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bstract

The anodic oxidation of ascorbic acid on a ruthenium oxide hexacyanoferrate modified electrode was characterized by cyclic voltammetry. On
his modified surface, the electrocatalytic process allows the determination of ascorbic acid to be performed at 0.0 V and pH 6.9 with a limit of
etection of 2.2 �M in a flow injection configuration. Under this experimental condition, no interference from glucose, nitrite and uric acid was
oticed. Lower detection limit values were obtained by measuring flow injection analysis (FIA) responses at 0.4 V (0.14 �M), but a concurrent loss

f selectivity is expected at this more positive potential. Under optimal FIA operating conditions, the linear response of the method was extended
p to 1 mM ascorbic acid. The repeatability of the method for injections of a 1.0 mM ascorbic acid solution was 2.0% (n = 10). The usefulness of
he method was demonstrated by an addition-recovery experiment with urine samples and the recovered values were in the 98–104% range.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ascorbic acid is consumed on a large scale as an antioxidant
gent in food, drinks and medicines, due to its importance in
everal enzymatic reactions and in the defence against oxida-
ive stress [1]. In addition, ascorbic acid has been used for
he prevention and treatment of common cold, mental illness,
nfertility, cancer and AIDS [2]. Wilson and Guillan [3] have
eported abnormalities related to the ascorbic acid levels in
chizophrenic patients. The content of ascorbic acid in biologi-
al fluids can be used to evaluate the extent of oxidative stress in
uman metabolism, this parameter being associated with cancer,
iabetes mellitus and other diseases [4].

Different analytical methods have been employed to evaluate
he ascorbic acid concentration in pharmaceutical formulations,
oods and biological fluids and they include chromatography
5,6], electrochemistry [6] and spectrophotometry [6,7]. Meth-

ds involving colour measurement are less convenient because
hey are based on derivatisation of the analyte to produce a
oloured compound, which is time-consuming. Therefore, a
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rine; Flow injection analysis

ore rapid, accurate and simple method is sought, justifying
he attention attracted by electrochemical methods because they
ossess quick response, low cost, simplicity of instrumentation,
igh sensitivity and possibility of miniaturization.

A major drawback associated with voltammetry is the poor
electivity of the measurements. This is particularly important in
he case of ascorbic acid because its direct oxidation on metal (or
arbon) electrodes leads to poor sensitivity with large overpoten-
ials and fouling problems by adsorption of oxidation products
re also reported [8–10]. Recent works have demonstrated the
dvantages of using specific unmodified surfaces such as edge
lane pyrolytic graphite electrodes to perform electroanalyti-
al determinations as the electron-transfer rate is accelerated
t these materials, a good discrimination between concomitant
nalytes (for instance, dopamine, ascorbic acid and serotonin)
eing achieved [11,12].

The development of electroanalytical methods for the selec-
ive determination of ascorbate at less positive potentials has
een a major target, especially in the case of complex matrices.
umerous attempts have been made to reduce the large over-

otential by depositing chemical mediators that decrease the
nergy required in the oxidation of ascorbic acid [13,14]. Brett
nd co-workers [15] reported a modification of the glassy car-
on surface with copper hexacyanoferrate for the determination

mailto:mbertott@iq.usp.br
dx.doi.org/10.1016/j.jpba.2007.10.033
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f ascorbic acid in different samples. The potential reported in
his work for the maximum current peak for the electrochemical
xidation of ascorbic acid was +0.4 V vs. standard calomel elec-
rode (SCE), but these authors noticed that a better selectivity
s attainable with lower sensitivity at +0.05 V vs. SCE with a
etection limit value of 2.1 �M.

The preparation of a new hexacyanoferrate films with ruthe-
ium as redox centre has been recently reported [16–18]. These
lms exhibit electrocatalytic properties related to the oxida-

ion of cysteine, methionine, cystine, ascorbic acid (0.52 V
s. Ag/AgCl), sulphur oxoanions and alcohol in acid medium
16,17]. We have recently reported the electrocatalytic properties
f a glassy carbon electrode coated with an electrodeposited film
f ruthenium (III) oxide hexacyanoferrate towards the anodic
xidation of 2′-deoxyguanosine [19] and the flow injection
nalysis (FIA) quantification of the analyte in DNA samples
20]. Voltammetric experiments with rotating disc electrode sug-
ested that the rate of cross-chemical reaction between Ru(IV)
enters immobilized onto the film and 2′-deoxyguanosine con-
rols the overall electrode process. A similar principle was
nvisaged for the detection of ascorbic acid, hence we show in
he present work the results of our attempts to employ this amper-
metric sensor for the analyte determination in a FIA assembly
pH 6.9). Investigations on the electrochemical behaviour of
scorbic acid using the proposed modified electrode indicated
mproved electrocatalytic response with reduced overpotential,
ielding increased sensitivity and low detection limit. The use-
ulness of the FIA method was evaluated by monitoring ascorbic
cid in urine without the necessity of sample pre-treatment.

