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Abstract

The electrochemical oxidation of mono- and disaccharides at various copper-modified electrodes is reported: glassy carbon modified at open
circuit or by electrochemical deposition of copper, gold modified by electrochemical deposition, and at bulk copper electrodes. A comparative
study of these four electrodes was made by linear sweep voltammetry and amperometry. The maximum oxidation peak separation between
disaccharides and monosaccharides is about 200 mV. After optimization, amperometric determination of monosaccharides was done at+0.30
versus Ag/AgCl in 0.15 M NaOH at the copper-modified gold electrode.

Using the developed method, the enzymatic activities of invertase and�-galactosidase were determined through their reaction with sucrose
and lactose, respectively. Validation was carried out by a spectrophotometric method based on 3,5-dinitrosalicylic acid, and it was shown that
the proposed electrochemical method is more sensitive.

The analytical utility of the copper-modified gold electrode was tested for the determination of organic mercury. Addition of phenylmercury
standards to the invertase solution caused a decrease in the enzyme activity, and allowed the determination of phenylmercury in pharmaceutical
samples. The concentration has been determined in the 10–55 ng ml−1 range.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, there has been extensive interest in chemi-
cally modified electrodes (CMEs) and in their application in
fields such as charge storage and fuel cells, electrochromic
devices, electrochemical sensors, etc.[1,2]. Modification
with organic or inorganic polymers impregnated with dis-
persed metal particles has been investigated[3,4], as has
electrodeposition of metals or their complexes on inert elec-
trode surfaces[5]. The latter represents a simple and effi-
cient procedure to obtain very thin and uniform films with a
high degree of adherence and coverage. The film character-
istics (thickness, porosity, chemical composition, etc.) can
be easily modulated by the control of the electrodeposition
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process parameters such as potential limits and waveforms,
time of electrolysis, and chemical composition of the elec-
trolyzed solution[5].

The electrochemical detection of glucose as well as of
other sugars has been investigated at a number of transition
metal electrodes[6,7]. Noble metals such as Au and Pt
suffer from self-poisoning effects, so cleaning and regen-
eration steps are needed to obtain stable amperometric re-
sponses[6–9]. For this reason, other transition metal-based
electrodes have been proposed as electrode materials for
the detection of carbohydrates in flow injection and liq-
uid chromatographic analysis at fixed applied potential
[10–12].

CMEs with surface-confined catalytic species show some
advantages over metallic electrode substrates. Encapsula-
tion of metallic particles into organic polymers or directly
on an inert surface provides a good physical dispersion of
the catalytic centers and leads to a highly active electrode
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surface suitable for efficient catalysis[13]. Recently CMEs
based on Ni, Co, and Au deposited on glassy carbon have
been successfully employed for the determination of sugars
in anion-exchange chromatography[14–19].

The electrochemical oxidation of mono-and disaccharides
in sodium hydroxide solution on an oxidized Cu-rotating
disk electrode was reported by Torto et al.[20]. It was
demonstrated that the number of electrons transferred by
disaccharides is different from that transferred by monosac-
charides, although the actual mechanism of carbohydrate
oxidation is still not completely clarified. Baldwin has sug-
gested an electrocatalytic mechanism for carbohydrate oxi-
dation, which might be initiated by a Cu(III) surface species
with formation of Cu chelates[21–24].

In previous work, we have studied monosaccharide (glu-
cose) and disaccharide (sucrose) oxidation in alkaline me-
dia using a glassy carbon electrode modified with copper at
open circuit, using the enzyme invertase to convert sucrose
into glucose[25]. However, this type of electrode did not
allow detection of sugars down to the micromolar concen-
tration range. It was also used to explore the possibility of
measuring concentrations of Hg(II) by inhibition of the in-
vertase reaction. It has been previously shown that the total
amount of phenylmercury, ethylmercury and methylmercury
can be determined by invertase inhibition in the ng ml−1

range and that a large number of heavy metal ions do not
interfere[26]; surfactants in solution at the 0.1% level lead
to inhibition of 10–20%[25].

