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Small peptides have attracted increasing attention for their unique features and diverse biological func-
tions. Achieving rapid separation and accurate quantification, however, remains a challenge because of
their low abundance and the co-existence of numerous structural isomers. In this study, we developed
a novel approach using isotope chemical labeling for ultrasensitive determination of di/tripeptides in bi-
ological samples. We successfully synthesized a novel derivatization reagent, 4-(2-(ethoxymethylene)-3-
oxobutanamido)-N,N,N-trimethylbenzenaminium iodide (EOTMBA) as well as its deuterium-labeled iso-
tope reagent (d;-EOTMBA). A total of 97 small peptides, including 89 dipeptides and 8 tripeptides,
could be completely derivatized in methanol within 1.5h at 60°C. After EOTMBA labeling, analysis
of these di/tripeptides were achieved within 22 min by LC-MS/MS analysis. The method demonstrated
86.3%-113% accuracy and the limit of quantification ranged from 0.25 fmol/L to 5nmol/L. Using this
method, we achieved ultrasensitive and accurate quantification of di/tripeptides in 147 plasma, 49 urine
and 46 bile samples obtained from healthy individuals and patients with biliary tract diseases. The iden-
tified differential di/tripeptide biomarker panels showed promising diagnostic performance for patients
with biliary tract cancer with area under the receiver operating curve values from 0.870 to 0.996. Further-
more, this method was successfully applied to quantify di/tripeptides in the extract of an animal-derived
traditional Chinese medicine, Eupolyphaga sinensis Walker. These findings highlight the possible appli-
cation of the analytical method in clinics and for the purposes of quality control of traditional Chinese

medicines.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Small peptides, particularly dipeptides and tripeptides, have
recently attracted much attention due to their nutritional value
and diverse biological functions. These peptides have demonstrated
various beneficial effects, such as anti-hypertensive [1], vasorelax-
ant [2], and antioxidant properties [3]. Some dipeptides have also
been proven to be involved in disease progression and hold poten-
tial to serve as biomarkers in clinics [4-7]. Additionally, dipeptides
are essential ingredients that contribute to unique tastes of many

* Corresponding author at: State Key Laboratory of Natural Medicines, School
of Traditional Chinese Pharmacy, China Pharmaceutical University, Nanjing 211198,
China.

E-mail address: Qilw@cpu.edu.cn (L.-W. Qi).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2024.109670

fermented foods, including alcoholic beverages [8,9], soy sauce
[10,11], and cheese [12]. Given the significance of small peptides,
efforts have been advanced in their qualitative and quantitative
analyses. However, because of the complexity arising from numer-
ous structural isomers and the low abundance present in matrices,
achieving rapid separation and precise quantification still remains
a challenge.

Several mass spectrometry (MS)-based methods in combination
with different separation techniques have been reported for the di-
rect analysis of di/tripeptides, including reverse-phase liquid chro-
matography (RPLC) [13], hydrophilic interaction liquid chromatog-
raphy (HILIC) [14], and capillary electrophoresis (CE) [15]. RPLC
usually results in poor separation due to the strong polarity of
di/tripeptides. HILIC chromatography allows for better retention of
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these polar compounds [16] but suffers from possible peak drift-
ing and tailing. In a recent study, Hitoshi et al. combined two de-
tection instruments, LC-MS and CE-MS, which enabled the quanti-
tative analysis of 335 dipeptides [17]. Additionally, matrix-assisted
laser desorption/ionization (MALDI) has emerged as an in-situ an-
alytical method for di/tripeptides when coupled with MS [18-20].
Nevertheless, the absence of chromatographic separation and the
interference caused by the matrix and complex background factors
limit its application for high coverage of a large number of small
peptides with low abundance.

Compared to direct analysis, chemical derivatization offers
an alternative approach for the determination of small peptides
through enhancing their detection sensitivity and retention on
reversed-phase columns [21]. Several pre-column derivatization
reagents, including phenyl isothiocyanate [22], 6-aminoquinolyl-
N-hydroxysuccinimidyl carbamate [8,23], and 2,4,6-trinitrobenzene
sulfonate [24,25], which could rapidly react with the amino group,
have been employed in the analyses of di/tripeptides. However,
many of these studies have limitations in terms of the number of
the small peptide species analyzed, with the majority of them only
focusing on no more than 10 types of dipeptides. This limited cov-
erage can be attributed to the differential derivatization efficiency
of these reagents for different small peptides. Recently, some LC-
MS methods have been reported for the analysis of di/tripeptides
using chemical derivatization via dansylation, a method that tar-
gets the amine groups of di/tripeptides [26-28]. These approaches
employed a commonly used reagent, namely dansyl chloride, for
relative quantification of the di/tripeptides or annotation from bi-
ological samples with high coverages of up to 400 dipeptides. De-
spite these advancements, there is still a need to develop novel
derivatization strategies to achieve absolute quantification of small
peptides.

