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Abstract

Hydroxyl radical (OH•) can cause severe damage to cells and tissues. However, its analysis is very difficult for its high reactivity
and very short half-life. In this paper, a simple and highly sensitive method, capillary zone electrophoresis with amperometric
detection (CZE-AD) was introduced indirectly to determine OH• by determining its reaction products with salicylic acid (SAL),
2,3-dihydroxybenzoic acid (2,3-DHBA) and 2,5-dihydroxybenzoic acid (2,5-DHBA). The optimum conditions of CZE-AD for
the determination of 2,3-DHBA and 2,5-DHBA were explored. Under the optimum conditions, SAL, 2,3-DHBA and 2,5-DHBA
could be perfectly separated within 15 min, and the linearity ranges of 2,3-DHBA and 2,5-DHBA were between 1.0× 10−7 and
1.0× 10−4 mol l−1. Their detection limits were as low as 2× 10−8 mol l−1, which were much lower than that in CE-UV method.
The method was also applied to study the free OH• scavenging activity of angelica polysaccharide. The experimental results
showed that this CZE-AD method was very sensitive and practical in both the determination of free OH• and the evaluation of
free OH• scavenging activities of antioxidants.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that reactive oxygen radicals can
attack biomacromolecules including proteins, nucleic
acids, polyunsaturated fatty acids, and then destroy
the structures and functions of cells. There is a cer-
tain relationship between the reactive oxygen radicals
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and some diseases, such as cancer, cardiovascular dis-
eases, Alzheimer’s disease and Parkinson’s disease
[1,2]. OH• is the most aggressive one among these re-
active oxygen radicals and causes cell injury when it
is generated in excess or the cellular antioxidant de-
fense is impaired. However, OH• is very difficult to be
detected for its high reactivity and very short half-life
[3–5].

Because of the high reactivity of OH•, indirect
methods are usually used to determine its content
and damage to cells and tissues. For these indirect
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methods, some endogenous markers and free radical
traps such as pentane, butane, 8-hydroxydeoxyguano-
sine, salicylate (SAL), dimethyl sulfoxide (DMSO)
and dimethyl thiourea are usually used[6].

Many analytical methods have already been used
to detect OH•, such as electron spin resonance (ESR)/
electron paramaganetic resonance (EPR)[7,8], high-
performance liquid chromatography (HPLC) with ul-
traviolet (UV)/electrochemical detection (ED)/mass
spectrometry (MS) [9–13], gas chromatography
(GC) with MS [14,15], chemiluminescence[16–18],
etc. ESP method has been proved to be a good
method for the measurement of OH•, but it also
needs spin traps such as nitrone, nitroso compounds,
5,5-dimethyl-l-pyrroline-N-oxide (DMPO), etc.
Other disadvantages of ESP are the complicated and
high-cost instruments, and the restriction in sensitiv-
ity and quenching in vivo. For the analysis of OH•,
HPLC is very effective when coupled with other de-
tection methods, in which SAL is usually used as free
radical trap and the two main hydroxylated deriva-
tives (2,3-DHBA and 2,5-DHBA) are determined.
When HPLC is coupled with AD, the sensitivity is
about 1000 higher than that of UV detection. How-
ever, HPLC also needs high-cost column and large
consumable agents. Chemiluminescence method has
some advantages in sensitivity and speed for OH•
analysis, but the used lucigenin also reacts with super-
oxide, hydrogen peroxide, or single oxygen and cause
errors.

In recent years, capillary electrophoresis (CE) has
been extensively studied and applied as a highly ef-
fective analytical method in chemical and biological
areas. Compared to HPLC, CE has many advantages
such as much lower sampling volume, cheaper instru-
mentation and higher separation efficiency[19–21].
But the analysis of free OH• by CE is rarely studied.
Gokoren and Tuncel firstly used micellar electroki-
netic capillary chromatography (MECC) to determine
free OH• by analyzing 2,5-DHBA and 2,3-DHBA
[22]. Coolen et al. used CZE and MECC with UV
detection to determine free OH• by assaying 2,3-
and 2,5-DHBAs, the calibration curves for both CZE
and MECC were recorded in the range of 10−6 to
10−4 mol l−1 and the detection limit was determined
as 2× 10−7 mol l−1 [23].

