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bstract

An amperometric choline biosensor was developed by immobilizing choline oxidase (ChOx) in a layer-by-layer (LBL) multilayer film on a
latinum (Pt) electrode modified with Prussian blue (PB). 6-O-Ethoxytrimethylammoniochitosan chloride (EACC) was used to prepare the ChOx
BL films. The choline biosensor was used at 0.0 V versus Ag/AgCl to detect choline and exhibited good characteristics such as relative low
etection limit (5 × 10−7 M), short response time (within 10 s), high sensitivity (88.6 �A mM−1 cm−2) and a good selectivity. The results were
xplained based on the ultrathin nature of the LBL films and the low operating potential that could be due to the efficient catalytic reduction of

2O2 by PB. In addition, the effects of pH, temperature and applied potential on the amperometric response of choline biosensor were evaluated.
he apparent Michaelis–Menten constant was found to be (0.083 ± 0.001) ×10−3 M. The biosensor showed excellent long-term storage stability,
hich originates from a strong adsorption of ChOx in the EACC multilayer film. When the present choline biosensor was applied to the analysis
f phosphatidylcholine in serum samples, the measurement values agreed satisfactorily with those by a hospital method.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The quantitative determination of choline in biological sam-
les such as human bile, serum, amniotic fluid, brain extracts and
harmaceutical products is important in clinical analysis [1–4].
hus, the development of amperometric choline biosensors uti-

izing choline oxidase (ChOx) is an active research area because
iosensors offer simple, inexpensive, rapid and reliable means
or the analysis [5–16].

ChOx has been immobilized onto the electrode surfaces
y a variety of techniques, including casting and electropoly-

erzation, cross-linking and self-assembly techniques [6–15].
ecently, ordered protein multilayers can also be produced with
layer-by-layer (LBL) technique based on physical adsorption

∗ Corresponding author. Tel.: +86 22 23506182; fax: +86 22 23506122.
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riven by an ionic force of attraction [17]. The LBL technique
as recently been extended to a variety of materials, including
ynthetic polymers, nanoparticles, nucleic acids and proteins
5,16,18–25]. As far as proteins are concerned, the major advan-
age of the LBL technique lies on the possibility of minimizing
enaturing because the adsorption process is carried out in aque-
us solutions under mild conditions. The LBL film-modified
nzyme sensors have been shown to exhibit a good reproducibil-
ty, stability and high sensitivity [5,16,18,19,23–25].

Most of amperometric choline biosensors have been used
ased on the direct oxidation of enzymatically liberated hydro-
en peroxide (H2O2) or mediator-based determination [5–16].
he direct detection of H2O2 is usually accomplished by the oxi-
ation at anodic potentials (greater than +0.6 V versus Ag/AgCl)

5,6,10–13,15–16]. However, electrochemically active interfer-
ng species which are usually present in biological fluids, such
s ascorbic acid, uric acid and acetaminophen, are easily oxi-
ized at the same potentials and produce an interfering current

mailto:qiangchen@nankai.edu.cn
dx.doi.org/10.1016/j.talanta.2006.02.012
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18,26]. This results in a difficulty in the quantitative analysis of
2O2 and the enzyme substrate.
This drawback can be circumvented by operating the sen-

or at lower potential range (from −0.2 V to 0.0 V versus
g/AgCl) where interfering reactions cause only a minor influ-

nce on the biosensor response [7–9,12,14]. Up to now, there are
nly two low-potential transducers for H2O2 reduction: perox-
dase [9,12] and metal hexacyanoferrate [7,8,14]. Prussian blue
PB) with particular characteristic of catalyzing H2O2 reduc-
ion at a potential range between −0.2 V and 0.0 V (versus
g/AgCl), is defined as “artificial peroxidase” and the “range
ffering the most sensitive and interference-free detection” for
mperometric biosensors [7,27–30]. Thus, the effects of the
ost common interfering species can be avoided or greatly

educed. Additionally, its long-term stability makes it more
uitable than horseradish peroxidase (HRP) in assembling mod-
fied electrode [7,30]. Recently, papers have appeared on con-
tructing oxidase enzyme-based biosensors for the detection of
holine [7,8,14], glucose [24,30–32], glutamate [32–34], lac-
ate [32,35,36], cholesterol [37,38], oxalate [39] and sucrose
40].

