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A powerful on line ABTS+–CE-DAD 
method to screen and quantify 
major antioxidants for quality 
control of Shuxuening Injection
Huifen Ma1,2, Jin Li1,2, Mingrui An3, Xiu-mei Gao1,2 & Yan-xu Chang1,2

A novel method of on-line 2,2′-Azinobis-(3-ethylbenzthiazoline-6-sulphonate)-Capillary 
Electrophoresis-Diode Array Detector (on-line ABTS+-CE-DAD) was developed to screen the major 
antioxidants from complex herbal medicines. ABTS+, one of well-known oxygen free radicals was 
firstly integrated into the capillary. For simultaneously detecting and separating ABTS+ and chemical 
components of herb medicines, some conditions were optimized. The on-line ABTS+-CE-DAD method 
has successfully been used to screen the main antioxidants from Shuxuening injection (SI), an herbal 
medicines injection. Under the optimum conditions, nine ingredients of SI including clitorin, rutin, 
isoquercitrin, Quercetin-3-O-D-glucosyl]-(1-2)-L-rhamnoside, kaempferol-3-O-rutinoside, kaempferol-
7-O-β-D-glucopyranoside, apigenin-7-O-Glucoside, quercetin-3-O-[2-O-(6-O-p-hydroxyl-E-coumaroyl)-
D-glucosyl]-(1-2)-L-rhamnoside, 3-O-{2-O-[6-O-(p-hydroxyl-E-coumaroyl)-glucosyl]}-(1-2) rhamnosyl 
kaempfero were separated and identified as the major antioxidants. There is a linear relationship 
between the total amount of major antioxidants and total antioxidative activity of SI with a linear 
correlation coefficient of 0.9456. All the Relative standard deviations of recovery, precision and stability 
were below 7.5%. Based on these results, these nine ingredients could be selected as combinatorial 
markers to evaluate quality control of SI. It was concluded that on-line ABTS+-CE-DAD method was a 
simple, reliable and powerful tool to screen and quantify active ingredients for evaluating quality of 
herbal medicines.

Scientists increasingly believe that reactive oxygen species (ROS) including free radicals damage the cellular con-
stitutive elements, especially lipids and DNA in recent years1,2. ROS could cause serious pathology consequences 
such as cell death, carcinogenesis, and premature aging3,4. Therefore, the antioxidants play an essential role in pre-
vention of aging-related diseases, various cardiovascular diseases, cancer, neurological degeneration, aging and 
so on. Natural products, particularly herbal medicine, have been proven to have multitudinous antioxidants5–9. 
Some herbal medicines exert a therapeutic effect through the pathways of antioxidant. Thus, it is necessary to 
screen antioxidants for clarifying the work mechanism and ensuring the quality of herbal medicines.

Ginkgo biloba, one of famous herbal medicines with antioxidative activity9, is widely applied to treating geri-
atric diseases10–14. Shuxuening injection (SI) made from the aqueous extract of Ginkgo biloba also has antioxida-
tive property. At present, SI becomes one of the most popular herbal medicine injections used for curing coronary 
heart disease, stenocardia and cerebral vasospasm15–17. For the safety of drug use, the quality of SI should be 
monitored comprehensively. Although a number of approaches, such as LC18, LC-MS19 and GC-MS20, have been 
developed for measuring the contents of multiple ingredients in traditional Chinese medicine (TCMs), few study 
of SI has been reported. LC-MS was used to measure the content of various active ingredients in previous stud-
ies21, but this method cannot comprehensively evaluate the pharmacological effects and quality of SI.

It was reported an on-line HPLC-DAD-CL method for evaluating the quality of Ginkgo biloba leaves based on 
their antioxidative activity22. Suppose that this developed method is applied for analyzing SI, we have to face the 
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fact that the approach is time-consuming and requires a large amount of organic reagents. Capillary electropho-
resis (CE), as a modern analytical technique, is widely used in many fields including pharmaceutical analysis23, 
screening bioactivity and quality control of natural products because of its advantages, such as easy operation, 
short analysis time, high efficiency and low consumption of organic reagents and sample24–28. The numerous 
researches on pharmacological activity of TCMs have been reported according to the review published previ-
ously29. For example, Dubber and Kanfer applied reverse-flow micellar electrokinetic chromatography for the 
qualitative determination of flavonols and terpene trilactones in Ginkgo biloba30. In this method, the amount of 
organic reagent decreased, but the important antioxidative activity of Ginkgo biloba could not be reflected. An 
activity-integrated on-line 2,2-diphenyl-1-picrylhydrazyl (DPPH)-CE-DAD method was developed for com-
prehensively assessing antioxidative property and quality of Reduning injection in our previous research24. The 
approach integrating DPPH with CE for measuring the total antioxidative activity of Reduning injection and 
the content of antioxidants in it resolved the problem of measuring activity, but the conditions of separating 
antioxidants and measuring the total antioxidative activity were different. Taking these facts mentioned above 
into account, it is essential to develop a simple, rapid and reliable method for comprehensively evaluating the 
pharmacological effects and quality control of Shuxuening injection.

Free radical spiking tests were the primary approaches that were applied to measuring the antioxida-
tive activity of TCMs and their preparations using spectrophotometry31–33. The free radicals mainly included 
DPPH or 2,2-azinobis- (3-ethyl benzothiazoline-6-sulfonic acid) (ABTS+). Most of the methods employing 
ABTS+ for measuring the total antioxidative activity of TCMs were off-line mode8,34–36. A novel cerium oxide 
nanoparticles-based colorimetric sensor using tetramethyl benzidine reagent was developed for antioxidant 
activity assay37. This novel method was more sensitive and selective than conventional spectrophotometry. In 
those experiments, however, the operations of these ways including off-line reaction, separation and detection 
were complicatedly step-by-step or some of them were even merely used for measuring total antioxidative activ-
ity. To simplify the steps, the on-line LC-ABTS+ methods38–40 for determining the antioxidative activity of TCMs 
were developed successively. Nevertheless, large amounts of organic reagent were needed in the whole experi-
ment. In order to solve the existing problems, we developed an on-line method by integrating CE and ABTS+ for 
rapidly screening antioxidants from herbal medicine preparation and chose SI as the example to demonstrate the 
feasibility of this method.

As far as we know, the on-line ABTS+-CE-DAD method for screening antioxidant from herbal medicine has 
never been reported. Various ingredients with antioxidative property in herbal medicine were identified and the 
total antioxidative activity of herbal medicine was measured rapidly by on-line ABTS+-CE-DAD method. Not 
only contents of antioxidants but also the activity of sample was determined. Therefore, the quality of herbal 
medicine can be evaluated by both of them. In the present study, the precision and reliability of this on-line 
ABTS+-CE-DAD method were discussed. The on-line ABTS+-CE-DAD method was established to screen and 
quantify antioxidants from SI as well as monitor the quality. This activity-integrated ABTS+-CE-DAD method is a 
powerful tool for separation, screening and identifying the antioxidant components and for evaluating the quality 
of herbal medicines.

