Development of chemiluminescent biosensing of nucleic acids
based on oligonucleotide-immobilized gold surfaces
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A chemiluminescent biosensing method was devel oped based on the immobilization of DNA probes on a gold
surface by the self-assembled monolayers technique. The complementary sequence was detected by coupling
avidin—akaline phosphatase to the biotinylated oligonucleotide and measuring the chemiluminescent signal
obtained from the hydrolysis of the substrate 3-(2’-spiroadamantane)-4-methoxy-4-(3”-phosphoryloxy)phenyl-
1,2-dioxetane by this enzyme. The method has a wide calibration range of five orders of magnitude and the
detection limit is 15 pm (signal-to-ratio = 3). The factors affecting the probe immobilization, target hybridization
and sensitivity were investigated. The method was also applied to detect specific DNA fragments relative to the

hepatitis B plasmid.

In recent times, the number of possible applications of nucleic
acid hybridization techniques in molecular biology and medi-
cine has grown immensely. In traditional hybridization meth-
ods, the denatured target DNA hasto be bound to asolid support
such as nitrocellulose or nylon filter membranes and subse-
quently hybridized, hence this process is laborious. In addition,
this type of hybridization is difficult to automate and provide
data for quantitative determinations. In contrast, a DNA based
biosensor in which the single-stranded DNA (ssDNA) probe is
attached to the surface of the sensing devices has the potential
to allow rapid, quantitative monitoring of hybridization with the
target DNA.12 The basis of operation for thistype of bioaffinity
sensor is the complementary coupling between the specific
DNA sequences within target analytes and the specific
nucleotide sequence immobilized on the solid support.
Electrochemical sensors have widely been applied coupled
with the highly specific biochemical reaction of hybrid-
ization,2-13 in which the captured probes areimmobilized on the
electrodes by covalent reaction3-5 or adsorptions-13 and the
amount of target DNA is detected by hybridization indicators.
However, most of these methods have detection limits only of
the order of nanograms level. This could be attributed to the
immobilization procedure and detection method. In order to
study the immoabilization method further, quartz crystal micro-
balance (QCM)4-18 and surface plasmon resonancel®:20 tech-
niques have been employed to assess the degree of DNA
binding and hybridization. Asaresult, molecular self-assembly,
the Langmuir—Blodgett technique and the avidin—biotin system
were used to design the biosensing devicesfor DNA. However,
no detection limits for nucleic acids were reported. Recently
fiber-optic biosensors based on fluorescence detection have
been devel oped to assay oligomers,21-24 in which oligonucleo-
tide probes were attached to the core of the fibresvia an avidin—
biotin bridge2! or covaent immobilization.22-24 In addition,
fluorescence detection has also been employed in DNA chip
microfabrication technology253° and such methods were
reported to have potentially important appliations in high
throughput sequencing and discrimination of point mutations.
Chemiluminescence as an alternative optical detection ap-
proach is sensitive enough to compete with chromogenic and
radioisotopic tracers to detect viral genomes directly in clinical
samples. Chemiluminescent assays have been developed to
determine DNA fragments spotted on membranes,31-33 but

these methods involve complicated operations. This paper
reports a new chemiluminescent biosensing method in which
the captured probe isimmobilized on agold surface by the self-
assembly technique and the chemiluminescent signals are
detected after hybridization through conjugation of alkaline
phosphatase. This can greatly simplify the assay operations and
improve the concentration range of detection. In addition, this
method was applied to determine specific DNA fragments
relative to the hepatitis B plasmid by sandwich hybridization.

Experimental
Reagents and materials

Avidin—alkaline phosphatase and dithiothreitol (DTT) were
supplied by Sigma (St. Louis, MO, USA). 3-(2’-Spiroada-
mantane)-4-methoxy-4-(3”-phosphoryloxy)phenyl-1,2-dioxe-
tane (AMPPD) was obtained from Tropix (Bedford, MA, USA).
Calf thymus DNA, Ficoll 400, bovine serum abumin and
sodium dextran sulfate were purchased from Sino-American
Biotechnology (Beijing, China). Other chemicals were of
analytical-reagent grade.

