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Abstract
It remains an issue to directly quantify trace biologically important carboxyl compounds in body fluids. Herein we propose an
innovative method to determine α-lipoic acid, 2-(β-carboxyethyl)-6-hydroxy-2,7,8-trimethylchroman, prostaglandin E2, cholic
acid, and chenodeoxycholic acid in saliva. The method consists of two successive steps: fast and direct labeling of the target
analytes withN-(3-dimethylaminopropyl)-N′-ethylcarbodiimide followed by ultrahigh-performance liquid chromatography–tan-
dem mass spectrometry analysis. The method exhibited a wide linear range from 2.5 to 2500 pg/mL, with linear coefficients
greater than 0.9963 and limits of detection and quantification as low as 0.10 and 0.33 pg/mL, respectively. The method precision
was evaluated, with relative standard deviations ranging from 2.12% to 10.63% for intraday assays and from 2.98% to 12.88%
for interday assays. The recoveries were measured by our spiking saliva samples with standards at three different levels, and
ranged from 72.5% to 98.0%. Real applicability was validated by direct quantification of trace target analytes in human saliva,
with simple pretreatment, use of a small sample volume, and a short analysis time.

Keywords Carboxylcompounds .Derivatization .Ultrahigh-performance liquidchromatography–electrospray ionization tandem
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Introduction

In recent years, there has been increasing interest in research
into saliva as a biological fluid for the analysis of related
diseases because some trace and ultratrace potential bio-
markers often appear in saliva. In addition, collection of saliva

is noninvasive, painless, and acceptable to patients [1]. Like
blood, saliva is a complex fluid, and most of the compounds
found in blood are also present in saliva [2, 3]. Thus, saliva is
functionally equivalent to serum in reflecting the physiologi-
cal state of the body. However, although saliva contains di-
verse components with diagnostic properties, their low con-
centration compared with those in blood is a serious challenge
for analytical chemistry, making salivary diagnostics not clin-
ically practical [4]. The core issue is how to conveniently,
quickly, and accurately determine the biologically and clin-
ically important components in very complex saliva
samples.

In assays of saliva samples, carboxylic acids (CAs) have
been attracting more and more attention. CAs are widely dis-
tributed in saliva, and play important roles but function at only
trace levels in regulating various physiological and biological
functions [5]. For example, prostaglandin E2 (PGE2), an in-
flammatory mediator, stimulates alveolar resorption, causing
the teeth to gradually loosen and eventually fall out [6].
Various methods have been described for the determination
of these CAs, such as enzyme-linked immunosorbent assay
[7], high-performance liquid chromatography (HPLC) [8, 9],
capillary electrophoresis [10], and mass spectrometry (MS),
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which can also be coupled with gas chromatography or liquid
chromatography (LC). LC–MS/MS in multiple reaction mon-
itoring mode is becoming more and more popular because of
its high selectivity and sensitivity. Even so, the sensitivity
remains insufficient to directly analyze trace and ultratrace
CAs in biofluids, especially in the case of negative ion mode
electrospray ionization (ESI) [11]. Chemical derivatization
has been considered and various approaches have been ex-
plored to introduce easily chargeable groups into the
molecules of target analytes to increase ionization efficien-
cy and in turn increase detection sensitivity. This has also
led to increasing use of regents for labeling CAs; for ex-
ample, 2-hydrazinopyridine, 2-picolylamine [5], (S)-
1-(4,6-dimethoxy-1,3,5-triazin-2-yl)pyrrolidin-3-amine
[12], (S)-anabasine [13], and 1-(3-aminopropyl)-3-
bromoquinolinium bromide [14]. Unfortunately, they com-
monly need rigorous conditions and long reaction times
[12, 14], and some of them have low recovery [13] and
limited sensitivity enhancement [5]. An example is the
use of a reaction newly developed by Mochizuki et al.
[14] for the analysis of bile acids and free fatty acids in
saliva. It takes a long time to prepurify the target analytes
and to synthesize the labeling reagents. Higashi et al. [13]
simplified the derivation of 2-(β-carboxyethyl)-6-hydroxy-
2,7,8-trimethylchroman (γ-CEHC) in human saliva but the
recovery rate was lowered to 55%. It is highly desired to
have a more convenient, more sensitive, and faster labeling
method to perform trace analysis of CAs in very complex
saliva samples.

