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Abstract. This study demonstrates a new electrochemical method for rapid de-
termination of ascorbic acid in real samples with electrochemically pretreated
screen-printed carbon electrodes. Cyclic voltammetry results indicated that the
electrochemically activated electrodes possessed an excellent electrocatalytic
activity toward ascorbic acid oxidation and can be successfully used for its se-
lective and sensitive determination in fresh vegetables and fruits. The proposed
method was further validated by means of specificity assay with ascorbate
oxidase and a comparison with an accurate method such as high-performance
liquid chromatography using ultraviolet detection. The electrodes presented the
advantages over other existing methods such as mass production and without
artificial modification. This study essentially offers a facile and reliable method
for rapid determination of ascorbic acid in food analysis with high selectivity
and sensitivity as well as low cost.
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1 Introduction

Increasing evidences have revealed that ascorbic acid (AA) possesses lots of different
functions in the physiological and pathological processes, such as an important
antioxidant and free radical scavenger in neuroprotection, an essential cofactor for
biosynthesis of neuropeptides, and an effective neuromodulator of dopamine- and
glutamate-mediated neurotransmission [1]. As fresh vegetables and fruits are the most
important suppliers of AA in normal diets, the determination of AA can offer a
marker for food analysis and quality evaluation.

There are several reported methods for the determination of AA in foodstuffs, in-
cluding chromatography [2], spectrophotometry [3], and titration [4], etc.. However,
these methods usually require complex steps, which may increase the chance of AA
oxidation during the pretreatment of fresh samples. On the other hand, some methods
may lack good specificity and require high-cost equipments. Thus, the development
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of rapid, facile, and reliable methods for AA determination is particularly important in
food industry. Recently, electrochemical methods have shown unique advantages in
rapid determination of AA [5]. AA can be electrochemically oxidized through a two
electron and one-proton pathway followed by an irreversible hydrolysis process to
produce an electroinactive product at neutral pH [6]. Such an electrochemical prop-
erty of AA can be used to realize direct electrochemical determination of AA with
simple steps. But the high over-potential of AA oxidation at the conventional
electrodes leads to poor specificity in real samples which also contain other electroac-
tive substances, such as thiols and phenols [7]. Focused on the solution of this prob-
lem, most research used chemically modified electrodes [8] or the additional use of
ascorbate oxidase (AAox) to differentiate the current response for AA from the total
response obtained [9]. O’Connell et al. proposed a sensor modified with electropoly-
merized aniline (PANI) to selectively catalyze the oxidation of AA at low potential
(+100 mV) so as to minimize the effects of most common interfering agents in
juices and pharmaceuticals [10]. A carbon paste electrode modified with
Si0,/SnO,/phosphate/Meldola’s blue was used to study the electrocatalytic oxidation
of AA in commercial fruit juices [11]. Civit et al. successfully demonstrated am-
perometric determination of AA in several kinds of fruits and vegetables using a dis-
posable screen-printed electrode modified with electrografted o-aminophenol film
[12]. With the appearance of carbon nanotubes (CNTs), recent electrochemical stud-
ies have revealed that CNTs can facilitate the oxidation of AA at a low potential, and
demonstrated possible application of CNTs for selective determination of AA [13].
Crevillén et al. developed carbon nanotube-modofied disposable detectors in micro-
chip capillary electrophoresis for AA determination in pharmaceutical quality control
[14]. However, Most of the above mentioned mehods showed a certain degree of
complexity in the phase of electrode modification.

This study exploits a new electrochemical sensor for determination of AA in fresh
vegetables and fruits with an electrochemical pretreated disposable screen printed
carbon electrode. The integrated screen printed carbon electrode, which consists of a
carbon counter electrode, a silver pseudo-reference electrode and a carbon working
electrode, is amenable to rapid fabrication and mass production. In addition, this
method demonstrated here just requires simple activation of electrodes to enhance the
selectivity of AA determination without artificial modification, and could find some
interesting applications in food and pharmaceutical industry.

