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A B S T R A C T   

Quinones are important components participating in various biological processes as well as hazardous substances 
to human health. Rapid determination of quinones in environmental samples and biofluids is the basis for 
assessing their health effect. Here, we presented a rapid, straightforward, highly sensitive and environmental- 
friendly wooden-tip electrospray ionization mass spectrometry (ESI-MS) method for the determination of qui
nones in PM2.5, urine and serum. An amine group “tag” was introduced to the quinone structure through in situ 
derivatization with cysteamine to improve ionization efficiency of quinones in wooden-tip ESI-MS. The tooth
picks were treated by sharpening and acidification with HNO3. Experimental parameters, including sample 
volume, spray voltage, and spray solvent composition were optimized to be 1 μL, 3.5 kV, and ACN/CH3COOC2H5 
(v/v, 9:1), respectively. The limits of detection for the determination of 1,4-benzoquinone, methyl-p-benzoqui
none, 1,4-naphthoquinone and 1,4-anthraquinone in ACN under the optimal conditions were 1.00, 0.96, 0.13, 
0.16 ng (1.00, 0.96, 0.13, 0.16 μg/mL, sample volume, 1 μL), respectively. This approach was successfully 
applied to the determination of 1,4-naphthoquinone and 1,4-anthraquinone in complex matrices, including 
PM2.5, urine and serum without or with minimal sample preparation (LOD range: 0.22–1.48 ng).   

1. Introduction 

Quinones are a class of important compounds participating in 
various biological processes. For example, quinone can induce heme 
oxygenase-1 in aortic endothelial cells to protect the vessel [1]. In 
addition, quinones are harmful to human health by generating reactive 
oxygen species (ROS) to exert a variety of hazardous effects, including 
acute cytotoxicity, immunotoxicity, and carcinogenesis [2–4]. It has 
been illustrated that quinones can lead to mutations and cancer as well 
as inhibit enzyme activity. Polycyclic aromatic hydrocarbons quinone 
(PAHQ), a type of common constituents found in airborne particulate 
matter (PM), is known as the products of incomplete combustion of fuels 
(such as petroleum, coal and cigarettes) or chemical reactions of PAHs 
with ozone and radical species in the atmosphere [5–7]. Quinones in 
environmental and biological samples are indicators to assess human 
exposure. For example, 9,10-dihydroxyphenanthrene (9,10-PQHG), the 
metabolite of phenanthrenequinone (9,10-PQ), was found as a 
biomarker of PAHQ exposure, and was detected in the urine from 
nonoccupationally-exposed individuals who lived in a suburban area 
[8]. Developing a rapid, cost-effective method to quantify quinones in 

environmental samples and biofluids is thus of great importance for 
routine assessment of quinone exposure. 

Quinones are traditionally determined by fluorescence [9–11], 
chemiluminescence (CL) [12], gas chromatography-mass spectrometry 
(GC-MS) [13–15] and liquid chromatography-mass spectrometry 
(LC-MS) [16,17]. Among these techniques mass spectrometry is the most 
widely used due to high sensitivity and specificity. However, sample 
pretreatment processes are usually time-consuming and labor-intensive 
in GC-MS and LC-MS, and require the usage of organic solvent, which 
can produce secondary environmental pollution. Thus, 
environmental-friendly methods for determining quinones in complex 
matrices are still in great demand. 