In the past 10 years, our research group has successfully
established a sensitive derivatization technique used in the
quantitative determination of ultratrace gibberellins [15],
which are CAs but are normally found in plants. Our method
uses N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
(EDC) to directly label ultratrace gibberellins under mild con-
ditions (avoiding the isomerization of some gibberellins at a
high temperature), and is able to analyze the ultratrace gibber-
ellins in only a floral organ of Arabidopsis thaliana. The
method is in theory extendable to the determination of target
trace or even ultratrace CAs in body fluids such as saliva. To
demonstrate this, five CAs—α-lipoic acid (α-LA), γ-CEHC,
PGE2, cholic acid, and chenodeoxycholic acid (CDCA)—
were selected as target analytes. They are physiologically
and biologically important; for example, α-LA is a natural
cofactor serving as an acyl carrier in the oxidative decarbox-
ylation of the α-keto acids (pyruvate and α-ketoglutarate)
[16–18] and an aminomethyl carrier in the glycine-cleavage
enzyme system [19, 20] to prevent free radicals in vitro and
in vivo attacks [21–24], whereas γ-CEHC is a major metab-
olite of γ-tocopherol, and its S enantiomer functions as a po-
tent natriuretic factor [25]; γ-tocopherol is thus often taken as
a food supplement in the hope of an antioxidant effect. The
target analytes were first labeled with EDC and then analyzed

by ultrahigh-performance liquid chromatography (UHPLC)–
MS/MS. The data revealed that direct transformation of the
original method was not very ideal, with the labeling taking a
long time. The labeling reaction was hence reinvestigated on
the basis that CAs are more thermostable than gibberellins
[15], and the results are worthy of discussion.

Materials and methods

Chemicals and reagents

α-LA, γ-CEHC, PGE2, cholic acid, CDCA, and EDC were
purchased from Sigma (St Louis, MO, USA). Formic acid and
HPLC grade methanol, ethanol, acetonitrile, and ethyl acetate
were from Fisher Scientific (Waltham, MA, USA). Analytical
grade hydrochloric acid was obtained from Beijing Chemical
Works (Beijing, China). Pure water produced by a Milli-Q
Academic system (Millipore, Billerica, MA, USA) was used
throughout the study. Stock solutions of the CAs were pre-
pared as 1 mg/mL solutions in methanol, and were stored at -
20 °C. The working standard solutions at desired concentra-
tions used in the analysis were prepared by dilution of the
stock solutions with methanol. The EDC solutions were pre-
pared freshly by our dissolving EDC powder in ethanol.

UHPLC–ESI-MS/MS analysis

All separation-based assays were performed with an LCMS-
8040 instrument and controlled by LabSolutions LCMS ver-
sion 5.6 (Shimadzu, Kyoto, Japan), which has a UHPLC unit
consisting of a CBM-20A system controller, an LC-30AD
pump, a DGU-20A5R degasser, a SIL-30AC autosampler,
and a CTO-20AC column oven, and is coupled to a triple
quadrupole mass spectrometer via an ESI interface.

