Office de la Proprieté Canadian CA 2169852 C 2008/09/23

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 169 852
Findustie Canada Industry Ganada 1R BREVET GANALIEN
CANADIAN PATENT
13) G
(86) Date de depot PCT/PCT Filing Date: 1995/07/05 (51) Cl.Int./Int.Cl. C712P 79/34 (2006.01),
S e . CO/H 21/00(2006.01), COrK 1/04 (2006.01),
(87) Date publication PCT/PCT Publication Date: 1996/01/25 C12M 1/42(2006.01). C12N 15/10(2006.01)
(45) Date de délivrance/lssue Date: 2008/09/23 C12P 1/00(2006.01), C12P 21/00(2006.01),
(85) Entree phase nationale/National Entry: 1996/02/19 C72Q 17/66(20006.01), €408 60/00(2006.01),
o G717C 13/02(2006.01), HO1L 29/78 (2006.01)
(86) N° demande PCT/PCT Application No.: US 1995/008570
- - (72) Inventeurs/Inventors:
(87) N® publication PCT/PCT Publication No.: 1996/001536 HELLER MICHAEL J US:
(30) Priorité/Priority: 1994/0/7/07 (US08/271,882) TU, EUGENE, US;

EVANS, GLEN A., US;
SOSNOWSKI, RONALD G., US

(73) Proprietaire/Owner:
NANOGEN, INC., US

(74) Agent: SMART & BIGGAR

(54) Titre : SYSTEMES ET DISPOSITIFS MICROELECTRONIQUES A AUTO-ADRESSAGE ET AUTO-ASSEMBLAGE
DESTINES A DES ANALYSES ET DIAGNOSTICS DE BIOLOGIE MOLECULAIRE

(54) Title: SELF-ADDRESSABLE SELF-ASSEMBLING MICROELECTRONIC SYSTEMS AND DEVICES FOR
MOLECULAR BIOLOGICAL ANALYSIS AND DIAGNOSTICS

(57) Abregé/Abstract:

A self-addressable, self-assembling microelectronic device Is designed and fabricated to actively carry out and control multi-step
and multiplex molecular biological reactions in microscopic formats. These reactions Include nucleic acid hybridizations,
antibody/antigen reactions, diagnostics, and biopolymer synthesis. The device can be fabricated using both microlithographic and
micro-machining technigues. The device can electronically control the transport and attachment of specific binding entities to
specific micro-locations. The specific binding entities include molecular biological molecules such as nucleic acids and
polypeptides. The device can subsequently control the transport and reaction of analytes or reactants at the addressed specific
micro-locations. The device is able to concentrate analytes and reactants, remove non-specifically bound molecules, provide

stringency control for DNA hybridization reactions, and improve the detection of analytes. The device can be electronically
replicated.

,
L
X
e
e . ViNENEE
L S S \
ity K
.' : - h.l‘s_‘.}:{\: .&. - A L~
.
A

A7 /7]
o~

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




)

A

“Wia
AOMDLE
PCT WORLD INTELLECTUAL PROPERTY ORGANIZATION M

International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 6.
CO07H 21/00

(11) International Publication Number: WO 96/01836

Al
(43) International Publication Date: 25 January 1996 (25.01.96)

(21) International Application Number: PCT/US95/08570 | (81) Designated States: AU, BR, CA, CN, FI, JP, NZ, European
patent (AT, BE, CH, DE, DK, ES, FR, GB, GR, IE, IT, LU,
22) International Filing Date: 5 July 1995 (05.07.95) MC, NL, PT, SE).
(30) Priority Data: Published
08/271,882 7 July 1994 (07.07.94) US With international search report.
| 2 .0 £+
(71) Applicant: NANOGEN, INC. [US/US}; 10398 Pacific Center 2 3 69 52

Court, San Diego, CA 92121 (US).

(72) Inventors: HELLER, Michael, J.; 1614 Hawk View Drive,
Encinitas, CA 92024 (US). TU, Eugene; 3527 Lark Street,
San Diego, CA 92103 (US). EVANS, Glen, A.; 6504
Myrtle Beach Drive, Plano, TX 95093 (US). SOSNOWSKI],
Ronald, G.; 1013 Adella Avenue, Coronado, CA 92118
(US).

(74) Agents: MURPHY, David, B. et al.; Lyon & Lyon, First
Interstate World Center, Suite 4700, 633 West Fifth Street,
Los Angeles, CA 90071-2066 (US).

(54) Title: SELF-ADDRESSABLE SELF-ASSEMBLING MICROELECTRONIC SYSTEMS AND DEVICES FOR MOLECULAR |

BIOLOGICAL ANALYSIS AND DIAGNOSTICS
(57) Abstract

A self-addressable, self-assembling microelectronic device is designed and fabricated to actively carry out and control multi-step
and multiplex molecular biological reactions in microscopic formats. These reactions include nucleic acid hybridizations, antibody/antigen
reactions, diagnostics, and biopolymer synthesis. The device can be fabricated using both microlithographic and micro-machining techniques.
The device can electronically control the transport and attachment of specific binding entities to specific micro-locations. The specific binding
entities include molecular biological molecules such as nucleic acids and polypeptides. The device can subsequently control the transport and
reaction of analytes or reactants at the addressed specific micro-locations. The device is able to concentrate analytes and reactants, remove
non-specifically bound molecules, provide stringency control for DNA hybridization reactions, and improve the detection of analytes. The
device can be electronically replicated.

i




WO 96/01836 2 1 6 9 8 5 2 PCT/US95/08570-

10

15

20

25

DESCRIPTION

SELF-ADDRESSABLE SELF-ASSEMBLING
MICROELECTRONIC SYSTEMS AND DEVICES
FOR MOLECULAR BIOLOGICAL ANALYSIS AND DIAGNOSTICS

Field of the Invention

This invention pertains to the design, fabrication, and
uses of a self-addressable, self-assembling microelectronic
system which can actively carry out and control multi-step
and multiplex reactions in microscopic formats. 1In
particular, these reactions include molecular biological
reactions, such as nucleic acid hybridizations, nucleilc
acid amplification, sample preparation, antibody/antigen

reactions, clinical diagnostics, and biopolymer synthesis.

Background of the Invention
Molecular biology comprises a wide variety of

technigues for the analysis of nucleic acids and proteilns,
many of which form the basis of clinical diagnostic assays.
These techniques include nucleic acid hybridization
analysis, restriction enzyme analysis, genetic sequence
analysis, and separation and purification of nucleic acids
and proteins (See, e.g., J. Sambrook, E. F. Fritsch, and

T. Maniatis, Molecular Cloning: A Laboratory Manual, 2 Ed.,
Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
New York, 1989).

Many molecular biology techniques involve carrying out
numerous operations on a large number of samples. They are
often complex and time consuming, and generally require a
high degree of accuracy. Many a technique 1s limited 1n
its application by a lack of sensitivity, specificity, or

reproducibility. For example, problems with sensitivity
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and specificity have so far limited the practical
applications of nucleic acid hybridization.

Nucleic acid hybridization analysis generally.involves
the detection of a very small number of specific target
nucleic acids (DNA or RNA) with probes among a large amount
of non-target nucleic acids. 1In order to keep high
specificity, hybridization is normally carried out under
the most stringent conditions, achieved through wvarious
combinations of temperature, salts, detergents, solvents,
chaotropic agents, and denaturants.

