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a b s t r a c t

Amino-containing compounds, including amino acids, aliphatic amines, aromatic amines, small peptides
and catecholamines, are involved in various biological processes and play vital roles in multiple meta-
bolic pathways. Previous studies indicated that some amino-containing metabolites are significant
diagnostic and prognostic biomarkers of gastric cancer. However, the discovery of precise biomarkers for
the preoperative diagnosis of gastric cancer is still in an urgent need. Herein, we established a polarity-
regulated derivatization method coupled with liquid chromatography-mass spectrometry (LC-MS) for
amino-containing metabolites profiling in the serum samples of patients with gastric cancer and healthy
controls, based on our newly designed and synthesized derivatization reagent (S)-3-(1-(diisopropox-
yphosphoryl) pyrrolidine-2-carboxamido)-N-hydroxysuccinimidyl ester (3-DP-NHS). Enhanced separa-
tion efficiency and detection sensitivity for amino-containing metabolites were achieved after
derivatization. This method exhibited good linearity, recovery, intra- and inter-day precision and accu-
racy. Only 5 mL serum is needed for untargeted analysis, enabling 202 amino-containing metabolites to
be detected. Statistical analysis revealed altered amino acid metabolisms in patients with gastric cancer.
Furthermore, ultra high performance liquid chromatography coupled with mass spectrometry (UHPLC-
MS/MS) analysis quantification revealed increased serum levels of tryptamine and decreased concen-
trations of arginine and tryptophan in patients with gastric cancer. Receiver operating characteristic
(ROC) curves indicated that an increased tryptamine/tryptophan ratio could serve as a potential
biomarker for gastric cancer diagnosis. This study demostrated the possibility of using serum amino acid
biomarkers for gastric cancer diagnosis, providing new avenues for the treatment of gastric cancer.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gastric cancer is the second most-common cause of cancer-
related deaths worldwide. Variation in tumor biology between
regions leads to differences in survival outcomes, with overall 5-
year survival rates being 10%e15% in North America and 45%e
50% in East Asia [1,2]. Various risk factors, such as age, sex, race,
infectionwith Helicobacter pylori bacteria, and smoking are thought
to be closely related to gastric cancer. In recent years, other risk
factors such as pernicious anemia and a history of mucosa-
associated lymphoid tissue lymphoma have been found to have
University.

ust.edu.mo (J.-L. Wu).

er B.V. on behalf of Xi’an Jiaotong
an impact on gastric cancer [3]. Gastric cancer has become a great
health concern for East Asians, making early diagnosis crucial.
However, as no specific symptoms are displayed in the early stages,
most patients are diagnosed at an advanced stage with lymph node
or remote metastasis [4]. Therefore, rapid discrimination between
patients with gastric cancer and healthy people is important in the
early stages of intervention.

Metabolic profiling analysis has been proven to be a practical
approach for clinical diagnosis, biomarker screening, and moni-
toring of metabolic alteration [5,6]. It is considered as a useful tool
for detecting biological alterations in biological specimens. Amino-
containing compounds, including amino acids, aliphatic amines,
aromatic amines, small peptides and catecholamines, etc. are
involved in various important metabolic pathways. Clinical research
has indicated that some of these metabolites are significant
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diagnostic and prognostic biomarkers for gastric cancer [7]. Recent
studies have shown that alterations in amino acid concentration
may be strongly related to cancer cell proliferation and tumori-
genesis [8,9]. In addition, some nervous system-associated factors,
synthesized and released by both cancer cells and nerve terminals,
participate in the regulation of many aspects of gastric cancer, such
as cell proliferation, angiogenesis, metastasis and recurrence [10].
Hence, developing a new method for the detection and quantifica-
tion of amino-containing compounds, especially amino acids and
some amino-containing neurotransmitters, is essential for under-
standing pathological pathways, and improving the diagnosis and
treatment of diseases.

Owing to its excellent performance in component separation
and structure elucidation, liquid chromatography-mass spec-
trometry (LC-MS) is considered a suitable technology for profiling
amino-containing compounds in complex matrices. Hydrophilic
liquid interaction chromatography (HILIC) is a good method for
analyzing highly polar compounds. However, the limitations of
HILIC, such as a long re-equilibration time and less Gaussian an-
alyte peaks [11], prompted us to turn our attention to a more
robust and reproducible platform for reversed-phase chroma-
tography. However, the relatively high polarity of most amino-
containing compounds leads to weak retention and insufficient
separation in commonly used reversed-phase LC (RPLC) columns.
This leads to a poor response in soft ionization sources, which
often results in low sensitivity, low resolution, and poor peak
shape [12]. Previous reports have shown that some amino-
containing metabolites, particularly neurotransmitters, are high-
ly reactive and can be quickly oxidized or broken down once
removed from the biological matrix. This inherent instability
prompts the addition of stabilizing agents during derivatization
processes [13]. Thus, simultaneous detection and quantification of
these amino-containing compounds by RPLC remains challenging.

To solve this problem, chemical derivatization strategies have
been introduced, which offer a promising approach for the sensi-
tive detection and quantification of amino-containing compounds
in RPLC-MS [14]. Generally, chemical derivatization can dramati-
cally change the hydrophilicity of amino-containing compounds
and enable good retention and separation of reversed phases [15].
Moreover, the addition of a derivatization reagent to amino groups
increases the total molecular weight and eventually reduces the
background noise from the matrix [16], resulting in sensitivity
enhancement. N-hydroxysuccinimidyl (NHS)-containing reagents
have received considerable attention because of their relatively
high reactivity under mild conditions, including its carbonate,
carbamate, and ester [17]. To date, multiple NHS-based derivati-
zation reagents havebeendeveloped and applied for the analysis of
amino-containing compounds. For example, 6-aminoquinolyl-N-
hydroxysuccinimidyl carbamate (AQC) has been employed for the
quantification of amino acids in Arabidopsis thalianamutants [18].
N-hydroxysuccinimidyl carbamate (5-AIQC) was used for the
measurement of amino-containing metabolites in the hemolymph
of silkworms [19]. In addition, two CIL reagents, 4-
dimethylaminobenzoylamido acetic acid N-hydroxylsuccinimide
ester (DBAA-NHS) and 4-methoxybenzoylamido acetic acid N-
hydroxylsuccinimide ester (MBAA-NHS), were used for quantita-
tive profiling of the amine submetabolome and metabolite iden-
tification in a pooled urine sample [20]. Other NHS ester-based
isobaric tag derivatization reagents, i.e., iTRAQ [21] and TMT [22],
have been developed and are widely employed in proteomic
workflows requiring relative quantification. NHS-based chemical
derivatization with LC-MS has afforded significant improvements
in amine metabolite detectability and shed light on the relation-
ships between amino-containing metabolite biomarker discovery
and the treatment of related diseases. However, some drawbacks
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still exist such as relatively harsh derivatization conditions, a lack
of qualitative identification of metabolites, and complex sample
preparation procedures.

