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Abstract

The excellent direct electron transfer (DET) of enzyme labeled to antibody immobilized in designer organically modified silicate
(ormosil) sol-gel was achieved at an electrode, which was used to construct a novel reagentless immunosensor for antigen determination.
The synthesized ormosil architecture provided a hydrophilic interface for retaining the activity of immobilized enzyme labeled immuno-
component. The proposed immunosensor for carcinoembryonic antigen (CEA) prepared by immobilizing horseradish peroxidase-labeled
CEA antibody (HRP-anti-CEA) in the architecture showed a surface-controlled electrode process attributed to the DET between elec-
trode and HRP with a rate constant of 5.94 + 0.40 s~'. The formation of immunocomplex upon incubation in CEA or sample solution
led to block of DET and linearly decrease in voltammetric response over CEA concentration ranging from 0.5 to 3.0 and 3.0 to
120 ng ml™". The limit of detection for CEA was 0.4 ng ml~!. The immunosensor showed good accuracy and acceptable storage stability,

precision and reproducibility. The proposed method was simple, low-cost and potentially attractive for clinical immunoassays.

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

The development of simple, sensitive and specific immu-
noassays for quantitation of analytes is attracting great
interest in biological and food analysis and clinical diag-
nostics. Various conceptual approaches have been reported
in this field [1-3]. In conjunction the specificity of immuno-
reaction with the amplification feature of an enzyme label,
electrochemical immunoassay is being developed to pro-
vide a highly selective, sensitive and low-cost detection sys-
tem [4,5]. The key procedure in this goal is the
immobilization of biorecognition substance on electrode
surface and preserving sufficient bioactivity of the immobi-
lized immunocomponent.

Several methods such as avidin-biotin interaction [6],
covalent coupling [7] and entrapment in sol-gel [8] have
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been proposed for immobilization of immunocomponents.
Of these methods, sol-gel processes offer a relatively mild
route for the immobilization of biomolecules, which are
entrapped in the growing covalent gel network rather than
being chemically attached to an inorganic material [9]. This
interest derives mainly from the design flexibility through
the easy control of chemical composition. The gel network
can be prepared under ambient conditions and exhibits
tunable porosity, high thermal stability, chemical inertness
and negligible swelling, thus biomolecules entrapped in
sol-gel-derived matrix can exhibit improved performances
with respect to thermal and chemical denaturation, long-
term storage, and operational stability. In this work, a
novel designer organically modified silicate (ormosil) sol-
gel architecture containing electroactive enzyme labeled
antibody was formed on electrode surface for
immunosensing.

Direct electron transfer (DET) of enzyme labeled on
antibody is difficult because of the low concentration of
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labeled enzyme and the high molecular weight of antibody,
which blocks the electron transfer of labeled enzyme.
Although our previous works have observed the DET of
HRP labeled to carcinoma antigen-125 (CA125) [10] and
human serum chorionic gonadotrophin (hCQG) [11] anti-
bodies encapsulated in a titania sol-gel film by vapor depo-
sition method and competitive immunoreaction, the
electrochemical signal from the DET is weak due to the rel-
atively slow electron transfer rate. In this work the intrinsic
nanoporous property of the designed ormosil architecture
and the small sol-gel particles acted as electron-conduction
pathways in the architecture promote the electrical commu-
nication between redox sites of enzyme and sensing surface.
Thus a more sensitive immunosensor could be obtained for
direct electrochemical immunoassay of proteins, using car-
cinoembryonic antigen (CEA) as a model.

CEA is one of the most extensively used clinical tumor
markers. A number of immunoassay methods for CEA,
including radioimmunoassay [12], chemiluminescence
immunoassay [13], enzyme-linked immunosorbent assay
[14], fluoroimmunoassay [15] and electrochemical immuno-
assay [16], have been reported. These methods are usually
time and sample consuming due to several incubation
and washing steps needed in detection procedure. This pro-
posed strategy avoids the trouble of washing and adding a
mediator to the sample solution, and appears to be simple,
practical, convenient and significant in clinic diagnoses.

2. Experimental
2.1. Materials

CEA enzyme-linked immunosorbent assay (ELISA) kits
were purchased from BioCheck, Inc. (Foster city, USA).
The kits consisted of a series of CEA standard solutions
with different concentrations from 0 to 120 ng ml~', a stock
solution of HRP labeled CEA monoclonal antibody from
goat. Bovine serum albumin and (3-aminopropyl) triethox-
ysilane (APTES) were the products of Sigma Chemical
Company (St. Louis, MO USA). The dilute solution of
enzyme conjugate contained 0.04% bovine serum albumin,
1.0 mM ethylenediamine tetraacetic acid and 0.1 M phos-
phate buffer (PBS). All other reagents were of analytical
grade and made in Chinese chemical company. All solu-
tions were made up with deionized water of 18 MQ purified
from a Milli-Q purification system.