Multiple sample nucleic acid hybridization analysis
has been conducted on a variety of filter and solid support
formats (see G. A. Beltz et al., in Methods in Enzymolodgy,
Vol. 100, Part B, R. Wu, L. Grossmam, K. Moldave, Eds.,
Academic Press, New York, Chapter 19, pp. 266-308, 1985).
One format, the so-called "dot blot" hybridization,
involves the non-covalent attachment of target DNAs to a
filter, which are subsequently hybridized with a
radioisotope labeled probe(s). "Dot blot" hybridization
gained wide-spread use, and many verslons were developed
(see M. L. M. Anderson and B. D. Young, in Nucleic Acaid
Hvbridization - A Practical Approach, B. D. Hames and
S. J. Higgins, Eds., IRL Press, Washington DC, Chapter 4,
pp. 73-111, 1985). The "dot blot" hybridization has been
further developed for multiple analysis of genomic
mutations (D. Nanibhushan and D. Rabin, 1in EPA 0228075,
July 8, 1987) and for the detection of overlapping clones
and the construction of genomic maps (G. A. Evans, 1n US
Patent #5,219,726, June 15, 1993).

Another format, the so-called "sandwich"
hybridization, involves attaching oligonucleotide probes
covalently to a solid support and using them to capture and

detect multiple nucleic acid targets. (M. Ranki et al.,
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Gene, 21, pp. 77-85, 1983; A. M. Palva, T. M. Ranki, and
H. E. Soderlund, in UK Patent Application GB 21560744,
October 2, 1985; T. M. Ranki and H. E. Soderlund in US
Patent # 4,563,419, January 7, 1986; A. D. B. Malcolm and
J. A. Langdale, in PCT WO 86/03782, July 3, 1986;

Y. Stabinsky, in US Patent # 4,751,177, January 14, 1988;
T. H. Adams et al., in PCT WO 90/01564, February 22, 1990;
R. B. Wallace et al. 6 Nucleic Acid Res. 11, p. 3543, 1979;
and B. J. Connor et al., 80 Proc. Natl. Acad. Sci. USA

pp. 278-282, 1983). Multiplex versions of these formats are
called "reverse dot blots".

Using the current nucleic acid hybridization formats
and stringency control methods, it remains difficult to
detect low copy number (i.e., 1-100,000) nucleic acid
targets even with the most sensitive reporter groups
(enzyme, fluorophores, radioisotopes, etc.) and associlated
detection systems (fluorometers, luminometers, photon
counters, scintillation counters, etc.).

This difficulty is caused by several underlying
problems associated with direct probe hybridization. One
problem relates to the stringency control of hybridization
reactions. Hybridization reactions are usually carried out
under the stringent conditions in order to achileve
hybridization specificity. Methods of stringency control
involve primarily the optimilization of temperature, ionic
strength, and denaturants in hybridization and subsequent
washing procedures. Unfortunately, the application of
these stringency conditions causes a significant decrease
in the number of hybridized probe/target complexes for
detection.

Another problem relates to the high complexity of DNA
in most samples, particularly in human genomic DNA samples.

When a sample is composed of an enormous number of
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sequences which are closely related to the specific target
sequence, even the most unique probe sequence has a large
number of partial hybridizations with non-target séquences.

A third problem relates to the unfavorable hybridi-

5 zation dynamics between a probe and 1ts specific target.
Even under the best conditions, most hybridization
reactions are conducted with relatively low concentrations
cf probes and target molecules. In addition, a probe often
has to compete with the complementary strand for the target

10 nucleic acid.

A fourth problem for most present hybridization
formats is the high level of non-specific background
signal. This is caused by the affinity of DNA probes to
almost any material.

15 These problems, either individually or in combination,
lead to a loss of sensitivity and/or specificity for
nucleic acid hybridization in the above described formats.
Tnis is unfortunate because the detection of low copy
number nucleic acid targets is necessary for most nucleilc

20 &acid-based clinical diagnostic assays.

RBecause of the difficulty in detecting low copy number
rrucleic acid targets, the research community relies heavily
cn the polymerase chain reaction (PCR) for the
amplification of target nucleic acid sequences (see M. A.

25 Innis et al., PCR Protocols: A Guide to Methods and
2rplications, Academic Press, 1990). The enormous number
cf target nucleic acid sequences produced by the PCR
reaction improves the subsequent direct nucleic acid probe
techniques, albeit at the cost of a lengthy and cumbersome

30 grocedure.

A distinctive exception to the general difficulty in
detecting low copy number target nucleic acid with a direct

rrobe is the in-situ hybridization technique. This
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technique allows low copy number unigque nucleic acid
sequences to be detected in individual cells. In the in-
situ format, target nucleic acid is naturally confined to
the area of a cell (~20-50 um?) or a nucleus (~10 um?®) at a
relatively high local concentration. Furthermore, the
probe/target hybridization signal is confined to a
microscopic and morphologically distinct area; this makes
it easier to distinguish a positive signal from artificial
or non-specific signals than hybridization on a solid
support.

Mimicking the in-situ hybridization i1n some aspects,
new technigues are beling developed for carrying out
multiple sample nucleic acid hybridization analysis on
micro-formatted multiplex or matrix devices (e.g., DNA
chips) (see M. Barinaga, 253 Science, pp. 1489, 1991; W.
Bains, 10 Bio/Technology, pp. 757-758, 1992). These
methods usually attach specific DNA sequences to very small
specific areas of a solid support, such as micro-wells of a
DNA chip. These hybridization formats are micro-scale
versions of the conventional "reverse dot blot" and
"sandwich" hybridization systems.

The micro-formatted hybridization can be used to carry
out "sequencing by hybridization" (SBH) (see M. Barinaga,
253 Science, pp. 1489, 1991; W. Bains, 10 Bio/Technology,
pp. 757-758, 1992). SBH makes use of all possible n-
nucleotide oligomers (n-mers) to identify n-mers 1in an
unknown DNA sample, which are subsequently aligned by
algorithm analysis to produce the DNA sequence (R. Drmanac
and R. Crkvenijakov, Yugoslav Patent Application #570/87,
1987; R. Drmanac et al., 4 Genomics, 114, 1989; Strezoska
et al., 88 Proc. Natl. Acad. Sci. USA 10089, 1991; and R.
Drmanac and R. B. Crkvenijakov, US Patent #5,202,231, April

13, 1993).
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There are two formats for carrying out SBH. One
format involves creating an array of all possible n-mers on
a éupport, which is then hybridized with the target
sequence. This is a version of the reverse dot blot.
Another format involves attaching the target sequence to a
support, which is sequentially probed with all possible n-
mers. Both formats have the fundamental problems of direct
probe hybridizations and additional difficultlies related to
multiplex hybridizations.

Southern, United Kingdom Patent Application GB
8810400, 1988; E. M. Southern et al., 13 Genomics 1008,
1992, proposed using the "reverse dot blot" format to
analyze or sequence DNA. Southern identified a known
single point mutation using PCR amplified genomic DNA.
Southern also described a method for synthesizing an array
of oligonucleotides on a solid support for SBH. However,
Southern did not address how to achieve optimal stringency
condition for each oligonucleotide on an array.

Fodor et al., 364 Nature, pp. 555-556, 1993, used an
array of 1,024 8-mer oligonucleotides on a solid support to
sequence DNA. In this case, the target DNA was a
fluorescently labeled single-stranded 1l2-mer oligonu-
cleotide containing only the A and C bases. A
concentration of 1 pmol (~6 x 10** molecules) of the l2-mer
target sequence was necessary for the hybridization with
the 8-mer oligomers on the array. The results showed many
mismatches. Like Southern, Fodor et al., did not address
the underlying problems of direct probe hybridization, such
as stringency control for multiplex hybridizations. These
problems, together with the requirement of a large quantity
of the simple 12-mer target, indicate severe limitations to
this SRBH format.
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Concurrently, Drmanac et al., 260 Scilence 1649-1652,
1993, used the above discussed second format to sequence
several short (116 bp) DNA sequences. Target DNAS were
attached to membrane supports ("dot blot" format). Each
filter was sequentially hybridized with 272 labeled 10-mer
and 11-mer oligonucleotides. A wide range of stringency
conditions were used to achieve specific hybridization for
each n-mer probe; washing times varied from 5 minutes to
overnight, and temperatures from 0°C to 16°C. Most probes
required 3 hours of washing at 16°C. The filters had to be
exposed for 2 to 18 hours in order to detect hybridization
signals. The overall false positive hybridizatlon rate was
5% in spite of the simple target sequences, the reduced set
of oligomer probes, and the use of the most stringent
conditions avallable.