Organomercury compounds are a particular concern in
terms of exposure, bioavailability and absorption[27,28].
Amongst more recently developed methods, apart from elec-
trochemical ones, capillary zone electrophoresis after com-
plexation can be used with UV detection[29] as well as high
pressure liquid chromatography[30]. Enzyme inhibition rep-
resents another strategy for organomercury compounds that
has been investigated, for example, with spectrophotometric
[31] or thermometric[32] detection.

In this paper, the aim was to investigate whether the
electrocatalytic activity of different copper-containing elec-
trode materials could be exploited for the selective amper-
ometric detection of monosaccharides. For this purpose,
a bulk copper electrode, a glassy carbon electrode mod-
ified with copper at open circuit, and glassy carbon and
gold electrodes modified by electrochemical deposition of
copper microparticles, designated as GC/Cu and Au/Cu,
were investigated as possible electrochemical sensors for
the detection of mono- and disaccharides in alkaline me-
dia. Linear sweep voltammetry was used to elucidate the
electrocatalytic properties of the modified electrodes. The
best type of copper-modified electrode was investigated
for measurement of enzyme activity and enzymatic de-
termination of organic mercury in pharmaceutical com-
pounds, based on the inhibition of sucrose hydrolysis by
soluble invertase, via amperometric measurement of glu-
cose and fructose concentration after a chosen incubation
time.

2. Experimental

2.1. Reagents

Glucose, fructose, galactose, mannose, xylose, arabi-
nose, sucrose, lactose, maltose, trehalose, cellobiose and
potassium sodium tartrate were obtained from Farco Chem-
ical Supplies Company. Sodium hydroxide was obtained
from Eka Nobel. The 3,5-dinitrosalicylic acid (DNS) and
phenylmercury acetate were from Sigma–Aldrich. Antisep-
tic pharmaceutical samples Sulfa-Bleu and Polyfra (Alcon),
were purchased from pharmacies.

The lyophilized enzymes invertase and�-galactosidase
were from baker’s yeast, 960 and 9.0 units mg−1. All other
reagents were of analytical grade and solutions were made
with distilled water. Phosphate buffer (Na2HPO4/NaH2-
PO4), ionic strength 0.1, pH 6.0, or sodium hydroxide so-
lution were used as electrolytes. A stock solution of 1.0 M
sucrose was prepared weekly in 0.01 M NaOH to avoid any
spontaneous hydrolysis.

2.2. Instrumentation

Linear sweep voltammetry (LSV) and cyclic voltam-
metry (CV) measurements were made with an Autolab
PGSTAT10 potentiostat (Ecochemie, The Netherlands) con-
trolled by GPES 4.7 software. The gold, glassy carbon and
copper working electrodes were respectively 2, 3 and 2 mm
diameter.

Amperometric measurements were made with a CV27
voltammograph (Bioanalytical Systems, USA) connected to
a X–Y recorder (Yokogawa, Japan).

The three electrode system consists of the working
electrode, a stainless steel rod auxiliary electrode and an
Ag/AgCl (3 M KCl) reference electrode.

2.3. Electrode preparation

The gold and glassy carbon electrode surfaces were
prepared by polishing with 0.05�m �-alumina powder
on a microcloth using water as lubricant. Before each
modification, copper particles were removed from the elec-
trode surface by sonication for 5 min in hydrochloric acid
(18%, w/w).

The electrodeposition of copper on gold and glassy carbon
electrodes was carried out at−0.3 V versus Ag/AgCl in
50 mM CuSO4. The mass of copper,mCu, deposited into
the electrode is related to the charge consumed during the
electrodeposition through

mCu = 63.5nCu = 63.5Q

2F

wherenCu is the number of moles of copper of atomic weight
63.5,Q is the charge in coulombs, andF = 96,485 C mol−1

is the Faraday constant, with two electrons transferred per
copper ion. A mass of 0.2 mg cm−2 was deposited, which
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corresponds to a charge of 0.608 C cm−2. Following de-
position, the modified electrode was conditioned by cy-
cling 10 times between−0.3 and+0.8 V at 100 mV s−1 in
0.2 M NaOH. Although some of the charge could be used
to reduce dissolved oxygen, the concentration of oxygen
in aqueous solutions of∼10−4 M is too small to cause a
significant error. It is expected that the microscopic sur-
face roughness obtained by this deposition procedure is
high.

