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Abstract
In this study, an online electrochemistry coupling high-performance liquid chromatography-mass spectrometry (EC-HPLC-
MS) technology has been developed for simulating metabolic reactions and rapid analysis of metabolites of flavone, quercetin, 
and rutin, which are not only widely present compounds with pharmacological activity in nature, but also have structural 
similarity and variability. The simulated metabolic processes of the substrates (phase I and phase II metabolism) were 
implemented on the surface of glassy carbon electrode (GCE) by using different electrochemical methods. After online 
chromatographic separation, the products were transmitted to a mass spectrometer for detection, in order to speculate rel-
evant reaction pathways and structural information of the reaction product. The main metabolites, including methylation, 
hydroxylation, hydrolysis, and conjugation reaction products, had been successfully identified through the designed in situ 
hyphenated technique. Furthermore, compared with metabolites produced by in vitro incubation of rat liver microsomes, it 
was found that the products of electrochemical simulated metabolism were more abundant with diverse metabolic pathways. 
The results indicated that the proposed method exhibited advantages in the sample pretreatment process and detection cycle 
without compromising the reliability and accuracy of the results.
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Introduction

Electrochemical technology is a flexible and controllable 
classical chemical reaction measure, which is therefore 
considered as an effective screening tool for exploring the 
potential oxidative or reductive metabolism of drugs [1–3]. 
Undoubtedly, monitoring the metabolic process of drugs is 
beneficial for guidance of clinical medication effectively and 
safely [4]. At present, traditional drug metabolism research 
employs in vivo experiments using animal models or in vitro 

experiments using liver microsomes incubation [5, 6]. The 
main drawbacks are complex sample processing, long exper-
imental cycles, and high costs. Therefore, a convenient and 
agile technology for electrochemical simulation of enzyme 
catalyzed drug metabolism has gradually developed and 
improved. It combines efficient and flexible electrochemi-
cal technique with chromatography owing excellent sample 
separation capability, and mass spectrometry possessing 
powerful compound structure analysis function, achieving 
targeted synthesis of drug metabolites, prediction of meta-
bolic processes, and monitoring of potential metabolites and 
active intermediates in real-time with advantages of simple 
methods, high analysis efficiency, and high sensitivity [7–9]. 
Yang et al. [10] developed an electrochemical microreactor 
technique for rapid analysis and identification of flavonoid 
and organic acid metabolites in Hawthorn by using an online 
electrochemical microreactor combined quadrupole time-
of-flight (Q-TOF) tandem mass spectrometry, which can be 
applied to simulate the oxidative metabolism of active ingre-
dients and product analysis in food. Szultak-Mlynska et al. 
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[11] established an electrochemical analysis method coupled 
with liquid chromatography and tandem mass spectrometry 
(LC-MS) to study the oxidation products of immunosup-
pressants. Due to its potential to simulate numerous oxida-
tion reactions, electrochemical technology had become an 
alternative method for generating and detecting metabolites 
in drug development, providing a good approximation of 
metabolic processes that occur in vivo. Yue et al. [12] inves-
tigated the oxidation products and metabolic pathways of 
five Citrus flavonoids by online electrochemical/quadrupole 
time-of-flight mass spectrometry (EC/Q-TOF/MS), and the 
structures of metabolites were determined by precise mass 
as well as reported literature. It may be expected to become 
an effective approach to study the metabolic transformation 
of complex food components.

Flavonoids are a kind of secondary metabolites widely 
existing in plants with antioxidant biological activity [13]. 
They can prevent damage caused by free radicals through 
clearing reactive oxygen species, activating antioxidant 
enzymes and so on, and have good pharmacological activ-
ity for cardiovascular disease or atherosclerosis disease [14, 
15]. Figure 2A shows the basic skeleton nucleus of flavo-
noids, consisting of two benzene rings that connected by a 
pyrane ring, with a characteristic double bond of C2-C3. The 
bioactivity of flavonoids mainly depends on the structure of 
substituent groups in the C6-C3-C6 rings [13, 16, 17]. The 
biological metabolic process generally includes two stages: 
Phase I metabolism is mainly a redox reaction catalyzed by 
cytochrome P450 in the liver, including oxidation, demeth-
ylation, hydrolysis, and other reactions. Phase II metabolism 
refers to the conjugation reaction between drugs or phase I 
metabolites and endogenous substances such as glutathione 
(GSH), glucuronic acid, or sulfate [18, 19]. With the metab-
olism and structural changes of drugs in organisms, the phar-
macological activities gradually decrease or even disappear. 
As a result, it is of great significance for research on drug 
metabolism in many fields such as new drug development, 
drug design, drug safety, and drug toxicity [20–23].

