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Abstract

A carbon nanotube modified biosensor for monitoring total cholesterol in blood was studied. This sensor consists of a carbon working
electrode and a reference electrode screen-printed on a polycarbonate substrate. Cholesterol esterase, cholesterol oxidase, peroxidase and
potassium ferrocyanide were immobilized on the screen-printed carbon electrodes. Multi-walled carbon nanotubes (MWCN) were added to
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rompt electron transfer. Experimental results show that the carbon nanotube modified biosensor offers a reliable calibration profile
lectrochemical properties.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Normal human blood serum contains less than 200 mg/dl
holesterol, of which two third is esterified with fatty acids
nd one third is present as sterol (White et al., 1978). There

s a strong positive correlation between high serum choles-
erol level and arteriosclerosis, hypertension and myocardial
nfarction. So, the determination of cholesterol is important
n clinical diagnosis.

As awareness of the importance of total cholesterol levels
as increased, numerous methods for human blood choles-

erol assays have been developed (Crumbliss et al., 1993;
harpentier and Murr, 1995; Martin et al., 2003;
atsuma and Watanabe, 1991; Situmorang et al., 1999;
humyantseva et al., 2004), including colorimetric spectro-
etric and electrochemical methods. Mainly enzymatic pro-

edures are employed in clinical diagnosis due to their rapid,
elective, sensitive nature and the great accuracy.

∗ Corresponding author. Tel.: +86 571 87951090; fax: +86 571 87951676.

Former amperometric methods work at relatively h
potentials so that many other species may be oxidize
minimize the effect of interferences, techniques have
developed using the redox mediator ferricyanide to reduc
drogen peroxide, making the product ferrocyanide detec
at relatively low potentials. However, this measuring sys
was affected by air oxidation of ferrocyanide that takes p
as a competitive reaction during the enzymatic oxidatio

Carbon nanotubes are a novel type of carbon materia
can be considered as the result of folding graphite la
into carbon cylinders. There are two groups of carbon
otubes, multi-walled carbon nanotubes and single-walled
bon nanotubes (Zhao et al., 2002). Carbon nanotubes ha
been recognized as one of the most promising electrod
terials since the first electrode application in the oxida
of dopamine in 1996 (Britto et al., 1996). Since then, th
research has been focused on their electrocatalytic b
iors toward the oxidation of biomolecules and their per
mance has been found to be much superior to those of
carbon electrodes in terms of reaction rate, reversibility
detection limit. Rubianes (Rubianes and Rivas, 2003) have
E-mail address:guangli@cbeis.zju.edu.cn (G. Li). reported carbon nanotubes paste electrode could decrease the
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Fig. 1. The structure of the cholesterol biosensor.

overvoltage for the redox of ascorbic, uric acid and hydro-
gen peroxide (H2O2), while H2O2 is an important chemical
material in biochemical assay, many substrate will convert
to H2O2 to be determined on electrode surface. Davis et al.
(Davis et al., 1997, 1998) have described the high surface area
possessing abundant acidic sites that may offer special op-
portunities for the immobilization of enzymes in biosensors.
Guiseppi-Elie (Guiseppi-Elie et al., 2002) has researched the
direct electron transfer of glucose oxidase on carbon nan-
otubes. The similarity in length scales between nanotubes
and redox enzymes suggests interactions that may be favor-
able for biosensor electrode applications. However, the de-
tection mechanism of carbon nanotubes is not fully under-
stood. A systematic study has not been reported so far. In
this paper, we used carbon nanotubes to modify carbon paste
electrode, which can promote electron transfer and enhance
the response current.

2. Experiments

2.1. Reagents

All reagents, except multi-walled carbon nanotubes,
were commercially available and of analytical-reagent grade
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sensor is shown inFig. 1. The sensor consists of two carbon
paste electrodes. One electrode was used as working elec-
trode while the other was used as reference electrode. The
function of the silver leads was to improve electric conduc-
tivity of the electrodes. The reaction area, where the carbon
paste film was modified by carbon nanotubes and immobi-
lized enzymes, was defined by the insulating film coated on
the carbon paste film. There were 20 sensor bases on each
plate. Once the sensor array was ready, sensor strips were cut
out of the array to be measured. The size of the reaction area
was 2 mm× 2 mm while the sensor strip was 35 mm× 10 mm