2.2. Preparation of HRP-anti-CEAlsol-gel immunosensor

Graphite electrode (GE) (4 mm diameter) was polished
to a mirror finish using 0.3 and 0.05 pum alumina slurry
(Beuhler) followed by rinsing thoroughly with deionized
water. After sonicated successively in 1:1 nitric acid, ace-
tone and deionized water, the electrode was allowed to
dry at room temperature.

As shown in Scheme 1, a homogeneous stock ormosil sol
was prepared by mixing 150 ul of APTES, 50 ul of tetrae-
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Scheme 1. Fabrication procedure of ormosil sol-gel film: (1) hydrolysis of
two precursors under weak basic condition, (2) formation of ormosil sol—
gel, and (3) preparation of bioactive surface.

thyoxysilane, 100 ul of 10 mM NaOH as catalyst and
700 ul of H,O in a small test tube under stirring for
4-5 min at room temperature. To immobilizec HRP-anti-
CEA in the gel network, 2 ul HRP-anti-CEA mixed with
2 pul ormosil sol was dropped on the pretreated GE surface
and allowed to dry for the formation of gel under ambient
condition for 3 h. After the modified electrode was rinsed
with deionized twice or thrice, the immunosensor, HRP-
anti-CEA/sol-gel/GE, was obtained. When not in use,
the sensor was stored in 0.1 M pH 7.0 phosphate buffer
(PBS) at 4 °C.

For morphological analysis the film was prepared in the
same way on a glass slide dealt with nitric acid and the mix-
ture H,SO4:H>O, (1:1). After coated with Au film to
improve the conductivity, the film was examined under a
scanning electron microscope (SEM, LEO 1530 VP, Ger-
many) at 5.00 kV.

2.3. Measurement procedure

Electrochemical measurements were performed on a
CHI 660B electrochemical workstation (Shanghai Chen-
hua Apparatus Corporation, China). All experiments were
carried out using a conventional three-electrode system
with the GE as working, a platinum wire as auxiliary,
and saturated calomel electrode as reference electrodes.

The one-step immunoreaction was accomplished on the
immunosensor surface. Ten microliters CEA standard or
sample solution was firstly diluted with 40 pul dilute solution
to a total volume of 50 pl in an incubation cup. The immu-
nosensor was then incubated in the solution at 30 °C for
35min and washed carefully with deionized water to
obtain an immobilized immunoconjugate layer, named as
CEA/HRP-anti-CEA/sol-gel/GE. The amount of the
immobilized immunocomplex depended on the concentra-
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tion of CEA in standard or sample solution. The detection
solution was 0.1 M pH 7.0 PBS. The differential pulse vol-
tammetric (DPV) measurements were performed from
4200 to —200 mV with a pulse amplitude of 50 mV and
a pulse width of 50 ms.

3. Results and discussion
3.1. Characterization of ormosil sol-gel/| GE

Fig. 1 shows the morphology of ormosil sol-gel film
observed with SEM. The film showed a uniform and con-
tinuous surface without macroscopic granularity or crack.
The aggregate of the ormosil matrix on the electrode sur-
face produced a nanoporous structure of nanoparticles
with a very narrow size distribution. The diameter of these
nanoparticles was about 15-20 nm. Such a platform pro-
vided a necessary conduction pathway and assisted the
electron transfer between the immobilized labeled enzyme
and the electrode.

3.2. Cyclic voltammetric behavior of HRP-anti-CEAlsol-
gellGE

The cyclic voltammograms of different electrodes
immersed in 0.1 M pH 7.0 PBS are shown in Fig. 2. No
response was observed at unpolished, polished and ormosil
sol-gel modified GEs (curves a-c). The polished GE
showed a lower charging current than the unpolished
GE. The coating of ormosil sol-gel led to a less back-
ground current. After mixing HRP-anti-CEA with the

Fig. 1. Scanning electron micrograph of graphitic electrode coated with
ormosil sol-gel at x40.0 K. Inset: x80.0 K.
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Fig. 2. Cyclic voltammograms of different electrodes in pH 7.0 PBS at
50mV s~ ': (a) unpolished bare GE, (b) polished bare GE, (c) sol-gel/GE
and (d) HRP-anti-CEA/sol-gel/GE, (¢) CEA/HRP-anti-CEA/sol-gel/GE
obtained after incubating (d) in 50 pl incubation solution containing 10 pl
of 30.0 ng mI~! CEA at 30 °C for 35 min.

sol-gel, a pair of stable and well defined redox peaks with
regard to the DET of Fe(Ill) to Fe(Il) conversion of the
immobilized HRP were observed (curve d). The anodic
and cathodic peak potentials were —36 and —60 mV (vs.
SCE) at 50 mV s~ !, respectively. After HRP-anti-CEA/
sol-gel/GE was incubated in 50 ul incubation solution con-
taining 10 pl of 30.0 ngml~' CEA for 35 min, the DET
response of the immobilized HRP decreased due to the
increased barrier resulted from the formation of immuno-
complex (curve e).

The cyclic voltammograms of HRP-anti-CEA/sol-gel
modified GE showed a thin-layer electrochemical behav-
ior (not shown). From the peak-to-peak separations at
different scan rates, an average electron transfer rate con-
stant of 5.94 &+ 0.40 s~' was obtained [17]. The DET rate
was faster than those of 3.04 +1.21 and 1.354+0.405s"
for the labeled HRP immobilized in titania sol-gel
[10,11].