In this research, flavonoid compounds with the same skel-
eton structure (flavone, quercetin, and rutin) are selected as 
the research subjects. Flavone represents the basic back-
bone structure of the selected substances and serves as a 
control. Quercetin is the glycoside of rutin, of which have 
partial similarities in structure, but also respective charac-
teristics. They are not only widely present compounds with 
pharmacological activity in nature, but their characteristic 
structures may also represent a certain type of metabolic 
transformation process. The phase I oxidative metabolism 
and phase II conjugation reaction that introduce GSH as 
an endogenous compound or capture agent were simulated 
by online hyphenation of electrochemistry with high-per-
formance liquid chromatography-mass spectrometry (EC-
HPLC-MS) method, and the corresponding metabolites of 

possible metabolic pathways had also been explored and 
elaborated in detail. Furthermore, rat liver microsomes 
were used to conduct in vitro incubation experiment on the 
target analytes. The incubated products were detected by 
offline HPLC-MS to verify the feasibility and reliability of 
this online electrochemical simulation of biological metabo-
lism technology.

Experimental

Reagents and materials

Ammonium acetate (CH3COONH4, ≥99.0%), formic acid 
(99%), acetic acid (99.5%), ammonia solution (30.0%), fla-
vone, quercetin, rutin, magnesium chloride (MgCl2, 99.0%), 
β-nicotinamide adenine dinucleotide phosphate (β-NADPH, 
95%), glutathione (GSH, 98%), and phosphate buffer solu-
tion (PBS, 1×, pH 7.2–7.4) were purchased from Shanghai 
Aladdin Bio-Chem Technology Ltd. Co. (Shanghai, China). 
Acetonitrile (CH3CN, for LC-MS) and methanol (CH3OH, 
for LC-MS) were offered by Merck Chemicals (Shanghai, 
China). Rat liver microsomes (RLM, male Sprague Daw-
ley rats) were obtained from Thermo Fisher Scientific Inc. 
(USA). Ultrapure water was supplied by Milli-Q IQ 7000 
(Merck Millipore, Germany) with resistivity as 18.5 MΩ·cm 
and used during the whole experiments. The microsomes 
were stored at −70 ℃ before use.

Electrochemical conditions

The electrochemical simulation experiments were carried 
out on the assembled thin-layer electrochemical flow cell 
(Bioelectro Analytical Science Inc., Japan) online hyphen-
ated to a Q Exactive Focus high-resolution mass spectrome-
ter (HRMS, Thermo Fisher Scientific Inc., USA) or a HPLC-
HRMS system equipped with UltiMate 3000 (Thermo Fisher 
Scientific Inc., USA). The electrochemical workstation 
(IGS 1130, Guangzhou Ingsens Sensor Technology Ltd. 
Co., China) was connected to the electrochemical flow cell, 
which consisted of a three-electrode system including a 
glassy carbon working electrode (GCE, Φ=3 mm), an Ag/
AgCl reference electrode, and a hollow stainless steel pipe 
(1 mm i.d.) as the auxiliary electrode. Before the experi-
ment, the GCE surface was polished carefully and washed by 
ultrapure water. The target solution was slowly injected into 
the electrochemical flow cell at room temperature through 
a peristaltic pump equipped with a 500 μL syringe at a flow 
rate of 10 μL/min. A series of variable or constant potential 
controls were implemented on the electrochemical flow cell 
to simulate biological metabolism.



2543Online electrochemistry coupling liquid chromatography‑mass spectrometry for rapid…

Liquid chromatography conditions

The complex reaction products were separated and purified 
through an online UltiMate 3000 HPLC system equipped 
with a quaternary pump, a column temperature chamber, and 
an autosampler. The analysis was carried out on a Hyper-
sil GOLD C18 reversed phase column (3 μm, 100 mm×2.1 
mm) with 0.1% formic acid solution (A) and methanol (B) 
as mobile phase. The column temperature was 25 ℃ and the 
flow rate was 0.2 mL/min. The gradient elution approach 
was applied with the mobile phase gradient as follows: 0–5 
min, 10% B; 5–17 min, 10–50% B; 17–30 min, 50–100% B.