All oligonucleotides in this study were synthesized by
standard phosphoramidite chemistry, responding to a portion of
the hepatitis B core antigen DNA segment. Thiolated single-
stranded DNA (HS-ssDNA) is a 20-base oligonucleotide with
the sequence 5-HS-(CH,)e-CTG TTC AAG CCT CCA AGC
TG-3 (immobilized probe). Biotinylated single-stranded DNA
consists of two 20-mer ssDNA with biotin attached to the 5'-
phosphate end and the sequence 5-CAG CTT GGA GGC TTG
AAC AG-3 (labeled probe A; complementary to the im-
mobilized probe) and 5-CCG CGT CGC AGA AGA TCT
CAA-3 (labeled probe B; complementary to the DNA frag-
ment; see below). The non-complementary control has the same
sequence as the immobilized probe but with biotin instead of
HS-(CH,)s attachment at the 5’-end.

A 566 base pair (bp) DNA fragment from the hepatitisB virus
DNA plasmid was amplified by conventional polymerase chain
reaction (PCR) with primers 5-CTG TTC AAG CCT CCA
AGC TG (forward) and 5-TTG AGA TCT TCT GCG ACG
CGG (reverse). PCR amplication was carried out on aPTC-51B
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DNA thermocycler (Beijing Institute of Radiation Medicine,
Beijing, China) according to the following protocol: 94 °C for
30 s, 55 °C for 30 sand 72 °C for 100 s for 30 cycles. PCR
products were purified using an Advantage PCR-Pure Kit
(Clontech, Palo Alto, CA, USA) according to the manu-
facturer’s protocol.

Instrumentation

Light emission data were collected with an UltraaWeak
Luminescence Analyzer (Beijing Intitute of Biophysics, Bei-
jing, China) and data were processed via a computer connected
totheanalyzer. Hybridization experimentswere performed with
aModel 1339 Hyhbridization Incubator (Beijing Institute of New
Technology Application, Beijing, China). Gold disc electrodes
were prepared by potting 1 mm diameter gold wire (supplied by
Peiking University, Beijing, China) in epoxy and used for DNA
probe immobilization. Prior to the probe immobilization, the
gold surfaces were polished with 0.05 um alumina and cleaned
ultrasonically followed by rinsing with distilled water.

Immobilization procedure

Prior to use, the HS-ssDNA wasreduced with DTT, asthiolsare
known to be oxidized to disulfides on prolonged standing.34 The
reduction was carried by reaction of 600 ul of HS-ssDNA (95
ug m—1) in TE buffer with 20 ul of 0.15 m DTT at room
temperature for 60 min. In order to extract excess DTT from
aqueous solution, ethyl acetate (3 X 0.6 ml) was added to the
mixture. The mixture was vortex mixed for 30 s, centrifuged for
5 min, then the supernatant was removed. Finally, the aqueous
solution was used for the immobilization procedure.

The polished gold surfaces were immersed in a solution
containing the DNA immobilized probe for the required time at
4 °C and then washed with distilled water to remove the probes
that were not adsorbed. The modified gold sensing deviceswere
stored in TE buffer (10 mmol |-t TRIS-HCI, 1 mmol |-1
EDTA, pH 8.0).

Hybridization

Hybridization experiments were performed by exposing the
gold sensing devices with the immobilized DNA probes to
150 ul of the hybridization buffer [5 X SSC (1 x SSC: 150
mmol |—1 NaCl, 15 mmol—1 sodium citrate; pH 7) 45% v/v
formamide, 20 mm phosphate-buffered saline and 5% w/w
sodium dextran sulfate] containing the complementary single-
stranded biotinylated DNA. The reaction mixture was shaken
for 1 h at 25 °C. After the reaction, the electrodes were
sequentially washed with 2 X SSC-0.1% sodium dodecyl
sulfate (SDS) and 0.2 x SSC-0.1% SDS for 10 min.

Sandwich hybridization

In the sandwich hybridization procedure, the target DNA was
denatured by heating at 95 °C for 5 min followed by rapid
coolingonicefor 5min. A 5ul sampleand 5 ul of labeled probe
DNA (probe B) were added to 150 ul of the hybridization
buffer. The subsequent hybridization procedure was as de-
scribed above.