. Experimental section

.1. Chemicals and materials

All solid reagents were of analytical grade and were used
ithout further purification. Potassium hexacyanoferrate, ascor-
ic acid, potassium dihydrogen phosphate, sodium nitrate and
odium hydroxide were obtained from Merck (Darmstadt, Ger-
any), ruthenium (III) chloride was obtained from Alfa Aesar

Massachusetts, USA). In almost all cases the solutions were
repared by dissolving the reagents in deionized water pro-
essed through a water purification system (Nanopure Infinity,
arnstead).

.2. Electrodes and instrumentation

A PalmSens portable electrochemical analyser (Palmsens
V, Houten, The Netherlands) was used for the electrochem-

cal measurements. A homemade Ag/AgCl (saturated KCl) and
platinum wire were used as reference and counter electrodes,

espectively. The working electrode was a glassy carbon (GC)
lectrode (d = 3 mm).
.3. Modification of the electrode surface

The surface of the GC electrode was polished with alu-
ina suspension (1 �m, Alfa Aesar, Massachusetts, USA) on

F
b

f
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micro-cloth polishing pad, rinsed with water and sonicated
or 5 min in distilled water. The electrochemical deposition of
he ruthenium oxide hexacyanoferrate film was accomplished
y cyclic voltammetry at the potential limits of −0.5 and 1.3 V
t 100 mV s−1 in a solution containing 0.5 M NaNO3 + 0.05 M
Cl + 1 mM K3Fe(CN)6 + 1 mM RuCl3. The formation of the

uthenium oxide hexacyanoferrate film on the glassy carbon
isc surface was verified by recording cyclic voltammograms
ith the modified electrode in a supporting electrolyte solution

ontaining 0.5 M NaNO3 + 0.05 M HCl. The amount of immo-
ilized material on the electrode surface after potentiodynamic
xperiments was controlled by the number of potential cycles
nd the surface excess (Γ ) was determined from the charge (Q)
nder the voltammetric peak for the Ru(II/III) redox process as
ollow:

= Q

nFA
(1)

here F is the Faraday’s constant, n the number of electrons
ransferred per molecule of redox active species and A is the
rea of the electrode.

.4. Flow injection analysis (FIA)

The flow injection apparatus consisted of a peristaltic pump
Ismatec ISM 828), a homemade rotatory injection valve and an
crylic cell mounted in a wall-jet configuration.

.5. Urine samples

Human urine samples were collected from the laboratory per-
onnel in 50 ml plastic bottles. The samples were diluted from
0 to 100 times in phosphate buffer pH 6.9 without any further
reatment before injection in the FIA system.

. Results and discussion

.1. Electrocatalysis of ascorbic acid oxidation

Layers of ruthenium oxide hexacyanoferrate were voltam-
etrically prepared by repetitive potential cycles in a
u(III) + Fe(CN)6

3− solution according to the procedure
escribed in Section 2 and reported elsewhere [19,20]. When
he modified electrode is thoroughly rinsed with water and a
ew voltammogram is recorded in the supporting electrolyte
olution, the response is retained. A typical voltammogram
f the ruthenium oxide hexacyanoferrate modified electrode
ecorded in a 0.5 M NaNO3 + 0.05 M HCl solution is shown in
ig. 1; three well-defined pairs of anodic and cathodic peaks
ere observed. Redox activity of ruthenium oxide hexacyano-

errate films are based on electron-transfer processes involving
u(II)/Ru(III)/Ru(IV) and Fe(II)/Fe(III) species and oxygen
ptake [17,19]. Under the experimental conditions shown in

ig. 1A, a film with Γ = 5.22 × 10−9 mol cm−2 was obtained
y measuring the charge under the first process at 0.0 V.