In this work, a novel derivatization reagent (S)-3-(1-(diiso-
propoxyphosphoryl) pyrrolidine-2-carboxamido)-N-hydroxysuc
cinimidyl ester (3-DP-NHS) was first synthesized and employed
in a polarity-regulated derivatization-assisted LC-MS method for
amino-containing metabolite profiling. Optimization of the
derivatization conditions, chromatographic parameters, and MS
parameters improved the detection sensitivity and separation
efficiency of RPLC. Fragmentation analysis of the derivatized
amino-containing compounds provided useful information for
structural identification. Furthermore, untargeted analysis by
derivatization-RPLC-high resolution mass spectrometry (HRMS)
was performed using serum samples from gastric cancer pa-
tients and healthy controls. Relevant metabolic pathways and
potential biomarkers in patients with gastric cancer were
identified. Finally, the established method was applied to the
targeted analysis of amino-containing compounds in these
serum samples, and the influence of microbial metabolites on
disease progression was determined.

2. Materials and methods

2.1. Chemicals and reagents

L-Methionine (Met), L-Proline (Pro), L-Phenylalanine (Phe), L-
Arginine (Arg), L-Lysine (Lys), L-Cysteine (Cys), L-Asparagine (Arg)
and L-Histidine (His) were supplied by Huixing Biochemical Re-
agent Co., Ltd (Shanghai, China). (±)-Octopamine hydrochloride
(Oct), L-Tyrosine (Tyr), L-Leucine (Leu), Glycine (Gly), L-Glutamic
acid (Glu), L-Valine (Val), L-Isoleucine (Ile), L-Alanine (Ala), L-Thre-
onine (Thr), L-Tryptophan (Trp), 4-Chlorophenylalanine (4-Cl-Phe),
N-hydroxysuccinimide (NHS), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC HCl), 1-hydroxyben-
zotriazole (HOBt), and ammonium acetate were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). L-Aspartic acid
(Asp) and tryptamine (TRA) were purchased from J&K Chemical
(Beijing, China). L-Serine (Ser) and L-Asparagine (Asn) were pur-
chased from Macklin Biochemical Co., Ltd (Shanghai, China). 4-(2-
amino-ethyl)-2-methoxy-phenol hydrochloride (3-MT), 3-(2-
Methylaminoethyl) indole hydrochloride (NMTRA), 5-
Hydroxytryptophan (5-HTP), serotonin (5-HT) and N-methyltyr-
amine (NMTYA) were purchased from Toronto research chemicals
(Toronto, Canada). Serotonin-a,a,b,b-d4 (5-HT-d4) was purchased
from CDN isotopes (Quebec, Canada). Diisopropyl phosphite (DIPP)
and 3-aminobenzoic acid were purchased from TCI Co., Ltd
(Shanghai, China). Analytical grade triethylamine (NEt3), anhydrous
sodium sulfate (Na2SO4) and carbon tetrachloride (CCl4) were ob-
tained from Tianjin Damao Chemical Reagent Factory (Tianjin,
China). LC-MS grade acetonitrile (ACN), HPLC grade methanol
(MeOH), ethanol, ethyl acetate, n-hexane and dichloromethane
(CH2Cl2) were obtained from Anaqua Chemicals Supply Inc., Ltd.
(Houston, TA, USA). Ultrapure water (18.2 MU) was produced by a
Milli-Q purification system (Millipore Corporation, Burlington, MA,
USA).

2.2. Preparation of stock solutions

Stock solutions of amino-containing compounds were prepared
in Milli Q water or 50% MeOH (V/V) and then serially diluted to
obtain the working solutions. Three quality control (QC) working
solutions at low, medium, and high concentrations were also pre-
pared in a similar manner. In addition, 4-Cl-Phe and 5-HT-d4 were
added into the stock solution as internal standards at final
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concentration of 10 ng/mL and 50 ng/mL, respectively. All standard
solutions were stored at �20 �C prior to use.

2.3. Study design and patient population

Serum samples were obtained from Shenzhen University
General Hospital. 10 gastric cancer patients consisting 6 males
and 4 females with an average age of 64.6 ± 7.9 (mean ± standard
deviation (SD)) were recruited for this study, while 15 healthy
controls comprising of 8 males and 7 females with an average age
of 49.3 ± 4.7 (mean ± SD) were included. All patients and healthy
controls were provided informed consent for the samples and all
experiments were performed in accordance with Ethics Com-
mittee Guidelines (detailed information in Table S1). Samples
were stored at �80 �C before use.

2.4. Preparation of serum sample

The serumwas stored at�80 �C until used. After thawing, 5 mL of
serumwas collected in a 1.5 mL centrifuge tube and 100 mL precool
MeOH was added to precipitate the protein. After vortexed for 30 s,
the mixture was centrifuged at 13,500 rpm for 5 min at 4 �C. The
extraction was repeated twice and the combined supernatants
were dried under a gentle nitrogen stream. The residue was stored
at �20 �C before derivatization.