Mass spectrometry conditions

The biological metabolism simulated by electrochemistry 
was analyzed by EC-MS (Fig. 1, path A) or EC-HPLC-MS 
(Fig. 1, paths B and C) through different potential controls, 
while the metabolites incubated through rat liver micro-
somes in vitro were determined using offline HPLC-MS. 
The above experiments were performed on a high-resolu-
tion mass spectrometer (HRMS, Q Exactive Focus, Thermo 
Fisher Scientific Inc., USA) equipped with an ESI ion source 
and the electrospray parameters were as follows: spray volt-
age 4.1 kV in positive ion mode and 3.8 kV in negative ion 
mode, capillary temperature 330 ℃, sheath gas 25 arb, aux 
gas 10 arb, and probe heater temperature 300 ℃, respec-
tively. The ion mode was determined based on the proper-
ties of the samples with the mass range recording as m/z 
100~800.

Preparation of substrates and electrochemistry 
simulation

A 4.0 mmol/L ammonium acetate solution prepared by 
methanol/water (80/20, v/v) was used as the basic electrolyte 
and pH was adjusted to 7.4. Then a 0.1 mmol/L target stand-
ard solution was made up by using the basic electrolyte. All 
the above solutions were filtered with a 0.22 μm membrane 
before injection into the mass spectrometer.

In electrochemical simulation of phase I oxidative 
metabolism, one method was introducing the electrolytic 
products of the substrates into the mass spectrometer after 
linear sweep voltammetry (LSV) for real-time monitoring, 
and constructing an EC-MS analysis system with electro-
lyte flow rate as 10 μL/min and scanning speed as 10 mV/s, 
which ensured complete oxidation of the targets (Fig. 1, path 
A). Alternatively, a constant potential scanning method was 
used to introduce quantitative electrolytic products (10 μL) 
into online HPLC-MS for determination, and the applied 
potential varied depending on the electrochemical properties 
of the target substances, which was known as the EC-HPLC-
MS analysis method (Fig. 1, path B). In electrochemical 
simulation of phase II metabolism, GSH was dissolved in 
ammonium acetate solution (4.0 mmol/L) at a concentra-
tion of 0.1 mmol/L and was considered as an endogenous 
compound, which was further introduced into a 1.5 m long 
reaction tube with the phase I metabolites simultaneously at 
the same flow rate through a T-shaped tee (Fig. 1, paths B 
and C). It may trigger a conjugation reaction between GSH 
and the targets or phase I metabolites, and the products were 
determined by the online HPLC-MS. The schematic diagram 

Fig. 1   Schematic diagram 
of online coupling devices: 
EC-MS for phase I metabolism 
(path A), EC-HPLC-MS for 
phase I (path B), and phase II 
metabolism (merging path of B 
and C)
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of the construction process of simulated phase I and phase 
II metabolism is depicted in Fig. 1.

Preparation of metabolites by using liver 
microsomes incubation

The target substances were also incubated with rat liver 
microsomes in vitro by using 50 mmol/L phosphate buffer 
solution (pH 7.4 ) as the culture medium. In the phase I 
metabolism experiment, the target substance (0.1 mmol/L) 
and liver microsomes (1.5 mg/mL) were added to phosphate 
buffer solution for preincubation at 37 ℃ for 5 min. Then 
MgCl2 and β-NADPH were added with final concentrations 
as 0.5 mmol/L and 1.2 mmol/L, resulting in a mixture with 
a total volume of 0.5 mL. Afterwards, the mixed solution 
was incubated in water bath at 37 ℃ for 90 min, and then an 
equal volume of acetonitrile was added to terminate the reac-
tion. The final solution was fully shaken and centrifuged at 
13,000 rpm for 5 min, followed by filtration using a 0.22 μm 

microporous membrane. In the phase II metabolism experi-
ment, GSH was added to the phosphate buffer solution along 
with the target substance and liver microsomes in the first 
step. The subsequent incubation process and sample prepa-
ration repeated the steps of the phase I metabolism experi-
ment. All treated samples were analyzed by using offline 
LC-MS.