For open circuit modification with copper, the glassy car-
bon electrode was immersed into an aqueous solution of
50 mM CuSO4 for 15 min at open circuit. After removal
and rinsing with distilled water, the electrode was ready
for use.

2.4. Electrochemical procedures

Linear scan experiments were performed in the potential
range 0.0–1.0 V in 0.2 M NaOH electrolyte solution at a
sweep rate of 50 mV s−1.

Amperometric measurements were performed at a con-
stant applied potential of+0.30 V versus Ag/AgCl in 0.15 M
NaOH. A few microlitres of a standard solution of monosac-
charide or disaccharide were injected into a cell filled with
5 ml of 0.15 M NaOH solution, and the steady state current
due to direct oxidation of the sugar was measured.

The enzyme activities of invertase and�-galactosidase
were determined by mixing enzyme and substrate in 3 ml of
phosphate buffer solution, pH 6.0, for an appropriate time.
The enzymatic reaction was then stopped by addition of
1.75 ml of 1.0 M NaOH. The total volume (4.75 ml) was then
added to the 5 ml of 0.5 M NaOH solution in the cell. The
steady state current, proportional to the enzyme activity and
substrate concentration, was recorded.

Experiments on phenylmercury inhibition were con-
ducted in two steps, in the absence and in the presence of
inhibitor. In the first, a solution was prepared containing
1�g ml−1 invertase and 10 mM sucrose. After 20 min reac-
tion time, a sample was injected into the cell after adding
NaOH solution, the procedure being similar to enzymatic
activity measurement. The current due to oxidation of glu-
cose and fructose is directly related to the concentration
of sucrose and invertase present in solution. The resulting
steady state current, after blank subtraction, is designatedI1.

In the second step, a solution containing the same con-
centration of invertase as before was spiked with phenylmer-
cury and incubated for 15 min. Sucrose was then added and
after 20 min the reaction was stopped with 1.0 M NaOH.
The resulting volume was injected into the batch cell and
the steady state current, after blank subtraction, was des-
ignated I2. The degree of inhibition was calculated from
the peak height with and without phenylmercury using the
equation:

I (%) = 100

(
I1 − I2

I1

)

2.5. Spectrophotometric procedure for determination of
glucose and fructose

Validation of the electrochemical method was carried out
by a spectrophotometric method.

A solution of DNS was prepared by mixing 1.0 g of
3,5-dinitrosalicylic acid, 30 g of sodium potassium tar-
trate, 20 ml of 2.0 M NaOH and 50 ml H2O. The mixture
was heated during a few minutes in order to dissolve the
3,5-dinitrosalicylic acid, and the volume was then adjusted
with distilled water to 100 ml[33].

The calibration curve was obtained by mixing 1.0 ml of a
suitable concentration of monosaccharides (equimolar solu-
tion of glucose plus fructose), 1.0 ml of phosphate buffer so-
lution and 2.0 ml of DNS solution in glass-capped test tubes
(1.5 cm× 15.5 cm). These test tubes were placed in a water
bath at 98± 0.1◦C for 5 min and cooled under running wa-
ter, then 10 ml of distilled water was added. The aldehyde
functional group or ketone functional group of the sugar are
oxidized to carboxyl groups while the 3,5-dinitrosalicylic
acid is reduced to 3-amino,5-nitrosalicylic acid, which has
an orange coloration and is measured at 540 nm[34].

3. Results and discussion

3.1. Influence of modification by copper on gold and
glassy carbon electrode voltammetric behavior

The changes in the voltammetric profile of gold and glassy
carbon electrodes after electrochemical deposition of copper
were studied by cyclic voltammetry and are illustrated in
Fig. 1.