2.5. Synthesis of 3-DP-NHS

The derivatization reagent 3-DP-NHS was synthesized ac-
cording to the described method [23e25]. In brief, 1 equiv of Pro
was dissolved in triethylamine-water-ethanol (5:3:2, V/V/V) un-
der stirring and the solution was cooled to 0 �C in an ice bath. A
mixture of 1 equiv of DIPP in CCl4 was added dropwise. After
stirring at room temperature for 12 h, the mixture was acidified
with 1 mol/L HCl to pH 2 in an ice bath and then extracted with
ethyl acetate. The organic layer was collected, dried over anhy-
drous Na2SO4 and evaporated to give a yellow oily residue, which
was further purified by crystallization from ethyl acetate/
n-hexane to give compound 1. 1 equiv of 3-amino benzoic acid,
2 equiv of EDC HCl, 2 equiv of N-hydroxysuccinimide were sus-
pended in CH2Cl2 and stirred at room temperature for 4 h. After
washed with water and brine, the organic layer was collected and
dried over anhydrous Na2SO4. The solvent was removed by rotary
evaporation to give compound 2 as a yellow solid. At last, 1 equiv
of compound 1, 1.2 equiv of compound 2, 1.2 equiv of EDC HCl
and 0.2 equiv of HOBt were mixed in CH2Cl2 and stirred at room
temperature for 12 h. The crude product was obtained by passing
the reaction mixture through a silica gel column to yield the pure
white product (3-DP-NHS) (the overall yield is 19%). Both the
nuclear magnetic resonance (NMR) (Figs. S1 and S2) and high-
resolution mass spectrometry (Fig. S3) analysis demonstrated
that 3-DP-NHS was synthesized successfully.

2.6. Chemical derivatization of amino-containing compounds by 3-
DP-NHS

Ten microliters of certain concentrations of amino-containing
compounds standards were added to a 1.5 mL tube, followed by
40 mL of 3 mM 3-DP-NHS and 40 mL of 10 mM NEt3. The reaction
mixture was placed in water bath at room temperature under ul-
trasound irradiation for 20 min (The initial water bath temperature
was 18 �C and terminated at 35 �C). The reaction mixture was
quenched by 10 mL of 1% formic acid solution and then dried under
nitrogen stream. After drying with nitrogen gas, the residue was
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redissolved in 100 mL of 50% (V/V) ACN and 1 mL of 3-DP-NHS
derivatized amine metabolites solution was subjected to LC-MS
analysis.
2.7. LC-MS conditions

An Agilent 1290 Ultra-high Performance Liquid Chromatog-
raphy (UHPLC) (Agilent Technologies, Santa Clara, CA, USA) con-
sisting of an autosampler, thermostatted column compartment,
and binary pump and equipped with a Waters ACQUITY UPLC®HSS
T3 column (Milford, MA, USA; 2.1 � 150 mm, 1.7 mm) was applied
for the separation of components. The column temperature was
maintained at 40 �C. The flow ratewas 0.3mL/minwithout any flow
splitting, and the injection volume was 1 mL. The mobile phase
comprised of 10 mM ammonium acetate (A) and pure ACN (B) with
the following gradient, 0�0.5 min: 20% B, 0.5�2 min: from 20% to
30.5% B, 2�5 min: 30.5% B, 5�9 min: from 30.5% to 31% B,
9�13 min: from 31% to 55% B, 13�18 min: from 55% to 85% B,
18�18.5 min: from 85% to 95% B,18.5�21.9 min: 95% B, and 22 min:
20% B. The quantification was conducted on an Agilent 6490
iFunnel Triple Quadrupole Mass Spectrometer (QQQ-MS) with a
dual Jet Stream electrospray ion source (dual AJS ESI) in positive
mode. The quantification was carried out by multiple reaction
monitoring (MRM) mode. Other MS parameters were set as fol-
lows: gas temperature at 225 �C, gas flow at 13 L/min, nebulizer
pressure at 25 psig, sheath gas temperature at 275 �C, sheath gas
flow at 12 L/min, capillary at 3,500 V, and nozzle voltage at 350 V.

For untargeted analysis, the gradient after 2 minwas changed to
2�8min: 30.5% B, 8�13min: from 30.5% to 31% B, 13�14min: from
31% to 55% B, 14�21 min: from 55% to 85% B, 21�23.5 min: from
85% to 95% B, 23.5�25.9 min: 95% B, and 26 min: 20% B. Untargeted
profiling was conducted on an Agilent 6545 accurate-mass Q-TOF/
MS with a dual Jet stream electro-spray ion source (dual AJS ESI).
The instrument was operated in positive full scan mode. The MS
parameters were set as follows: gas temperature at 325 �C, dry gas
flow at 11 L/min, sheath gas temperature at 350 �C, sheath gas flow
at 11 L/min, nebulizer pressure at 35 psig, capillary voltage at
4,000 V, and nozzle voltage at 500 V.
2.8. Method validation

The calibration curves were constructed to quantitively measure
the amino-containing metabolites. Various amounts of amino-
containing compounds, ranging from 0.1 ng/mL to 1000 ng/mL,
were derivatized by 3-DP-NHS, and 4-Cl-Phe and 5-HT-d4 were uti-
lized as internal standards (ISs). By plotting the peak area ratios
(analytes/IS) versus the concentrations, the calibration curves were
constructed and correlation coefficients were generated for evalua-
tion of linearities. QC samples at low, middle, and high concentra-
tions were analyzed 3 times in one day (intra-assay) and 3
consecutive days (inter-assay) for assessment of precision, while the
accuracy was evaluated by the percentage ratio of the measured
concentration to the real concentration of the QC samples. Matrix
effect was performed by spiking the working solutions and internal
standards into diluted serum at three concentrations and calculated
by the equation of (post-extraction spiked concentration � non-
spiked concentration)/spiked concentration � 100. Recovery was
performed by spiking the three different concentrations of working
solutions into diluted serum, and calculated by the equation of (pre-
extraction spiked concentration � non-spiked concentration)/(post-
extraction spiked concentration � non-spiked concentration)� 100.
Stability of 3-DP-NHS derivatized amino-containing compounds was
determined at 4 �C within 48 h.



