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Analysis of urinary metabolites for
metabolomic study by pressurized CEC
A new approach for the metabolomic study of urinary samples using pressurized CEC
(pCEC) with gradient elution is proposed as an alternative chromatographic separation tool
with higher degree of resolution, selectivity, sensitivity, and efficiency. The pCEC separation
of urinary samples was performed on a RP column packed with C18, 5 mm particles with an
ACN/water mobile phase containing TFA. The effects of the acid modifiers, applied voltage,
mobile phase, and detection wavelength were systematically evaluated using eight spiked
standards, as well as urine samples. A typical analytical trial of urine samples from Sprague
Dawley (S.D.) rats exposed to high-energy diet was carried out following sample pretreatment. Significant differences in urinary metabolic profiles were observed between the high
energy diet-induced obesity rats and the healthy control rats at the 6th wk postdose. Multivariate statistical analysis revealed the differential metabolites in response to the diet, which
were partially validated with the putative standards. This work suggests that such a pCECbased separation and analysis method may provide a new and cost-effective platform for
metabolomic study uniquely positioned between the conventional chromatographic tools
such as HPLC, and hyphenated analytical techniques such as LC-MS.
Keywords:
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1

Introduction

Metabolomics or metabonomics, defined as the measurement of multiparametric metabolic responses of a biological
compartment or a living system to pathophysiological stimuli or genetic modification [1–3], is an effective tool for
toxicological studies, potential biomarker identification of
diseases, and identification of regulatory network pathways
in plants and animals [4–8]. Selectively monitoring
characteristic variation of endogenous metabolites
(MW , 1000 Da) in a single cell, biofluids, or tissue, coupled
with widely ascribed multivariate statistical analysis techniques such as principal component analysis (PCA), partial
least square (PLS), and artificial neural networks (ANN),
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enables such a state-of-the-art tool for probing network
integrity, systems diversity, and complexity of human individuals [9–13].
Increasingly sophisticated analytical techniques have
been generating mega datasets for -omics studies. Most of
the pioneering works aiming to large-scale metabolite analysis have been initiated by NMR [4, 7, 14–17], HPLC-MS, and
LC-MS-MS [18–22], CE-MS [12, 23–25], and GC-MS [26–30],
either alone or in combination. However, there is so far no
single analytical tool capable of capturing the entire composition of endogenous metabolites due to the large number of
metabolic molecules with diverse chemical properties. In
this context, CEC, a hybrid technique integrating best features of CE and capillary HPLC, e.g., highly efficient separation of CE, and versatile selectivity and ideal sample capacity
of cHPLC, has been developed for the analysis of complex
samples with a wide variety of chemical compositions [31]. It
has the ability to analyze both charged and neutral substance
at relatively low concentration of analytes and consume relatively low volume of mobile phase. Compared to traditional
HPLC and CE, mobile phase in pressurized CEC (pCEC)
system is driven by a pressurized flow and an EOF simultaneously, reducing band broadening and improving separa* Additional corresponding author: Dr. Chao Yan;
E-mail: chaoyan@unimicrotech.com
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tion efficiency. Such dual mechanisms (LC and CE) make
CEC an ideal technique for the analysis of complicated samples such as biological fluids. Additionally, gradient elution is
applied in pCEC analytical protocols to enhance the separation of small molecule metabolites with similar chemical
properties.
The pCEC separation method was applied, for the first
time, in metabolomic study with the primary aim of developing an alternative chromatographic method for metabolic
profiling of biological fluids. Urinary samples from Sprague
Dawley (S.D.) obesity rats induced by high-energy diet
(HED) at predose and the 6th wk postdose were analyzed in
comparison with healthy control rats. The system reproducibility, linearity, and robustness have been evaluated. The
effects of the concentration of the acid modifiers, applied
voltage, detection wavelength, and the type of acid modifiers
on separation of the spiked standards and urine samples
were also investigated.