3.3. Optimization conditions of immunoassay

The effect of volume fraction of HRP-anti-CEA of
given concentration to ormosil on DPV peak current at
a fixed total volume was shown in Fig. 3A. The peak cur-
rent reached a maximum value at the volume fraction of
0.5 (1:1, V/V). As shown in Fig. 3B, the response reached
a platform at an incubation temperature of 30 °C, at
which the best appropriate incubation time was 35 min
(Fig. 30).

3.4. DPV response of immunosensor to CEA concentration
Under optimal incubation conditions, the CEA mole-

cules in incubation solution could bind to the encapsulated
HRP-anti-CEA to form immunocomplex, which decreased
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Fig. 3. Effect of volume ratio of HRP-anti-CEA to ormosil sol for immunosensor preparation, on DPV peak current (A) and dependence of DPV peak
current of CEA/HRP-anti-CEA/sol-gel/GE in 0.1 M pH 7.0 PBS on incubation temperature (B) and time (C) in 50 pl incubation solution containing 10 pl

of 30.0 ng ml~! CEA.

the rate of DET and the DPV peak current. With an
increasing CEA concentration the DPV response decreased
(Fig. 4). The plot of the average peak current (n =15) vs.
CEA concentration in standard solution or original sample
for preparation of incubation solution showed two linear
ranges from 0.5 to 3.0 and 3.0 to 120 ngml~' with the
slopes of 1.12 and 0.088 pA (ng ml~')~" and the correlation
coefficients of 0.993 and 0.996 (inset of Fig. 4). From the
slope of 1.12 pA (ng ml~") ! the limit of detection was cal-
culated to be 0.4 ng ml~! at 3¢. When the dilution fraction
of 10/50 (V/V) for preparation of incubation solution was
taken into account, the practical linear ranges were from
0.1 to 24.0 ngml~', and the detection limit in the incuba-
tion solution was 0.08 ngml~'. The proposed limit of
detection was comparable to a number of reported hetero-
geneous CEA assays using electrochemical analytical prin-
ciple [18].
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Fig. 4. DPV of HRP-anti-CEA/sol-gel/GE after incubated in 50 pl
solutions containing 10 ul of 0.5, 1.0, 2.0 3.0, 12, 30, 45, 60, 90 and
120ng ml~" CEA (from highest to lowest peak current) at 30 °C for
35 min. Inset: (A) plot of DPV peak current vs. CEA concentration; (B)
linear calibration for 0.5-3.0 ng ml~' CEA.

3.5. Detection of CEA in a clinical serum sample

After five serum samples from different persons were
diluted with the appropriate volumes of dilution solution,
the serum CEA concentrations were detected with the cal-
ibration curve of the CEA immunosensors to be 1.4, 4.8,
15.7,25.7 and 71.4 ng ml~'. As control, the concentrations
were detected with Elecsys 2010 analyzer (Roche), a com-
monly used analyzer in clinic laboratory. The results were
1.3, 4.6, 16.0, 24.6 and 79.8 ng ml ™", respectively. The rela-
tive deviations between two methods were in the range of
—10.3% to 7.8%.

3.6. Reproducibility and stability of the CEA immunosensor

The reproducibility of the immunoassay system was
assessed by intra- and inter-assay coefficients of variation
(CVs). The intra-assay CV was the difference between three
determinations of one sample on the same electrode. The
variation coefficients of the results with this method were
6.8% and 5.4% at the CEA concentrations of 3.0 and
30.0ngml~! in serum samples, respectively. The inter-
assay precision or the fabrication reproducibility was esti-
mated by determining in duplicate the CEA level in one
serum sample with three immunosensors made at the same
electrode independently. The inter-assay precision of this
method was 7.0% at the CEA concentration of 30 ng ml ™",
showing acceptable fabrication reproducibility.

When the modified electrode was not in use, it was
stored in PBS (pH 7.0) at 4 °C. No obvious change was
observed after storing for 10 days. The performance stabil-
ity of the biosensor was examined by storage in air at 4 °C,
it retained 90% of its initial current after a storage period of
30 days.

4. Conclusions

This work introduces a simple and efficient method for
fabrication of an immunosensor by immobilization of
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HRP-anti-CEA in one novel ormosil sol-gel. The intrinsic
nanoporous property of the ormosil architecture and the
small sol-gel particles acted as electron-conduction path-
ways promote the electrical communication between
redox sites of immobilized enzyme and sensing surface,
lead to the direct electron transfer of the enzyme. The
fast electron transfer produces a sensitive immunosensing
due to the barrier resulted from the formation of immu-
nocomplex upon incubation in testing solution. The pro-
posed CEA immunosensor shows good accuracy and
acceptable storage stability, precision and reproducibility.
The method avoids the addition of electron transfer
mediator and does not require separation and washing
steps, thus is much simpler and cheaper than traditional
assays.
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