Fodor et al., 251 Science 767-773, 1991, used
photolithographic techniques to synthesize oligonucleotides
on a matrix. Pirrung et al., in US Patent # 5,143,854,
September 1, 1992, teach large scale photolithographic
solid phase synthesis of polypeptides 1n an array fashion
on silicon substrates.

In another approach of matrix hybridization, Beattie
et al., in The 1992 San Diego Conference: Genetic
Recognition, November, 1992, used a microrobotic system to
deposit micro-droplets containing specific DNA sequences
into individual microfabricated sample wells on a glass
substrate. The hybridization in each sample well 1s
detected by interrogating miniature electrode test
fixtures, which surround each individual microwell with an

alternating current (AC) electric field.
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- Regardless of the format, all current micro-scale DNA
hybridizations and SBH approaches do not overcome the
underlying problems associated with nucleic acid
hybridization reactions. They require very high levels of
relatively short single-stranded target sequences or PCR
amplified DNA, and produce a high level of false positive
hybridization signals even under the most stringent
conditions. In the case of multiplex formats using arrays
of short oligonucleotide sequences, it is not possible to
optimize the stringency condition for each individual
sequence with any conventional approach because the arrays
or devices used for these formats can not change or adjust
the temperature, ionic strength, or denaturants at an
individual location, relative to other locations.
Therefore, a common stringency condition must be used for
all the sequences on the device. This results in a large
number of non-specific and partial hybridizations and
severely limits the application of the device. The problem
becomes more compounded as the number of different
sequences on the array increases, and as the length of the
sequences decreases below 10-mers or 1lncreases above 20-
mers. This is particularly troublesome for SBH, which

requires a large number of short oligonucleotlde probes.
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Nucleic acids of different size, charge, or
conformation are routinely separated by electrophoresis
techniques which can distinguish hybridization Speéies by
their differential mobility in an electric field. Pulse
field electrophoresis uses an arrangement of multiple
electrodes around a medium (e.g., a gel) to separate very
large DNA fragments which cannot be resolved by

conventional gel electrophoresis systems (see R. Anand and

E. M. Southern in Gel Electrophoresis of Nucleic Acids - A
Practical Approach, 2 ed., D. Rickwood and B. D. Hames

Eds., IRL Press, New York, pp. 101-122, 1990).

Pace, US Patent #4,908,112, March 13, 1990, describes
using micro-fabrication techniques to produce a capillary
gel electrophoresis system on a silicon substrate.

Multiple electrodes are incorporated 1into the system tO
move molecules through the separation medium within the
device.

Soane and Soane, US Patent 5,126,022, June 30, 1992,
describe that a number of electrodes can be used to control
rhe linear movement of charged molecules in a mixture
through a gel separation medium contained 1in a tube.
Electrodes have to be installed within the tube to control
the movement and position of molecules in the separation
medium.

Washizu, M. and Kurosawa, 0., 26 IEEE Transactions on
Industry Applications 6, pp. 1165-1172, 15390, used high-
frequency alternating current (AC) filelds to orient DNA
molecules in electric field lines produced between
microfabricated electrodes. However, the use of direct
current (DC) fields is prohibitive for their work. Washizu
55 Journal of Electrostatics 109-123, 1990, describes the
manipulation of cells and biological molecules using

dielectrophoresis. Cells can be fused and bilological
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molecules can be oriented along the electric fields lines
produced by AC voltages between the micro-electrode
structures. However, the dielectrophoresis procesé
requires a very high frequency AC (1 MHz) voltage and a low
conductivity medium. While these techniques can orient DNA
molecules of different sizes along the AC field lines, they
cannot distinguish between hybridization complexes of the
same slze.

As is apparent from the preceding discussion, numerous
attempts have been made to provide effective techniques to
conduct multi-step, multiplex molecular biological
reactions. However, for the reasons stated above, these
techniques have been proved deficient. Despite the long-
recognized need for effective technique, no satisfactory

solution has been proposed previously.

Summary of the Invention
The present invention relates to the design,

fabrication, and uses of programmable, self-addressable and
self-assembling microelectronic systems and devices which
can actively carry out controlled multi-step and multiplex
reactions in microscopic formats. These reactions include,
but are not limited to, most molecular biological
procedures, such as nucleic acid hybridizations, anti-
body/antigen reactions, and related clinical diagnostics.
In addition, the claimed devices are able to carry out
multi-step combinational biopolymer synthesis, including,
but not limited to, the synthesis of different oligo-
nucleotides or peptides at specific micro-locations.

The claimed devices are fabricated using both
microlithographic and micro-machining techniques. The
devices have a matrix of addressable microscopic locations

onn their surface: each individual micro-location 1s able toO



WO 96/01836 PCT/US95/0857(

10

15

20

25

30

216:9(?52

11

electronically control and direct the transport and
attachment of specific binding entities (e.g., nucleic
acids, antibodies) to itself. All micro-locations can be
addressed with their specific binding entities. Using
these devices, the system can be self-assembled with
minimal outside intervention.

The addressed devices are able to control and actively
carry out a variety of assays and reactions. Analytes or
reactants can be transported by free field electrophoresis
to any specific micro-location where the analytes or
reactants are effectively concentrated and reacted with the
specific binding entity at said micro-location. The
sensitivity for detecting a specific analyte or reactant 1s
improved because of the concentrating effect. Any un-bound
analytes or reactants can be removed by reversing the
polarity of a micro-location. Thus, the devices also
improve the specificity of assays and reactions.

The active nature of the devices provides 1ndependent
electronic control over all aspects of the hybridization
reaction (or any other affinity reaction) occurring at each
specific micro-location. These devices provide a new
mechanism for affecting hybridization reactions which 1s
called electronic stringency control (ESC). For DNA
hybridization reactions which require different stringency

conditions, ESC overcomes the inherent limitation of

conventional array technologies. The active devices of

this invention can electronically produce "different
stringency conditions" at each micro-location. Thus, all
hybridizations can be carried out optimally in the same
bulk solution. These active devices are fundamentally
different from conventional multiplex hybridization arrays

and DNA chips. While conventional arrays have different

probes or target DNA’s located at each site; all the sites
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or. the array have the same common reaction or stringency
conditions of temperature, buffer, salt concentration, and
pE. Any change in the reaction or stringency condition,
affects all sites on the array. While sophisticated
photolithographic techniques may be used to make an array,
or microelectronic sensing elements are incorporated for
detection, conventional devices are passive and do not
control or influence the actual hybridization process. The
active devices of this invention allow each micro-location
to function as a completely independent test or analysis
site (i.e. they form the equivalent of a "test tube" at
each location). Multiple hybridization reactions can be
carried out with minimal outside physical manipulations.
Additionally, it is unnecessary to change temperatures, to
exchange buffers, and the need for multiple washing
procedures is eliminated.

Thus, the claimed devices can carry out multi-
step and multiplex reactions with complete and precise
electronic control, preferably with overall micro-processor
control (i.e. run by a computer). The rate, specificity,
ard sensitivity of multi-step and multiplex reactions are
greatly improved at each specific micro-location on the
c_aimed device.

