
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 6

/2
2/

20
25

 2
:5

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Evaluation of ser
aBeijing National Laboratory for Molecul

Spectrometry in Beijing, CAS Key Labora

Biosystems, CAS Research/Education Cente

Institute of Chemistry, Chinese Academy

E-mail: fuyi.wang@iccas.ac.cn
bCancer Research Centre, Tumour Hospital

226361, Jiangsu, PR China. E-mail: liping.y
cUniversity of Chinese Academy of Sciences,
dDepartment of Biochemistry and Molecu

Medical Epigenetics, Tianjin Medical Univer

† Electronic supplementary informa
10.1039/c7ra00827a

Cite this: RSC Adv., 2017, 7, 21630

Received 19th January 2017
Accepted 2nd April 2017

DOI: 10.1039/c7ra00827a

rsc.li/rsc-advances

21630 | RSC Adv., 2017, 7, 21630–2163
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Gastric cancer (GC) is the fourth most commonly diagnosed cancer and the third leading cause of cancer-

related deaths. Most GC deaths can be prevented by early diagnosis. However, biomarkers with high

sensitivity and specificity are rare. Comprehensive serum phosphopeptides analysis may lead to the

discovery of novel biomarkers for GC. In this work, we report a mass spectrometric strategy for the

evaluation of serum phosphopeptides separated and enriched by ZrAs-Fe3O4@SiO2 nanoparticles. Four

endogenous phosphopeptides in sera generated by degradation of fibrinogen were synthesized with

light- and heavy-glycine residues, respectively, as external/internal standards, and used to gain multi-

point standard calibration curves for absolute quantification of phosphopeptides by LC-ESI-MS following

ZrAs-Fe3O4@SiO2 enrichment. The ESI-MS signal ratios of the four pairs of light-/heavy-phosphopeptide

standards captured by ZrAs-Fe3O4@SiO2 from aqueous solutions are linearly correlated with the molar

ratios of the “light” to “heavy” phosphopeptides over the range of 0.05–5 mM with an r2 of up to 0.998

and a slope of close to 1. The recovery of the four phosphopeptides spiked at low, medium and high

levels in human sera were 94.7–107.5% with RSDs in the range of 0.6–8.2%. The validated method was

utilized to measure the phosphopeptide levels of serum samples from 30 healthy persons and 60 GC

patients. Receiver operating characteristic (ROC) analysis shows that one phosphopeptide (F3:

DpSGEGDFLAEGGGVR) yields high sensitivity and specificity of 90.0% and 96.7%, respectively, in the

validation set for discriminating GC patients from healthy controls. Overall, 53 of 60 GC cases and 29 of

30 controls were correctly classified, including eight of nine GC patients at stage I. These results suggest

that F3 in sera may be a potential biomarker for GC diagnosis, particularly for early stage cases.
Introduction

Gastric cancer (GC) is the fourth most commonly diagnosed
cancer and the third leading cause of cancer-related deaths. In
2008, approximately 9 894 600 new cancer cases of GC and
738 000 deaths as a consequence of this disease occurred
worldwide.1 The ve-year survival rate for GC patients identied
at the early stage can be 90% or higher. Unfortunately, the
majority of cases are diagnosed at later stages and the ve-year
survival rates are very low, typically less than 20 percent.2
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Cancer-specic biomarkers play important roles in cancer
diagnosis and prognosis,3,4 as most cancer-related deaths can
be prevented through early diagnosis and surgical removal of
early stage cancer.5 The carcinoembryonic antigen (CEA) and
carbohydrate antigen 19-9 (CA19-9) are recommended
biomarkers for the detection and management of GC, even
though these markers lack specicity and are not highly
sensitive.6–8 Thus, it is in great demand to identify and charac-
terize novel biomarkers for the early detection of GC.