A sample (10 μL) was injected into a reversed-phase
packed column (XR-ODS, 50 mm × 3.0-mm inner diameter,
2.2 μm, Shimadzu) and eluted at a column temperature of 40
°C and a flow rate of 0.3 mL/min with binary solvents of 0.1%
formic acid in water (solvent A) and 0.1% formic acid in
acetonitrile (solvent B) with a programmed gradient from
99:1 (v/v) solvent A–solvent B to 40:60 (v/v) solvent A–sol-
vent B over 14 min (Table 1). The eluates were sent to the MS
unit via ESI to produce positive ion species, and were detected
in multiple reaction monitoring mode (see Table S1). The MS
parameters for the LCMS-8040 instrument were set as fol-
lows: nebulizing gas flow of 3 L/min, drying gas flow of 15
L/min, interface voltage of 4.5 kV, desolvation line tempera-
ture of 300 °C, heat block temperature of 450 °C, and
collision-induced dissociation gas pressure of 230 kPa. The
other parameters were tuned automatically.
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Preparation of EDC-labeled CAs

Five microliters (the calibration curves) or 10 μL (the recov-
ery experiments) of CA standard was transferred to a 0.6-mL
Eppendorf tube. After this had been dried under a stream of
nitrogen gas, 50 μL of 10mMEDC in ethanol was added, and
the mixture was sonicated for 1 min and incubated in a water
bath at 70 °C for 15 min for all samples. The resulting solu-
tions were vacuum-dried and redissolved in 50 μL acetoni-
trile–H2O (1:1, v/v) for UHPLC–ESI-MS/MS analysis.

Collection and pretreatment of saliva samples

The method of collecting saliva samples as previously report-
ed by Higashi et al. [13] was slightly modified. Saliva (ap-
proximately 1.5 mL) was collected directly into a 5-mL tube
(without a collection device) from healthy volunteers and
stored at -20 °C until use. The volunteers ingested no food
or beverages and did not stimulate or rinse their mouths in the
30 min before sample collection. They also did not brush their
teeth in the 1 h before sample collection to avoid any blood
contamination. The saliva samples were centrifuged at 1000g
for 10 min before use. Informed consent for saliva analysis
was obtained from all individual volunteers. The study was
approved by the Ethics Committee of North China University
of Science and Technology, and all procedures adhered to the
guidelines in the Declaration of Helsinki.

Pretreatment for analysis of γ-CEHC in saliva

A saliva sample (200 μL) was added to acetonitrile (200 μL),
and the mixture was sonicated for 1 min and centrifuged at
2000g for 5 min. After the sediment had been retreated with
200 μL acetonitrile, the supernatants were combined, dried to
about one-third volume by a N2 gas stream, and extracted with
ethyl acetate (200 μL, twice) under ultrasonication
(KQ5200DE Kunshan Ultrasonic Instrument Co., Kunshan,
China) for 5 min. The ethyl acetate layer was collected and

dried for later derivatization. Gentler extraction was also per-
formed with the same procedure except that the ultrasonication
was replaced by shaking for 30 min on a shaker (MS 3 digital,
IKA-Werke, Staufen, Germany) at 25 °C and 1000 rpm.

Pretreatment for analysis of α-LA, PGE2, cholic acid, and CDCA
in saliva

Similarly, a saliva sample (200 μL) was added to 200 μL
acetonitrile, and the mixture was sonicated for 1 min. It was
centrifuged at 2000g for 5 min, and the sediment was retreated
with 200 μL acetonitrile. The supernatants were combined
(approximately 600 μL in total) and dried completely under a
N2 gas stream. The dried residue was redissolved in 200 μL
water at pH 2.5, and extracted twice with ethyl acetate (200
μL each time) under ultrasonication for 5 min. The ethyl ac-
etate layer was collected and dried for later derivatization. The
shaking extraction was performed in the same way except for
the replacement of ultrasonication by shaking (see the previ-
ous section).

