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(57) ABSTRACT

Methods for effecting monomolecular adhesion are
described. Adhesion may be effected by contacting a first
and second bonding surface, wherein a first reactant for a
chemical bonding reaction 1s plurally present on the first
bonding surface, a second reactant for the chemical bonding
reaction 1s plurally present on the second bonding surface,
and the surfaces are contacted for a time and under condi-
tions suflicient to permit the chemical reaction to bond a
sufficient number of first reactants to second reactants to
attach the bonding surfaces. A molecular linker may option-
ally be used. Methods for producing multi-laminate struc-
tures, wherein successive layers are monomolecularly
bonded, are described, as are multi-laminate structures so
constructed. The monomolecular bonding between succes-
sive layers prevents extrusion of adhesive, obviates use of
clevated temperatures to effect adhesion, and presents other
advantages useful 1n the construction of nanoscale and
microscale devices for clinical and analytic use.
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ADHESION METHODS FOR MANUFACTURING
MULITTILAMINATE DEVICES

CROSS REFERENCE TO RELATED
APPLICATTION

[0001] This application 1s a Divisional of U.S. application
Ser. No. 09/263,972 filed Mar. 25, 1999,

FIELD OF THE INVENTION

[0002] The present invention related to methods and appa-
ratuses for effecting adhesion, and particularly to methods
and apparatuses for producing multi-laminate microfabri-
cated, including micrifluidic, devices.

BACKGROUND OF THE INVENTION

[0003] Recently, techniques first developed for the manu-
facture of microelectronic devices have been adapted to the
manufacture of a wide variety of microfluidic devices for
chemical analysis and synthesis.

10004] For example, Wilding et al., U.S. Pat. No. 5,587,
128, disclose devices particularly adapted for nucleic acid
amplification, constructed by fabricating flow channels and
one or more reaction chambers mto the surface of a planar
substrate; at least on of these engineered features has a
cross-sectional diameter between 0.1 ym and 1,000 um.

[0005] Zanzucchi et al., U.S. Pat. No. 5,593,838, disclose
a microlaboratory disc variously adapted for performing
nucleic acid assays or immunoassays, or for synthesizing
peptides, oligonucleotides, or other combinatorially-con-
structed small molecules. The disc comprises a plurality of
modular assay units, each comprising one or more arrays of
sample wells 200-750 microns deep, interconnected by one
or more channels at equivalent scale. Etching from both
sides of the planar substrate permits the fabrication of a more
complex network of overlapping capillary channels of simi-

lar dimensions, Zanzucchi et al., U.S. Pat. No. 15 5,681,484.

[0006] Heller et al., U.S. Pat. No. 5,605,662, describe
microfluidic devices containing matrices of micron-sized
locations, each of which 1s underlaid with a distinct and
separately addressable microelectrode. The device 1s
adapted to drive diagnostic and synthetic reactions, 1nclud-
ing nucleic acid hybridization and immunoassays.

[0007] Parce, U.S. Pat. No. 5,699,157, describes a microf-
luidic system {for electrophoretic analysis of materials
migrating in a microchannel fabricated 1n a planar substrate.
The microchannels, fabricated by standard photolitho-
ographic or micromachining methods, such as laser drilling,
range 1n diameter from about 0.1 um to 100 um.

[0008] WO 96/04547 (Lockheed Martin Energy Systems)

describes a microchip laboratory system with micron-sized
channels fabricated using standard photolithographic proce-
dures and chemical wet etching, for use 1n capillary elec-
trophoresis, DNA sequencing, gradient elution liquid chro-
matography, flow 1njection analysis, and chemical reaction
and synthesis.

[0009] Chow et al., U.S. Pat. No. 5,800,690 describe

microfluidic systems fabricated with a plurality of electrodes
at nodes of a two-dimensional network of interconnecting
capillary channels etched into a planar substrate; the elec-
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trodes create electric fields that move fluid-entrained mate-
rials electrokinetically through the channels.

[0010] Although the microfabrication techniques designed
for semiconductor manufacture have proven useful in the
precise fabrication of micron and sub-micron channels,
wells, and other etched features in planar substrates, these
techniques have not proven sufficient for completing the
manufacture of many of these microfluidic systems. In
particular, the techniques of photolithography, microma-
chining, vapor deposition and the like have proven 1ll-suited
to the manufacture of microscopic features that are fluidly
scaled.

[0011] Thus, to convert channels and wells into fluidly
scaled capillaries and chambers, respectively, Wilding, U.S.
Pat. No. 5,587,128, directs, without further explanation, that
a cover be adhered or clamped to the planar substrate into
which the engineered features have been etched. Chow et al.,
U.S. Pat. No. 5,800,690, and Parce, U.S. Pat. No. 5,699,157,
analogously teach that a planar cover element be laid over
the channeled substrate, and suggest generally that the
planar cover element be attached to the substrate by thermal
bonding, application of adhesives, or by natural adhesion
between the two components.

[0012] But each of these proposed approaches—thermal
bonding, application of adhesives, or natural (direct) adhe-
sion—presents difficulties.

[0013] Although thermal bonding may be effective, seal-
ing must be achieved at a temperature sufficiently low as to
avold distortion or destruction of the underlying substrate or
substrate-embedded features. When the substrate and cover
are silicon or glass, Zanzucchi et al., U.S. Pat. No. 5,593,
838, teach that localized application of electric fields permits
the meltable attachment of the cover element at about 700°
C., well below the flow temperature of silicon (about 1400°
C.) or of Corning 7059 glass (about 844° C.). WO 96/04547
(Lockheed Martin Energy Systems) teaches that a cover
plate may be bonded directly to a glass substrate after
treatment 1n dilute NH,OH/H,O,, followed by annecaling at
500° C., well below the flow temperature of silicon-based
substrates.

[0014] Recently, however, microfluidic laboratories have
been proposed that may be constructed using plastic sub-
strates. See, e.g., WO 97/21090 and WO 98/53311 (Gamera
Bioscience); WO 96/09548 (Molecular Drives); EP A
0392475, EP A 0417305, and EP A 0504432 (Idemitsu).
Co-owned and copending U.S. Pat. applications 08/888,935,
09/120,049, 09/183,842, 09/064,635, 09/064,636, and
09/139,213, and international counterpart applications pub-
lished as WO 98/01533, WO 98/37238&, and WO 98/38510,
describe aspects of microfluidic platforms that are particu-
larly adapted for detection by optical disk readers, such as
CD and DVD readers; these assay disks are, accordingly,
typically constructed using techniques and materials first
developed 1n the optical disk arts. The plastics so used may
melt or deform at temperatures far below those tolerated by
silicon and glass.

[0015] There thus exists a need in the art for adhesion
methods that permit lamination at temperatures sufficiently
low as to prevent deformation or melting of plastic sub-
strates. Furthermore, adhesion must be achieved at tempera-
tures that prevent denaturation of biological macromol-
ecules, such as antibodies, that may be disposed in and upon
such substrates.
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[0016] WO 98/45693 (Aclara Biosciences) discloses, inter
alia, a thermal bonding method for fabricating enclosed
microchannel structures in polymeric, particularly plastic,
substrates. After apposing the planar surfaces of the two
adherends, the temperature 1s maintained above the glass
transition temperature of the polymer for a time sufficient to
allow the polymer molecules to interpenetrate, and thus to
bond, the two surfaces. Although the temperatures used are
lower than those used 1n thermal bonding of semiconduc-
tors, the approach requires that the apposing planar surfaces
of the base plate and cover be made of similar polymeric
materials, and the temperatures may still be sufficient to
cause deterioration of the optical properties at the interface.
There thus still exists a need for a method of low tempera-
ture bonding that permits the adhesion of laminae of dis-
similar polymeric materials without substantial optical dis-
tortion at the bonding interface.

[0017] Lamination using adhesives presents its own prob-
lems, principal among which 1s the potential for extrusion of
adhesive from the bonding interface into the microfabricated
channels and chambers formed between the laminae.

[0018] Beattie, U.S. Pat. No. 5,843,767, teaches that such
extrusion may be prevented by the laser ablation of adhesive
from selected areas of one of the adherends prior to adhe-
sion. The prior ablation adds an additional fabrication step to
the process, however, and serves to reduce the bonded
surface area. WO 98/45693 (Aclara Biosciences) proposes
to prevent extrusion by applying adhesive 1n a film no more
than 2 um thick, and 1n fluid curable embodiments further to
control extrusion by rendering the adhesive nonflowable by
partial curing before apposition of adherends. Each of these
latter approaches requires careful attention to process.

