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APPARATUS AND METHODS FOR
DETECTING DNA IN BIOLOGICAL SAMPLES

FIELD OF THE INVENTION

This invention relates to apparatus and methods for detecting DNA in biological
samples. In particular the present invention relates to novel apparatus for detecting DNA
sequences using electrically-assisted nucleic acid hybridization and to methods for optimizing

the performance of such apparatus.

BACKGROUND OF THE INVENTION

The use of electrically-assisted nucleic acid hybridization is a known technique in the
analysis of biological samples containing DNA, e.g. blood, plasma, urine etc. Conventionally,
a chip for DNA detection is formed from one of a variety of materials including glass, silica
and metal. On the surface of the chip a number of electrical contacts are formed using known
techniques. To detect a particular DNA sequence in a biological sample, capture probes
consisting of complementary DNA fragments are attached to the chip surface. If a biological
sample contains the target DNA, the target DNA will bind to the complementary DNA
fragments by hybridization, and various imaging techniques may be used to detect such
hybridization and thus the presence in the sample of the target DNA. By applying an electric
current to the capture probes, the hybridization process may be accelerated and thus the
detection process is also accelerated. This basic hybridization technique is described, for

example, in U.S. Pat. No. 5,849,486.

PRIOR ART

In such devices and techniques, the major issues concerned are the binding of the
capture probes to the surface of the chip, and the imaging and visualization of the
hybridization when it occurs. Concerning the latter, a traditional method of detection is
fluorescence, but more recently Taton et el, ("Science” Vol. 289, 8 Sep. 2000, pp 1757 -
1760) describes the use of streptavidin-coated gold nanoparticles for detection. In such a

technique gold nanoparticles are coated with an oligonucleotide sequence complementary to

PoOS




09 Oct 2007

2003257367

25

30

2

the target DNA sequence. A solution containing such coated gold nanoparticles is passed over
the surface of the chip and gold particles will then bind to any probes to which the target
DNA is bound. The gold particles themselves are too small to be detected, but the chip
surface may then be incubated with a solution containing silver ions. The silver ions are
deposited onto the surface of the gold nanoparticles to form a visible silver layer, which may

be detected by conventional imaging apparatus.

Concerning the binding of the capture probes to the chip surface, one difficulty is that
the attachment of the DNA oligonucleotides onto a chip surface (e.g. a silicon wafer) is a
critical step that is highly sensitive to disturbances in experimental conditions. In particular
when an electric current is applied during the electrically assisted hybridization process,
electrolysis may occur that can adversely affect subsequent reactions and detection. It is
known for example to coat the chip surface with an agarose gel and the DNA oligonucleotides
used as capture probes are labeled at one end with biotin and embedded in the agarose layer
by virtue of the high affinity interaction between biotin and streptavidin that is dissolved in

the agarose prior to the coating of the chip surface.

However, there are a number of problems with using agarose. Firstly it is very difficult
to manipulate a molten agarose gel so as to maintain an even coating on the chip. In addition
the density and concentration of the agarose gel must be precisely controlled. Thus
manufacture of a chip with a suitable agarose layer is very difficult. Furthermore once applied
the gel must be kept moist to prevent drying and cracking, and agarose is very unstable and
degrades at high temperatures, and so the chip must be refrigerated afier application of the
agarose layer. The agarose layer is also very delicate and susceptible to mechanical stresses,
and thus the storage and transportation of the finished chip is difficult. In any event, the use of

an agarose gel does not overcome the potential problems caused by electrolysis.
SUMMARY OF THE PRESENT INVENTION

According to the present invention there is provided apparatus for detecting target
DNA in a biological sample, comprising a substrate formed with at least one reaction cell,

wherein said reaction cell includes an aluminum oxide surface for the attachment of DNA

capture probes.
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By means of this arrangement some of the problems with the prior art are overcome or
at least mitigated because aluminum oxide provides a stable attachment surface that is easy to
form and to manipulate, facilitates subsequent handling and storage of the apparatus, and

which overcomes or at least mitigates the problems with electrolysis.

The aluminum oxide attachment surface may be formed by oxidation of a previously

formed aluminum layer, or directly, for example by sputtering.

