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ABSTRACT

An unmediated, disposable nitrite amperometric biosensor based on
hemoglobin (Hb)-colloidal gold nanoparticle modified screen-printed
carbon electrode (Hb-Au-SPCE) was proposed. The immobilized
Hb showed a couple of quasi-reversible redox peak with a formal
potential of —0.224V (vs. SCE) in 0.2moldm > pH 5.5 NaAc-HAc
buffer. The formal potential changed linearly between pH 4.0 to 9.0
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with a slope of —46.4mV pH~!. The Hb-Au-SPCE displayed a
rapid amperometric response to the reduction of nitrite, which
allowed to be used for the determination of nitrite with a linear
range from 3.0 x 1077 to 7.0 x 10~*moldm ™~ and a detection limit
of 1.0x10~"moldm™ at 3o. The amperometric sensor had a
high sensitivity, good accuracy, and stability and is simple to
use, lost-cost, rapid for the nitrite quantitative detection in practical
applications.

Key Words: Screen-printed  electrode; Biosensors;  Nitrite;
Hemoglobin; Colloidal gold; Amperometry; Electron transfer;
Electrocatalysis.

INTRODUCTION

Nitrite is an important contamination in water, food products, and
environmental matrices.l'”! Ingested nitrite can react with amines and
amides to form potent carcinogens, nitrosamines.*! Therefore, reliable
analytical procedures are required for its sensitivity determination in
various matrices. Many techniques such as spectrophotometry,¥
chromatography.™ capillary electrophoresis,'® ion-exchange chromatog-
raphy,!”! fluorimetry,”®! chemiluminescence,”” and electrochemistry!!® !¢
have been commonly used for its monitoring. The electrochemical
sensors based on iron porphyrin,!'"! ruthenium polymer,!'? nitrite reduc-
tase,'*'" and noble-metal-substituted polyoxometalates!'> have been
developed for the determination of nitrite in egg, saliva, waste water,
and pickled vegetable water. Most of these sensors have relatively good
selectivity and fast response. However, it is difficult to get them suffi-
ciently stable for exposing them directly to real samples due to fouling
of the electrode surface,!'® denaturation of enzymes, or slow removal of
modifiers from the surface. Another problem is the commercial unavail-
ability of some modifiers, which limits their extensive application. In
1995, Neuhold et al.'” prepared a carbon screen-printed electrode for
the detection of nitrite in ground water and drinking water by mixing
Aliquat 336 anion exchanger into a carbon ink prior to printing. This
approach overcame previously time-consuming and could detect
nitrite down to 30 ugdm™> (0.65 pumoldm ™) in standard solutions and
100 ugdm ™ (2.17 pmol dm ) in water samples. In this work we develop
a novel nitrite sensor based on the immobilization of hemoglobin (Hb) on
colloidal gold nanoparticle modified carbon screen-printed electrode.
This sensor solves the problem mentioned above by combining the
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advantageous features of colloidal gold nanoparticles and carbon screen-
printed technology. It can detect nitrite down to 0.1 pmoldm™ and
shows good accuracy and stability.

Recently, the application of screen-printed electrodes (SPCEs) has
attracted an increasing interest due to their prominent characteristics,
such as simple and inexpensive fabrication, convenience utility, and low
cost."¥ 2% Early screen-printed biosensors focused on the determination
of glucose in blood samples.*' >¥ Later the screen-printed biosensors
broadened its applications to detect other biomolecules such as
pesticides,!'® metals,* anions,!'”**! and potential pollutants.** Several
mediators such as cobalt phthalocyanine,”® hexacyanoferrate,?” ferro-
cene derivative,”® conducting polymer polypyrrole®®® and Prussian Blue
microparticles,?** and proteins or enzymes?®'***! have been incorpo-
rated into the carbon ink for sensor preparations. Here, colloidal gold
nanoparticles are incorporated into the carbon ink to immobilize
hemoglobin for preparation of a novel unmediated, disposable nitrite
amperometric screen-printed biosensor. The direct electron transfer of
immobilized hemoglobin is studied for the first time on a screen-printed
electrode.