2 Experimental Methods

2.1 Reagents and Solutions

All chemicals were of analytical grade or higher and used as received. Aqueous solu-
tions were prepared with MilliQ water (Millipore, Inc., 18 MQ cm™). AA and AAox
(Cucurbita species, EC 1.10.3.3) were all purchased from Sigma and used as supplied.
A stock solution of AA (1.0 mM) was prepared in 0.1 M phosphate buffer at pH 7.0
just before use. Oxalic acid and other reagents were all purchased from Beijing
Chemical Co., Ltd. (Beijing, China). AAox was used to prove the absence of collat-
eral reactions by means of specificity assays. The enzyme (250 U) was dissolved in
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1.0 mL 0.1 M phosphate buffer (pH 7.0), and divided into portions and stored at -40
°C until use. One portion was taken out and diluted with 0.1 M phosphate buffer (pH
7.0) to get a fresh AAox solution with the concentration of 25.0 U/mL for use.

2.2 Electrode Preparation

The planar screen printed carbon electrodes (SPCEs) are designed by our lab and
fabricated by Beijing Meiborui Co., Ltd. (Beijing, China) as previously described.'’
The electrode 4.0cmx1.2cmx0.05cm (lengthxwidthxheight) consists of three main
parts which are a carbon counter electrode, a silver pseudo-reference electrode and a
carbon working electrode. The carbon working surface is 4 mm in diameter. The
Ag/AgCl reference electrode was formed by applying 0.3 M FeCl; solution on the
silver electrode for 10 min [15].

The fabricated SPCEs were first sequentially sonicated in ethanol, 3.0 M HNOs;,
1.0 M KOH, and distilled water each for 3 min., and then typical electrochemical
pretreatment of SPCEs was carried out by applying +2.5 V for 60 s in 1.0 M NaOH
(vs. Ag/AgCl reference electrode on the same SPCE).

2.3 Sample Preparation

Fresh orange and cabbage samples were obtained from a local supermarket. The op-
erative processes were the usual ones: green cabbage leaves were washed in running
water, drained, and finally weighed (about 50 g/sample). Oranges were peeled and cut
into suitable, representative portions of the proper weights (about 50 g/sample).

Each sample was prepared by weighing a sufficient amount of vegetable or fruit to
provide ca. 10 mg of AA/sample. 125 mL 0.1% (w/w) oxalic acid was immediately
added to each sample, and the sample was homogenized with a Braun knife homoge-
nizer for a few seconds. The homogenate was immediately submitted to 5 000 rpm in
a refrigerated centrifuge for 5 min. An aliquot of the clear supernatant solution was
filtered through a 0.45 pum pore-size filter (Millipore, Bedford, MA) before being
injected into the system of high-performance liquid chromatography (HPLC).

2.4 Electrochemical Measurements

Electrochemical measurements were carried out on a computer-controlled electro-
chemical analyzer (CHI660C, CHI, TX), and were performed by placing a drop of the
corresponding solution on the working area. A 0.10 M phosphate buffer solution (pH
7.0) was used as supporting electrolyte for the electrochemical studies. For real sam-
ple analysis, 1.0 mL of the clear supernatant solution containing AA after centrifuga-
tion was first mixed with 1.0 mL of the working buffer solution (0.1 M phosphate
buffer at pH 7.0), and then a 50 pL drop of the corresponding solution was placed on
the working area before measurement.

2.5 HPLC Analysis

Determination of AA by HPLC was performed in a Waters 2690 HPLC system (Mil-
ford, Massachusetts), with a column (5 pm; C18; 150 x 3.9 mm). Detection was
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done by ultraviolet (UV) absorption at 254 nm (Waters 2487 Tunable Absorbance
Detector) [16]. At a flow rate of 0.6 mL/min (Waters 2690 Pump), the retention time
for AA was 2.75 min. Identification of the AA peak was carried out using a highly
purified standard solution prepared as 20 ppm in 0.1% (w/w) oxalic acid.

The HPLC mobile phase was a 97%:3% V/V mixture of oxalic acid (0.1% (w/w),
adjusted to pH 2.5 before mixing) and methanol, which was filtered through a 0.45
pm pore-size filter (Millipore, Bedford, MA).

2.6 Specificity Assays

Aliquots of 5.0 pL of the enzyme solution (25.0 U/mL) were added into the 1.0 mL
mixture, which was composed of clear supernatant solution obtained in the sample
preparation and 0.1 M phosphate buffer at pH 7.0 (v/v 1:1), in order to achieve utter
oxidation of the AA present in a period not longer than 15 min.

