5

injection time from 4 to 14 s at 15 kV (Fig. 4). It can be
seen that the peak current increased with the increasing of
injection time. When the injection time was longer than
12 s, the peak heights of the analytes nearly leveled off and
peak broadening became more severe. Therefore, 10 s (at
15 kV) was selected as the optimum injection time.

In summary, under the optimal conditions, the six NAAs
achieved a very good baseline separation within 30 min, as
shown in Fig. 5.

Method Validation
Linearity, Detection Limits and Reproducibility

To explore the linearity of the analytes, NAAs with a series of
concentrations ranging from 5 x 107 to 5 x 107® mol L™"
were determined. Regression analysis was used to obtain the
correlation between peak area and concentration of each ana-
lyte. The linearity ranges, regression equations, correlation
coefficients (R?), RSDs, and detection limits are summarized in
Table 1, in which the detection limit is mainly determined by
the 3 sb/m criterion, where m is the slope of the calibration
curve and sb is the standard deviation [39]. The results showed
that an excellent linearity between peak area and concentration
of each analyte was gained. Moreover, the results are repeat-
able, indicating that our method has good reproducibility.

Real Sample Analysis and Recovery
The determination of NAAs in the healthy human serum
samples were performed with this CZE-AD method.

Compared to traditional techniques, the sample preparation
for this method was considerably shorter, less laborious,

@ Springer

and more cost-efficient, and required 200 pl of urine at
most, as mentioned in the section on sample preparation.

The electropherograms of the healthy human serum
(a) and spiked (b) samples are shown in Fig. 6. Because some
of these NAAs were at trace level, the standard addition
method, explained in Fig. 6b, was applied to distinguish the
signals of the target analytes. There is no doubt that all the six
analytes were determined (Table 2), in spite of some coex-
isting interference substances in human serum samples, such
as amino acids, organic acids, and carbohydrates, showing
that the sensitivity of this method can meet the needs of real
sample analysis. Average recovery of the six analytes in
serum samples was in the range of 85.3-117.9 %. The
determined contents of NAAs in the healthy human serum
samples were consistent with literature values [40], except
Gly. Its basal level was 675.8 &+ 38 puM, which is more than
the reported value, 248 £ 13 uM. The unexpected high
level of Gly is probably caused by the interference of some
electroactive substances.

Concluding Remarks

A simple and convenient CZE-AD method for the determi-
nation of NAAs in the healthy human serum samples has been
developed by using two kinds of electrolytes. Within 30 min,
the six analytes were separated completely, and the detection
limits of NAAs are in the range of 5.5 x 107 t0 2.8 x 107°
mol L™! (signal-to-noise ratio = 3). The results illustrate that
this CZE-AD method succeed in the identification and quan-
tification of NAAs. Additionally, the results suggested some
potential alternative methodologies for the prevention and
treatment of neurodegenerative diseases when statistical data
can be obtained. Further work will focus on the improvement
of the sensitivity through online preconcentration techniques,
and quantitative determination of total amino acids, as well as
the extension of this method to other biological fluids.
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