The direct electron transfer between Hb and electrodes has been
achieved by incorporating Hb in polyacrylamide hydrogel,*? surfac-
tant,*¥ clay®¥ and SP Sephadex,”” and DNAP®37! modified mem-
branes. Colloidal gold is an extensively used metal colloid, which has
been used for study of direct electrochemistry of proteins such as
HRP,B¥ cytochrome ¢, and hemoglobin."*! It provides an environ-
ment similar to that of redox proteins in native systems and gives the
protein molecules more freedom in orientation, thus reducing the insulat-
ing property of the protein shell for the direct electron transfer and
facilitating the electron transfer through the conducting tunnels of col-
loidal gold."** This work reports a 2.0 fold increase in the cathodic peak
current of immobilized hemoglobin in presence of colloidal gold nano-
particles and a good electrochemical response to the reduction of NO; in
presence of hemoglobin, producing a novel biosensor for nitrite.

EXPERIMENTAL
Material and Reagents
Bovine hemoglobin was purchased from Sigma (molecular weight

54,600) and used without further purification. Hb solution (5.0 mgmL™")
was prepared and stored at 4°C as stock solution. Kj[Fe(CN)gl,
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HAuCly-3H»0, and trisodium citrate dihydrate were purchased from
Aldrich (Deisenhofen, Germany). Polyvinylchloride (PVC) was provided
by Shanghai Chemical Reagent Co. Carbon graphite powder (<325 mesh,
Johnson Matthey) and cellulose diacetate (from Shanghai Chemical
Reagent Co) were used for preparation of carbon ink. Cellulose diacetate
stock solution was prepared by dissolving 1.0g cellulose diacetate in
100 mL 1:1 hexamethylene—acetone. All other chemicals were of analytical
reagent grade and all solutions were prepared with deionized water of
18 MQ purified from a Milli-Q purification system. Colloidal gold nano-
particles with diameter of 24 + 2 nm were prepared and stored according to
literature.[***!] Unless specifically indicated, the buffer used in this work
was 0.2 moldm ™ pH 5.5 NaAc-HAc. Zero point one mole per cubic deci-
meter phosphate buffer solutions (PBS) with various pH values used to
investigate the dependence of the direct electrochemistry of immobilized
hemoglobin on pH were prepared by mixing stock standard solutions of
K,HPO, and KH,PO, and adjusting the pH with 0.1 moldm > H;PO,
or NaOH.

Sensor Preparation

The screen-printed carbon ink electrode was prepared by using a
screen-printed technology as follows. Silver ink was firstly printed onto
PVC substrate to form conducing track (30 x I mm?). This surface was
washed thoroughly with NaOH solution and then deionized water. A
mixture of 10mg of pretreated graphite powder with 20 uL colloidal
gold solution was prepared. Following evaporation of water in the air,
30 uLL cellulose diacetate solution was added to the mixture to obtain
colloidal gold nanoparticle modified screen-printed carbon ink
(Au-SPC). As a comparison, 10mg of graphite powder was mixed
thoroughly with 30 uL cellulose diacetate solution without the presence
of colloidal gold nanoparticles to obtain screen-printed carbon ink (SPC).
The resulting inks were then printed onto above silver conducting tracks
to form colloidal gold nanoparticle modified screen-printed carbon
electrode (Au-SPCE) and screen-printed carbon electrode (SPCE). The
electrodes were insulated by overlaying a silicone rubber layer to expose
only the conductive terminal and the working surface with an area of
ca. 10mm? The immobilization of hemoglobin was carried out by
dropping 10 pL of Hb solution onto the working surface of the SPCE
or Au-SPCE and dried overnight under room temperature to obtain
Hb-SPCE or Hb-Au-SPCE. The modified electrodes were rinsed with
ethanol and water and stored at 4°C when not in use.
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Electrochemical Measurements