The device also facilitates the detection of
hybridized complexes at each micro-location by using an
associated optical (fluorescent, chemiluminescent, or
spectrophotometric) imaging detector system. Integrated
cptoelectronic or electronic sensing components which
directly detect DNA, can also be incorporated within the
device 1itself.

If desired, a master device addressed with specific
binding entities can be electronically replicated or copied

rn another base device.
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This invention may utilize micro-locations of any size
or shape consistent with the objective of the invention.

In the preferred embodiment of the invention, micro-
locations in the sub-millimeter range are used.

By "specific binding entity" 1s generally meant a |
biological or synthetic molecule that has specific affinity
to another molecule, macromolecule or cells, through
covalent bonding or non-covalent bonding. Preferably, a
specific binding entity contains (either by nature or by
modification) a functional chemical group (primary amine,
sulfhydryl, aldehyde, etc.), a common sequence (nucleic
acids), an epitope (antibodies), a hapten, or a ligand,
that allows it to covalently react or non-covalently bind
to a common functional group on the surface of a micro-
location. Specific binding entities include, but are not
limited to: deoxyribonucleic acids (DNA), ribonucleic acids
(RNA) , synthetic oligonucleotides, antibodies, proteins,
peptides, lectins, modified polysaccharides, cells,
synthetic composite macromolecules, functionalized
nanostructures, synthetic polymers, modified/blocked
nucleotides/nucleosides, modified/blocked amino acids,

f luorophores, chromophores, ligands, chelates and haptens.

By "stringency control" is meant the ability to
discriminate specific and non-specific binding interactions

by changing some physical parameter. In the case of

nucleic acid hybridizations, temperature control 1s often

used for stringency. Reactions are carried out at or near
the melting temperature (Tm) of the particular double-
stranded hybrid pair.

Thus, the first and most important aspect of the
present invention is a device with an array of
electronically programmable and self-addressable

microscopic locations. Each microscopic location contains
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an underlying working direct current (DC) micro-electrode
supported by a substrate. The surface of each micCro-
location has a permeation layer for the free transﬁort of
small counter-ions, and an attachment layer for the
covalent coupling of specific binding entities. These
unique design features provide the following critical
properties for the device: (1) allow a controllable
functioning DC electrode to be maintained beneath the
microlocation; (2) allow electrophoretic transport to be
maintained; and (3) separate the affinity or bindiling
reactions from the electrochemical and the adverse
electrolysis reactions occurring at the electrode (metal)
interfaces. It should be emphasized that the primary
function of the micro-electrodes used in these devices 1s
to provide electrophoretic propulsion of binding and
reactant entities to specific locations.

By "array" or "matrix" i1is meant an arrangement otf
addressable locations on the device. The locations can be
arranged in two dimensional arrays, three dimensional
arrays, or other matrix formats. The number of locations
can range from several to at least hundreds of thousands.
Each location represents a totally independent reaction
site.

In a second aspect, this invention features a method

for transporting the binding entity to any specific micro-

" location on the device. When activated, a micro-location

can affect the free field electrophoretic transport of any
charged functionalized specific binding entity directly to
itself. Upon contacting the specific micro-location, the
functionalized specific binding entity immediately becomes
covalently attached to the attachment layer surface of that
specific micro-location. Other micro-locations can be

simultaneously protected by maintaining them at the
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opposite potential to the charged molecules. The process
can be rapidly repeated until all the micro-locations are
addressed with their specific binding entities. |

By "charged functionalized specific binding entity" 1is
meant a specific binding entity that is chemically reactive
(i.e., capable of covalent attachment to a location) and
carries a net charge (either positive or negative).

In a third aspect, this invention features a method
for concentrating and reacting analytes or reactants at any
specific micro-location on the device. After the
attachment of the specific binding entities, the underlying
microelectrode at each micro-location continues to function
in a direct current (DC) mode. This unique feature allows
relatively dilute charged analytes or reactant molecules
free in solution to be rapidly transported, concentrated,
and reacted in a serial or parallel manner at any specific
micro-locations which are maintained at the opposite charge
to the analyte or reactant molecules. Specific micro-
locations can be protected or shielded by maintaining them
at the same charge as the analytes or reactant molecules.
This ability to concentrate dilute analyte or reactant
molecules at selected micro-locations greatly accelerates
the reaction rates at these micro-locations.

When the desired reaction is complete, the micro-
electrode potential can be reversed to remove non-specific
analytes or unreacted molecules from the micro-locations.

Specific analytes or reaction products may be released
from any micro-location and transported to other locations

for further analysis; or stored at other addressable

locations; or removed completely from the system.
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The subsequent analysis of the analytes at the
specific micro-locations 1s also greatly ilmproved by the
ability to repulse non-specific entities from these
locations.

In a fourth aspect, this invention features a method
for improving stringency control of nucleic acid
hybridization reactions, comprising the steps of:

-rapidly concentrating dilute target DNA and/or probe
DNA sequences at specific micro-location(s) where
hybridization 1s to occur;

-rapidly removing non-specifically bound target DNA
sequences from specific micro-location(s) where
hybridization has occurred;

-rapidly removing competing complementary target DNA
sequences from specific micro-location(s) where
hybridization has occurred;

-adjusting electronic stringency control (ESC) to
remove partially hybridized DNA sequences (more than one
base mis-match) ;

-adjusting ESC to improve the resolution of single
mis-match hybridizations using probes in the 8-mer to 21-
mer range(e.g., to identify point mutations) ;

-using ESC to efficiently hybridize oligonucleotide
point mutation probes outside of the ranges used in
conventional procedures (e.g., probes longer than 21-mers
and shorter than 8-mers);

-applying independent ESC to individual hybridization

events occurring in the same bulk solution and at the same

temperature; and
-using ESC to improve hybridization of un-amplified

target DNA sequences to arrays of capture oligonucleotide

probes.
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In a fifth aspect, this invention features a method
for the combinatorial synthesis of biopolymers at micro-
locations. |

In a sixth aspect, this invention features a method

5 for replicating a master device.

In a seventh aspect, this invention features a device
which electronically carries out sample preparation and
transports target DNA to the analytical component of the
device.

10 In an eighth aspect, this invention features a device
which electronically delivers reagents and reactants with
minimal use of fluidics.

In a ninth aspect, this invention features a device
which carries out molecular biology and DNA amplification
15 reactions (e.g. restriction cleavage reactions; and DNA/RNA
polymerase and DNA ligase target amplification reactions.

In a tenth aspect, this invention features a device
which can electronically size and identify restriction
fragments (e.g. carry out electronic restriction fragment
20 length polymorphism and DNA finger printing analysis).

In a eleventh aspect, this invention features a device
which carries out antibody-antigen and immunodiagnostic
reactions.

In a twelveth aspect, this invention features a device
25 which is able to carry out combinatorial synthesis of
- oligonucleotides and peptildes.

In a thirteenth aspect, this invention features a
device which selectively binds cells, processes cells for
hybridization, removes DNA from cells, or carries out

30 electronic in-situ hybridization within the cells.
In a fourteenth aspect, this invention features

methods for detecting and analyzing reactions that have

occurred at the addressed micro-locations using self-
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addressed microelectronic devices with associated optical,

optoelectronic or electronic detection systems or self-

addressed microelectronic devices with integrated optical,

optoelectronic or electronic detection systems.

One embodiment of the present invention is
directed to a method for electronically controlled enzymatic
reaction at an addressable location, comprising the steps

of:

providing an electronically addressable location

comprising an electrode;
contacting a substrate with the location;

placing the location at an opposite charge to the
substrate, thereby concentrating the substrate on the

location;
attaching the substrate to the location;
contacting an enzyme with the location;

placing the location at an opposite charge to the
enzyme, thereby concentrating the enzyme on the location;

and

allowing the enzyme'to react wlith the substrate on

the location.