A method of attaching the capture probes to the aluminum oxide layer would increase
the convenience of manufacture. An attachment layer adsorbed to the aluminum oxide would
perform this function. It is also important to be able to correctly orient the capture probes with
respect to the attachment layer. A protein may perform both of these activities. Preferably this
protein may be an antibody to a protein used to label the DNA capture probes, so that the
capture probes may be linked to the attachment surface through an antibody-protcin pair
linkage in a defined orientation. Alternatively, however, the surface could be coated with any
protein and the capture probes may be labeled with a protein having a high affinity with the

first protein, for example streptavidin and/or biotin.

To reduce the background signal, the attachment surface may be coated with a reagent

such as albumin, salmon sperm DNA, Ficoll, or other protein.

Viewed from another broad aspect the present invention includes a kit for the

detection of target DNA in a biological sample, said kit comprising:

(a) a substrate including at least one reaction cell, said at least one reaction cell having

an aluminum oxide surface,

(b) a first reagent comprising capture probes including a complementary DNA
fragment to said target DNA,

(c) a buffer solution for receiving said sample,

(d) a second reagent comprising detection probes including a complementary DNA

fragment to said target DNA,
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(e) a solution of streptavidin-coated gold nanoparticles, and a solution containing

silver ions

Viewed from another aspect the present invention also extends to a DNA chip for
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detecting target DNA in a sample comprising a substrate having an aluminum oxide surface,

and a DNA capture probes attached to said aluminum oxide surface.

Viewed from a still further aspect the invention also extends to a method for detecting

target DNA in a biological sample, comprising the steps of:

~—

(a) providing a reaction cell formed with an aluminum oxide surface,

2003257367

(b) coating said surface with a first protein to facilitate the binding of the second
protein that is attached to the capture probe resulting in the correct orientation of

said capture probe,

(¢) adding to said cell a solution containing capture probes formed with a DNA
5 sequence complementary to said target DNA and labeled with a second protein

having high affinity with said first protein,
(d) supplying said sample to said cell,

(e) adding to said cell a solution containing target DNA detection probes formed with

a DNA sequence complementary to said target DNA,

) (f) adding to said cell means for generating a detectable signal in a cell where target
DNA has been captured by said capture probes and detected by said detection

probes, and

(g) detecting said signal.

25  BRIEF DESCRIPTION OF THE DRAWINGS

Some embodiments of the present invention will now be described by way of example

and with reference to the accompanying drawings, in which:-

30 FIG. 1 is a schematic view illustrating a chip according to an embodiment of the

invention and also illustrating the hybridization and detection scheme,
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FIGS. 2(a) to (d) show reaction cells obtained experimentally that show that the
presence of the capture probe enables the target DNA to be detected,

FIGS. 3(a) to (d) show reaction cells obtained experimentally that show that the
presence of the target DNA is required before silver deposits will be formed,

FIGS. 4(a) to (d) show reaction cells obtained experimentally that show that the
intensity of the silver deposits increases with increasing concentration of the target

DNA in the sample, and

FIG. 5 shows reaction cells obtained experimentally that show that the intensity of the

silver deposits varies with the concentration of the capture probe.

DETAILED DESCRIPTION OF THE PRESENT INVENTION

Referring firstly to FIG. 1 there is shown schematically a novel apparatus for the
detection of DNA in biological samples in accordance with an embodiment of the present
invention. The chip comprises a silicon wafer 1 on which a layer 2 of aluminum is fabricated,
and a layer of aluminum oxide 3 is formed on the aluminum layer 2. The aluminum oxide

layer 3 is the attachment surface for the DNA probes as will be described below.

The aluminum oxide layer 3 may be formed either by oxidization of the aluminum
layer, or by direct deposition of alumina on the surface of the chip without the need for an

aluminum layer at all. These possibilities will be now be described in more detail.

In a first method of forming the aluminum oxide layer, aluminum is allowed to grow
on a clean aluminum surface that is exposed to oxygen and water. Silica chips that are
fabricated with a layer of aluminum on the surface are first rinsed with distilled water, cleaned
by dipping into 5% (w/v) NaOH solution for about 30s, and then washed several times with
distilled water according to the technique described in Sharma CP & Sunny MC "Albumin

adsorption on to aluminum oxide and polyurethane surfaces” Biomaterials,
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1990; 11: 255-257. The chips are then heated overnight at 37°C in an oven with some water in
a container to maintain moisture. Under these conditions the surface of the aluminum oxidizes
to alumina with a thickness of about 50A.. In a modification of this process the chips may be

simply cleaned with distilled water and then heated at 60°C for 48 hours.