Representative cyclic voltammograms at a Au/Cu elec-
trode, with 0.2 mg cm−2 copper loading, and at a bulk gold
electrode in 0.20 M NaOH are shown inFig. 1a. The voltam-
metric profile of the gold electrode agrees with that reported
by Casella et al.[18], with anodic and cathodic waves, re-
lated to gold oxide formation and reduction, respectively. In
the CV for the copper modified electrode a small cathodic
peak at+0.61 V, during the reverse scan, is probably asso-
ciated with the Cu(III)/Cu(II) transition[12,17,21]. During
the first scan in the positive direction, a broad anodic wave
with a peak potential of+0.40 V versus Ag/AgCl was ob-
served, which decreased rapidly in height upon repetitive
potential scanning.

Cyclic voltammograms at a GC/Cu electrode with
0.2 mg cm−2 loading, and a bare glassy electrode obtained
in 0.2 M NaOH are reported inFig. 1b. At GC/Cu, as at
Au/Cu, there is a small cathodic peak at 0.62 V during the
negative scan, attributable to the Cu(III)/Cu(II) transition.
A broad anodic wave with a peak potential of+0.40 V
versus Ag/AgCl also occurs and decreases with repeti-
tive scanning. A very reproducible voltammogram can be
obtained under steady-state conditions after about eight cy-
cles between−0.30 and+0.80 V. The shape of the cyclic
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Fig. 1. Steady-state cyclic voltammograms (10th cycle) in 0.2 M NaOH,
scan rate 100 mV s−1, at: (a) copper-modified gold electrode (—) and
bare gold electrode (- - -); (b) copper-modified glassy carbon electrode
(—) and bare GC electrode (- - -).

voltammogram at the modified electrode is very similar to
that with gold substrate. Differences can be attributed to the
copper microparticle size and number since nucleation and
growth are influenced by the surface structure and active
sites of substrate electrodes.

3.2. Linear sweep voltammetry of saccharides

The electrooxidation of mono-and disaccharides was
examined by linear sweep voltammetry at the different
electrode substrates in order to ascertain whether the ap-
plied potential and NaOH concentration permit a selective
response to monosaccharides.

3.2.1. Copper-modified gold electrode
Electrooxidation of mono-and disaccharides at copper-

modified gold electrodes in sodium hydroxide alkaline
media at different concentrations is shown inFig. 2. The
response to 20 mM glucose, fructose and sucrose changes
with the concentration of NaOH solution, which was varied

between 0.05 and 1.0 M. The voltammograms show that
the oxidation potentials of glucose, fructose and sucrose
are different: an anodic peak appears, at potentials higher
than 0.25 V, centered at different values according to the
NaOH concentration. The peak potentials were shifted to
more positive values as the NaOH concentration increases,
but at 1.0 M NaOH shift negatively again. This is probably
due to the formation of electroactive species from sugar de-
composition, since at this higher pH sugars are more easily
oxidized, also explaining the higher currents. The maximum
peak separation between mono- and disaccharides was equal
to 200 mV and was obtained in 0.15 M NaOH electrolyte.

3.2.2. Copper-modified glassy carbon electrode,
by electrodeposition

At the glassy carbon electrode modified electrochemically
by a copper film, the oxidation potentials of glucose, fructose
and sucrose are relatively close to each other, as occurs at the
copper-modified gold electrode. The maximum separation
between the mono and disaccharide current peaks was in
0.15 M NaOH with a value of 150 mV.

3.2.3. Copper electrode
A similar behavior was also observed with the bulk cop-

per electrode: the peak potentials were shifted to more neg-
ative values with high (1.0 M) and low (0.05, 0.1 M) NaOH
concentration. The maximum separation between mono- and
disaccharide peaks was equal to 200 mV and was obtained
in 0.15 M NaOH solutions.

3.2.4. Other electrodes
No response to oxidation of glucose, fructose or sucrose

was observed by linear sweep voltammetry at unmodified
gold or glassy carbon electrodes, or at glassy carbon modi-
fied by copper at open circuit. In the last case, this is proba-
bly due to there being insufficient copper deposited to cause
an electrocatalytic effect on the timescale of the experiment.