We report here an efficient and simple way to pre-
are choline biosensors using ChOx and 6-O-ethoxytrime-
hylammoniochitosan chloride (EACC) multilayer films
eposited on a PB-modified platinum (Pt). According to our
nowledge, LBL technique has never been used for the immo-
ilization of ChOx on PB-modified electrode. In addition, no
ork has concerned the immobilization of enzymes with EACC

or biosensor applications. In this paper, EACC is first used
nstead of chiotsan to fabricate layer-by-layer film to improve
he characteristics of choline biosensor. EACC films have
n excellent film-forming ability, high permeability towards
ater and small molecules, good adhesion, non-toxicity,
igh mechanical strength and good biocompatibility [41–43].
ll these virtues make it a promising matrix for enzyme

mmobilization for the practical use of biosensors [42,43].
he experimental conditions related to the preparation and
haracteristics of the deposition behavior of EACC and ChOx
o fabricate the choline biosensor have also been studied in
etails and discussed. The choline biosensor thus fabricated
xhibits excellent performances, such as relative low detection
imit, fast response time, high sensitivity and good stability.

. Experimental

.1. Reagents

Choline oxidase (ChOx, EC 1.1.3.17, from Alcaligenes
pecies, 17 units mg−1) and phospholipase D (PLD, EC 3.1.4.4,
rom Streptomyces species, 150 units mg−1) were obtained from
igma (USA). 6-O-Ethoxytrimethylammoniochitosan chloride
EACC, degree of deacetylation was >85%, MW: 80,000) was
ifted from Tianjin University (China). Choline chloride was

btained from Sigma. Serum samples were obtained from the
ospital at Nankai University. All other reagents were of ana-

ytical grade and used without further purification. All aqueous
olutions were prepared using doubly distilled water.
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w
w
b
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.2. Preparation of PB film on the Pt electrode

The Pt electrode (diameter 3 mm) was polished with alumina
owder, washed with double distilled water, and finally soni-
ated thoroughly in double distilled water before use. Then, the
t electrodes were modified with a PB film according to the
eported procedure [24]. The Pt electrode was potentiostatically
eposited at a potential of +0.4 V during 60 s from an aque-
us 2 × 10−3 M K3[Fe(CN)6] + 2 × 10−3 M FeCl3 solution in
.1 M KCl + 0.01 M HCl. After deposition, the modified elec-
rodes were rinsed with double distilled water and immersed into
solution containing 0.1 M KCl + 0.01 M HCl, where the elec-

rode potential was cycled between 0.0 V and 1.0 V at a scan rate
f 50 mV s−1, until a stable voltammetric response was obtained
24].

.3. Preparation of (EACC/ChOx)n multilayer
lm-modified choline sensor

ChOx can be used as polyanionic material for preparing LBL
lm around pH 7.4, because the isoelectric point (pI) of ChOx

ies around pH 4.5 [16]. The pH of ChOx solution has been
et apart from pI so that the protein is sufficiently charged. The
olution for enzyme immobilization thus used was consisted of
.2 mg mL−1 of ChOx in 0.1 M phosphate buffer solution at pH
.4.

The multilayer films containing EACC and ChOx were pre-
ared on the PB-modified Pt electrode according to the reported
rocedure [18]. The PB-modified Pt electrode was immersed
n an EACC solution (2 mg mL−1 in Dulbecco’s buffer solution
18], pH 7.4) for 20 min to deposit the first polycationic layer.
fter being rinsed in phosphate buffer solution (pH 7.4) for 5 min

o remove weakly adsorbed polycations, the Pt electrode was
mmersed in a ChOx solution for 20 min to immobilize enzyme
n the polycation-modified electrode through electrostatic force.
hen the Pt electrode was washed with phosphate buffer solution

pH 7.4) for 5 min to remove weakly adsorbed enzymes. Such
eposition and rinsing processes were carried out repeatedly to
btain the desired number of layers. The resulting enzyme elec-
rodes were thoroughly washed with phosphate buffer solution
pH 7.4) and stored in phosphate buffer solution (pH 7.4) below
◦C for future use. Fig. 1 shows the chemical structure of EACC
nd a possible structure of the EACC/ChOx multilayer film.

