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Abstract

We describe a novel electrochemical immunosensor for carbohydrate antigen 19-9 (CA19-9) based on the immobilization of

CA19-9 with titania sol–gel on a graphite electrode (GE) by vapor deposition. The CA19-9 membrane was characterized using

scanning electron microscopy and proved to be chemically clean, porous and homogeneous. The incubation of the

immunosensor in a solution containing horseradish peroxidase (HRP)-labeled CA19-9 antibody led to the binding of HRP-

labeled antibody with the immobilized antigen. The immobilized HRP catalyzed the oxidation of catechol by H2O2 and this

provided a competitive method for the measurement of serum CA19-9. The response current decreased with increasing CA19-9

concentration in the incubation solution. The effects of pH, amount of HRP-labeled antibody, incubation time and temperature

were explored to provide optimum analytical performance. Under optimal conditions, the current decrease of the immunosensor

was proportional to CA19-9 concentrations in the range of 3–20 U/ml with a detection limit of 2.68 U/ml at a current decrease

of 10%. The detection of CA19-9 in two serum samples obtained from clinically diagnosed patients with pancreatic carcinoma

showed acceptable accuracy. The proposed immunosensor provides a new promising tool for the clinical immunoassay of

CA19-9.
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1. Introduction

In recent years, immunosensors developed for the

diagnostic assay of biomolecules have attracted con-

siderable interest (Wang, 1999; Liu et al., 2001;

Grogan et al., 2002). Electrochemical immunosensors

combine simple, portable, low-cost electrochemical

measurement systems with specific and sensitive
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immunoassay procedures and thus represent a prom-

ising approach in clinical (Clerico et al., 2000; Wor-

wood, 2002), biochemical (Gervay and McReynolds,

1999; Sellrie et al., 2002) and environmental (Van

Emon et al., 1998; Fahnrich et al., 2002) analyses.

Electrochemical immunosensors are usually pre-

pared by immobilizing various kinds of antibody or

antigen on the electrode surface, and the analytes are

measured through the immunoreaction between the

immobilized ligand and the analytes or labeled con-

jugate species. Enzymes have been extensively used

as markers to improve the sensitivity of immuno-

assays by electrochemical amplification of the signals

(McNeil et al., 1995; Keay and McNeil, 1998; Wang

et al., 1998; Crowley et al., 1999; Santandreu et al.,

1999; Kuznetsov et al., 2001). Many enzymes such as

horseradish peroxidase (HRP) (McNeil et al., 1995;

Santandreu et al., 1999), alkaline phosphatase (Wang

et al., 1998; Crowley et al., 1999), laccase (Kuznetsov

et al., 2001) and glucose oxidase (Keay and McNeil,

1998; Campanella et al., 1999) have been used to

label the antibody or antigen and to produce the

electrochemically active species for amperometric

immunosensor preparation. Correspondingly, some

substrates such as H2O2 or O2, naphthyl phosphate

or p-aminophenol phosphate, O2 or ferrocene and

glucose or O2 and immobilized HRP are needed in

the test solutions for HRP, alkaline phosphatase, lac-

case and glucose oxidase, respectively. Sometimes,

when HRP is used as the marker an additional

substrate such as hydroquinone (Santandreu et al.,

1999) or o-aminophenol (Liu et al., 2001) is also

added to the detection solution as a mediator to

transfer electrons between H2O2 and the enzyme.

These amperometric immunosensors have been used

for the measurement of progesterone in cow’s milk

(Pemberton et al., 1999), mouse IgG (Toda et al.,

2002), creatinine (Benkert et al., 2000) and bacteria

such as E. coli and Salmonella (Abdel-Hamid et al.,

1999). Here, we report a novel immunosensor for

carbohydrate antigen 19-9 (CA19-9) by immobilizing

CA19-9 on a graphite electrode (GE) with titania sol–

gel membrane. The titania sol–gel thin film has been

shown to be clean, porous and homogeneous and to

have a very narrow particle size distribution for

protein immobilization (Yu and Ju, 2002). The immo-

bilized CA19-9 then competes with free CA19-9 in

the sample solution to conjugate the HRP-labeled
CA19-9 antibody. This procedure produces an HRP

modified surface, which is used for amperometric

immunoassay of CA19-9.

CA19-9 is one of the most important carbohydrate

tumor markers. The determination of serum CA19-9

levels is of great importance for clinical diagnoses of

pancreatic, colorectal, gastric and hepatic carcinomas.