Ambient mass spectrometric techniques have received considerable 
attention in the past decade as they allow in situ analysis with minimal 
sample pretreatment. The first ambient ionization source, desorption 
electrospray ionization (DESI), was developed by Cooks’ group in 2004 
[18]. Since then more than 30 ambient ionization techniques, including 
direct analysis in real time (DART) [19], extractive electrospray ioni
zation (EESI) [20], laser ablation electrospray ionization (LAESI) [21], 
and paper spray ionization [22,23], have been developed. Wooden-tip 
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electrospray ionization mass spectrometry (ESI-MS) is a novel electro
spray ionization-based ambient technique that can be used for quanti
tative and qualitative analysis of compounds in complex matrices [24]. 
In wooden-tip ESI-MS, a small amount of sample is loaded onto the 
toothpick tip, and subsequently high voltage is applied to migrate and 
ionize compounds in the sample. Wooden-tip ESI-MS offers enormous 
advantages, including convenient sampling, low demand of sample 
amount, and high resistance to matrix interference, making this novel 
technique a greater player in performing rapid tests when compared to 
traditional MS-based approaches. Today, wooden-tip ESI-MS has been 
extensively applied in analyzing compounds in various types of samples, 
such as body fluid [25–27], pharmaceuticals [28,29], food [30,31] and 
plant materials [32,33]. 

Herein, we developed a straightforward and highly sensitive 
wooden-tip ESI-MS method for the rapid determination of quinones in 
complex matrices. Ionization of quinone in wooden-tip ESI-MS was 
boosted by in situ derivatization with cysteamine that brought an amine 
tag to the quinone structure. Four quinones (1,4-benzoquinone (BQ), 
methyl-p-benzoquinone (MBQ), 1,4-naphthoquinone (NQ) and 1,4- 
anthraquinone (AQ)) were chosen as the model compounds to opti
mize experimental conditions and to evaluate quantitative performance 
including linearity, relative standard deviation (RSD) and limits of 
detection (LOD). Finally, the method was applied to the determination 
of quinones in PM2.5, urine and serum without or with minimal sample 
preparation to demonstrate its wide applicability. 

2. Experimental 

2.1. Chemicals and materials 

BQ, MBQ, NQ, AQ, 1,4-benzoquinone-d4 (BQ-D4) and 1,4-naph
thoquinone-d6 (NQ-D6) were purchased from ANPEL Laboratory Tech
nologies Inc. (Shanghai, China). The molecular structures of quinones 
were listed in Table 1. Cysteine and glutathione were purchased from 
Sangon Biotech Co. (Shanghai, China). Cysteamine was purchased from 
J&K Scientific Ltd. (Beijing, China). HPLC grade methanol, acetonitrile 
and ethyl acetate were purchased from Burdick & Jackson Inc. (Mus
kegon, MI, USA). The deionized water (resistivity: 18.2 MΩ⋅cm) was 
prepared with Milli-Q water-purification system (Millipore, MA, USA). 
The solutions used in this experiment were all prepared in acetonitrile 
(ACN) unless otherwise noted. 

Wooden toothpicks were purchased from a local supermarket 
(Guangxi, China). PM2.5 samples were taken from May 26 to 27, 2019, 
at Guangxi University (Guangxi, China). The air was drawn through a 
quartz fiber filter (20.3 cm × 12.7 cm, Munktell) by a PM2.5-PUF-300 
active atmospheric sampler (Guangzhou Mingye Huanbao Technology 
Company, Guangzhou, China) with a sampling flow rate of 300 L/min 

and duration of 24 h. Human urine samples were donated by one healthy 
volunteer with IRB approval. Serum samples were purchased from 
Sangon Biotech Co. (Shanghai, China). PM2.5, urine and serum samples 
were stored at − 20 ◦C. 

2.2. Mass spectrometry 

All experiments were carried out with an LTQ mass spectrometer 
(Thermo Scientific, San Jose, CA, USA). All mass spectra were obtained 
in positive ion mode. The inlet temperature was set at 275 ◦C. For tan
dem mass spectrometry (MS/MS), helium was used as the collision gas, 
the collision-induced dissociation (CID) energy was set at 35% with an 
activation time of 30 ms, and the isolation width was set as m/z 1.0. The 
other mass spectrometer parameters used in the experiment were 
default values. 

