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Pressurized CEC coupled with QTOF-MS for
urinary metabolomics

Pressurized CEC (pCEC) coupled with ESI-QTOF-MS using a sheathless interface was ap-
plied for metabolomics to develop an alternative analytical method for metabolic profiling
of complex biofluid samples such as urine. The hyphenated system was investigated with
mixed standards and pooled urine samples to evaluate its precision, repeatability, linearity,
sensitivity, and selectivity. The applied voltage, mobile phase, and gradient elution were
optimized and applied for the analysis of urinary metabolites. Multivariate data analysis
was subsequently performed and used to distinguish lung cancer patients from healthy
controls successfully. High separation efficiency has been achieved in pCEC due to the
EOF. For metabolite identification, the pCEC-MS separation mechnism was helpful for
discriminating the fragment ions of glutamine conjugates from co-eluted metabolites.
Three glutamine conjugates, including phenylacetylglutamine, acylglutamine C8:1, and
acylglutamine C6:1 were identified among 16 differential urinary metabolites of lung
cancer. Receiver-operating-characteristic analysis of acylglutamine C8:1 resulted in an
area-under-curve value of 0.882. Overall, this work suggests that this pCEC-ESI-QTOF-
MS method may provide a novel and useful platform for metabolomic studies due to its
superior separation and identification.
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1 Introduction

CEC is a hybrid separation technique that combines capil-
lary HPLC (cHPLC) and CE [1]. Therefore, CEC has both the
high selectivity and peak capacity of HPLC and the high ef-
ficiency and resolution of CE. CEC is capable of separating
both neutral and charged substances. However, CEC also has
problems, such as bubble formation caused by Joule heat-
ing during experiments, which can result in column dryout
and current disruption. Therefore, pressurized CEC (pCEC)
or pressure-assisted CEC (pCEC), with EOF combined with
supplemental pressurized flow as its driving force, has been
used to overcome these problems [2]. pCEC has several
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other advantages: (i) high separation efficiency and resolution
through its small particle-packed column, (ii) high selectivity
with a dual separation mechanism, (iii) quantitative sample
injection with a rotary-type valve, and, most importantly, (iv)
a high pressure gradient elution similar to that in HPLC [3].

MS provides highly sensitive and selective, molecu-
lar weight and structural information. Moreover, it offers
both qualitative and quantitative information of peptides or
metabolites in complex samples such as biological fluids.
MS combined with chromatography is a key analytical tech-
nique in emerging “omics” technologies such as proteomics,
metabolomics, and lipidomics [4]. In addition, the low flow
rate of pCEC is highly compatible with an ESI source, and
the coupling of pCEC with MS combines the merits of pCEC
and MS.

The pCEC-MS analysis depends on the interface used to
provide a return path for both the CEC column and electro-
spray current, as the length of the interface and its structure
can greatly affect separation results. So far, three main kinds
of interfaces [5], sheathless [6, 7], liquid-junction [8, 9], and
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coaxial sheath liquid [10–13] have been constructed for CEC-
ESI-MS coupling.

CE-MS has been widely applied in the analysis of
metabolomics [14–17] for biological samples because it has
proven suitable for the profiling of polar and charged metabo-
lites. A combination of CEC-MS and LC-MS, pCEC-MS has
been successfully applied in the analysis of peptides, proteins
[18–23], and drugs abuse [9, 24–27]. However, to date, pCEC-
MS has not been reported for applications in metabolomics,
although CEC-MS has been used for targeted screening in
human plasma [28] and bile acids in animal bile [29], and
open tubular CEC-MS has been developed to analyze the
metabolome of a cell line [30]. Another technique using
pCEC, pCEC-UV, has been applied for the metabolic pro-
filing of rat urine [31] and human plasma [32], confirming
that pCEC has a great potential in metabolomic research.
However, since a UV detector cannot provide structural in-
formation of metabolites, it is not ideal for the identification
of disease biomarkers.

In this study, pCEC coupled with QTOF MS was applied
for metabolomics for the first time to develop an alternative
analytical method for metabolic profiling. A sheathless inter-
face was constructed for MS coupling, operation parameters
optimized, and system repeatability evaluated for isocratic
and gradient elution. The gradient pCEC-QTOF-MS method
was then used to analyze urinary metabolites in lung cancer
patients.