As an alternative to forming alumina by oxidation of an aluminum layer, alumina may

be deposited directly on a silicon wafer according to the following sputtering conditions:

Equipment: ARC-12M Sputtering system
RF power: 120W

Base pressure: 1.04 x 107 torr

Process pressure: 5x 107 torr

Gas flow: Ar/0, =30.2/7.5 scem

Stage rotation: 8 rpm

Sputter time: 45 minutes

Minimum thickness: 100 A

Chip size: 5 mm x 5 mm

The alumina-coated chip may be patterned by conventional photolithographic
techniques. In addition, whichever method is used to form the alumina layer, prior to
hybridization the coated chip is washed once with 1xPBS (phosphate-buffered saline, pH 7.4)
at room temperature by pipeting the solution repeatedly over the chip surface. Of the
alternative methods of forming the alumina layer, sputtering may be preferred as studies show
that is produces the lowest background signal. Whichever technique is used for forming the

aluminum layer, the thickness may be at least 50 A.

Aluminum oxide is preferred for the probe attachment surface because compared with,
for example, agarose it is cheaper, more stable and more durable. In addition aluminum oxide
can be stored dry and at room temperature. Importantly, aluminum oxide also eliminates the
problems associated with electrolysis. In addition, while agarose is difficult to handle to form

controlled layers, the pore size and thickness of the alumina layer can easily be controlled (for
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example by altering the sputtering conditions or the air moisture content). The aluminum
oxide can also easily be patterned using conventional photolithographic techniques. The use
of a patterned aluminum oxide layer is advantageous because it can reduce the background
signal due to reduced non-specific binding, and by increasing the contrast between the area
being imaged by the detector and the background.

Referring back to FIG. 1 there is also shown schematically the basic hybridization
scheme using an apparatus and method according to an embodiment of the present invention.
In particular, in FIG. 1 the attachment surface is a layer of aluminum oxide formed on
aluminum. A circular reaction well may be defined by depositing silicon oxide on the
aluminum oxide attachment surface. Within each reaction well, capture probes are attached to
the aluminum oxide layer. The capture probes are not attached directly, however, but through
a linkage formed of digoxigenin (DIG) and anti-digoxigenin (anti-DIG) antibodies. In
particular, anti-DIG antibodies are adsorbed by the aluminum oxide surface, and the capture
probes are formed with a DIG-label whereby the capture probes may be linked via the anti-
DIG antibodies to the aluminum oxide attachment surface. The aluminum oxide surface is
very porous and has the ability to bind many different molecules. The anti-DIG coating
functions as an attachment layer to ensure that the immobilized DNA capture probes are
correctly oriented. If no coating were applied, there is a danger that the detection probe (to be
described below) could bind to the aluminum oxide surface and cause interference in the
detection of target DNA. In addition, if no coating were applied, the capture probe might bind
to the aluminum oxide in the incorrect orientation. In principle, the anti-DIG/DIG linkage
could be replaced by any similar pair of compounds, e.g. an antibody and a target protein, or a
pair of proteins with very high affinity for each other, or any pair of non-protein molecules
that are able to interact with each other. It should also be understood that the order of the
antibody/protein or protein/protein linkage could be reversed. For example while in the
preferred embodiment described herein anti-DIG is used as the reactivity limiting coating and
the capture probes are DIG-labeled this could be reversed. However, in practical terms it is
easier to attach a small molecule such as DIG to a capture probe than it would be to attach an
antibody to the capture probe. Furthermore it should be noted that the capture probe could be
directly attached to the aluminum oxide layer by the addition of a terminal amine or aldehyde

group.
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It will also be understood that the capture probes are formed with a DNA sequence
complementary to the DNA target that is to be detected in a sample. Therefore, when the
sample is supplied to the surface of the chip to which the capture probes are attached, if the
target DNA is present it will bind to the complementary DNA sequence of the capture probe
by the known process of DNA hybridization. The hybridization may preferably be accelerated

by the application of an electric current as is known in the art.

Once the sample has been applied to the chip surface, it is then necessary to detect any
target DNA from the sample that has become bound to the capture probes. To achieve this a
solution containing biotinylated detection probes is added. The detection probes include DNA
sequences that are complementary to the target DNA and thus will bind to any target DNA
that has previously been caught by the capture probes. To enable the caught target DNA to be
visually detected, gold nanoparticles coated with streptavidin are added and because of the
affinity of streptavidin with biotin the gold nanoparticles will become attached to the
detection probes. The gold nanoparticles themselves are too small to be seen clearly, but a
solution containing silver ions may then be added which will be reduced on the surface of the
streptavidin-coated gold nanoparticles to form a silver layer, which is visible as a dark

deposit.