[0019] There thus exists a need in the art for lamination
methods that more readily prevent extrusion of adhesive
from between adherent laminae and that may be used 1n a
rapid process.

10020] Bonding of laminae using adhesives presents other

problems as well, many of which are exacerbated at micro-
fabrication scale.

10021] For example, physical application of such small
volumes of adhesive may prove difficult, particularly within
the temporal limits imposed by the induction time and
curing time of a fluid-phase adhesive. Furthermore, as the
thickness of the adhesive layer decreases, the probability
increases that the adhesive layer will include tiny pinhole
arcas lacking adhesive coating. These uncoated areas may be
subject to chemical attack, which can weaken the bonding
interface. There thus exists a need 1n the art for adhesives
that are more readily and uniformly applied to surfaces of
small scale adherends, and that lack the temporal
restraints—that 1s, limited potlife—imposed by induction
and curing of standard fluid-phase adhesives.

10022] Direct adhesion of planar surfaces, which has been
described particularly in the bonding of semiconductor
waler surfaces, presents yet other problems. Direct waler
bonding 1s effectuated by oxidizing the surfaces of mirror
polished silicon wafers, then fusing the oxidized (glass)
surfaces at high temperature (400° C.-1,200° C.) with appli-
cation of external uniaxial pressure to create covalent bonds
between the wafers. See Kish et al., U.S. Pat. No. 5,783,477.

This process relies, however, upon the intrinsic behavior of
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the silicon surfaces, and 1s therefore limited in the types of
materials that may be bonded and in the bond strengths
obtainable.

[0023] Linn et al., U.S. Pat. No. 5,849,627, describe a

modification of the wafer bonding approach in which further
application of an aqueous oxidizing solution between the
walers during the annealing step adds a further redox
reaction to the standard reaction of silicon dioxide surfaces.
The addition of the further reactant permits slight reduction
in the annealing temperature and allows variation in the
bond chemistry and strength between the wafers. Nonethe-
less, the chemistries described are adapted particularly to

bonding silicon surfaces, and the temperatures required for
annealing remain high (800° C.-1000° C.)

10024] There thus exists a need in the art for adhesion
methods that allow close, preferably monomolecular, bond-
ing of surfaces that are not necessarily silicon-based, and
that may comprise dissimilar polymeric substrates. There
further exists a need for direct adhesion methods that permat
annealing at temperatures below the deformation or melting,
temperatures of standard plastics.

[0025] Apparatuses for effecting continuous production of
laminated bodies have been described. Seifried et al., U.S.
Pat. No. 5,228,944; Schmidt et al., U.S. Pat. No. 5,698,299,
Schmidt et al. particularly describe continuous manufacture
of microfluidic devices by registrable superimposition of
patterned microfabricated laminae. In each of these
approaches, however, laminae are bonded by standard ther-
mal adhesion or fluid adhesive methods, importing 1nto the
continuous manufacturing processes the shortcomings con-
comitant to such adhesive methods. There thus exists a need
for methods and apparatuses for effecting continuous pro-
duction of laminated bodies using low temperature direct
adhesion of laminae.

SUMMARY OF THE INVENTION

[0026] The present invention solves these and other prob-
lems 1 the art by presenting low temperature adhesion
methods that bond surfaces of various composition mono-
molecularly at low temperature. The 1nvention 1s based, 1n
part, upon the novel recognition that direct adhesion may be
ciiected between two macroscopic adherends by separately
rendering each bonding surface competent to contribute a
reactant to a chemical bonding reaction; when a sufficient
density of reactive groups have been disposed upon the
bonding surfaces, the formation of a large number of chemi-
cal bonds between the two surfaces after contact suifices
directly to affix the adherends to one another. If one or both
surfaces, by virtue of their composition, inherently displays
a suilicient density of an appropriate reactant, a separate step
need not be performed to render the surface competent for
adhesion.

[0027] Thus, in a first aspect, the invention provides a
method of attaching a first bonding surface to a second
bonding surface, comprising the step of contacting the first
bonding surface to the second bonding surface, wherein a
first reactant for a chemical bonding reaction 1s plurally
present on the first bonding surface, a second reactant for the
chemical bonding reaction 1s plurally present on the second
bonding surface, and the surfaces are contacted for a time
and under conditions sufficient to permait the chemical reac-
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fion to bond a suflicient number of first reactants to second
reactants to attach the first bonding surface to said second
bonding surface.

10028] The method may further comprise the antecedent
step of disposing upon the first bonding surface a plurality
of the first reactant, and may also comprise the additional
step, prior to contacting the bonding surfaces, of disposing
upon the second bonding surface a plurality of the second
reactant. In preferred embodiments of these latter methods,
the derivatization step includes exposure of at least one of
the bonding surface to a gas plasma, such as ammonia
plasma, oxygen plasma, and halogen plasmas; exposure to
anhydrous ammonia plasma particularly may be used to
aminate the bonding surface for reaction with epoxide
groups presented by the second bonding surface.

10029] The chemical reaction that bonds the adherend
surfaces may form covalent bonds, hydrogen bonds, 10nic
bonds, or dative bonds. Covalent bonds are preferred for
strong adherence. Dative, or coordinate bonds, also prove
uselul, particularly when such bond 1ncludes coordination of
a metal, particularly coordination of gold by free sulthydryl

group.

[0030] In asecond aspect, the invention provides a method
of attaching a first bonding surface to a second bonding
surfaces comprising the step of contacting the first bonding
surface to the second bonding surface in the presence of a
linker molecule, wherein a first reactant for a first chemaical
bonding reaction i1s plurally present on the first bonding
surface, a {first reactant for a second chemical bonding
reaction 1s plurally present on the second bonding surface,
wherein the linker includes a second reactant for the first
chemical bonding reaction and a second reactant for the
second chemical bonding reaction, and the surfaces and
linker are contacted for a time and under conditions suifi-
cient to permit the first and second chemical reactions to
bond the linker concurrently to both first and second bond-
ing surfaces 1n numbers suflicient to attach the first bonding
surface to the second bonding surface.

[0031] This second method may further comprise the
antecedent step of disposing upon the first bonding surface
a plurality of the first chemical reaction first reactant, and
optionally a further step, before the contacting step, of
disposing upon the second bonding surface a plurality of the
second chemical reaction first reactant. In preferred embodi-
ments of these latter methods, the derivatization step
includes exposure of at least one of the bonding surface to
a gas plasma, such as ammonia plasma, oxygen plasma, and
halogen plasmas; exposure to anhydrous ammonia plasma
particularly may be used to aminate the bonding surface for
reaction with epoxide groups presented by the linker mol-
ecule.

[0032] By analogy to the methods of the first aspect of this
mvention, the chemical reaction that bonds the adherend

surfaces may form covalent bonds, hydrogen bonds, 1onic
bonds, or dative bonds. Covalent bonds are preferred for
strong adherence. Dative, or coordinate bonds, also prove
uselul, particularly when such bond 1ncludes coordination of
a metal, particularly coordination of gold by free sulthydryl

group.

[0033] Although uniform application of the linker to one
of the two bonding surfaces will, after complete reaction,
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ciiectively recreate the adhesive geometry presented by the
methods of the first aspect of the invention 1in which the
bonding surfaces are competent to bind directly to one
another, nonuniform application of the linker to an adherend
surface creates one or more discrete spots on that surface
that 1s capable of contributing to a bond. The creation of
spatially-directed bonding locations permits “spot-welding”
of adherends, which may provide certain structural benefits
to the microfabricated object by providing nonbonded areas
to relieve stress; additionally, the creation of spatially-
directed bonding locations permits the directed attachment
of microfabricated components to the surface of the adher-
end.

[0034] The methods of the present mnvention permit the
low temperature adhesion of surfaces of various composi-
tions. Thus, 1n particular embodiments, at least one of said
bonding surfaces 1s of an adherend consisting essentially of
plastic. In a preferred embodiment, the plastic 1s polycar-
bonate or polystyrene. In other embodiments, at least one of
said bonding surfaces 1s of an adherend consisting essen-
tially of metal, preferably gold. The methods thus readily
permit the application of metal foils to formed plastics,
which proves useful 1n the rapid and continuous manufac-
ture of optical disks and microfabricated analytical devices
readable by optical disk readers.