Results and Discussion
Optimization of on-line ABTS+-CE-DAD method. At the initial stage of experiment, the conditions 
including pH and concentration of buffer, the concentration of SDS, β-CD, ACN as well as voltage and temper-
ature were optimized. These factors were the main ones influencing investigation. In several papers on study of 
antioxidant activity using CE and DPPH published before24–26, the optimized parameters were similar to the ones 
described here. Hence, the parameters chose to explore for the optimum performance were comprehensive and 
necessary.

Effect of buffer pH. For the separation performance including resolution and migration time, pH is the most 
critical factor41,42. In order to determine the optimal pH of BGE, different values of pH (6.5, 7.0 and 7.5) were 
investigated. As seen in Fig. 1(A), the migration time minimized when pH increasing from 6.5 to 7.5. The com-
pounds didn’t have a good resolution at pH 6.5. In Fig. 1(A), the red and gray trend lines presented that the first 
several compounds were separated worse at pH 7.5 than pH 7.0. There is a slight difference between pH 7 and pH 
7.5 in the total analyzed time. Therefore, pH 7 was selected to perform the following study.

Effect of buffer concentration. The different concentration of buffer causes different migration and resolution 
of ingredients of sample, so that the concentration of buffer needs to be investigated. Here, 10 mM, 20 mM and 
30 mM of phosphate (pH 7.0) were observed. The Fig. 1(B) suggested that the migration time extended with 
increasing of the BGE concentration due to the decrease of EOF43. The almost flat blue line (10 mM) showed 
that separations of all compounds are not good. The highest grey line (30 mM) represented the longest migration 
time and the flat line between 2 and ABTS showed poor separation between rutin and ABTS. The optimized res-
olutions were obtained at 20 mM. Thus, 20 mM phosphate was selected as the optimum concentration of buffer.

Effect of SDS concentration. SDS is a common additive which can form micelles over its value of CMC and 
it plays an important role in Micellar capillary electrophoresis (MEKC). Hence, optimizing the concentration 
of SDS to obtain a good resolution is quite necessary. The effect of different concentrations (20 mM, 40 mM 
and 60 mM) on separation of multiple components in SI was investigated. As shown in Fig. 1(C), the analy-
sis time was prolonged and the resolution became higher when SDS concentration increased from 20 mM to 
60 mM. There was little difference of among compounds in y-axis, that is to say, the most of the ingredients of 
SI were not separated from each other at the 20 mM. At 60 mM, however, the resolution of narcissoside and 
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kaempferol-7-O-β-D-glucopyranoside decreased than the concentration of 40 mM. Finally, the 40 mM of SDS 
was selected as the most suitable concentration.

Effect of β-CD concentration. CD with a special structure of cone-shaped cavity can improve the separation of 
similar molecules by altering their migration behavior44–48. In order to perfect the peak shape and improve the 
separation selectivity, β-CD was added into BGE solution. Keeping other conditions constant, the concentration 
of β-CD ranged from 0 mM to 10 mM. The analyzed time minimized and the width of peaks narrowed as the 
concentration of β-CD increased. Nevertheless, the resolution of peaks also decreased with increasing of β-CD 
and we can observe this phenomenon by comparing the three trend lines in Fig. 1(D). Taking various factors into 
consideration, 5 mM β-CD was the best concentration for separating and determining antioxidants.

Effect of acetonitrile (ACN) concentration. Most of BGE solutions are hydrosoluble and quite a number of sam-
ples cannot dissolve very well in such BGE. ACN as one of the frequently-used organic solutions was mixed into 
BGE to avoid the precipitation of buffer during the electrophoretic operation43. Besides, ACN has low UV absorp-
tion and low viscosity; hence it doesn’t significantly interfere with the detection of samples. The concentrations 
of ACN ranging from 2.5% to 10% were studied. As shown in the Fig. 1(E), the resolution of ingredients was 
not good at 2.5%. In spite of the increase of resolution, the analyzed time became longer with the concentration 
increasing. The shapes of peaks were better at 7.5% than those at 5%. Finally, 7.5% was used for further research.

Effect of voltage and temperature. Apart from those factors described above, voltage and temperature also influ-
ence the migration behavior of analytes. Voltage provides driving force, so that high voltage reduces running time 
and simultaneously creates more joule heat. Temperature is the major factor that influences the viscosity of BGE. 
Voltage (18 kV, 22 kV and 25 kV) and cassette temperature (19 °C, 22 °C and 25 °C) on the separation of com-
pounds were examined. From Fig. 1(F and G), we can see that running time and resolution decreased with voltage 
and temperature increasing. When 22 kV was utilized, the best resolution was observed. The suitable separations 
for compounds were obtained at 22 °C.

Eventually, the optimal conditions of separating and screening antioxidants from SI was determined to be 
20 mM phosphate buffer (pH 7.0), 40 mM SDS, 5 mM β-CD, 7.5% ACN, 22 kV and 22 °C.

Screening of antioxidant of SI. In order to screen antioxidants existing in SI, the ABTS+ (1.5 mg·mL−1) 
and SI diluted 2 times were successively injected into CE at 50 mbar pressure for 5 s. This detection was 
performed no less than three times. By comparison with the electrophoretogram of the sample with-
out ABTS+, nine ingredients with antioxidative activity were screened from SI according to the decreased 
peak area (Fig.  2(a)). Compared with the electrophoretogram of reference standards, those com-
pounds were identified as clitorin, rutin, isoquercitrin, quercetin-3-O-D-glucosyl]-(1-2)-L-rhamnoside, 
kaempferol-3-O-rutinoside, Kaempferol-7-O-β-D-glucopyranoside, Apigenin-7-O-Glucoside, Quercetin-3- 
O-[2-O-(6-O-p-hydroxyl-E-coumaroyl)-D-glucosyl]-(1-2)-L-rhamnoside, 3-O-{2-O-[6-O-(p-hydroxyl-E-co
umaroyl)-glucosyl]-(1-2)}rhamnosyl kaempferol (Fig. 2(b)). Judging from the results obtained above, those 
screened ingredients were the major constituents with antioxidative activity.

Method validation. The calibration curves, linearity ranges of clitorin, rutin, isoquercitrin, quercetin-
3-O-D-glucosyl]-(1-2)-L-rhamnoside, kaempferol-3-O-rutinoside, kaempferol-7-O-β -D-glucopyranoside, 
apigenin-7-O-Glucoside, quercetin-3-O-[2-O-(6-O-p-hydroxyl-E-coumaroyl) -D-glucosyl]-(1-2)- 
L-rhamnoside, 3-O-{2-O-[6-O-(p-hydroxyl-E-coumaroyl)-glucosyl]-(1-2) rhamnosyl kaempferol are listed 

Figure 1. Effects of parameters on the migration time and resolution of fourteen (including ABTS+) peaks (n = 3).
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in Table 1. The MDLs of the compounds ranged from 0.04 µg·mL−1 to 0.12 µg·mL−1, while MQLs ranged from 
0.1 µg·mL−1 to 0.4 µg·mL−1.