2

Materials and methods

2.1 Reagents and materials
Ethyl chloroformate (ECF), pyridine, anhydrous ethanol,
sodium hydroxide, chloroform, anhydrous sodium sulfate,
phosphoric acid (PA), acetic acid (HAC), TFA, and formic acid
(FA) were analytical grade from China National Pharmaceutical Group Corporation (Shanghai, China). L-2-Chlorophenylalanine (Shanghai Intechem Tech, China) was used as
an internal standard. Homogentisate, methionine, melatonin, tyrosine, tyramine, tryptophan, phenylalanine, and dopamine were purchased from Sigma–Aldrich (St. Louis, MO,
USA). ACN and methanol (CH3OH) (HPLC grade) were
commercially obtained from Merck (Darmstadt, Germany).
Ultra-pure water was prepared with the Millipore Milli-Q SP
water purification system (18.2 MO, Millipore, MA, USA).
Stock solutions of eight standards (homogentisate,
methionine, melatonin, tyrosine, tyramine, tryptophan,
phenylalanine, and dopamine) were prepared in ultra-pure
water (1 mg/mL). Likewise, aqueous solutions of these compounds were employed to obtain the calibration curves and
quantification limits.
2.2 Dosing and sample collection
After acclimation of 1 wk in metabolic cages, 13 male S.D.
rats (190 6 10 g) were randomly divided into two groups: the
HED-treated group (n = 7) and the healthy control group
(n = 6). HED-treated group rats were fed with HED (10 lard,
5 corn oil, 10 sucrose, 10 casein, and 65% standard rat chow)
for 6 wk; meanwhile the healthy control rats were fed with
standard rat chow. Twenty-four hours urine of these rats was
collected at predose and the 6th wk, respectively. All the collected urine samples were centrifuged, and immediately
stored at 2807C pending pCEC analysis.
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.3 Derivatization procedures
The derivatization of the urine samples was performed
according to our previously developed method [32, 37].
Briefly, each 600 mL aliquot of standard mixture or diluted
urine sample (urine:water = 1:1, v/v) was added to a screwtop glass tube. Followed by the addition of 100 mL of L-2chlorophenylalanine (0.1 mg/mL), 400 mL of anhydrous
ethanol, and 100 mL of pyridine, 50 mL of ECF were transferred into the mixtures for the first derivatization at
20.0 6 0.17C. Such a procedure was repeated with the addition of 50 mL of ECF into the products after sonication,
chloroform extraction, and pH adjustment. The resulting
mixtures were vortexed for 30 s, then centrifuged for 3 min
at 3000 rpm. The aqueous layer was aspirated off, while the
remaining chloroform layer containing derivatives was isolated, concentrated till dryness. The residue was then dissolved in methanol by ultrasonication (250 W) and subjected
to pCEC analysis.
2.4 Gradient pCEC analysis
All pCEC separation was performed on a Trisep™-2100 CEC
system (Unimicro Technologies, Pleasanton, CA) which
comprised a Unimicro binary microsyringe pump, a highvoltage power supply (130 kV and 230 kV), a Valco six-port
injection valve, a UV–Vis variable wavelength detector
equipped with a cell for on-column detection, and a Unimicro Trisep™ workstation 2003, as described in literature [33].
A continuous mobile phase was generated by merging two
solvent flows in a mixer and entered Valco six-port injection
valve with microsyringe pump. Samples injected were delivered to the injection valve and introduced in the external 5 mL
sample loop, and then carried to the four-port split valve by
the mobile phase flow. After splitting in the four-port valve
(split ratio 400:1), the flow entered a capillary column. A