[0035] The methods are not limited to planar substrates.
Thus, the bonding surface of at least one of the adherends
may 1nclude features that are nonplanar with the bonding
interface; such nonplanarities may include channels, wells,
or the like etched or micromachined into the surface, per-
mitting the construction of microfluidic devices. Thus, in
certain embodiments of the adhesion methods of the present
invention, at least one of the bonding surfaces includes
nonplanarities with the bonding interface, such as features
ctched or micromachined from the surface into the substrate
of the adherend. In preferred embodiments, the attachment
of the second adherend fluidly encloses the nonplanar fea-
ture. Alternatively or additionally, the nonplanarities may
digitally encode information; in preferred embodiments, that
digitally encoded information, for example in the form of
pits or grooves, 1s readable by an optical disk reader. In yet
other embodiments at least one of said bonding surfaces has
analyte-specific signal elements disposed therecon, prefer-
ably analyte-specific signal elements readable by an optical
disk reader.

[0036] The methods for adhering a first bonding surface to
a second bonding surface may readily be used in the
manufacture of multilaminate structures.

[0037] Thus, in another aspect, the invention provides a
method for constructing a multilaminate structure, the
method comprising at least one iteration of the step of:
attaching a first adherend to a second adherend, the attached
adherends serving as first adherend 1n any subsequent 1tera-
tion of the step, wherein the attaching step 1s performed by
contacting a bonding surface of the first adherend to a
bonding surface of the second adherend, wherein a first
reactant for a chemical bonding reaction 1s plurally present
on the first adherend bonding surface, a second reactant for
the chemical bonding reaction i1s plurally present on the
second adherend bonding surface, and the surfaces are
contacted for a time and under conditions sufficient to permait
the chemical reaction to bond a sufficient number of first
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reactants to second reactants to attach the first adherend
bonding surface to the second adherend bonding surface.

[0038] The invention provides a further method for con-
structing a multilaminate structure, the method comprising
at least one 1teration of the step of: attaching a first adherend
to a second adherend, the attached adherends serving as first
adherend 1n any subsequent iteration of the step, wherein the
attaching step 1s performed by contacting a bonding surface
of the first adherend to a bonding surface of the second
adherend 1n the presence of a linker molecule, wherein a first
reactant for a first chemical bonding reaction 1s plurally
present on the first adherend bonding surface, wherein a first
reactant for a second chemical bonding reaction is plurally
present on the second adherend bonding surface, wherein
the linker includes a second reactant for the first chemical
bonding reaction and a second reactant for the second
chemical bonding reaction, and the surfaces and linker are
contacted for a time and under conditions sufficient to permit
the first and second chemical reactions to bond the linker
concurrently to the first adherend surface and the second

adherend surface 1n numbers sufticient to attach the first
adherend to the second adherend.

[0039] The invention provides, in another aspect, a mul-
filaminate structure produced by at least one iteration of
cither of these processes.

[0040] The methods of the present invention are particu-
larly suitable and present significant advantages for use 1n
rapid continuous laminating processes in which adherends,
usually formed as flexible sheets or films, are contacted
progressively 1n a continuous fashion.

[0041] Thus, in yet another aspect, the invention provides
a method of manufacturing a multilaminate structure, the
method comprising at least one iteration of the step of:
attaching a first adherend to a second adherend, the attached
adherends serving as first adherend 1n any subsequent 1tera-
tion of the step, wherein the attaching step 1s performed by
progressively contacting a bonding surface of the first adher-
end to a bonding surface of the second adherend, wherein a
first reactant for a chemical bonding reaction i1s plurally
present on the first adherend bonding surface, a second
reactant for the chemical bonding reaction 1s plurally present
on the second adherend bonding surface, and the surfaces
are contacted for a time and under conditions suflicient to
permit the chemical reaction to bond a suflicient number of
first reactants to second reactants to attach the adherends.

10042] The invention further provides a second method for
manufacturing a multilaminate structure, the method com-
prising at least one iteration of the step of: attaching a first
adherend to a second adherend, the attached adherends
serving as first adherend 1n any subsequent 1teration of the
step, wherein the attaching step 1s performed by progres-
sively contacting a bonding surface of the first adherend to
a bonding surface of the second adherend 1n the presence of
a linker molecule, wherein a first reactant for a first chemical
bonding reaction 1s plurally present on the first adherend
bonding surface, wherein a first reactant for a second chemi-
cal bonding reaction 1s plurally present on the second
adherend bonding surface, wherein the linker includes a
second reactant for the first chemical bonding reaction and
a second reactant for the second chemical bonding reaction,
and the surfaces and linker are contacted for a time and
under conditions sufficient to permit the first and second
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chemical reactions to bond the linker concurrently to the first
adherend surface and second adherend surface 1n numbers
suthicient to attach the adherends.

BRIEF DESCRIPTION OF THE DRAWINGS

[0043] These, and other aspects of the present invention,

can best be understood by reference to the drawings, in
which:

10044] FIG. 1 schematizes a process for directly adhering
two laminae using an exemplary chemistry of the present
invention, 1n which each bonding surface 1s first separately
rendered competent to contribute a distinct reactant to an
epoxide ring-opening by an amine reaction, the formation in
parallel of a large number of amino-alcohol covalent bonds
across the bonding interface thereafter suflicing directly to
atfix the adherends to one another;

[10045] FIG. 2 depicts the use of ammonia plasma to
dispose reactive amine groups at high density on the surface
of a first adherend via a continuous process, rendering the

first adherend competent to contribute to the bonding reac-
tion set forth in FIG. 1;

10046] FIG. 3 depicts a continuous process for disposing
reactive epoxide groups at high density on the surface of a
second adherend, rendering the second adherend competent
to bond directly to an adherend prepared as in FIG. 2;

10047] FIG. 4 is a side cross-sectional view through a
bilaminate microfabricated structure assembled using the
method of FIGS. 1-3, demonstrating the distribution of
reactive moieties on the internal surface of capillaries and
chambers formed in the bonding interface between two
microfabricated adherends;

10048] FIG. 5 is a side view of an apparatus for continu-
ous manufacture of a trilaminate structure; and

10049] FIG. 6 is an exploded perspective view of a
laminated structure in which superimposition of patterned
laminae creates fluidly sealed determinate microfluidic
paths.

DETAILED DESCRIPTION OF THE
INVENTION

[0050] In order that the invention herein described may be
fully understood, the following detailed description 1s set
forth. Unless otherwise specified, terms used 1n the descrip-
tion have their usual and customary meanings. In the adhe-
sive arts, such usual and customary meanings will be found,
inter alia, 1n Skeist, 1. (ed.), Handbook of Adhesives, 3rd ed.,
New York: Van Nostrand Reinhold Co., 1990 and Donatas,
S. (ed.) Handbook of Pressure Sensitive Adhesive Technol-
ogy, New York: Van Nostrand Reinhold Co., 1989, which
are incorporated herein by reference. The term “adherend”
as used herein refers to any object that 1s to be bonded,
permanently or transiently, by the methods of the present
invention; a surface of the adherend that is to participate in
the bonding 1s referred to herein as the adherend’s “bonding
surface”; between the bonding surfaces of adherends that
have been so bonded i1s found the “bonding interface.”

[0051] The present invention is based in part upon the
novel recognition that direct adhesion may be effected
between two macroscopic adherends by separately render-
ing each bonding surface competent to contribute a reactant
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to a chemical bonding reaction; when a sufficient density of
reactive groups have been disposed upon the bonding sur-
faces, the formation 1n parallel of a large number of chemaical
bonds between the two surfaces suffices directly-to afix the
adherends to one another. In a preferred approach, the
chemically-reactive groups are disposed directionally upon
the surface of the adherends, imposing geometric constraints
upon the bonding process that facilitate manufacture of
multilaminate structures.

[0052] Thus, in a first aspect, the invention provides
methods for adapting chemistries that are useful in the
covalent (or strongly noncovalent, such as ionic, dative or
coordinate, or hydrogen) bonding of individual molecules to
the attachment of entire macromolecular surfaces. This
direct bonding approach, applicable to a wide variety of
substrate compositions, obviates the need for fluid-phase
adhesives or for thermal bonding at elevated temperatures.

[0053] Although an enormous variety of chemical bond-
ing chemistries prove useful in the -practice of the invention,
those chemaistries presently used 1n fluid-phase epoxy adhe-
sives prove particularly useful, and thus may conveniently
be used here to exemplify this aspect of the invention.