In order to validate the reliability of this method, the precision and accuracy including intra- and inter-day 
were evaluated and the results were showed in Table 2. The results of precision of each compound varied slightly 
and the RSDs of ABTS+ were 2.04% and 3.35%, respectively. Accuracy of ingredients was in the range of 96.7–
107%. Compared with acceptability criteria, these results were acceptable indicating that this method was reliable, 
accurate and repeatable.

Another factor investigated was the stability for 24 h. This was conducted in order to evaluate the stability of 
the analyzed compounds in sample. The results were listed in the Table 2, showing that the remains of nine target 
compounds preserved at 4 °C for 24 h were in the range of 96.6–101%, 96.2–100% and 98.4–101% at three levels 
and all of the detected concentrations were close to accurate value. Additionally, remain of ABTS+ was 99.6% 
with 3.76% of RSD. These results showed that the determined compounds were stable during sample storage and 
running in CE apparatus.

The tested recoveries are given in the Table 1. Obviously, the average recoveries of nine active antioxidants 
were within 96.9–104.5% and RSDs were less than 5.96%. Therefore, the method for screening and quantifying 
antioxidants in TCMs injection was stable, precise and applicable.

Contents of nine antioxidants in sample. Using the initially developed approach, the contents of nine 
antioxidants in 20 batches of SI were detected, respectively (Table 3). The concentration range of clitorin, rutin, 
isoquercitrin, quercetin-3-O-D-glucosyl]-(1-2)-L-rhamnoside, kaempferol-3-O-rutinoside, kaempferol-7-O- 
β-D-glucopyranoside, apigenin-7-O-Glucoside, quercetin-3-O-[2-O-(6-O-p-hydroxyl-E- coumaroyl)-D-
glucosyl]-(1-2)-L-rhamnoside, 3-O-{2-O-[6-O-(p-hydroxyl-E-coumaroyl)-glucosyl] -(1-2)rhamnosyl kaemp-
ferol were determined as 51.7–66.9 µg·mL−1, 58.6–76.7 µg·mL−1, 12.2–18.1 µg·mL−1, 35.7–57.8 µg·mL−1, 57.9–
92.5 µg·mL−1, 7.0–10.3 µg·mL−1, 30.5–42.3 µg·mL−1, 65.5–86.9 µg·mL−1 and 45.2–83.1 µg·mL−1, respectively. The 
average of total amount of 20 batches was further calculated and the result was 0.453 mg·mL−1 with 7.21% of 
RSD%. These results presented the fact that there was a slight difference among 20 batches. This phenomenon was 
in accordance with the result obtained above that different batch had different antioxidative activity.

On-line determination of total antioxidative activity of samples. The total antioxidative activity of 
samples was also determined by on-line ABTS+-CE-DAD. Considering that ABTS+ is scavenged easily by SI, all 
of the samples were diluted 32 times using deionized water before injection. Then, 1.5 mg·mL−1 of ABTS+ was 
on-line mixed with diluted sample or equivalent water separately. This test was performed in triplicate. According 
to obtained electrophoretograms in Fig. 3(a), the peak area of ABTS+ was reduced. Comparing the two absorb-
ance of ABTS+, the relative percentage of inhibition for ABTS+ was calculated with the following equation 
(Inhibition (%) = (P0 − P1)/P0 × 100%) where P0 was the peak area of ABTS+ on-line mixing with water and P1 
was the peak area of ABTS+ mixing with diluted sample. The results of all 20 batches of SI are summarized in 
Table 3 and those data proved that SI has antioxidative activity. Moreover, the minor difference of activity existed 
in different batch. Therefore, this established on-line ABTS+-CE-DAD method can be used to evaluate the total 
antioxidative activity of preparations of TCMs with complex matrix.

In our experiment, the relationship between total content and total antioxidative activity was studied with the 
purpose of evaluating the quality of SI. As is shown in Fig. 3(b), the antioxidative activity of SI has high correla-
tion with the total amounts of the nine antioxidants (R2 = 0.9456). This result indicates that the nine ingredients 

Figure 2. (a) Capillary electropherograms of SI: SI on-line mixed with H2O and on-line mixed with 
ABTS+ (n = 3). The blue one is the electrophoretogram of mixtrue of H2O and SI, and the red one is the 
electrophoretogram of mixture of ABTS+ and SI. (b) Capillary electropherograms of standard mixture of 
thirteen compounds and SI (n = 3). The blue one is the electrophoretogram of SI, and the red one is the 
electrophoretogram of standards (1 Clitorin, 2 Rutin,3 Isoquercitrin, 4 Quercetin-3-O-D-glucosyl]-(1-2)-L-
rhamnoside,5 Kaempferol-3-O-rutinoside,6 Narcissoside,7 Kaempferol-7-O-β-D-glucopyranoside,8 Apigenin-
7-O-Glucoside, 9 Quercetin-3-O-[2-O-(6-O-p-hydroxyl-E-coumaroyl)-D-glucosyl]-(1-2)-L-rhamnoside, 
10 Quercetin,11, 3-O-{2-O-[6-O-(p-hydroxyl-E-coumaroyl)-glucosyl]-(1-2)rhamnosyl kaempferol, 12 
Kaempferol,13 Isorhamnetin).
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can be selected as combinatorial active markers to assess the quality of SI and that this on-line ABTS+-CE-DAD 
method can be utilized for assessing the antioxidative activity of SI among different batches.

Comparison with other antioxidant activity assay methods. Compared the characteristic of this 
developed method with the ones on antioxidant activity assay published before, advantages and drawbacks of 
them were summarized in Table 4. Obviously, the total antioxidative activity can measured but the antioxidants 
cannot be screened when off-line mode is used. Although on-line HPLC-UV-ABTS+ can screen the antioxi-
dants from samples with complex matrix, a large amount of solvent against the environment is consumed. The 
on-line DPPH-CE-DAD is similar to this developed method, but ABTS assay is more effective for the analysis of 

Compounds Regression equation R2

Linearity 
range(µg/
ml)

MDL 
(µg/
ml)

MQL 
(µg/
ml)

Recovery

Means ± U(%) RSD(%)

Clitorin y = 0.2674 × − 0.0154 0.9999 4–128 0.09 0.3 100.8 ± 0.5 3.12

Rutin y = 0.3479 × + 0.0736 0.9997 4–128 0.08 0.2 98.1 ± 0.9 3.91

Isoquercitrin y = 0.4362 × − 0.0876 0.9996 1.5–48 0.04 0.1 104.5 ± 0.1 1.32

Quercetin-3-O-D-glucosyl]-(1-2)-L-rhamnoside y = 0.3458 × − 0.3234 0.9994 5–160 0.07 0.2 98.9 ± 0.6 3.76