3 Results and Discussion

3.1 AA Oxidation at the Fresh and Pretreated SPCEs

As shown in Fig. 1, at a fresh SPCE without activation, the oxidation of AA began
irreversibly at 0 V, showing poor electrochemical kinetics with high over-potential
and low electron transfer rate. McCreery et al. have systematically studied electro-
chemical reactions at carbon electrodes and demonstrated that the oxidation of AA is
an inner-sphere reaction with electron-transfer kinetics sensitive to the electrode sur-
face [17]. Thus the electrode activity shows a dramatic effect on electrochemical
oxidation property of AA, which is generally determined by one or more of the fol-
lowing factors: (1) surface microstructure, (2) surface cleanliness, (3) hydrophilic-
ity/hydrophobicity, (4) electronic structure, and (5) surface functional groups.

It is well known that carbon electrodes are often necessarily preconditioned by
electrochemical pretreatment to enhance the electron transfer properties at the
electrode surface [18]. No matter electrochemical pretreatment are carried out in an
acid, base or neutral solution, the main purpose of pretreatment on SPCEs is to
remove organic ink constitutes or contaminates and to increase surface roughness or
the density of oxygenated groups [19]. To find appropriate electrochemical
pretreatment for optimum electrochemical performances of SPCEs designed by our
group, different electrolytes and conditions were studied using potassium ferricyanide
as an electrochemical probe. By gradually changing the concentration of NaOH,
applied potential as well as pretreatment time, an electrochemical activation
procedure, applying +2.5 V for 60 s in 1.0 M NaOH aqueous solution, was finally
selected as the most reproducible and advantageous. As shown in Fig. 2(A), the
response of a fresh SPCE without electrochemical activation was poor with a large
peak separation of oxidation and reduction (/JEp> 1000 mV), indicating a slow
electron transfer rate and a irreversible electrochemical process. As to the electrode
after pretreated in 1.0 M NaOH at +2.5 V for 60 s, AEp was reduced to ca. 160 mV,
showing a rapid electron transfer rate and a quasi-reversible electrochemical response.
The result also showed that the current response of Fe(CN)63_/4 ~ at pretreated SPCE
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obviously increased, compared with the fresh SPCE, due to the improvement of
electron transfer rate and electrode surface roughness caused by the electrochemical
activation procedure.

Unlike the fresh SPCE just after rinse in different solutions, AA oxidation started at
-0.4 V after electrode pretreatment shown in Fig. 2(B), which was obviously more
negative compared with that at the fresh electrode. This result clearly indicated that
the effective electrochemical activation leaded to a faster electron-transfer kinetics for
the AA oxidation, which benefited for selective determination of AA at lower poten-
tial on the pretreated electrode. The comparison of the voltammograms obtained for
AA oxidation at the SPCEs before and after pretreatment also showed the enhance-
ment of current response of AA and background charging current, due to the increase
of electrode surface caused by electrochemical pretreatment.
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Fig. 1. CVs obtained at a fresh SPCE in 0.1 M phosphate buffer (pH 7.0) in the absence
(dashed line) and presence (solid line) of 0.50 mM AA before electrochemical pretreatment.
Scan rate, 100 mV s

In addition, the electrochemical activated SPCEs showed a good linearity for AA
measurement, as depicted in Fig. 3. The currents recorded clearly increased with in-
creasing AA concentration in solution (Fig. 3(A)), and were linear with AA concen-
tration within a range from 0.01 to 1.00 mM (I/pA= 28.02C/mM - 0.39, y=0.9990)
(Fig. 3(B)). The detection limit, based on a signal-to-noise ratio of 3, was calculated
to be 5.0 uM. The activated electrode was also stable for repetitive use, and the sensi-
tivity remained essentially identical after the daily measurements of AA standard
(0.10 mM) for 4-6 h on at least consecutive 10 days. On the other hand, the electrode
showed good reproducibility for the determination of AA, which was illustrated by
the small relative standard deviation (RSD) obtained with the same electrode used for
the measurements of AA for several times. For example, the RSD recorded for the
AA standard (0.10 mM) was calculated to be 2.3% (n=10). The good performance of
activated SPCEs mentioned above is indeed advantageous to be applied in determina-
tion of AA in real samples.
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Fig. 2. (A) Typical cyclic voltammograms (CVs) at a fresh SPCE in 0.1 M phosphate buffer
(pH 7.0) containing 5 mM K;3Fe(CN)y before (dashed line) and after (solid line) electrochemi-
cal pretreatment. Scan rate, 100 mV s™'. (B) CVs obtained at a fresh SPCE in 0.1 M phosphate
buffer (pH 7.0) in the absence (dashed line) and presence (solid line) of 0.50 mM AA after
electrochemical pretreatment. Scan rate, 100 mV st