A recent study has reported that amines could react with
ethoxy methylidine derivatives of B-keto amides under mild con-
ditions to produce amide-substituted B-aminoenones with high
(Z)-stereoselectivity, atomic efficiency and excellent yield [29].
To the best of our knowledge, quantitative LC-MS/MS analy-
sis of amino compounds based on this mechanism has not
yet been documented. Herein, we designed a three-step syn-
thetic route to prepare an ethoxy methylidine derivative of
B-keto amide named 4-(2-(ethoxymethylene)-3-oxobutanamido)-
N,N,N-trimethylbenzenaminium iodide (EOTMBA). The synthetic
method was easy to operate and was cost-effective. Notably, the
effectiveness of chemical derivatization using EOTMBA was eval-
uated, and our findings demonstrated that the 97 small peptides
(89 dipeptides and 8 tripeptides) (Table S1 in Supporting informa-
tion) could be efficiently derivatized in methanol to produce stable
amide-substituted S-aminoenones without the use of any catalyst.
The EOTMBA labeling significantly enhanced the detection sensitiv-
ity of di/tripeptides, improved their retention, and facilitated the
separation of isomers in the RPLC-MS/MS analysis. Generally, ac-
curate quantifications of analytes largely depend on stable isotope
standards. Stable isotope chemical tagging strategies have been
widely employed to minimize complex matrix effects, enabling ac-
curate determination of target analytes [30-37]. In this work, we
also synthesized a paired isotope deuterium-labeled reagent ds3-
EOTMBA for the first time. This reagent allowed for the genera-
tion of “one to one” internal standard for all di/tripeptides. Our
developed chemical isotope labeling-assisted LC-MS/MS method
achieved high coverage, high sensitivity and absolute quantification
for 97 small peptides within a relatively short analytical time of
22 min. The established method was successfully applied to accu-
rately quantify small peptides in various biological samples, includ-
ing plasma, urine, and bile samples from both healthy individuals
and patients with biliary tract diseases as well as extracts of the
animal-derived medicinal material Eupolyphaga sinensis Walker.
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Fig. 1. Reaction schemes for (A) synthesis of EOTMBA as well as its deuterium-
labeled isotope reagent d;-EOTMBA and (B) di/tripeptides derivatized by EOTMBA
or d3-EOTMBA.

We firstly prepared the derivatization reagents EOTMBA and
its paired isotope deuterium-labeled d;-EOTMBA through three-
step synthetic routes (Fig. 1A). NMR analyses were performed to
characterize the intermediates 1, 2 as well as EOTMBA and d3-
EOTMBA. The 'H and !3C spectra are provided in the Support-
ing Information (Figs. S1-S8 in Supporting information). In addi-
tion, high-resolution mass spectrometry was applied to character-
ize EOTMBA and d3-EOTMBA. The results showed that EOTMBA
produced a molecular ion peak at m/z 2911699 (M*, theoretical
value 291.1703) and a fragment ion of m/z 276.1463 ([M-CHs]",
theoretical value 276.1468) in the positive ion mode (Fig. S9A in
Supporting information). Similarly, d3-EOTMBA generated a molec-
ular ion peak at m/z of 294.1884 (M*, theoretical value 294.1891),
a fragment ion at m/z 276.1463 ([M-CD3]", theoretical value of
276.1468) and a fragment ion at 279.1652 ([M-CH3]*, theoretical
value 279.1657) (Fig. S9B in Supporting information). These find-
ings together provided evidence of the successful synthesis of the
derivatization reagents EOTMBA and d3-EOTMBA.