0054] Two-component epoxy glues contain an epoxy
base (resin) and a hardener (curing agent) that are mixed
together immediately prior to application to adherend sur-
faces.

[0055] The curing agent hardens the epoxy resin by react-
ing with the epoxide group 1n a ring-opening reaction as
generalized below:

9,
7y \\
X 4+ A — X> o

[0056] where —X 1s the hardener. The resulting hardened
resin 1s a covalently bonded polymer that 1s adherent to and
that bridges the space between the two adherends. The resins
and hardeners are typically bi-functional, having either two
epoxide groups per molecule (resins) or two ring-opening
elements per molecule (hardeners).

[0057] There are many types of epoxy resins. Common
resins 1nclude glycidyl ethers, glycidyl esters, glycidyl
amines, epoxidated diene polymers, and cycloaliphatic
epoxy resins. Among these, glycidyl ethers are the most
common, particularly the glycidyl ethers of Bisphenol A,
Bisphenol F, and Novolac™ epoxy resins. Bisphenols A and
F have the structure
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[0058] where R 1s CH, for Bisphenol A and R is H for
Bisphenol F. Novolac™ epoxy resin has the structure

O O O
/ \ / \ / \
ch—(‘:H ch—(‘:H ch—(‘:H
H,C H,C HyC

O § o O

@
N

T

LN

[0059] Bisphenol A resins are by far the most common
accounting for more than 95% of commercial epoxy resins.
These resins are very pH and temperature resistant and
remain intact under normal conditions. Bisphenol A resins
will, unless diluted or altered, typically handle 70% sulphu-
ric acid and temperatures of 150-200 degrees Fahrenheit.
Novolac™ resins will handle 98% sulphuric acid and tem-
peratures of 400-500 degrees Fahrenheit. Bisphenol-F resins
fall between the two.

[0060] Structurally, most epoxies are formed from straight
molecular hydrocarbon polymers. Higher quality epoxies
use ring shape molecules, particularly aromatic and cyclo-
aliphatic hydro carbons and polyamines, typically have one

epoxide moiety per monomer unit, rather than one epoxide
moiety on each end of the molecule as in lower quality
epoxy resins. In this context, “higher quality” means more
resistant to high temperatures and high humidities.

[0061] While all epoxies are brittle (2-3% ultimate elon-
gation, 1.€., elongation prior to breakage), the ring epoxies
ogenerally have ultimate elongations of 7-9%. Special addi-
fives can 1increase-epoxy elasticity significantly, but the
additives often interfere with or reduce other desired prop-
erties, such as tensile and compressive strengths.

[0062] Typical hardeners include amine derivatives,
polysulfides, amides, anhydrides, and formaldehyde mix-
tures with amines and alcohols. The most common harden-
ers are polyamides and aliphatic amines. Polyamides are
available 1n a wide variety of molecular weights and chemi-
cal structures. Since the numerous amine groups of the
polyamide backbone react with the epoxide groups of the
resin but-do not self-react, the mix ratio of resin to hardener
1s not critical. Polyamides also have a long shelf-life, but
they exhibit poor temperature resistance.

[0063] By contrast, aliphatic amines, typified by diethyl-
ene triamine (D.E.H.™; Dow Chemical Company), trieth-
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ylene amine (Amicure™; Pacific Anchor Chemical Com-
pany), and aminoethyl piperazine (Epo-Tuf™; Reichhold
Chemical), are very temperature resistant. They also have
low formulations costs and are fast-curing at ambient tem-
peratures. However, these hardeners have critical mix ratios
and are strong skin 1rritants.

[0064] Special additives are often included in standard
fluid-phase two-component epoxy glues to provide special
properties and to thicken or thin the glue or 1ts components
(e.g., lead, Kevlar, nylon). Other additives, such as calcium
salts, chopped glass or silica, and metallic powders serve to
decrease the heat dissipated during the reaction and increase
strength and resistance to abrasion. Another common addi-
tive 1s an “elastomeric modifier”, which serves to i1ncrease
ultimate eclongation. These modifiers are usually rubber
derivatives. By far the most common are polybutadiene
resins (Hycar Reactive Liquid Polymers™; B. F. Goodrich
Company). Sometimes additives are also used to simply
lower the cost. Epoxy formulators can select from several
different epoxy bases, curing agents, and additives.

[0065] These chemistries are adapted for use in-the meth-
ods of the present invention by separately rendering each of
the bonding surfaces competent to contribute a reactant to
the epoxide ring-opening reaction. Thus, in the simplest
embodiment of the method, schematized 1n FIG. 1, primary
amines are disposed at high density upon the bonding
surface of one adherend and epoxide moieties are disposed
upon the bonding surface of the other adherend. When the
two bonding surfaces are thereafter directly contacted, the
ring-opening reaction proceeds with the formation of a high
density of amino-alcohol covalent bonds, thus causing direct
covalent bonding of the two adherends.

[0066] The first step 1n this process is the introduction of
reactive groups separately onto the bonding surfaces of the
two adherends to render them adhesively competent. As
would of course be understood, the exact means for intro-
ducing reactive groups will depend upon both the starting
composition of the bonding surface and the desired final
composition.

[0067] For example, in the construction of devices par-
ticularly adapted for detection using optical disk readers, as
are described 1nter alia in co-owned and copending U.S. Pat.
application Ser. Nos.08/888,935, 09/120,049, 09/183,842,
09/064,635, 09/064,636, and 09/139,213, and international
counterpart applications published as WO 98/01533, WO
08/377238, and WO 98/38510, incorporated herein by refer-
ence, at least one adherend will often be composed of
plastic, such as polyethylene, polypropylene, polyacrylate,
polymethylmethacrylate, polyvinylchloride, polytetratluo-
rocthylene, polystyrene, polycarbonate, polyacetal, polysul-
fone, celluloseacetate, cellulosenitrate, or mixtures thereof.
In such cases, reactive groups may be incorporated during
polymerization of the plastic itself, either within the poly-
meric backbone or by incorporation of additives to be
embedded within the polymer matrix. Alternatively, the
necessary chemically reactive groups may be disposed upon
the solidified plastic substrate by derivatization of the bond-
ing surface. This latter approach—surface derivatization—
will generally be employed when the adherend 1s composed
of nonpollimeric materials such as silicon, polysilicon,
quartz, glass, or ceramic.

[0068] For the epoxy ring opening by amine chemistry
(also abbreviated “epoxyamine” herein) schematized in
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FIG. 1, primary amino groups may be added to the surface
of a second plastic or silicon-based adherend by several
means, Including ammonia plasma-etching, nitration fol-
lowed by reduction, addition of cyanate to form nitrites
followed by reduction, additions of sodium azide followed
by addition of mitrous acid and subsequent hydrolysis, or
addition of hydrazine followed by subsequent modifications
of the amine. All such reactions are well known 1n the art,
and other chemistries will readily suggest themselves to one
skilled mm the art. A particularly preferred approach for
aminating a bonding surface 1s exposure of the surface to
anhydrous ammonia plasma, as depicted schematically 1n
FIG. 2. Ammonia plasma treatment introduces amine
oroups at uniformly high density, Chappell et al., Surf.
Interface Anal. 17:143 (1991); the plasma easily reaches and
derivatizes portions of the surface that may, by virtue of
features microfabricated thereon, be more difficult to reach
with fluid-phase chemical approach.

[0069] Plasma-generating vacuum chambers coupled to an
clectrical discharge system for 1onizing the gas are readily
available from a variety of commercial sources, including
Advanced Plasma Systems, Inc. (St. Petersburg, Fla.); ENI
Corporation (Rochester, N.Y.); Plasma Systems, Inc. (San
Jose, Calif.); Plasma Etch, Inc. (Carson City, Nev.; Surface
Technology Systems Limited (South Wales, UK); and Ther-
mal Conversion Corp. (Kent, Wash.). Thermal Conversion
Corporation manufactures a continuous-feed, gas-phase
reactor that 1s particularly useful 1n the continuous fabrica-
tion methods further described below. The system 1s induc-
tively or capacitively coupled to provide the source for the
clectrical discharge. Operation occurs at variable discharge

frequencies most advantageously between 150 kHz and 13.6
MHz.

