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Abstract
The aim of this study was to develop an analytical method for the accurate determination of the anthraquinone residue 
in tea samples (Pu’er tea, oolong tea, green tea, and black tea) by stable isotope dilution assay-gas chromatography-
tandem mass spectrometry (SIDA-GC–MS/MS). Samples were purified by solid-phase extraction after extraction with 
n-hexane:acetone (1:1, v/v). The anthraquinone residue was then detected by selected reaction monitoring (SRM) in 
electron ionization mode. Anthraquinone-d8 was added in the tea sample extraction process to eliminate the matrix 
effect. The average recoveries were in the range of 84.2–98.1% at different spiked levels (0.02, 0.04 and 0.08 mg kg−1), 
and the relative standard deviations were below 9.7%. The limits of quantification, calculated as 10 times the standard 
deviation, was 0.02 mg kg−1. The developed method is simple, rapid, and accurate to quantitate the concentration of 
anthraquinone residues in tea samples.
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1 Introduction

Anthraquinone (AQ) is a widely used chemical product, 
also known as 9,10-anthraquinone. AQ is often used in 
the paper pulping and dye industries. As the parent of 
anthraquinone dye, AQ is used in synthetic disperse dyes, 
acidic dyes and reactive dyes. As an additive in the paper-
making process, AQ can accelerate the delignification 
rate and increase the yield of pulp [1–4]. The basic parent 
nucleus of anthraquinones is AQ, and natural anthraqui-
nones are mainly hydroxyl anthraquinone derivatives. 
Anthraquinones are an important secondary metabolite 
and are the largest group of natural quinones; they can 
be obtained from many plant species [5, 6]. Anthraqui-
nones found in rhubarb have a variety of biological and 
pharmacological properties, such as antibacterial, antiviral, 
antifungal, antioxidant, anti-atherosclerotic and anticancer 

activities [7, 8]. Radix Polygonum multiflorum is one of the 
most popular traditional Chinese medicines, and the main 
pharmacological functions include tonifying the blood, 
liver and kidney and strengthening bones and muscles. 
The glycosides of anthraquinones and other phenolic 
compounds are considered the main active constituents 
of radix Polygonum multiflorum [9].

Tea is known to have health benefits, such as antioxi-
dant, anti-inflammatory, and anticancer activities, because 
it contains large amounts of caffeine, polyphenols, and 
aromatic substances. Tea is one of the most traditional and 
popular drinks in China and other foreign countries. China 
has the largest tea plantation area in the world [10, 11].

Pesticides are often used to control pests and protect 
plant products. Similarly, to protect tea leaves from fungi, 
weeds or insects, pesticides include AQ must be used 
throughout the growing process. In addition to AQ as a 
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pesticide, AQ in tea may be derived from AQ migration 
in tea packaging. People can indirectly ingest pesticide 
residues from tea and acquire acute and delayed diseases.

Although AQ is considered a low toxic pesticide, the 
European Food Safety Authority (EFSA), stated in a reas-
sessment that AQ may have a cancer risk, and the first 
notification of AQ in tea was issued by the EFSA in 2012 
[12]. Currently, AQ has not been registered for agricultural 
production in the EU or other countries. AQ has also not 
been registered in Chinese tea and other crops. The EU 
has set a maximum residue limit (MRL) of 0.02 mg kg−1 for 
the AQ residue in tea samples to address this issue and the 
related health problems [13].

Quantitative and qualitative analyses of tea pesticide 
residues is difficult because there are too many unwanted 
extracts, such as pigments, sugars, alkaloids and polyphe-
nols. To obtain better analysis results, the coextraction 
must be reduced during the extraction of tea pesticide 
residues. Among many techniques, solid-phase extraction 
(SPE) is considered one of the most effective techniques 
for coextraction due to its convenience, robustness, and 
rapidity. Therefore, SPE was used here for the analysis of 
tea samples [14, 15].

Many analytical methods have been reported for the 
determination of anthraquinones in various samples, such 
as Rubia tinctorum L., Geosmithia lavendula, Hedyotis dif-
fusa, rat plasma, rhubarb, grape, drinking water and tea, 
and these methods are LC-UV, CE-DAD, LC–MS, LC–MS/
MS, GC–MS and GC–MS/MS [16–22]. The anthraquinones 
in the literature and the AQ residue in tea here are two 
different kinds of compounds. The spectral information 
of LC-UV and CE-DAD cannot accurately characterize the 
target object in complex food matrix. One precursor ion of 
LC–MS and GC–MS was monitored, which cannot meet the 
criteria of the EU Commission for quantitative mass spec-
trometric detection requiring a minimum of three iden-
tification points for analyte identification [23]. It is easy 
to cause false positive sample misjudgment. Gas chro-
matography − tandem mass spectrometry (GC–MS/MS) 
with multiple reaction monitoring (MRM) mode has been 