Results and discussion

Electrochemical characteristics of the target 
substances

The electrochemical oxidation characteristics of flavone, 
quercetin, and rutin were investigated in both static and 
dynamic electrolytic cell with the results shown in Fig. 2. These 
compounds have a typical C6-C3-C6 skeleton structure that 
connects two benzene rings through three carbons chain, where 

Fig. 2   A Skeleton nucleus of flavonoids. LSV curves of B flavone, C quercetin, and D rutin in static (curve a in each figure with a flow rate of 0 
μL/min) and dynamic (curve b in each figure with a flow rate of 10 μL/min) electrolytic cells, respectively
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quercetin and rutin have abundant hydroxyl groups. Obviously, 
the LSV curve of flavone in a static electrolytic cell with the 
electrolyte being stationary (flow rate of 0 μL/min) was smooth 
and peak free (Fig. 2B, curve a), while quercetin and rutin 
exhibited significant oxidation peaks (curve a in Fig. 2C and 
D, respectively), indicating that the presence of active hydroxyl 
groups provided multiple possibilities for substrate oxidation. It 
is worth noting that the oxidation peaks of quercetin and rutin 
disappeared in the dynamic electrolytic cell with electrolyte 
flow rate of 10 μL/min to be replaced by a continuous increase 
in current at the potential where the oxidation peaks vanished 
(curve b in Fig. 2C and D). It indicated continuously updated 
substrate on the electrode surface in the flowing electrolyte, 
resulting in a continuous increase in current.

Online monitoring of the electrochemical oxidation 
process of quercetin by EC‑MS

Initially, three electrochemical methods including LSV, differ-
ential pulse voltammetry (DPV), and square wave voltammetry 
(SWV) were used to investigate the changes in the electro-
chemical oxidation products of quercetin by online EC-MS 
without HPLC separation and the results are shown in Fig. 3A. 
It was found that the extracted ion chromatogram (EIC) peak 
intensity of m/z 331.0450 (considered as methoxylation prod-
uct of quercetin) from LSV electrochemical oxidation products 
was stronger than that of DPV and SWV at the same substrate 
concentration and electrolyte flow rate, indicating a higher 
reaction efficiency of LSV. Therefore, LSV was selected as a 
potential scanning method to simulate oxidation metabolism.

Furthermore, the phase I oxidative metabolites of querce-
tin simulated by LSV mode were determined by using online 
EC-MS. The potential increased from −0.1 to 1.3 V with a 
scanning rate of 10 mV/s and the MS recorded from 100 to 450 
Da in the negative ion mode. The 3D mass voltammogram in 
Fig. 3B showed the variation of quercetin ion peak ([M-H]− at 

m/z 301.0345) and product ion peaks with oxidation potential. 
The curves of ion intensity ratio of products to quercetin (Ip/
I0) versus applied voltage in Fig. 3C also indicated the occur-
rence of quercetin oxidation behavior at around 0.6 V, and 
the relative variation ratio of product 363.0713 was the most 
significant. With the continued increasing of potential, the 
Ip/I0 of products 363.0713, 331.0450, and 349.0556 reached 
maximum at 1.2 V. However, considering the possibility of 
water electrolysis at a high potential, the voltage applied in 
subsequent experiments was determined to be 1.0 V. The ion 
peaks observed at m/z 331.0450 and 349.0556 were implied 
methoxylation and further hydrolysis of quercetin. Although 
the variation of electrochemical reaction products with poten-
tial can be monitored by LSV mode, the continuously chang-
ing potentials and constantly updating electrolytes may cause 
incomplete electrolysis and ignore some trace products infor-
mation. In addition, it was found that the continuous injection 
of electrochemical reaction products generated by linear poten-
tial scanning would easily cause blockage of the ion source 
injection needle, which not only caused irregular changes in 
ion detection, but also increased the risk of equipment damage. 
Considering the complexity of the unseparated electrochemi-
cal products, the experimental process was redesigned by 
using quantitative injection of electrolytic products, followed 
by chromatographic column separation and purification, and 
then introducing to mass spectrometer for detection. It not only 
effectively avoids the above issues, but also improves the effi-
ciency and accuracy of sample analysis. Therefore, the sub-
sequent discussion will revolve around this design approach.