2.3. Pretreatment of toothpick 

The toothpick tip was sharpened to the ultimate diameter of 0.1 mm 
(Fig. S1). The toothpicks were treated with HNO3 solution following Su’s 
method [34]. Briefly, the toothpicks were soaked in 10− 3 M HNO3 so
lution (maintained in a 45 ◦C water bath) for 3 h, then washed five times 
with deionized water, and dried at 70 ◦C in an oven. The prepared 
toothpicks were stored in a chamber with constant temperature and 
humidity. 

2.4. Pretreatment of quartz fiber filter with PM2.5 

The quartz fiber filter after being used to collect PM2.5 was weighed 
and cut into six fragments with the same size (5 cm × 5 cm), and added 
with different amounts of quinones solution (0, 50, 100, 200, 500, 1000 
μL of 1000 μg/mL stock solution). After drying for 1.5 h at room tem
perature, the filter membranes were cut into pieces and placed in the 15 
mL centrifuge tube. Subsequently, 10 mL of ACN was added for 
extraction by ultrasonication combined with vortex oscillation for 30 
min. 

2.5. Home-made ESI setup 

The home-made ESI consisted of a syringe (1700 series, Hamilton, 
NV, USA), a 50 cm long etched fused-silica capillary (100 μm i.d., 365 
μm o.d.) and a tee-junction to assist the nebulization of sample solution 
[35]. The distance between the fused-silica capillary tip and the inlet of 
mass spectrometer was 1 cm. Nitrogen was used as sheath gas and the 
voltage was set as 3.5 kV. The reaction solution of quinone and sulfhy
dryl reagents in the syringe flowed through the fused-silica capillary 
with a flow rate of 2 μL/min. 

Table 1 
The structures of quinones and the major characteristic fragment ions of the derivatives.  

Quinones Molecular structure of quinones Molecular structure of derivatives m/z of derivatives parent ion m/z of derivatives characteristic fragments ion 

BQ 186 169 

MBQ 200 183 

NQ 234 217 

AQ 284 267  
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3. Results and discussion 

3.1. Optimization of the experimental conditions 

Quinones are compounds absent of basic and acidic sites and thus 
have low ionization efficiency in electrospray-based ionization sources. 
It has been illustrated that their ionization efficiency could be improved 
by introducing an amine group with strong proton-binding ability into 
the molecular structures [36]. We tested three sulfhydryl reagents 
(cysteine, glutathione, and cysteamine) as derivatization reagents, and 
found that the cysteamine derivatives showed the best signals in ESI-MS 
(Fig. S2-S3). Therefore, cysteamine was chosen as derivatization reagent 
in the following experiments. The diagram of the wooden-tip ESI-MS 
experimental setup was shown in Fig. 1. One μL of quinone solution and 
2 μL of cysteamine solution were sequentially added onto the toothpick 
tip, where quinones were derivatized in situ. High voltage was applied 
after drying of the toothpick, then the spray solvent was added to initiate 
the electrospray and ionization. 

In the MS/MS spectra of quinone derivatives, dominant fragment 
ions indicated to neutral loss of an ammonia from quasimolecular ions (i. 
e. fragment ions of m/z 169, 183, 217 and 267 for BQ, MBQ, NQ, and AQ 
derivatives, respectively) and were used for quantification of quinones. 
For NQ and AQ derivatives, their MS/MS spectra showed fragment ions 
of [M − 34]+ and [M − 60]+, which were speculated to be [M − H2S]+

and [M-CH2CH2SH]+ (Fig. S4). The MS3 spectra of [M − 17]+ fragment 
ions of NQ and AQ derivatives showed loss of a water, a carbon dioxide 
and a sulfydryl group (Fig. S5). The presence of [M − H2S]+ and [M- 
CH2CH2SH]+ ions in the MS/MS spectra and [M − HS]+ in the MS3 

spectra suggested that NQ- and AQ-derivatives were possibly subject to 
intramolecular rearrangements in the CID process. This phenomenon 
was understandable as intramolecular rearrangement commonly 
occurred in CID [37–40], such as the elimination of SO2 from aromatic 
sulfonamides [39] and NH3 from dibenzylamine [40]. 