2 Materials and methods

2.1 Reagents and materials

Formic acid (FA) and sodium formate were obtained
from CNW (Düsseldorf, Germany). HPLC grade ACN and
methanol were purchased from Merck (Darmstadt, Ger-
many). Water was purified with a Barnstead Nanopure purifi-
cation system (Dubuque, IA, USA). L-2-Chlorophenylalanine
was purchased from Intechem Tech. (Shanghai, China). All

other standards were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

2.2 Hyphenation of pCEC with ESI-QTOF-MS

A schematic of the pCEC-MS on-line system is shown in
Fig. 1. Chromatographic separation was performed on a
reversed-phase column (EP-150–25/25–5-C18, Global Chro-
matography, Suzhou, China) of 25 cm (of which 25 cm was
packed) × 150 �m id packed with 5 �m C18 particles us-
ing the TriSep-2100 pCEC system (Unimicro Technologies,
Pleasanton, CA, USA) consisting of a high-pressure micro-
LC pump, a six-port injection valve, a four-port split valve, a
high voltage power supply ±30 kV, and a self-made capillary
flow-cell holder.

The solvent delivery system was used to provide supple-
mentary pressure and deliver a solvent gradient at a typical
flow rate of 0.08 mL/min. Samples were injected into an ex-
ternal sample loop and then carried by the mobile phases
to the four-port split valve. After splitting in the four-port
valve, the flow entered the capillary column. The inlet of the
column was connected to the four-port split valve, with a pos-
itive or negative voltage applied, and the column outlet was
connected to the mass electrospray with a zero dead volume
stainless steel union and grounded. To avoid high voltage,
both pumps were grounded as well.

For pCEC-MS system performance experiments, the
sample injection volume was 35 nL for each scan (2.4 �L
loop, split ratio 68:1). Binary solvents of A (0.1% FA in 2%
ACN, v/v) and B (0.1% FA in 98% ACN, v/v) were used in
isocratic elution. For the metabolomic and MS/MS exper-
iments, the sample injection volume was 147 nL for each
scan (10 �L loop, split ratio 68:1). Binary solvents of A (0.1%
FA in 2% ACN, v/v) and B (1% FA in ACN–methanol–water
49:49:2, v/v/v) were used in gradient elution. For gradient elu-
tion, sampling stacking [19] was performed as follows. First,
the sample solution was introduced into the column by the
propelling force of the mobile phase. Second, after a certain

Figure 1. Schematic diagram
of pCEC coupled with ESI-MS.
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period of on-column stacking, the voltage was added to the
separation voltage in 10 s. The stacking time was optimized
as 4 min for final urine analysis.

The pCEC system was coupled to the ESI source of a high-
resolution mass spectrometer (maXis UHR-TOF, Bruker Dal-
tonics, Bremen, Germany). The ion polarity was positive and
the capillary voltage was 4500 V. The end plate offset potential
was set at −500 V. The dry gas was set as 4 L/min at 180˚C.
The nebulizer gas pressure was set at 0.4 bar. Mass spec-
tra were acquired in the full-scan mode in the range of 50–
1000 Da. One millimolar sodium formate in isopropanol–
water (50:50, v/v, with 0.2% FA) was used as calibrating solu-
tion via direct infusion. MS/MS experiments were performed
under the auto-MS/MS mode with a range of collision energy
from 20 to 35 eV.

2.3 Sample collection and preparation

Urine samples were obtained from Zhejiang Provincial Hos-
pital of Traditional Chinese Medicine (Hangzhou, China).
Informed consent was obtained from all patients and vol-
unteers, and approval was obtained from the local research
ethics committee. The lung cancer patients (n = 12; mean
age 57 ± 12 years; six males and six females) were diag-
nosed through magnetic resonance imaging and then histo-
logically proven to have lung cancer. The urine samples from
patients were collected before medical treatments or surgery.
The healthy volunteers (n = 12; mean age 55 ± 10 years; six
males and six females) were selected by a routine physical
examination. Detailed clinical information of urine samples
is provided in Supporting Information Table S1. There was
no significant difference for age and sex ratio between lung
cancer patients and healthy controls. The p-value of Student’s
t-test for age between the two groups was 0.71. All urine
samples were collected in the morning before breakfast. The
samples were centrifuged at 4˚C at 3000 rpm for 15 min and
stored at −80˚C until use.