To reduce the background signal the chip may preferably be treated with salmon
sperm DNA. As an alternative to salmon sperm DNA, albumin, or other proteins, or Ficoll,

may be used.

The visibility of the silver deposits may be further enhanced by the use of a fixative
solution, such as sodium thiosulfate. Conventional imaging equipment and techniques may
then be used to detect dark deposits in the reaction cell, which would result from the presence

of the target DNA in the sample.
EXAMPLE
The following example is of a protocol for detecting B-actin DNA in a sample. The

hybridization steps are electronically assisted, preferably by pulse hybridization using applied

pulses, though continuously applied current is also possible. Pulse hybridization, however,

POOS
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limits damage to the chip and results in a higher signal. Typical hybridization conditions

include for the hybridization of the sample DNA to the capture probes the application of 10

second pulses (13 microamps) followed by a 3 second pause repeated for 8 minutes (i.e. a

total of 48 pulses. For the hybridization of the detection probe to the captured sample DNA,

the same conditions may be used, but for only 3 minutes (i.c. 18 pulses).

P00

. Anti-DIG is diluted 100-fold with 1xPBS (phosphate-buffered saline), pH 7.4.

. 50ul of the diluted anti-DIG is added onto an alumina-coated chip and is incubated

at 41°C for 2 hours.

. The anti-DIG solution is discarded and the chip is washed 3x with 80pl 1xPBS,

pH 7.4 (pipette up and down during every wash).

. 1ul 10uM of the DIG-labelled capture probes together with 0.2ug salmon sperm

DNA in 50pl 1xPBS is added onto the chip and incubated at 41°C for 30 minutes.
The salmon sperm DNA is firstly denatured by heating to 95°C to form single
strands and is then mixed with the DIG-labelled capture probes.

. The DIG-labelled capture probe solution and salmon sperm DNA solution are

discarded washed three times with 80p] 1xPBS and once with 1 xSSPE.

. Add Spl 11pM sample of B-actin sequence (a 91 nucleotide single-stranded target)

in 1xSSPE and apply electric pulse current as described for 8 min. After
hybridization, wash the chip 3x with 0.1xSSPE.

. Add detection probe (1ul, 10uM) to the chip. Apply electric pulse current as

described for 3 min. Wash the chip 3x with 0.1xSSPE and once with 1xPBS.

. Streptavidin-coated gold nanoparticles (obtained from Sigma Chemical Co., Ltd,

St. Louis, Missouri, USA) are diluted 10-fold with 1xPBS, pH 7.4.

. The diluted streptavidin-coated gold nanoparticles are added to the chip surface

and incubated at 41°C for 15 minutes.

10. The diluted streptavidin-coated gold nanoparticle solution is discarded and the

chip is washed twice with 80ul 1xPBS, pH 7.4 (pipette up and down during every
wash) and 3x with 80ul autoclaved milli-Q water (pipette up and down during
every wash).

11-
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11. A 1:1 mixture of silver enhancer solutions A and B (obtained from Sigma
Chemical Co., Ltd, St. Louis, Missouri, USA) is prepared just before use and the
following steps are performed in a darkroom. 50pl of the silver enhancer solution

is added onto the chip and incubated at room temperature for 5 minutes.

12. The silver enhancer solution is discarded and the chip washed once with
autoclaved milli-Q water before 50pl of 2% sodium thiosulfate is added onto the

chip. Pipette up and down once to remove background and to fix the color.

13. Discard the sodium thiosulfate solution after 2 min incubation and washed with

50ul milli-Q water before 50ul autoclaved milli-Q water is added onto the chip.

14. Observe the appearance of dark spots on the chip with an optical signal detection

system.

Experimental Results

The following experimental results shown in FIGS. 2 to 5 were obtained using the
above hybridization protocol with certain parameters being varied as will be understood from
the following. In all cases, the basic DNA detection scheme is the following: an aluminum
oxide attachment layer provided with anti-DIG, DIG-labeled capture probes having a DNA
fragment complementary to a single-stranded nucleic acid target, biotin-labeled detection
probes for binding to captured targets, and streptavidin-coated gold nanoparticles with silver

enhancement for visualizing detected target DNA.