Online monitoring of simulated oxidative 
metabolites by EC‑HPLC‑MS

Due to the low concentration of electrolytic products in con-
tinuous linear potential scanning, some oxidation products 
information may be ignored. Therefore, constant potential 

Fig. 3   A Extracted ion chromatograms of quercetin oxidation product 
(m/z 331.0450) by (a) LSV, (b) SWV, and (c) DPV with a potential 
range of −0.1 to 1.3 V. B 3D mass voltammograms of the electro-

chemical oxidation of quercetin. C The curves of ion intensity ratio of 
products (a to c: m/z 331.0450, 349.0556, and 363.0713) to quercetin 
(m/z 301.0345) versus applied voltage
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scanning combined with online HPLC-MS analysis was 
implemented in this paper, which was beneficial for improv-
ing the sensitivity of detection [24, 25]. Phase I oxidation 
metabolites simulated through potentiostatic scanning were 
trapped in a sample loop (10 μL) by switching a six-way 
valve, and shifted to the HPLC system after complete and 
sufficient reaction, achieving a continuous process of online 
reaction, separation, detection, and characterization. Simi-
larly, the simulation of phase II metabolism involved intro-
ducing GSH into the phase I metabolites and further isolat-
ing of products for MS analysis.

Flavone

Firstly, phase I oxidative metabolism of flavone was simu-
lated at a constant potential of 1.0 V, and the products were 
determined by online HPLC-MS. As it turned out, no obvi-
ous oxidation product peak was observed except for the 
significant ion peak of flavone. Due to the lack of active 
hydrogen, electrochemical property of flavone is relatively 
stable, which is consistent with the characterization result 

in Fig. 2B. In addition, due to the nucleophilicity of flavone 
carbonyl oxygen, there was a significant extracted ion peak 
in positive ion mode (see Electronic Supplementary Mate-
rial Fig. S1A), while no corresponding extracted ion peak 
for negative ion mode was observed (Fig. 4).

Glutathione (GSH) conjugation reaction is a common 
type of phase II metabolic reaction. GSH is a tripeptide of 
glutamate, cysteine, and glycine, containing an active thiol 
group (-SH) which is easily oxidized and dehydrogenated, 
making it nucleophilic [26, 27]. Due to its specific structure, 
it proved to be the free radical scavenger in the body, and 
can also chelate with heavy metals or bind with electrophilic 
toxins, reducing the toxicity of drugs or metabolites [28, 
29]. In order to further simulate and elucidate the phase II 
metabolism and metabolic pathways of the substrates, the 
conjugation reaction of phase I metabolites and GSH was 
implemented through online EC-HPLC-MS, which can be 
considered as a simulation approach of phase II metabolic 
reactions. Similarly, as a result of the lack of active groups in 
flavone and absence of significant oxidation products during 
the electrochemical simulation of phase I metabolism reac-
tion (such as hydroxylated, methylated products), no obvi-
ous oxidation product was detected during the simulation of 
phase II metabolism reaction.

Quercetin

Unlike flavone, quercetin contains multiple hydroxyl groups, 
resulting in abundant oxidation products. Figure 5A shows 
the online HPLC-MS detection results of quercetin with and 
without potential application. Due to the presence of active 
hydrogen atoms in quercetin, the response in negative ion 
mode was stronger than that of positive ion mode (with MS 
spectra in negative ion mode shown in Electronic Supple-
mentary Material Fig. S1B). Furthermore, the response of 
quercetin (m/z 301.0345) oxidized at 1.0 V is significantly 
decreased, indicating the occurrence of an oxidation reac-
tion. The EICs of quercetin simulated phase I oxidative 
metabolites are shown in Fig. 5B. Three extracted ion peaks 

Fig. 4   Extracted ion chromatogram (EIC) of flavone after electro-
chemical oxidation at 1.0 V by EC-HPLC-MS

Fig. 5   EICs of A quercetin, B simulated phase I metabolites, and C simulated phase II metabolites conjugated with GSH by electrochemical oxi-
dation at 1.0 V through EC-HPLC-MS
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at m/z 331.0450, 349.0556, and 363.0713 can be signifi-
cantly observed. The ion peak of m/z 331.0450 was querce-
tin methoxylated products, which contained two peaks that 
may originate from different reaction sites in the quercetin 
structure with different polarities, while the ion peak of m/z 
363.0713 represented methanol adduct of the product of 

m/z 331.0450. The product ion of m/z 349.0556 was 18 Da 
greater than m/z 331.0450, indicating further hydrolysis of 
methoxylated quercetin. In addition, two weaker ion peaks 
of m/z 315.0514 and 285.0408 were also shown, implying 
the typical methylation and dehydroxylation products of 
quercetin respectively. Furthermore, the spectra in MS2 by 