[0070] For the epoxy ring opening by amine chemistry
schematized 1n F1G. 1, epoxide groups may be added to the
surface of a plastic or silicon-based adherend by application
of surface active compounds such as addition of meta-
chloroperoxybenzoic acid or other peroxyacid, formation of
halohydrins followed by treatment with base, epoxidation of
clectrophilic alkenes by treatment with peroxides, sulfur
ylides reaction with carbonyls, or epoxide ester formation
using the Darzens reaction, M. S. Newman and B. J.
Magerlein, Org. React. 5: 413 (1951). All such reactions are
well known 1n the art, and other chemistries will readily
suggest themselves to one skilled i the art. One preferred
approach, as further discussed below, 1s to dispose epoxide
ogroups upon the surface by first aminating the surface, then

reacting the surface with bis-epoxy-polyethylene glycol
(bis-epoxy-PEG).

[0071] Once the bonding surfaces are rendered competent
for adhesion—as, for example, by separate disposition of
epoxide and amine groups, respectively—the adherends
may be stored for future use, or may immediately thereafter
be reacted with one another to complete the adhesive
process. It should be appreciated that some bonding sur-
faces, by virtue of their inherent composition, will not
require as a separate step the application of reactive groups.

[0072] A wide variety of other chemistries may readily be
adapted for use 1n this method of direct adhesion, wherein
cach bonding surface 1s first separately rendered competent
to contribute a reactant to bond formation, the formation 1n
parallel of a large number of bonds across the bonding
interface thereafter suthicing directly to athix the adherends to
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one another. For example, other widely-used epoxy resins,
such as bisphenol A and epichlorohydrin, may be used in
lieu of bisepoxy PEG. Other variations on the ring-opening
attachment method analogous to the ring-opening of an
epoxide by an amine include reaction of carboxylic acids
with polyepoxides to form hydroxylated esters and reaction
of carboxylic acids with cyclic amines to form amine-linked
esters.

[0073] The principle may be extended beyond epoxy or
other ring-opening chemistries to include, e.g., reaction of
carboxylic acids with diamines to form amides; reaction of
carboxylic acids with polyalcohols to form esters; reaction
of activated carbon atoms, such as carbanions, with diiso-
cyanates to form amides; any reaction that results in the
formation of a carboxylic, phosphoric, sulfonic or sulfuric
anhydride, such as reaction of a carboxylic acid with an acid
chloride to form a carboxylic anhydride; reaction of alcohols
with 1socyanates to form urethanes; reaction of amines with
Isocyanates to form urea linkages; reaction of amines or
hydrazines with aldehydes or ketones; reaction of mercap-
tans with maleimides; oxidation of two mercaptans to form
a sultur-sulfur bond; and reaction of dienes with dienophiles.

[0074] Furthermore, one or more of the reactive groups
may be chemically protected. The protective group may be
removed immediately before the two adherends are brought
into contact, or even after they have been compressed
against each other. Protective groups can be removed chemi-
cally, biochemically, electrochemically, photochemically or
thermally. Various protective groups are well known 1n the
art of organic chemistry (Greene and Wuts, Profective
Groups tn Organic Synthesis, 2nd ed., 1991, John Wiley &
Sons). Such protective groups find particular advantage in
chemistries in which reactive groups are self-reactive; addi-
fion of a protective group renders the adherend non-seli-
reactive and suitable for storage.

[0075] The principle may also be extended to include
chemistries that have been described for the successive
application of-chemically adsorbed films, but which have
not hitherto been recognized as suitable for adhering a first
solid substrate surface to a second. Ogawa et al., U.S. Pat.
Nos. 5,635,246, 5,466,486, 5,451,459, 5,324,543, 5,380,
585, and 5,225,274.

[0076] No matter what the chosen chemistry, each bond-
ing surface 1s first rendered competent to contribute a
reactant to the chosen bonding reaction, either by 1ts inherent
composition or by subsequent disposition of reactive groups
upon the bonding surface.

[0077] In the latter case, where the adherend substrate is
not mnherently reactive, reactive groups may be introduced
onto the surface by techniques well known 1n the art, for
example by the mixing of surface active compounds such as
polyethylene glycol ammonium halogenide with a polymer;
by ammonia, oxygen, halogen or other reactive plasma
ctching; or by wet chemical reaction, such as acid or alkaline
hydrolysis, nitration and subsequent reduction; or by attach-
ment of zirconates, titanates, zircoaluminates, or chromium
compounds. Preferred approaches use ammonia, oxygen,
and halogen plasmas, which variously introduce amine
oroups and oxygenated functional groups such as alcohols,
aldehydes, carboxyl groups, and halogen groups, respec-
tively. Chappell et al., Surf. Interface Anal. 17:143 (1991).

Glass surfaces can be derivatized directly with silylchlorides
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or their derivatives. Glass can also be activated by hydro-
chloric or hydrofluoric acid or by bases. The bonding surface
should contain a sufficient density of reactive groups to
ensure subsequent macroscopic adhesion.

[0078] Several advantages of the direct bonding method of
the present invention should be readily apparent.

[0079] First, the use of fluid-phase adhesives is obviated,
thereby eliminating the potential extrusion of adhesive from
the bonding interface into microfabricated features such as
channels formed 1n or between the adherends. Although the
derivatization of one or both adherend surfaces may itself be
cifected by application of chemicals 1n fluid solvent, wash-
ing and drying of the surface prior to adhesion will prevent
extrusion.

[0080] Second, the elevated temperatures required by ther-
mal bonding may be obviated.

|0081] Third, the ability to direct the orientation of the
bonding reaction provides significant advantages 1n manu-
facture of multilaminate structures. Taking the epoxy ring
opening-by amine reaction depicted m FIG. 1 as an
example, 1t should be apparent that the aminated bonding
surface will not adhere to itself. Where such an aminated
adherend 1s a flexible sheet, such as a thin plastic film, 1t may
as a consequence be reversibly rolled upon itself without
self-adherence, which has utility in continuous manufactur-
ing processes, as further detailed below. Furthermore, each
side of such a film may be separately and distinctly deriva-
tized, permitting the directed and oriented construction of
multilaminate devices.

[0082] It should be apparent, too, that when a microfab-
ricated capillary or chamber 1s rendered fully enclosed by
the present bonding process—that 1s, when a channel or well
microfabricated mto an adherend becomes fluidly sealed by
the bonding of a second adherend—the internal surfaces of
the capillary will bear chemically reactive functional groups
contributed by each of the adherends, as yet unreacted due
to spatial separation. Thus, as depicted 1n FIG. 4, when a
first adherend contributes reactive primary amines to the
bonding reaction and the second adherend contributes
epoxides, the internal surface of the capillary will display
both amines and epoxides. These groups remain available
for the subsequent attachment of molecules that desirably
may be used for analysis or synthesis. For example, the
reactive groups permit the attachment of nucleic acids for
hybridization assays and immunoglobulins for immunoas-
says. Of course, such analyte-specific molecules may be
attached to one or both of the bonding surfaces 1n a patterned
fashion, for example by ink-jet printing, before bringing the
two adherend bonding surfaces together.

|0083] A further advantage of the methods described
herein 1s that uniform derivatization of the bonding surfaces
by exposure to reactive gas plasma substantially eliminates
the problem of pinhole areas of noncoverage that attend
cfforts to apply liquid adhesives 1n thin films.

|0084] Further, it should be appreciated that the methods
described above are not limited to substrates that are com-
pletely planar. Thus, the bonding surface of at least one of
the adherends may include features that are nonplanar with
the bonding interface; such nonplanarities may include
channels, wells, or the like etched or micromachined into the
surface, permitting the construction of microfluidic devices.
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The methods may even be applied to substrates that are not
principally or even substantially planar. For example, the
methods described herein may readily be adapted to the
construction of microfluidic devices that are heavily etched,
such as those employing the etched microspacer or post
geometry described in WO 98/32535 (Lindberg et al.). The
methods described herein may also be adapted readily to
permit attachment of particles, such as plastic spheres, to
planar or nonplanar surfaces.

[0085] Yet another advantage of the above-described
approach 1s that temporal restraints that inhere 1n the use of
liquad glues and particularly in the use of two-component
liquad epomes are eliminated. The “potlife” of a two-part
epoxy 1s defined as the time that the adhesive can be worked
before it begins to harden; the “cure time™ 1s the time 1t takes
the epoxy to harden. Desired are epoxy glues that have long
potlife but short curing times. This has proven dithicult to
achieve. While 1t 1s easy to shorten or to lengthen both
potlife and cure time by changing temperature, 1t has proven

exceedingly difficult to lengthen potlife while retaining a
usefully short cure time.