Electrochemical experiments were carried out with a BAS-100A
electrochemical analyzer at room temperature (18 £2°C). A three-
electrode cell was equipped with a saturated calomel electrode (SCE), a
platinum wire and a SPCE, Hb-SPCE, Au-SPCE, or Hb-Au-SPCE as
reference, counter, and working electrode, respectively. The real geome-
try area of the working electrode was determined to be 0.11 cm? by the
slope of plot of the anodic peak current of 2.5 mmol dm~* K5[Fe(CN)] in
0.1moldm™ KCI vs. the square root of scan rate. All experimental
solutions were deoxygenated by bubbling highly pure nitrogen for
20 min and maintained under nitrogen atmosphere during the course of
the experiment.

RESULTS AND DISCUSSION

Electrochemical Characterization of the
Screen-Printed Electrodes

The screen-printed carbon electrodes were characterized by means
of charging current measurements and cyclic voltammograms of
K;[Fe(CN)g] solution. The charging currents were determined from the
cyclic voltammograms of these electrodes at 50mVs~'. The screen-
printed carbon electrodes showed the charging current of 22 pA at
0.0V and 16 pA at 0.4V (as shown in Fig. 1a). After the screen-printed
carbon electrode was modified with colloidal gold nanoparticles, the
charging current decreased to 8.3 pA at 0.0V and 6.3 uA at 0.4V (Fig.
1b). The Au-SPCE displayed a couple of stable and well-defined redox
peaks of K;3[Fe(CN)g] at 241 and 172mV with the peak currents of 32.3
and 28.5 pA, respectively. Although the SPCE also exhibited a couple of
redox peaks of K;[Fe(CN)y] with the peak currents of 23.1 and 20.0 pA,
the peak-to-peak separation of 134mV was much larger than that of
69mV at Au-SPCE, which was close to theoretical value of the reversible
one electron electrode reaction.

Figure 2 shows the cyclic voltammograms of Kj[Fe(CN)g] at
Au-SPCE at different scan rates. The redox peak currents were propor-
tional to the square root of the scan rate (Fig. 2A). The plot of anodic
peak potential vs. the logarithm of scan rate gave a slope of 0.0249
(Fig. 2B), thus the charge transfer coefficient, o, was 0.51 (n=1). From
the peak-to-peak separations at the scan rate range from 20
to 200mVs~', the Nicholson’s equation*?! and its diffusion coefficient
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Figure 1. Cyclic voltammograms of SPCE (a) and Au-SPCE (b) in
0.25mmol dm > K3Fe(CN)g + 0.1 mol dm > KCl solution at 50mVs~'.
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Figure 2. Cyclic voltammograms of Au-SPCE in 0.25mmoldm™?
K3Fe(CN)g + 0.1 moldm ™ KClI solution at 10, 20, 30, 40, 50, 60, 70, 80, 90,
100, 110, and 120mVs~". Inset: plots of peak currents vs. v'/> (A) and plot of
anodic peak potential vs. In(v) (B).

of 7.6 x 107° cm?s~ 1.1 the average electron transfer rate constant, K°,
for heterogeneous electron transfer was calculated to be
(6.8+0.7) x 10 cms™". The k° value of K;5[Fe(CN),] at Au-SPCE was
about 4.6 times that of 1.48 x 10 *cms™' at carbon paste electrode
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obtained by RDE in the same supporting electrolyte.l*” Thus, the pre-
sence of colloidal gold nanoparticles not only improved the conductivity
of SPCE and amplified the electrochemical signals, but also increased the
electron transfer rate.