Serum peptidome, which represents thousands of peptides
produced by degradation of endogenous proteins by proteases
or exoproteases,9–12 have recently been recognized as potential
signature pool for cancers as the amount and repertoire of
serum peptides change dynamically according to the physio-
logical or pathological state of an individual.13–17 Moreover,
post-translational modications such as phosphorylation make
the serum peptidomemore esoteric because phosphorylation of
proteins/peptides remains a critical role in a series of biological
processes including growth, metabolism, differentiation and
invasion of cells.18–21 Therefore, comprehensive analysis of
serum phosphopeptides may lead to discovery of novel
biomarkers or new diagnosis approaches.
This journal is © The Royal Society of Chemistry 2017
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Liquid chromatography coupled with mass spectrometry (LC-
MS) approach was considered to be a valuable strategy for the
simultaneous measurement of multiple phosphopeptides.
However, mass spectrometric identication and quantication of
serum phosphopeptides is a challenge due to the ion suppres-
sion effect of highly abundant proteins/nonphosphopeptides in
serum. To be successful at this predicament, a number of strat-
egies have been developed. Among them, immobilized metal
affinity chromatography (IMAC) and metal oxide affinity chro-
matography (MOAC) have been proven to be highly applicable to
phosphopeptides enrichment prior to MS analysis. IMAC, which
relies on the specic affinity of the phosphate group to metal
ions, is one of the widely used methods for phosphopeptides.
However, the specicity of the IMAC is not very high since some
non-phosphopeptides can also bind to the metal ions.22,23 To
reduce the unexpected absorption of non-phosphopeptides, an
alternative IMAC was developed by incorporating a exible linker
terminated with phosphonate groups that chelate zirconium or
titanium ions. The chelated metal ions can achieve specically
binding to phosphopeptides.24 Recently, one of us developed
a similar materials, ZrAs-Fe3O4@SiO2 nanoparticles,25 which
show excellent and robust enrichment power for isolating
phosphopeptides from complicated biological samples. The
ZrAs-Fe3O4@SiO2 nanoparticles couple arsenate groups for
chelation and immobilization of Zr4+ via coordination between
Zr4+ and the As–O bond, which create a favorable structure
orientation for the selective binding of phosphopeptides.24

Meanwhile, a number of approaches based on mass spec-
trometry have been developed for the quantication of serum
phosphopeptides, and most are relative quantication.
Recently, Zou and co-workers26 developed a type of modied
phosphoric acid functionalizedmesoporous organo-silica (EPO)
nanomaterials as the adsorbent for in situ enrichment and
isotopic labeling of endogenous phosphopeptides in serum.
The subsequently relative MS quantication revealed differ-
ences in the abundance of the phosphopeptides between 10
hepatocellular cancer patients and 10 healthy controls.
However, relative quantication of phosphorylation dynamics
carries limited information about biological basal state. Acting
as a clinical examination index, absolute level of site-specic
phosphporylation is required. Therefore, a number of
methods have been developed to establish absolute quanti-
cation of protein phosphorylation. Among them, AQUA27 is
fairly straightforward. However, it relies on single-point cali-
bration and may generate erroneous estimates if the endoge-
nous peptides span a large dynamic range across various
cases.28 Moreover, all these reports focused on the development
of new quantication approaches for phosphopeptides but put
less emphasis on the screening and discovery of reliable phos-
phopeptide biomarkers that can be applied for early detection
of cancers.

We have previously developed an MS method for absolute
quantication of endogenous phosphopeptides in serum in
combination with enrichment by titania coated magnetic
hollow mesoporous silica microspheres (TiO2/MHMSS) and
stable isotopic acetyl labeling which carried out aer phos-
phopeptide enrichment and separate processing. We found that
This journal is © The Royal Society of Chemistry 2017
the level of the phosphopeptide, DpSGEGDFLAEGGGVR, in the
serum samples of gastric cancer patients is signicantly down-
regulated in comparison to that in the sera of healthy group.29