The di/tripeptides were derivatized by EOTMBA or d3-EOTMBA
to form stable amide-substituted S-aminoenones through aminol-
ysis (Fig. 1B). This process is known to lead to the produc-
tion of a highly (Z) selective product due to the existence of
dual intramolecular hydrogen bonding through C=0.--H-N inter-
actions [29]. The confirmation of single chromatographic peaks
for the derivatives in our analysis further validated this obser-
vation. Subsequently, we identified the derivatives and examined
their fragmentation patterns by high-resolution mass spectrom-
etry. In the positive ion mode, all the EOTMBA derivatives pro-
duced a product ion of [M-15]" due to the loss of a methyl
group from the quaternary ammonium moiety of the molecular
ion (M*) (Fig. 2A). In addition, a product ion with m/z 177.1022
was generated, which could be assigned to the [4-isocyanato-
N,N,N-trimethylbenzenaminium]* (C;oH;3N,0) (Fig. 2A). Of note,
after C-N bond cleavage, another product ion corresponding to [4-
amino-N,N,N-trimethylbenzenaminium|* (CgHi5N;) exhibited the
highest abundance at m/z 1511230 (Fig. 2A). This product ion
could further dissociate into a fragment ion of m/z 136.0995



E-Q. Huang, Y. Wang, J.-W. Wang et al.

(A) g (B) o
N, 8
i ey i
e,
e o 7 e
7o , A
miz151.1230  miz177.1022 miz 154.1418 m/z180 1211
O ljﬁ “”@ (j ﬁ
HiC_ &
m,z 136.0995 H;c, 1miz136.0005
Ny o,
5 y o ’ 0
0y CHs R e ED' 0Oy, CHs R
n% 2miz 1301183 n%
nz@ R R= -OH or -N-COOH w@ e
e, 15C” R=-OH or -N-COOH
e L k w2 Y o
[M-CHyJ" R'J\f" IM-CHs' R‘J\l«)
(©) (D)
EOTMBA derivatized GA d-EOTMBA derivatized GA
Theoretical : 391.1976 Theoretical : 394.2164
3.2e+06 2.5e+05
8 25es06] 1511227 g 2.0e+05 154.1426 ™y
< 394.2173
Z 1.9e+06 .. 2 150405 y°
§ JCT g iog
£ 1.2e+06 > 1* Lo 2 9.7e+04 b " ln
[M-15] = 3 }A,‘
139.118¢ [M-15]" "
5.80+05 {136 099‘1 31745 1742 4.6e+04 1132 {8 a78:d0a0)
1 1]180.1217
50 150 250 350 450 550 50 150 250 350 450 550
mz mz
(E) - (F) -
EOTMBA derivatized LG ds-EQTMBA derivatized LG
Theoretical : 433.2445 Theoretical : 436.2634
_ Mev0s ™ _ 15ev05 ™r
8 9.0e+04 4332430 oy & 120405 402000
e i )
2 6.7e+04 1511222 "ﬁ y 2 9.1e+04 4,142 :Ej;u J
z #HI ¥R, z e Wegth
2 440404 2 6.0e+04 “to,
M-15]" 139.1187] [M-15]°
2.16+04 f136.0084 8L 282404 11360993 421.2400
177.1010 | 1]180.1208 N
50 150 250 350 450 550 50 150 250 350 450 550
m/z m/z
(G) EOTMBA derivatized YV (H) ds-EOTMBA derivatized YV
Theoretical : 525.2708 Theoretical : 528.2896
3.50+05 M
I Y 3.4e+05
8 28e+05 n% 5252718 7 © ) ];I:u 528 2906
= 8 27e+05
Z 2.1e+05 :"'JC;r e > ¢
4 ! o G 2.0e+05
£ 1.4e+05
£ jw 2 WY 2 130405 154.1422 i
6.50+04 [M-15]"
136.099 139.1183| [M-15]
|| 177.1027 5102477 57e+04 155 0994|150 101 513.2654)
50 150 250 350 450 550 50 150 250 350 450 550
m/z miz
0] EOTMBA derivatized WH ) d>-EOTMBA denvatlzed WH
Theoretical : 586.2772 Theoretical : 589.2961
3.66+04 |
e o - 150404 % M
7 nﬁ oyen sgbd770 a8 80,207
§ 280404 | :?Q s :%ia : g12000 3§p " ""Hﬁ 589.2975
> 'l < . HN L
Z 2104 N (o 850403 Ol
]
2 1.4e+04 151.1226 §5.5e+03 1541420
6.6e+03 1 M-15]* "~ 2.56+031139.1179 [M-15]
136 0993 177.1018 S 136,095 1501205 574.2702
50 150 250 350 450 550 50 150 250 350 450 550
m/z m/z.