Each 100 �L urine sample was mixed into 100 �L L-
2-chlorophenylalanine (10 �g/mL), vortexed for 1 min, and
then centrifuged at 13 000 rpm for 15 min at room tem-
perature. The supernatant was transferred into a clean tube
and stored at 4˚C before analysis. For quality control (QC),
a pooled “QC” sample was prepared by mixing 100 �L
from each of the healthy control samples. The QC samples
were also used in the optimization of separation and MS
conditions.

2.4 Data pretreatment and statistical analysis

The raw data were acquired on a micrOTOFcontrol work-
station (Bruker Daltonics) and then converted into NetCDF
format by DataAnalysis version 3.3 (Bruker Daltonics). The
NetCDF format data were analyzed by the MarkerLynx Appli-
cations Manager version 4.1 (Waters, Manchester, UK) using
the following parameters: retention time range 1–40 min,
mass range 50–1000 Da, mass tolerance 0.05 Da, intensity
threshold at 500 counts, isotopic peaks excluded for analysis,

and retention time window set at 1.00 min. Data were im-
ported to the SIMCA-P 11.5 demo version (Umetrics, Umeå,
Sweden) for further analysis. Principal component analy-
sis (PCA) and orthogonal partial least squares-discriminant
analysis were carried out to visualize metabolic alterations
and Pareto scaling was used. The variable-importance-in-
projection (VIP) values and S-plot were selected to obtain the
significant variables [33,34]. The Student’s t-test was selected
to measure the significance of each variable. Variables with
VIP � 1 and p � 0.05 were considered differential metabo-
lites. The Mann–Whitney U test was subsequently applied to
confirm the significance.

3 Results and discussion

3.1 Comparison of different interfaces

Three different kinds of interfaces were tested in this study
(Fig. 2). The supplementary liquid interface (Fig. 2A) used
a PEEK cross to combine the separation column, the sup-
plementary liquid flow, and the grounding electrode. The
supplementary liquid was 0.1% FA in 50% ACN v/v and the
flow rate was 180 �L/h. The nonsupplementary liquid inter-
face (Fig. 2B) removed the inlet of the supplementary liquid,
significantly avoiding sample dilution. However, the removal
of supplementary liquid may cause instability and peak inver-
sion because the PEEK tube between the separation column
and the spray needle was not fixed. The sheathless inter-
face (Fig. 2C) was developed from the above two interfaces.
It was able to reduce the impact from the external environ-
ment with a fixed capillary column. The sheathless interface
was used for further experiments because it reduced peak
broadening, improved peak shape, and performed the best
separation compared to the other two interfaces (Fig. 2D).

3.2 Evaluation of the sheathless interface under

isocratic conditions

The flow rate was optimized for the sheathless interface. The
interface was then evaluated for the analysis of spiked stan-
dards consisting of several representative endogenous uri-
nary metabolites and an internal standard under isocratic
elution conditions.

The relatively higher flow rates (1–2 �L/min) provided
by packed capillary columns with large internal diameters
(150 �m) permit the use of conventional ESI source without
sheath liquid. The higher flow rate can improve the MS signal
response and shorten the analysis time while column pres-
sure significantly grows. The pump flow rate tested ranged
from 0.06 to 0.10 mL/min (0.06, 0.08, and 0.10 mL/min,
respectively). Other parameters were the same as in Fig. 2
except that an isocratic elution (10% B) was applied. A pump
flow rate of 0.08 mL/min gave a tolerable pressure (15 MPa)
and acceptable signal intensity (1.5 × 105, baseline), and was
used for further experiments.

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 2. Schematic diagrams of different interfaces (A) supplementary liquid, (B) nonsupplementary liquid, (C) sheathless, and (D) their
corresponding chromatograms. pCEC conditions: column, 25 cm × 150 �m, C18, 5 �m; mobile phase A, 0.1% FA in 2% ACN v/v; mobile
phase B, 0.1% FA in 98% ACN v/v; gradient, 0–30 min 0–50% B, 30–40 min 50–100% B; flow rate, (A) 0.06 mL/min + 180 �L/h supplementary
liquid, (B) and (C) 0.08 mL/min; injection volume, 35 nL; applied voltage, 0 kV. Sample: 1, histidine; 2, nicotinamide; 3, phenylalanine; 4,
L-2-chlorophenylalanine; 5, hippuric acid. MS conditions: spray voltage, 4.5 kV; dry gas, 4 L/min, 180˚C; nebulizer gas, 0.4 bar.