Method validation

To establish the calibration curves, ten solutions of CA stan-
dards were prepared in a concentration sequence of 0.00, 0.25,
1.25, 2.50, 12.50, 25.0, 125.0, 250.0, 1250.0, and 2500.0 pg/
mL, and were subjected to labeling with EDC and analysis by
UHPLC–ESI-MS/MS. The linear regression equations were
obtained by our plotting the experimental peak area against
CA concentration (n = 3). The relative standard deviations
(RSDs) for all analytes were determined in three replicates
on either 1 day or on three different days (see Table S2). The
limit of detection (LOD) and limit of quantification (LOQ)
were calculated as the concentration of CA standards corre-
sponding to a signal of 3 and 10 times the baseline noise,
respectively, which were theoretical levels and were not
tested. The precision of the method was evaluated by our
spiking saliva samples with CAs at three levels: 20, 250, and
2000 pg/mL. The intraday variation of peak areas of EDC-
labeled CAs was determined by three replicates on 1 day, and
the interday variation was determined on three different days.
The recovery of each spiked CA and the 95% confidence
interval of the RSDs for all recovery experiments was calcu-
lated on the basis of the peak areas.

Results and discussion

Reduction of sample pretreatment process

To reduce sample loss, the sample handling steps should be as
few as possible on the basis of ensuring the elimination of
interfering components. Herein we reduced the sample

Table 1 Liquid chromatography gradient programs for ultrahigh-
performance liquid chromatography–tandem mass spectrometry analysis

Time (min) Gradient (percentage of mobile phase Ba by volume)

0.01 1

0.01–2 Increase linearly to 10

2–10 Increase linearly to 30

10–14 Increase linearly to 60

14–15 Increase linearly to 100

15–18 100

18–20 Decrease linearly to 1

aMobile phase Awas distilled water with 0.1% formic acid; mobile phase
B was acetonitrile with 0.1% formic acid.
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pretreatment to two steps: to precipitate protein from saliva
with acetonitrile and to purify the CAs with ethyl acetate
(Fig. 1). All the other steps were removed, such as solid-
phase extraction and water cleanup. The two steps were both
performed under ultrasonication. The first ultrasonication step
is to prevent the inclusion of analytes from precipitating pro-
teins, and the second step aims at speeding up the extraction
and increasing the recovery. After this measure, the recovery
ofα-LA and γ-CEHC increased significantly (n = 3, P < 0.05,
t test) from 12.5% to 74.3% and from 15.6% to 81.5%, re-
spectively. It was reported that the recovery rate of γ-CEHC is
commonly only around 55% [13]. This is too low to perform
quantification. Nevertheless, after ultrasonication the recovery
reached the quantification standards. The recoveries of the
other target analytes were higher, ranging from 84.2% to
92.8%, with no statistically significant (n = 3, P > 0.05, t test)
difference from the shaking extraction (Fig. 2).

Fast labeling of ultratrace CAs

Chemical derivatization is a general method for the analysis of
CAs by HPLC–ESI-MS/MS to significantly increase the ion-
ization efficiency. Although various reagents are available to
label CAs, our method is convenient to quickly analyze the
target analytes. We thus considered a very sensitive chemical
labeling approach explored in our laboratory aiming at the
quantification of ultratrace plant hormones. That approach
used EDC and is able to directly (one manipulation step) label
some gibberellins at a concentration as low as 1 pM [15]. On
the basis of our previous research, ethanol was used as the

reaction solvent to increase the reactivity and lower solvent
toxicity. In this case, the mechanism of the reaction is very
simple (Fig. 3): The EDC is first protonated and then reacts
with monocarboxylic cholic acid to form an unstable O-
acylurea intermediate, which subsequently becomes a stable
N-acylurea product through O→N migration.

Fig. 1 Steps for extraction and
purification of the target
carboxylic acids from saliva
samples. CDCA
chenodeoxycholic acid, γ-CEHC
2-(β-carboxyethyl)-6-hydroxy-
2,7,8-trimethylchroman, α-LA α-
lipoic acid, PGE2 prostaglandin
E2