The electrocatalytic feature of ruthenium oxide hexacyano-
errate films towards the anodic oxidation of ascorbic acid is
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Fig. 1. Fifteenth voltammogram recorded with the ruthenium oxide hexa-
cyanoferrate modified electrode in the supporting electrolyte solution (0.5 M
NaNO3 + 0.05 M HCl) (A). Panel B presents cyclic voltammograms recorded
in phosphate buffer solution before (a) and after addition of ascorbic acid
(final concentration 0.99 mM (b), 1.96 mM (c), 2.91 mM (d), 3.85 mM (e), and
4.76 mM (f)) by using a bare glassy carbon electrode (- - -, final concentration:
4
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Fig. 2. FIA hydrodynamic voltammogram recorded in a 1 mM ascor-
bic acid solution (supporting electrolyte = 0.5 M NaNO3 + 0.05 M HCl)
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.76 mM) and the ruthenium oxide hexacyanoferrate (—) modified electrode
Γ = 5.22 × 10−9 mol cm−2). Scan rate: 100 mV s−1.

emonstrated in Fig. 1B, where the anodic process involving
he analyte on a bare GC surface is also shown. Voltammograms
ere recorded in phosphate buffer (pH 6.9) supporting elec-

rolyte before and after the addition of ascorbic acid resulting in
oncentrations in the range of 1–5 mM. The significant poten-
ial anticipation in comparison to the response obtained with a
are GC electrode (338 mV) and the sharp peaks with enhanced
eversibility obtained with the modified electrode clearly con-
rm that the electron-transfer step involving the oxidation of
scorbic acid is accelerated. The effect of pH on the voltammet-
ic response of the ruthenium oxide hexacyanoferrate modified
lectrode to ascorbic acid is not considerable regarding the sen-
itivity, whereas the peak potential shifted towards less positive
otentials with increasing pH. This is an important feature of
he ruthenium oxide hexacyanoferrate modified electrode con-
idering its use in biofluids as more selective determinations are
xpected at pH around 7.0.

Fig. 2 shows a hydrodynamic voltammogram in a solu-
ion containing ascorbic acid (pH 6.9) while changing the
otential at the ruthenium oxide hexacyanoferrate modified elec-
rode. The oxidation of the ascorbic acid on this electrode
urface is initiated at around −0.1 V and a continuous cur-
ent increase is observed up to 0.4 V. Based on this behaviour,

IA determinations demanding high selectivity can be accom-
lished by working at less positive potentials, even though
nder these experimental conditions a loss of sensitivity is
xpected.

t
u
(
i

ith the ruthenium oxide hexacyanoferrate modified electrode. Flow rate:
.6 ml min−1, sample volume: 100 �l, carrier solution: phosphate buffer (pH
.9). Γ = 5.22 × 10−9 mol cm−2.

.2. FIA optimization studies and analytical parameters

The influence of FIA parameters such as flow rate and sam-
le volume was also investigated. Fig. 3A presents results on
he variation of flow rate and a signal increase is observed in the
ange 0.26–2.60 ml min−1, indicating that mass-transport exerts
ontrol on the overall electrocatalytic process. The flow rate of
.00 ml min−1 was selected as the most favourable, taking into
ccount the sensitivity of the measurements and consumption of
he carrier solution. The influence of the sample volume on the
nalytical signal was also studied and experiments were carried
ut by using loops of 100, 150, 200 and 250 �l. No notewor-
hy difference was observed as shown in the results in Fig. 3B,
ence a 150 �l sample volume was selected as the most appro-
riate, taking into consideration the sample consumption. Under
hese FIA optimized conditions, the throughput was calculated
s 385 h−1 with negligible carry-over.

Two series of experiments in triplicate were carried out
n order to obtain the calibration plot. FIA responses in the
0–1000 �M concentration range were obtained by working at
wo different potentials, 0.0 and 0.4 V, in order to evaluate the
ariation in sensitivity. A great improvement in sensitivity was
oticed at the more positive potential, as discussed in the pre-
ious section. However, even at 0.0 V a calibration plot over
he range 100–1000 �M ((I/�A) = 0.0041 + 7.3 × 10−4 (C/�M),
2 = 0.9999) was obtained. At this less positive potential the
etection limit was calculated as 2.2 �M (S/N = 3), a significant
ower value being obtained if measurements were performed at
.4 V (0.14 �M).

The use of precious metals (ruthenium) to achieve stability
nd to improve the electrochemical activity of metal hexacyano-
errates is well known in the literature. These features of the
uthenium oxide hexacyanoferrate modified electrode have been
emonstrated by measuring the sensor sensitivity as a func-

ion of time. The slope of the calibration plot at pH 6.9 was
nchanged during a 24 h experiment ((7.27 ± 0.08) × 10−4 and
7.18 ± 0.05) × 10−4 �A �M), confirming its long-term stabil-
ty. The modified electrode was stored under dry conditions and



T.R.L.C. Paixão, M. Bertotti / Journal of Pharmaceutical and Biomedical Analysis 46 (2008) 528–533 531

Fig. 3. Flow injection peaks recorded for 1 mM ascorbic acid at various flow
rates (A): 0.26 ml min−1 (a), 0.70 ml min−1 (b), 1.1 ml min−1 (c), 1.6 ml min−1