In an earlier study, Ohkura et al. (1985) reported a

method for determining serum CA19-9 levels ranging

from 0 to 240 U/ml by enzyme-linked immunoabsorb-

ent assay (ELISA). In 1991 a chemiluminescent en-

zyme immunoassay was developed using alkaline

phosphatase as a labeling enzyme to quantify several

tumor markers including CA19-9 (Nishizono et al.,

1991). Zucchelli et al. (1992, 1994) then provided an

external quality assessment of the analytical perfor-

mance of CA19-9, CA125 and CA153 immunoassays.

Recently, a number of immunoassay kits and new

methods for CA19-9 determinations have become

available (Birk et al., 1997; Zhao et al., 1998; Okamura

et al., 2002). Although enzyme immunoassay is a

powerful tool for the detection of antigen and many

commercial kits are available for the determination of

CA19-9, there involve several incubation and washing

steps followed by spectrophotometric detection using a

chromogenic substrate (Van Emon and Lobez-Avila,

1992). Immunosensors avoid these disadvantages and

the CA19-9 immunosensor described here provides a

separation-free electrochemical immunoasssy for the

determination of serum CA19-9. This method is not

subject to interference from many absorbing and

fluorescent compounds in typical serum samples. In

comparison with the results obtained by immunora-

diometric assay (IRMA), the immunosensor shows an

acceptable accuracy and appears to be practical, con-

venient and reliable.
2. Materials and methods

2.1. Materials

CA19-9 ELISA kits were purchased from Diagnos-

tic Products (DPC, USA). The ELISA kits consisted of

a series of CA19-9 standard solutions with different

concentrations from 0 to 240 U/ml and a stock solution

of HRP-labeled CA19-9 specific antibody from goat.

Bovine serum albumin (BSA) was obtained from
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Sigma (St. Louis, MO, USA). The dilution solution for

the enzyme conjugate contained 0.04% BSA and 1.0

mM ethylenediamine tetraacetic acid (EDTA) and 0.1

M phosphate buffered saline (PBS). Titanium isoprop-

oxide (Ti[OCH(CH3)2]4) was obtained from Aldrich.

All other reagents were of analytical grade. All sol-

utions were made up with deionized water of 18 MV

purified from a Milli-Q purification system. The serum

samples were separated by centrifugation from blood,

which was obtained from clinically diagnosed patients

with pancreatic cancer.

2.2. Instruments

Electrochemical measurements were performed on

a CHI 730 electrochemical analyzer (CHI, USA) with

a conventional three-electrode system comprising

platinum wire as auxiliary electrode, saturated calomel

electrode (SCE) as reference and HRP/CA19-9 mod-

ified graphite electrode as working electrode. The

IRMA procedure was carried out with a FMJ-182

Immunoradiometric Gramma Counter (China) accord-

ing to the instructions in the operator’s manual.

Scanning electron micrographs of titania sol–gel

and CA19-9 sol–gel membranes were obtained with

a Hitachi X-650 scanning electron microscope (Hita-

chi, Tokyo, Japan) at an acceleration voltage of 20 kV.

2.3. Preparation of CA19-9 immunosensor

The GE (6-mm diameter) was polished to a mirror

finish using 0.3- and 0.05-Am alumina slurry (Beuh-

ler) followed by thorough rinsing with deionized

water. After sonication successively in 1:1 nitric acid,

acetone and double distilled water, the electrode was
Fig. 1. Principle of the CA19-9 immunosensor based on immobilized an
rinsed with distilled water and allowed to dry at room

temperature. Before immobilization of CA19-9, the

electrode was pretreated electrochemically by apply-

ing a potential of + 1.75 V in 0.1 M PBS pH 5.0 for

300 s, and cyclical scanning between + 0.3 and + 1.2

V for 30 cycles and then + 0.3 and � 1.3 V until a

steady-state current–voltage curve was observed

(Wang et al., 2001). A 10-Al aliquot of a 240 U/ml

CA19-9 standard solution was dropped onto the

treated electrode surface. The electrode was then

suspended vertically above titanium isopropoxide in

a sealed flask and kept at a constant temperature of 25

jC for 6 h. This resulted in adsorption of saturated

titanium isopropoxide vapor by the CA19-9 solution

and slow formation of a titania sol–gel membrane

through hydrolysis of titanium isopropoxide on the

surface, which trapped the CA19-9 molecules in the

membrane (Yu and Ju, 2002). After rinsing thorough-

ly with deionized water, an immunosensor for CA19-9

was obtained, which was kept in PBS pH 6.6 at 4 jC
prior to use.