The repeatability of the sheathless interface was inves-
tigated with isocratic elution under three hyphen patterns
(Supporting Information Table S2). Acceptable repeatabil-
ity of retention times was observed, with RSD values rang-
ing from 0.17 to 2.84%. The variation of peak intensity was
found to be broadly acceptable, with RSD values ranging from
3.26 to 13.54%. The above results showed that the developed
pCEC-MS system had a reasonably good repeatability under
isocratic elution mode.

3.3 Optimization of operation parameters for the

urine sample

3.3.1 Optimization of mobile-phase composition

Urine contains both polar (or ionizable) metabolites and non-
polar lipids with a wide range of lipophilicity [35], thus posing
a real challenge to separation technology. The ionic strength,
composition, and concentration of acid modifiers in the mo-
bile phase greatly impact elution capacity. Separation gener-
ally increases with higher ionic strength of the mobile phase
solution, while the loss of MS signal intensity often occurs.

In this study, 0.1% FA in 2% ACN v/v was used as mobile
phase A, and three kinds of mobile phase B were investi-
gated (0.1% FA in 2% ACN, v/v; 0.1% FA in ACN–methanol–
water 49:49:2, v/v/v; and 1% FA in ACN–methanol–water
49:49:2, v/v/v, respectively; Supporting Information Fig. S1).
The 0.1% FA in 2% ACN v/v / 1% FA in ACN–methanol–
water 49:49:2 v/v/v gradient system had the best peak shape
and resolution, and was conducive to the elution of strong
retention substances; therefore, it was used for further
experiments.

3.3.2 Effect and optimization of applied voltage

The separation voltage greatly affects the EOF, which drives
the mobile phase toward the detection end of the capillary
column. The influence of applied voltage on the separation
of the analytes was therefore evaluated (Supporting Informa-
tion Fig. S2). The separation of the spiked standards signif-
icantly changed, and a shorter analysis time achieved, with
increasing voltage. Due to EOF and electrophoretic mobility,
when different voltages were applied, the retention times,
the resolution of the analytes, and even the elution order of
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L-2-chlorophenylalanine and tryptophan were changed. These
results demonstrated the selectivity of the pCEC-MS system.
However, higher voltage resulted in system instability due
to the unwanted Joule heating caused by the increased cur-
rent. Based on these results, a +12 kV separation voltage was
adopted for further urine analysis.

3.3.3 Comparison of pCEC, cHPLC, and HPLC

The urine samples were examined in three different sep-
aration modes. The number of molecular features found in
pCEC, cHPLC, and conventional HPLC coupled with MS was
978, 510, and 731, respectively, under the same S/N (S/N =
10, Supporting Information Table S3). As illustrated in Sup-
porting Information Fig. S3, more molecular features were
extracted in pCEC-MS compared to cHPLC-MS under the
same MS conditions, due to reduced peak width from the
EOF and additional selectivity from electrophoretic migra-
tion. High separation efficiency indicated the value of pCEC-
MS for metabolomic studies.

3.3.4 Optimization and validation of gradient elution

Compared to the traditional CEC-MS system, the pCEC-
MS system is advantageous as the multipump of pCEC can
achieve gradient elution. Therefore, several gradient elution
conditions were investigated. The results showed the best
gradient elution condition (0–20 min 0–20% B, 20–25 min
20–100% B, 25–30 min 100% B), which exhibited good peak
shape, resolution, and sensitivity. This condition was used
for further experiments.

Five independent samples were prepared from one QC
sample and injected respectively to study reproducibility with
respect to retention time and peak area. The results for
seven common peaks selected to cover a wide range of re-
tention time and m/z are shown in Supporting Information
Table S4. The obtained data indicated that the RSD values
(n = 5) were better than 2.17% for retention times and ranged
from 5.36 to 10.83% for peak areas. The above results demon-
strated the acceptable repeatability of the established method
in real sample analysis.