FIGS. 2(a)-(d) illustrate the effectiveness of the DIG-labeled capture probe in the
detection of the DNA target. FIGS. 2(a) and (c) both show the chip before hybridization. The
reaction cells are white because no silver deposits have been formed. FIGS. 2(b) and (d) show
the chip after hybridization with the DIG-labeled capture probe being present in FIG. 2(b) but
absent in FIG. 2(d). The reaction cells are seen to be darker in FIG. 2(b) than in FIG. 2(d)

showing the deposit of silver.

FIGS. 3(a)-(d) show that darkened silver deposits are only formed in the reaction cells
in the presence of the target DNA. Similar to FIG. 2, FIGS. 3(a) and (c) show the chip before
hybridization, while FIGS. 3(b) and (d) show the chip after hybridization with the target DNA

POOS
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being present in FIG. 3(b) only and not FIG. 3(d). Again it can be seen that dark deposits of

silver are formed in the reaction cells only in the case of FIG. 3(b) where the target DNA is

present.

FIGS. 4(a)-(d) further demonstrate the effectiveness of the present invention by
demonstrating that the silver deposits become darker with increasing target DNA
concentration and thus that the optical signal increases in proportion to the target DNA
concentration. FIGS. 4(a)-(c) show the chip after hybridization and detection with (a)
undiluted target DNA, (b) target DNA diluted 5-fold, and (c) target DNA diluted 10-fold. It
will be observed that the reaction cells in FIG. 4(a) are darker than those in FIG. 4(b) which in
turn are darker than those in FIG. 4(c). FIG. 4(d) for comparison shows the chip with no

target DNA present and thus white reaction cells with no silver deposited.
Finally, FIG. 5 shows that the intensity of the optical signal varies with the
concentration of the DIG-capture probe. In FIG. 5 the DIG-capture probe concentration varies

decreases from left to right and the reaction cells become correspondingly lighter as less silver

is deposited.

POOS.
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8 1. A kit for the detection of target DNA in a biological sample, said kit
V) comprising:
(@

(a) i) a substrate including at least cne reaction cell, said at least one
\[B reaction cell having an aluminium oxide layer provided with & surface
p on which DNA capture probes are attachable via a linkage of first and
g second compounds, and
8 ii) means for In-use electrically assisted hybridization between said
(@) target DNA and said capture probes whereby said hybridization is
[\l

accelerated by the application of an electric current, which increases
the DNA hybridization of the target DNA to the DNA sequence of the
capture probe, thereby optimizing the performance of the kit to
detect the  target  DNA, and at least  one of :

(b) a first reagent comprising capture probes including a complementary
DNA fragment to said target DNA,

(¢) a buffer solution for receiving said sample,

(d) a second reagent comprising detection probes including a
complementary DNA fragment to said target DNA,

(e) a solution of streptavidin-coated gold nanoparticles, and

(f) a solution containing silver ions.

A kit as claimed In claim 1 wherein said aluminium oxide surface is coated
with a first compound to ensure correct orientation of the capture probe, and
wherein sald capture probes are labelled with a second compound having an

affinity with said first compound.

A kit as claimed in claim 2 wherein said first and second compounds
comprise an antibody-protein pair.

A kit as claimed in claim 3 wherein said first compound is anti-
digoxigenin antibodies, and wherein said second compound comprises

digoxigenin.
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A kit as claimed in claim 4 further including a third reagent for reducing a

background signal.

A kit as claimed in claim 5 wherein said third reagent comprises albumin or
salmon sperm DNA.

A kit as claimed in claim & further including a colour-fixing agent
A kit as claimed in ¢laim 7 wherein said colour-fixing agent comprises

sodium thiosuifate.

oMK K KR
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With capture probe
After signal formation

o T

Before hybridization

E g

FIG. 2(a) FIG. 2(b)
Without capture probe

Before hybridization : After signal formation

FIG. 2(c)
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With target nucleic acid
Before hybridization After hybridization

FIG. 3(b)
Without target nucleic acid
After hybridization

18-




WO 2004/015138 PCT/CN2003/000661

4/5

With target nucleic acid With target nucleic acid
(undilated) (5-fold dilution)

FIG. 4(b)

. Wiih target nucleic acid Without target nucleic acid
(10-fold diluted)

FIG. 4(c)
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DIG capture concentration

FIG. 5
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