In the present work, in order to evaluate further serum phos-
phopeptides as biomarkers for diagnosis of GC cases, we
develop a novel strategy for the mass spectrometric absolute
quantication27,30,31 of phosphopeptides separated and
enriched by ZrAs-Fe3O4@SiO2 nanoparticles. The four serum
phosphopeptides, which were commonly identied in
serum29,32 and generated from brinogen A,33 are chemically
synthesized with and without incorporation of deuterated
glycine residues as ideal external standards to gain multi-point
standard calibration curves. The synthetic deuterium-labeled
phosphopeptides of which the sequences match exactly to
endogenous peptides are added to serum as internal standards
before samples processing, which signicantly improves the
accuracy of the quantication of phosphopeptides. The abso-
lute concentration of the four phosphopeptides in sera of 30
healthy persons as controls and 60 GC patients, which were
randomly divided into training set and validation set and
grouped according to the disease stages, were precisely
measured by the developed method. Mann–Whitney analysis
was employed to compare serum phosphopeptide levels of
control and GC samples. Receiver operating characteristic
(ROC) curves were used to evaluate the sensitivity and specicity
of serum phosphopeptides as potential GC biomarkers.
Experimental
Reagents and material

The phosphopeptides DpSGEGDFLAEGGGV (F1), ADpSGEGD-
FLAEGGGV (F2), DpSGEGDFLAEGGGVR (F3) and ADpSGEGD-
FLAEGGGVR (F4), and the respective triply D2-glycine-
incorporated phosphopeptides, designated as D6-F1–D6-F4,
were synthesized by HysBio Ltd. (Beijing, China). Acetonitrile
(ACN) was purchased from Tedia, triuoroacetic acid (TFA) was
obtained from Sigma-Aldrich (USA). The deionized water used
in the experiments was prepared by a Milli-Q system (Millipore,
Milford, MA).

Titania coated magnetic mesoporous silica microspheres
(TiO2/MHMSS) and zirconium arsenate-modied magnetic
nanoparticles (ZrAs-Fe3O4@SiO2) were prepared following the
methods described previously.25,34 The chemicals used for the
fabrication of the microspheres and magnetic materials were
purchased from Shanghai General Chemical Reagent Factory
(Shanghai, China).
Participants

All procedures of this study involving human participants were
performed according to the ethical standards with the Helsinki
Declaration and the China's Ministry of Health “Ethical Review
of Human Biomedical Research (Tentative, 2007)”. The study
was approved by the Research Ethics Board of the Tumor
Hospital Affiliated to Nantong University. Written informed
consent was obtained from all human subjects included in the
study.
RSC Adv., 2017, 7, 21630–21637 | 21631
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Serum samples of 30 healthy persons and 60 GC patients
were collected at the Tumor Hospital Affiliated to Nantong
University, from the year of 2011 to 2013. GC samples were
obtained from patients before surgery, and all patients had
pathologically veried GC by the Department of pathology in
the tumor hospital. Controls were proven without any cancers
before sample collection.

Blood collection

To minimize institutional bias attributable to sample handling,
all samples were collected and handled with the same standard
procedures. Briey, all blood samples were collected in 7.0 mL
glass red-top tubes (BD; 366431), allowed to clot at room
temperature for 1 hour, and centrifuged at 2000g for 10 min at
room temperature. Sera (upper phase) were then transferred to
1.5 mL cryovials with 1 mL serum in each and stored frozen at
�80 �C until further use.

Separation and enrichment of phosphopeptides

For capturing endogenous phosphopeptides from human
serum, 10 mL of each serum sample was diluted with 80 mL 50%
ACN/0.1% TFA. Subsequently the diluted serum sample was
incubated with 10 mL of ZrAs-Fe3O4@SiO2 (30 mg mL�1) with
vibration for 30 min, then the supernatant was removed by
amagnet and the nanoparticles with captured phosphopeptides
were then washed with 100 mL 50% ACN/0.1% TFA and 30%
ACN/0.1% TFA in turn. Finally the bound peptides were eluted
with 30 mL 2.5% ammonium hydroxide (pH 11.5) for 10 min.
Aer separating the ZrAs-Fe3O4@SiO2 nanoparticles from the
sample solution by applying an external magnet, the superna-
tant was collected and lyophilized to dryness. For comparison,
TiO2/MHMSS was also used for phosphopeptides enrichment
following the same procedure described above.