Fig. 6   EICs of A rutin, B simulated phase I metabolites, and C simulated phase II metabolites conjugated with GSH by electrochemical oxida-
tion at 1.0 V through EC-HPLC-MS

Fig. 7   EICs of quercetin and rutin metabolites incubated in vitro liver microsomes. Phase I metabolites of A quercetin and B rutin; phase II 
metabolites of C quercetin and D rutin
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collision induced dissociation of the main oxidation products 
at m/z 331.0450, 349.0556, and 363.0713 were achieved 
with their structures inferred in Electronic Supplementary 
Material Fig. S5 and S6.

In the electrochemical simulation of phase II metabolism, 
the oxidized target substance is mixed with GSH solution 
to obtain the conjugated product. There were mainly four 
adducts formation between quercetin oxidation products and 
GSH with the result shown in Fig. 5C. The ion peak of m/z 
603.0796 might be attributed to the addition of dehydrogen-
ated quercetin to GSH. Meanwhile, two weak extracted ion 
peaks were found at m/z 636.1160 and 654.1265, respec-
tively. Based on the HRMS data, their structures were deter-
mined to be the adduct of methoxylated quercetin and GSH, 
as well as the adduct of hydrolyzed methoxylated querce-
tin and GSH. The adduct of m/z 663.1013 was inferred to 
be an adduct of dimethoxylated quercetin with GSH after 
dehydrogenation. The mass spectra of the main products are 
provided in Electronic Supplementary Material Fig. S2A-D.

Rutin

Rutin is a rutinoside of quercetin including aglycone 
quercetin, rhamnose, and glucose, which has more abun-
dant active functional groups than quercetin [30]. Similarly, 
it exhibited a higher ion response intensity in negative ion 
mode due to its affluent active hydroxyl groups (Fig. 6A), 
and the response intensity of EIC at m/z 609.1460 signifi-
cantly decreased after electrochemical oxidation, indicating 
an electrochemical reaction. The MS spectrum of rutin in 
negative ion mode is shown in Electronic Supplementary 

Material Fig. S1C. The electrochemical method also pro-
vided abundant product information for simulating the oxi-
dative metabolism of rutin with the results shown in Fig. 6B. 
There are four ion peaks with strong response intensities at 
m/z 593.1515, 623.1619, 691.1504, and 607.1308, which 
were described as the dehydroxylation product, methylation 
product, tetramethylation and dihydroxylation followed by 
dehydrogenation product, and single dehydroxylation prod-
uct of rutin, respectively. A weak ion peak at m/z 675.1553, 
which is 16 Da lower than m/z 691.1504, can be explained 
as the product of tetramethylation and hydroxylation fol-
lowed by dehydrogenation. In addition, there are also five 
weaker ion peaks at m/z 653.1731, 639.1572, 637.1416, 
655.1523, and 669.1680. The m/z value of 639.1572 was 
30 Da higher than the prototype compound which may be 
caused by methoxylation of rutin. The m/z value of 637.1416 
was 28 Da higher than rutin and speculated as dehydro-
genation after methoxylation of rutin. The m/z values of 
653.1731 and 655.1523 were 14 Da and 16 Da higher than 
methoxylated rutin (m/z 639.1572), indicating further meth-
ylation or hydroxylation of methoxylated rutin. According 
to the results of HRMS, m/z 669.1680 can be inferred as 
further hydroxylation of m/z 653.1731 or methylation of m/z 
655.1523.

The electrochemical method also provides possibilities 
for the study of the adduct metabolites produced by the addi-
tion of active oxidation products (phase I oxidative metabo-
lites) and GSH. Potential adducts between the electrochem-
ical oxidation products of rutin and GSH were identified 
by EIC spectra. As shown in Fig. 6C, the ion peak of m/z 
914.2175 was presumed to be formed by the adduct of rutin 
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and GSH. The signal of m/z 944.2275 may attribute to the 
combination form of GSH and methoxylated rutin. There 
was also a high intensity extracted ion peak of m/z 767.1382, 
which might be interpreted as a covalent compound of GSH 
and rutin that break bonds to remove rhamnose groups. The 
mass spectra of the main products are provided in Electronic 
Supplementary Material Fig. S3A-D.