constant pressure of 13 000 kPa was applied to the column
inlet during the separation. A negative voltage was applied to
the outlet of the column, and the inlet of the column was
connected to the split valve and grounded.
A RP column (EP-150-30/50-5-C18) of 50 cm (of which
30 cm was packed)6150 mm id packed with 5 mm C18 particles was supplied by Unimicro Technologies. Detection windows (,2 mm) were burned into the column walls. A 2 kV
voltage was applied across the capillary to produce EOF. The
flow-rate was 0.08 mL/min and the injection volume was
5 mL. The data was collected directly from the UV detector at
wavelength of 214 nm and analyzed using the Unimicro
Trisep workstation 2003.
The mobiles phase contained water (0.01% v/v TFA) (A)
and 95% v/v ACN (0.01%TFA) (B), filtered by 0.22 mm HPLC
filters and separation was achieved using the following gradient: 0–30 min, 0–50 % B; 30–40 min, 50–75% B. Prior to
use, the samples and pCEC mobile phases were sonicated in
an ultrasonic bath for 15 min at room temperature to remove
any air bubbles. The injection volume was 5 mL. The electrowww.electrophoresis-journal.com
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chromatograms shown in Fig. 6 were obtained using the
aforementioned commercial C18 packed column (EP-150-30/
50-5-C18, Unimicro Technologies). All pCEC separations
were performed using 13 000 kPa pressure applied to the end
of the column to prevent bubble formation and the capillary
was kept at a constant temperature of 257C. The spiked
standard solution and the urine samples were recorded
using a UV detector operated at four different wavelengths
(214, 220, 240, and 260 nm), respectively. Since the best S/N
was observed at 214 nm, this wavelength was used throughout the remainder of this study.
2.5 Data processing and pattern recognition
Peak area paired retention time of each compound detected
was obtained using the Unimicro Trisep workstation 2003.
The detected peaks were normalized to the total sum of these
peak areas in Matlab software 7.0 (The MathWorks) in order
to eliminate the disparity of urine volume. PCA and projections to latent structures-discriminant analysis (PLS-DA) [34,
35] were carried out in SIMCA-P 11.0 (Umetrics, Umeå,
Sweden) using mean-centered, auto-scaled (scaled to unit
variance) data. The PCA scores plot represents the distribution of samples in multivariate space where each coordinate
denotes each subject. The rank of variable importance (VIP)
values of PLS-DA loading [36] is used to identify the differential metabolites between groups (the HED-treated group
and the healthy control group). In order to validate the model
against overfitting, a typical seven-round cross-validation was
performed with 1/7th of the samples being excluded from
the model in each round. This procedure was repeated in an
iterative manner until each sample had been excluded once
and the corresponding Q2Y value was obtained from the
results in SIMCA-P package. R2Y provides an estimate of
how well the model fits the Y data whereas Q2Y is an estimate
of how well the model to predict the Y. The cumulative values
of R2Y and Q2Y close to 1 indicate an excellent model.
2.6 Univariate statistical analysis
Based on thresholds on the p-values of classical one-way
ANOVA implemented in the SPSS 14.0 software (SPSS,
USA), the differentially expressed metabolites from multivariate statistical analysis were further verified at a univariate
analysis level. The critical p-value was set to 0.05 in this study.