Mass spectrometry

MALDI-TOF mass spectrometry analysis was performed on an
Autoex III mass spectrometer (Bruker, Germany) under
positive-ion mode. The instrument was equipped with a delayed
ion-extraction device and a pulsed nitrogen laser operating at
337 nm. Typically, 1200 scans were averaged. The MALDI uses
a groundsteel sample target with 384 spots. For the analysis of
phosphopeptides, 20 mg mL�1 2,5-dihydroxybenzoic acid
(DHB) in 50% ACN/1% phosphoric acid was used as the matrix.
An aliquot (3 mL) of samples was mixed with the matrix solution
in a 1 : 1 ratio prior to deposition onto the target plate for data
collection. The Flexanalysis (ver. 3.0) soware was used for
analysis and post processing.

Positive-ion electrospray ionization mass spectrometry (ESI-
MS) analysis was performed on a Micromass II Q-TOF mass
spectrometer (Waters) coupled to a Waters CapLC system. The
phosphopeptides captured from human serum samples were
separated on a symmetry-C18 column (1.0 � 50 mm, 100 Å,
3.5 mm, waters). Mobile phases were A: 95% H2O containing
4.9% acetonitrile and 0.1% formic acid, and B: 95% acetonitrile
containing 4.9% H2O and 0.1% formic acid. The peptides were
eluted with a 30 min linear gradient from 1% to 80% of B at
21632 | RSC Adv., 2017, 7, 21630–21637
a rate of 30 mL min�1. The eluent was directly infused into the
mass spectrometer through the ESI probe. The spray voltage of
the mass spectrometer was 3.30 kV and the cone voltage 35 V.
The desolvation temperature was 413 K and source temperature
353 K. Nitrogen was used as both cone gas and desolvation gas
with a ow rate of 40 L h�1 and 400 L h�1, respectively. The
collision energy was set up to 5 V. All spectra were acquired in
the range of 500–2000 m/z. Mass Lynx (ver. 4.0) soware was
used for analysis and post processing.

Quantication of phosphopeptides

To generate the calibration curves for the absolute quantica-
tion of endogenous phosphopeptides in human serum, 5 mL of
a solution containing D6-labeled phosphopeptides (D6-F1–D6-
F4, 1 mM each) was mixed with equal volume of light phos-
phopeptide solution at different concentrations, giving rise to
a series of standards with a gradient molar ratio (H6-Fi/D6-Fi) of
0.05, 0.1, 0.2, 0.5, 1, 2, 5, and then the resulting mixtures were
diluted with 50% ACN–0.1% TFA to 100 mL. Subsequently, the
enrichment by ZrAs-Fe3O4@SiO2 was performed for each stan-
dard sample prior to LC-MS analysis following the procedure
described above. The peak intensity ratios of light-/heavy-
peptide measured by LC-MS versus the respective molar ratios
of light-/heavy-peptide were plotted and tted to linear regres-
sion formula, generating calibration equation for each phos-
phopeptide. To determine endogenous phosphopeptides in
human serum, 1 mL of standard solution containing D6-labled
phosphopeptide standards (D6-F1–D6-F4, 5 mM each) was
spiked into 10 mL of each serum sample, and then diluted with
89 mL 50% ACN-0.1% TFA. Subsequently the diluted serum
sample was subject to ZrAs-Fe3O4@SiO2 separation and
enrichment followed by LC-MS analysis. The peak intensity
ratio of each endogenous phosphopeptide to respective heavy
standard peptide was used to calculate its concentration in the
serum sample using the established calibration equation.

Statistical methods

Mann–Whitney analysis was used to compare serum phospho-
peptide levels between controls and GC samples. Receiver
operating characteristic (ROC) curves were plotted to evaluate
the sensitivity and specicity of serum phosphopeptides as
biomarkers predicting GC. A two-tailed P value less than 0.05
were considered to be statistically signicant. All data analyses
were performed using Origin (version 8) and SPSS 19.

Study design

The general data ow for discovery and validation of biomarker
clusters is shown in Fig. 1. The present work enrolled 60 GC
cases and 30 healthy controls. The GC samples were randomly
divided into training set (TS) and validating set (VS) to identify
serum phosphopeptides as a surrogate biomarker for GC. In the
analysis process, serum phosphopeptides were isolated and
enriched using IMAC and subsequently identied and quanti-
ed by our developed method. Nonparametric test was used to
compare serum phosphopeptides levels between the training
set (40 GC cases) and healthy controls for the discovery of
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic representation of sampling process and data
acquirement and post analysis procedure in this work.