Fig. 1. (A) The synthetic route of (S)-3-(1-(diisopropoxyphosphoryl) pyrrolidine-2-
carboxamido)-N-hydroxysuccinimidyl ester (3-DP-NHS), and (B) the chemical deriva-
tization of amino-containing compounds by 3-DP-NHS.
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2.9. Data analysis

Raw data of quantitative analysis were acquired and processed by
QQQ Quantitative Analysis (Agilent Technologies). The concentra-
tions of these analytes in samples were calculated according to the
standard curves and represented as the mean ± SD. Raw data of
qualitative analysis were processedwith Qualitative Analysis B.06.00
software (Agilent Technology). The metabolites were automatedly
classified using ClassyFire (http://classyfire.wishartlab.com/). Meta-
bolic network pathways were constructed by Interactive Pathways
Explorer (iPath) (https://pathways.embl.de/) and performed in
MetaboAnalyst 3.0 (https://www.metaboanalyst.ca/). Peak areas of
metabolites were acquired by MS-DIAL 4.9 with a mass tolerance of
0.01 Da automatically. Statistical significance for group discrimina-
tion was performed by t-test, and P values were adjusted using the
Benjamini-Hochberg procedure, leading to the false discovery rate
(FDR) adjusted P value. The performance of the discriminant model
was characterized by estimating the area under curve (AUC) using
GraphPad Prism 8.0, and the specificity, sensitivity, and accuracy
were calculated.

3. Results and discussion

3.1. Derivatization reagent designing strategy

The simultaneous detection and quantification of amino-
containing metabolites in biofluids are of great significance.
Chemical derivatization offers an opportunity to improve the
chromatographic separation and ionization efficiency of these
analytes. To obtain a relatively wide detection range with high
sensitivity, we aim to establish a novel derivatization method for
detecting as many amino-containing metabolites as possible. First,
based on previous reports, we found that an ideal derivatization
reagent for amino-containing metabolite profiling should include
at least the following four structural elements: (i) a structural
moiety improving the ionization efficiency and hence increasing
sensitivity, (ii) the ability to increase hydrophobicity to improve the
retention and separation in RPLC columns, (iii) a relatively highly
reactive site to facilitate chemical labeling under mild conditions,
and (iv) the formation of a stable covalent linkage between the
derivatization reagent and analytes through reaction, especially for
highly unstable analytes (i.e., some amino-containing neurotrans-
mitters which are prone to degradation). Our previous study
demonstrated that N-phosphorylation labeling (DIPP) can signifi-
cantly improve the detection sensitivity of AAs and peptides in
electrospray ionization mass spectrometry [26]. Moreover,
enhanced hydrophobicity after derivatization is crucial for
improving the MS response [27]. Based on the systematic variation
of these four elements and their synthetic accessibility, a novel
DIPP-bearing derivatization reagent, 3-DP-NHS, was designed and
synthesized using a three-step procedure (Fig. 1). In 3-DP-NHS, N-
diisopropyl phosphite and hydrophobic moieties are expected to
improve the MS response and separation efficiency, and the NHS
group is expected to guarantee mild derivatization conditions.
Taking these factors together, we hypothesize that this method has
great potential for improving the quantification efficiency of
amino-containing compounds using RPLC-MS.

To preliminarily assess the performance of 3-DP-NHS, a series
of representative amino-containing metabolites, including basic,
acidic, neutral, branched chain and aromatic amino acids (Arg, His,
Asp, Glu, Asn, Met, Val, Phe, and Trp), as well as amino-containing
neurotransmitters (3-MT and TRA), were chosen and derivatized
by 3-DP-NHS, followed by ultra-high-performance liquid
chromatography-quadrupole time-of-flight mass spectrometry
(UHPLC-Q-TOF-MS/MS) analysis. All these compounds were
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successfully derivatized, and exhibited high MS responses, indi-
cating that 3-DP-NHS is an efficient reagent for the derivatization
of amino-containing metabolites (Fig. S4).

3.2. Assessment of substrate adaptability and MS characteristics

To assess the substrate scope, 20 amino acids and 7 amino-
containing neurotransmitters were derivatized and analyzed. Of
the 20 amino acids, 19 were successfully derivatized except for Pro.
We reasoned that the steric hindrance of the cyclic amino group of
Pro may hinder effective coupling with the carbonyl group of 3-DP-
NHS under these reaction conditions. In addition, seven amino-
containing neurotransmitters, including primary and secondary
amines, were also successfully derivatized, suggesting a relatively
wide substrate scope for this derivatization strategy.

The fragmentation behavior of the 3-DP-NHS derivatives was also
examined, and informative fragment ions were observed. Taking
valine as an example, the theoretical m/z values of 3-DP-NHS
derivatized valine and the measuredm/z values of the precursor and
fragment ions are displayed in Fig. 2. The m/z value of 498.23 rep-
resented the precursor ion of 3-DP-NHS derivatized valine. The
fragment ions atm/z 456.18 and 414.14 should be produced from the
neutral loss of one or two propenes from 3-DP-NHS. The peak atm/z
237.12 presented a fragment ion upon cleavage of the CeN bond
between the DIPP-Pro part and valine-aniline part. In addition, the
other ions at m/z 297.06, 217.09, 234.12, 192.07, and 150.03 could be
assigned to the characteristic fragments related to the derivatization
reagent. In addition, m/z 72.08 was assigned to the iminium ion
generated from Val. Furthermore, other 3-DP-NHS derivatized
amino-containing compounds were examined by high-resolution
mass spectrometry, and the characteristic loss of propenes and the
five characteristic fragments mentioned above were observed in the
MS/MS spectra of these compounds. The MS characteristics of the
derivatized amino-containing compounds may further benefit the
profiling of these metabolites in biological samples.