Another embodiment of the present invention is

directed to a method for electronically controlled

amplification of nucleic acid, comprising the steps of:

(1) providing an electronically addressable

location comprising an electrode;



10

15

20

25

CA 02169852 2007-09-12

50338-8

18a

(2) providing an oligonucleotide primer Y attached

to the location;

(3) contacting a single stranded nucleic acid X
with the location, wherein the primer Y specifically

hybridizes to the nucleic acid X;

(4) placing the location at an opposite charge to

the nucleic acid X, thereby concentrating the nucleic acid X

on the location and hybridizing the nucleic acid X to the

primer Y;

(5) contacting a nucleic acid polymerase with the

location;

(6) placing the location at an opposite charge to
the polymerase, thereby concentrating the polymerase on the
location and allowling the polyermase to synthesize a nucleic

acid Y from the primer Y on the location;

(7) placing the location at a negative potential

for a sufficient time to remove the nucleic acid X from the

location;

(8) contacting an oligonucleotide primer X with
the location, wherein the primer X specifically hybridizes

to the nucleic acid Y;

(9) placing the location at an opposite charge to
the primer X, thereby concentrating the primer X on the

location and hybridizing the primer X to the nucleic acid Y;

and

(10) placing the location at an opposite charge to
the polymerase, thereby concentrating the polymerase on the
location and allowing the polymerase to synthesize a nucleic

acid from the primer X on the location.
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Because the devices of this invention are active
programmable electronic matrices, the acronym “APEX” is used
to describe or designate the unique nature of these devices.
The APEX acronym 1s used for both the microlithographically

5 produced “chips” and micro—-machined devices.

The active nature of APEX microelectronic devices
and chips allows us to create new mechanisms for carrying
out a wide variety of molecular biological reactions. These
include novel methods for achieving both the linear and

10 exponential multiplication or amplification of target DNA

and RNA molecules.

The device provides electronic mechanisms to: (1)

selectively denature DNA hybrids in common buffer solutions
at room temperature (e.g. well below their Tm points); (2)'

15 to rapidly transport or move DNA back and forth between two
or more micro-locations; and (3) to selectively concentrate
specific reactants, reagents, and enzymes at the desired
micro—-locations. These all involve new physical parameters
for carrying out molecular biological and target

20 amplification type reactions.

A number of examples of electronically controlled

molecular biology reactions have been developed, these

include: (1) Electronically Directed Restriction Enzyme

Cleavage of Specific ds-DNA Sequences; (2) Electronic
25 Restriction Fragment Analysis; (3) Electronic Multiplication

of Target DNA By DNA Polymerases; (4) Electrénic Ligation

and Multiplication of Target DNA Sequences By DNA and RNA

Ligases; and (5) Electronic
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Multiplication of Target DNA By RNA Polymerases. These
examples are representative of the types of molecular
biological reactions and procedures which can be cérried
out on the APEX devices.

Other features and advantages of the invention will be

apparent from the following detailed description of the

invention, and from the claims.

Brief Description of the Drawings
FIGURE 1 is the cross-section of three self-

addressable micro-locations fabricated using microlitho-
graphic techniques.

FIGURE 2 1is the cross-section of a
microlithographically fabricated micro-location.

FIGURE 3 1is a schematic representation of a self-
addressable 64 micro-location chip which was actually
fabricated, addressed with oligonucleotides, and tested.

FIGURE 4 shows particular attachment chemistry
procedure which allows rapid covalent coupling of specific
oligonucleotides to the attachment surface of a micro-
location.

FIGURE 5 is a blown-up schematic diagram of a micro-
machined 96 micro-locations device.

FIGURE 6 is the cross-section of a micro-machined
device.

FIGURE 7 shows the mechanism the device uses to
electronically concentrate analyte or reactant molecules at
a specific micro-location.

FIGURE 8 shows the self-directed assembly of a device
with three specific oligonucleotide binding entities (SSO-
A, SSO-B, and SSO-C).

FIGURE 9 shows an electronically controlled
hybridization process with sample/target DNA being
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concentrated at micro-locations containing specific DNA

capture sequences.
FIGURE 10 shows an electronically directed serial

hybridization process.

FIGURE 11 shows the electronic stringency control
(ESC) of a hybridization process for determining single
point mutations.

" FIGURE 12 shows a scheme for the detection of
hybridized DNA without using labeled DNA probe, i.e.,

electronically controlled fluorescent dye detection

process.
FIGURE 13 shows a scheme of electronically controlled

replication of devices.
FIGURE 14 shows a scheme of electronically directed

combinatorial synthesis of oligonucleotides.

FIGURE 15 shows a graph comparing the results for 15-
mer Ras 12 point mutation hybridizations carried out using
electronic stringency control and conventional techniques.

FIGURE 16 shows a scheme for electronically controlled

restriction fragment cleavage of DNA.
FIGURE 17 shows a scheme for the electronically

controlled amplification of DNA using DNA polymerase.
FIGURE 18 shows a diagram of an APEX device which 1s

designed to carry out sample preparation and DNA analysis.

Detailed Description of the Invention
The devices and the related methodologies of this

invention allow molecular biology and diagnostic reactions
ro be carried out under "complete electronic control". The
meaning of "electronic control" as referred to in this
invention goes beyond the conventional connotation of the
rerm. Most conventional microelectronic devices,

instruments, and detector systems are always at some level
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under electronic control. The microelectronic devices of
this invention are not only under conventional electronic
control, but more importantly they also provide furkher
direct electronic control over the physical aspects of
carrying out molecular biological and diagnostic reactions.
The basic concept of this invention is a microelectronic
device with programmable and addressable microscopic
locations. Each micro-location has a derivatilized upper
surface for the covalent attachment of specific binding
entities (i.e., an attachment layer), an intermediate
permeation layer, and an underlying direct current (DC)
micro-electrode. After the initial fabrication of the
basic microelectronic structure, the device 1is able to
self-direct the addressing of each specific micro-location
with specific binding entities. 1In this sense, the device
self-assembles itself. The self-addressed device 1s
subsequently able to actively carry out individual multi-
step and combinatorial reactions at any of 1ts micro-
locations. The device is able to carry out multiplex
reactions, but with the important advantage that each
reaction occurs at the equivalent of a truly independent
test site. The device is able to electronically direct and
control the rapid movement and concentration of analytes
and reactants to or from any of its micro-locations. The

ability of the device to electronically control the dynamic

_aspects of various reactions provides a number of new

mechanisms and important advantages and improvements.
The concepts and embodiments of this invention are

described in three sections. The first section, "Design
and Fabrication of the Basic Devices," describes the design
of the basic underlying microelectronic device and the
fabrication of devices using both microlithographic and

micromachining techniques. The second section, "Self-
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Directed Addressing of the Devices," describes the self-
addressing and self-assembly of the device, specifically
the rapid transport and attachment of specific binéing
entities to each micro-location. The third section,
"Applications of the Devices," describes how the device
provides electronic control of various multi-step,
combinatorial, and multiplex reactions. This section also

describes the various uses and applications of the device.

I. Design and Fabrication of the Basic Devices
In order for a device to carry out multi-step and

multiplex reactions, its electronic components must be able
to maintain active operation in aqueous solutions. To
satisfy this requirement, each micro-location must have an
underlying controllable and functioning DC mode micCro-
electrode. However, it is important for device
performance, particularly sensitivity (signal to noise
ratio), that binding and affinity reactions.are not
affected by the electrolysis reactions occurring on the
active DC electrode surfaces. Other considerations for the
design and fabrication of a device include, but are not
limited to, materials compatibilities, nature of the
specific binding entities and the subsequent reactants and
analytes, and the number of micro-locations.