Fig. 2 Mass spectra of phosphopeptides in human serum obtained by
direct analysis (a) and after enrichment by TiO2/MHMSS (b) or ZrAs-
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phosphopeptides that could distinguish the two groups signif-
icantly. ROC characterization was applied to rene and assess
the screened phosphopeptides. Then, to assess accuracy of the
serum phosphopeptides-based biomarkers in predicting GC,
the validation set of subjects (20 GC cases) was analyzed by the
same method.
Fe3O4@SiO2 nanoparticles (c).
Results and discussion
Comparison of ZrAs-Fe3O4@SiO2 and TiO2/MHMSS for
enrichment of phosphopeptides

In previous reports, we used TiO2 coated magnetic hollow
mesoporous silica spheres (TiO2/MHMSS)34 to isolate and
enrich phosphopeptides from sera.29 However, the application
of TiO2/MHMSS to capture phosphopeptides was not very
satisfactory, perhaps due to the relatively lower efficiency of the
TiO2/MHMSS materials for capturing the phosphopeptides in
sera. Recently, Feng et al. have shown that zirconium arsenate-
modied magnetic nanoparticles (ZrAs-Fe3O4@SiO2) had high
selectivity for phosphopeptides and excellent capture capability
towards multiply-phosphopeptides.25 Herein, to compare the
enrichment selectivity and efficiency of TiO2/MHMSS and ZrAs-
Fe3O4@SiO2, we used these two types of materials to separate
and enrich phosphopeptides from human serum following the
protocol described in the Experimental section. There are no
phosphopeptide signals observed in the MALDI mass spectrum
of the serum sample without enrichment (Fig. 2a). However,
aer enrichment by TiO2/MHMSS or ZrAs-Fe3O4@SiO2, four
phosphopeptide ion peaks appear in both mass spectra as
This journal is © The Royal Society of Chemistry 2017
shown in Fig. 2b and c. The MS2 spectra (Fig. S1 in the ESI†)
obtained by selecting the precursor ions at m/z 1389.3,
1460.4, 1545.5 and 1616.6 indicate that the four precursor
ions correspond to the well-established phosphopeptides,
DpSGEGDFLAEGGGV (F1), ADpSGEGDFLAEGGGV (F2),
DpSGEGDFLAEGGGVR (F3) and ADpSGEGDFLAEGGGVR (F4),
respectively. The phosphopeptides F1–F3, which are isoforms of
the phosphorylated brinogen peptide A (FPA) designated as F4
herein, may be the degraded fragments from F4 by proteases.33

Compared the two mass spectra shown in Fig. 2b and c, we can
see that the peak intensities of phosphopeptides enriched by
ZrAs-Fe3O4@SiO2 are higher than those captured by TiO2/
MHMSS enrichment, and that few nonphosphopeptide signals
were observed in the former sample. These indicate that ZrAs-
Fe3O4@SiO2 nanoparticles have higher selectivity and larger
capacity than TiO2/MHMSS for separation and enrichment of
phosphopeptides from human serum.

To further compare the performance of TiO2/MHMSS and
ZrAs-Fe3O4@SiO2 for enrichment of the four phosphopeptides,
we use both of the materials to trap the synthesized phospho-
peptides from aqueous solutions. The same amount of the four
RSC Adv., 2017, 7, 21630–21637 | 21633
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Fig. 4 Mass spectra of standard samples containing various ratios of
H6- and D6-phosphopeptide F1 after enrichment by ZrAs-Fe3O4@SiO2

nanoparticles. The inset shows the calibration curve plotted by the
intensity ratio vs. the molar ratio of H-/D-F1. Every intensity ratio of the
calibration was the average of triple experiments.
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H6- and D6-phosphopeptide standards were dissolved in
deionized water, respectively, giving to light- and heavy-peptide
mixtures containing 0.5 mM of each peptide. Then the light- and
heavy-peptide mixtures were separated and enriched by TiO2/
MHMSS and ZrAs-Fe3O4@SiO2, respectively, and the phospho-
peptide eluents were isovolumetrically mixed and analyzed by
LC-ESI-MS. Fig. 3 displays the mass spectra of the four pairs of
light-/heavy-phosphopeptides in the nal mixture. The signal
intensities of D6-phosphopeptides enriched by ZrAs-Fe3O4@-
SiO2 were higher than respective H6-phosphopeptides captured
by TiO2/MHMSS. In particular, the intensity of the heavy F1 is
over twice as much as that of the light F1 (Fig. 3a). These again
indicate that ZrAs-Fe3O4@SiO2 is more effective than TiO2/
MHMSS for isolation and enrichment of phosphopeptides, thus
was applied for the following experiments.
MS quantication of phosphopeptides in human serum