2.4. Measurement procedure

The immunosensor for CA19-9 was incubated in

an incubation solution of 1.0 ml at 30 jC for 2 h and

then washed carefully with deionized water. The

incubation solutions were prepared by diluting differ-

ent volumes of the enzyme conjugate solution with

BSA/EDTA/PBS dilution solution to 1.0 ml. For the

measurement of CA19-9, one competitive assay con-

figuration was used and 10-Al CA19-9 standard solu-

tion or serum sample was added to 0.99-ml incubation

solution. The schematic diagram of the procedure is

shown in Fig. 1. All electrochemical measurements
tigen, competitive immunoreaction and electrochemical detection.



Fig. 2. Cyclic voltammograms of HRP/CA19-9 modified electrode

in (a) 0.1 M PBS pH 6.6, (b) (a) + 0.5 mM catechol and (c) (b)
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were done in an unstirred electrochemical cell con-

taining 0.1-ml 5.0 mM catechol, 0.1-ml 5.0 mM H2O2

and 0.8-ml PBS at 20F 0.5 jC. After the incubation

step, the HRP/CA19-9 modified electrode was im-

mersed in the electrochemical cell to study the elec-

trochemical response of H2O2 and catechol solution

using cyclic voltammetry and differential pulse vol-

tammetry (DPV). The DPV measurements were per-

formed from + 0.7 to � 0.2 V with the pulse

amplitude of 50 mV and the pulse width of 50 ms.

Although the dissolved oxygen in the detection solu-

tion showed little effect on the electrochemical meas-

urements, in order to obtain more accurate results all

solutions for electrochemical detections were deaer-

ated by high-purity nitrogen for 5 min and a nitrogen

atmosphere was maintained over the solutions during

the measurements.
+ 0.5 mM H2O2. Scan rate: 50 mV/s.
3. Results and discussion

3.1. Cyclic voltammetric behavior of HRP/CA19-9

modified electrode

After the HRP/CA19-9 modified electrode was

immersed in 0.1 M PBS pH 6.6 containing 0.5 mM

catechol and 0.5 mM H2O2 for 40 s, both the cyclic

voltammogram and DPV gave steady responses. The

HRP/CA19-9 modified electrode showed a low back-

ground current in 0.1 M PBS pH 6.6 (curve a in Fig.

2). When 0.5 mM catechol was added in PBS, the

cyclic voltammogram showed a couple of oxidation

and reduction peaks of catechol at 50 mV/s (curve b in

Fig. 2). Upon addition of H2O2 to the solution, the

reduction peak current increased dramatically, the

oxidation peak current decreased (curve c in Fig. 2),

and the reduction peak potential of catechol shifted

slightly in a negative direction, indicating an obvious

electrocatalytic characteristic of the immobilized HRP

to the reduction of catechol. The electrocatalytic

process was the same as that described by Xiao et

al. (1999).

3.2. Scanning electron microscopy of titania sol–gel

and CA19-9/titania sol–gel films

The surface morphology of the titania sol–gel

matrix is an important factor affecting the immobili-
zation of CA19-9. Fig. 3 shows the surface features of

titania sol–gel and CA19-9/titania sol–gel films. The

micrograph of titania sol–gel film displayed a chem-

ically clean three-dimensional uniform porous struc-

ture. The aggregates of the titania sol–gel matrix on

the electrode surface showed a very narrow particle

size distribution (Fig. 3a). This uniform open structure

provided a significant increase of effective electrode

surface for CA19-9 loading and a good preparation

reproducibility for the immobilized CA19-9 electrode.

When CA19-9 was immobilized on the titania sol–gel

matrix, the uniform open structure was retained and

bright particles of CA19-9 were observed (Fig. 3b).

This structure resulted in free binding of the enzyme

conjugate with immobilized CA19-9 and a good

amperometric response.

3.3. Optimization of immunosensor preparation

The electrocatalytic activity achieved mainly de-

pended on the surface binding of HRP-labeled CA19-9

antibody, which was related to the immobilization and

stability of CA19-9 on the titania sol–gel membrane.