In this paper, capillary zone electrophoresis with
amperometric detection (CZE-AD) was used to indi-

rectly determine the content of free OH• which was
produced by Fenton reaction. Fenton reaction is the
most used system to produce free OH• in vitro. When
SAL is added to this system, it can trap OH• and pro-
duce electroactive 2,3-DHBA and 2,5-DHBA, which
can be detected by AD[24]. The optimum conditions
of CZE-AD for the determination of 2,3-DHBA and
2,5-DHBA were explored. Under the optimum con-
ditions, SAL, 2,3-DHBA and 2,5-DHBA could be
perfectly separated within 15 min, and the linearity
ranges of 2,3-DHBA and 2,5-DHBA were between
1.0 × 10−7 and 1.0 × 10−4 mol l−1. Their detec-
tion limits were as low as 2× 10−8 mol l−1, which
were much better than that in CE-UV method. The
method was also applied to study the free OH• scav-
enging activity of angelica polysaccharide. When
angelica polysaccharide was added into the Fenton
reaction system, part of OH• was removed and the
contents of 2,3-DHBA and 2,5-DHBA were reduced.
The experimental results showed that the CZE-AD
method introduced was very sensitive and practi-
cal in both the determination of free OH• and the
evaluation of the free OH• scavenging activity of
antioxidants.

2. Experimental

2.1. Apparatus

CZE-AD system was laboratory-built[25,26].
Electrophoresis was driven by a high-voltage sup-
plier (±30 kV, Shanghai Institute of Nuclear Re-
search, China). Separations were performed in a
fused-silica capillary (25�m i.d., 360�m o.d., 60 cm
long, Polymicro. Tech. Ltd., USA). Potential con-
trol and current output were employed by a BAS
LC-3D amperometric detector (Bioanalytical Sys-
tem, West Lafayette, IN, USA). Electropherograms
were recorded by a chart recorder (Model XWT-204,
Shanghai Dahua Instrument Factory, China). Electro-
chemical experiments were carried out by a CHI 630
electrochemical analyzer (CHI Instruments, USA).
A three-electrode system, which consisted of a car-
bon disk working electrode (Ø 300�m), a saturated
calomel reference electrode (SCE) and a platinum
wire counter electrode, was used in both electrochem-
istry and detection experiments.
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2.2. Reagents

All reagents were of analytical-reagent grade.
2,3-DHBA and 2,5-DHBA were purchased from
Sigma Chemical Company. The stock solutions of
2,3-DHBA, 2,5-DHBA and SAL with a concentration
of 1.0 × 10−3 mol l−1 were prepared with doubly
distilled water and diluted with running buffer to the
needed concentrations in CZE experiments.

Angelica was purchased from Chinese Traditional
Medicine Division of Shanghai Fuxing Medicine
Company.

Before CZE experiments, all used solutions were
filtered through 0.45�m polypropylene acrodisc sy-
ringe filter and sonicated for 5 min to remove bubbles.

2.3. Procedure

2.3.1. Preparation of carbon working electrode
The used carbon electrode was prepared according

to the introduced procedure in our former paper[27].
Prior to use, the surface of the carbon electrode was
polished with emery paper and alumina powder, re-
spectively, and then it was sonicated in doubly distilled
water for 3 min to get enough cleanness.

2.3.2. CZE separation
Before CZE experiments, the three-electrode sys-

tem was fixed in the corresponding holes of the elec-
trochemical cell and the carbon disk electrode was
positioned straightly opposite the capillary outlet as
close as possible by a three-dimension positioner.

Before each run in CE experiments, the capillary
was sequentially rinsed with 0.5 mol l−1 hydrochloric
acid, doubly distilled water, 0.2 mol l−1 sodium hy-
droxide, 3 min for each and with running buffer till the
inside current of the capillary reached stability. This
was important to get a reproducible electroosmotic
flow.

The optimum conditions of CZE-AD applied in
this experiment were 0.9 V as detection potential,
30 mmol l−1 Na2B4O7–HCl solution (pH 7.4) as run-
ning buffer, 15 kV as separation voltage and 6 s (at
15 kV) as electrokinetic sampling time.