To generate calibration curves for the absolute quantication of
the four endogenous phosphopeptides in serum, a series of
solutions containing various concentrations of synthetic light
phosphopeptides (H6-F1–H6-F4) were isovolumatically with
a solution containing 0.5 mM of heavy phosphopeptides (D6-F1–
D6-F4), and then individually incubated with ZrAs-Fe3O4@SiO2

for enrichment of the phosphopeptides. The eluents gave
a series of standards with a molar ratio of H-pool/D-pool
ranging from 0.05 to 5. Subsequently the calibration curve for
each phosphopeptide was plotted by the intensity ratio of the
most abundant isotopic peak of the H-/D-peptide versus their
molar ratio, and the results are shown in Fig. 4 and S2–S4.† The
linear regression analysis yielded the calibration equations with
a slope close to 1 and an R2 of up to 0.998 (Table S1 in the ESI†).
This suggests that the signal ratios of light/heavy pairs
measured by ESI-MS allow accurate quantitative analysis of the
phosphopeptides captured by ZrAs-Fe3O4@SiO2. The accuracy
of the established method and its applicability was assessed by
Fig. 3 Mass spectra for a sample prepared by isovolumatic mixing of
H6- and D6-phosphopeptides enriched by TiO2/MHMSS and ZrAs-
Fe3O4@SiO2 nanoparticles, respectively, from solutions containing the
same concentration (0.5 mM) of the light- and heavy-phosphopep-
tides. (a) F1, (b) F2, (c) F3, and (d) F4.

21634 | RSC Adv., 2017, 7, 21630–21637
the recovery experiments, for which samples were prepared by
spiking varying concentrations of synthetic light phosphopep-
tides and 0.5 mMof heavy phosphopeptides into a serum sample
of healthy adults. The analytical recovery was calculated as the
ratio of the determined light phosphopeptide concentration to
that of the spiked concentration, and expressed as percentage.
The results (Table 1) indicate that at the low (0.1 mM), mediate
(0.5 mM) and high (1.5 mM) spiking levels, the recovery of the
four phosphopeptides ranges from 94.7 to 107.5%. This implies
the high accuracy of proposed method for determination of
serum phosphopeptides and little interference from endoge-
nous substances in serum samples was observed.35

Evaluation of serum phosphopeptides as potential
biomarkers for GC

In a previous study, we have reported that the phosphopeptide
F3 (DpSGEGDFLAEGGGVR) was signicantly down-regulated in
the sera of patients compared with healthy controls (20 GC
cases vs. 20 controls).29 To further evaluate the potential of
serum phosphopeptides as biomarkers for GC, we applied the
proposed method described above to determine the concen-
tration of phosphopeptides in serum samples collected from 30
healthy people and 60 GC patients. Table S2† summarizes the
demographic data (ages and sex) for patients and healthy
controls both overall and separately for the training set (TS) and
validating set (VS). Although the participants were consecutively
recruited, GC patients showed older than controls. However,
there were no statistically signicant differences between
Table 1 Recovery of phosphopeptides F1–F4 in human sera spiked
with different levels of phosphopeptide standards determined by ESI-
MS after enrichment by ZrAs-Fe3O4@SiO2 nanoparticles

Peptides Original Conc./mM

Recovery (%, n ¼ 3) for different
spiking levels

0.1 mM 0.5 mM 1.5 mM

F1 0.33 � 0.02 99.5 � 3.7 97.6 � 5.2 107.0 � 1.0
F2 0.21 � 0.02 97.6 � 4.9 107.5 � 6.9 97.9 � 8.2
F3 0.10 � 0.01 97.6 � 3.0 96.6 � 0.6 95.2 � 1.1
F4 0.09 � 0.01 94.7 � 3.1 101.9 � 6.0 96.4 � 2.5

This journal is © The Royal Society of Chemistry 2017
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patients in the TS and VS. Tumor characteristics of the selected
GC patients were also shown in Table S2.† Overall, the majority
(81.7%) of GC cases were diagnosed in stages II, III and IV
(49 of 60), and only 15% of GC cases were at stage I (9 of 60), and
two patients remained in unknown tumor stage. There were no
signicantly statistical differences in disease characteristics
between subjects in TS and VS.