[0086] The approach described herein, however, com-
pletely segregates the potlife from the cure time by segre-
cgating the processes by which adhesive competency 1is
created, on the one hand, from the actual adhesive event
itself on the other. Thus, as noted above, the bonding
surfaces may be contacted immediately after being rendered
competent, or may, alternatively, be stored prior to contact;
depending on the stability of the chemically active moiety,
the adhesively competent adherend may be stored for long
per1ods.

[0087] In addition, the method of the present invention
climinates the requirement imposed by two component
epoxy glues that the reactants be admixed in carefully
prescribed ratios; 1n the present method, a relative excess of
one or the other reactant will not interfere with efficient bond
formation across the bonding interface.

|0088] Finally, the above-described approach bonds the

two adherend surfaces monomolecularly, that 1s, with just a
single molecule bridging the adhesion interface. The mono-
molecular fusion that 1s eff

ected between the two bonding
surfaces ensures that voids created 1n the bonding interface
between the bonding surfaces are fluidly sealed. The close
apposition of the adherends further accommodates reduc-
tions 1n the scale of microfluidic elements that will likely be
achieved 1n the future.

[0089] In a variation of the above-described approach,
cach bonding surface may be rendered competent to con-
tribute a reactant to bond formation with a bifunctional
linker rather than directly with the other adherend; 1t 1s the
linker that bridges the bonding interface and effects the
adhesion.

[0090] In one embodiment of this approach, each of the
bonding surfaces 1s aminated, and the linker 1s a derivative
of bisepoxy-polyethylene glycol (bisepoxy-PEG). The ami-
nated surfaces are readily produced by exposure to ammonia
plasma, are mutually nonreactive, and are stable to storage.
The linker backbone 1s PEG, which offers the advantages of
rendering the linker readily soluble 1n aqueous solution and
providing ease of synthesis to chosen length.

[0091] Other illustrative chemistries are shown in the
formulae below, in which the first and third reactant repre-
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sent chemically reactive groups disposed upon the bonding
surface of a first and second adherend, respectively, and the
middle reactant represents a bifunctional linker. The R group
in each of the linkers 1s preferably an alkyl chain or alkyl
derivative, and more preferably 1s polyethylene glycol
(PEG) or a derivative thereof.

Activated Carbon Atoms plus Diisocyanates

—CHga + O=C=—=N—"R—N=C=0 +
O O
e HZ H ‘ H2
H,C—— — C—C—N—R—N—C—C—
Anhydride Formation
O O O
| | |
C—Cl + HO—C—R—C—OH +
O O O O O
| | | | |
cl—-C— —™» —C—0O0—C—R—C—0—C——

Alcohols plus Diisocyanates

R=—NH, + O=—=C=—/=N—R—N—/(C=—=0 + HO=R —»

Amines plus Dusocyanates

R—OH + O=(C=—=N—"R—N=(C=—=0 + HoN—R ——»

O

L L
N—(C—N—R—N——C—N

Carboxylic Acids plus Polyepoxides

O R O
[ N/ N/ [
—C—OH + O O + HO—(C—mm ———
O O
| Hy @ H b |
—C—O0—C—C—R—C—C—0O0—C—
OH OH
Carboxylic Acids plus Cyclic Amines
O R O
| \/ \/ |
—C—OH + N E + HO—C—— ——
O O
| > # H H |
C—O0—C—C—R—C—C—0—C——
NH» NH»
Carboxylic Acids plus Diamines
I I
—C—OH + H),N—/R—NH; + HO—C—— ——»
O
[ g |
C—N—R—N—C—
Carboxylic Acids plus Polyalcohols
O O
| |
C + HO—R—OH + HO—C— —
O O
| |
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[0092] In each of the above examples, the adherend bond-

ing surfaces are shown as 1dentically derivatized and mutu-
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ally unreactive. The linker, which 1s required to effect the
bonding, 1s shown as symmetric: that 1s, with two 1dentical
reactive groups for bonding to the adherend surfaces. As
would be readily apparent, this geometry permits the sym-
metrical bifunctional linker to crosslink reactive groups on
a single bonding surface; such a side reaction does not
contribute to bonding between the adherends. In cases of
symmetrical bifunctional linkers, therefore, the linker would
preferably be applied in a concentration sufficiently high as
to diminish the crosslinking of reactive groups on a single
bonding surface.

10093] Furthermore, although shown as bifunctional link-
ers having only two reactive groups, it should be apparent
that the linkers-may optionally also possess additional func-
fional groups or moieties. The linker may, for example,
possess a plurality of reactive groups suitable to contribute
to the binding reaction. The linker may also possess other
types of functional groups, such as those that increase or
decrease solubility, adjust hydrophobicity, alter thermal or
clectrical properties, or permit polymerization. Non-limiting
examples of such groups or moieties are: methyl, ethyl,
1-propyl, phenyl, hydroxyl, carboxyl, sulphonyl, thiophen,
tetrathiofulvalen, aza, and diacetylene groups.

10094] It will also be apparent that symmetry is not
required, and that asymmetric linkers—that 1s, linkers with
two dissimilar reactive groups—may thus be employed to
bond dissimilarly derivatized bonding surfaces. In such
circumstances, crosslinking of reactive groups on a single
bonding surface will less frequently be encountered.

[0095] In one embodiment of the chemistries utilizing
asymmetric linkers, a first adherend rendered competent for
adhesion by the prior disposition of epoxide groups may be
bonded to a second adherend having a gold or platinum
surface using mercapto-polyethylene glycol-amine as linker.
The linker’s free amino group reacts with the epoxade
moieties of the first adherend; the linker’s mercapto group
bonds directly to the gold or platinum surface by dative or
coordinate bonding.

[0096] This embodiment is particularly useful in the con-
struction of multilaminate devices adapted for detection by
optical disk readers, including, but not limited to, the con-
struction of standard (nonmicrofluidic) optical disks. The
approach described here obviates the present, discontinuous,
approach of sputtering reflective surfaces individually onto
the surface of fashioned plastic disk substrates, replacing it
with a continuous approach in which metallic or metalized
reflective surfaces are applied to such disks. instead by
adhesion of thin metal fo1l in a continuous process to be
further described below.

[0097] In another asymmetric linker embodiment, the
linker possesses an epoxide group and a maleimido group.
The surface of one adherend 1s rendered competent for
attachment by the addition of amine groups; the surface of
the second adherend 1s rendered competent for adhesion by
thiolation. An advantage of this chemistry is that each of the
adherend surfaces may separately be prepared by reaction
with plasmas. The linker’s epoxide moiety reacts specifi-
cally with the amine groups of the first adherend’s bonding
surface; the linker’s maleimido group reacts with the thiol
oroups displayed by the second adherend’s surface. The
maleimido group of the linker will react specifically with
thiol groups 1n the pH range of 6-7. The epoxide group at the
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other end of the connector compound reacts with the amino
oroups when the surfaces are brought into contact. The
chemistry can be reversed, so that epoxide and maleimido
groups are displayed on the bonding-surfaces and the amino
and thiol groups are presented by the linker.

[0098] In yet another asymmetric embodiment, one of the
linker’s reactive groups 1s an epoxy moiety 1denftical in
structure to that of bisepoxy-PEG, that 1s, an oxirane ring
wherein the two carbons 1n the ring are attached to three
hydrogens and one carbon, where this latter carbon 1s part of
the PEG backbone. The linker’s other reactive group has an
oxirane ring wherein one carbon 1s attached to two hydro-
ogens, and the other carbon 1s attached to one of the carbons
in the PEG backbone but also to a second atom which may
be a halogen or a multivalent atom such as oxygen, nitrogen,
sulphur, or phosphorus. The carbon atom may be part of any
alkyl, alkenyl, alkynyl, or any other hydrocarbon chain that
contains one or more higher order bonds and one or more
heteroatoms. The reactivity 1s reduced in the end of the
polymer chain containing the substituted oxirane ring due to
the increased steric hindrance at the epoxy group. Only the
less hindered epoxy group with three hydrogens attached is
likely to react in the first reaction. The substituted epoxy
ogroup 18, however, still reactive enough to form a covalent
bond with the second layer when the two layers are com-
pressed against each other.