proven to be a powerful and widely used analytical tech-
nique for trace pesticides in all kinds of sample because of 
its high selectivity, precision, sensitivity and confirmation 
[24, 25]. Matrix effects have been generally recognized 
as an important and serious error source in the quantita-
tive analysis of trace-level compounds in food samples by 
using the GC–MS method [26]. The stable isotope dilution 
assay (SIDA) is a good way to solve the matrix effect [27]. 
Anthraquinone-d8 was added in the tea sample extraction 
process to eliminate the matrix effect.

Thus, a method combining SIDA-GC–MS/MS and SPE 
was established to determine the concentration of the AQ 
residue in tea leaves in our laboratory. This method is a 
fast, simple and accurate method to confirm the concen-
tration of the AQ residue in tea samples.

2  Materials and methods

2.1  Reagents and standards

Certified standards of AQ (CAS No. 84-65-1, 99.0% purity) 
and AQ-d8 (CAS No. 10439-39-1, 99.0% purity) were pur-
chased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). 
Figure 1 is the chemical structurals formula of the standard 
product. Acetone, n-hexane and ethyl ether were obtained 
from J.T. Baker (Scharlau, Spain). Anhydrous sodium sulfate 
(Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) 
was burned for 4 h in a muffle furnace at 650 °C before 
use. Florisil (75–150 µm, Sinopharm Chemical Reagent 
Co., Ltd, Shanghai, China) was first heated for 4 h in a muf-
fle furnace at 650 °C then cooled to room temperature, 
and 2% water was added before use. Ultrapure water was 
obtained from a Milli-Q water purification system from Mil-
lipore (Bedford, MA, USA).

2.2  Preparation of standard solutions

The concentrations of AQ and AQ-d8 individual standard 
stock solutions prepared in acetone were 400 µg mL−1, and 

Fig. 1  Chemical structure 
of Anthraquinone a and 
Anthraquinone-d8 b 
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these solutions were stored at 0–4 °C away from light. Ace-
tone was used in the dilution process. The standard curve 
had five concentration points as follows: 0.01, 0.02, 0.04, 
0.08 and 0.2 mg  L−1. As the internal standard used in this 
work, the final concentration of AQ-d8 was 0.05 mg  L−1.

2.3  Sample extraction

Representative tea samples of approximately 250 g were 
milled to powder (ca. 20 mesh) by a disintegrator (Philips 
HR 2168, Huizhou, China). After accurately weighing 2.0 g 
tea powder sample into a 50-mL polypropylene cen-
trifuge tube, the first step was to add the 0.5 mL AQ-d8 
internal standard solution (0.2  mg  L−1). Then, 20  mL 
n-hexane:acetone (1:1, v/v) was added as the extraction 
solvent. The mixture was swirled for 1 min before adding 
2.0 g sodium chloride, swirled for 1 min, and centrifuged 
for 5 min at 4000 r min−1. Then the supernatant was trans-
ferred into a flask. The extraction process was repeated 
twice and the extracts were combined. The combined 
extract was concentrated to nearly dryness in a 45  °C 
water bath. The concentrate was dissolved with 3.0 mL of 
n-hexane and swirled for 1 min. This solution was used for 
the subsequent purification.

2.4  Purification

A florisil solid phase extraction (SPE) cartridge 
(200 mm × 15 mm id) was homemade in our laboratory. 
This cartridge was packed from bottom to top with glass 
wool (5  mm), anhydrous sodium sulfate (10  mm), flo-
risil (10 g, 2% deactivated) and anhydrous sodium sul-
fate (10 mm). The column was conditioned with 20 mL 
of n-hexane. Three milliliters of the n-hexane-dissolved 
solution was poured onto the conditioned column and 
eluted by gravity. The column was then eluted with 50 mL 
of n-hexane:diethyl ether (8:2, v/v) into a flask, and the elu-
ate was evaporated to nearly dryness in a 45 °C water bath. 
The concentrate was dissolved with 2.0 mL of acetone and 
swirled for 1 min. After filtering through a 0.22 μm nylon 
membrane, the concentrate was transferred to an auto 
sampler vial for GC–MS/MS analysis.