On the other hand, BQ- and MBQ-cysteamine derivatives showed 
parent ions at m/z 186 and 200, respectively. Meanwhile, [M − H2S]+

and [M-CH2CH2SH]+ were not observed in their MS/MS spectra. This 
implied that the structures of BQ- and MBQ-cysteamine derivatives were 
reduced into the diphenol form, while the quinone structures were 
preserved in NQ and AQ derivatives. The structure differentiation of four 
quinone derivatives might be explained by their reduction potentials. 
The reduction potentials of BQ, MBQ, NQ, and AQ are − 0.851, − 0.928, 
− 1.029, and − 1.259 V, respectively [41]. In fact, compounds with 
higher reduction potentials (less negative values) were more prone to be 
reduced. It was also reported that BQ and MBQ-glutathione derivatives 
could be reduced by severe corona discharge during positive ESI-MS 
while NQ- and AQ-glutathione derivatives could not [42], which is in 
accordance with our study. To sum up, the molecular structure, parent 
ion and characteristic fragment ion of the derivatives were listed in 
Table 1. It is noteworthy that in-source fragment (deamination) of four 
quinone derivatives was observed, and the fragment extents had the 
tendency of BQ > MBQ > NQ > AQ (Fig. S4A). Therefore, though the 
ionization efficiencies of four quinone derivatives were similar, their 
absolute signal intensities had the tendency of BQ < MBQ < NQ < AQ. 

Then the experimental conditions were optimized for the quantita
tive analysis of quinones. First, we compared the effect of the way to 
modify toothpicks on quinones determination. It is reported that the 
impurities in the toothpick resulted in complex background signal and 
suppressed the signal of target compounds. However, treatment by 
HNO3 and NaClO could alter the lignin fiber structure, and thus effec
tively eliminated the interference of impurities [34]. On the other hand, 
sharpening the toothpick could strengthen the signal intensity of 
quinone derivatives, which could be attributed to the efficient formation 
of Taylor cone by enhancing electric field [24,43,44]. Therefore, the 
toothpick was treated by soaking in HNO3 solution (10− 3 M) and 
sharpening before the MS experiment. However, the sequence of acid
izing and sharpening of the toothpick would affect the ionization effi
ciency. As shown in Fig. 2A, the sequence of sharpening→acidizing 
worked better than the sequence of acidizing→sharpening for all four 
quinones. We speculated that toothpicks were more readily permeated 
by HNO3 after sharpening, resulting in more efficient oxidization of the 
internal impurities. Therefore, the sequence of sharpening→acidizing 
was used to treat toothpicks in the following experiment. 

Sample volume affects the signal intensity of quinone derivatives 
during wooden-tip ESI-MS. One μL and 2 μL of sample were compared in 
this experiment. Higher signal intensity and better repeatability were 
obtained with 1 μL of sample (Fig. 2B). With the addition of 2 μL of 
sample onto the toothpick tip, the solution diffused around the tip 
visually, resulting in weak signal intensity and poor repeatability. 
Oppositely, a sampling volume of less than 1 μL was less accurate with a 
pipettor, and it is hard to add it onto the toothpick tip. Therefore, we 
chose 1 μL as the sample loading volume. 

Spray voltage is another parameter affecting the signal intensity of 
quinone derivatives during wooden-tip ESI-MS. We compared 3 kV, 3.5 
kV, 4 kV, 4.5 kV, and 5 kV here. As shown in Fig. 2C, the highest signal 
intensities were obtained with the spray voltage of 3.5 kV. In fact, spray 
current, which is generated after application of voltage, is proportional 
to the amount of charged droplets; thus higher spray voltage results in 
higher signal intensity. However, a spray voltage that is too high can 
also induce severe corona discharge that can result in both poor signal 
intensity and instrument damage [35,42]. Though visual observation of 
corona discharge generally occurs above 4 kV during ESI [45], extensive 
investigations have indicated that corona discharge could occur at low 
spray voltage before the visual observation of light emission by moni
toring current-voltage curve [46]. Decreased signals of quinone de
rivatives were observed with spray voltage higher than 3.5 kV during 

Fig. 1. Diagram of wooden-tip ESI-MS for quinone determination. (Coloured 
in print.) 