The amount of CA19-9 deposited on the electrode

surface greatly affected its immobilization and satis-

factory preparation of the immunosensor. An optimal

volume of 10 Al for 240 U/ml CA19-9 standard

solution was selected. CA19-9 molecules were diffi-



Fig. 3. Scanning electron micrographs of graphite electrodes coated with (a) titania sol–gel and (b) CA19-9/titania sol–gel films.

Fig. 4. Effects of dilution of HRP-labeled CA19-9 antibody solution (A), pH of incubation solution (B), incubation temperature (C) and

incubation time (D) on DPV peak current of the immunosensor in 0.1 M PBS pH 6.6 containing 0.5 mM catechol and 0.5 mM H2O2.
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Fig. 5. Differential pulse voltammograms of the immunosensor in

0.1 M PBS pH 6.6 containing 0.5 mM catechol and 0.5 mM H2O2

after incubation in 1.0-ml pH 6.6 incubation solutions containing

50-Al HRP-labeled CA19-9 antibody and (1) 0, (2) 3.0, (3) 6.0, (4)

10.0, (5) 16.0, (6) 20.0, (7) 25.0 and (8) 30.0 U/ml CA19-9 at 30 jC
for 120 min.
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cult to disperse on a hydrophobic electrode surface and

discrete foci of CA19-9 molecules were obtained on

the surface. In contrast, a hydrophilic surface was

beneficial to the immobilization of CA19-9. Thus the

electrode was firstly scanned between + 0.3 and + 1.2

V for 30 cycles and then + 0.3 and � 1.3 V to increase

its surface hydrophilicity (Kepley and Bard, 1988;

Wang et al., 2001). The stability of the titania sol–

gel membrane depended on the deposition temperature

and membrane thickness. The temperature affected

directly the vapor pressure of titanium isopropoxide

and thus controlled the hydrolysis rate. The experi-

mental results showed that the optimal conditions were

at 25 jC for 6 h (Yu and Ju, 2002).

3.4. Optimization of immunoassay conditions

The concentration of HRP-labeled CA19-9 anti-

body in the incubation solution was another impor-

tant parameter. The effect of dilution of HRP-

labeled CA19-9 antibody solution on the DPV peak

current is shown in Fig. 4A. With increasing

volume of HRP-labeled CA19-9 antibody solution

added in the incubation solution, the catalytic peak

current increased and then tended to stabilise at a

constant value. At a dilution of 50:950, the current

reached a maximum value, indicating that the

amount of the HRP-labeled CA19-9 antibody in

the incubation solution was enough to match the

amount of the immobilized CA19-9 in the titania

sol–gel membrane. Thus, 1.0 ml of incubation

solution containing 50-Al HRP conjugate was used

for the immunoreaction.

Other factors which influenced the immunoreac-

tion between the immobilized CA19-9 and HRP-

labeled CA19-9 antibody included the pH of the

incubation solution, incubation temperature and incu-

bation time. The relationship between the catalytic

peak current of the HRP/CA19-9 modified electrode

to the H2O2 and catechol system and the pH of the

incubation solution indicated that the optimal pH

range was between 5.1 and 6.9, with the maximum

response at pH 6.6 (Fig. 4B), which was close to the

pH value usually used for the binding between antigen

and its enzyme conjugate. Accordingly, pH 6.6 PBS

was selected for immunoassay.

The effect of incubation temperature on the DPV

peak current was studied over a temperature range
from 15 to 60 jC. The maximum response occurred at

an incubation temperature of 30 jC (Fig. 4C). With

increasing incubation time the catalytic response of

the immobilized HRP to the H2O2 and catechol

system increased and reached a maximum at 120

min. Longer incubation times did not improve the

response. Therefore, the optimal incubation condi-

tions were PBS pH 6.6 containing 1/20 HRP conju-

gate solution at 30 jC for 120 min.

3.5. Electrochemical response of the immunosensor to

CA19-9 concentration

A competitive assay configuration was used for the

determination of CA19-9. The standard solution of

CA19-9 at a known concentration or one serum

sample was added to the incubation solution contain-

ing 1/20 HRP conjugate solution. The CA19-9 in the

solution competed with the immobilized CA19-9 on

the membrane to bind to the limited binding sites of

the HRP-labeled CA19-9 specific antibody. As

expected for a competitive mechanism, the DPV

catalytic peak current of the immobilized HRP to

the H2O2 and catechol system showed a decrease with

increasing CA19-9 concentrations in the incubation

solution (Fig. 5). The decrease in peak current was



Fig. 6. Calibration curve for CA19-9 determination. Inset: linear

relationship between DPV peak current and CA19-9 concentration.
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proportional to the CA19-9 concentration over the

range of 3–20 U/ml with a correlation coefficient of

0.9965 and a linear slope of 2.171 (F 0.1053) AA/U/
ml (Fig. 6). The detection limit was calculated to be

2.68 U/ml taken as the concentration equivalent to a

10% decrease in signal (Keay and McNeil, 1998).