3.3. Optimization of LC-MS/MS method

A standard working solution consisting of basic, acidic, and
lipophilic amino acids, as well as amino-containing

http://classyfire.wishartlab.com/
https://pathways.embl.de/
https://www.metaboanalyst.ca/


Fig. 2. MS/MS fragmentation characteristics of (S)-3-(1-(diisopropoxyphosphoryl) pyrrolidine-2-carboxamido)-N-hydroxysuccinimidyl ester (3-DP-NHS) derivatized valine (Val).
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neurotransmitters was used to optimize the LC-MS method. First,
the mobile phases of 0.1% formic acid inwater and 0.1% formic acid
in ACN were tested. However, the retention times of most 3-DP-
NHS derivatives were markedly delayed, and a relatively long run
time was required for the analysis. Subsequently, a mobile phase
containing 10 mM ammonium acetate in water/pure ACN was
further tested, and a relatively shorter retention time was
observed. Besides, addition of 10 mM ammonium acetate to mo-
bile phase A resulted in better MS intensities for most amino-
containing compounds (Fig. S5). Therefore, 10 mM ammonium
acetate was selected as the modifier. Electrospray variables,
including gas temperature, gas flow, sheath gas temperature, and
sheath gas flowwere examined, and the results indicated that they
had a slight effect on the MS intensity (Fig. S6). Furthermore, for
the accurate and sensitive quantification of amino-containing
metabolites in biological samples, the MRM mode was chosen,
and the optimized collision energies and MRM transitions are
displayed in Table S2.
3.4. Optimization of derivatization method

To obtain good labeling efficiencies using 3-DP-NHS, we opti-
mized the labeling conditions, including reaction time, molar ratio
of 3-DP-NHS, andmolar ratio of NEt3. Twenty-six amino-containing
compounds, including 19 amino acids and 7 amino-containing
neurotransmitters were selected as analytes for reaction optimi-
zation. Different ultrasonication times were tested, and the results
showed that the peak areas of the derivatives increased with time
from 5 to 20 min and gradually plateaued at 30 min (Fig. 3A).
1357
Therefore, a reaction time of 20 min was selected. The concentra-
tion of 3-DP-NHS was optimized to range from 0.5 mM to 5 mM.
The results showed that the peak areas of the products plateaued
when the concentration of 3-DP-NHS was 3 mM (Fig. 3B). Next, the
concentration of the base was optimized using 3 mM 3-DP-NHS.
The peak areas of the derivatives were in a relatively low level in
the presence of 1 mMNEt3, indicating that an alkaline environment
is essential for the initiation of derivatization. We reasoned that the
elimination of NHS could proceed smoothly because of the rela-
tively stronger nucleophilicity of the deprotonated amine under
alkaline conditions [28]. Upon increasing the concentration of NEt3
to 5 mM, the peak areas increased sharply, eventually plateauing at
10 mM (Fig. 3C). Taken together, the optimal conditions for the
chemical labeling reaction were determined to be in a water bath
for 20 min of ultrasonication, and the concentrations of 3-DP-NHS
and NEt3 were 3 mM and 10 mM, respectively.
3.5. Analytical performance of 3-DP-NHS derivatization

Next, the performance of the proposed method was evaluated.
By introducing a relatively strong hydrophobic group to the amino
group, the retention times of hydrophilic amino containing com-
pounds, including 19 amino acids and 7 amino-containing neuro-
transmitters, were greatly prolonged. Before derivatization, all of the
analytes were flushed out between 1.18 and 3.41 minwith distorted
peak shapes, leading to more co-elution compounds and severe
peaks overlapping. However, after derivatization by 3-DP-NHS, the
retention times were delayed to 3.03e15.55 min, and significant
improvements in peak shapes were observed (Fig. 4).



Fig. 3. (A) Optimization of reaction time. (B) Optimization of concentration of (S)-3-(1-(diisopropoxyphosphoryl) pyrrolidine-2-carboxamido)-N-hydroxysuccinimidyl ester (3-DP-
NHS). (C) Optimization of concentration of NEt3. (D) Validation of the stability of 3-DP-NHS derivative products. NEt3: triethylamine; Val: valine; Met: methionine; Ile: isoleucine;
NMTRA: 3-(2-methylaminoethyl) indole; Tyr: tyrosine; TRA: tryptamine; Ser: serine.
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As a result, the improved separation efficiency allowed for good
separation of difficult-to-discriminate isomeric amino-containing
compounds. For example, a pair of isomeric compounds, that is,
Leu (peak 17) and Ile (peak 16), could be baseline separated by RPLC
after 3-DP-NHS derivatization although they share the same pre-
cursor ion, product ion and collision energy. In addition, some
amino-containing neurotransmitters with similar chemical fea-
tures could be distinguished after derivatization. For instance, TRA
(peak 25), NMTRA (peak 26), 5-HT (peak 22), and 5-HTP (peak 14)
are indole analogs with slight structural differences in their func-
tional groups. After 3-DP-NHS derivatization, their separation ef-
ficiency of the RPLC column improved, further facilitating the
discrimination of these low-concentration metabolites from the
complex matrix.

Moreover, the limit of detection (LOD) of the 3-DP-NHS deriv-
atization was calculated and compared with that of a previously
reported DIPP derivatization method (Table S3). Using Tyr as an
example, the LOD of the 3-DP-NHS derivative was 350-fold lower
than that of the DIPP derivative. Other 3-DP-NHS derivatized AAs
also showed lower LODs than the DIPP derivatives except for Gly,
Asp, and Asn. We speculated that the more hydrophobic charac-
teristics of the 3-DP-NHS derivatives were responsible for the
surface activity enhancement, which improved ion emission from
the charged droplets formed in the ESI, resulting in improved
ionization efficiency [29]. Another advantage of our method is that
no additional sample pretreatment is required prior to LC-MS/MS
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analysis. In contrast, a desalination procedure by C18 solid-phase
extraction column must be conducted to remove the organic salts
during DIPP derivatization prior to LC-MS/MS analysis [30], which
further extends the total analysis time. These results proved that
this derivatization greatly enhanced the separation ability and
detection sensitivity and enabled the simultaneous detection of
polar amino-containing compounds.