Fig. 2. The effect of the A) sequence of toothpick modification, B) sample 
volume, C) spray voltage on the signal intensities of BQ, MBQ, NQ and AQ 
derivatives during wooden-tip ESI-MS. The error bars represent the standard 
deviation of three repeated measurements. 
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the wooden-tip ESI-MS. We speculated that this might be due to the 
occurrence of corona discharge on the artificially sharpened toothpick 
tip. Thus, the optimal spray voltage was set as 3.5 kV. 

The composition of spray solvent affects the extraction, transfer and 
ionization of target compounds from the toothpick [47], and the amount 
of spray solvent affects the efficient formation of Taylor cone. Ten μL of 
ACN/CH3COOC2H5 (v/v, 9:1) was chosen as the spray solvent after 
optimization of these parameters (Fig. S6-S7). 

3.2. Evaluation of the analytical performance 

Under the optimal conditions, the analytical performance of 
wooden-tip ESI-MS for BQ, MBQ, NQ and AQ determination was eval
uated. Unsatisfactory quantitative ability and poor reproducibility are 
two of the greatest analytical challenges of ambient ionization sources 
[48]. Taking spray-based ambient ionization source as an example, the 
quantitative performance is mainly affected by spray instability, which 
results in scan-to-scan fluctuation of the ion current. This problem can 
be solved by the introduction of internal standards whose signals can be 
used to calibrate spray instability. Here, 10 ng BQ-D4 was added as the 
internal standard for BQ and MBQ determination, and 10 ng NQ-D6 was 
added as the internal standard for NQ and AQ determination. The in
ternal standards were added into the quinone solution before sampling. 
The calibration curves were linear in the concentration range of 1–50 
μg/mL for the four quinones, with R2 being 0.989, 0.996, 0.998 and 
0.993 for BQ, MBQ, NQ and AQ, respectively (Fig. 3). Though the ab
solute signal intensities of four quinone derivatives had the tendency of 
AQ > NQ > MBQ > BQ, the ratios of the signal intensities of quinones 
and the internal standards had the tendency of AQ ≈ MBQ > NQ ≈ BQ. 
LODs were calculated based on three times the standard deviation of 11 
blank values (3 × δblank/k, k is the slope of the linear equation), and they 
were 1.00, 0.96, 0.13 and 0.16 ng (1.00, 0.96, 0.13, 0.16 μg/mL, sample 
volume, 1 μL) for BQ, MBQ, NQ and AQ, respectively (Table S1). With 
the usage of internal standards, the relative standard deviations (RSDs) 
of the four quinones at most concentrations were below 30%, with in
dividual exceptions with RSDs over 30% at low concentrations. This 
might be due to the large signal fluctuation at low concentrations and 
few measurement repetitions (n = 3). We suggest that the repeatability 
can be further improved by using an automatic platform to sharpen the 
toothpick tip and automatic sampling [48]. 