Higher serum CA19-9 levels could be detected with

an appropriate dilution.

3.6. Selectivity and application of CA19-9

immunosensor

Because of the expression of other antigens such as

CA125 in many gastrointestinal malignancies includ-

ing pancreatic, colorectal, gastric, and hepatic carci-

nomas, it was important to examine the selectivity of

CA19-9 immunosensor. When the incubation solution

contained 10 U/ml CA125 and 10 U/ml CA19-9, no

difference in current was observable in comparison

with the result obtained in the presence of CA19-9

alone. An increase in CA125 concentration did not
Table 1

Comparison of serum CA19-9 levels determined using two methods

Serum samples 1 2 3 4

Immunosensor (U/ml) 9.5 17.1 19.8 30.6

IRMA (U/ml) 8.7 16.6 20.8 28.7

Relative deviation (%) 9.2 3.0 � 4.8 6.6
lead to a significant change in current. Thus, the

immunosensor had a good selectivity to CA19-9.

After nine serum samples were diluted with the

appropriate volumes of dilution solution, serum

CA19-9 concentrations were detected from DPV peak

currents of the CA19-9 immunosensor. In parallel, the

CA19-9 concentrations were also detected with

IRMA. The results are shown in Table 1. The relative

deviations between the two methods were in the range

of 9.2–4.8%, indicating an acceptable agreement.

Thus, the immunosensor could be satisfactorily ap-

plied to the clinical determination of CA19-9 levels in

pancreatic cancer samples.

3.7. Reproducibility of the CA19-9 immunosensor

The intra-assay precision of the immunosensors

was evaluated by assaying the CA19-9 levels of two

sera for five replicate measurements in the same run.

The intra-assay coefficients of variation with this

method were 6.9% and 4.2% at CA19-9 concentra-

tions of 3.8 and 12 U/ml, respectively. The inter-assay

precision, or fabrication reproducibility, was estimated

by determining in duplicate the CA19-9 level in one

serum sample using five immunosensors made inde-

pendently at the same electrode. The inter-assay

precision was 10.4% at a CA19-9 concentration of

18 U/ml, indicating an acceptable reproducibility.

3.8. Stability of the CA19-9 immunosensor

The immunosensor rapidly lost its sensitivity when

stored in air. However, the immunosensor could retain

its current response after a storage period of 3 weeks

in PBS pH 6.6 at 4 jC. This indicated that titania sol–

gel prepared by the vapor deposition method provided

a biocompatible microenvironment around the antigen

molecule and essentially stabilized its biological ac-

tivity. The large quantities of hydroxyl groups in the

sol–gel hybrid material were able to form strong
5 6 7 8 9

37.6 42.8 54.3 61.2 965

38.2 44.5 57.5 59.5 979

� 1.6 � 3.8 � 5.6 2.9 � 1.4
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hydrogen bonds (Yu and Ju, 2002). These hydrogen

bonds and the intermolecular interactions between

antigen molecules and specific sites of the titania

sol–gel prevented the immobilized antigen from leak-

ing out of the thin film. On the other hand, the titania

sol–gel did retain its porous structure on the storage

so that the immobilized antigen was able to bind

freely to the HRP-labeled antibody.
4. Conclusions

We have developed a novel immunosensor and

immunoassay method for CA19-9 in serum samples

by immobilizing CA19-9 in a titania sol–gel thin

film. A competitive immunoreaction results in binding

of HRP-labeled CA19-9-specific antibody to the

immobilized CA19-9. The electrocatalytic response

of the immobilized HRP to the H2O2 and catechol

system shows a decrease proportional to the CA19-9

concentration and this can be used for the determina-

tion of serum CA-19-9 levels without the requirement

for separation or washing steps. The immunosensor

demonstrated good accuracy, acceptable selectivity,

sensitivity, reproducibility, storage stability and preci-

sion. The sol–gel film is very efficient for the

immobilization of antigen and could be extended to

the preparation of other amperometric immunosensors

for the detection of important antigens.
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