Direct Electrochemistry of Hemoglobin
Immobilized at Au-SPCE

When SPCE and Au-SPCE were cyclically scanned in buffer solution
containing of 0.1 mmol dm ™ Hb, no obvious peak was observed, thus the
electron transfer between these electrodes and Hb in solution was very
slow or not at all. However, Hb-Au-SPCE gave a couple of stable and
well-defined redox peaks at —(177£2)mV and —(270£2)mV at
50mV s~ in NaAc-HAc buffer (curve d in Fig. 3). No peak was observed
at both SPCE and Au-SPCE (curves a and b in Fig. 3). Au-SPCE
displayed lower background current than SPCE. Obviously, the response
of Hb-Au-SPCE was attributed to the redox of the electroactive center of
the immobilized Hb. Without presence of gold colloid nanoparticles,
Hb-SPCE also showed the response of Hb. The cathodic response, how-
ever, was 2.0 fold smaller than that of Hb-Au-SPCE (Fig. 3c). Thus, the
colloidal gold nanoparticles played an important role in improving the
electrochemical response and facilitating the electron exchange between
the Hb and carbon particles. The formal potential of the heme Fe(I11/II)

30 1
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-20

0 -200 -400 -600
E / mV (vs.SCE)

Figure 3. Cyclic voltammograms of SPCE (a), Au-SPCE (b), Hb-SPCE (c), and
Hb-Au-SPCE (d) in 0.2M pH 5.5 NaAc-HAc buffer at 50mVs™".
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couple of Hb in Hb-Au-SPCE at pH 5.5, estimated as the midpoint of the
anodic and cathodic peak potentials, was —224 mV (vs. SCE). This value
was similar to native hemoglobin in solution (—0.22 V),*% suggesting that
most Hb molecules preserved their native structure after the adsorption
process.

With an increasing scan rate the redox peak currents of the
immobilized Hb increased and its anodic peak potential shifted to a
more positive value, while the cathodic peak potential shifted in a
negative direction. The anodic and cathodic peak currents (i,, and i)
were proportional to the scan rate, thus the electrode reaction was typical
of surface-controlled quasi-reversible process. The slope of the plot of
anodic peak potential vs. the logarithm of scan rate gave a charge
transfer coefficient of 0.52 (n=1). Considering the peak-to-peak
separations less than 200mV, the electron transfer rate k, could be
estimated with the formula®” ky=mnFv/RT, where m is a parameter
related to the peak-to-peak separation. The peak-to-peak separations
were 81, 92, 107, 122, 133, 141, 153, 165, 178, 188, and 197mV at 50,
75, 100, 125, 150, 175, 200, 225, 250, 275, and 300 mVs~ ', respectively,
producing an average k, value of (0.91 4+0.09)s".

Influence of Solution pH on Electrochemical Behaviors of
Immobilized Hemoglobin

Figure 4 shows the effect of solution pH on the electrochemical
behaviors of Hb immobilized on Au-SPCE. With an increasing solution
pH from 4.0 to 9.0 both reduction and oxidation peak potentials shifted
negatively. Moreover, all changes in the peak potentials and currents
with solution pH were reversible. The plots of the peak potentials vs.
pH gave two lines with the same slope of —46.4mV pH™! (inset A in
Fig. 4), which was close to the expected value of —57.8 mV pH ™' for the
one proton and one electron participating electron transfer process at
291.2 K 1333

Inset B in Fig. 4 shows the relationship between the peak currents of
the immobilized Hb and solution pH. It was clearly observed that an
optimal pH range occurred between 4.0 and 7.0 with the maximum
values at pH 5.5.

Amperometric Response of Nitrite at Hb-Au-SPCE

Figure 5 shows the cyclic voltammograms of Au-SPCE and Hb-Au-
SPCE in pH 5.5 NaAc-HAc buffer containing different concentrations of
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Figure 4. The cathodic segments of cyclic voltammograms of Hb-Au-SPCE in
0.1moldm™3 PBS at pH 5.0 (1), 7.0 (2), and 9.0 (3) at 100mV s~". Inset: plots of
peak potential (A) and peak current (B) vs. pH.

nitrite. At Hb-Au-SPCE a new irreversible reduction peak occurred at
—780mV at 100mV s~" upon addition of NaNO, to the buffer (Fig. 5A).
However, only very small current change was observed at Au-SPCE in
the same conditions (Fig. 5B). Thus, nitrite was not efficiently reduced in
the studied potential range at Au-SPCE. The presence of immobilized Hb
promoted the reduction of nitrite at the colloidal gold nanoparticle
modified screen-printed carbon electrode. Furthermore, with the
increasing nitrite concentration the reduction peak current at Hb-Au-
SPCE increased.