[0099] In general, asymmetric linkers may display, as
reactive groups, alcohols, amines, carboxylic acids, acid
chlorides, 1socyanates, epoxides, cyclic amines, activated
carbons such as carbanions, carbocations, carbenes, Grig-
nard reagents, or any other carbon atom competent for the
formation of carbon-carbon bonds, carbon-nitrogen bonds,
carbon-oxygen bonds, carbon-phosphorus bonds, or carbon-
sulphur bonds with successive layers or materials that are
bonded to the surface of a layer. Some activated reactive
ogroups are formed i1n situ and are consumed 1mmediately
after their formation. Examples of these are carbanions,
carbo cations, radicals and carbenes. Some of these are
generated photochemaically.

[0100] In each of the embodiments that include a bifunc-
tional linker, 1t should also be apparent that uniform appli-
cation of the linker to one of the two bonding surfaces will,
after complete reaction, effectively recreate the geometry
first described herein, the bonding surfaces thereby rendered
competent to bind directly to one another.

[0101] However, a significant advantage of the linker
geometry 1s that nonuniform application of the linker to one
of the adherend surfaces creates one or more discrete spots
on that surface that 1s capable of contributing to a bond,
surrounded by areas of the adherend surface that are incom-
petent to bond. The linker may be applied 1n such i1nstances
using any spatially-controllable means, such as by ink jet
printing. For example as described 1n U.S. Pat. Nos. 4,032,
929, 4,612,554, and 4,734,705 (Xerox Corporation). Photo-
chemical activation of one or more bonding components
allows exact patterning of the bonding region by tunable
laser scanner or by photolithographic methods. Examples of
photocleavable protective groups are o-nitrobenzyl, 6-nitro-

veratryloxycarbonyl, and 2-nitrobenzyloxycarbonyl moi-
eties (Barltrop et al.,, Chem. Commun. 822 (1966);
Patchornik et al., J. Am Chem. Soc. 92:6333 (1970)).

10102] The creation of spatially-directed bonding loca-
tions permits “spot-welding” of adherends, which may pro-
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vide certain structural benefits to the microfabricated object
by providing nonbonded areas to relieve stress; this may be
particularly useful in devices in which successive lamina
expand disparately to application of heat.

[0103] Additionally, the creation of spatially-directed
bonding locations permits the directed attachment of micro-
fabricated components to the surface of the adherend. Thus,
rather than using a double sided tape to aflix miniature
heating elements as described in WO 98/53311 (Gamera
Biosciences), such circuits would be affixed by rendering the
circuit’s polyester film support competent to bind to a
spatially-directed adhesively competent spot on the device
substrate.

10104] In rendering a surface competent to contribute a
reactant to a bonding reaction—whether the reaction 1is
directly with a moiety disposed upon a second bonding
surface or, alternatively, with a reactant disposed upon a
bifunctional linker—it 1s possible to adjust the strength of
the resulting surface adhesion by controlling the number of
bonds that will ultimately form across the bonding interface.
A preferred method for so doing 1s to adjust the density of
reactive moieties on one or both bonding surfaces.

[0105] Although a myriad of approaches for adjusting the
density of reactive moieties on a bonding surface readily
suggest themselves, one preferred approach i1s to dispose
both reactive and nonreactive moieties upon the adherend’s
bonding surface; the ratio of such reactive to nonreactive
moieties determines the effective density of reactive moi-
eties on the surface.

[0106] Adhesive strength may also be controlled by
adjusting the strength of the individual bonds. Thus,
although the foregoing has particularly described formation
of covalent bonds, weaker bonds such as 1onic bonds,
hydrogen bonds, and van der Waal’s interactions, may
usefully be employed and will lead at any given bond
density to commensurately weaker adhesion between the
adherends.

[0107] It is also possible to choose chemistries that permit
the bonding strength to change spontancously over time or
as a consequence ol 1ntervention, including continuing
usage of the structure. Strengthening of the bond over time
may be achieved, for example, by very slow spontancous
reaction between reactive groups, removal of a protecting
group, or by polymerization. Such slowly reacting groups
may be disposed upon the bonding surfaces in admixture
with rapidly bonding reactive groups, permitting an initial
rapid bond to be formed, followed by slower curing of the
adhesive bond due to the slower-reacting groups.

[0108] Conversely, it may be desired to permit weakening
of the adhesive bond over time. This may readily be
achieved by mcluding a bond that 1s spontaneously cleav-
able by light, heat, electricity, water, oxygen, or some other
ubiquitous environmental agent. Alternatively, the reactive
oroup may be designed to include an engineered site that 1s
cleavably reactive with an agent to be introduced subse-
quently. Cleavable moieties are well known in the art;
cleavable spacers are further described in co-owned and
copending U.S. patent application Ser. Nos. 08/888,935,

filed Jul. 7, 1997 and 09/120,049, filed Jul. 21, 1998.

[0109] Bonds may also be reversibly cleavable. For
example, a sulfur-sulfur bond may be reversibly cleaved by
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reduction, with the bond forming again upon subsequent
oxidation. If one or both of the adherend bonding surfaces
1s metal, electrochemical reduction and oxidation may be
used to effect the reversible attachment or bonding. It thus
becomes possible to make a reversible “glue”, permitting
work pieces to be bonded and detached from each other
several times. Applications for such bonds are myriad, and
include, inter alia, products which are intended as partially
disposable; the permanent and disposable parts may thus be
attached for use, and then readily disassembled for disposal.
Among such devices, analytical devices that contact patient
samples will advantageously make use of such reversible
bonding.

[0110] Bond formation may proceed directly upon contact
of the reactive moieties, as with contact adhesives, or may
alternatively be facilitated by further application of a thin
solvent layer to one or both bonding surfaces. Without
wishing to be bound by theory, the evaporation of such a
solvent layer may act, as 1n waler bonding techniques
described by Kish et al., U.S. Pat. No. 5,783,477, to hold the
adherend surfaces together by van der Waals forces during
formation of stronger chemical bonds between the reactants.
Alternatively or additionally, such a fluid layer may permit
the reaction to proceed more efficiently 1n the fluid phase.

[0111] Additionally, the adhesive process may profitably
be performed under vacuum. This precludes air bubbles
from forming in the bonding interface. Following contact of
the adherends under vacuum, the laminate 1s returned to
ambient air pressure where the air pressure further com-
presses the layers. An alternative solution to the entrapment
of gas 1n the bonding interface, proposed in WO 98/32535
(Lindberg et al.), may readily be adapted to the present
adhesive approach.

[0112] Continuous Lamination Methods

[0113] A significant advantage of the adhesion methods of
the present mnvention 1s that they particularly facilitate the
manufacture of multilaminate structures by a continuous
process. In other aspects, therefore, the present invention
provides methods and apparatuses for the rapid, continuous
manufacture of multilaminate structures.

|0114] Three particular advantages of the above-described
adhesion methods 1n continuous processes have already
been discussed.

[0115] First, separately rendering the bonding surfaces of
two adherends competent for adhesion permits the creation
of adhesively competent surfaces that are non-self-reactive.
Taking the epoxyamine bonding reaction depicted in FI1G. 1
as an example, the aminated bonding surface will not adhere
to 1tself. Where such an aminated adherend 1s a flexible
sheet, such as a thin plastic film, the adherend may as a
consequence be reversibly rolled upon itself without self-
adherence.

[0116] Second, preferred chemistries for derivatizing the
bonding surfaces may be performed using gas plasmas. In
particular, amination may be achieved by exposure of the
bonding surface to anhydrous ammonia plasma, a process
that may readily be performed by continuous feed. Thermal
Conversion Corporation manufactures a continuous-feed,
cgas-phase reactor that 1s particularly useful for such pur-
poses. FI1G. 2 shows an 1llustrative adherend, formed as a
flexible film, passing continuously through a plasma reactor
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for amination, followed by subsequent rolling of the adher-
end for storage or further processing.

[0117] Third, each distinct surface of an adherend—in the
continuous process described here, typically each of two
sides of an adherend formed as a film or sheet—may be
separately and distinctly derivatized, permitting the directed
construction of multilaminate devices.

10118] FIG. 3 illustrates that even those reactive groups
that are not themselves amenable to deposition directly by
cgas plasma may be applied using a continuous process.
Starting with an adherend that has been aminated by passage
through ammonia plasma (as depicted, e.g., in FIG. 2),
epoxide groups may readily be disposed thereon by passage
through a solution of bis-epoxy-polyethylene glycol (bis-
epoxy-PEG). The concentration of bis-epoxy-PEG is suffi-
ciently high as to prevent crosslinking of the amine groups.
Subsequent rinse with water or other aqueous or nonaqueous
solvent, also by continuous passage through a bath, removes
unbound and non-specifically bound bifunctional linker. The
concentration of bisepoxy-PEG may be monitored, either
continuously or periodically, to permit replenishment suffi-
cient to maintain the required concentration. After drying,
the epoxidated adherend, which i1s non-self-reactive, may
again be rolled.