3.6. Method validation

The LC-QQQ-MS method was validated for LOD, limit of quan-
tification (LOQ), linearity, reproducibility, accuracy, recovery, and
matrix effects. Good linearities of the target analytes were exhibi-
ted, with satisfactory correlation coefficients (R2) greater than 0.99
(except for Oct and Cys) (Table S3). The LODs and LOQs of amino-
containing compounds were in the range of 0.03e8.3 ng/mL and
0.1�25 ng/mL, respectively. The intra-day and inter-day relative
standard deviations (RSDs) were below 17.86%, and the accuracies
were in the range of 79.33%�116.04% (Table S4). The recoveries
were 72.3%e118.4% for low, medium, and high levels of spiked
serum samples. The matrix effect values were in the range of
76.3%e121.3% (Table S5). These results showed that our method
could determine amino-containing compounds sensitively and
accurately, which also indicated a high labeling efficiency. More-
over, 3-DP-NHS derivatives were stable for at least 48 h (Fig. 3D).
Increased stability is crucial for some biogenetic amines, especially



Fig. 4. Multiple reaction monitoring (MRM) chromatograms of amino-containing metabolites. (A) MRM chromatograms of non-derivatized amino-containing metabolites. (B) MRM
chromatograms of (S)-3-(1-(diisopropoxyphosphoryl) pyrrolidine-2-carboxamido)-N-hydroxysuccinimidyl ester (3-DP-NHS) derivatized amino-containing metabolites. (1) Asp; (2)
Glu; (3) Asn; (4) Ser; (5) Gln; (6) His; (7) Gly; (8) Cys; (9) Thr; (10) Ala; (11) Arg; (12) Tyr; (13) Val; (14) 5-HTP; (15) Met; (16) Ile; (17) Leu; (18) Phe; (19) Trp; (20) Oct; (21) Lys; (22)
5-HT; (23) 3-MT; (24) NMTYA; (25) TRA; (26) NMTRA. Asp: aspartic acid; Glu: glutamic acid; Asn: asparagine; Ser: serine; Gln: glutamine; His: histidine; Gly: glycine; Cys: cysteine;
Thr: threonine; Ala: alanine; Arg: arginine; Tyr: tyrosine; Val: valine; 5-HTP: 5-hydroxytryptophan; Met: methionine; Ile: isoleucine; Leu: leucine; Phe: phenylalanine;
Trp: tryptophan; Oct: octopamine; Lys: lysine; 5-HT: serotonin; 3-MT: 4-(2-amino-ethyl)-2-methoxy-phenol; NMTYA: N-methyltyramine; TRA: tryptamine; NMTRA:
3-(2-methylaminoethyl) indole.
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catecholamines, which are prone to rapid degradation through
auto-oxidation via the radical pathway [13]. Thus, this method can
provide reproducible quantification of amino-containing com-
pounds in complex matrices.

Compared to previous methods, our method showed a signifi-
cant improvement in sensitivity (relatively lower LOQs) with a
smaller sample volume (as low as 5 mL) (Table S6). This is beneficial
for clinical diagnosis because less blood is required from the pa-
tients. In addition, the derivatization occurring at room tempera-
ture in this approach is quicker and milder than methods with
heating (Table S6), which enables the detection of thermally sen-
sitive and unstable compounds.

3.7. Untargeted analysis of amino-containing metabolites in
patients with gastric cancer

As mentioned in the introduction, amino-containing metabo-
lites are involved in many metabolic pathways, some of which may
be related to the diagnosis and prognosis of gastric cancer. There-
fore, we attempted to detect and identify as many unknown amino-
containing metabolites as possible in patients with gastric cancer
using our developed approach to understand the correlation be-
tween these metabolites and gastric cancer.

The derivatized amino-containing metabolites were identified
based on their MS and MS/MS fragmentation characteristics as
follows: First, the m/z of the molecular ion of the original amino-
containing metabolites was calculated from the determined m/z
by subtracting 380.1496, derived from the addition of
C18H25N2O5P by 3-DP-NHS derivatization. The obtainedm/z values
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were then searched against online metabolomics databases, such
as HMDB [31] and METLIN [32]. Amino-containing metabolites
were identified by restricting the tolerance range of the query m/z
value and analyzing the MS/MS fragmentation pattern. Conse-
quently, 202 amino-containing metabolites with molecular
weights ranging from 17 to 317 were selected, covering a wide
molecular range of amine metabolites. The results showed that 3-
DP-NHS derivatization has another advantage: it can be applied to
the identification of low-molecular-weight metabolites. For
example, metabolite withm/z 18.0344 was identified as ammonia,
which has been proven to be associated with the progression of
fibrosis in non-alcoholic fatty liver disease and hepatic encepha-
lopathy severity [33,34]. Moreover, derivatization prevented
interference from the low m/z region with small-molecule amino-
containing compounds.

To accurately and quickly elucidate the metabolic fate of these
metabolites in patients with gastric cancer, ClassyFire was
employed to automatically assign these metabolites into 7 super-
classes, 18 classes, and 23 subclasses (Fig. 5). At superclass levels,
these metabolites were mostly assigned as “Organic acids and de-
rivatives” and “Organic nitrogen compounds.” Among the class
levels, “Carboxylic acids and derivatives” were the main classes.
Moreover, “Amino acids, peptides and analogs” and “Amines”were
the main two subclasses.

The levels of these metabolites were compared using fold
changes between patients with gastric cancer and healthy controls.
Among these identified metabolites, 17 were significantly enriched,
whereas 54 were significantly depleted in the gastric cancer patient
group (FDR adjusted P < 0.05). In addition, iPath was used to



Fig. 5. Metabolomic pipeline using ClassyFire.

Fig. 6. IPath analysis. iPath 3.0 is a tool (https://pathways.embl.de/) for metabolic network pathways. FDR: false discovery rate.
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construct metabolic pathways based on Kyoto Encyclopedia of
Genes and Genomes (KEGG) annotations. Differential metabolic
pathways in patient with gastric cancer, especially amino acids,
peptides and analogs, were quickly identified (Fig. 6). Pathway
enrichment analysis was conducted using MetaboAnalyst, and the
results indicated that glycine and serinemetabolism, urea cycle, Trp
metabolism, and taurine and hypotaurine metabolism were the
main differential metabolic pathways (Fig. 7A). Ornithine, Arg, 3-
methyl-histidine, L-carnosine, 5-aminolevlinic acid, hypotaurine,
Trp, and TRA were identified as relevant metabolites (Fig. 7B). The
receiver operating characteristic (ROC) curves of these metabolites
were created to demonstrate their predictive power, and the AUC
values were calculated (Fig. 7C, and Table 1). These results indicated
that Arg, Trp and TRA, which have higher AUC values than the
others, could discriminate patients with gastric cancer fromhealthy
humans and might be potential biomarkers.