Fig. 2. Schematic MS/MS fragmentation patterns of (A) EOTMBA- and (B) d3-
EOTMBA-derivatized di/tripeptides, and MS/MS spectra of fragment ions generated
by EOTMBA-derivatized (C) GA, (E) LG, (G) YV and (I) WH as well as d;-EOTMBA-
derivatized (D) GA, (F) LG, (H) YV and (J) WH.

(Fig. 2A). It is worth noting that di/tripeptides derivatized with d3-
EOTMBA showed similar fragmentation behaviors to those deriva-
tized with EOTMBA. Specifically, product ions at m/z 180.1211, m/z
154.1418 and my/z 139.1183 were observed (Fig. 2B). The fragmenta-
tion patterns of EOTMBA- and d3-EOTMBA-derivatized products of
four typical dipeptides, including GA (containing the straight-chain
amino acid glycine), LG (containing the branched-chain amino acid
leucine), YV (containing the aromatic amino acid tyrosine), and
WH (containing the heterocyclic amino acid tryptophan), are pre-
sented in Figs. 2C-]. Obviously, the precursor and product ions of
di/tripeptides labeled with d3-EOTMBA demonstrated a 3Da in-
crease compared to those labeled with EOTMBA. Based on the frag-
mentation patterns, the MRM parameters of the EOTMBA- and d3-
EOTMBA-derivatized products, including MRM transitions, Q1 val-
ues, collision energy, and Q3 values, were optimized and summa-
rized in Table S2 (Supporting information).

To obtain the best reaction efficiency, we optimized the deriva-
tization conditions, including the reaction temperature, molar ra-
tio and reaction time. As shown in Fig. S10A (Supporting infor-
mation), the peak areas of 97 di/tripeptides derivatives exhibited
a significant increase as the temperature was raised from 20°C to
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Fig. 3. Typical LC-MS/MS chromatograms of (A) underivatized di/tripeptides and (B)
EOTMBA-derivatized di/tripeptides.

60°C. Considering the potential volatility of methanol, we selected
60°C as the optimal derivatization temperature. For the molar ra-
tio, we investigated different ratios of substrate to EOTMBA, includ-
ing 1:20, 1:50, 1:100, 1:150 and 1:200. The results showed that a
molar ratio of 1:100 yielded the highest abundance of derivatives
(Fig. S10B in Supporting information). We also considered the im-
pact of reaction time on the labeling efficiency. As shown in Fig.
S10C (Supporting information), the reaction time had no obvious
influence on the peak areas of the derivatives and we finally se-
lected 1.5h as the suitable derivatization time. Taken together, the
derivatization reaction of the di/tripeptides with EOTMBA was ef-
ficiently carried out at a molar ratio of 1:100 under 60 °C for 1.5h.
Under this optimized condition, we then examined the derivati-
zation efficiencies by comparing the peak areas of dipeptide sub-
strates (GA, LG, YV and WH) without and after EOTMBA derivatiza-
tion. The results showed that the small peptides could be quickly
converted to their derivatized products with conversion rates more
than 90% (Figs. S11A-D in Supporting information).

The derivatization reagent EOTMBA contains a benzene ring in
its structure, which could remarkably reduce hydrophilicity and in-
crease the retention of the derivatized products on the reversed
phase HSS T3 column. Prior to derivatization, we observed that
most of the native di/tripeptides (91 out of 97) were coeluted
within 4.5min (Fig. 3A). After derivatization with EOTMBA, their
chromatographic behavior was significantly improved, with elution
times ranging from 1.6min to 19.2min (Fig. 3B and Table S3 in
Supporting information). Of note, the structural isomers such as
IA, LA and Al (Fig. S12A in Supporting information), LD, y-EV and
DL (Fig. S12C in Supporting information), IW and LW (Fig. S12E
in Supporting information) were well retained and separated af-
ter EOTMBA labeling (Figs. S12B, D, and F in Supporting infor-
mation). Most of di/tripeptides derivatives achieved baseline sep-
aration within a retention time of 22min by LC-MS/MS analy-
sis (Fig. 3B). Furthermore, the introduction of a quaternary amine
moiety via EOTMBA derivatization significantly enhanced the ion-
ization efficiency of the di/tripeptides derivatives. We determined
the limit of quantification (LOQ) using a signal-to-noise ratio (S/N)
close to 10, and the range was found to vary from 0.25 fmol/L
to 5nmol/L (Table S3). The sensitivity of our method was com-
pared with previously reported approaches (Table S3). A previous
work used 2,4,6-trinitrobenzene sulfonate as derivatization reagent