Fig. 2 Comparison of recovery between shaking extraction and
ultrasonic extraction. The data were averaged over three independent
analyses at carboxylic acid spiking levels of 20, 250, and 2000 pg/mL,
respectively. The data were measured by ultrahigh-performance liquid
chromatography–tandem mass spectrometry just after sample pretreat-
ment and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide labeling.
The error bars correspond to the standard deviation (n = 3).
CDCA chenodeoxycholic acid, γ-CEHC 2-(β-carboxyethyl)-6-hy-
droxy-2,7,8-trimethylchroman, α-LA α-lipoic acid, PGE2 prosta-
glandin E2
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The preliminary studies revealed that the original protocol
was transferable but the labeling took a long time (more than
40 min), much the same as for other reported methods. To
reduce the time, the labeling reaction was reinvestigated with
the use of five biologically and clinically important CAs as
target analytes (Fig. 3). After a systematic inspection, it was
found that the reaction temperature impacts seriously on the
reaction time. As shown in Fig. 4, on increase of the

temperature from 25 to 70 °C, the reaction time at which a
plateau was reached was reduced from about 120 min to only
15 min. The final peak intensity (i.e., at the time of reaction
saturation) increased with the reaction temperature (e.g., by
more than twofold as measured for PGE2; 2.3-fold as shown
in Fig. S1). Thus, a high reaction temperature (if allowed but
dependent on solvent and analytes) is suggested in the label-
ing of CAs to increase both the labeling speed and the

Fig. 3 Chemical structure of the
analyzed carboxylic acids and
their N-(3-dimethylaminopropyl)-
N′-ethylcarbodiimide labeling
reaction

Fig. 4 Peak area versus reaction time at different temperatures (25, 35,
45, 60, and 70 °C) in the labeling of carboxylic acids (1 ng/mL) with
10 mM N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide. CDCA

chenodeoxycholic acid, γ-CEHC 2-(β-carboxyethyl)-6-hydroxy-2,7,8-
trimethylchroman, α-LA α-lipoic acid, PGE2 prostaglandin E2
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detection sensitivity. In the analysis of our five target analytes,
the temperature was set to 70 °C, somewhat below the boiling
point of ethanol of 78 °C, to avoid exorbitant temperature-
induced excessive volatilization of reaction solvents.

Quantification features of the method

On the basis of the improved labeling approach in combina-
tion with UHPLC–ESI-MS/MS, a sensitive method was
established and validated to be suitable for quantitative anal-
ysis of the target analytes. The calibration curves of the five
analytes were plotted over the range from 2.5 to 2500 pg/mL,
with linear coefficients greater than 0.9963. The LOQ was
calculated to be 0.33–5.58 pg/mL, and the LOD was calculat-
ed to be 0.10–1.68 pg/mL (Table 2), which was comparable
with the LOD of the enzyme-linked immunosorbent assay
method for PGE2 measurement down to picograms per milli-
liter [7]. Moreover, the LOD was much lower than that of the
method of Campos et al. [9] to quantify α-LA by HPLC, with
a LOD at the microgram per milliliter level [9], and the LOQ
was comparable with the LOQ of 25 pg/mL for detecting
CDCA by HPLC–MS/MS with derivatization [26]. The pre-
cision of the method was evaluated by the peak area, giving
RSDs of 10.63% or lower for intraday assays and 12.88% or
lower for interday assays. The recovery measured by the

spiking technique was 72.5–98.0% (Table 3), which was
higher than the 55% reported for γ-CEHC in [13].

Quantitation of CAs in saliva

The real applicability of the method was validated by mea-
surement of the content of CAs in saliva samples collected
from ten healthy volunteers (24–27 years old). The measured
content in saliva samples largely differed among the volun-
teers; for example, the α-LA content in samples from volun-
teers 3 and 6 was below the LOD but was 266 pg/mL in the
sample from volunteer 8 (Table 4). This seems to be depen-
dent on the antioxidant capacity of the volunteers. A similar
variation was found for the concentration of γ-CEHC, be-
tween 49 and 328 pg/mL (Table 4). These results demonstrate
that the new method has enough sensitivity and specificity for
practical applications.

Impressive is the content of PGE2, an important inflamma-
tory mediator closely related to periodontitis [6], which was at
nearly the same level among the ten volunteers, 35–71 pg/mL
(Table 4), much the same as the 73 ± 9 pg/mL reported in the
literature [7]. This also suggests that our newly developed
method is reliable in practice.