By "a controllable and functioning DC mode micro-
electrode" is meant a micro-electrode biased either
positively or negatively, operating in a direct current
mode (either continuous or pulse), which can 1in a
controllable manner affect or cause the free field
electrophoretic transport of charged specific binding
entities, reactants, or analytes to or from any location on

the device, or from the sample solution.
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Within the scope of this invention, the free field
electrophoretic transport of molecules, 1s not actually
dependent on the electric field produced being bouﬁded or
confined by an insulating material. Conventional
electrophoretic separation technologies require confinement
or enclosure of electric field lines by insulating (non-
conducting) materials. In the case of free field
electrophoretic transport, charged molecules are moved from
one micro-location to any other micro-location, or from the
bulk solution to specific micro-locations. Therefore,
special arrangements or confinement by insulating materials
is not required for this aspect of the invention.

A device can be designed to have as few as two
addressable micro-locations or as many as hundreds of
thousands of micro-locations. In general, a complex device
with a large number of micro-locations is fabricated using
microlithography techniques. Fabrication is carried out on
silicon or other suitable substrate materials, such as
glass, silicon dioxide, plastic, or ceramic materials.
These microelectronic "chip" designs would be considered
large scale array or multiplex analysis devices. A device
with a small number of micro-locations or macro-locations
would be fabricated using micro-machining techniques.

Addressable micro-locations can be of any shape,
preferably round, square, Or rectangular. The size of an
addressable micro-location can be of any size, preferably
range from sub-micron (~0.5 um) to several centimeters
(cm), with 5 um to 100 um being the most preferred size
range for devices fabricated using microlithographic
techniques, and 100 gum to 10 millimeters being the most
preferred size range for devices fabricated using the
micro-machining techniques. To make micro-locations

esmaller than the resolution of microlithographic methods
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would require techniques such as electron beam lithography,
ion beam lithography, or molecular beam epitaxy. While
microscopic locations are desirable for analytical.and
diagnostic type applications, larger addressable locations
or macro-locations (e.g., larger than 5 mm) are desirable
for applications such as, but not limited to, preparative
scale biopolymer synthesis, sample preparation,
electronically dispensing of reagents.

After micro-locations have been created by using
microlithographic and/or micro-machining techniques,
chemical modification, polymerization, or even further
microlithographic fabrication techniques are used to create
the specialized attachment and permeation layers. These
important layers separate the binding entities from the

metal surface of the electrode. These important structures

2l1low the DC mode micro-electrodes under the surface of

each micro-location to: (1) affect or cause the free field
electrophoretic transport of specific (charged) binding
entities from the surface of one micro-location to the
surface of another micro-location, or from the bulk
solution to specific micro-locations; (2) concentrate and
covalently attach the specific binding entities to the
specially modified surface of the specific micro-location;
(3) continue to actively function in the DC mode after the

attachment of specific binding entities so that other

. reactants and analytes can be transported in a controlled

manner to or from the micro-locations; and (4) not

adversely affect the binding or affinity reactions with

electrochemical reactions and products.

I(a). Desicn Parameters (MICROLITHOGRAPHY

Figure 1 shows a basic design of self-addressable

micro-locations fabricated using microlithographic
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technigques. The three micro-locations (10) (ML-1, ML-2,
ML-3) are formed on the surface of metal sites (12) which
have been deposited on an insulator layer/base matefial.
The metal sites (12) serve as the underlying micro-
electrode structures (10). An insulator material separates
the metal sites (12) from each other. Insulator materials
include, but are not limited to, silicon dioxide, silicon
nitride, glass, resist, polyimide, rubber, plastic, or
ceramic materials.

Figure 2 shows the basic features of an individual

micro-location (10) formed on a microlithographically

produced metal site (12). The addressable micro-location
is formed on the metal site (12), and incorporates an
oxidation layer (20), a permeation layer (22), an

attachment layer (24), and a binding entity layer (26).

The metal oxide layer provides a base for the covalent
coupling of the permeation layer. Metal oxide and hydroxyl
groups (either alone or in combination), and other
materials known to those skilled in the art of surface
coating chemistries may provide covalent sites from which
to construct or hold the permeations layer. It 1s not
absolutely essential that the permeation layer actually be
covalently attached to the metal electrode surface. The
physical overlaying of permeable materials represents an

alternative method which is within the scope of this

. lnvention.

The permeation layer provides spacling between the
metal surface and the attachment/binding entity layers and
allows solvent molecules, small counter-ions, and
electrolysis reaction gases to freely pass to and from the
metal surface. It is possible to include within the
permeation layer substances which can reduce the adverse

physical and chemical effects of electrolysis reactions,
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including, but not limited to, redox reaction trapping
substances, such as palladium for H,, and iron complexes
for 0, and peroxides. The thickness of the permeat.ion
layer for microlithographically produced devices can range
from approximately 1 nanometers (nm) to 100 microns (um),
with 2 nm to 10 um being the most preferred.

The attachment layer provides a base for the covalent
binding of the binding entities. The thickness of the
attachment layer for microlithographically produced devices
can range from 0.5 nm to 5 um, with 1 nm to 500 nm beilng
the most preferred. 1In some cases, the permeation and
attachment layers can be formed from the same material.
Certain permeation layer materials which can be further
activated for the coupling of binding entities are included
within the scope of this invention.

The specific binding entities are covalently coupled
to the attachment layer, and form the specific binding
entity layer. 1Ideally, the specific binding entity layer
is usually a mono-layer of the specific binding molecules.
However, in some cases the binding entity layer can have
several or even many layers of binding molecules.

Certain design and functional aspects of the
permeation and attachment layer are dictated by the
pnysical (e.g., size and shape) and chemical properties ot
the specific binding entity molecules. They are also
dictated to some extent by the physical and chemilcal
rroperties of the reactant and analyte molecules, which
will be subsequently transported and bound to the micro-
locations. For example, oligonucleotide binding entitiles
can be attached to one type of a micro-location surface
without causing a loss of the DC mode function, i.e., the
underlying micro-electrode can still cause the rapid free

field electrophoretic transport of other analyte molecules
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to or from the surface to which the oligonucleotide binding
entities are attached. However, 1f large globular protein
binding entities (e.g., antibodies) are attached té the
same type of surface, they might insulate the surface and
cause a decrease or a complete loss of the DC mode
function. Appropriate modification of the attachment layer
would have to be carried out so as to either reduce the
number of large binding entities (e.g., large globular
proteins) or provide spacing between the binding entities
on the surface.

The spacing between micro-locations is determined by
the ease of fabrication, the requirement for detector
resolution between micro-locations, and the number of
micro-locations desired on a device. However, particular
spacings between micro-locations, or spacial arrangement or
geometry of the micro-locations is not necessary for device
function, in that any combination of micro-locations (i.e.,
underlying micro-electrodes) can operate over the complete
device area. Nor is it actually necessary to enclose the
device or completely confine the micro-locations with
dielectric or insulating barriers. This is because complexX
electronic field patterns or dielectric boundaries are not
required to selectively move, separate, hold, or orient
specific molecules in the space or medium between any of
the electrodes. The device accomplishes this by attaching
the specific binding molecules and subsequent analytes and
reactants to the surface of an addressable micro-location.
Free field electrophoretic propulsion provides for the
rapid and direct transport of any charged molecule between
any and all locations on the device; or from the bulk
solution to microlocations. However, it should be pointed
out that the devices would be enclosed for fluid

containment and for bio-hazard purposes.
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As the number of micro-locations increases beyond
several hundred, the complexity of the underlying circuitry
of the micro-locations increases. In this case the.micro—
location grouping patterns have to be changed and spacing
distances increased proportionally, or multi-layer
circuitry can be fabricated into the basic device.