Kaempferol-3-O-rutinoside y = 0.4151 × − 0.0989 0.9994 2.5–120 0.12 0.4 99.8 ± 1.0 3.46

Kaempferol-7-O-β-D-glucopyranoside y = 0.7537 × − 0.8358 0.9998 2.5–80 0.04 0.1 100.7 ± 0.3 4.49

Apigenin-7-O-Glucoside y = 0.719 × − 0.3239 0.9997 2.5–80 0.07 0.2 100.2 ± 0.8 0.95

Quercetin-3-O-[2-O-(6-O-p-hydroxyl-E-coumaroyl)-D-glucosyl]-(1-2)-L-rhamnoside y = 0.3604 × − 0.2522 0.9999 6–192 0.09 0.3 96.9 ± 0.3 0.79

3-O-{2-O-[6-O-(p-hydroxyl-E-coumaroyl)-glucosyl]-(1-2)rhamnosyl kaempferol y = 0.5507 × − 0.3791 0.9998 4–128 0.05 0.1 103.3 ± 0.5 1.04

Table 1. The calibration curves, linearity ranges, LODs, LOQs and recoveries of nine compounds (P = 95%, k = 2).

Compounds Ca (µg/mL)

Intraday Interday Stability for 24 h

Accuracy(%) Cd (µg/mL) Accuracy(%) Cd (µg/mL) Remains (%) Cd (µg/mL)

Clitorin

12 100 12.0 ± 0.9 101 12.1 ± 0.8 101 12.0 ± 0.9

48 99.6 47.8 ± 3.1 100 48.1 ± 2.1 100 47.8 ± 2.2

96 101 97.0 ± 2.7 101 97.0 ± 4.4 101 97.6 ± 4.3

Rutin

12 96.7 11.6 ± 1.0 97.5 11.7 ± 1.3 98.3 11.6 ± 1.4

48 100 48.1 ± 2.1 100 48.0 ± 1.7 99.3 47.9 ± 1.6

96 101 97.0 ± 3.3 100 96.2 ± 3.8 101 97.0 ± 2.4

Isoquercitrin

4.5 97.8 4.4 ± 0.3 97.8 4.4 ± 0.5 96.6 4.3 ± 0.5

18 102 18.3 ± 1.0 100 18.1 ± 1.0 97.0 18.0 ± 1.0

36 107 38.4 ± 1.8 102 36.7 ± 3.4 99.0 37.4 ± 2.8

Quercetin-3-O-D-
glucosyl]-(1-2)-L-
rhamnoside

15 98.7 14.8 ± 1.0 98.0 14.7 ± 0.9 99.4 14.7 ± 1.0

60 101 60.6 ± 3.9 100 60.1 ± 3.5 96.8 59.6 ± 3.7

120 106 127.6 ± 4.4 102 121.8 ± 9.7 98.7 123.9 ± 8.3

Kaempferol-3-O-
rutinoside

7.5 101 7.6 ± 1.1 98.7 7.4 ± 0.8 97.0 7.5 ± 1.0

30 102 30.7 ± 1.8 102 30.6 ± 1.7 97.8 30.4 ± 1.5

60 107 64.1 ± 2.9 102 61.4 ± 3.4 99.1 62.1 ± 4.8

Kaempferol-7-O-β-
D-glucopyranoside

7.5 97.3 7.3 ± 1.1 98.7 7.4 ± 0.6 100 7.3 ± 0.8

30 105 31.4 ± 1.9 102 30.6 ± 1.7 96.2 30.8 ± 1.82

60 106 63.5 ± 2.0 102 61.4 ± 3.4 98.4 62.0 ± 3.5

Apigenin-7-O-
Glucoside

7.5 98.7 7.4 ± 0.7 98.7 7.4 ± 0.4 98.9 7.4 ± 0.5

30 99.7 29.9 ± 0.5 100 30.0 ± 0.9 99.2 29.8 ± 0.8

60 104 62.1 ± 2.5 100 60.3 ± 3.6 99.6 61.1 ± 2.8

Quercetin-3-O-[2-
O-(6-O-p-hydroxyl-
E-coumaroyl)-D-
glucosyl]-(1-2)-L-
rhamnoside

18 100 18.0 ± 1.2 98.9 17.8 ± 0.9 97.2 17.8 ± 1.0

72 101 72.8 ± 3.9 100 72.1 ± 2.9 97.6 72.0 ± 3.5

144 102 147.3 ± 2.9 101 145.4 ± 4.0 99.4 145.9 ± 3.6

3-O-{2-O-[6-
O-(p-hydroxyl-
E-coumaroyl)-
glucosyl]-(1-2)
rhamnosyl 
kaempferol

12 96.7 11.6 ± 0.7 98.3 11.8 ± 0.7 100 11.7 ± 0.7

48 99.6 47.8 ± 1.6 100 48.1 ± 1.4 100 47.9 ± 1.4

96 102 97.8 ± 0.8 101 96.7 ± 2.4 99.4 97.0 ± 2.0

Table 2. Intra-day and Inter-day accuracy and precision, stability of nine compounds (P = 95%, k = 2). –Ca is 
the actual concentration and Cd is the detected concentration.
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antioxidants due to the faster reaction kinetics with ABTS+40. Therefore, this developed on-line ABTS+-CE-DAD 
method is reliable, simple, environmentally-friendly for simultaneously measuring antioxidative activity and 
screening antioxidants from samples.

Conclusions
ABTS+ is one of frequently-used free radical for evaluating the antioxidative activity of herbal medicine and 
chemical components. The simple and reliable on-line ABTS+-CE-DAD method was developed and validated to 
screen the antioxidants from herbal medicines. ABTS+ was firstly on-line integrated with CE-DAD method to 
develop to quantify multiple antioxidants for evaluating the quality of herbal medicines. Nine major antioxidants 
were screened and selected as combinatorial active markers to evaluate quality control of Shuxuening injection. 
Compared with traditional methods, on-line ABTS+-CE-DAD method can be applied to evaluating the quality of 
TCMs preparations combining their pharmacological activity based on holistic view. In addition, it consumes less 
organic reagents. It was demonstrated that on-line ABTS+-CE-DAD method was eco-friendly powerful technique 
to screen and quantify active ingredients for evaluating quality of herbal medicines. Moreover, this proposed 
method also can be used for rapidly measuring antioxidant activity of sample with unknown ingredients and 
investigating antioxidant activity of herbal medicine and its preparations. In the future, on-line ABTS+-CE-DAD 
will be combined with the mass spectrum (MS) to determine unknown antioxidants and combined with other 
enrichment techniques to determine the trace antioxidants in herbal medicines.

