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a  b  s  t  r  a  c  t

Electrochemical  enzyme  sensors  prepared  from  cobalt  or  copper  hexacyanoferrate  modified  carbon  film
electrodes  plus  glucose  oxidase  (GOx)  immobilised  by  crosslinking  with  glutaraldehyde  were  success-
fully  applied  to  the  determination  of heavy  metal  cations  using  fixed potential  amperometry.  Sensor
performance  was optimised  with  respect  to the  applied  potential  and  influence  of  pH  of  the  electrolyte
solution.  Cadmium,  cobalt,  copper  and  nickel  ions  were  detected  in  the  presence  of  fixed  amounts  of
glucose,  and  the  response  to  glucose  was  tested  in  the absence  and  presence  of  a fixed  concentration
of  inhibitor.  Electrochemical  impedance  spectroscopy  was  used  for the first  time  to  characterise  the
eywords:
arbon film electrodes
etallic hexacyanoferrates

nzyme inhibition
lucose oxidase
ixed potential amperometry

response  of glucose  biosensors  in the  presence  of the  inhibitors.  The  enzyme  inhibition  mechanism  is
reversible  and  competitive  and  10%  enzyme  inhibition  was  achieved  with  submicromolar  or micromolar
concentrations  of  the  metal  cations.

© 2013 Elsevier B.V. All rights reserved.
mpedance spectroscopy

. Introduction

Environmental contamination from toxic heavy metal (HM) ions
s a worldwide concern. Following their accumulation in the atmo-
phere they can transfer to the food chain and lead to serious
ealth consequences for humans, animals and plants. The tox-

city of HM results mainly from their interaction with proteins
especially enzymes) by binding to the sulfhydryl groups, lead-
ng to inhibition of glutathione metabolism and of the function
f numerous enzymes and hormones. They may  compete with
utrient elements for binding sites causing aberrations in the
etabolism of carbohydrates, proteins, neurotransmitters and hor-
ones [1].
Heavy metals are often needed at ultratrace levels for the essen-

ial functions of living organisms and humans, but become toxic if
he tolerance values for the respective organism are exceeded [2].
ue to the high toxicity that HM can cause, there is an obvious need

o determine them rapidly at trace levels. The necessity for faster

nd more cost-effective methods for environmental monitoring has
ed to a variety of field analytical methods, such as miniaturised
aboratory methods, field test kits and chemical (bio)sensors.

∗ Corresponding author.
∗∗ Corresponding author. Tel.: +351 239854470; fax: +351 239827703.

E-mail addresses: azizamine@yahoo.fr (A. Amine), brett@ci.uc.pt, cbrett@ci.uc.pt
C.M.A. Brett).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2012.12.113
In environmental analysis, heavy metals are generally detected
by using biosensors based on enzyme activity inhibition, which are
able to detect single elements and/or species at low concentrations,
and can be used for in situ analysis and/or low-cost screening pro-
cedures [3].  Biosensors based on inhibition use enzymes such as
urease (the most used) [2,4], horseradish peroxidase [5,6], alcohol
oxidase [7],  choline oxidase [8],  and the most determined metals
are mercury [7,9,10], copper [5,7,9],  cadmium [2,5] and lead [2,5].

Glucose oxidase (GOx) is an ideal enzyme for studies of
inhibition due to its low cost, good stability and high specific activ-
ity; however, its use in enzymatic inhibition biosensors is not
widespread. Nevertheless, there are a few reports on the heavy
metal inhibition of GOx immobilised by different methods using
amperometry [1,9,11,12].  With the addition of inhibitors to the
electrolyte solution, the response of the GOx biosensor to its sub-
strate, glucose, decreases.

The objective of this paper is the investigation of glucose
oxidase-based biosensor platforms with cobalt or copper hexa-
cyanoferrate redox mediator for the quantitative determination of
heavy metal cations by inhibition. The enzyme was immobilised
with glutaraldehyde (GA) and bovine serum albumin (BSA), to
form a biologically sensitive membrane. The response of the sensor
to varying concentrations of heavy metal ions, namely cadmium,

cobalt, copper and nickel, was  evaluated by measuring the activ-
ity of glucose oxidase after adding different concentration of metal
ions. The response of the biosensor to glucose in the presence and
absence of HM was also estimated. The inhibition of heavy metals

dx.doi.org/10.1016/j.snb.2012.12.113
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:azizamine@yahoo.fr
mailto:brett@ci.uc.pt
mailto:cbrett@ci.uc.pt
dx.doi.org/10.1016/j.snb.2012.12.113
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sing different biosensor configurations was evaluated and com-
ared with other sensors from the literature, especially regarding
he concentration leading to 10% and 50% enzyme inhibition. Elec-
rochemical impedance spectroscopy was used for characterisation
f the modified electrodes and, for the first time, to monitor the
ehaviour of an enzymatic biosensor in the presence and absence
f heavy metal ions.

. Experimental

.1. Reagents and solutions

All reagents were of analytical grade and were used without fur-
her purification. Glucose oxidase (GOx, E.C. 1.1.3.4, from Aspergillus
iger, 24 U/mg) was acquired from Fluka. �-d(+)-glucose, glu-

araldehyde (GA) (25% (v/v) in water) and bovine serum albumine
BSA) were purchased from Sigma. Potassium hexacyanoferrate
3Fe(CN)6, copper chloride CuCl2, cobalt chloride CoCl2, nickel
hloride (NiCl2), cadmium sulphate (Cd2SO4) were from Merck.

All solutions were prepared using Millipore Milli-Q nanop-
re water (resistivity > 18 M� cm). The supporting electrolyte
or sensor/biosensor evaluation was sodium phosphate buffer
aline (NaPBS) (0.1 M NaH2PO4/Na2HPO4 + 0.05 M NaCl), pH 7.0, all
eagents were Riedel-de-Haën. For the deposition of cobalt hexa-
yanoferrate (CoHCF), 0.05 M NaCl (Riedel-de-Haën), pH 3.0 was
sed and copper hexacyanoferrate (CuHCF) films were prepared in
.1 M KCl (Fluka), pH 5.5.