3

Results and discussion

3.1 Derivatization procedure
It is essential to pretreat biological samples, e.g., serum,
urine, and tissue prior to pCEC analysis because the capillary
column can easily be contaminated. Initial studies with
direct injection of rat urine using HPLC system have shown
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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that substances in urinary sample, mainly proteins, rapidly
contaminated the column.
A simple, commonly used method for sample pretreatment is organic solvent precipitation, where loss of a variety
of important metabolites may occur during the coprecipitation of proteins [37]. Our previous studies [38] indicated that
GC-MS analysis with ECF derivatization was able to identify
a wide range of endogenous metabolites involving amines,
amino acids, fatty acids, and amino-alcohols. In addition,
ECF-derivatization method improved the UV absorption of
these compounds and changed their polarity, leading to a
higher sensitivity and better separation. Such a sample pretreatment procedure involving chemical derivatization and
the subsequent chloroform extraction can readily remove
proteins in the urine sample and increase the concentration
for detection. This is considered necessary for pCEC since its
packed capillary column is more susceptible to contamination or blockage than the HPLC system. Therefore, an ECF
derivatization procedure was adopted for our use with pCEC
analysis of urinary samples. The derivatization process was
thoroughly studied and optimized using the spiked standards and rat urinary samples available.
A total of 48 standards of amino acids, amines, and fatty
acids were chosen as the references for identification of
metabolites in the urine. Initial studies indicated that eight
compounds present in the urine could be identified and
confirmed by pCEC analysis. Thus, the separation was optimized on the basis of the selected eight standards. In addition, the influence of operating parameters such as type of
acid modifiers, concentration of selected acid modifier,
organic solvent composition, applied voltage, and elution
condition was studied to optimize the pCEC separation of the
rat urines.
3.2 Extraction and derivatization efficiencies
To study the derivatization efficiencies of the metabolites,
test analytes involving the eight standards and urine samples
were derivatized according to the method of Section 2. The
chloroform solution was dried by adding a small portion of
anhydrous sodium sulfate. The dry organic solution was
concentrated and the residue was then dissolved in 500 mL of
methanol by sonication. 5 mL was injected to the pCEC system directly. The extraction of the leftover aqueous solution
by chloroform and subsequent pCEC analysis of this chloroform layer displayed no significant signal for the test analytes, indicating that the extraction efficiency was nearly
100%.
The aqueous solution remaining from the above derivatization process was rederivatized and extracted with chloroform. The pCEC analysis of the chloroform layer showed no
significant signal for derivatized spiked standards and urinary metabolites and at the same time, examination of the
remaining aqueous solution after the second derivatization
process by pCEC indicated that the amount of remaining
underivatized analytes was insignificant. This indicates that
www.electrophoresis-journal.com
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almost all of the significant metabolites in the sample were
derivatized through two derivatization processes.
3.3 Effects of acid modifiers
The effects of different acids, e.g., HAC, FA, PA, and TFA on
the separation of the eight spiked standards have been
investigated. From Fig. 1, the addition of HAC into mobile
phase decreased the peak sensitivity and resolution. In contrast, the general sensitivity, resolution, and peak shape of
such eight test standards exhibited better when the pH of
mobile phase was adjusted with FA, PA, or TFA, respectively.
The satisfactory peak shape and resolution were achieved
with TFA (Fig. 1). Additionally, the baseline noise was 50, 8,
5, and 5 mV using HAC, FA, PA, and TFA, respectively. To
improve peak shape and resolution of the test standards, all
other pCEC separation were performed using TFA as the
acid modifier.

Electrophoresis 2007, 28, 4459–4468

separation of the spiked standards. However, the best peak
shape and resolution was obtained by 0.01% TFA. In addition, the background current was 0.9, 1.3, 4.3, and 7.2 mA
using 0.005, 0.01, 0.03, and 0.05% TFA, respectively. It is
possible that the poor peak shape obtained from 0.03 and
0.05% TFA because of Joule heating caused by higher background current. To improve peak shape and resolution of the
samples, 0.01% TFA was preferred in this work.

Figure 2. Effects of different concentrations of TFA on the pCEC
separation of the eight spiked standard solution. Key: 1, homogentisate; 2, methionine; 3, melatonin; 4, tyrosine; 5, tyramine; 6,
tryptophan; 7, phenylalanine; 8, dopamine.

3.5 Optimization of mobile phase composition

Figure 1. Effects of different acid modifiers on the pCEC separation of the eight spiked standard solution. pCEC conditions: column, 150 mm id, 50 cm total length, and 30 cm effective length
packed with C18, 5 mm particle size; applied voltage, 2 kV; injection
volume, 5 mL; detection, UV at 214 nm. Key: 1, homogentisate; 2,
methionine; 3, melatonin; 4, tyrosine; 5, tyramine; 6, tryptophan;
7, phenylalanine; 8, dopamine.