The linearity and LODs were investigated with spiked
standards and calculated by extracted ion chromatograms. A
series of mixed standards solutions of different concentra-
tions consisting of histidine, nicotinamide, tyrosine, phenyl-
alanine, L-2-chlorophenylalanine, and hippuric acid were an-
alyzed. Table 1 shows that linearity calibration curves were
obtained in the concentration range 0.1–500 �g/mL for dif-
ferent compounds with correlation coefficients from 0.9956
to 0.9985. The LODs for the test compounds were between
18 and 88 ng/mL with the S/N values ranging from 7 to 30
(Table 1). To further evaluate the matrix effect, each 50 �L
aliquot of 10, 50, and 100 �g/mL of the spiked standards
solution was added to 50 �L pooled urine sample (final con-
centration of 5, 25, and 50 �g/mL). The matrix effect was
calculated using the following equation [36]:

matrix effect (%) = B − A − C

C
× 100% (1)

where C is the peak area of standard spiked into water (v/v =
1:1), B is the peak area of standard spiked into a pooled urine
sample (v/v = 1:1), and A is the corresponding peak area of
the endogenous metabolite in urine sample spiked into water
(v/v = 1:1). The results, as shown in Table 1, indicated that
matrix effect was evident in human urine matrix with values
ranging from −8.4 to −34.7% in most cases. The matrix effect
of histidine was an exception due to its co-elution with some
abundant metabolites such as creatinine.

3.4 Metabolic profiles between lung cancer patients

and healthy controls

pCEC-MS was applied in the metabolic profiling of urine
samples from lung cancer patients and healthy controls. After
washing the system with several blank samples, QC samples
were injected repeatedly for conditioning. One blank sample
and one QC sample were injected in order before every eight
samples. Line plots of three QC samples during the analysis
using PCA with all the points in 2 SD regions demonstrate
the stability of the system (Supporting Information Fig. S4).

After data normalization, PCA was performed on the
dataset, which showed a trend of separation between the
two groups (data not shown). Figure 3A–B shows the scores

Table 1. Linearity, LOD, and matrix effect obtained by pCEC-MS using a sheathless interface

Compound Linearity LOD Matrix effectb) (n = 5)

Range Na) R2 LOD S/N 5 �g/mL 25 �g/mL 50 �g/mL
(�g/mL) (ng/mL) (mean,%)

Histidine 0.1–100 7 0.9956 20 28 −97.2 −96.7 −97.1
Nicotinamide 0.1–100 7 0.9985 20 12 −13.6 −8.4 −9.7
Tyrosine 0.5–100 6 0.9977 88 13 −34.7 −24.3 −24.7
Phenylalanine 0.1–100 7 0.9972 18 11 −13.8 −10.2 −11.4
L-2-Chlorophenylalanine 0.1–50 6 0.9985 22 30 −16.6 −10.7 −14.6
Hippuric acid 0.5–500 7 0.9971 40 7 −27.7 −28.5 −23.6

a) N means an N-point calibration curve over the range.
b) Matrix effect was calculated from spiked urine samples.

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 3. Orthogonal partial least squares-discriminant analysis (OPLS-DA) model results and typical base peak intensity (BPI) chro-
matograms. (A) OPLS-DA scores plot of healthy controls ( , blue squares) and lung cancer patients ( , red triangles) based on urinary
spectral data of pCEC-QTOF-MS (ESI+ mode). (B) S-plot based on the first component. The top 100 VIP variables were square-marked
and the top 5 VIP variables were marked with m/z values. (C) Typical BPI hromatograms of urine samples from the healthy control and
lung cancer groups.

plot and the S-plot of the orthogonal partial least squares-
discriminant analysis model of 12 lung cancer patients and
12 healthy controls. Figure 3C displays the representative base
peak intensity chromatograms in positive ion mode (ESI+) of
pCEC-QTOF-MS obtained from a lung cancer patient and a
healthy control. The model parameter for the explained vari-
ation (R2Y) was 0.944 and the predictive capability (Q2) was
0.654, which indicated that the model was satisfactory.