2.5  GC–MS/MS analysis

GC–MS/MS analysis was carried out using a Thermo Fisher 
Trace 1300 GC coupled with a Thermo Fisher TSQ 8000 
triple quadrupole mass spectrometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). Analytes were separated on a 
HP-5 MS 30 m × 0.25 mm × 0.25 μm capillary column. The 
carrier gas was helium (99.9999% purity) at a flow rate of 
1.0 mL min−1. The oven temperature program was initially 
100 °C (held for 1 min), and the temperature was increased 
to 300 °C at 20 °C  min−1. The injector temperature was set 
to 300 °C. The injection mode was splitless, and the injec-
tion volume was 1.0 μL.

The MS/MS was operated in electron ionization (EI) 
mode. The temperature of the ion source and transfer 
line were set at 280 °C and 300 °C, respectively. Selected 
reaction monitoring (SRM) mode was used for quantita-
tive analysis; each compound had one parent ion and 
two product ions. Table 1 shows the analytical conditions 
for GC–MS/MS, including the retention times, parent ion, 
product ion and their optimal collision energies.

3  Results and discussion

3.1  Optimization of GC–MS/MS Conditions

To accurately identify trace AQ residues in tea samples, 
MS/MS conditions were first optimized to determine the 
parent ions of the AQ and AQ-d8 targets. When the parent 
ions were selected, the optimal product ion was found by 
examining the different values of the collision energies, 
and the product ion with the highest abundance was used 
as the quantitative ion. This is in strict compliance with EU 
regulations [23]. Table 1 lists the optimized mass spectrum 
parameters.

The separation efficiency of different chromato-
graphic columns was investigated, and an HP-5 MS col-
umn showed the best performance. Figure 2 is GC–MS/
MS SRM chromatograms of a real Pu’er tea (A), Oolong tea 
(B), Green tea (C), Black tea (D) sample (STD, standard), 
(BK, sample), (SP, spike). The background of the SRM chro-
matogram was very clean, indicating that there were no 

Table 1  Analytical conditions 
for GC–MS/MS

* The MS/MS transition was used for quantitation

Compounds Retention time (min) Parent ion (m/z) Product ion (m/z) Collision 
energy (eV)

Anthraquinone 8.5 208.0 180.0* 10
208.0 152.0 30

Anthraquinone-d8 216.0 188.0* 10
216.0 160.0 30
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Fig. 2  GC–MS/MS SRM chromatograms of a real Pu’er tea a, Oolong tea b, Green tea c, Black tea d sample (STD, standard), (BK, sample), (SP, 
spiked with 0.02 mg kg−1)
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Fig. 2  (continued)
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impurity interferences during the SRM analysis. Figure 3 
shows the GC–MS/MS product scan spectra of the investi-
gated AQ and AQ-d8 compounds.

3.2  Optimization of extraction and SPE clean‑up 
method

The extraction process parameters were optimized to 
obtain the optimal extraction efficiency. The same posi-
tive sample of green tea was extracted with several differ-
ent organic solvents, such as n-hexane:acetone (1:1, v/v), 
acetonitrile, ethyl acetate and acetone. The acetonitrile 
extract was the lightest in color, and the acetone extract 
was the darkest in color. After enrichment, the thickening 
acetone extract was not easily further purified because of 
the strong polarity of acetone. The AQ residue extracted 

from green tea-positive samples with different extrac-
tion organic solvents was 0.026 mg kg−1 (acetonitrile), 
0.059 mg kg−1 (acetone), 0.07 mg kg−1 (n-hexane:acetone 
(1:1, v/v)), and 0.042 mg kg−1 (ethyl acetate). For the AQ 
compound in the tea sample, n-hexane:acetone (1:1, 
v/v) was the most suitable extraction solvent. Therefore, 
n-hexane:acetone (1:1, v/v) was used for extraction in 
subsequent experiments for different extraction times. 
The results showed that no AQ was observed after two 
extraction.

The pesticide residue test results were different 
depending on whether the dry plant samples were 
rehydrated. The same green tea-positive sample was 
compared; one sample was soaked in 8 mL for half an 
hour, and the other sample did not have added water. 
Subsequent extraction and purification steps were the 

Fig. 3  GC–MS/MS product scan spectrum of Anthraquinone-d8 a and Anthraquinone b 
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same. The AQ residue extracted from the green tea-
positive sample was 0.066 mg kg−1 (added water) and 
0.070 mg kg−1 (no added water), and there were no sig-
nificant differences in the test results. Therefore, further 
experiments used the method of direct extraction by 
n-hexane:acetone (1:1, v/v) without soaking in water.