2.3. Electrode modification and enzyme immobilization

After dropping 2�l the carboxyl modified multi-walled
carbon nanotubes solution (5 mg/ml) onto the reaction area
of the electrode, 1�l CMC solution (20 mg/ml) was added.
It was dried in hot air at 50◦C for 10 min to form a hy-
drophilic polymer layer. Subsequently, 70 unit cholesterol ox-
idase, 1.8 mg peroxidase, 8 mg potassium ferrocyanide and
6 mg trehalose were dissolved in 0.125 ml phosphate buffer
of pH 7.0. Then 2�l solution was added on the hydrophilic
polymer layer to form a cholesterol oxidase layer. Finally,
200 unit cholesterol esterase, 3 mg trehalose, 1�l TritonX-
100 were dissolved in 0.125 ml phosphate buffer (pH7.0).
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hemicals. Cholesterol oxidase (COD), 20 U/mg, TOYOB
holesterol esterase (CEH, 100 U/mg, TOYOBO), per
ase (POD), potassium ferrocyanide, trehalose, TritonX
ere purchased from the respective companies. Car
odified multi-walled carbon nanotubes were provided

he Department of Material Science, Zhejiang University

.2. Electrode preparation

The electrodes were fabricated using screen-printing
ique, which is a common method for electrode fabrica
Nagata et al., 1995). Three masks were used to form sli
onducting lead wires, carbon film for electrochemical
ction and insulating film. The structure of the cholest
nd 2�l of the solution was added to form a choleste
sterase layer.

.4. Measurement

All measurements were performed at 25◦C room tem
erature. Amperometric measurements were performed
HI660 Electrochemical Work Station from CH Instrume

nc., USA. The working potential is 300 mV. All reaction p
esses were recorded using an IBM PC compatible com
ia a RS232 series port communicating to the electroch
al analytic station. The current values were read 180 s
he sample solution was dropped onto the reaction area
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Fig. 2. Effect of working potential on response current of the sensor.

2.5. Optimization of assay

2.5.1. Optimization of electron mediator concentration
The function of redox mediator is to make the reaction

detectable at low potential to minimize the effect of inter-
ferences. So, the concentration of potassium ferrocyanide,
which plays the role of redox mediator has a certain effect
on response current. Proper potassium ferrocyanide increases
the response current while too much potassium ferrocyanide
inhibits the reaction. The amount of potassium ferrocyanide
used is optimized.

2.5.2. Optimization of buffer pH
Enzyme has an optimal pH for its activity, but it will al-

ter after immobilization. The optimal pH was determined by
measuring the maximal response current on different pH con-
ditions. Experimental result shows that pH 7.0–9.0 is opti-
mum to obtain the maximal responses. At the same time,
considering normal blood is around pH 7.0 and the optimal
pH value for both CEH and COD is pH 6.0–8.0, pH 7.0 was
chosen in all subsequent studies.

2.5.3. Optimization of working potential
Fig. 2 shows the relationship between the response cur-

rent of the sensor and the potential applied on the working
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Fig. 3. Calibration curve of the cholesterol sensor.

the temperature range of 20–30◦C. Theoretically, this is due
to the superfluous enzymes. All experiments were carried out
at room temperature of 25◦C.

3. Results and discussions

3.1. Calibration

Calibration cure for free cholesterol standard serum so-
lution is presented inFig. 3. A linear relationship between
the cholesterol concentration and the response current of the
carbon nanotube modified electrodes was observed.

3.2. Comparison between carbon nanotube modified
and unmodified electrodes

The determination of cholesterol by the sensors described
in this paper is based on the following sequence of enzyme
and electrode reactions:

Cholesterol ester+ H2O

Cholesterol esterase−−−−−−−−−−→ Cholesterol+ fatty acids (1)

Cholesterol+ O2
Cholesterol oxidase−−−−−−−−−−→ �4-Cholesterol-3+H2O2

H

[

[

lectrode, when the cholesterol concentration of the sa
as 200 mg/dl. The sensitivity evidently increased from

o 300 mV, which is due to the increase of electron tran
orce. Then the response current changed little with fu
otential increase. In order to avoid high working poten
ausing ascorbic acid and uric acid directly oxidized on
lectrode surface while obtaining high sensitivity, the w

ng potential of 300 mV was appropriately used.