Materials and Methods
Chemicals and Reagents. Ten reference compounds including clitorin, rutinum, isoquercitin, quercetin-
3-O-D-glucosyl]-(1-2)-L-rhamnoside, kaempferol 3-rutinoside, kaempferol-7-O-β-D- glucopyranoside, api-
genin-7-O-Glucoside, quercetin-3-O-[2-O-(6-O-p-hydroxyl-E-couMaroyl) -D-glucosyl]-(1-2)-L-rhaMnoside, 
quercetin, 3-O-{2-O-[6-O-(p-hydroxyl-E-coumaroyl)-glucosyl]-(1-2)rhamnosyl} kaempferol were purchased 
from Chengdu Must Bio. Sci. and Tec. Co. Ltd. (Chengdu, China). 20 batches of Shuxuening injection were 
obtained from Shineway Pharmaceutical Co. Ltd. (Shijiazhuang, China). A Milli-Q Academic ultra-pure water 
system purchased from Milford (Millipore, USA) supplied deionized water which was utilized for the preparation 
of sample and buffer solution. Acetonitrile (ACN) and methanol (MeOH) were from Merck (Chromatographic, 

Sample 1 2 3 4 5 6 7 8 9 10

Clitorin 58.8 ± 2.1 58.4 ± 2.3 62.6 ± 1.5 61.7 ± 0.4 62.3 ± 2.5 61.5 ± 0.42 60.5 ± 1.9 63.8 ± 1.3 53.8 ± 0.4 51.7 ± 2.2

Rutin 69.4 ± 6.1 67.1 ± 1.3 67.4 ± 3.4 69.7 ± 1.8 58.6 ± 3.0 68.6 ± 5.1 66.0 ± 14.5 69.8 ± 10.8 72.0 ± 2.9 59.3 ± 3.0

Isoquercitrin 18.1 ± 0.4 16.5 ± 1.1 16.6 ± 2.1 16.1 ± 0.3 17.2 ± 0.4 16.0 ± 1.1 17.0 ± 0.4 18.4 ± 0.7 17.5 ± 0.7 12.7 ± 1.1

Quercetin-3-O-D-glucosyl]-(1-2)-
L-rhamnoside 45.2 ± 1.8 43.5 ± 2.1 45.7 ± 3.5 45.2 ± 1.0 44.3 ± 1.4 44.1 ± 2.1 42.6 ± 1.2 45.3 ± 1.8 39.5 ± 0.3 35.7 ± 0.7

Kaempferol-3-O-rutinoside 87.4 ± 1.6 86.7 ± 1.2 92.5 ± 2.0 88.2 ± 0.3 87.7 ± 0.9 87.0 ± 1.2 88.0 ± 1.5 90.8 ± 0.8 81.2 ± 1.3 73.6 ± 2.3

Kaempferol-7-O-β-D-
glucopyranoside 10.0 ± 0.3 9.6 ± 0.9 9.8 ± 1.2 9.1 ± 0.3 10.1 ± 0.3 9.6 ± 0.8 8.8 ± 1.3 10.1 ± 0.4 8.8 ± 0.2 9.8 ± 1.5

Apigenin-7-O-Glucoside 37.9 ± 1.4 37.9 ± 0.2 40 ± 1.3 42.3 ± 1.6 39.3 ± 0.6 38.2 ± 2.8 39.0 ± 0.7 41.4 ± 1.1 34.8 ± 0.4 33.9 ± 1.1

Quercetin-3-O-[2-O-(6-O-
p-hydroxyl-E-coumaroyl)-D-
glucosyl]-(1-2)-L-rhamnoside

86.9 ± 2.5 83.8 ± 2.3 84.4 ± 4.7 82.5 ± 3.8 80.4 ± 0.9 80.4 ± 5.5 80.4 ± 1.4 85.1 ± 3.5 79.0 ± 0.8 77.8 ± 2.2

3-O-{2-O-[6-O-(p-hydroxyl-
E-coumaroyl)-glucosyl]-(1-2)
rhamnosyl kaempferol

74.3 ± 1.1 75.6 ± 0.8 81.3 ± 3.0 79.8 ± 3.6 82.1 ± 1.8 76.4 ± 2.2 78.4 ± 1.8 83.1 ± 5.0 58.2 ± 2.9 54.8 ± 0.2

Inhibition(%) 34.1 30.2 36.7 35.0 33.7 33.2 31.9 35.2 29.9 21.7

Sample 11 12 13 14 15 16 17 18 19 20

Clitorin 51.9 ± 2.2 62.1 ± 0.7 59.0 ± 0.4 60.6 ± 0.0 64.9 ± 3.0 66.9 ± 1.9 61.4 ± 2.0 61.8 ± 1.3 61.6 ± 2.6 63.4 ± 1.6

Rutin 65.3 ± 1.1 74.0 ± 1.5 69.3 ± 2.4 74.2 ± 0.9 76.7 ± 1.8 63.2 ± 16.1 73.1 ± 0.6 75.4 ± 2.1 75.8 ± 2.9 76.2 ± 4.1

Isoquercitrin 12.6 ± 0.3 13.4 ± 2.1 12.2 ± 0.3 12.8 ± 0.0 15.5 ± 0.5 13.4 ± 2.3 13.6 ± 1.0 17.3 ± 1.3 16.5 ± 0.3 17.0 ± 1.0

Quercetin-3-O-D-glucosyl]-(1-2)-
L-rhamnoside 35.9 ± 0.6 39.8 ± 1.2 36.3 ± 0.7 57.8 ± 8.8 39.4 ± 1.0 39.4 ± 3.8 40.3 ± 2.1 40.1 ± 1.2 38.3 ± 0.9 38.9 ± 0.9

Kaempferol-3-O-rutinoside 74.2 ± 0.5 81.6 ± 0.7 78.7 ± 1.0 57.9 ± 7.8 77.5 ± 2.4 89.9 ± 2.4 83.8 ± 1.8 84.7 ± 2.2 85.8 ± 2.7 87.6 ± 1.8

Kaempferol-7-O-β-D-
glucopyranoside 9.1 ± 0.6 7.8 ± 0.6 8.7 ± 1.2 7.2 ± 0.7 8.7 ± 0.0 9.2 ± 1.3 10.3 ± 0.7 7.6 ± 0.6 7.1 ± 0.6 7.0 ± 0.0

Apigenin-7-O-Glucoside 33.8 ± 1.5 33.6 ± 1.7 32.8 ± 0.4 33.6 ± 2.2 30.9 ± 2.7 31.8 ± 3.8 30.5 ± 2.2 33.0 ± 1.1 32.8 ± 1.5 34.1 ± 0.7

Quercetin-3-O-[2-O-(6-O-
p-hydroxyl-E-coumaroyl)-D-
glucosyl]-(1-2)-L-rhamnoside

77.0 ± 2.8 68.1 ± 2.0 65.5 ± 4.2 71.5 ± 4.2 71.2 ± 7.0 71.5 ± 4.7 68.6 ± 0.6 66.5 ± 1.4 68.1 ± 1.9 71.2 ± 0.6

3-O-{2-O-[6-O-(p-hydroxyl-
E-coumaroyl)-glucosyl]-(1-2)
rhamnosyl kaempferol

54.2 ± 0.8 48.6 ± 1.0 45.2 ± 1.0 50.3 ± 1.5 47.4 ± 1.5 55.0 ± 1.6 49.0 ± 0.2 45.9 ± 0.4 45.8 ± 1.6 48.5 ± 0.4

Inhibition(%) 25.1 26.4 22.5 26.2 26.9 27.1 26.9 26.9 26.1 28.1

Table 3. Contents of nine compounds and total inhibition rate of different samples and the result of (µg/mL) 
(P = 95%, k = 2).
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Germany) and ABTS and potassium persulfate were from Sigma (Analytical, USA). The other chemicals were 
analytical reagents.