3.4 Effects of concentration of acid modifiers
Four mobile phases containing 0.005, 0.01, 0.03, and 0.05%
of TFA have been studied (Fig. 2). The “apparent” pH value
varied with the portion of acid in the mobile phase, which
may influence separation of samples. For example, the pH
became smaller with the increased acids, leading to worse
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In order to obtain good resolution and peak shape, the effects
of mobile phase composition were also investigated. Mobile
phases including: (i) 95% v/v ACN (0.01% TFA)/water
(0.01% TFA); (ii) 95% v/v ACN/water (0.01% TFA); (iii) 95%
v/v ACN/water; (iv) 95% v/v CH3OH (0.01%TFA)/water
(0.01% TFA); (v) 95% v/v CH3OH/water (0.01% TFA);
(vi) 95% v/v CH3OH/water were used. As shown in Fig. 3,
the peak shape, resolution, and selectivity became better
when using ACN instead of methanol with a reduced analysis time. Taking into consideration the resolution and speed
of the analysis, 95% v/v ACN (0.01% TFA)/water (0.01%
TFA) was used to further optimize separation conditions for
the test standards and urine samples.
3.6 Effect of applied voltage
The influence of the applied voltage on the efficiency, resolution, and analysis time of the analytes was evaluated using
a mobile phase of 95% v/v ACN (0.01% TFA)/water (0.01%
www.electrophoresis-journal.com
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Figure 3. Effect of mobile phase composition on the pCEC
separation of the eight spiked standard solution. (The details are
denoted in the figure.)

TFA), and the results are shown in Fig. 4. The separation of
the spiked standards was improved by changing the applied
voltage either from 24 to 2 kV or from 8 to 2 kV. A higher
voltage reduces the retention time because of an increasing
net velocity, but such high applied voltage makes the pCEC
system unstable due to Joule heating caused by high background current. Separation at lower applied voltage, e.g.,
negative voltage takes longer with less efficient peak separation. Based on these results, the best resolution with higher
efficiency was obtained using 2 kV (see Fig. 4).
3.7 Condition of gradient elution
Since the above studies have demonstrated that the eight
standards displayed better separation efficiency, ECF-derivatized urine samples were used to evaluate the influence of
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Influence of applied voltage on the pCEC separation of
the eight spiked standard solution.

isocratic elution and different gradient elution conditions. As
shown in Fig. 5, isocratic elution offers no obvious separation on the test solution. In contrast, gradient elution exhibits the better peak shape, resolution, and sensitivity, of which
the best gradient elution condition was: 0–30 min, 0–50% v/
v ACN (0.01% TFA); 30–40 min, 50–75% v/v ACN (0.01%
TFA).
3.8 Method validation
The reproducibility, linearity, and sensitivity of the method
were investigated (Table 1). The RSDs values (n = 8) were
better than 1.8% for migration times and between 2.4 and
8.5% for peak areas, and little decrease in performance was
observed over 100 consecutive runs. Calibration curves of
peak area (y) versus concentration (x) were constructed. These
curves showed good linearity over the concentration range
www.electrophoresis-journal.com
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Figure 5. Capillary electrochromatograms (214 nm) of urine
samples in the condition of isocratic and gradient elution. (A)
Mobile phase: ACN (0.01%TFA)–
water (0.01%TFA), gradient elution: 0–30 min, 0–50% v/v ACN
(0.01% TFA), 30–40 min, 50–75%
v/v ACN (0.01% TFA); (B) mobile
phase: ACN (0.01%TFA)–water
(0.01%TFA), gradient elution: 0–
35 min,
25–75%
v/v
ACN
(0.01%TFA); (C) isocratic elution
(ACN
(0.01%TFA)–water
(0.01%TFA) = 70:30, v/v); (D) isocratic elution (ACN (0.01% TFA)–
water (0.01% TFA) = 30:70, v/v).

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Lineary, reproducibility, and sensitivity

Compound

Linearity
Range
(mg/mL)

Homogentisate
Methionine
Melatonin
Tyrosine
Tyramine
Tryptophan
Phenylalanine
Dopamine

1.25–500
1.25–500
1.25–500
1.25–500
1.25–500
1.25–500
1.25–500
20–1000

RSD (n = 8, %)
2

Calibration curves

n

R

Migration Peak
time
area

y = 701.75x 1 5698.4
y = 278.47x 1 762.93
y = 388.87x 1 1895.9
y = 541.58x 1 2179.4
y = 939.26x 1 6114.8
y = 264.66x 1 543.29
y = 137.3x 1 911.05
y = 239.1x 1 1886.2