.4. Electrochemical measurements

The electrochemical instrument consisted of a
otentiostat–Galvanostat (EG&G PARC Model 283 with

software M270). The electrochemical measurements of
he choline biosensor were carried out with a conventional
hree-electrode system. A PB/(EACC/ChOx)n film-modified
lectrode (3 mm diameter) was used as a working electrode, a Pt
ire (1 mm diameter) as an auxiliary electrode and an Ag/AgCl
s a reference electrode. All the electrochemical measurements
ere carried out in 20 mL of 0.1 M phosphate buffer solution
ith a gently stirring. Prior to the experiment, the phosphate
uffer solution was deoxygenated by bubbling thoroughly with
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Fig. 1. (A) Chemical structure of 6-O-ethoxytrimethylammoniochito

igh-purity nitrogen at least 15 min. Then a stream of nitrogen
as blown gently across the surface of the phosphate buffer

olution to maintain the solution anaerobic in the experiment.
he background current was allowed to decay to a steady value
efore aliquots of stock choline solution were added.

.5. Gravimetric measurements

A quartz crystal microbalance (QCM) (QCA 917 Model, EG
G) with an AT-cut quartz resonator (9 MHz) whose surface

effective surface area: 0.2 cm2) is covered with a Pt thin layer
as used to monitor the deposition of EACC and ChOx. The
eposition process of PB/(EACC/ChOx)n is the same as above.
n the QCM device used, the adsorption of 1 ng mass induces a
0.91 Hz change in the resonance frequency as discussed in the

ext section [5].

. Results and discussion

.1. QCM Study

Prior to fabricating choline biosensors, a set of QCM mea-
urement was performed to clarify the deposition behavior of
he EACC and ChOx. The relationship between the change in
esonant frequency (�F) resulting from a change in mass (m),
s given by Eq. (1) [44]:

2 −1/2 −1
F = −2F0 (ρqµq) mA (1)

here �F is the measured frequency shift due to the adsorbed
ass in Hz, F0 the fundamental oscillation frequency of the dry

rystal (9 × 106 Hz), ρq the density of quartz (2.65 g cm−3), µq

r
a
c
p

hloride. (B) Possible structure of Pt/PB/(EACC/ChOx)n LBL films.

he shear modulus (2.95 × 1011 dyn cm−2), A the quartz area
0.2 cm2) and m is the deposited mass. For the 9 MHz quartz
rystal used in this work, Eq. (1) predicts that an adsorbed mass
f 1 ng corresponds to a frequency reduction of 0.91 Hz [5].

The insets of Fig. 2 show the typical adsorption kinetics
or two consecutive steps of the EACC/ChOx bilayer assem-
ly. The inset A of Fig. 2 shows frequency changes induced by
he adsorption of EACC (curve a) and that during the subse-
uent washing process (curve b). In curve a, one can see a time
ourse of the frequency decrease due to the adsorption of EACC,
here the adsorption of EACC required ca. 20 min to reach equi-

ibrium. Curve b shows the desorption of the small excess parts
f the adsorbed EACC by washing with phosphate buffer solu-
ion probably due to a weak binding. After washing, the final
oading of EACC was ca. 154 ± 10 ng (ca. 140 ± 10 Hz). Fre-
uency changes due to the adsorption of ChOx onto the resulting
ACC-covered film are shown in the inset B of Fig. 2, where
similar adsorption and washing behavior was observed. The

oading of ChOx was ca. 143 ± 10 ng (ca. 130 ± 10 Hz). The
hickness of the each EACC and ChOx layers can be estimated
o be 6.4 nm and 5.6 nm, respectively, assuming the density of
.2 ± 0.1 g cm−3 for EACC layer and 1.3 ± 0.1 g cm−3 for ChOx
ayer according to the reported procedure [45]. These results sug-
est that EACC and ChOx can be assembled successfully into
thin film (ca. 12 nm) by the layer-by-layer deposition tech-

ique. Furthermore, EACC is easily soluble in both acidic and
asic solutions and is a better candidate for a polycationic mate-

ial in fabricating biosensors. In fact, the results shows that the
ssemble effect of water-soluble EACC (6.4 nm) is better than
hitosan (4.9 nm) [19]. The reason is that EACC is a stronger
olycationic than chitosan, because it has the cationic group of
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molecular can pass smoothly through the thin EACC/ChOx
films and the enzymatic reaction is mainly preceded in diffusion
control process. The sensitivity further increased when the num-
ber of bilayers was more than 10. However, the response time