Instrumentation and conditions. All experiments were performed on an Agilent 7100 CE system 
equipped with a Diode Array Detector (Waldbronn, Germany). Agilent ChemStation software was used to con-
trol the instrument and analyze the resulting data. The CE separations were performed on a fused silica capillary 
with a dimension of 50 µm I.D. and a total length of 60.2 cm (effective length of 52 cm) (Ruifeng, Hebei, China). 
A new capillary was pretreated by flushing sequentially with 1.0 M NaOH, 0.1 M NaOH and deionized water 
under a pressure of 940 mbar for 10 min each. Prior to every run, the capillary was rinsed with 0.1 M NaOH for 
2 min and then deionized water for 2 min followed by the background electrolyte (BGE) for 3 min at a pressure of 
940 mbar. After the last separation of each day, capillaries were washed orderly with 0.1 M NaOH and deionized 
water for 10 min, respectively. BGEs in vials need exchange for every two runs in order to obtain the highest 
reproducibility of the migration times.

The condition of method. The running buffer for determining and on-line screening antioxidants was 
composed of 20 mM phosphate (pH 7.0), 5 mM β-cyclodextrin (β-CD), 40 mM sodium dodecyl sulfate (SDS) and 
7.5% ACN. The phosphate with pH 7.0 was obtained by mingling NaH2PO4 solution with equal concentration 
Na2HPO4 at an appropriate ratio. A voltage of 20 kV was applied and the temperature of the capillary cartridge 
maintained at 22 °C in the whole process. All samples were injected into CE instrument for 5 s under 50 mbar. The 
wavelengths for detecting antioxidants and ABTS+ are 360 nm and 405 nm, respectively. The steps of the experi-
ment procedure were showed in Fig. 4.

Preparation of standard solutions and samples. All flavonoid standards were individually dissolved 
with MeOH and then the mixed standards as stock solution were dissolved to 0.1 mg·mL−1 in 50% MeOH. ABTS 
and potassium persulfate were prepared by deionized water. ABTS radical cation (ABTS+) was produced by 
mixing 300 µL of ABTS (9 mg·mL−1) and 600 µL of potassium persulfate (1.516 mg·mL−1). The mixture was kept 
in the dark at room temperature for 20–24 h to allow the thorough generation of radicals. The radical was stable 
in this system for 3–4 days in the dark at room temperature. The radical was then diluted with deionized water 
to 1.5 mg·mL−1 before use. Standard solutions were stored at 4 °C. Except for ABTS+. All solutions were filtered 
through a 0.22 mm nylon syringe filter prior to use.

Preparation of Quality Control Samples. The low, medium and high concentration of Quality 
Control Samples of clitorin, rutinum, isoquercitin, quercetin-3-O-D-glucosyl]-(1–2)-L-rhamnoside, 

Figure 3. (a) Capillary electropherograms of ABTS+: ABTS+ solution; on-line mixed with SI (n = 3). The blue 
one is the electrophoretogram of ABTS+, and the red one is the electrophoretogram of mixture. (b) Relationship 
of the total quantitative and antioxidant activity of SI.

Analysis samples Analysis modes Detection methods
Solvent 
volume (mL)

Reaction 
time (min)

Separation of 
antioxidants References

Polysaccharides of potato peels ABTS+ -offline Spectrophotometer 3 6 × 32

A plant extract Colorimetric sensor of cerium 
oxide nanoparticles Spectrophotometer 4 0 × 37

Antioxidant components of 
Viburnum opulus L. On-line HPLC-UV-ABTS+ HPLC 78 0.1 √ 40

Reduning injection On-Line DPPH-CE-DAD CE 0.042 0 √ 24

Shuxuening injection On-line ABTS+-CE-DAD CE 0.084 0 √ This developed 
method

Table 4. Comparison of this proposed methods with other antioxidant activity assay.
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kaempferol 3-rutinoside, kaempferol-7-O-β-D-glucopyranoside, apigenin-7-O-Glucoside, quercetin-3-O-[2-O-
(6-O-p-hydroxyl-E-couMaroyl)-D-glucosyl]-(1- 2)-L-rhaMnoside, quercetin, 3-O-{2-O-[6-O-(p-hydroxyl-E-co
umaroyl)-glucosyl]-(1-2) rhamnosyl kaempferol were prepared by dissolving the specific mixed standard solution 
with different volumes of 50% MeOH.

Method validation. Firstly, the conditions including pH and concentrations of BGE, β-CD, SDS and ACN 
as well as voltage, temperature were optimized to separate the antioxidants of SI and ABTS+. Then, SI was mixed 
with ABTS+ or deionized water on line, respectively. Since peaks of antioxidants would decrease during on-line 
reaction of SI with ABTS+, the antioxidants could be screened by comparing the two electrophoretograms. The 
total antioxidative property of SI was measured by comparison of the peaks of ABTS+ obtained by on-line mixing 
ABTS+ with dilute SI and deionized water respectively. During the analysis time, the SI and ABTS+ were injected 
by 50 mbar for 5 s.

The prerequisite for analyzing sample is the availability of this developed method. Thus, proper quality assur-
ance/quality control (QA/QC) procedures were performed for controlling and validating proposed method, 
including method detection limit (MDL), method quantitation limit (MQL), linearity, precision, accuracy, sta-
bility and recovery. In addition, measurement uncertainty was also carried out for estimating data due to uncer-
tainty exists in all the individual steps of a chromatographic analysis. MDL and MQL were determined by using a 
solution containing the analytes with a specific matrix, that is method limits which is a relative measure avoiding 
matrix influence. MDL and MQL were separately calculated by formulas MDL = 3 s/√n and MQL = 10 s/√n, 
which s is standard deviation of replicates and n is number of replicates49.