9
9
9
9
9
9
9
6

0.9989
0.9988
0.9995
0.9999
0.9990
0.9992
0.9989
0.9975

0.6
1.1
1.2
0.8
1.3
0.8
0.9
1.8

1.25–500 mg/mL for homogentisate, methionine, melatonin, tyrosine, tyramine, tryptophan, phenylalanine, and
20–1000 mg/mL for dopamine with correlation coefficients from 0.9975 to 0.9999. Quantification limit of each
compound was determined using the S/N provided by
Unimicro Trisep workstation 2003 (Table 1) and all the
S/N values were higher than 10.0, allowing the individual
calculation of each compound’s quantification limit. The
reproducibility was investigated using both the spiked
standard solution and urine sample of a typical healthy
rat. After the correction with internal standard, the RSDs
of peak area for each standard spiked and standards (endogenous metabolites) detected in rat urine were comparable, RSDs below 10%. Additionally, the stability assay
was evaluated using aforementioned spiked standards.
For most spiked compounds, the RSDs were better than
6.5% within 24 h and less than 10% within 36 h. To further validate our methodology to analyze complex endogenous metabolites, each 20 mL aliquot of 8, 16, 24, 32,
and 40 mg/mL of the spiked standard solution were
mixed with 20 mL in pooled urine prior to ECF-derivatization. In general, the recovery was calculated through
the aforementioned calibration curves, and the mean
recoveries of all these compounds ranged from 90 to
110% with RSDs better than 10% (Table 2).
3.9 pCEC analysis of urine samples
Typical pCEC-UV chromatograms of urine samples from the
healthy control group and the HED-treated group at the
6th wk were shown in Figs. 6A and B, respectively, where the
test spiked standards (Fig. 6C) were easily identified. Unlike
chemically induced disease models, the urinary metabolic
profiles from two groups of experimental rats shared a high
degree of similarity since the HED is similar in composition
to the normal rat food and does not exert a severe metabolic
network perturbation. Using our optimized analytical protocol, clear difference between the pCEC profiles of control and
treatment group were observed and further discerned using
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

5.0
2.9
2.7
3.4
6.3
2.4
5.2
8.5

LOQ
S/N
(mg/mL)

0.12
0.10
0.10
0.10
0.15
0.08
0.08
5.0

100
30
42
61
130
28
17
252

Table 2. Recovery of eight standards in urine analysis (n = 3)

Recovery (%)a)

Compounds

Homogentisate
Methionine
Melatonin
Tyrosine
Tyramine
Tryptophan
Phenylalanine
Dopamine

Average

RSD

104.78
107.74
93.58
94.44
90.02
94.74
95.5
94.06

4.58
4.07
3.09
2.13
1.35
3.57
2.17
3.20

a) Mean recovery was obtained by eight determinations (three
parallel samples at five different concentrations).

pattern recognition, indicating that the use of pCEC separation is potentially advantageous in differentiating subtle variations among metabolic profiles.
3.10 Pattern recognition
HED-induced obesity animal model was utilized to test the
potential application of the pCEC method for metabolomic
study. In this study, we identified about 150 different urine
metabolites, of which eight compounds are confirmed via
standard compounds. pCEC analysis of urine samples
from the two groups (the HED-treated group, n = 7 vs. the
healthy control, n = 6) at predose (Fig. 6E) and the 6th wk
postdose (Fig. 6D) were illustrated. Visual examination of
the chromatograms of pCEC displayed clear difference between groups. PCA scores plot (Fig. 6D) of pCEC data
described the obvious separation between two different
groups at the 6th wk postdose whereas little variation was
observed at predose. PLS-DA revealed the differential
metabolites in response to the diet, which were partially
validated with the putative standards (Table 3). From Table
3, a number of marked changes were observed from the
www.electrophoresis-journal.com
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Figure 6. Comparison of pCEC-UV chromatograms of typical urine samples from the obesity rats treated with HED (B) or the control group
(A). (C) pCEC-UV chromatograms of the eight spiked standards. (D) PCA scores plot of urine samples from the HED-treated and the healthy
control rats at the 6th wk. (E) PCA scores plot of urine samples from the HED-treated and the healthy control rats at predose.