3.2.5. Choice of applied potential and concentration
of NaOH

Although the exact mechanism for the oxidation of car-
bohydrates at copper electrodes is still not known, Cu(III)
species have been suggested to act as an electron transfer
mediator[21]. As seen inFig. 2, the oxidation of sugars
occurs in the potential range 0.6–0.8 V where the oxidation
wave for Cu(II)/Cu(III) was reported[21,35].

As the applied potential is increased, the current due
to sucrose oxidation increases faster and the monosaccha-
ride to disaccharide ratio falls. Since the current due to
monosaccharide oxidation is of prime interest (i.e. a large
ratio—see also results inTable 1to be discussed in the next
section),+0.30V was chosen for the amperometric study
of mono- and disaccharides in 0.15 M NaOH, because this
combination led to the greatest separation between mono-
and disaccharide oxidation waves. These conditions were
selected for the rest of the work.
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Fig. 2. Linear sweep voltammograms at copper-modified gold electrode of 20 mM glucose, fructose and sucrose in: (a) 0.05 M, (b) 0.1 M, (c) 0.15 M,
(d) 0.3 M, (e) 1.0 M NaOH electrolyte. Scan rate: 50 mV s-1.

3.3. Amperometric study

The amperometric response of glucose, sucrose and fruc-
tose in alkaline media, at+0.30 V versus Ag/AgCl in 0.15 M
NaOH using the different electrodes, is given inTable 1. Al-
though the highest response was recorded at glassy carbon
modified by electrodeposition of copper film, the best ra-
tio of monosaccharide to disaccharide steady-state currents,

(If + Ig)/Is, was obtained at the copper-modified gold elec-
trode.

The oxidation of glucose and fructose was studied at dif-
ferent electrodes, and the results are presented inTable 2.
Linearity is obtained in the range of 4–1000�M for glucose
and 1–1000�M for fructose at the Au/Cu electrode, a larger
linear range than at the other electrodes. However, the high-
est sensitivity and the lowest detection limit (determined as
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Table 1
Electrooxidation currents for 1 mM glucose,Ig, fructose,If , and sucrose,Is, on different electrodes in 0.15 M NaOH and at+0.30 V vs. Ag/AgCl

Background
current (�A)

Ig

(�A cm−2)
If

(�A cm−2)
Is

(�A cm−2)
(Ig + If )/Is

GC/Cu (open circuit) 0.005 0.11 0.28 0.01 29
GC/Cu (electrodeposition) 0.4 74 271 17 20
Au/Cu 0.1 19 70 1.6 57
Copper 0.6 60 109 5 34

three times the signal to noise ratio) were obtained by GC/Cu
modified by copper electrodeposition for both monosaccha-
rides. The reproducibility (RSD) of the experiments, GC/Cu
modified at open circuit and by electrodeposition, Au/Cu
and copper electrode, is around 10% in all cases.

Although the GC/Cu electrode has the lowest detection
limit and highest sensitivity, the stability of the copper film
is limited to only 2–3 h. However, the Au/Cu electrode is
stable for 3 days and has the largest linear range and the
best ratio(If + Ig)/Is, so it was chosen for further studies.

3.4. Oxidation of mono- and disaccharides using
copper-modified gold electrode

The response of a number of mono- and disaccharides,
in addition to glucose and fructose, was studied at the
copper-modified gold electrode. The results obtained are
grouped inTable 3. It was observed that the oxidation
current of monosaccharides is always higher than that of
disaccharides.

Therefore, this method can be applied to measure concen-
trations of monosaccharides, the concentration of disaccha-
rides indirectly after their complete enzymatic conversion
to monosaccharides and, finally, the activity of the enzyme
involved in the hydrolysis of disaccharides.