Figure 6 shows a typical hydrodynamic current-time response of the
Hb-Au-SPCE at —800mV upon successive additions of NaNO, to
0.2moldm ™ pH 5.5 NaAc-HAc buffer. Upon the addition, the sensor
achieved 95% of its steady-state current within 10s, indicating a fast
amperometric response to nitrite reduction. The calibration curve of
the sensor to nitrite concentration was shown in inset in Fig. 6. The
linear response range of the sensor to nitrite concentration was from
30x1077 to 7.0 x 107*moldm™ with a correlation coefficient of
0.9991. From the slope of 0.032pApM~" the detection limit was
estimated to be 1.0 x 107" mmoldm > at 3o. The sensitivity was much
better than the limit of 5.0 x 10~ *moldm ™ reported previously.** The
sensor based on the Hb-Au-SPCE displayed a higher sensitivity for nitrite
determination.
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Figure 5. Cyclic voltammograms of Hb-Au-SPCE (A) and Au-SPCE (B) in
0.2M pH 5.5 NaAc-HAc buffer containing 0.2, 0.4, 0.6, 1.0, 1.5, 2.0, and
2.5mmoldm~? NaNO, (from inner to outer) at 100mVs~".

Analytical Application

The common ions were tested to examine the possible interference
with the detection of nitrite. The criterion of the interference was based
on the current response. If the addition of given ion caused a current
charge of 10% or more, it was considered to interfere with the determi-
nation of nitrite. The detection results indicated that Na™, K*, and CI™
did not interfere with nitrite determination, Ca*", Mg>", AI*", Mn*™,
Cu®*, Zn**, SO, and CO?™ at the concentrations 20 times NaNO, of
0.5 mmol dm~? did not show any interference. Thus, this sensor exhibited
a good selectivity.

The synthetic samples were prepared by adding the standard
solution of nitrite into a tap water to obtain the final concentrations of
5.0, 10, and 20 pmol dm™>. The results of three determinations for each
sample using the sensor showed the recoveries from 95 to 104% and
relative standard deviations less than 3.5%. Both the recovery and
precision were satisfactory. Thus, this sensor could be used for nitrite
determination in practical samples.
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Figure 6. Typical steady-state response of the sensor with an increasing NaNO,
concentration by 5.0 pmoldm ™ each step at —0.8 V. Inset: the linear correlation
curve.

Stability of the Sensor

When the sensor was stored at 4°C for two weeks, no obvious
decrease in the response to NO, was observed. After a storage period
of four weeks, the sensor retained 90% of its initial current response. The
sensor retained 80% of its initial current response after a storage period
of three months. Thus, the stability of the sensor was very good. It could
also be stored in air without any special protection step, and showed a
stable response during at least 10 days. At the same time the electrode
could be carried out more than 100 measurements without noticeable
signal decrease.

CONCLUSIONS

This work proposes a novel disposable biosensor for nitrite based on
the immobilization of hemoglobin on the colloidal gold nanoparticle
modified screen-printed carbon electrode. The colloidal gold nanoparti-
cles not only decrease the background current, improve the conductivity,



ﬂ MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016
™

©2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

2438 Xu et al.

and amplify the electrochemical signals of screen-printed carbon
electrode, but also retain the bioactivity of immobilized protein and
accelerate the electron transfer rate. The sensor shows a highly sensitive
response to nitrite, satisfactory recovery and precision, good selectivity
and stability, and can be used for determination of nitrite with a wide
concentration range in a real sample.
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