pCEC chromatograms of urine samples following diet intervention. The urinary expression levels of homogentisate, tyrosine, and tryptophan in the diet-induced group were significantly decreased as compared to the control group at the
6th wk, which is in good agreement with other reports [39,
40]. Meanwhile, the accumulation of urinary phenylalanine
may be a result of HED on metabolic pathways through
inhibiting the bio-transformation of phenylalanine into tyrosine as suggested in the literature [41].
The analysis of the endogenous urinary metabolites from
these experimental rats indicated a general and significant
change in metabolic activities. That is, after the HED intervention the animals entered into a state of “fat accumulation”, involving a series of changes in metabolic network,
such as disordered lipid metabolism, internal secretion, and
energy metabolism. The “fat accumulation” and the subsequent “low-consumption” of the energy led to a state of
obesity as evidence by animals’ decreased activity, increased
body weight, and serum lipid.
© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.11 Comparison of HPLC, capillary LC, and pCEC
The urine and serum samples were performed on the three
analytical instruments: HPLC, capillary LC (capLC), and
pCEC. Results of HPLC, capLC, and pCEC analyses of urine
(Fig. 7A, B, C) and serum (Fig. 7D, E, F) samples are shown.
It is readily seen that, as compared to the conventional HPLC
and capLC systems, pCEC is able to capture significantly
more urinary metabolites with good sensitivity and resolution.

4

Concluding remarks

A convenient, quantitative analytical method using gradient
pCEC with ECF derivatization for the analysis of in vivo
metabolites has been developed. The method has been optimized and validated over an array of standards and urine
samples, and applied for characterizing the metabolic prowww.electrophoresis-journal.com
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Table 3. Summary of the differential metabolites from VIP values
of two-component PLS-DA model (R2Y = 0.932,
Q2Y = 0.814) in the HED-treated group at the 6th wk

Peak
no.

Retention
time

Metabolites
identification

VIP
rank

1
2
3
4
5
6
7
8
Un1

19.895
27.655
29.326
31.810
32.287
32.869
35.409
36.945
10.890

Homogentisate
Methionine
Melatonin
Tyrosine
Tyramine
Tryptophan
Phenylalanine
Dopamine
Unknown

1(;)
3(:)
7(;)
8(;)
10(;)
4(;)
14(:)
2(:)
9(:)

4467

Table 3. Continued

Peak
no.

Retention
time

Metabolites
identification

VIP
rank

Un2
Un3
Un4
Un5
Un6
Un7

12.850
16.760
21.478
22.941
36.276
40.510

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

5(:)
11(;)
15(;)
13(:)
12(;)
6(:)

(Compared to the healthy control group, : represents significantly elevated concentration, whereas ; represents significantly
lowered concentration).

Figure 7. Comparison of HPLC, capLC, and pCEC analysis of urine (A, B, C) and serum (D, E, F) samples in the optimized condition. HPLC
conditions: Waters Symmetry Shield RP18, 4.6 mm6250 mm 5 mm; water (0.02% TFA) (A) and 95% aqueous methanol (0.02%TFA) (B) in the
gradient mode as follows: 0–30 min, 50% B; 30–40 min, 50–75% B; 40–55 min, 75–90% B. UV at 214 nm; column temperature, 257C; flow
rate, 1 mL/min. capLC conditions: column, 150 mm id, 50 cm total length, and 30 cm effective length packed with C18, 5 mm particle size;
injection volume, 5 mL; detection, UV at 214 nm.
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files of the obese rat model. Based on its simplicity, robust
performance, and potentially wide applicability, this method
is expected to play an important role in metabolomic study as
a unique platform technology, which is positioned between
the conventional chromatographic tools, such as HPLC, and
the hyphenated analytical techniques such as LC-MS and LCMS-MS. Further work is in progress to develop the hyphenated techniques, e.g., pCEC coupled with MS (or Qtof-MS)
which may provide more powerful approaches for the metabolomic study of biological systems with subtle variations in
metabolic profiles.

This study was financially supported by the Key Basic Research Project (project number 05DJ14009) of Shanghai Science
and Technology Commission and National Basic Research Program of China (973 Program), project number 2007CB914702.
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