Table 1
Effect of the number of bilayers on the sensitivity and limit of detection (LOD)
of choline

The number of
EACC/ChOx bilayers

Sensitivity
(�A mM−1 cm−2)

LOD (M)

2 14.7 1 × 10−4

3 24.3 1 × 10−4

4 31.7 5 × 10−5

5 40.9 5 × 10−5

6 49.3 5 × 10−5
ig. 2. Relationship between the frequency change and the number of EACC/C
ithin five measurements. The inserts display the frequency changes of QCM

mmersed in EACC or ChOx solution at (a) and in phosphate buffer solution at

uaternary ammonium salt in its “O-”site and improves proto-
ation of the amino groups. Therefore EACC is easier to be
rotonated and stronger base than chitosan, and provides the
etter properties for fabricating multilayer film with negative
nzyme through electrostatic force than chitosan itself.

The multilayer films containing EACC and ChOx were pre-
ared on the quartz resonator to monitor the deposition behavior.
ig. 2 shows the frequency shifts of the resonator during the
eposition of the EACC/ChOx bilayer. The resonance frequency
hanged linearly, confirming a linear growth of the EACC/ChOx
ultilayer film as a function of the number of bilayers. This

esults mean that the EACC/ChOx multilayer film is success-
ully formed through electrostatic force of attraction between
he protonated EACC and negatively charged ChOx (pI, 4.5)
16] and that, in each deposition step, the amount of enzyme
mmobilized is approximately the same.

.2. Effect of the number of bilayers on the sensitivity of
holine sensors

Electrochemical measurements were carried out to evaluate
he effects of the number of EACC/ChOx bilayer on the sen-
itivity of the choline biosensor. The wide concentration range
5 × 10−7 M to 1 × 10−4 M) of choline solutions were used in
he present assays. Table 1 shows the sensitivity for choline

ncreases almost linearly with the number of EACC/ChOx
ilayers stepwise from 14.7 �A mM−1 cm−2 for 2 bilayers to
8.6 �A mM−1 cm−2 for 10 bilayers. The sensitivity of the
iosensors obtained from the slope of the initial linear part of

1

bilayers deposited on the quartz resonator. The error bars show the deviations
ced by the deposition of EACC (A) and ChOx (B). The quartz resonator was

he calibration, with different limits of detection respectively
three times the noise, see Table 1). Such an increase in the sen-
itivity is attributed to the fact that the larger amount of enzyme
as immobilized in the multilayer films when the number of
ilayers is increased. These results are promising because the
ensitivity could be controlled by changing the number of bilay-
rs. Moreover, the LBL method allows fine control of thickness
f the enzyme layer to avoid mass transport problems. As already
iscussed, the fact that the sensitivity increased well proportion-
lly with the increased EACC/ChOx bilayer means the choline
7 58.4 5 × 10−6

8 69.4 5 × 10−6

9 80.2 5 × 10−7

0 88.6 5 × 10−7
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Fig. 3. Effect from the possible interferents in choline sensors. Amperometric
response was obtained with 10 bilayers Pt/PB/(EACC/ChOx) biosensor in a
0.1 M phosphate buffer solution (pH 7.4) at 0.0 V vs. Ag/AgCl. The arrows
show the each moment at the injection of the interfering compounds of ascorbic
acid (1), uric acid (2), acetaminophen and (3) (each injection was controlled
t
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at the electrode is very low. It is similar to that of choline
biosensor prepared with [poly(ethyleneimine)/ChOx]10 film
(10 s), and shorter than that of choline biosensor prepared with
56 H. Shi et al. / Tala

ecame slower for the thicker films probably due to the diffu-
ion problem. Based on the above results, we chose 10 bilayers
f PB/(EACC/ChOx)10 film-modified electrodes to construct
holine biosensors.

.3. Optimization of experimental parameters

The effects of pH, temperature and applied potential on the
ehavior of the PB/(EACC/ChOx)10 multilayer film-modified
lectrode have been investigated.