.2. Electrochemical measurements and apparatus

A three-electrode electrochemical cell of 10 mL  volume was
sed, containing the carbon film electrode (CFE) as working elec-
rode, a platinum wire as counter electrode and a saturated calomel
lectrode (SCE) as reference.

The electrochemical measurements, cyclic voltammetry and
mperometry, were performed using a computer-controlled BAS
V-50W analyser (Bioanalytical Systems, West Lafayette, IN). Elec-
rochemical impedance spectroscopy (EIS) was carried out with

 Solartron 1250 Frequency Response Analyser, coupled to a
olartron 1286 Electrochemical Interface (Ametek, UK) controlled
y ZPlot software (Scribner, USA). The voltage perturbation was
0 mV  rms  over a frequency range from 65 kHz to 0.1 Hz with 10
requencies per decade, and integration time 60 s. Equivalent circuit
tting was done with ZView software (Scribner, USA).

The pH measurements were carried out with a Crison 2001
icro pH-meter (Spain) at room temperature.

.3. Carbon film electrode preparation

.3.1. Electrode pre-treatment
Electrodes were made from carbon film resistors (2 � nominal

esistance), 6 mm in length and 1.5 mm in diameter [13]. Since car-
on film electrode surfaces cannot be renewed by polishing or other
echanical methods, electrochemical pre-treatment was used in

rder to obtain a reproducible response. This conditioning pre-
reatment, cyclic voltammetry in the buffer solution between −1.0
nd +1.0 V vs. SCE, at a scan rate of 100 mV s−1, until a stable voltam-
ogram was obtained, was always performed before electrode use.

.3.2. Cobalt hexacyanoferrate deposition
Cobalt hexacyanoferrate films were made by electrochemical
eposition. For this purpose, the electrode was cycled 25 times
etween −0.2 and +0.9 V at a scan rate of 50 mV  s−1 in a freshly
repared solution containing 5 mM CoCl2, 2.5 mM K3Fe(CN)6 and
.05 M NaCl at pH 3.0 (adjusted with HCl) [14]. After deposition, the
tors B 178 (2013) 270– 278 271

electrodes were stabilised for 1 h in 0.05 M NaCl, pH 3.0 and then
kept in the dark until use.

2.3.3. Copper hexacyanoferrate deposition
For deposition of copper hexacyanoferrate, a chemical method

was used, since it was observed in previous work that this leads
to more robust films [15]. The freshly prepared deposition solu-
tion contained 10 mM CuCl2, 10 mM K3Fe(CN)6 and 100 mM KCl
(pH 5.5). The electrodes were immersed in this solution and left
under continuous stirring during 50 min. After deposition, films
were dried in hot air for 5 min  and were then aged for at least 24 h
in the dark.

2.3.4. Enzyme immobilisation
Glucose oxidase (GOx) was  immobilised by the crosslinking

method using glutaraldehyde (GA) and bovine serum albumin
(BSA). For the drop-coating technique [16] 1 mg  of GOx and 4 mg
of BSA were dissolved in 100 �L of 0.1 M NaPBS (pH 7.0). A volume
of 10 �L of this solution was  then mixed with 5 �L of GA (2.5%) and
7 �L of this mixture was spread over the electrode surface (previ-
ously modified with CoHCF or CuHCF). For comparison, an enzyme
electrode without mediator was also prepared in a similar way.
When not in use, enzyme electrodes were kept at 4 ◦C in phosphate
buffer electrolyte, pH 7.0.

2.4. Determination of metal cations

Heavy metal ions were detected by injecting different concen-
trations of each in the presence of fixed amounts of glucose. The
inhibition was  evaluated by determining the response to glucose
in the absence and presence of the metal cation and applying the
expression:

I(%) = 100
(I1 − I2)

I1
(1)

where I is the degree of inhibition, I1 is the response to glucose in
the absence of metal and I2 is the response in the presence of metal.

In another series of experiments, calibration curves for glucose
were constructed in the absence and presence of different concen-
trations of heavy metals and the inhibition was evaluated using the
same expression.

Electrochemical impedance spectra were recorded at different
stages in the two types of procedure.

3. Results and discussion

3.1. Deposition and characterisation of hexacyanoferrate
modified electrodes

3.1.1. Cyclic voltammetry
The modification of carbon film electrodes by cobalt hexacyano-

ferrate (CoHCF) was carried out by potential cycling between −0.2
and +0.9 V vs. SCE at 50 mV  s−1 during 25 cycles [14]. Successive,
continuous cyclic voltammograms are shown in Fig. 1A and film
growth is demonstrated by the increase in current density with
each cycle. Copper hexacyanoferrate (CuHCF) films were deposited
chemically using the procedure optimised in [15], and described in
Section 2.

Both types of hexacyanoferrate modified electrode were char-
acterised in phosphate buffer pH 7.0, see the voltammograms in
Fig. 1B. The current peaks are higher for the CuHCF film, the charge
accumulated was  137 �C cm−2 for CoHCF and 250 �C cm−2 for

CuHCF. This difference, and thence thicker film, is most probably
due to the higher reagent concentrations used for CuHCF deposi-
tion: 2 and respectively 4 times more than for CoHCF. In agreement
with [16] for CuHCF deposition (using the same concentration of
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Fig. 2. Complex plane impedance spectra of (�) unmodified, (�) CoHCF and (�)

fied by the enzyme layer to form the biosensor by immobilisation of
glucose oxidase (GOx) with glutaraldehyde (GA) and bovine serum
albumin (BSA), as described in Section 2. The biosensors were then

Table 1
Equivalent fitting circuit parameters for unmodified and CoHCF and CuHCF modified
carbon film electrodes at −0.35 and −0.45 V in 0.1 M NaPBS, pH 7.0.