3.5 Discovery and identification of differential

metabolites

Differential metabolites were screened and identified follow-
ing the procedures described above. The variables with a VIP
value ranked in the top 100, square marked in the S-plot
(Fig. 3B), were selected for further screening. The top five
VIP value variables were further marked with m/z values
in the S-plot (Fig. 3B). Next, variables with large jack-knifed
confidence intervals were excluded. Then Student’s t-test was
performed to exclude variables with p � 0.05. Subsequently,
the elemental composition of the metabolites was calculated
by the SmartFormula function of DataAnalysis software and
mainly based on accurate mass and isotopic distribution.
Based on the above procedures, a total of 15 differential
metabolites were tentatively identified (Table 2).

Some approaches to lung cancer urinary metabolomics
have recently been reported [37, 38]. N6,N6,N6-trimethyl-L-
lysine, an important precursor of carnitine, was reported as
a potential biomarker of lung cancer by An [38]. Several acyl-
carnitines related to the fatty acid oxidation pathway were
found as differential metabolites of lung cancer in this study.
O-phosphotyrosine, uric acid, and series acylcarnitines, in-
cluding the metabolite m/z 286 (acylcarnitine C8:1) [39] were
also found in our previous global metabolomic study (manus-
cipt in preparation).

ESI is a so-called “soft ionization” technique [40], since
there is very little fragmentation compared to atmospheric
pressure chemical ionization (APCI) and electron ionization
(EI) in most cases. However, for some metabolites with unsta-
ble structure, more fragmentation could be observed. More
structural information can be gained from the multifragmen-
tations but it is difficult to discriminate whether the ion is a
co-eluted metabolite or just a fragment ion. As illustrated in
Supporting Information Fig. S2, the pCEC-MS system had an
additional selectivity due to the electroseparation mechanism.
In this study, retention times of co-eluted ions in different
separation mechanisms such as pCEC-MS, cHPLC-MS, and
conventional HPLC-MS helped us determine whether the ion
was a fragment ion. On the other hand, the fragmentations
of auto MS/MS were applied as a complementary method to
aid in this determination.

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 4. MS and MS/MS
analysis of m/z 265, 271, and
286 ions. MS spectrum of the
m/z 265 ion from a urine sam-
ple based on (A) pCEC-MS
and (B) cHPLC-MS. Extracted
ion chromatograms of the m/z
265 ion and related ions from
a urine sample based on (C)
pCEC-MS, (D) cHPLC-MS, and
(E) HPLC-MS (separation con-
ditions as in Supporting Infor-
mation Table S3). (F) MS spec-
trum of the m/z 271 ion based
on pCEC-MS. Auto MS/MS
spectra of ions of (G) m/z 265,
(H) m/z 271, and (I) m/z 286
based on pCEC-MS.

In this work, three interrelated differential metabolites
(ions of m/z 265, 271, and 286) were found and identi-
fied. As shown in Fig. 4 and Table 2, the m/z 265 ion was
identified as phenylacetylglutamine (PAGN) [41]. The ions of
m/z 130, 147, 219, and 248 were attributed as fragment ions
of PAGN according to the same retention times with PAGN
in three different separation modes and the MS/MS fragmen-
tation pattern. The ions of m/z 180 and 105 were determined

as other metabolite(s) due to obvious separation resolution
under pCEC mode, although they nearly co-eluted under
cHPLC and HPLC mode (Fig. 4) and even appeared in the
MS spectra of purified PAGN from urine [41].

Here we describe the identification of the m/z 271 ion.
Web database search results of HMDB (http://www.hmdb.ca)
and metlin (http://metlin.scripps.edu) indicated estrone as
the most likely compound. However, the retention time and

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com

http://www.hmdb.ca
http://metlin.scripps.edu


un
im
ic
ro
te
ch
.c
om

Electrophoresis 2014, 35, 2470–2478 Liquid Phase Separations 2477

Table 2. Summary of the differential urinary metabolites between lung cancer patients and healthy controls

No. Rt (min) m/z (Da) VIP PV1a) PV2b) FCc) Candidate metabolites

1 4.17 189.1644 1.91 0.037 0.007 1.97 N6,N6,N6-trimethyl-L-lysine
2 4.78 229.1251 5.13 0.016 0.015 2.04 Hydroxyprolyl-Proline
3 5.81 169.0407 4.51 0.033 0.021 1.52 Uric acid
4 6.76 147.0510 3.58 0.003 0.34 Unknown
5 9.17 262.0449 2.77 0.023 0.050 1.52 O-Phosphotyrosine