E/V vs. Ag/AgCl C/mM

Fig. 3. (A) Typical CVs obtained at activated SPCE in 0.1 M phosphate buffer (pH 7.0) con-
taining AA with different concentrations of 0.00, 0.01, 0.02, 0.05, 0.10, 0.20, 0.40, 0.60, 0.80
and 1.00 mM. Scan rate, 100 mV s’ (B) Plot of current response vs the concentration of AA.

3.2 Analysis of AA in Cabbage and Orange

As detailedly described in experimental section, the AA content in cabbage and or-
ange samples was analyzed by use of electrochemically pretreated SPCEs. As dis-
played in Fig. 4, the current response obtained for the addition of cabbage (Fig. 4(A))
and orange sample (Fig. 4(B)) showed well-defined shape of voltammograms, which
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were remarkably the same as the one obtained in AA standard solution before the real
sample analysis. According to the oxidation current of real sample, AA content can be
calculated in terms of the plot of sensor calibration in Fig. 3(B).
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Fig. 4. CVs obtained at activated SPCEs in 0.1 M phosphate buffer (pH 7.0) in the absence
(dashed lines) and presence (solid lines) of diluted cabbage sample (A) and orange sample (B).
The dotted lines in (A) and (B) refer to the responses of the mixture of AAox and each diluted
sample after 15min, respectively. Scan rate, 100 mV s™'.

Considering the importance of the specificity of the AA determination in the real
sample analysis demonstrated in this study, we further confirmed such a critical factor
after the determination of AA content in both cabbage and orange by using AAOx to
specifically catalyze the oxidation of AA [20]. The dotted lines in Fig. 4 showed the
current response of a mixture of cabbage or orange with AAOx. As shown in Fig.
4(A) and Fig. 4(B), the presence of AAOXx into the sample resulted in a clear decrease
in the current response almost to the baseline level, confirming that it was feasible to
selectively determine AA virtually interference-free from other electroactive species
coexisting in the cabbage and orange.

In this study, the results obtained via an electrochemical voltammetric method have
also been compared with those obtained using classical HPLC-UV analysis, in order

Table 1. Method comparison

sample cabbage (mg/kg) orange (mg/kg)
voltammetry HPLC voltammetry HPLC
1 96.3 97.6 420 431
2 98.9 100 435 425
3 99.7 97.8 428 435
4 101 98.9 439 427

mean 99.0+2.0 98.6+1.1 431+8 430+4
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to validate its reliability for rapid determination of AA in fresh vegetables and fruits.
As displayed in Table 1, the comparison of the results obtained by the proposed elec-
trochemical method to those of the reference method demonstrated an excellent corre-
lation. These demonstrations suggest that the analytical system described in this study
could be useful for rapid, facile, and reliable determination of AA in food analysis
and other fields with low cost.

4 Conclusions

By taking advantage of facile electrochemical pretreatment and disposable screen-
printed carbon electrodes, we have successfully developed a new electrochemical
method for voltammetric measurement of AA with electrochemically activated elec-
trodes. The integrated disposable screen printed carbon electrode, which consists of a
carbon counter electrode, a silver pseudo-reference electrode and a carbon working
electrode, is amenable to rapid fabrication and mass production, which simplifies the
determination equipment and reduces the cost. In addition, this method demonstrated
here just requires simple activation of electrodes to enhance the selectivity of AA
determination, which avoids any artificial modification and reduces the determination
time. Specificity assay and method comparison have demonstrated the electrodes
possess a high selectivity and could thus be used for selective and reliable measure-
ment of AA at lower applied potential. The method has also found to be sensitive,
reproducible, and thus essentially finds some interesting applications in rapid food
analysis and other fields.
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