Electrode Rct (k� cm2) C (�F cm−2 s˛−1)

−0.35 V −0.45 V −0.35 V −0.45 V
0  mV s−1 from 5 mM CoCl2 + 2.5 mM K3Fe(CN)6 + 0.05 M NaCl (pH 3.0) and (B) elec-
rodeposited CoHCF (–) and chemically deposited CuHCF (–·–·) in 0.1 M NaPBS, pH
.0.

eagents), it was observed that a thicker film is obtained by the
hemical than by the electrochemical method.

.1.2. Electrochemical impedance spectroscopy
The unmodified electrodes and those modified with cobalt or

opper hexacyanoferrate were characterised by electrochemical
mpedance spectroscopy (EIS). Measurements were performed in
.1 M phosphate buffer (NaPBS) pH 7.0 at −0.35 and −0.45 V vs. SCE,
he potentials used in fixed potential amperometry, to be described
elow. All spectra were fitted with the same electrical equivalent
ircuit consisting of the cell resistance, R�, in series with a parallel
ombination of a constant phase element, CPE, and a charge transfer
esistance, Rct. The CPE is modelled as a non-ideal capacitor accord-
ng to the relation CPE = −1/(C iω)˛, where C is the capacitance
describing the charge separation at the double layer interface),

 is the angular frequency and  ̨ is the roughness factor (due to
eterogeneity of the surface).

Spectra are exhibited in Fig. 2 and the results of the fitting are

hown in Table 1. Values of  ̨ are 0.82 at unmodified electrodes and
.85 for both types of modified electrode; the small increase of the ˛
xponent suggests that the modified electrodes may  have a slightly
moother and more uniform surface. At both −0.35 V and −0.45 V
CuHCF modified electrodes in 0.1 M NaPBS at (A) −0.35 V and (B) −0.45 V. Lines
show  equivalent circuit fitting.

vs. SCE the values of the capacitance increase for the modified elec-
trodes, due to an increase of the double layer charge accumulation;
on the other hand, the charge transfer resistance values decrease
with modification, indicating that electron transfer is facilitated.

3.2. Optimisation of inhibition biosensors

Electrodes modified with CoHCF or CuHCF were further modi-
Unmodified 51.5 12.7 30.1 36.0
CoHCF 33.2 8.8 37.1 41.0
CuHCF 42.9 11.1 34.5 38.1
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M.E. Ghica et al. / Sensors and

pplied to the determination of glucose by fixed potential amper-
metry, without and with inhibition.

.2.1. Influence of applied potential
The detection principle in hexacyanoferrate-based biosensors

ith oxidase enzymes is normally hydrogen peroxide detection,
hich allows operation near 0.0 V. In inhibition enzyme biosen-

ors, the change in the current response from the enzyme substrate
ue to inhibition is measured; the decrease in current dictating the
egree of inhibition of the enzyme activity. In order to observe an

nhibitive response, it is thus necessary that the change in response
n injecting metal cations is in the opposite direction to that of the
nzyme substrate, as reported in previous enzyme inhibition stud-
es [9,12].  Since, in this work, the response to the metal cations is a
urrent change in the cathodic direction, it is necessary to choose a
otential where the response to glucose is in the anodic direction.
his occurs at −0.35 V for CoHCF and at −0.45 V for CuHCF-based
lectrodes or at more negative potentials – at more positive poten-
ials close to 0 V, the response to glucose is in the cathodic direction.

The reason for this can be explained as follows. At less negative
otentials, hydrogen peroxide reduction occurs and at more neg-
tive values FAD regeneration (oxidation reaction) takes place as
ell as peroxide reduction, as in [17]. Consequently, at less neg-

tive potentials where FAD regeneration cannot occur, on adding
lucose a cathodic change in current is observed, due to hydro-
en peroxide reduction, and with the addition of metal ions the
hange in current is also cathodic. At more negative potentials, FAD
egeneration predominates over peroxide reduction, so that inject-
ng glucose leads to a net anodic current and injection of metal ions
auses inhibition of the enzyme activity and a cathodic change. The
east negative potential for this to happen is −0.35 V for CoHCF and
0.45 V for CuHCF-mediated electrodes. Unless otherwise speci-
ed, experiments were conducted at these potentials for the two
ypes of biosensor.

Direct amperometric measurements of the metal cations at
edox-mediator modified carbon film electrodes at these potentials
ive only a very small response, mainly from copper ions, as would
e expected. When there is inhibition (inhibition of FAD regen-
ration) this occurs principally close to the enzyme/electrolyte
nterface and the substrate (glucose) or inhibitor (metal ions) binds
o the enzyme active sites. Thus, only the products of the enzyme
eaction will pass through the enzyme layer to the mediator layer.
he experimental results are in agreement with this observation.