9.34 182.0740 2.20 0.029 1.44 Fragment of ion m/z 262
6 22.19 243.1401 2.77 0.010 0.002 0.37 Acylglutamine C6:1
7 22.84 265.1251 13.10 0.015 0.015 1.59 PAGN

22.82 248.0984 3.18 0.030 1.37 Fragment of ion m/z 265
22.82 219.1179 2.31 0.003 1.59 Fragment of ion m/z 265
22.85 147.0806 3.19 0.013 1.39 Fragment of ion m/z 265
22.85 130.0538 7.06 0.011 1.47 Fragment of ion m/z 265

8 27.99 271.1725 10.83 0.005 0.001 0.48 Acylglutamine C8:1
27.97 254.1460 2.38 0.010 0.61 Fragment of ion m/z 271
27.98 147.0808 2.87 0.012 0.63 Fragment of ion m/z 271
27.98 130.0546 3.51 0.005 0.57 Fragment of ion m/z 271

9 27.85 286.2087 13.74 0.001 0.001 0.49 Acylcarnitine C8:1
10 28.17 330.2353 3.34 0.043 0.033 0.59 Acylcarnitine C10:1+OH
11 28.41 310.2094 13.81 0.002 0.001 0.52 Acylcarnitine C10:3
12 29.07 356.2516 2.63 0.044 0.054 0.34 Acylcarnitine C13:1
13 29.11 336.2249 2.30 0.008 0.009 0.49 Acylcarnitine C12:4
14 29.31 302.2402 6.78 0.010 0.011 0.35 Acylcarnitine C9 (nonanoyl)
15 29.87 338.2408 2.70 0.007 0.018 0.47 Acylcarnitine C12:3
16 30.11 358.2672 6.15 0.006 0.004 0.31 Acylcarnitine C12:1+OH

a) PV1 is p-value obtained from Student’s t-test.
b) PV2 is p-value obtained from Mann–Whitney U test.
c) FC is fold change, calculated as the average of lung cancer patients relative to the average of healthy controls.

MS/MS peaks of ion m/z 271 did not agree with the standard
of estrone. By careful mass spectrum calibration, an accurate
m/z of 271.1652 was obtained. The highest score result cal-
culated by the SmartFormula function showed the formula
was C13H23N2O4 (delta = 0.1 ppm, mSigma = 2.3, rdb =
3.5). The candidate compound had the same downregulated
trend with acylcarnitine C8:1 in the lung cancer group, while
it had a contrary trend compared to PAGN. However, the
candidate’s MS and MS/MS fragmentations were similar to
PAGN. Based on the above information, the candidate was
potentially identified as acylglutamine C8:1. Exact structure
determination will require more information of the purified
compound from urine samples.

The conjugation of glutamine, glycine, and taurine to
some organic acids in the liver [42–44] is one of the liver
phase II detoxification pathways, where specific substances
are conjugated to metabolites to make them more water sol-
uble or less harmful, easier to transport, and excretable from
the body. Ions of m/z 265, 271, and 243 were identified
as glutamine conjugates due to the same fragment ions of
m/z 130 and 147 (Table 2). PAGN is one of the most com-
mon substances found in human urine and is known to form
in liver with phenylacetyl-CoA [45]. Acylglutamine C8:1 and
acylglutamine C6:1 are potentially phase II metabolites of
specific fatty acids. Receiver-operating-characteristic analysis
of acylglutamine C8:1 resulted in an area-under-curve value
of 0.882 (Supporting Information Fig. S5). According to the

above results, the pCEC-MS system proved to be a feasible
analytical platform for the identification of distinctive metabo-
lites (such as amino acid conjugates) as differential metabo-
lites from urine samples.

4 Concluding remarks

An on-line gradient pCEC-QTOF-MS method has been de-
veloped for the analysis of urine metabolites. Three kinds
of interfaces were designed and compared. The sheathless
interface was selected for further experiments. The method
was optimized and validated with mixed standards and
urine samples, and successfully applied to lung cancer
metabolomics. High separation efficiency was achieved us-
ing pCEC-MS. The different separation mechanism of pCEC
helped to identify distinctive metabolites, demonstrating that
the pCEC-QTOF-MS method might play an important role in
future metabolomic studies.
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