In addition to micro-locations which have been
addressed with specific binding entities, a device will
contain non-analytical micro-locations and macro-locations
which serve other functions. These micro-locations or
macro-locations can be used to store reagents, to
temporarily hold reactants, analytes, or cells; and as
disposal units for excess reactants, analytes, or other
interfering components in samples (i.e., reagent dispensing
and sample preparation systems). Other un-addressed micro-
locations can be used in combination with the addressed
micro-locations to affect or influence the reactions that
are occurring at these specific micro-locations. These
micro-locations add to both inter-device and intra-device
activity and control. Thus, it is also possible for the
micro-locations to interact and transport molecules between
two separate devices. This provides a mechanism for
loading a working device with binding entitiles or reactants
from a storage device, for sample preparations and for
copying or replicating a device.

Figure 3 shows a matrix type device contalining 64
addressable micro-locations (30). A 64 micro-location
device is a convenient design, which fits with standard
microelectronic chip packaging components. Such a device
is fabricated on a silicon chip substrate approximately 1.5
cm X 1.5 cm, with a central area approximately 750 um x 750
um containing the 64 micro-locations. Each micro-location

(32) is approximately 50 um square with 50 um spacing
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between neighboring micro-locations. Connective circultry
for each individual underlying micro-electrode runs to an
outside perimeter (10 mm x 10 mm) of metal contact'pads
(300 um square) (34). A raised inner perimeter can be
formed between the area with the micro-locations and the
contact pads, producing a cavity which can hold approx-
imately 2 to 10 microliters (ul) of a sample solution. The
"chip" can be mounted in a standard quad package, and the
chip contact pads (34) wired to the quad package pins.
Systems containing more than one chip and additional
packaging and peripheral components may be designed to
address problems related to clinical diagnostics, 1.e.,
addition of sample materials, fluid transfer, and
containment of bio-hazardous materials. The packaged chip
can then be plugged into a microprocessor controlled DC
power supply and multimeter apparatus which can control and
operate the device. It is contemplated by this invention
that device manufacture (prior to addressing) will
ultimately involve the incorporation of three basic
components which would be essentially sandwiched together.
The basic chip device to which the binding entities are
attached, would be in the middle position; a sample oOr
fluid containment component, would be annealed over the top
of the basic chip device; and a microelectronilic detector

and on board controller component would be annealed to the

bottom of the basic chip device. This strategy solves a

number of problems related to fabrication techniques and

materials compatibilities.

I(b). Microlithography Fabrication Procedures
I(b) (1) Fabrication Steps

General microlithographic or photolithographic

techniques can be used for the fabrication of the complex
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"chip" type device which has a large number of small micro-
locations. While the fabrication of devices does not
require complex photolithography, the selection of |
materials and the requirement that an electronic device
function actively in agqueous solutions does require special
considerations.

The 64 micro-location device (30) shown in Figure 3
can be fabricated using relatively simple mask design and
standard microlithographic techniques. Generally, the base
substrate material would be a 1 to 2 centimeter square
silicon wafer or a chip approximately 0.5 millimeter 1in
thickness. The silicon chip 1s first overcoated with a 1
tc 2 um thick silicon dioxide (SiO,) insulation coat, which
is applied by plasma enhanced chemical vapor deposition
(PECVD) .

In the next step, a 0.2 to 0.5 um metal layer (e.g.,
aluminum) is deposited by vacuum evaporation. It 1s also
possible to deposit metals by sputtering techniques. In
addition to aluminum, suitable metals and materilals for
circuitry include gold, silver, tin, titanium, copper,
platinum, palladium, polysilicon, carbon, and various metal
ccmbinations. Special techniques for ensuring proper
adnesion to the insulating substrate materials (S10,) are
used with different metals. Different metals and other

materials may be used for different conductive components

of the device, for example, using aluminum for the

perimeter contact pads, polysilicon for the interconnect
circuitry, and a noble metal (gold or platinum) for the
micro-electrodes.

The chip is next overcoated with a positive
photoresist (Shipley, Microposit AZ 1350 J), masked (light
field) with the circuitry pattern, exposed and developed.

Trhe photosolubilized resist is removed, and the exposed
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aluminum is etched away. The resist island i1s now removed,
leaving the aluminum circuitry pattern on the chip. This
includes an outside perimeter of metal contact pads; the
connective circuitry (wires), and the center array of
micro-electrodes which serve as the underlying base for the
addressable micro-locations.

Using PECVD, the chip is overcoated first with a 0.2
to 0.4 micron layer of Si0O,, and then with a 0.1 to 0.2
micron layer of silicon nitride (Si;N,). The chip is then
covered with positive photoresist, masked for the contact
pads and micro-electrode locations, exposed, and developed.
Photosolubilized resist is removed, and the Si0O, and Si;N,
layers are etched away to expose the aluminum contact pads
and micro-electrodes. The surrounding island resist 1is
then removed, the connective wiring between the contact
pads and the micro-electrodes remains insulated by the Si0,
and Si.N, layers.

The SiO, and Si,N, layers provide important properties
for the functioning of the device. The second Si10, layer
provides better contact and improved sealing with the
aluminum circuitry. It is also possible to use resist
materials to insulate and seal. This prevents undermining
of the circuitry due to electrolysis effects when the
micro-electrodes are operating. The final surface layer

coating of Si,N, is used because it has much less

" reactivity with the subsequent reagents used to modify the

micro-electrode surfaces for the attachment of specific

binding entities.

I(b) (2) Permeation and Attachment Laver Formation Steps
At this point the micro-electrode locations on the

device are ready to be modified with a specialized

permeation and attachment layer. This 1s an important
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aspect of the invention. The objective 1s to create on the
micro-electrode an intermediate permeation layer with
selective diffusion properties and an attachment sufface
layer with optimal binding properties.

Optimally, the attachment layer has from 10° to 10’
functionalized locations per square micron (um?) for the
attachment of specific binding entities. The attachment of
specific binding entities should not overcoat or insulate
the surface so as to prevent the underlying micro-electrode
from functioning. A functional device requires some
fraction (~ 5% to 25%) of the actual metal micro-electrode
surface to remain accessible to solvent (H,0) molecules,
and to allow the diffusion of counter-ions (e.g., Na® and
Cl-) and electrolysis gases (e.g., O, and H,) to occur.

The intermediate permeation layer is also designed to
allow diffusion to occur. Additionally, the permeation
layer should have a pore limit property which 1nhibits or
impedes the larger binding entities, reactants, and
analytes from physical contact with the micro-electrode
surface. The permeation layer keeps the active micro-
electrode surface physically distinct from the binding
entity layer of the micro-location.

This design allows the electrolysis reactions required
for electrophoretic transport to occur on micro-electrode

surface, but avoids adverse electrochemical effects to the

‘binding entities, reactants, and analytes.

The permeation layer can also be designed to include
substances which scavenge adverse materials produced 1n the
electrolysis reactions (H2, 02, free radicals, etc.). A
sub-layer of the permeation layer may be designed for this

purpose.



WO 96/01836 2 1 6 9 9 52 PCT/US95/08570

10

15

20

25

30

33

A variety of designs and techniques can be used to
produce the permeation layer. The general designs include:
(1) "Lawns", (2) "Meshes", and (3) "Porous" structufes.

Lawn type permeation layers involve the arrangement of
linear molecules or polymers in a vertical direction from
the metal surface, 1in a way resembling a thick lawn of
grass. These structures can be formed by attaching linear
or polymeric hydrophilic molecules directly to the metal
surface, with minimum cross linkages between the vertical
structures. Ideally these hydrophilic linear molecules are
bifunctional, with one terminal end suited for covalent
attachment to the metal pad, and the other terminal end
suited for covalent attachment of binding entities.