.2.2. Influence of buffer pH
The pH of the solution can influence the overall enzyme activity

ince, like natural proteins, enzymes have a native tertiary struc-
ure that is sensitive to pH; denaturation of enzymes can occur at
xtreme values of pH. It is well known that enzyme activity is highly
H dependent and the optimum pH for an enzymatic assay must
e determined experimentally. It is best to choose a plateau region
o that the pH does not have any effect on enzyme activity and will
ot interfere with the results obtained in relation to enzyme inhi-
ition. For glucose oxidase from A. Niger, the enzyme used here, the
reatest activity is observed in the pH range 5.5–9.0, being highest
t pH 6.5 [18]. For this reason, the influence of the buffer pH on the
nhibition response in 0.1 M phosphate buffer in the pH range from
.0 to 8.0 was studied. Phosphate buffer was chosen for practical
onvenience, because it is the electrolyte normally used for glucose
iosensor studies and covers the optimum enzyme pH range. The
etermination of metals in the presence of fixed concentrations of
lucose (different for each metal in order to ensure a good inhibi-

ion response) was carried out at pH 6.0, 7.0 and 8.0. Fig. 3 shows
he response for different metal ions at CoHCF (−0.35 V) and CuHCF
−0.45 V) based biosensors as a function of pH. The behaviour was
imilar for all the metals, the response increasing with increase
glucose) and for Cu2+ and Ni2+ (150 �M glucose) and (B) CuHCF/GOx at −0.45 V
for  Cd2+ and Co2+ (300 �M glucose) and for Cu2+ and Ni2+ (100 �M glucose). The
sensitivity was calculated from the calibration curves for each metal ion.

in pH value. A significant increase of the response of each cation
occurs from pH 6.0 to pH 7.0 and a much smaller increase from
pH 7.0 to pH 8.0. Based on these results, and taking into account
the optimal enzyme activity, it was  decided to perform all further
experiments in 0.1 M phosphate buffer pH 7.0. Other enzyme inhi-
bition biosensors for metal determination use phosphate buffer at
pH 7.0 [1,12,19] or citrate–phosphate buffer, pH 7.0 [20], whilst
acetate buffer was used in others [21,22]. However, acetate buffer
might form complexes with heavy metals, as observed in [22] for
lead, which does not allow determination at trace levels.

3.2.3. Influence of redox mediator
Redox mediators are normally used in order to decrease the

applied potential necessary for signal transduction and thence
reduce interferences; the optimum applied potential depends on
the substrate to be detected. Normally, for glucose a potential closer
to 0.0 V would be better (to reduce interferences), but in the present
work the concern was  also the determination of heavy metals by
inhibition.
In order to compare the response for glucose and especially for
the metallic cations under these circumstances a biosensor with-
out mediator was  prepared. The amperometric responses to cobalt
and copper ions at −0.45 V for the three biosensors: no mediator,
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uHCF and CoHCF mediators were compared. For cobalt ion deter-
ination, an increase in response by a factor of 17 was  observed

sing CuHCF mediator compared to the biosensor without medi-
tor and by a factor of 7 with CoHCF. For copper, the response
ncrease was 6 (for CuHCF) and 5 (for CoHCF) fold, respectively.
t the same time, the response to glucose is about 2 times higher
ith these redox mediators than the biosensor without them. These

esults are convincing evidence that hexacyanoferrate redox medi-
tors improve the sensitivity for the determination of metal cations.
easurements of metal cations were also carried out at carbon film

lectrodes modified only with redox mediator and a very small
esponse was obtained. However, this does not influence the deter-
ination of metal ions by enzyme inhibition, since this is achieved

y measuring the decrease in glucose response when adding the
etal cation.

.3. Determination of enzyme inhibition by fixed potential
mperometry

In general, inhibition studies can be done with or without
ncubation of the toxic species. The influence of incubation was
nvestigated, but no differences in response were obtained after
ifferent incubation times of 5, 15, 30 min. These results are in
greement with a competitive inhibition mechanism, for which
ncubation is not needed. Hence, all further experiments were car-
ied out without incubation.

For the amperometric determination of heavy metal cations,
wo different strategies were evaluated. The reason for using these
wo strategies was to ascertain whether there is competitive inhi-
ition – if there is, then the order in which inhibitor or glucose is

njected will influence the degree of inhibition. In both cases, the
nhibition of enzyme activity was evaluated by formula (1), see Sec-
ion 2, with I1 the response in the absence of inhibitor and I2 in its
resence.

In the first strategy, following baseline stabilisation, a known
mount of stock glucose solution was added to the buffer solu-
ion, and the response was recorded (I1). Inhibitor solution was
hen injected and the response (I2) measured, lower because of the
ecrease of enzyme activity.

In the second strategy, first the biosensor response to glu-
ose without any inhibitor was recorded (I1). The biosensor was
hen transferred to fresh buffer solution without glucose, a known
mount of inhibitor was added to the buffer, followed by injections
f glucose as previously, and the response was recorded (I2). The
egree of inhibition was calculated in the same way.

Fig. 4 illustrates results from both kinds of experiment for cad-
ium ions at the two biosensors at −0.45 V: for the CuHCF/GOx

iosensor the response to different concentrations of Cd2+ in the
resence of 300 �M glucose (strategy 1 – Fig. 4A) and for the
oHCF/GOx biosensor, typical responses to glucose in the absence
nd presence of 60 �M Cd2+ (strategy 2 – Fig. 4B).

Using the first strategy with injection of increasing concentra-
ions of inhibitor, the analytical parameters can be obtained. The
inear range for cadmium determination with both biosensors was
.5–6.0 �M in the presence of 300 �M glucose with CuHCF/GOx and
0 �M glucose with the CoHCF/GOx biosensor. The sensitivity was
igher in the case of the CuHCF/GOx biosensor, mainly due to the
igh loading deposited chemically (Fig. 1B), as happened for all four
etal ions investigated. The analytical parameters are summarised

n Table 2 which also includes a comparison with other biosensors
ased on GOx inhibition for heavy metal detection.

Comparing with the literature, cadmium was measured in pre-

ious work by the inhibition of lactate dehydrogenase coupled
ith lactate oxidase bound to a Clark electrode [23] after 5 min  of

ncubation; the concentration of this metal necessary to give 50%
f inhibition, I50, was 10 �M.  In the present work 50% inhibition
−0.45 V: (A) response to 300 �M glucose, followed by injections of 3 �M Cd2+ at
CuHCF/GOx electrode and (B) typical response of glucose in the absence (–) and
presence ( ) of 60 �M Cd2+ at CoHCF/GOx electrode.

of glucose oxidase was  achieved for 17 �M of cadmium with
CoHCF/GOx biosensor in the presence of 50 �M glucose and 5.8 �M
of cadmium with the CuHCF/GOx biosensor in the presence of
300 �M glucose, see Table 2. In [12], cadmium was measured by
inhibition of GOx at a platinum electrode modified with poly(o-
phenylenidiamine) (GOx/PDDA/Pt) with a linear response between
20 and 150 �M (higher concentrations than in the present work),
the detection limit was  5 �M (higher than I10 obtained with both
biosensors in the present work) and I50 was 210 �M.  In [19] the I10
for cadmium was  also higher than here.