Calibration curves of analytes were established with six concentrations. Precision and stability for 24 h were 
evaluated by analyzing low, middle and high (n = 6) concentrations of mixed standard solution. The recoveries of 
nine standards were performed by adding equivalent amount of them into a certain amount of SI sample. Both of 
original and spiked sample were determined using the optimized condition mentioned above and the recovery 
was calculated by the formula: Recovery (%) = (Measured amount − original amount)/spiked amount × 100%. 
Due to the uncertainty of the result, precision and stability were showed as a confidence interval with the form 
of mean ± U (expanded uncertainty), and the expanded uncertainty were calculated according to the review 
reported before50. In general, the value of r above 0.990 suggested that calibration curves have good correlation 
and recoveries recommend ranging from 95% to 105%. The mean value of accuracy should be within 5% the 
actual value and acceptable value of precision should not exceed 5%51.

References
 1. Leichert, L. I. et al. Quantifying changes in the thiol redox proteome upon oxidative stress in vivo. Proc Natl Acad Sci USA 105, 

8197–8202 (2008).
 2. Halliwell, B. & Gutteridge, J. M. Oxygen toxicity, oxygen radicals, transition metals and disease. Biochem J. 219, 1–14 (1984).
 3. Cieslik, E. et al. Contents of polyphenols in fruit and vegetables. Food Chem. 94, 135–142 (2006).
 4. Bhattacharjee, S. et al. Site-specific radical formation in DNA induced by Cu(II)-H2O2 oxidizing system, using ESR, immuno-spin 

trapping, LC-MS, and MS/MS. Free Radic Biol Med. 50, 1536–1545 (2011).
 5. Helmja, K. et al. Evaluation of antioxidative capability of the tomato (Solanum lycopersicum) skin constituents by capillary 

electrophoresis and high-performance liquid chromatography. Electrophoresis 29, 3980–3988 (2008).
 6. Maruška, A. et al. Coupling of capillary electrophoresis with reaction detection for the on-line evaluation of radical scavenging 

activity of analytes. Procedia Chem. 2, 54–58 (2010).
 7. Herrero, M. et al. Pressurized liquid extraction-capillary electrophoresis-mass spectrometry for the analysis of polar antioxidants in 

rosemary extracts. J. Chromatogr. A 1084, 54 (2005).
 8. Li, X. et al. Antioxidant activity and mechanism of RhizomaCimicifugae. Chem. Central J. 6, 1–10 (2012).
 9. Jiang, B. et al. Extraction of water-soluble polysaccharide and the antioxidant activity from Ginkgo biloba leaves. Med. Chem. 

Research 19, 262–270 (2010).
 10. Schneider, B. Ginkgo biloba extract in peripheral arterial diseases. Meta-analysis of controlled clinical studies. Arzneimittel-

Forschung 42, 428 (1992).
 11. Holgers, K. M. et al. Ginkgo biloba Extract for the Treatment of Tinnitus. Audiology 33, 85–92 (1994).
 12. Pidoux, B. Effects of Ginkgo biloba extract on functional brain activity. An assessment of clinical and experimental studies. Presse 

Med. 15, 1588–1591 (1986).

Figure 4. The diagram of the steps of the experiment procedure.



www.nature.com/scientificreports/

9SCienTiFiC REpoRTS |  (2018) 8:5441  | DOI:10.1038/s41598-018-23748-x

 13. Huguet, F. & Tarrade, T. Alpha 2-adrenoceptor changes during cerebral ageing. The effect of Ginkgo biloba extract. J. Pharm. 
Pharmacol. 44, 24–27 (1992).

 14. Beek, T. A. V. et al. Chemical analysis and quality control of Ginkgo biloba leaves, extracts, and phytopharmaceuticals. J. Chromatogr. 
A 1216, 2002–2032 (2009).

 15. Yang, W. et al. Analysis of pragmatic clinical use of shuxuening injection. China J. Chinese materia med. 38, 3150–3154 (2013).
 16. Lin, S. et al. Development and Validation of an Analytical Method for the Determination of Flavonol Glycosides in Ginkgo Leaves 

and ShuXueNing Injections by a Single Marker. J. Chromatogr. Sci. 54, 1041 (2016).
 17. Hu, S. Y. Study on clinical application and safety of Shuxuening Injection.[J]. J. TCM Univ. of Hunan 32(11), 78–81 (2012).
 18. Lin, S. Studies on quality control of Shuxuening injections. Study on active components and quality Standard of traditional Chinese 

Medicine, TCM Univ. of Fujian Master’s (2014).
 19. Liang, J. A dynamic multiple reaction monitoring method for the multiple components quantification of complex traditional 

Chinese medicine preparations: Niuhuang Shangqing pill as an example. J. Chromatogr. A 1294, 58–69 (2013).
 20. Hu, Y. et al. GC-MS combined with chemometric techniques for the quality control and original discrimination of Curcumae longae 

rhizome: analysis of essential oils. J. Sep. Sci. 37, 404–411 (2014).
 21. Zaiyou, J. et al. Comprehensive quality evaluation of Chishao by HPLC. Nutr Hosp. 28, 1681–1687 (2013).
 22. Ding, X. P. et al. Quality control of flavonoids in Ginkgo biloba leaves by high-performance liquid chromatography with diode array 

detection and on-line radical scavenging activity detection. J. Chromatogr. A 1216, 2204–2210 (2009).
 23. El, D. S. et al. Recent advances in capillary electrophoretic migration techniques for pharmaceutical analysis (2013–2015). 

Electrophoresis 37, 1591–1608 (2016).
 24. Chang, Y. X. et al. The activity-integrated method for quality assessment of reduning injection by on-line DPPH-CE-DAD. PloS one 

9, e106254 (2014).
 25. Liu, J. et al. The in‐capillary DPPH-capillary electrophoresis-the diode array detector combined with reversed-electrode polarity 

stacking mode for screening and quantifying major antioxidants in Cuscuta chinensis Lam. Electrophoresis 37, 1632–1639 (2016).
 26. Li, J. et al. A Green Antioxidant Activity-Integrated Dual-Standard Method for Rapid Evaluation of the Quality of Traditional 

Chinese Medicine Xuebijing Injection by On-Line DPPH-CE-DAD. Evid-based Compl Alt eCAM 2016.6, 2712476 (2016).
 27. Li, F. et al. Screening of Epidermal Growth Factor Receptor Inhibitors in Natural Products by Capillary Electrophoresis Combined 

with High Performance Liquid Chromatography-Tandem Mass Spectrometry. J. Chromatogr. A 1400, 117–123 (2015).
 28. Liu, D. M. et al. Application of Capillary Electrophoresis in Enzyme Inhibitors Screening. Chinese J. Anal. Chem. 43, 775–782 (2015).
 29. Ma, H. F. et al. Screening bioactive compounds from natural product and its preparations using capillary electrophoresis. 