Detection

The gold sensing devices were first incubated for 15 min with
150 wl (0.5 U) of avidin—alkaline phosphatase. After conjuga-
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tion, they were washed twice for 5 min at room temperature
with TRIS buffer (pH 7.5) containing 0.5% w/w Tween 20,
followed by immersion in the glass detection cell containing 0.5
ml of 150 ug mi—1 AMPPD solution and incubation for 30 min
except for the kinetic study. The chemiluminescent intensity
was then constantly measured for the required time with the
luminescence analyzer.

Results and discussion
Chemiluminescent detection

AMPPD is a direct chemiluminescent substrate for akaline
phosphatase. Enzymatic cleavage of the phosphate group
destabilizes the molecule, which decomposes to produce light
emission.3! The rate of light emission is dependent on the
enzyme concentration. On the other hand, avidin—akaline
phosphatase could be coupled to DNA probes via the avidin—
biotin complex. Asaresult, thischemiluminescent system could
be employed to assay oligonuclectides and DNA fragments
through the probe hybridization.

A schematic diagram of the detection system for specific
nucleic acid sequences using the chemiluminescent biosensor is
shown in Fig. 1. Fig. 1(a) illustrates the measuring principle of
the biosensor and it was employed to study the characterization
of the biosensor and optimize the conditions of probe im-
mobilization on gold surfaces. In addition, this detection
approach was also used to study the hybridization and assay
procedures. In order to demonstrate further the application
possihilities, sandwich hybridization [Fig.1(b)] was developed
to assay the specific nucleic acid sequences related to the
hepatitis B virus.

AMP-D anion, produced upon dephosphorylation of
AMPPD, is moderately stable, and this produces akinetic delay
which precedes the steady-state rate of light emission. It has
been reported3! that a constant rate of chemiluminescence is
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Fig. 1 Schematic representation of the chemiluminescent biosensing
assay. (a) Conventional hybridization; (b) sandwich hybridization.



attained in approximately 20 min at pH 9.5. Fig. 2 illustrates the
kinetics of the chemiluminescent detection signals. It wasfound
that the time to reach the steady-state rate was related to the
nucleic acid concentration. For lower concentration of DNA
(e.g. <10 ng ml—1), the light emission intensity could reach
90% of the maximum within 10 min. This could be attributed to
the small amount of enzyme. For higher concentrations, on the
other hand, the light emission intensity gradually increased with
time up to 30 min. As aresult, the chemiluminescent detection
sensitivity became greater with the assay time. Fig. 3 showsthat
the chemiluminescent intensity response increases continuously
with increasing DNA concentration over a dynamic range of
about five orders of magnitude. In general, the response signals
would reach a plateau after 30 min. Therefore, 30 min was
employed as the incubation time in subsequent experiments.

Optimization of analytical conditions

Parameters such as pH and ionic strength of the buffer were
investigated in order to optimize the analytical performance.
The influence of pH was studied between pH 8.8 and 10.5.
When the pH of 50 mmol -1 sodium hydrogencarbonate—
carbonate buffer was 9.5, the avidin—phosphatase showed the
maximum activity and this buffer was chosen for all subsequent
studies. In order to observe the influence of theionic strength of
the solution on the enzyme activity, sodium chloride was added
to the substrate buffer at concentrations of 100, 200 and 500
mmol 1—1. The enzyme was incubated for 30 min in the above
solutions and the chemiluminescent intensity values were 322,
333 and 324, respectively. These results showed that the ionic
strength had no significant influence on the enzyme activity. In
addition, the dependence of the response signalson the substrate
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Fig. 2 Thekinetics of the chemiluminescent signals. Concentration of the
complementary oligonucleotides (from top to bottom): (1) 200; (2) 10; (3)
1.0 ng ml—1; and (4) control DNA.
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Fig. 3 Plot of the chemiluminescent signals versus concentration of the
complementary nuclectide. The gold sensing devices were incubated in the
substrate AMPPD solution for varioustimes (from bottom to top): (a) 5; (b)
15; and (c) 30 min.

concentration was also observed. At AMPPD concentrations
>100 ug ml—1, the chemiluminescent intensity approached a
constant value. At these concentrations, all the active sites of the
enzyme are occupied by substrate molecules and the reaction
rate is dependent only on the enzyme concentration. A 150
ug ml—1 concentration was chosen for subsequent studies.