The effect of the pH value of the sample solution on the
urrent response of the PB/(EACC/ChOx)10 film modified elec-
rodes to 5 × 10−5 M choline was studied at 0.0 V over the pH
ange 6.0–10.0 in a 0.1 M phosphate buffer solution (data not
hown). The currents increased from pH 6.0 to 7.4 and then
ecreased over pH 7.4. This decrease might be due to the poor
nzyme activity. Hence, the optimum pH for the choline biosen-
or to obtain the maximum response was determined to be 7.4.
he result was similar to the literatures data with a maximum of

he response current at around pH 7.4 reported at PB modified
lectrodes [8,14]. The result indicated that the present choline
iosensor has not altered the optimum pH of ChOx (pH 7.0–8.0)
46].

The effect of temperature on the current response of
B/(EACC/ChOx)10 film modified electrodes was also stud-

ed in 5.0 × 10−5 M choline solutions (pH 7.4) at 0.0 V (data
ot shown). The current response increased with the increasing
emperature and reached the maximum response at ca. 30 ◦C.
hen the current began to decrease as the temperature increased
ver 30 ◦C. The current decreased above 30 ◦C may be due to
hermal inactivation of ChOx. Thus, the optimum temperature
as ca. 30 ◦C for the choline biosensor.
The effect of the applied potential on the current response of

ensor was also studied. The current response increased from
0.2 V and reached the maximum at 0.0 V (versus Ag/AgCl).
pplication of the more negative potential did not improve the

urrent response (data not shown). Thus, the choline biosensor
as polarized at 0.0 V (versus Ag/AgCl). Based on the results,
e used the choline sensors at 0.0 V (versus Ag/AgCl) in this

tudy.

.4. Effect of interfering materials

The selectivity of the biosensor for choline detection was
valuated in the presence of possible interfering compounds such
s ascorbic acid, uric acid and acetaminophen. The effect was
ested by adding these substances to the choline solution. As
hown in Fig. 3, the electrode was first kept in a stirred phos-
hate buffer solution (0.1 M, pH 7.4) at 0.0 V and a 0.05 mM
holine solution was added. Then, 0.1 mM of ascorbic acid, uric
cid and acetaminophen were added sequentially, which were
ndicated by arrows in Fig. 3. Little changes in current due to the
nterferences were observed. Following the addition of the inter-

erences, further choline (0.05 mM) was added into the solution.
he results confirmed the high selectivity of the choline biosen-
or, which may be attributed to the low potential (0.0 V versus
g/AgCl).

F
c
7
c

o 0.1 mM of interfering compounds). The current plateaus correspond to the
njection of choline (the attained concentration is 0.05 mM).

.5. The properties of choline biosensors

Fig. 4 shows the typical current–time plots for a choline
iosensor built with PB/(EACC/ChOx)10 multilayer film-
odified Pt electrode upon the addition of successive choline

olution in a 0.1 M phosphate buffer solution (pH 7.4) at 0.0 V.
ach addition corresponds to a 0.01 mM solution increase of
holine concentration. The response time achieved in the 95%
alue of the steady states current is short (approximately 10 s),
robably because the film is ultrathin and the diffusion barrier
ig. 4. Amperometric responses obtained upon the successive addition of
holine solution at the applied potential 0.0 V in phosphate buffer solution at pH
.4 with a 10-bilayer LBL film of (EACC/ChOx) deposited on to Pt/PB. Each
urrent step corresponds to an increase of 0.01 mM in choline concentration.
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Table 3
Analysis of choline in serum samplesa

Sample
number

Determined by
spectrophotometric
method (1.0 × 10−4 M)

Determined by
choline biosensor
(1.0 × 10−4 M)

Recovery
(%)

1 0.248 ± 0.005 0.259 ± 0.006 104.4 ± 1.2
2 0.418 ± 0.006 0.442 ± 0.011 105.7 ± 1.8
3 0.674 ± 0.008 0.632 ± 0.028 93.8 ± 3.5
4 0.846 ± 0.010 0.817 ± 0.024 96.6 ± 2.4
5 1.032 ± 0.007 1.096 ± 0.043 106.2 ± 6.1
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t
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ig. 5. Calibration curve of the response current of the sensor to choline con-
entration in phosphate buffer solution at pH 7.4 at the applied potential 0.0 V
s. Ag/AgCl. The error bars show the deviations within five measurements.

poly(diallyldimethylammomium choride)/ChOx]8 film (15 s)
16].