3.3. Detection of quinones in complex matrices 

PM2.5, urine and serum were chosen to test the ability of wooden-tip 

ESI-MS for determination of quinones in complex matrices. After addi
tion of four quinones in the real samples, they were analyzed by wooden- 
tip ESI-MS. As shown in Fig. 4, the signal peaks of NQ and AQ derivatives 
were observed in the full scan mass spectrum for the PM2.5 sample. 
Their identifications were also verified by the MS/MS spectra (inset of 
Fig. 4). The R2 for NQ and AQ determination in PM2.5 in the concen
tration range of 5–100 μg/mL were 0.962 and 0.992, respectively, with 
LODs being 0.22 and 0.31 ng (0.22 and 0.31 μg/mL, sample volume, 1 
μL), respectively (Fig. 5A). Good linearity was also achieved for NQ and 
AQ determination in urine and serum (Fig. 5B and C). The LODs of NQ 
and AQ in urine were 0.65 and 1.48 ng (0.65 and 1.48 μg/mL, sample 
volume, 1 μL), respectively, while those in serum were 0.24 and 0.98 ng 
(0.24 and 0.98 μg/mL, sample volume, 1 μL), respectively. However, BQ 
and MBQ were not successfully quantified in PM2.5, urine, and serum. 
Bolton et al. reported that BQ could target various biological substances, 
such as metal ions, peptides, proteins, and DNA in organisms [4,49]. We 
speculated that BQ and MBQ might react with various substances in 
PM2.5, urine, and serum, and thus were hardly observed due to their low 
concentrations and also severe ion suppression by high concentration of 
salts in samples. To support this speculation, we observed urine samples 
that were spiked with BQ and MBQ and stored in dark room for 3 h, and 
found that the urine darkened gradually (Fig. S8). In addition, NQ and 
AQ were not detected in real PM2.5 sample, possibly due to weak 
pollution of the sampling position, campus of Guangxi University, which 
is far away from coal combustion or factory emission. 

4. Conclusions 

This study demonstrated that wooden-tip ESI-MS could be an alter
native for the rapid determination of quinones in complex matrices, such 
as PM2.5, urine and serum without or with minimal sample preparation 
(only a few extraction steps were needed for PM2.5 analysis before 
wooden-tip ESI-MS determination). Sample loading volume, voltage, 
and spray solvent composition were optimized to be 1 μL, 3.5 kV, and 
ACN/CH3COOC2H5 (v/v, 9:1), respectively. Under optimal conditions, 
good linearity and repeatability were achieved for BQ, MBQ, NQ and AQ 
determination. The LODs for the determination of BQ, MBQ, NQ and AQ 
in ACN were 1.00, 0.96, 0.13 and 0.16 ng (1.00, 0.96, 0.13, 0.16 μg/mL, 
sample volume, 1 μL), respectively. In addition, good linearities and 
repeatability were achieved for NQ and AQ determination in PM2.5, 
urine and serum. The LODs for NQ and AQ determination in PM2.5, 
urine, serum were 0.22 and 0.31 ng, 0.65 and 1.48 ng, 0.24 and 0.98 ng 
(0.22 and 0.31, 0.65 and1.48, 0.24 and 0.98 μg/mL, sample volume, 1 
μL), respectively. Compared with other ambient ionization methodolo
gies for quinone determination in complex matrices, such as paper spray 
ionization [50], our wooden-tip ESI-MS method showed higher sensi
tivity, lower sample consumption and wider applicability to more 

Fig. 3. The linear dynamic curves for BQ, MBQ, NQ and AQ determination in 
ACN/CH3COOC2H5 (v/v, 9:1) by wooden-tip ESI-MS. BQ-D4 (10 ng) was used as 
the internal standard for BQ and MBQ determination, and NQ-D6 (10 ng) was 
used as the internal standard for NQ and AQ determination. IS was internal 
standard. The error bars represent the standard deviation of three repeated 
measurements. 

Fig. 4. A) Total ion chromatogram (TIC) and B) the corresponding mass 
spectrometry for NQ and AQ determination in PM2.5by wooden-tip ESI-MS. 

C. Ling et al.                                                                                                                                                                                                                                     



Talanta 237 (2022) 122912

5

complex matrices. This derivatization-based wooden-tip ESI-MS has the 
potential to be applied to environmental monitoring, biomedicine, and 
clinical diagnosis fields for the rapid determination of quinones with 
advantages of cheapness, wide accessibility and convenient sampling. 
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