2.3.3. Extraction of angelica polysaccharide
An accurate weight of angelica powder was firstly

refluxed with acetone and 1:1 ethanol–ether, respec-

tively, under a boiled-water bath for 2 h to remove
pigments. Then, the residue was leached by stirring
in water at 90–100◦C three times each for 6 h. Next,
the leached solution from the above operation was
concentrated and precipitated by adding non-aqueous
ethanol. The precipitate was separated from the
above solution by centrifugation and purged with
4:1 chloroform:3-methylbutanol to remove hetero-
proteins. After freezing and drying, the angelica
polysaccharide was obtained. The coarse polysaccha-
ride was further purified by cellulose column chro-
matography and the pure polysaccharide was obtained.

2.3.4. Reaction between SAL and hydroxyl radical
from Fenton system

Hydroxyl radical was produced through Fenton
reaction by incubating for 60 min at 37◦C in the
presence of 1.0 mmol l−1 Fe2+, 2.0 mmol l−1 H2O2,
1.0 mmol l−1 EDTA, 1.0 mmol l−1 sodium salicylate
and 20 mmol l−1 NaH2PO4–Na2HPO4 buffer (pH 7.4)
in a final volume of 5 ml. Solutions of H2O2 and Fe2+
were made up immediately before use in deaerated
water and the iron salt was mixed with the EDTA be-
fore addition. After 1 h of reaction, this solution was
diluted by running the buffer to 50 times of volume
and injected into capillary by electrokinetic sampling.
For free radical scavenging activity experiment of
angelica polysaccharide, different concentrations of
test material were present in above Fenton system.

3. Results and discussion

3.1. Conditions of amperometric detection

As there are electroactive hydroxyl groups in their
molecular structures, 2,3-DHBA, 2,5-DHBA and
SAL molecules can be oxidized at a carbon electrode
and produce current responses.Fig. 1 shows the hy-
drodynamic voltammograms (HDVs) of the above
analytes, which were obtained by monitoring their
current responses after CZE separations at the applied
potential range from 0.0 to 1.0 V. It was found that
the current responses of these analytes increased with
the increase of the applied potential. For determining
2,3-DHBA, 2,5-DHBA and SAL together and the
best signal-to-noise ratio, 0.90 V was selected as the
detection potential in this experiment.
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Fig. 1. Hydrodynamic voltammograms of SAL, 2,3-DHBA and
2,5-DHBA with same concentration of 1.0×10−6 mol l−1 in CZE
under different detection voltages from 0 to+1.0 V. Other condi-
tions were as the optimum conditions.

3.2. Separation conditions in CZE

Because 2,3-DHBA and 2,5-DHBA are iso-
mers and have very similar ionization constants
(pKa1(2,3-DHBA) = 2.94, pKa1(2,5-DHBA) = 2.98),
they perform very similar electrophoretic mobility
(µe) in CZE and cannot be separated under the neu-
tral or basic running buffer condition. But in borate
buffer solution, because 2,3-DHBA hasvic-hydroxyl
groups, it can form complex with boric acid and
the product has a bigger ionization constant, while
2,5-DHBA does not perform this reaction. Thus,
2,3-DHBA and 2,5-DHBA can be perfectly separated
in the introduced borate–HCl running buffer (pH 7.4)
in CZE in this paper. The effect of the concentration of
Na2B4O7 was investigated. When the running buffer
concentration was increased, the electroosmotic flow
was reduced and the migration time was prolonged.
So, lower concentration of running buffer is suitable
to reduce the migration time and improve sensitivity.
In this experiment, 30 mmol l−1 Na2B4O7 was used
as running buffer.

The pH value of the running buffer was the most
important factor affecting the resolution in this ex-
periment. The pH effect was investigated within the
pH range from 4.0 to 11.0. In the pH range from 4.0

to 7.0, the current response peaks of these three an-
alytes could not be separated in baseline. But in the
pH range from 7.0 to 9.0, the three current response
peaks were separated in the baseline. However, their
current responses reduced and the migration time was
prolonged obviously with the increase of the pH value.
So, the pH value selected should be as low as possi-
ble to reduce the separation time. In this experiment,
pH 7.4 was selected as an optimum pH, which was
obtained by gradually adding hydrochloric acid into
30 mmol l−1 borate solution.

The separation efficiency of CZE was investigated
within the separation voltage range from 10 to 22 kV.
The migration time of the analytes was significantly
shortened and their corresponding current peaks were
sharpened when the separation voltage was increased.
However, if the separation voltage was too high, more
Joule heat was produced because of the higher current
inside the capillary, which caused peak-broadening
and reduced separation efficiency. For a comprehen-
sive thought, 15 kV was selected as the optimum sep-
aration voltage in this experiment.