E-Q. Huang, Y. Wang, J.-W. Wang et al.

for LC-MS/MS detection of dipeptides with LOQs of 0.25nmol/L
and 117 nmol/L for VY and MY, respectively (Table S3). In con-
trast, our method achieved LOQs of VY at 10 fmol/L and MY at 1
fmol/L, demonstrating a remarkable increase in sensitivity by 4-6
orders of magnitude (Table S3). Several other MS-based quantifica-
tion methods for dipeptides reported limits of detections ranging
from tens of pmol/L to hundreds of nmol/L (Table S3). Obviously,
our method exhibited significantly enhanced detection sensitivities
and this makes it possible to quantitatively analyze di/tripeptides
in biological samples at ultra-trace levels.

The developed methodology was then fully validated for linear-
ity, accuracy, precision, recovery, matrix effect and stability. Cal-
ibration curves were established for 97 di/tripeptides over three
consecutive days at 10 different concentrations. As shown in Ta-
ble S4 (Supporting information), all calibration curves had good
linearity with coefficient of determination (R2) greater than 0.99.
The accuracy and precision were determined by analyzing mixed
standards solution at low, medium and high concentration lev-
els. The results showed that the intra-day accuracy was 86.3%-
113.0% with coefficient of variation (CV) values at 0.6%-14.5% and
the inter-day accuracy was 87.6%-109.8% with CV values ranging
from 1.3% to 11.3%, suggesting good accuracy and precision were
achieved (Table S5 in Supporting information). Recovery and ma-
trix effects were assessed in different types of biological samples,
including plasma, urine, bile and extract of Eupolyphaga sinensis
Walker. As shown in Table S6 (Supporting information), the recov-
eries at 50%, 100% and 150% spiked levels were 70.1%-129.2% with
CV values of 0.5%-13.9% in plasma, 70.8%-130.0% with CV values of
0.9%-15.0% in urine, 70.3%-113.4% with CV values of 0.4%-14.7% in
bile, and 85.0%-115.0% with CV values of 0.4%-14.7% in extract of
Eupolyphaga sinensis Walker. The matrix effect ranged from 74.7%
to 130.7% with CV values less than 18.3% (Table S7 in Support-
ing information). In addition, the stability was also examined. The
24 h autosampler stability was determined by analyzing derivatized
standard solutions and quality control (QC) samples with CV values
below 12.8% (Table S8 in Supporting information). The long-term
stability of 97 di/tripeptides standards (14 days at -80°C) ranged
from 1.4% to 11.6% (Table S8). The CV values of short-term stability
of derivatization reagents EOTMBA and d3-EOTMBA (6h and 12 h at
room temperature as well as 6h and 12h at 4 °C) were <6.4% (Ta-
ble S9 in Supporting information). Overall, our method gave reli-
able and reproducible results in the quantification of di/tripeptides
in complex biological samples.