Determination of total bile acids is one of the more accurate
and effective liver function tests because they are the most

Table 3 Precision (intraday and interday) and recovery for the determination of five standard carboxylic acids added to saliva

Analytes Low concentration (added 20 pg/mL,
n = 3)

Medium concentration
(added 250 pg/mL, n = 3)

High concentration
(added 2000 pg/mL, n = 3)

Recovery
95% CI (%)

Intraday
RSD (%)

Interday
RSD (%)

Intraday
recovery (%)

Intraday
RSD (%)

Interday
RSD (%)

Intraday
recovery (%)

Intraday
RSD (%)

Interday
RSD (%)

Intraday
recovery (%)

α-LA 7.00 9.21 76.2 8.84 9.11 74.0 6.49 9.55 72.5 70.0–78.9

γ-CEHC 8.39 2.98 84.4 4.43 10.82 78.8 6.02 7.47 81.2 74.4–88.5

PGE2 5.61 3.12 98.0 4.37 11.65 87.2 7.38 9.55 84.1 71.7–107.9

Cholic acid 8.67 5.66 94.2 2.56 12.68 89.8 10.63 12.19 94.5 86.2–99.4

CDCA 2.12 10.63 82.1 7.57 9.11 81.3 9.81 12.88 89.4 73.2–95.3

CDCA chenodeoxycholic acid, γ-CEHC 2-(β-carboxyethyl)-6-hydroxy-2,7,8-trimethylchroman, CI confidence interval, α-LA α-lipoic acid, PGE2

prostaglandin E2, RSD relative standard deviation

Table 2 Linearity, limit of
detection (LOD), and limit of
quantification (LOQ) measured
by ultrahigh-performance liquid
chromatography–tandem mass
spectrometry for five N-(3-
dimethylaminopropyl)-N′-
ethylcarbodiimide-labeled
carboxylic acids potentially
present in saliva

Analyte Calibration curve R2 Liner range (pg/mL) LODa (pg/mL) LOQa (pg/mL)

α-LA y=79.4x − 1185.8 0.9963 2.5–2500 0.58 1.92

γ-CEHC y=111.5x − 3864.1 0.9980 2.5–2500 1.68 5.58

PGE2 y=77.6x − 1777.1 0.9991 2.5–2500 1.08 3.58

Cholic acid y=48.7x − 1095.7 0.9988 2.5–2500 1.60 5.33

CDCA y=59.5x − 1501.2 0.9985 2.5–2500 0.10 0.33

CDCA chenodeoxycholic acid, γ-CEHC 2-(β-carboxyethyl)-6-hydroxy-2,7,8-trimethylchroman, α-LA α-lipoic
acid, PGE2 prostaglandin E2
a Calculated levels
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potent ligands for farnesoid X receptor and transcriptionally
regulate its biosynthesis and enterohepatic transport [27]. In
this validation, cholic acid and CDCA were determined be-
cause they are known important biomarkers of many liver
diseases (e.g., hepatitis, cirrhosis, and liver cancer) [5, 26].
The data from the same ten volunteers showed that the
amounts of cholic acid and CDCA were between 103 and
272 pg/mL and between 142 and 533 pg/mL, respectively
(Table 4), consistent with the 53–457 pg/mL for CDCA re-
ported in the literature [26].

Conclusions

To quickly and accurately determine carboxyl compounds of
potentially physiological and biological importance, a conve-
nient, fast, and sensitive method was established by innova-
tive transfer of our previously developed EDC-based labeling
approach and in combination with UHPLC–MS/MS. The
method features high recovery, a fairly wide linear working
range, and a low LOD and LOQ, reaching the low picogram
per milliliter level. The method was validated to be applicable
to the quantification of CA biomarkers such as γ-CEHC, α-
LA, PGE2, cholic acid, and CDCA in saliva. The measured
data are comparable with data from reported methods [12, 14].
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