The same experiment was  repeated for the other metal ions:
cobalt, copper and nickel and the results (linear range, sensitiv-
ity and detection limit) are also presented in Table 2. Cobalt was
measured in the presence of 300 �M glucose with both biosen-
sors and a linear response was obtained between 5.0 and 35 �M
with CoHCF/GOx electrode (I50 = 13.5 �M for 50 �M glucose) and
2.0–40 �M with CuHCF/GOx electrode (I50 = 19 �M for 150 �M glu-
cose). In [12] cobalt was determined in the linear range 35–440 �M
– higher concentrations than in the present work, the detection

limit was  much higher (8 �M)  and I50 was 380 �M. Cobalt also
inhibited glucose oxidase at a poly(N-noradrenaline) modified gold
electrode, GOx/PNA/Au, between 30 and 340 �M with a high detec-
tion limit of 30 �M [1].
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Table 2
Analytical parameters for the determination of metal cations at CoHCF and CuHCF based biosensors and comparison with other biosensors based on glucose oxidase inhibition.
See  text for detailed experimental conditions and abbreviations.

Biosensor Heavy
metal ion

Linear range
(�M)

Sensitivity (nA
cm−2 �M−1)

LOD (I10) (�M) I50(�M) Ki (�M) Ref.

GOx/PNA/Au Co2+ 30–340 b 30 1700 a [1]
340–2500

Cu2+ 20–90 20 100
90–300

GOx/PPDA/Pt Cd2+ 20–150 2.29 5 210 a [12]
Co2+ 55–400 41.8 8 380
Cu2+ 10–100 3566 5 70

100–250 1242
Ni2+ 35–440 50.9 4.8 349

GOx/PNR/CFE Cd2+ 0.035–0.142 3.95 10.6 None 1.5 [19]
Cu2+ 0.51–9.1 9.57 4.7 34.6

GOx/MnO2/CPE Cd2+ a <4% (3.9 mM) a [20]
Cu2+ <4% (2.2 mM)

GOx/PANI/Fc/Pt Cd2+ a 1.56% (7.9 �M) a [21]
Cu2+ 6.17% (4.4 �M)

GOx/CoHCF/CFE Cd2+ 1.5–6.0 3.75 2.4 17 11 This work
Co2+ 5.0–35 0.75 2.1 13.5 5.7
Cu2+ 0.2–3.0 27.4 0.2 1.4 0.032
Ni2+ 20–120 0.22 3.3 21.8 22.7

GOx/CuHCF/CFE Cd2+ 1.5–6.0 17.6 1.2 5.8 2.0 This work
Co2+ 2.0–40 3.4 0.9 19 1.9
Cu2+ 0.2–3.0 30.5 0.5 2.2 0.039
Ni2+ 20–120 0.75 4.8 50.1 39.8
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a Not specified.
b The values indicated cannot be used for comparison.

Copper was detected between 0.2 and 3.0 �M with both types
f biosensor i.e. CoHCF/GOx (I50 = 1.4 �M for 150 �M glucose) and
uHCF/GOx (I50 = 2.2 �M for 100 �M glucose). In [12] copper was
ensed with two linear ranges 10–100 and 100–250 �M (both
igher than found in the present work), the detection limit was
igher than here at 5 �M and I50 was 70 �M.  In [7] with alcohol
xidase on a platinum electrode was inhibited by copper between
.8 and 156 �M,  I50 = 110 �M and the detection limit was 31.4 �M
much higher than the I10 achieved here). In other studies, 7.9 �M
opper inhibited glucose oxidase by just 1.5% [21] and 3.9 mM of
opper ions inhibited GOx less than 4% in [20].

Nickel determination was carried out from 20 to120 �M in the
resence of 300 �M glucose with CoHCF/GOx electrode and 200 �M
lucose for CuHCF/GOx electrode. The I50 value corresponded to
0.1 �M nickel for the CuHCF/GOx biosensor (in the presence of
0 �M glucose) and to 21.8 �M for the CoHCF/GOx (150 �M glu-
ose) biosensor. In [12] the linear range for nickel determination
as wider, 35–440 �M but I50 was higher at 349 �M although the
etection limit was similar to the I10 obtained in the present work.
ickel was also measured with sarcosine oxidase immobilised on a
latinum electrode [7] between 8.5 and 85 �M,  the detection limit
as 8.5 �M (higher that I10 obtained with both biosensors here)

nd I50 was 64.7 �M.
A representation of the pattern of inhibition response obtained

ith the four cations is illustrated in Fig. 5 in 3D plots. As can be
een, the inhibition response is similar at both types of modified
lectrode, except that the maximum inhibition reached is higher at
uHCF/GOx, for reasons which are not entirely clear. It was found
hat for all four metal cations, on decreasing the glucose concen-
ration the maximum percentage inhibition increased, indicating
ompetitive inhibition of glucose oxidase.
A practical detection limit can be defined as the concentration
hat gives 10% of inhibition, I10. Values of I10 are in the micromolar
ange (see Table 2). In [12] cadmium, cobalt, copper and nickel were
easured using glucose oxidase inhibition biosensor developed on
a poly-o-phenylenediamine platinum disk electrode. The detection
limits obtained in [12] of 5 �M (Cd2+), 8 �M (Co2+), 5 �M (Cu2+) and
4.8 �M (Ni2+) were higher than the I10 values obtained with the
proposed biosensors using hexacyanoferrate mediators, except for
Ni2+ at CuHCF/GOx electrodes, which is the same.