Biliary tract cancers, mainly including gallbladder cancer and
cholangiocarcinoma, are highly aggressive tumors with poor prog-
nosis [38]. Identification of reliable biomarkers to aid in their early
diagnosis is therefore crucial. We utilized our method to quanti-
tatively analyze di/tripeptides in 147 plasma, 49 urine and 46 bile
samples collected from healthy individuals and patients with bil-
iary tract diseases to identify potential biomarkers. All the par-
ticipants signed the informed consent forms for the examination
of their samples. All experiments with the clinical samples were
conducted in accordance with the guidelines of Helsinki Declara-
tion and approved by the Ethics Committee of Zhongshan Hos-
pital (Shanghai, China). For the plasma samples, typical total ion
chromatograms of the di/tripeptides generated from direct anal-
ysis and EOTMBA derivatization are presented in Fig. S13 (Sup-
porting information). After labeling, the separation and MS re-
sponse of the di/tripeptides were remarkably improved. A total of
83 di/tripeptides (78 dipeptides and 5 tripeptides) were accurately
quantified (Table S10 in Supporting information). To determine the
differences in di/tripeptides profiles in plasma between healthy in-
dividuals (n=94) and patients with gallbladder cancer (n=53),
unsupervised principal component analysis (PCA) and supervised
orthogonal partial least squares discriminant analysis (OPLS-DA)
analyses were performed (Figs. 4A and B). The OPLS-DA model
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showed a significant distinction between the two groups with R2Y
of 0.546 and Q2Y of 0.481(Fig. 4B). Lasso regression analysis (Figs.
4C and D), random forest (Fig. 4E) and Student’s t-test were ap-
plied to identify the differential di/tripeptides. A Venn diagram
analysis revealed that 10 di/tripeptides were consistently identi-
fied as differential markers using all the three statistical screening
methods (Fig. 4F and Table S11 in Supporting information). Among
them, the levels of y-EM, y-EW, y-EA, AS, B-AH, ST and y-EIG in
patients with gallbladder cancer were significantly lower relative
to the healthy group (Table S11). Receiver operating characteris-
tic (ROC) curves were constructed to evaluate the diagnostic per-
formance of the 10 potential di/tripeptides biomarkers, of which
5 had a calculated area under the curve (AUC) value greater than
70%, with good confidence intervals, sensitivity and specificity (Fig.
4G and Table S12 in Supporting information). We optimized the
biomarker panel of di/tripeptides with enumeration method, and
found that the combination of 9 dipeptides, y-EM, y-EW, y-EA,
AS, B-AH, ST, WH, LL and WE, provided the best diagnostic per-
formance with an AUC of 0.996 (Fig. 4H). The confusion matrix of
the logistic regression model indicated that out of 94 healthy indi-
viduals, 92 were correctly predicted, while out of 53 patients with
gallbladder cancer, 52 were correctly predicted (Fig. 4I). Decision
curve analysis demonstrated that the combined model of 9 dipep-
tides had a good net benefit in predicting gallbladder cancer (Fig.
4]).

For the urine samples, improved separation and MS response of
di/tripeptides were achieved through EOTMBA derivatization (Fig.
S14 in Supporting information). A total of 87 di/tripeptides were
quantified (Table S13 in Supporting information). The PCA and
OPLS-DA analyses demonstrated a limited distinction between the
healthy individuals (n=32) and patients with biliary tract cancer
(n=17) (Figs. S15A and B in Supporting information). The differen-
tial di/tripeptides between the two groups were screened by lasso
regression analysis (Figs. S15C and D in Supporting information),
random forest (Fig. S15E in Supporting information), Student’s t-
test, and Venn diagram analysis (Fig. S15F in Supporting informa-
tion). A total of 5 differential di/tripeptides, namely, y-EIG, DL, 8-
AH, IE and DF, were identified as potential biomarkers (Table S14 in
Supporting information). Remarkably, all 5 di/tripeptides demon-
strated calculated AUC values higher than 70% for the diagnosis
of patients with biliary tract cancer (Fig. S15G and Table S15 in
Supporting information) and their combination exhibited an opti-
mal diagnostic performance with an AUC of 0.893 (Fig. S15H). The
confusion matrix correctly predicted 31 out of 32 healthy individ-
uals and 12 out of 17 patients with biliary tract cancer (Fig. S15I in
Supporting information). Decision curve analysis confirmed the net
benefit of prediction model based on the 5 di/tripeptides for pre-
dicting patients with biliary tract cancer (Fig. S15] in Supporting
information).