.5.4. Operating temperature
Temperature affected the activity of enzymes. We stu

he temperature effect on the electrode outputs. The elec
esponses to 200 mg/dl cholesterol solution were exam
t temperature from 15 to 40◦C. The experimental resu
how that the response current was fairly stable, especia
(2)

2O2 + 2[Fe(CN)6]4− + 2H+

peroxidase−−−−−→ 2[Fe(CN)6]3− + 2H2O (3)

Fe(CN)6]3− + e → [Fe(CN)6]4− (working electrode)

(4)

Fe(CN)6]4− → [Fe(CN)6]3− + e (counter electrode)

(5)
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Fig. 4. The comparison of the cholesterol determinations of the carbon nan-
otube modified (solid line) and unmodified (dash line).

When the enzymes were abundant, the electrode reaction was
the control step. Because hydrogen peroxide is difficult to be
oxidized directly on the carbon paste electrode, ferrocyanide
is used as redox mediator to reduce hydrogen peroxide. We
tried to use carbon nanotubes to promote the electrons transfer
further.

Using both the carbon nanotube modified and unmodi-
fied sensors, the responses to cholesterol were determined
over the range of 100–400 mg/dl. An almost linear re-
lationship between the cholesterol concentration and the
response current of the carbon nanotube modified elec-
trodes was observed, while a curve for unmodified elec-
trodes was observed (Fig. 4). The average sensitivities
are 0.0059 and 0.0032�A/mg/dl, respectively. It is seen
that the carbon nanotubes promote the electron transfer
and almost double the sensitivity. Additionally, the carbon
nanotube modification also improved the linearity of the
electrode.

3.3. Clinical trials

We carried out clinical trials using 31 patients’ blood sam-
ples. After the total cholesterol in blood samples were de-
termined by the cholesterol sensors presented in this paper
and routine hospital blood analyzer individually, the results
w ed in
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Table 1
Repeatibility of the biosensor

Concentration
(mg/dl)

Response current (�A) Mean
(�A)

R.S.D.
(%)

Sensor
no. 1

Sensor
no. 2

Sensor
no. 3

213 1.522 1.531 1.556 1.536 1.259
343 2.038 2.205 2.280 2.174 5.658
403 2.443 2.401 2.412 2.419 8.700

sensors were used for each concentration. The testing results
and the calculated means and the relative standard deviations
are shown inTable 1, which indicates that the repeatability
of the biosensors is practically acceptable.

3.5. Interference

Ascorbic acid and uric acid at normal levels expected in
blood have no effect on the response current. This indicates
that these substances do not interfere during the blood total
cholesterol measurements.

3.6. Conservation

Many studies have shown that high trehalose concentra-
tion could protect enzymes from broiling, droughty and heavy
metal ion conditions. So, we used rehalose to maintain the
activity of the enzymes to prolong the life span of the biosen-
sors. Our experimental results indicated that the electrodes
keep stable for 2 months at room temperature without signif-
icantly losing sensitivity.

4. Conclusion
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and
D

ere analyzed and compared. The blood analyzer us
he clinic trials was Olympus AU2700, and the method u
as cholesterol oxidase–trinder reaction. The correlatio
fficient,r = 0.9430 indicated that testing results by the t
holesterol sensors and the routine hospital blood ana
ere agreed closely.

.4. Repeatability

In order to test the repeatability of cholesterol electro
e used three different concentration blood samples. T
A biosensor for monitoring total cholesterol in blood
emonstrated with a combination of cholesterol este
holesterol oxidase, peroxidase, potassium ferrocyanid
ulti-walled carbon nanotubes immobilized on a car
aste electrode. The modification of the carbon nanot
romoted the electron transfer so as to improve the
itivity of the cholesterol sensor. Within the total cho
erol range of 100–400 mg/dl, the testing results have sh

fairly good correlation with clinical laboratory meth
hile only 2�l blood sample was required for a test. T
creen-printing method provides a way for rapid, econo
nd reproducible manufacture of sensor electrode. The
or developed did therefore provide a promising econo
nd easy method for monitoring the total cholestero
lood.
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