The synthesized hexa-deuterated phosphopeptides D6-F1–
D6-F4 were spiked into the serum samples as an internal stan-
dard to achieve a nal concentration of 0.5 mM. The mixtures
were then incubated with ZrAs-Fe3O4@SiO2 for isolation and
enrichment of phosphopeptides, followed by LC-ESI-MS anal-
ysis. The signal ratio of each phosphopeptide in the samples to
respective D6-labeled internal was used to calculate its
concentration following the corresponding equation listed in
Table S1.† Every phosphopeptide level of each serum sample
was the average of triple experiments. The results were dia-
grammatically shown in Fig. 5. On average, F1 shows the
highest levels, comprising 42% of total phosphopeptides in sera
of GC patients, and 36% in controls. The GC group showed
signicantly lower serum levels of F1, F2 and F3, compared with
controls in both the TS and VS, but tended to have higher levels
of F4 than the controls (Table 2).

The Mann–Whitney test was applied to evaluate the differ-
ences in the serum level of the four phosphopeptides between
Fig. 5 Scatter plots demonstrating the concentration distribution of
the four endogenous phosphopeptides F1–F4 in serum samples of
healthy persons (HPs) and gastric cancer patients (GCPs). Every
concentration level of each serum sample was the average of triple
experiments.

Table 2 Statistical analysis of phosphopeptide levels (mM) in the serum

Training set (TS) Valida

Controls (n ¼
30) GC (n ¼ 40)

Mann Whitney
P value

Contr
30)

Mean SD Mean SD Mean

F1 1.13 0.32 0.93 0.42 0.01 1.13
F2 0.93 0.28 0.60 0.32 <0.001 0.93
F3 0.89 0.34 0.28 0.16 <0.001 0.89
F4 0.21 0.10 0.38 0.38 0.21 0.21

This journal is © The Royal Society of Chemistry 2017
the healthy group and cancer patient groups. Compared with
controls in both the TS and VS, F3 was signicantly reduced (P <
0.001). In addition, F1 and F2 showed statistical differences (P <
0.05). However, F4 remained no signicant difference (P > 0.05)
(Table 2). Furthermore, statistical analysis was made for levels
of phosphopeptides F1–F4 in the serum samples of GC cases
between subjects in the TS and VS. The results indicate that
there are no statistically signicant differences between TS and
VS subjects for the four phosphopeptides (P [ 0.05) (Table 2).

We next assessed the sensitivity and specicity of the phos-
phopeptides as potential biomarkers for GC diagnosis by
receiver operating characteristic (ROC) analysis. The results
showed that F3 has higher sensitivity (87.5%) and specicity
(96.7%) than F1, F2 and F4 for GC cases in TS (Fig. 6). The
discriminatory ability of F3 for GC case in VS is 90.0% and
96.7% (sensitivity and specicity, respectively). For all samples
(TS + VS), F3 level was lower than the 0.46 mM cutoff value in 53
(88.3%) of 60 patients with GC, yielding a sensitivity and spec-
icity of 88.3% and 96.7%, respectively (Fig. S5†). Encourag-
ingly, the F3 level in sera was signicantly reduced in eight
(89%) of nine patients at stage I. In contrast, among the healthy
controls, lowered F3 level was detected in only one (3.3%) of 30
individuals (Fig. 7).