(d), 2.0 ml min−1 (e) and 2.5 ml min−1 (f) (sample volume 100 �l) and var-
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Fig. 4. Peaks recorded for repetitive injections of 1 mM ascorbic acid + 2 mM
g
u
p

a
r
s
c
t
u

3

m
w
F
i
t
c
b
in good agreement with those typically found in this kind of bio-
logical fluid, as reported in the literature [45]. The large range
of ascorbic acid concentration found in plasma or urine samples
ous sample volumes (B) 100 �l (a), 150 �l (b), 200 �l (c), and 250 �l (d)
flow rate 2.0 ml min−1). Γ = 5.22 × 10−9 mol cm−2, carrier solution: phosphate
uffer (pH 6.9), E = 0.4 V.

t room temperature between the experiments. The increased
tability of the film layer has been attributed to the incorpora-
ion of ruthenium and the formation of bonds between Ru and Fe
toms [21,22]. Repeatability of FIA measurements was exam-
ned by 10 repetitive injections of a 130 �M ascorbic acid at
.0 V and the relative standard deviation was found to be 2.0%.
his is a very important feature inherent to modified electrodes

or ascorbic acid determination, as the oxidation of the analyte
n bare surfaces is recognized to be non-reproducible because
f fouling effects [8–10].

The sensor response with respect to potentially interfer-
ng coexisting species was also examined. Fig. 4 shows FIA
esponses for injections of ascorbic acid and mixtures con-
aining this analyte and concurrently nitrite, glucose and uric
cid at twofold excess. The absence of significant shifts in the
eaks recorded in the presence of the interfering species is an
nambiguous confirmation that at 0.0 V the ruthenium oxide
exacyanoferrate modified electrode can operate as detector in

n FIA apparatus with excellent selectivity. This assumption
an be confirmed by the data in Table 1 showing that the work-
ng potential of the proposed modified electrode is significantly
educed in comparison with other electrochemical sensors, with

F
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b

lucose (a), 1 mM ascorbic acid + 2 mM nitrite (b), 1 mM ascorbic acid + 2 mM
ric acid (c), and 1 mM ascorbic acid (d) solutions at E = 0.0 V. Carrier solution:
hosphate buffer (pH 6.9). Flow rate: 2.0 ml min−1 and sample volume: 150 �l.

detection limit similar or even better than most of the values
eported in the literature. It should be remembered that more
ensitive determinations can be performed if measurements are
arried out at more positive potentials, but in this case the exis-
ence of interfering species in complex matrices can restrain the
se of the proposed sensor.

.3. FIA determination of ascorbic acid in urine samples

The applicability of the ruthenium oxide hexacyanoferrate
odified electrode for detection of ascorbic acid in real samples
as examined by measuring the analyte concentration in urine.
ig. 5 presents FIA responses under optimized conditions for

njections of ascorbic acid in the range 50–1000 �M as well as
wo urine samples. Well defined and sharp peaks with negligible
arry-over effect are seen in this figure. Table 2 shows the ascor-
ic acid concentration of four urine samples and the results were
ig. 5. Peaks recorded for injections of ascorbic acid standard solutions at the
ptimized FIA conditions (50 �M (a), 100 �M (b), 200 �M (c), 500 �M (d),
nd 1000 �M (e)) and two urine samples (s1 and s2). Carrier solution: phosphate
uffer (pH 6.9). E = 0.0 V.
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Table 1
Limit of detection and working potential values for ascorbic acid determination

Electrode Reference Sample Detection
limit (�M)

Application Working potential (mV)

Cobalt(II) phthalocyanine-doped with iodine [23] – – Batch Potentiometric
Fe(II) phthalocyanine modified carbon-paste electrode [24] Vitamin preparations 0.5 Batch Potentiometric
Edge plane pyrolytic graphite electrode [12] Laked horse blood (40 �M

ascorbic acid spiked)
0.2 Batch −30 vs. SCEa

Ruthenium oxide hexacyanoferrate modified electrode This work Urine 2.2 FIA 0 vs. Ag/AgCl(sat.)

GC/monolayer of propionylcholina [25] Urine – Batch 20 vs. SCEa

GCb/copper hexacyanoferrate [15] Wine, tea, fruit juice 2.1 Batch 50 vs. SCEa

7,7,8,8-Tetracyanoquinodimethane modified graphite [26] Fruit juice 23 Batch 50 vs. Ag/AgCl(sat.)

Tetrabromo-p-benzoquinone modifier carbon paste electrode [27] – 0.62 Batch 60 vs. Ag/AgCl(sat.)