A typical calibration curve of the choline biosensor was
btained toward a function of choline concentration at the
pplied potential of 0.0 V as shown in Fig. 5. According to the
ichaelis–Menten equation, the apparent Michaelis–Menten

onstant Km is calculated to (0.083 ± 0.001) ×10−3 M
rom Fig. 5. As shown in the insert of Fig. 5, the
B/(EACC/ChOx)10 film-coated biosensor indicated a linear
alibration graph in the concentration range of 5 × 10−7 M
o 1.0 × 10−4 M, with a linear regression equation for I
�A) = (−0.00316 ± 0.00177) + (−6.06002 ± 0.04116) × c
mM) and relative standard deviation R = −0.9977. The detec-
ion limit of choline biosensor was 5 × 10−7 M, based on three
imes measurements with the standard deviation of the blank
95% confidence level, k = 3, n = 5). This value is same to that
f PB-modified enzyme electrode [8] and lower than some of
ther PB-modified ChOx biosensors [7,14] (see Table 2). The
ensitivity of choline biosensor obtained from the slope of the
nitial linear part of the calibration is 88.6 �A mM−1 cm−2.
his value is also similar to the reported PB-modified enzyme
lectrode [8] and larger than some of other PB-modified ChOx
iosensors [7,14] (see Table 2). These results show that this

ind of choline biosensor based on ChOx immobilized in
BL film at PB-modified electrode is actually valuable and
ensitive.

able 2
russian blue-based choline biosensors - sensitivity and limit of detection (LOD)

n comparison with the literatures

lectrode Sensitivity
(�A mM−1 cm−2)

LOD (M) Reference

BL Pt/PB/(EACC/ChOx)10 88.6 5 × 10−7 This paper
arbon paste electrode 3.5 2 × 10−5 [7]
creen printed electrode 110 5 × 10−7 [8]
t electrode 67 5 × 10−5 [14]

c
w
i
T

4

e
s
o
t
p
t
A

a The values are averages of five measurements by the choline biosensor and
pectrophotometric method.

We checked a long-term stability of the choline sensor by
easuring the current response to 0.05 mM choline once in
day and stored in 0.1 M phosphate buffer solution (pH 7.4)

t 4 ◦C. The choline biosensor retained 85.7% of its initial
urrent response to choline after ca. 2 month. Thereafter, the
esponse deteriorated gradually. The good stability implies that
he existence of EACC film is actually helpful for improving
he stability of the enzyme electrode. Good stability may be
lso attributed to the enzyme entrapped strongly in the good
iocompatible EACC film which is stable in the detection
olutions.

.6. Analysis of serum samples

Phosphatidylcholine makes up a considerable proportion of
he lipid such as brain lipids and the determination of serum
hosphatidylcholine is important for the clinical diagnosis of
iver diseases. The phosphatidylcholine can be hydrolyzed by
hospholipase D (PLD) to phosphatidic acid and free choline,
hich can become the substrate for ChOx oxidation [47].

n the present work, for the determination of phosphatidyl-
holine in a serum sample, 1 mL of the sample was first
ncubated with a stock PLD solution (100 �L, 3 mg mL−1)
t 37 ◦C for 20 min to ensure the complete hydrolysis of
hosphatidylcholine and then diluted with phosphate buffer
olution (pH 7.4). To verify the reliability of the responses
f the choline biosensor, the sample was analyzed by the
holine biosensor comparing with a standard hospital method
spectrophotometric measurement). The analytical values of
holine by the present choline biosensor agreed satisfactorily
ith those by spectrophotometric method and the recover-

es values were in the range of 93.8 ± 3.5–106.2 ± 6.1% (see
able 3).

. Conclusions

The layer-by-layer (LBL) deposition technique has been
xploited to produce the sensitive and stable choline biosen-
ors. The high sensitivity and fast response time may be due not
nly to the efficacy in the enzyme immobilization but also to

he ultrathin nature of the LBL films, in which mass transport
roblems are minimized. Use of PB layer is useful for elec-
rocatalytic reduction of H2O2 at a low potential (0.0 V versus
g/AgCl), which makes it possible to avoid interference arising
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