The main interfering compounds that have been 
coextracted from tea samples are sugars, pigments, poly-
phenols and alkaloids [28]. Therefore, these coextracted 
compounds pose a great challenge and contaminate the 
instrument for GC–MS/MS if the necessary purification 
means are not adopted and direct sampling is used for 
analysis, despite GC–MS/MS having high selectivity. 
On the other hand, concentration levels of the targets 
that are too low are a challenge for accurate qualita-
tive and quantitative analyses by these instruments. 
Therefore, purification and enrichment methods are 
essential for pesticide residue analysis. Three different 
solid-phase extraction (SPE) methods were used here 
for both clean-up and enrichment. Florisil SPE column 
(10 g, homemade), florisil SPE column (Agela Technolo-
gies, 5 g, 25 mL, China), and florisil SPE column (Supelco, 
1 g, 6 mL, USA) were compared. The florisil SPE column 
(10 g, homemade) showed the best result for the green 
tea-positive samples. The AQ residue extracted from 
green tea-positive samples with different SPE columns 
was 0.069 mg kg−1 (homemade), 0.056 mg kg−1 (Agela 
Technologies) and 0.052 mg kg−1 (Supelco). Thus, the 
florisil Florisil SPE column (10 g, homemade) was used 
in the following experiments.

3.3  Linearity and quantification limits

When using LC–MS/MS or GC–MS/MS to quantitatively 
analyze various compounds in food samples, matrix effects 
are considered to be the most important factor affecting 
the accuracy of the results. The best way to solve the matrix 
effect is to apply stable isotope dilution assay (SIDA) [29]. 
To overcome the matrix effects, Anthraquinone-d8 was 
added in the tea sample extraction process to eliminate 
the matrix effect and satisfactory results were obtained. 
A series of isotope-labeled internal standard calibrations 
ranging from 0.01 to 0.2 mg L−1 were used, and the final 
isotope-labeled internal standard (AQ-d8) concentration 
was 0.05 mg L−1. Calibration curve with 1/x weighting 
was plotted for the analyte. Quantification was performed 
based on calibration plots using the peak area of the most 
intense transition of the analyte.

At the same time, the linearity was good, and the cor-
relation coefficient was 0.9995. The limits of quantifica-
tion, calculated as 10 times the standard deviation, was 
0.02 mg kg−1 for all samples.

3.4  Precision and accuracy

After extraction and purification of 10 different tea sam-
ples, there were no interfering substances around the 
retention time of the target analytes, which is indicative 
of the specificity of this method.

The accuracy of the method was measured by the 
sample spike recovery. The average recoveries at three 
spiking levels (low, medium and high) were 84.2-98.1% 
(Table 2). Relative standard deviation (RSD) were less 
than 9.7%, which is indicative of the good recovery and 
precision of the method.

3.5  Application to real samples

This method was applied to analyze 100 different types 
of tea samples on the market (25 portions of Pu’er tea, 
oolong tea, green tea, and black tea). 100 different types 
of tea samples from 8 provinces (Zhejiang, Jiangsu, 
Hunan, Hubei, Fujian, Yunnan, Sichuan and Guangxi 
Province) of China were bought at random in different 
supermarket and tea shop in Hanzhou City. These tea 
samples are for sale. They were packaged with aluminum 
foil. 100 different types of tea samples are extracted, 
purified and determined by GC–MS/MS as described in 
this method. AQ was detected in 8 samples in the four 
tea types and was not detected in the other samples at 
less than 0.02 mg kg−1. The frequency of AQ presence in 
green tea was the highest, with values of 0.03, 0.03, 0.04, 
and 0.05 mg kg−1. The AQ contents in oolong [2], black 
[1], and Pu’er tea [1] teas were 0.03 and 0.04; 0.04; and 
0.03 mg kg−1, respectively.

Table 2  Mean Recoveries and Repeatability of the Developed 
Method at Three Concentration Levels with LOQs (n = 6)

Tea Spiking level Recovery (%) RSD (%) LOQ mg kg−1

Green tea 0.02 86.7 8.4 0.02
0.04 92.5 6.3
0.08 94.6 5.2

Black tea 0.02 85.1 9.7
0.04 93.1 7.2
0.08 95.2 5.1

Pu’er tea 0.02 84.2 5.5
0.04 92.5 4.4
0.08 98.1 1.7

Oolong tea 0.02 85.0 8.2
0.04 93.4 6.1
0.08 95.3 3.4
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4  Conclusions

In this study, the method described combines solid-phase 
extraction with stable isotope dilution assay-gas chroma-
traphy-tandem mass spectrometry (SIDA-GC–MS/MS) for 
the determination of the concentration of the AQ residue 
in tea samples (Pu’er tea, oolong tea, green tea, and black 
tea). Good recoveries (84.2–98.1%) and precision (RSD val-
ues below 9.7%) were obtained. The results indicated that 
the method presented in this study is a fast, simple and 
accurate method to confirm the concentration of the AQ 
residue in tea samples.
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