Additionally, our method was applied to profile the
di/tripeptides in bile samples collected from 27 patients with
benign biliary conditions and 19 patients with biliary tract cancer.
Obviously, EOTMBA derivatization resulted in improved separation
and increased MS response of di/tripeptides in bile (Fig. S16 in
Supporting information). In total, 68 di/tripeptides were quantified
(Table S16 in Supporting information). The PCA and OPLS-DA anal-
yses showed no significant distinction between the two groups
(Figs. S17A and B in Supporting information). Three dipeptides,
including WN, GN and EF, were identified as potential biomarkers
using the three statistical screening methods (Figs. S17C-E in
Supporting information) and Venn diagram analysis (Fig. S17F in
Supporting information). As indicated in Table S17 (Supporting
information), all the 3 dipeptides were significantly increased in
patients with biliary tract cancer compared with patients with
benign biliary conditions. The calculated AUC values of the 3
dipeptides were found to be greater than 70% (Fig. S17G and Table
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Fig. 4. Di/tripeptides profiling of plasma samples for clinical diagnosis of patients with gallbladder cancer. Score plots of (A) principal component analysis (PCA) and (B)
orthogonal partial least squares discriminant analysis (OPLS-DA). (C) Screening of the potential differential di/tripeptides by lasso regression of machine learning method.
(D) Cross-validation of the constructed signature. (E) Screening of the potential differential di/tripeptides by random forest. The di/tripeptides marked red represent the
potential differential biomarkers with P values less than 0.05. (F) Venn diagram of the differential di/tripeptides screened by lasso regression, random forest and Student’s
t-test. Receiver operating characteristic (ROC) curve analyses of (G) the 10 di/tripeptides biomarker candidates and (H) the combination of 9 differential dipeptides for
differentiating patients with gallbladder cancer from healthy individuals. (I) Illustrative confusion matrix for the disease prediction model. (J) Decision curve analysis (DCA)

for predicting gallbladder cancer. H, heathy; GBC, gallbladder cancer.

S18 in Supporting information). The optimized panel consisted of
2 dipeptides, WN and GN, provided an AUC of 0.870, indicating
a good diagnostic performance (Fig. S17H in Supporting informa-
tion). The confusion matrix for the diagnostic model indicated a
higher prediction probability. Specifically, it correctly predicted
12 out of 13 patients with benign biliary conditions and 15 out
of 19 patients with biliary tract cancer (Fig. S171 in Supporting
information). Additionally, the decision curve analysis provided
further support for the combined diagnostic model, demonstrating
its favorable net benefit in accurately predicting biliary tract can-
cer (Fig. S17] in Supporting information). All these results together
demonstrate that our method significantly improved the detection
of di/tripeptides in complex biological samples and highlight its
immense promise in the early clinical diagnosis of patients with
biliary tract cancer.

As a type of animal-derived traditional Chinese medicine, Eu-
polyphaga sinensis Walker contains proteins, polypeptides, and
amino acids. There have been limited reports on the presence of
di/tripeptides in Eupolyphaga sinensis Walker. We employed our
developed method to analyze di/tripeptides in 11 batches of Eu-
polyphaga sinensis Walker. The application of EOTMBA derivatiza-
tion significantly enhanced the detection coverage of di/tripeptides
and improved their chromatographic behavior, as depicted in Fig.
S18 (Supporting information). A total of 81 di/tripeptides were suc-
cessfully identified and quantified, with their respective contents
listed in Table S19 (Supporting information). The total content of

di/tripeptides in Eupolyphaga sinensis Walker extracts ranged from
194.751 to 664.698 ug/g. It is worthy of note that, this is the
first report detailing the characterization of di/tripeptides in Eu-
polyphaga sinensis Walker. These findings provide insights into the
profiling of di/tripeptides in Eupolyphaga sinensis Walker, which
can serve as a foundation for further characterization and content
analysis related to this traditional Chinese medicine.

In summary, we developed a chemical isotope-labeled quan-
titative strategy to simultaneously analyze 97 di/tripeptides by
LC-MS/MS. We synthesized EOTMBA and its paired d;-EOTMBA
as novel derivatization reagents. The derivatization with EOTMBA
significantly improved the chromatographic separation of the
di/tripeptides and remarkably enhanced their detection sensitiv-
ities with LOQs ranging from 0.25 fmol/L to 5nmol/L. Using
this method, we quantified di/tripeptides in clinical plasma, urine
and bile samples, and identified some di/tripeptides as poten-
tial diagnostic biomarkers for patients with biliary tract can-
cer. Furthermore, we successfully applied this method to quan-
tify di/tripeptides in the extract of Eupolyphaga sinensis Walker.
Overall, our analytical method enabled sensitive and accurate de-
termination of di/tripeptides in various biological samples with
complex matrices. The ultra-sensitivity of our method also high-
lights the possibility of utilizing it to detect previously unre-
ported di/tripeptides, showing great promise for potential applica-
tion in disease diagnosis and quality control of traditional Chinese
medicines.
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