Identification of metabolites by liver microsomes

Furthermore, in order to verify the feasibility of simulat-
ing the biological metabolism of target substances by using 
electrochemical methods, conventional in vitro incubation 
metabolism simulation experiments by rat liver microsomes 
were also carried out. The products EICs and information 
were obtained by HPLC-MS with the results shown in 
Fig. 7. Based on the accurate molecular weight from high-
resolution mass spectrometry, the in vitro incubated phase 
I and phase II metabolites of flavone, quercetin, and rutin 

were inferred in sequence. As a result of absence of active 
functional groups in flavone, no metabolites were observed 
in both phase I and phase II metabolism except for flavone, 
which was consistent with the results of the electrochemi-
cal simulation mentioned above. Quercetin and rutin, on the 
other hand, showed metabolic activity in vitro during liver 
microsomes incubation experiments.

In phase I metabolic process, the in vitro incubation of 
quercetin by rat liver microsomes exhibited partially identi-
cal products to the electrochemical simulation (including 
m/z 285.0408 and 315.0514 shown in Fig. 7A, correspond-
ing to dehydroxylation and methylation products respec-
tively) with strong response strength, indicating an identical 
pathway as the electrochemical simulation process. How-
ever, no methoxylation and other related products, such as 
m/z 331.0450, 349.0556, and 363.0713, were detected. Also 
the in vitro incubation products of rutin showed partial simi-
larities with the electrochemical simulation products, such 
as methylation and hydroxylation products (Fig. 7B), but its 
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methoxylation and related products were not detected in the 
in vitro incubation experiment. However, the main product 
of this metabolic process was quercetin (m/z 301.0345), the 
hydrolysis product of rutin, which was not found in the prod-
ucts of electrochemical simulation metabolism.

In phase II metabolic process, the in vitro incubation of 
quercetin exhibited different metabolites. In addition to the 
same metabolite as the electrochemical simulation (m/z 
603.0796), new metabolite was also discovered at 606.1041 
(Fig. 7C), which was belonging to the adduct of quercetin 
prototype and GSH. The types of phase II metabolites of 
rutin were significantly less than those of electrochemical 
simulation products. As shown in Fig. 7D, except for a small 
amount of GSH conjugation with rhamnose removed rutin 
(m/z 767.1382), the main product was the hydrolysis product 
quercetin (m/z 301.0345). By comparison, it was found that 
simulation of metabolism of flavonoid small molecules (fla-
vone, quercetin, and rutin) using electrochemical methods 
resulted in a more diverse variety of metabolites than that of 
in vitro incubation by liver microsomes, which was consist-
ent with the results reported in the literature [12]. However, 
due to the varying catalytic activity of coenzymes towards 
different substrates, metabolic reactions in liver microsomes 
may lead to different metabolites or product concentration, 
which can also explain why some metabolites or metabolic 
pathways are missing in liver microsomes metabolism. The 
mass spectra of the main products are also served in Elec-
tronic Supplementary Material Fig. S4A-F.

Based on the above experimental results, the possible 
metabolic pathways and metabolites of quercetin and rutin 
in electrochemical simulation and in vitro incubation by 
liver microsomes were speculated with the results shown 
in Fig. 8 and Fig. 9 (the blue labeled products were only 
found in electrochemical simulation, while the red labeled 
products were only found in liver microsomes incubation), 
respectively, and some of the metabolites were consistent 
with literature reports [31, 32].

Conclusion

In this study, a simple and efficient approach was designed 
to explore the oxidation behavior and potential simulated 
metabolites of flavone, quercetin, and rutin. Electrochem-
istry, as a flexible, fast, and efficient technology, can be a 
good choice for simulating oxidative metabolism of liv-
ing organisms in vitro. HPLC-MS analysis combines the 
advantages of excellent separation ability of chromatography 
and high sensitivity detection of mass spectrometry, ena-
bling real-time online analysis of possible metabolism and 
products of electrochemistry. The results indicated that the 

metabolic products obtained by electrochemical simulation 
were more abundant than those obtained by microsomes 
incubation, which also avoided the complex pretreatment 
process of the sample. The presented method provides a 
feasible reference model for achieving high-throughput and 
rapid in vitro simulation of metabolism and analysis of more 
types of substrates.
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