Electrophoresis 39, 260–274 (2018).
 30. Dubber, M. J. Application of reverse-flow micellar electrokinetic chromatography for the simultaneous determination of flavonols 

and terpene trilactones in Ginkgo biloba dosage forms. J. Chromatogr. A 1122, 266–274 (2006).
 31. Oliveira, R. G. D. et al. Dried extracts of Encholirium spectabile (Bromeliaceae) present antioxidant and photoprotective activities 

in vitro. J. Young Pharm. 5, 102–105 (2013).
 32. Jeddou, K. B. et al. Structural, functional, and antioxidant properties of water-soluble polysaccharides from potatoes peels. Food 

Chem. 205, 97 (2016).
 33. Lam, S. C. et al. Rapid Identification and Comparison of Compounds with Antioxidant Activity in Coreopsis tinctoria Herbal Tea 

by High-Performance Thin-Layer Chromatography Coupled with DPPH Bioautography and Densitometry. J. Food Sci. 81, 
C2218–C2223 (2016).

 34. Hwang, S. H. et al. Xanthium strumarium as an Inhibitor of α-Glucosidase, Protein Tyrosine Phosphatase 1β, Protein Glycation and 
ABTS+ for Diabetic and Its Complication, Molecules 21 (2016).

 35. Wang, X. et al. Reassessment of Antioxidant Activity of Baicalein in vitro, Asian. J. Pharm. Biomed. Research 1, 186–194 (2011).
 36. Chen, L. et al. Comparison of antioxidant activities of different parts from snow chrysanthemum (Coreopsis tinctoria Nutt.) and 

identification of their natural antioxidants using high performance liquid chromatography coupled with diode array detection and 
mass spectrometry and 2, 2′-azinobis (3-ethylbenzthiazoline-sulfonic acid) diammonium salt-based assay. J. Chromatogr. A 1428, 
134–142 (2016).

 37. Olgun, F. A. et al. A novel cerium oxide nanoparticles‒based colorimetric sensor using tetramethyl benzidine reagent for antioxidant 
activity assay, Talanta (2018).

 38. Kalili, K. M. et al. Comprehensive two-dimensional liquid chromatography coupled to the ABTS radical scavenging assay: A 
powerful method for the analysis of phenolic antioxidants. Anal. and Bioanal. Chem. 406, 4233–4242 (2014).

 39. Lee, K. J. et al. Isolation and Bioactivity Analysis of Ethyl Acetate Extract from Acer tegmentosum Using In Vitro Assay and On-Line 
Screening HPLC-ABTS(+) System. J.Anal. Methods in Chem. 2014, 150509 (2014).

 40. Karaçelik, A. A. Antioxidant components of Viburnum opulus L. determined by on-line HPLC-UV-ABTS radical scavenging and 
LC-UV-ESI-MS methods. Food Chem. 175, 106–114 (2015).

 41. Swann, L. M. et al. A capillary electrophoresis method for the determination of selected biogenic amines and amino acids in 
mammalian decomposition fluid. Talanta 81, 1697–1702 (2010).

 42. Terabe, S. et al. Separation of oxygen isotopic benzoic acids by capillary zone electrophoresis based on isotope effects on the 
dissociation of the carboxyl group. Anal. Chem. 60, 1673–1677 (1988).

 43. Zhu, Q. et al. Field enhancement sample stacking for analysis of organic acids in traditional Chinese medicine by capillary 
electrophoresis. J. Chromatogr. A 1246, 35–39 (2012).

 44. Orlandini, S. et al. Multivariate optimization of capillary electrophoresis methods: A critical review. J. Pharm. Biomed. Anal. 87, 
290–307 (2013).

 45. Cserháti, T. New applications of cyclodextrins in electrically driven chromatographic systems: a review. Biomed. Chromatogr. 22, 
563–571 (2008).

 46. Fanali, S. Chiral separations by CE employing CDs. Electrophoresis 30, S203–S210 (2009).
 47. Gübitz, G. & Schmid, M. G. Chiral separation by capillary electromigration techniques. J. Chromatogr. A 28, 114–126 (2007).
 48. Escudergilabert, L. et al. Cyclodextrins in capillary electrophoresis: recent developments and new trends. J. Chromatogr. A 1357, 2 

(2014).
 49. Ruggieri, F. et al. Full validation and accreditation of a method to support human biomonitoring studies for trace and ultra-trace 

elements. Trac Trends in Anal. Chem. 80, 471–485 (2016).
 50. Konieczka, P. & Namieśnik, J. Estimating uncertainty in analytical procedures based on chromatographic techniques. J. Chromatogr. 

A 1217(6), 882 (2010).
 51. Guidelines for the Validation of Chemical Methods for the FDA CVM Program, second ed., US FDA Office of Foods and Veterinary 

Medicine, 2015.

Acknowledgements
This research was supported by State the Science & Technology Commission of MOST of China (2014ZX09201022-
004), National Natural Science Foundation of China (81503213 and 81374050), Special Program of Talents 
Development for Excellent Youth Scholars in Tianjin and PCSIRT (IRT-14R41).



www.nature.com/scientificreports/

1 0SCienTiFiC REpoRTS |  (2018) 8:5441  | DOI:10.1038/s41598-018-23748-x

Author Contributions
H.F.M. J.L performed this experiment and wrote the paper. J.L. and R.M.A contributed in discussions during 
the experiments. Y.X.C. and X.M. G conceived the idea and designed the experiments. All authors reviewed the 
manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	A powerful on line ABTS+–CE-DAD method to screen and quantify major antioxidants for quality control of Shuxuening Injectio ...
	Results and Discussion
	Optimization of on-line ABTS+-CE-DAD method. 
	Effect of buffer pH. 
	Effect of buffer concentration. 
	Effect of SDS concentration. 
	Effect of β-CD concentration. 
	Effect of acetonitrile (ACN) concentration. 
	Effect of voltage and temperature. 

	Screening of antioxidant of SI. 
	Method validation. 
	Contents of nine antioxidants in sample. 
	On-line determination of total antioxidative activity of samples. 
	Comparison with other antioxidant activity assay methods. 

	Conclusions
	Materials and Methods
	Chemicals and Reagents. 
	Instrumentation and conditions. 
	The condition of method. 
	Preparation of standard solutions and samples. 
	Preparation of Quality Control Samples. 
	Method validation. 

	Acknowledgements
	Figure 1 Effects of parameters on the migration time and resolution of fourteen (including ABTS+) peaks (n = 3).
	Figure 2 (a) Capillary electropherograms of SI: SI on-line mixed with H2O and on-line mixed with ABTS+ (n = 3).
	Figure 3 (a) Capillary electropherograms of ABTS+: ABTS+ solution on-line mixed with SI (n = 3).
	Figure 4 The diagram of the steps of the experiment procedure.
	Table 1 The calibration curves, linearity ranges, LODs, LOQs and recoveries of nine compounds (P = 95%, k = 2).
	Table 2 Intra-day and Inter-day accuracy and precision, stability of nine compounds (P = 95%, k = 2).
	Table 3 Contents of nine compounds and total inhibition rate of different samples and the result of (µg/mL) (P = 95%, k = 2).
	Table 4 Comparison of this proposed methods with other antioxidant activity assay.