3.5. Determination of enzymatic activity

The enzymatic activity of invertase, which hydrolyses
sucrose to glucose plus fructose (reaction (1)), and of

Table 2
Comparison of glucose and fructose oxidation response obtained with
different electrodes in 0.15 M NaOH and at+0.30 V vs. Ag/AgCl

Linear range Slope
(�A cm−2

mM−1)

Limit of
detection
(�M)

Glucose
GC/Cu (open circuit) 1.2–20 mM 0.11 800
GC/Cu (electrodeposition) 2–500�M 74 0.3
Au/Cu (electrodeposition) 4–1000�M 19 2.0
Copper 20–1000�M 60 15

Fructose
GC/Cu (open circuit) 1–20 mM 0.28 500
GC/Cu (electrodeposition) 0.5–400�M 271 0.1
Au/Cu (electrodeposition) 1–1000�M 70 0.5
Copper 8–1000�M 109 8

�-galactosidase, which hydrolyses lactose to glucose plus
galactose (reaction (2)):

sucrose+ H2O
invertase−−−→ glucose+ fructose (1)

lactose+ H2O
�-galactosidase−−−−−−−→ glucose+ galactose (2)

was calculated using calibration curves of glucose plus fruc-
tose and of glucose plus galactose, respectively.

It was observed that the monosaccharide oxidation current
decreased with a high concentration of disaccharides in the
batch cell.

The response to glucose plus fructose at concentrations in
the range 0–1 mM was recorded, without and with 10 mM
sucrose in solution. The calibration curves are described by
the equationsI (�A) = 0.04+ 2.8c andI (�A) = 0.011+
0.7c in the absence and presence of sucrose, respectively,
wherec is the concentration of (glucose+ fructose) in mM.

A similar study for glucose plus galactose gaveI (�A) =
0.007 + 0.5c in the absence of lactose andI (�A) =
−0.002 + 0.4c in its presence, where, in this case,c
represents the concentration of (glucose+ galactose)
in mM.

It was concluded that a high concentration of dis-
accharide substrate had a significant influence on the
oxidation of glucose plus fructose and oxidation of galac-
tose plus glucose. This should therefore be taken into
account.

The enzyme was then mixed with 3 ml of phosphate buffer
solution (pH 6) containing 10 mM substrate. The reaction

Table 3
Oxidation current,I, of mono and disaccharides in 0.15 M NaOH using
copper-modified gold electrode at+0.30 V vs. Ag/AgCl

Sugar I (�A cm−2)

Monosaccharides
Fructose 70
Glucose 19
Galactose 32
Xylose 25

Disaccharides
Sucrose 1.6
Maltose 1.9
Lactose 1.6
Trehalose 0.3
Cellobiose 2.5

Sugar concentrations: 1 mM.
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was stopped by adding 1.75 ml of 1.0 M NaOH after incu-
bation during different reaction times (3, 6, 9 and 12 min).
The mixture was injected into the batch cell containing 5 ml
of 0.15 M NaOH solution.

The enzymatic activity of invertase was calculated from
the calibration curves of glucose and fructose in the pres-
ence of 10 mM sucrose, since enzymatic hydrolysis led to
glucose plus fructose. There is a good linear relationship
between oxidation current,I, and hydrolysis time,t, with
I (�A) = 8.0×10−3+0.008t for 0.1 units of invertase, with
t in min. Under these conditions the slope also varied linearly
with the amount of enzyme used (0.1, 0.2 and 0.4 units).
The slopes for 0.2 and 0.4 units were respectively 0.016 and
0.032�A min−1. The smallest amount of invertase which
could be detected was 0.005 units. The concentration of glu-
cose plus fructose produced in the mixture after 12 min reac-
tion in the presence of 0.005 units of enzyme corresponded
to 6�M, which is the lowest concentration detectable in
the presence of 10 mM sucrose by the copper-modified gold
electrode.

The enzyme activity of�-galactosidase was calculated
in a similar way using the calibration curve of glucose
plus galactose in the presence of 10 mM lactose. The cor-
responding equation for 0.1 unit of enzyme isI (�A) =
−0.006+ 0.006t. The slopes for 0.2 and 0.4 units were re-
spectively 0.013 and 0.026�A min−1. The lowest detectable
�-galactosidase activity was 0.009 units.