Carbon ceramic electrode prepared by sol–gel technique [28] Urine and serum 1.7 Batch 100 vs. SCEa

GCb/5-hydroxytryptophan [29] Urine 4.2 Batch 170 vs. SCEa

Hg [30] Wine 3.1 Batch 200 vs. Ag/AgCl (3 M)
GCb/copper hexacyanoferrate [31] Pharmaceutical formulation – Batch 200 vs. SCEa

Ferrocenium-thioglycollate modified electrode [32] Urine 0.1 Batch 200 vs. SCEa

Pt/fluorosurfactant modifier [33] Urine 1.0 Batch 200 vs. SCEa

[Cu(bipy)2]/SAMc modified electrode [34] – 0.081 Batch 200 vs. SCEa

Manganese dioxide graphite composite electrode [35] – 0.4 Batch 225 vs. SCEa

Edge plane pyrolytic graphite electrode [11] Comercial drink 71 Batch 230 vs. Ag/AgCl(sat.)

GCb/sol–gel ceramic film incorporating methylene blue [36] Urine 0.005 Batch 240 vs. Ag/AgCl(sat.)

GCb/[osmium(2,2-bipyridyl)2-(poly-4-vinylpyridine)10Cl]Cl [37] – – Batch 250 vs. SCEa

GCb/ruthenium oxide modified electrode [38] – – Batch 300 vs. Ag/AgCl(sat.)

Polypyrrole films containing ferrocyanide ions deposited
onto thermally pre-treated and untreated iron substrate

[39] – 15,000 Batch 300 vs. Ag/AgCl(sat.)

GCb/N,N-dimethylaniline [40] Juice – FIA 350 vs. Ag/AgCl(sat.)

Al/nickel and nickel hexacyanoferrate films [41] – – Batch 440 vs. SCEa

Arrays of gold microelectrodes modified by
electrodeposition of palladium

[42] Urine – FIA 550 vs. Ag/AgCl(sat.)

GCb/cobalt hexacyanoferrate [43] – – Batch 600 vs. Ag/AgCl(sat.)

MnO2 bulk modified screen printed electrode [44] Pharmaceutical formulation 1.1 Batch 600 vs. Ag/AgCl(sat.)
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a SCE = standard calomel electrode.
b GC = glassy carbon.
c SAM = self-assembled monolayer.

s influenced by lifestyle or other factors, such as smoking, oral
ontraceptives, physical exercise, gender, alcohol consumption,
ge and certain disease states [46].

Recovery studies were also carried out for validating the
erformance and accuracy of the proposed analytical method.
ecovery values were calculated after spiking the urine samples
ith ascorbic acid. The data shown in Table 2 confirm the useful-
ess of the FIA amperometric method with the ruthenium oxide

exacyanoferrate detector for the determination of ascorbic acid
n urine samples according to the required range stipulated by
he Association of Official Analytical Chemists (AOAC) [47].

able 2
etermination, addition and recovery of ascorbic acid in four different urine

amples

ample Ascorbic acid
concentrationa

(mM)

Ascorbic acid
added (�M)

Ascorbic acid
founda (mM)

Recovery
(%)

1.64 ± 0.01 500 2.13 ± 0.02 98
2.1 ± 0.2 500 2.6 ± 0.1 100

3.42 ± 0.07 500 3.90 ± 0.05 96
0.98 ± 0.04 500 1.50 ± 0.04 104

a Average of three replicates.
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. Conclusions

Layers of ruthenium oxide hexacyanoferrate electrodeposited
nto glassy carbon surfaces have proved to facilitate the anodic
xidation of ascorbic acid by reducing the overpotential and
ncreasing the current response. The modified electrode was
dapted in a flow injection system and a selective and sensitive
mperometric method was proposed for measuring the ascor-
ic acid content in urine samples. The good selectivity of the
ethod in the presence of possible coexisting interfering species
as obtained by working at a significantly lowered potential

0.0 V). Under this experimental condition, the limit of detec-
ion was calculated to be sufficiently low to monitor ascorbic acid
n the investigated urine samples. However, much lower limits
f detection values were found by measuring FIA responses at
.4 V (0.14 �M).

In order to optimize the response of electrocatalytic sensors
nd to guarantee that higher flux of the analyte are handled
y the film layer containing the catalyst, investigations on the
nfluence of the coating thickness on the overall electrode pro-

ess are required. Further studies will be directed to investigate
he dynamics of the electrocatalytic process and to evaluate the
ossibility of increasing the sensitivity of the device to mon-
tor ascorbic acid at 0.0 V in cellular environments such as
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sing sample separation procedures.
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