The discrepancy between reports in the literature with respect
to the metal ion concentration required to produce 50% of enzyme
inhibition could be due to varying amounts of enzyme used in each
case, since the higher the enzyme activity in the assay, the less the
inhibition effect for the same metal concentration. The use of phos-
phate buffer by some authors could also be related to the higher I50
values, since the presence of phosphate could bind the metals or
inactivate the enzyme [24].

Following the second strategy, as seen for cadmium ions in
Fig. 4B, it is possible to see the decrease in glucose response in
metal ion-containing buffer solution. In the absence and presence of
metal ions, the glucose biosensor exhibited a linear response to glu-
cose up to 1.3 mM.  The sensitivity determined at −0.45 V both with
CuHCF/GOx and CoHCF/GOx electrodes was  1.54 �A cm−2 mM−1

and 2.34 �A cm−2 mM−1, with similar detection limits of 33 �M
and 35 �M,  respectively. In the presence of heavy metals the sen-
sitivity decreased and the inhibition was 17% for 60 �M Cd2+, 11%
for 200 �M Ni2+, 12% for 200 �M Co2+ and 6.0% for 20 �M Cu2+ in
the case of CoHCF/GOx electrode. For the same concentration of
metals the inhibition was lower with the CuHCF/GOx electrode:
12%; 7.2%; 6.5% and 3.2%, respectively. In all cases less inhibition
was obtained by this second strategy than by adding inhibitor to
a glucose-containing solution: cadmium ion inhibited glucose oxi-
dase to the greatest extent, followed by cobalt, nickel and, finally,
copper.

Lead and zinc ions were also tested as possible inhibitors, but no

response was obtained at the CoHCF/GOx and CuHCF/GOx biosen-
sors. The absence of inhibition by Pb2+ and Zn2+ was  also observed
in [12] at an amperometric glucose biosensor with polyphenyl-
diamine at 0.7 V vs. SCE.
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inhibition [29]. A change in the type of inhibition was reported and
ig. 5. 3D plot of the inhibition caused by the heavy metal ions at (A) CoHCF/GOx
t  −0.35 V and (B) CuHCF/GOx at −0.45 V based biosensor in 0.1 M NaPBS, pH 7.0.

.4. Determination of the type of enzyme inhibition

In order to determine the type of enzyme inhibition Dixon
25] and Cornish-Bowden [26] plots were used. The Dixon plot
representation of the inverse of the enzyme activity vs. inhibitor
oncentration) by itself cannot clearly distinguish between com-
etitive and mixed inhibition. In the Cornish-Bowden plot, the
atio of substrate concentration and enzyme activity is plotted
s. inhibitor concentration, cannot always distinguish between
ixed and uncompetitive inhibition. By analysing these two  plots

ogether, all types of inhibition can be characterised.
Dixon and Cornish-Bowden plots (see Fig. 6 for cobalt) were

ade for two different glucose concentrations, 200 and 300 �M.
rom the Dixon plot it can be deduced that the inhibition is compet-
tive or mixed, since there is an interception of the two  lines in the
eft part of the y axis. Using this information, the Cornish-Bowden
lot clearly shows that the inhibition is competitive because the
traight lines drawn through the experimental points are parallel.
rom the Dixon plot, the inhibition constant, Ki, can be estimated
y drawing a line parallel to the y axis from the point where the
traight lines cross down to the x axis. For cobalt the values were
.7 �M for CoHCF/GOx and 1.9 �M for CuHCF/GOx electrodes. The

i values for all the metals are given in Table 2. The plots for the
ther metal ions were similar, so that it can be concluded that cad-
ium, cobalt, copper and nickel all inhibit glucose oxidase activity
Fig. 6. (A) Dixon and (B) Cornish-Bowden plots for Co2+ obtained for two different
glucose concentrations: 200 and 300 �M.

in a reversible and competitive way. This was confirmed by the
fact that when increasing the substrate concentration (glucose)
the inhibition decreased for all the metals tested, because the sub-
strate competes with the inhibitor. In [12], competitive inhibition
of glucose oxidase by copper ions was also obtained. On the other
hand, in [27] Cu2+ was found to inhibit GOx in a non-competitive
way, whilst in [19] the inhibition of GOx by copper was reversible
and mixed. Regarding cadmium, the results are in agreement with
those in [19], where the inhibition was  also competitive. For cobalt
and nickel, only [12] reports competitive inhibition for GOx and no
other studies with GOx were found to compare with. When using
other enzymes, such as acetylcholinesterase [24] and amperomet-
ric detection, reversible and non-competitive inhibition was  found
for cadmium and copper and, using l-lactate dehydrogenase [28],
competitive inhibition was observed for copper.

These observations can be rationalised as follows. For biosen-
sors based on reversible inhibition, a parameter that needs to be
carefully considered is the type of immobilisation. The effect of the
enzyme immobilisation technique on inhibition can influence the
response of biosensor in different ways: (1) decreasing the sen-
sitivity of the inhibition biosensor and (2) changing the type of
investigated in [24] for acetylcholinesterase inhibition by heavy
metals. Similarly, in [30] which employs inhibition of polyphe-
nol oxidase, it was  demonstrated that immobilising the enzyme
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Table 3
Equivalent fitting circuit parameters for CoHCF/GOx (−0.35 V) and
CuHCF/GOx(−0.45 V) biosensors in 0.1 M NaPBS, pH 7.0, adding metal cation
after glucose and adding glucose after metal cation.