The influence of the immobilization procedure on hybrid-
ization was studied and the response signals corresponding to
different modification times of the gold sensing device are
shown in Fig. 4. Initialy the chemiluminescent intensity
increased significantly with increasing immersion time in the
solution of HS-ssDNA and reached a maximum after about 5 h.
This suggested that the amount of complementary DNA
coupled to the surface of the electrodes gradually increased
through hybridization. With further immersion, however, the
hybridization efficiency and the response signals decreased.
This could be attributed to steric and electrostatic hindrance
arising from the more tightly packed DNA monolayer. Similar
phenomena have been reported for immobilization of oligonu-
cleotides on a microtiter plate3> and the characterization of
DNA probes on gold surfaces using X-ray photoelectron
spectroscopy.36 Therefore, an immersion time of 5 h was
adopted.

The influence of temperature on the hybridization efficiency
was aso studied. Different temperatures were used for the
hybridization between the gold sensing device and 100 ng ml—1
of target probe. The hybridization efficiency was determined
using the luminescence analyzer and the relative cheminescent
intensities values are shown in Fig. 5. With increase in
temperature the response signal's reach amaximum at 25 °C and
then gradually decrease. In order to study further whether this
influence could be related to S-Au dissociation, different
temperatures were used to incubate the gold sensing devices for
1 hprior to hybridization. It can be seen from Fig. 5 that this heat
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Fig. 4 Effect of modification time of the immobilized probe on
chemiluminescent signals. Concentration of the complementary DNA: 100
ng ml—1,
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Fig. 5 Effects of hybridization temperature (black bars) and heat process
(shaded bars) on the gold sensing device.
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Fig. 6 Chemiluminescent detection of the specific DNA fragment.
Concentration of the fragment (from top to bottom): (1) 120 fmol; (2) 60
fmol; and (3) blank.

process exerts less influence on the performance of the gold
sensing devices. As a result, the effect of temperature on the
hybridization efficiency could be attributed to the dissociation
of the hybridized oligomer. Under the above conditions, the
detection limit for the complementary DNA is 15 pm (signal-to-
noiseratio = 3). Thesix electrodes modified with the same HS-
ssDNA were employed to assay 100 ng ml—1 oligonucleotide
and the average relative standard deviation was 8.7%.

Analytical application

In order to study further the application possibilities of this
chemiluminescent biosensor in nucleic acid assays, a sandwich-
type hybridization was developed to analyze specific DNA
fragments. In sandwich hybridization [Fig. 1(b)], the DNA of
interest would not need to belabeled with biotinin the analytical
procedure. The specific nucleic acids could not only be captured
by the immobilized probe of the biosensors, but also coupled to
alkaline phosphatase through hybridization with the labeled
probe B. The 566 bp DNA fragments were employed to be
analyzed as amodel. Two DNA samples were analyzed by this
method and the results are shown in Fig. 6. The amounts of the
DNA fragments were about 58.4 + 5.1 and 122.0 + 4.6 fmoal,
respectively. The detection sensitivity in terms of moles isin
agreement with those provided by labeled oligonucleotides.

Conclusions

We have developed a new biosensing approach to the nucleic
acid detection and this system has been successfully used for the
determination of specific DNA fragments relative to hepatitis B
DNA. The method has been shown to have a wide response
range and low detection limits. In addition, the chem-
iluminescent detection system is fairly simple and easy to
manipulate without the introduction of excitation light. Fur-
thermore, this assay is suitable for automation and may hold
promise in constructing multicomponent DNA arrays. Mean-
while, it can be considered a useful tool for the quantitative
detection of nucleic acids for diagnostic and research pur-
poses.

The support from the National Natural Science Foundation of
China and the China Postdoctoral Science Foundation is
gratefully acknowledged.
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