3.8. Validation of differential metabolites for potential biomarker
discovery

Previous studies, as along with our untargeted analysis, have
shown that amino acid metabolism is notably altered in cancer
cells and patients. Moreover, accurate quantification of specific
metabolites in complex biological samples using targeted
metabolomics can shed light on potential biomarker discovery
and accurate biological interpretation of metabolites in gastric
Fig. 7. (A) Pathway enrichment analysis of differential metabolites. (B) Changes of the rel
operating characteristic (ROC) curves of differential metabolites.
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cancer. For a deeper understanding of the metabolic alterations in
gastric cancer, the developed MRM method was applied for the
quantification of targeted amino-containing compounds in the
serum of patients with gastric cancer and healthy controls
(Table 2). The results suggested that 19 natural amino acids and
4 amino-containing neurotransmitters were successfully detected
in serum samples with concentrations ranging from 0.41 ng/mL to
139.47 mg/mL. However, some trace amines such as Oct, 3-MT, and
5-HTP could not be quantified as their concentrations were below
the LOQs.

Subsequent statistical analyses were performed to identify the
variations in these metabolites among the different groups (FDR
adjusted P < 0.05). According to the t-test results, three metabo-
lites were identified as significant differential metabolites in pa-
tients with gastric cancer compared to those in healthy controls.
The levels of Trp (FDR adjusted P ¼ 0.004) and Arg (FDR adjusted
P ¼ 0.046) were significantly decreased in the serum of patients
with gastric cancer compared to those in healthy controls, while
serum levels of TRA (FDR adjusted P ¼ 0.039) were increased,
which is consistent with our untargeted analysis results (Fig. 8A).
Average concentrations of Trp, Arg, and TRA were 17.03 mg/mL,
22.50 mg/mL, 0.097 mg/mL and 11.57 mg/mL, 14.39 mg/mL, 0.12 mg/
mL, respectively, in serum samples of healthy control and gastric
cancer groups. In addition, a significantly higher TRA/Trp ratio
(FDR adjusted P ¼ 0.0041) was observed in the gastric cancer
group.
evant metabolites between gastric cancer patients and healthy controls. (C) Receiver



Table 1
The area under curve (AUC) values, 95% confidence interval (95%CI), sensitivity, specificity, accuracy, false discovery rate (FDR) adjusted P value and fold change of significantly
changed metabolites between gastric cancer patients and healthy controls.

Name AUC 95%CI Sensitivity (%) Specificity (%) Accuracy (%) FDR adjusted P value Fold changea

Ornithine 0.75 0.53e0.97 80 79.0 79.5 0.039 1.75
Carnosine 0.84 0.69e0.99 80 84.2 82.1 0.0062 �2.01
Tryptophan 0.94 0.86e1.00 90 89.5 89.8 0.00013 �1.83
5-aminolevulinic acid 0.81 0.65e0.97 80 73.7 76.9 0.0044 �3.70
Tryptamine 0.86 0.67e1.00 80 94.7 87.4 0.0082 1.97
Hypotaurine 0.83 0.64e1.00 70 100.0 85.0 0.0087 1.86
3-methylhistidine 0.81 0.65e0.97 90 68.4 79.2 0.026 �2.20
Arginine 0.87 0.74e1.00 90 84.2 87.1 0.0051 �1.77

a Fold change was calculated by comparing gastric cancer patient group with healthy controls. Fold change value with a positive value indicates a relatively higher con-
centration present in gastric cancer group, while a negative value means a relative lower concentration as compared to the control group.
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The diagnostic value of potential gastric cancer biomarkers
was evaluated using ROC curves. The AUC values, sensitivity,
specificity, and accuracy of Arg, TRA, Trp, and the TRA/Trp ratio
were calculated. Compared to the untargeted analysis results,
the AUC values of Arg and TRA were slightly lower, whereas the
AUC value of Trp was comparable. From the perspective of
quantitative accuracy, we believe that absolute quantification
results can reflect the state of organisms more accurately.
Among these four items, the TRA/Trp ratio exhibited a higher
AUC value, along with acceptable sensitivity, specificity, and
accuracy (sensitivity, 91.4%; specificity, 87.5%; 95% confidence
interval (95%CI), 0.8085e0.9391) (Fig. 8B). In this case, we
deduced that the TRA/Trp ratio is a suitable biomarker for the
diagnosis of gastric cancer.

3.9. Biological interpretation of potential biomarkers

The Warburg effect in tumor cells involves enhanced glycolysis
to generate energy under aerobic conditions. Abnormal glucose
metabolism in cancer cells is associated with amino acid meta-
bolism. Altered amino acid concentrations in patients with gastric
Table 2
Absolute quantification of amino-containing metabolites in serum of healthy con-
trols (HC) and gastric cancer (GC) patientsa.

No. Name HC (mg/mL) GC patients (mg/mL)

1 Gln 67.71 ± 19.96 65.13 ± 27.03
2 Glu 67.99 ± 32.11 78.18 ± 37.11
3 His 24.52 ± 5.48 24.95 ± 14.10
4 Thr 40.92 ± 7.17 39.17 ± 19.98
5 Ala 34.36 ± 5.71 35.08 ± 12.20
6 Arg 22.50 ± 6.51 14.39 ± 8.44
7 Tyr 9.18 ± 2.73 7.76 ± 2.44
8 Val 28.13 ± 6.26 30.15 ± 13.34
9 Trp 17.03 ± 2.40 11.57 ± 3.04
10 Ile 10.89 ± 2.57 12.44 ± 6.68
11 Leu 19.29 ± 4.72 18.78 ± 6.56
12 Phe 18.86 ± 4.04 24.37 ± 12.95
13 Asp 8.52 ± 2.95 9.22 ± 7.76
14 Asn 5.07 ± 1.06 4.69 ± 2.24
15 Ser 32.15 ± 4.73 35.68 ± 17.64
16 Gly 139.47 ± 16.83 124.99 ± 49.29
17 Met 3.86 ± 0.74 5.58 ± 5.26
18 Lys 16.66 ± 5.53 14.03 ± 6.62
19 Cys 6.33 ± 0.45 5.79 ± 0.51
20 NMTYA 0.00044 ± 0.000079 0.00041 ± 0.000042
21 TRA 0.097 ± 0.01 0.12 ± 0.031
22 NMTRA 0.00041 ± 0.00023 0.00056 ± 0.00053
23 5-HT 0.62 ± 0.04 0.44 ± 0.05