Electrokinetic sampling was used in the CZE exper-
iment. It was found that when the sampling time was
prolonged, the peak currents increased correspond-
ingly. However, the current response peaks of the an-
alytes were obviously broadened if the sampling time
was more than 10 s. So, 6 s was selected as the sam-
pling time in this experiment and satisfactory results
were obtained under this condition.

Under the optimum conditions, the electrophero-
grams of standard 2,5-DHBA, SAL and 2,3-DHBA
with same concentration of 1.0 × 10−6 mol l−1 are
shown inFig. 2(a).

3.3. Linearity, repeatability and detection limits

A series of standard solutions of 2,3-DHBA,
2,5-DHBA and SAL with a concentration range from
1.0 × 10−8 to 5.0 × 10−3 mol l−1 were analyzed un-
der the optimum conditions and the results are shown
in Table 1. Their linear ranges were from 1.0 × 10−7

to 1.0 × 10−4 mol l−1and their detection limits were
2.0 × 10−8 mol l−1 (S/N = 3). The above results
showed that this method was very sensitive.

The relative standard deviations (R.S.D.) of both
the migration time and peak currents of the analytes
were less than 2% when the analysis was repeated for
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Table 1
Regression equation and detection limita

Analyte Regression equationI (nA); C (mol l−1) Linear range (mol l−1) R2 Detection limit (mol l-1)

2,3-DHBA I = 3.12 × 106C + 0.08 1.0× 10−7 to 1.0 × 10−4 0.9989 2.0× 10−8

2,5-DHBA I = 3.42 × 106C + 0.06 1.0× 10−7 to 1.0 × 10−4 0.9975 2.0× 10−8

SAL I = 3.10 × 106C + 0.10 1.0× 10−7 to 1.0 × 10−4 0.9988 2.0× 10−8

a Detection limit was estimated according to three times of signal-to-noise ratio.

six times. These results demonstrated that this method
was of good repeatability.

3.4. Determination of scavenging activities of
angelica polysaccharide

According to the method inSection 2, different con-
centrations of angelica polysaccharide were present
in Fenton system.Fig. 2(b) shows the electrophero-
grams of Fenton reaction system, andFig. 2(c)shows
the electropherograms of Fenton reaction system when

Fig. 2. Electropherograms of standard SAL, 2,3-DHBA and
2,5-DHBA with same concentration of 1.0 × 10−6 mol l−1 (a),
products of Fenton reaction (b), and products of Fenton reaction
when 1.0 mg/ml angelica polysaccharide was present (c) under
the optimum conditions of CZE-ED. (1) 2,5-DHBA, (2) SAL, (3)
2,3-DHBA.

1.0 mg ml−1 angelica polysaccharide was present. By
comparingFig. 2(b) and (c), it was found that the
current peaks of 2,5-DHBA and 2,3-DHBA were re-
duced. Therefore, the OH• scavenging percentage of
angelica polysaccharide could be calculated by the dif-
ferences between the original currents of 2,3-DHBA
or 2,5-DHBA in Fenton reaction system and those
when different concentrations of angelica polysaccha-
ride were present. It was found by this experiment
that the free OH• scavenging percentage were 13.6,
24.2, 32.1, 38.4 and 44.9%, respectively, correspond-
ing to the angelica polysaccharide concentration added
as 0.2, 0.4, 0.6, 0.8 and 1.0 mg ml−1.

4. Conclusions

The experiment showed that CZE-AD was a conve-
nient and sensitive method to indirectly determine the
free OH•. Under the introduced optimum conditions
of CZE-AD, SAL, 2,3-DHBA and 2,5-DHBA could
be perfectly separated within 15 min, and the linear
ranges of 2,3-DHBA and 2,5-DHBA were between
1.0 × 10−7 and 1.0 × 10−4 mol l−1. Their detection
limits were 2× 10−8 mol l−1, which were much bet-
ter than that in the CE-UV method. The method was
also applied to study the free OH• scavenging activity
of angelica polysaccharide. The experimental results
showed that the introduced CZE-AD method was very
sensitive and practical in both the determination of
free OH• and the evaluation of free OH• scavenging
activities of antioxidants.
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