Inhibitor Rct (k� cm2) C (�F cm−2 s˛−1)

CoHCF/GOx CuHCF/GOx CoHCF/GOx CuHCF/GOx

Glu + M2+

Cd2+ 32.4 14.9 33.9 39.0
Co2+ 37.0 14.1 27.8 39.3
Cu2+ 36.0 15.9 28.1 40.7
Ni2+ 40.2 11.4 38.3 30.3

M2+ + Glu
Cd2+ 35.6 15.3 31.4 37.1
Co2+ 39.1 15.5 26.4 37.3
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Fig. 7. Complex plane impedance spectra of CuHCF/GOx biosensor in pH 7 0.1 M
Cu2+ 35.5 13.4 32.6 37.3
Ni2+ 34.9 14.3 26.1 37.5

n polymeric films of different characteristics changes the inhibi-
ion type and the inhibition constant (affinity of the inhibitor for
he enzyme). Therefore, the immobilisation procedure could be an
xplanation for obtaining different types of inhibition for the same
etal ion, even when using the same enzyme.

.5. Electrochemical impedance spectroscopy of inhibition
iosensors

Conductometric biosensors for heavy metal determination have
een previously used [31]. However, to our knowledge impedance
pectroscopy has never been previously employed to investigate
eavy metal enzyme inhibition sensing. Using EIS experiments, the
hange in the charge transfer resistance was monitored as being a
iagnostic of heavy metal inhibition, although it cannot yet be used
uantitatively to calculate the degree of inhibition.

The CoHCF/GOx and CuHCF/GOx biosensors were characterised
y electrochemical impedance spectroscopy (EIS) in 0.1 M NaPBS
H 7.0 at the potentials applied for amperometric detection:
0.35 V for CoHCF and −0.45 V for CuHCF based electrodes. Two
ifferent sets of spectra were recorded, corresponding to the con-
itions used in the amperometric experiments:

1) Spectra recorded in buffer, then after addition of glucose and
finally a known concentration of metal ion was  added.

2) Spectra recorded in buffer, then metal ions were added and
finally glucose.

All spectra were fitted to the same equivalent circuit used above
or the characterisation of modified and unmodified carbon film
lectrodes (Section 3.1.2). The values from the fitting circuits are
resented in Table 3. For the two biosensors, the R� values were
round 9 � cm2 and the  ̨ values were 0.87 for CoHCF/GOx and 0.85
or CuHCF/GOx electrodes.

From the first set of spectra (Fig. 7A) it is seen that the addi-
ion of glucose to buffer leads to a decrease of the charge transfer
esistance (from 12.8 to 10.8 k� cm2 in the case of CuHCF/GOx
nd from 34.4 to 32.0 k� cm2 in the case of CoHCF/GOx), mean-
ng that electron transfer is easier in the presence of glucose. The
apacitance of the CPE, C, also decreases from 38.4 �F cm−2 s˛−1 to
1.5 �F cm−2 s˛−1 (for CuHCF/GOx) and from 27.8 to 24.6 �F cm−2

for CoHCF/GOx), respectively. With the addition of metal ions the
alue of the charge transfer resistance increases again (see Table 3),
o that electron transfer is hindered by the presence of the metal
on in solution. This is evidence of enzyme activity inhibition by

eavy metals.

The second set of spectra (Fig. 7B) shows that with the addition
f metal ion to the buffer almost no difference in the charge trans-
er resistance, Rct, occurs, so that the biosensor assembly itself, in
NaPBS (A) with addition of glucose followed by addition of metal ions and (B)
with addition of 20 �M Cd2+ followed by addition of 200 �M glucose. Lines show
equivalent circuit fitting.

the absence of enzyme substrate, is not sensitive to the metal ions.
However, when glucose is then added an increase of Rct occurs, in
agreement with amperometric data, again showing that enzyme
activity is inhibited. Furthermore, it is convincing extra evidence
that the inhibition is competitive (the metal which is added first
binds to the active centre of the enzyme, impeding glucose, the
natural substrate, to bind afterwards). Using as parameter the vari-
ation of the charge transfer resistance, the greatest inhibition by
both biosensors was shown by cadmium, followed by cobalt, then
nickel and finally copper. These results are in agreement with those
obtained by amperometry.

4. Conclusions

A novel electrochemical enzyme inhibition biosensor for inhi-
bition assays, based on glucose oxidase immobilised on cobalt
or copper hexacyanoferrate-modified carbon film electrodes, has

been developed, characterised and evaluated. Electrochemical
impedance spectroscopy showed that modification with metal
hexacyanoferrates facilitates the electron transfer process and
the effects of inhibition were also seen in the spectra. Enzyme
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30815 NANOSENS, by Fundaç ão para a Ciência e a Tecnolo-
ia (FCT), PTDC/QUI-QUI/116091/2009, POCH, POFC-QREN (co-
nanced by FSE and European Community Fund FEDER/COMPETE)
nd CEMUC® (Research Unit 285), Coimbra, Portugal. RCC thanks
CT for a doctoral grant SFRH/BD/46496/2008 and MEG  for a post-
octoral fellowship SFRH/BPD/36930/2007.

eferences

[1] C. Chen, Q. Xie, L. Wang, C. Qin, F. Xie, S. Yao, J. Chen, Analytical Chemistry 83
(2011) 2660–2666.

[2] R. Ilangovan, D. Daniel, A. Krastanov, C. Zachariah, R. Elizabeth, Biotechnology
and  Biotechnological Equipment 20 (2006) 184–189.

[3] A. Amine, H. Mohammadi, I. Bourais, G. Palleschi, Biosensors and Bioelectronics
21  (2006) 1405–1423.

[4] B.B. Rodriguez, J.A. Bolbot, I.E. Tothill, Biosensors and Bioelectronics 19 (2004)
1157–1167.

[5] P.N. Nomngongo, J.C. Ngila, V.O. Nyamori, E.A. Songa, E.I. Iwuoha, Analytical
Letters 44 (2011) 2031–2046.