a Data were shown as average ± standard deviation.
Gln: glutamine; Glu: glutamic acid; His: histidine; Thr: threonine; Ala: alanine; Arg:
arginine; Tyr: tyrosine; Val: valine; Trp: tryptophan; Ile: isoleucine; Leu: leucine;
Phe: phenylalanine; Asp: aspartic acid; Asn: asparagine; Ser: serine; Gly: glycine;
Met: methionine; Lys: lysine; Cys: cysteine; NMTYA: N-methyltyramine; TRA:
tryptamine; NMTRA: 3-(2-methylaminoethyl) indole; 5-HT: serotonin.
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cancer indicate an imbalance in amino acid or energy metabolism
in gastric cancer.

In our study, Trp was downregulated in the serum of patients
with gastric cancer, while its downstream metabolites were upre-
gulated, including TRA and kynurenine (with no statistical signifi-
cance). These results suggested that altered Trp metabolism is
closely associated with the development of gastric cancer. Trp is
thought to exert complex multifaceted biological effects. It was
reported that over 95% of the absorbed Trp is catalyzed via the
kynurenine pathway, which was strongly bound to gastric cancer
cells, while only 1%�2% and 2%�3% of dietary Trp is converted into
serotonin and indole pathways, respectively [35,36]. The decrease
in Trp observed in our study may have been induced by the acti-
vation of the Trp-metabolizing enzymes indoleamine 2,3-
dioxygenase (IDO) and tryptophan dioxygenase (TDO), which are
frequently activated in cancer, leading to the consumption of Trp in
cancers [37e42]. These studies may explain the downregulation of
Trp observed in our study.

TRA, a downstream metabolite of Trp metabolism in the indole
pathway was upregulated in the serum of the patients in our
research. It was reported that TRA is a b-arylamine neurotrans-
mitter that can potentiate the inhibitory response of cells to sero-
tonin [43]. The increase in TRA levels may be induced by Trp
decarboxylase, which converts Trp to TRA and is produced by
Clostridium sporogenes [44,45]. This gram-positive Bacillus strain
was found to be increased in the gut microbiota of patients with
gastric cancer, and eventually led to an enhanced release of tran-
scription factors, oncogenes, and inflammation genes by producing
toxic factor adhesion A on the cell surface. Clostridium sporogenes
was also found to colonize in the gastric microenvironment of pa-
tients with gastric cancer [46,47]. Therefore, the observed
enhancement of TRA may be induced by the increase in Clostridium
sporogenes in the gut microbiota of patients with gastric cancer,
which accounted for increased Trp decarboxylase activity and
improved the conversion from Trp to TRA.

Downregulation of arginases in patient with gastric cancer was
also observed in our study. Early studies reported elevated arginase
levels in gastric cancer cell lines, serum, and tissues from patients
with gastric cancer [48,49]. Recently, it has been shown that argi-
nase I production in the tumor microenvironment by mature
myeloid cells is responsible for reduced levels of Arg, revealing that
arginase is closely related to curbing the response of antitumor T
lymphocytes in gastric cancer [50,51]. Increased expression of
arginase I consumesmore Arg, leading to decreased levels of Arg for
accelerated growth of tumor cells in the tumor microenvironment.
This finding is consistent with our results.

According to our results, the variation in Trp, TRA, and Arg levels
in gastric cancer patients might be involved in the kynurenine and
indole pathways, as well as influenced by Clostridium sporogenes
levels and arginase abundance. However, confounding factors such
as age, sex, and lifestyle may also affect the serum levels of amino



Fig. 8. (A) Comparison of absolute concentration of Arg, TRA, Trp, and TRA/Trp ratio between gastric cancer (GC) patients and healthy controls (HC). (B) Receiver operating
characteristic (ROC) curve of differential metabolites based on absolute quantification. Arg: arginine; TRA: tryptamine; Trp: tryptophan.
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acids and other amino-containingmetabolites. The sample size used
in the studywas not large enough to generate an efficient discussion
about potential influence, which awaits a more comprehensive
investigation using a larger cohort of patients and healthy controls.

4. Conclusions

In this study, a polarity-regulated 3-DP-NHS derivatization
method coupled with UHPLC-Q-TOF/MS and UHPLC-MS/MS analyse
was introduced to profile of amino-containing metabolites. A novel
N-hydroxysuccinimide-based derivatization reagent, 3-DP-NHS,
was designed and synthesized using a three-step procedure, that
significantly enhanced the ionization efficiency and increased the
separation performance of amino-containing compounds in RPLC-
MS. In addition, various amino-containing compounds, including
primary and secondary amines, can be derivatized by 3-DP-NHS. The
developed method enabled the untargeted profiling of 202 amino-
containing metabolites in 5 mL serum samples from gastric cancer
patients and healthy controls, in which 71 differential metabolites
and the main differential metabolic pathways were revealed.
Quantitative analysis of differential amino-containing metabolites
further indicated a significant correlation between the TRA/Trp ratio
and gastric cancer, which could be used for diagnosis with a pre-
dictive accuracy of 89.5%. Moreover, the potential of the TRA/Trp
ratio as a biomarker for gastric cancer may inspire the early diag-
nosis of gastric cancer as well as benefit treatment response moni-
toring and prognosis prediction in patients with gastric cancer. In
addition, this study provides new insights and methods for patient-
centric sampling-assisted personalized healthcare. Further in-
vestigations based on a larger cohort of patients with gastric cancer
and healthy controls will be conducted to understand the biological
relevance of the TRA/Trp ratio and the underlying mechanisms of its
association with gastric cancer.
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