Our study demonstrates herein that phosphopeptide F3 is
signicantly reduced in serum of GC patients compared with
healthy controls, suggesting that F3 may represent potential
biomarker for GC. When F3 was incorporated ROC analysis
independently, GC could be distinguished from controls with
88.3% specicity and 96.7% sensitivity, in particular, correctly
detected 8 of 9 early stage GC cases. This suggests its potential
utility in diagnosing early-stage GC that may be amenable to
surgical resection. However, the results are based on a limited
participant set and further studies will be required to validate
the diagnostic value of F3 for GC. In addition, the 0.46 mM cutoff
value that used to classify GC cases and controls needs to be
optimized in the forthcoming large-scale studies.

In our study, the down-expressed F3, which was inconsistent
with Zou's reports about hepatocellular carcinoma,32 may be
specic for GC. However, more patients with other type of
cancers are required to proven this speculation. In addition, the
decreased F3 levels may reect inammatory dynamic, which
may contribute to the increased risk of developing cancer.36

Thus, a further study to evaluate the difference between the
samples of GC cases and healthy controls

tion set (VS)

P value
(TS vs. VS for GC)

ols (n ¼
GC (n ¼ 20)

Mann Whitney
P valueSD Mean SD

0.32 0.94 0.61 0.04 0.57
0.28 0.66 0.53 0.02 0.83
0.34 0.26 0.18 <0.001 0.55
0.10 0.38 0.42 0.77 0.64
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Fig. 6 ROC curves for (a) F1, (b) F2, (c) F3 and (d) F4, showing the
comparison of controls and GC cases in training set. The inserts sens,
spec and AUC represent sensitivity, specificity and area under the
curve, respectively.

Fig. 7 Phoshopeptide F3 level in serum samples of healthy persons
(HPs) and gastric cancer patients (GCPs). The horizontal line denotes
a cutoff of 0.46 mM for F3.
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serum level of F3 in inammatory and GC patients is needed in
the future research.

The precise mechanism that F3 levels become reduced in
cases of GC remains unclear. F3 is derived from naturally
occurring serum peptides, brinopeptide A (FPA), which is
generated from N terminally cleaved from brinogen by
thrombin to form brin.33 Recent studies have established
tumor-specic serum peptidome patterns due to differential
exoprotease activities.11 Ebert and coworkers have reported that
the levels of FPA, which reected expression and activity of
thrombin and proteases and implicated in tumor biology,
elevated in gastric cancer sera. Moreover, FPA may exert direct
tumor-promoting effects through its function as a mitogen for
endothelial cells and broblasts.37 Therefore, F3 may represent
the expression and activity of enzymes including kinases,
phosphatases, endoproteases and exoproteases in serum of
21636 | RSC Adv., 2017, 7, 21630–21637
individuals. Again, further studies are requested to conrm the
mechanisms causing decrease in serum level of F3 in cases
developing GC.

Conclusions

In this work, we have developed a mass spectrometric strategy
for the absolute quantication and evaluation of serum phos-
phopeptides as potential biomarkers for gastric cancer. In
comparison with the previous reports, our strategy has several
advantages. Firstly, we used magnetic ZrAs-Fe3O4@SiO2 nano-
particles to isolate and enrich phosphopeptides in sera,
promoting the specicity and efficiency of phosphopeptide
enrichment. Secondly, the four phosphopeptides commonly
identied in serum and generated from brinogen A were
chemically synthesized with incorporation of light- and heavy-
glycine residues to serve as external and internal standards
for gaining calibration curves and the subsequently quanti-
cation of phosphopeptides by LC-ESI-MS. This signicantly
improved the accuracy of the absolute quantication of phos-
phopeptides. Thirdly, more serum samples were clinically
collected, grouped according to the disease stage, and randomly
divided to training set and validation set, making the evaluation
of serum phosphopeptides as biomarkers to GC more valuable.
Our studies revealed that one phosphopeptide, DpSGEGD-
FLAEGGGVR (F3), yields high sensitivity and specicity (both >
90%) for discriminating GC patients from healthy controls.
Overall, 53 of 60 GC cases and 29 of 30 controls were correctly
classied, including 8 of 9 GC patients at stage I. These results
indicate that reduced F3 level in sera may be a potential
biomarker for GC, even for GC in early stage, though the rela-
tionship between F3 and GC development and the potency of F3
as a biomarker for GC diagnosis still need further validation in
larger populations.
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