[6] M.  Zhu, Z. Yuan, X. Li, Biosensors and Bioelectronics 16 (2001) 9–16.
[7] D. Compagnone, A.S. Lupu, A. Ciucu, V. Magearu, C. Cremisini, G. Palleschi,

Analytical Letters 34 (2001) 17–27.
[8] Y. Yang, M.  Yang, H. Wang, L. Tang, G. Shen, R. Yu, Analytica Chimica Acta 509

(2004) 151–157.
[9] C. Malitesta, M.R. Guascito, Biosensors and Bioelectronics 20 (2005)

1643–1647.
10] J.-X. Liu, X.-M. Xu, L. Tang, G.-M. Zeng, Transactions of Nonferrous Metals Soci-

ety of China 19 (2009) 235–240.

11] P.W. Alexander, G.A. Rechnitz, Electroanalysis 12 (2000) 343–350.
12] M.R. Guascito, C. Malitesta, E. Mazzota, A. Turco, Sensors and Actuators B 131

(2008) 394–402.
13] C.M.A Brett, L. Angnes, H.-D. Liess, Electroanalysis 13 (2001) 765–769.
14] M. Florescu, C.M.A. Brett, Analytical Letters 37 (2004) 871–886.
tors B 178 (2013) 270– 278

15] R. Pauliukaite, M.E. Ghica, C.M.A. Brett, Analytical and Bioanalytical Chemistry
381 (2005) 972–978.

16] S. de Luca, M.  Florescu, M.E. Ghica, A. Lupu, G. Palleschi, C.M.A. Brett, D. Com-
pagnone, Talanta 68 (2005) 171–178.

17] R. Pauliukaite, M.E. Ghica, M.  Barsan, C.M.A. Brett, Journal of Solid State Elec-
trochemistry 11 (2007) 899–908.

18] O. Courjean, N. Mano, Journal of Biotechnology 151 (2011) 122–129.
19] M.E. Ghica, C.M.A. Brett, Microchimica Acta 163 (2008) 185–193.
20] A. Samphao, H. Rerkchai, J. Jitcharoen, D. Nacapricha, K. Kalcher, International

Journal of Electrochemical Science 7 (2012) 1001–1010.
21] L. Jian-Xiao, X. Jiang-Min, T. Lin, Z. Guang-Ming, Transactions of Nonferrous

Metals Society of China 19 (2009) 235–240.
22] E.C. Toren, F.J. Burger, Microchimica Acta 56 (1968) 538–545.
23] J.-C. Gayet, A. Haouz, A. Geloso-Meyer, C. Burstein, Biosensors and Bioelectron-

ics  8 (1993) 177–183.
24] M. Stoytcheva, Electroanalysis 14 (2002) 923–927.
25] M.  Dixon, Biochemical Journal 55 (1953) 170–171.
26] A. Cornish-Bowden, Biochemical Journal 137 (1974) 143–144.
27] M.  Shaolin, K. Jinqing, Electrochimica Acta 40 (1995) 241–246.
28] S. Han, S. Fennouh, V. Casimiri, A. Geloso-Meyer, C. Burstein, Biosensors and

Bioelectronics 13 (1998) 903–909.
29] F. Arduini, A. Amine, D. Moscone, G. Palleschi, Analytical Letters 42 (2009)

1258–1293.
30] I. Narli, S. Kiralp, L. Toppare, Analytica Chimica Acta 572 (2006) 25–31.
31] G.A. Zhylyak, S.V. Dzyadevich, Y.I. Korpan, A.P. Soldatkin, A.V. Elı̌skaya, Sensors

and  Actuators B 24–25 (1995) 145–148.

Biographies

M.  Emilia Ghica,  PhD, is currently a postdoc at the University of Coimbra, Portugal.
Her present research interests comprise the study of new electrode materials, car-
bon nanotubes, metallic nanoparticle electrode modification, and electrochemical
biosensors for chemical components in food and environmental samples.

Ricardo C. Carvalho is a PhD student at the University of Coimbra, Portugal. His
research interests include the development of new nanostructured electrode mate-
rials and modified electrodes for sensors and biosensors.

Aziz Amine is a professor of chemistry at Université Hassan II Mohammedia,
Morocco. His research interests include the development of biosensors, electrode
materials for biosensors, enzyme inhibition sensors and sensor applications, partic-
ularly in food, food contaminants and the environment.
Portugal. His research interests include new nanostructured electrode materials and
modified electrode surfaces, electrochemical sensors and biosensors, electroactive
polymers, corrosion and its inhibition and applications in the environmental, food
and  pharmaceutical areas.


	Glucose oxidase enzyme inhibition sensors for heavy metals at carbon film electrodes modified with cobalt or copper hexacy...
	1 Introduction
	2 Experimental
	2.1 Reagents and solutions
	2.2 Electrochemical measurements and apparatus
	2.3 Carbon film electrode preparation
	2.3.1 Electrode pre-treatment
	2.3.2 Cobalt hexacyanoferrate deposition
	2.3.3 Copper hexacyanoferrate deposition
	2.3.4 Enzyme immobilisation

	2.4 Determination of metal cations

	3 Results and discussion
	3.1 Deposition and characterisation of hexacyanoferrate modified electrodes
	3.1.1 Cyclic voltammetry
	3.1.2 Electrochemical impedance spectroscopy

	3.2 Optimisation of inhibition biosensors
	3.2.1 Influence of applied potential
	3.2.2 Influence of buffer pH
	3.2.3 Influence of redox mediator

	3.3 Determination of enzyme inhibition by fixed potential amperometry
	3.4 Determination of the type of enzyme inhibition
	3.5 Electrochemical impedance spectroscopy of inhibition biosensors

	4 Conclusions
	Acknowledgements
	References

	Biographies