3.6. Comparison with the spectrophotometric method

The response to fructose plus glucose, by the spec-
trophotometric method based on DNS (seeSection 2for
procedure), was measured. The concentrations of glucose
plus fructose were varied between 1 and 10 mM. A very
good linear relation between the absorbance and the con-
centration of glucose+ fructose added was found, with
absorbance= −0.012+ 0.153c and R = 0.999, wherec
is in mM.

The corresponding response to glucose plus fructose, us-
ing the amperometric method developed at copper-modified
gold electrodes over the concentration range 0.01 to
0.1 mM—a dilution of 100 times—led toI (�A) =
0.013+ 2.6c andR = 0.995.

The proposed amperometric method was compared di-
rectly with the spectrophotometric method in seven solu-
tions of different concentration, diluting by a factor of 100
for electrochemical analysis.Fig. 4 shows the comparison
between results from both methods: the glucose and fruc-
tose found in these solutions was between 1.6 and 7.6 mM
with a good correlation ofR = 0.999. The slope and the
intercept of the regression line were equal to 0.98 ± 0.01
and 0.05 ± 0.02 mM respectively, so that the slope of the
regression line is not significantly different from 1 nor
the intercept significantly different from 0. The correla-
tion coefficient indicates good agreement between the two
methods.

Fig. 3. Calibration curve for inhibition of invertase by phenylmercury
after 15 min incubation at copper-modified gold electrode; error bars are
for three determinations.

3.7. Inhibitor determination

All inhibition measurements were performed with a con-
centration of the saturated substrate of 10 mM, a concen-
tration of invertase of 1.0�g ml−1 and a reaction time of
20 min. These conditions were chosen so that a sufficiently
large oxidation peak could be obtained before and after
adding inhibitor, keeping in mind that a high percentage of
inhibition is often observed with low enzyme concentration
[32].

The oxidation current corresponding to glucose and fruc-
tose decreased on addition of phenylmercury as expected,
owing to reduction in the activity of invertase enzyme. The
variation of percentage inhibition was successfully corre-
lated with the concentration of phenylmercury,Fig. 3. Lin-
earity in the range 10–55 ng ml−1, which corresponds to
17–76% inhibition, was obtained. An inhibition value of
50% corresponds to 35± 2 ng ml−1.

3.8. Analysis of real samples

The copper-modified gold electrode was tested by deter-
mination of phenylmercury in two different pharmaceuti-
cal samples, Sulfa–Bleu and Polyfra, containing declared
amounts of phenylmercury, respectively 33 and 20�g ml−1,
corresponding to 0.116 and 0.070 mM. The samples were
diluted in order to give a concentration in the linear range
of the proposed method (10–55 ng ml−1). The calculated

Table 4
Recovery of phenylmercury, PhHg

Initial [PhHg]
(�g ml−1)

Added [PhHg]
(�g ml−1)

Found [PhHg]
(�g ml−1)

Recovery
(%)

18 10 25 90
35 10 45 100
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Fig. 4. Comparison between (�) spectrophotometric and (�) proposed
electrochemical method. The line represents perfect correlation.

concentrations are 35±4 and 18±2�g ml−1 for Sulfa bleu
and Polyfra, respectively, representing very good agree-
ment. Under these conditions, recoveries obtained were
(90–100%), as shown inTable 4(Fig. 4).

4. Conclusions

The development of an electrode modified with a copper
film selective for determination of monosaccharides under
optimized conditions of pH and applied potential has been
achieved with success using a copper-modified gold elec-
trode. The sensitivity of the method makes it a good alterna-
tive to the traditional spectrophotometric method based on
3,5-dinitrosalicylic acid for determination of the activity of
the enzyme involved in the hydrolysis of disaccharides.

The determination of phenylmercury in two pharmaceu-
tical samples was in good agreement with the declared mer-
cury concentration.

A similar approach can be expected to be fruitful for the
determination of disaccharides after their complete enzy-
matic hydrolysis.
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