Mesh type permeation layers 1nvolve random
arrangements of polymeric molecules which form mesh like
structures having an average pore size determined by the
extent of cross-linking. These structures can be formed by
hydrogel type materials such as, but not limited to
polyacrylamide, agarose, and a variety of other biological
and non-biological materials which can be polymerized and
cross-linked.

Pore type permeation layers involve the use of
materials which can form a channel or hole directly from
the top surface of the layer to the metal pad, including,

but not limited to, polycarbonates, polysulfone, or glass

"materials. In all cases the permeation layer must be

secured either physically or chemically to the metal
surface, and must contain functional groups or be capable
of being functionalized for the attachment of binding
entities to its surface.

One preferred procedure which produces a lawn type

atructure involves the derivatization of the metal micro-

electrode surface uses aminopropyltriethoxy silane (APS).
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APS reacts readily with the oxide and/or hydroxyl groups on
metal and silicon surfaces. APS provides a combined
permeation layer and attachment layer, with primarf amine
groups for the subsequent covalent coupling of binding
entities. In terms of surface binding sites, APS produces
a relatively high level of functionalization (i1.e., a large
number of primary amine groups) on slightly oxidized
aluminum surfaces, an intermediate level of
functionalization on Si0O, surfaces, and very limited
functionalization of Si;N, surfaces.

The APS reaction is carried out by treating the whole
device (e.g., a chip) surface for 30 minutes with a 10%
solution of APS in toluene at 50°C. The chip is then
washed in toluene, ethanol, and then dried for one hour at
50°C. The micro-electrode metal surface is functionalized
with a large number of primary amine groups (10°> to 10° per
square micron). Binding entities can now be covalently
bound to the derivatized micro-electrode surface. The
depth of this "Lawn Type" permeation layer may be increased
by using polyoxyethylene bis(amine), bis(polyoxyethylene
bis (amine)), and other polyethylene glycols or similar
compounds.

The APS procedure works well for the attachment of
oligonucleotide binding entities. Figure 4 shows the

mechanism for the attachment of 3’-terminal aldehyde

derivatized oligonucleotides (40) to an APS functionalized

surface (42). While this represents one of the approaches,
a variety of other approaches for forming permeation and
attachment layers are possible. These 1include the use of
self-directed addressing by the base electrode 1itself to:
(1) form secondary metal layers by electroplating to the
base micro-electrode; (2) to form permeation layers by

electropolymerization to the micro-electrode location, or
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(3) to transport by the free field electrophoresis process
activated polymers and reagents to the micro-electrode

surface to form subsegquent permeation and attachment

layers.

I(c). Micro-Machined Device Design and Fabrication
This section describes how to use micro-machining

techniques (e.g., drilling, milling, etc.) or non-
lithographic techniques to fabricate devices. In general,
these devices have relatively larger micro-locations (> 100
microns) than those produced by microlithography. These
devices can be used for analytical applications, as well as
for preparative type applications, such as biopolymer
synthesis, sample preparation, reagent dispenser, storage
locations, and waste disposal. Large addressable locations
can be fabricated in three dimensional formats (e.g., tubes
or cylinders) in order to carry a large amount of binding
entities. Such devices can be fabricated using a variety
of materials, including, but not limited to, plastic,
rubber, silicon, glass (e.g., microchannelled,
microcapillary, etc.), or ceramics. Low fluorescent
materials are more ideal for analytical applications. 1In
the case of micro-machined devices, connective circultry
and larger electrode structures can be printed onto

materials using standard circuit board printing techniques

"known to those skilled 1n the art.

Addressable micro-location devices can be fabricated
relatively easily using micro-machining techniques. Figure
5 is a schematic of a representative 96 micro-location
device. This micro-location device 1is fabricated from a
suitable material stock (2 cm x 4 cm x 1 cm), by drilling
9¢ proportionately spaced holes (1 mm in diameter) through

the material. An electrode circuit board (52) 1s formed on
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a thin sheet of plastic material stock, which fits
precisely over the top of the micro-location component
(54) . The underside of the circuit board contains ﬁhe
individual wires (printed circuit) to each micro-location
(55). Short platinum electrode structures (~ 3-4 mm) (62)
are designed to extend down into the individual micro-
location chambers (57). The printed circuit wiring is
coated with a suitable water-proof insulating material.

The printed circult wiring converges to a socket, which
allows connection to a multiplex switch controller (56) and
DC power supply (58). The device is partially immersed and
operates in a common buffer reservoir (59).

While the primary function of the micro-locations in
devices fabricated by micro-machining and microlithography
techniques 1s the same, thelr designs are different. 1In
devices fabricated by microlithography, the permeation and
attachment layers are formed directly on the underlying
metal micro-electrode. In devices fabricated by micro-
machining techniques, the permeation and attachment layers
are physically separated from their individual metal
electrode structure (62) by a buffer solution in the
individual chamber or reservoir (57) (see Figure 6). In
micro-machined devices the permeation and attachment lavyers
can be formed using functionalized hydrophilic gels,
membranes, or other suitable porous materials.

In general, the thickness of the combined permeation
and attachment layers ranges from 10 um to 30 mm. For
example, a modified hydrophilic gel of 20% to 35 %
polyacrylamide (with 0.1% polylysine), can be used to
partially £ill (~ 0.5 mm) each of the individual micro-
location chambers in the device. These concentrations of
gel form an ideal permeation layer with a pore limit of

from 2 nm to 10 nm. The polylysine incorporated into the
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gel provides primary amine functional groups for the
subsequent attachment of specific binding entities. This
type of gel permeation layer allows the electrodes to
function actively in the DC mode. When the electrode 1is
activated, the gel permeation layer allows small counter-
ions to pass through it, but the larger specific binding
entity molecules are concentrated on the outer surface.
Here they become covalently bonded to the outer layer of
primary amines, which effectively becomes the attachment
lavyer.

An alternative technique for the formation of the
permeation and attachment layers is to incorporate into the
base of each micro-location chamber a porous membrane
material. The outer surface of the membrane is then
derivatized with chemical functional groups to form the
attachment layer. Appropriate techniques and materials for
carrying out this approach are known to those skilled 1in
the art.

The above descriptions for the design and fabrication
of both the microlithographic and micromachined devices
should not be considered as a limit to other variations or
forms of the basic device. Many variations of the device
with larger or smaller numbers of addressable micro-
locations or combinations of devices can be for different

analytical and preparative applications. Variations of the

. device with larger addressable locations can be designed

for preparative biopolymer synthesis applications, sample
preparation, cell sorting systems, in-situ hybridization,
reagent dispensers, storage systems, and waste disposal

systems.
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I1. Self-Directed Addressing of the Devices
The devices of this 1nventlon are able to

electronically self-address each micro-location Wlth a
specific binding entity. The device itself directly
affects or causes the transport of a charged specific
binding entity to a specific micro-location. The binding
entities are generally functionalized so that they readily
react and covalently bond to the attachment layer. The
device self-assembles in the sense that no outside process,
mechanism, or equipment is needed to physically direct,
position, or place a specific binding entity at a specific
micro-location. This self-addressing process is both rapid
and specific, and can be carried out in either a serial or
parallel manner.

A device can be serially addressed with specific
binding entities by maintaining the selected micro-location
in a DC mode and at the opposite charge (potential) to that
of a specific binding entity. If a binding entity has a net
negative charge, then the micro-location to which the
binding entity is to be transported would be biased
pcsitive. Conversely, a negatively charged micro-location
would be u<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>