[0119] Thereafter, as shown in FIG. 5, the separately

derivatized adherends may be brought into adhesive contact
to create a multilaminate structure via a continuous process.

[0120] Assuming for purposes of illustration the use of the
epoxyamine chemaistries 1llustrated in FIGS. 1, 2 and 4 1n the
continuous manufacturing process of FIG. 5, aminated
adherends 10 and 14, when brought into contact with
epoxidated adherend 12 by means of roller means 18 and
drive means 22, will form a trilaminar sheet 16. Although
not shown, trilaminar sheet 16 may optionally be rolled upon
itself to permit storage or further processing.. Such further
processing may include further iterations of the preceding
steps; 1f adherends 10 and 14 had been aminated on both
sides, trilaminar sheet 16 will present aminated first and
second surfaces that are competent for further adhesive
reaction, €.g., with epoxidated surfaces. As would be under-
stood, the orientation of the chemical groups may be
reversed, with adherends 10 and 14 presenting epoxide
ogroups and adherend 12 presenting primary reactive amines.
And as would be further understood, the continuous process
may utilize any of the chemistries described herein.

[0121] The continuous manufacturing process shown in
FIG. 5—in which adherends separately rendered competent
to contribute binding reactants are thereafter continuously
and progressively brought mto adhesive contact with one
another—preferably utilizes adherends that may flexibly be
manipulated, as shown in FIG. 5, although nonflexible
adherends may also be used with suitable modification of the
engagement means. Flexible adherends also permit adhesion
to be effected between bonding surfaces contributed by a
single adherend, for example by folding or rolling of the
adherend upon itself.

[0122] For continuous manufacture of multilaminate
microfluidic devices or of multilaminate nonfluidic optical
disks, one or more of the adherends may be formed from
plastic, such as polyethylene, polypropylene, polyacrylate,
polymethylmethacrylate, polyvinylchloride, polytetratluo-
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roethylene, polystyrene, polycarbonate, polyacetal, polysul-
fone, celluloseacetate, cellulosenitrate, or mixtures thereof.
One or more adherends may also be composed of metal foil,
such as foil comprising gold, platinum, aluminum, nickel,
copper, silver, tin, or alloys thereof, or may alternatively be
comprised of 1nsulators, such as silicone, rubber, or various
clastomers. Ceramic materials, such as glass or mica, may
also be part of the laminate. Ceramic materials are advan-
tageously precut before lamination.

[0123] Preferably, each adherend, formed as a sheet
(lamina), ranges in depth from 1 nm to 5 cm, more advan-
tageously between 10 nm and 1 cm, even more advanta-
ogeously between 100 nm and 5 c¢m, and most advanta-
geously between 1 um-1.0 mM. For devices that are adapted
to be accommodated 1n standard optical disk readers, the
total thickness of a completed multilaminate structure
should range from about 0.1-2.5 mm, preferably from about
0.5-1.5 mm, most preferably from about 0.8-1.5 mm, with a
depth of about 1.2 mm being optimal.

10124] Although not shown in FIG. 5, laminae may
optionally be attached by other methods, such as vapor
deposition, sputtering, evaporation, 1nk jet deposition,
spraying, bath immersion, application of liquid solution, or
the like.

[0125] Furthermore, separately manufactured compo-
nents, such as miniaturized heaters, electrodes, analytical
clements, and the like, may also be applied; as earlier
discussed, such application may 1tself advantageously, but
need not necessarily, utilize the adhesion techniques of the
present mvention. Analyte-specific signal elements, such as
are described, inter alia, in co-owned and copending U.S.
patent application Ser. No. 09/120,049, may also be attached
at desired locations of one or more:laminae.

[0126] Building multilaminate structures using the present
techniques permits the ready creation of three-dimensional
microfluidic networks of determinate structure.

[0127] Thus, nonplanarities may be etched or otherwise
machined independently into one or more laminae using
known microfabrication techniques, such as photolithogra-
phy and wet chemical or plasma etching, excimer laser
ablation, or the like. Such indentations may extend through
the entire width of the lamina, creating patterned voids
(through-holes) therein; superimposition of such voids in
successive laminae may then be used to create a three
dimensional network of channels, canals, slits, grooves,
capillaries and the like 1n any desired orientation. FIG. 6
illustrates the creation of fluidly connected channels by such
registrable superimposition of channels separately cut 1n two
successive laminae.

[0128] Creation of such three dimensional microfluidic
networks requires that the successive laminae be adhered 1n
exact registration with adjacent laminae. A number of
approaches may be used to effect this registration including,
but not limited to, the guidepin and depression method set

forth in Schmidt et al., U.S. Pat. No. 5,698,299.

[0129] Although particularly described as advantageous in
the manufacture of microfluidic networks, microfabrication
of nonplanarities into one or more laminae may be used
alternatively or additionally to encode information readable
by an optical disk reader. In standard optical disk manufac-
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ture, such pits and grooves are 1impressed during 1njection
molding of thermoplastic substrates, such as polycarbonate.

[0130] The continuous lamination method described here
contemplates that any desired patterning of a lamina may be
repeated at intervals along the longitudinal axis of the
laminar sheet, that 1s, along the axis defined by the path of
the adherend progressively through the manufacturing
device; individual multilaminate structures are then com-
pleted by periodic excision of individual structures from the
iterated multilaminate structure.

[0131] In one preferred embodiment, these individual
multilaminate structures are disks, such as those described in
copending U.S. patent applications Ser. Nos. 08/888,935,
09/120,049, 09/183,842, 09/064,635, 09/064,636, and
09/139,213, and international counterpart applications pub-
lished as WO 98/01533, WO 98/37238&, and WO 98/38510,
which are mcorporated herein by reference. The disks typi-
cally will have a diameter between 5 mM and 500 mM, more
advantageously 10 mM-250 mM, and most advantageously
50 mM-150 mM. A particularly advantageous geometry for
these disks 1s that set forth in the CD and DVD standards—
that 1s, nominally 120 mM in diameter and 1.2 mM 1n
thickness—thus allowing such disks to be accommodate 1n
standard optical disk readers and recorders.

10132] AIll patents, patent publications, and other pub-
lished references mentioned herein are hereby incorporated
by reference 1n their entirety-as 1f each had been individually
and specifically incorporated by reference herein.

10133] While preferred illustrative embodiments of the
present invention are described, it will be apparent to one
skilled in the art that various changes and modifications may
be made therein without departing from the 1nvention, and
it 1s mtended i1n the appended claims to cover all such
changes and modifications that fall within the true spirit and
scope of the mvention.

What 1s claimed:
1. A method of attaching a first bonding surface to a
second bonding surface, said method comprising the steps

of:

contacting said first bonding surface to said second bond-
ing surface 1n the presence of a linker molecule;

providing a first reactant for a first chemical bonding
reaction that 1s plurally present on said first bonding
surface;

providing a first reactant for a second chemical bonding
reaction that 1s plurally present on,said second bonding
surface;

providing said linker with a second reactant for said first
chemical bonding reaction and a second reactant for
said second chemical bonding reaction; and

placing said surfaces and said linker 1n contact with each
other for a time and under conditions sufficient to
permit said first and second chemical reactions to bond
said linker concurrently to both first and second bond-
ing surfaces in numbers suflicient to attach said first
bonding surface to said second bonding surface.
2. The method of claim 1 further comprising the step of
disposing upon said first bonding surface a plurality of said
first chemical reaction first reactant.
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3. The method of claim 2 further comprising the step of
disposing upon said second bonding surface a plurality of
sald second chemical reaction first reactant before said
contacting step.

4. The method of claim 2 wherein said step of disposing,
includes exposure of said bonding surface to a gas plasma.

5. The method of claim 4 wherein said plasma 1s selected
from the group consisting of ammonia plasma, oxygen
plasma, and halogen plasma.

6. The method of claim 5 wherein said plasma 1s ammonia
plasma.

7. The method of claim 1 wheremn the chemical bond
formed 1n at least one of said bonding reactions 1s a covalent

bond.

8. The method of claim 1 wherein the chemical bond
formed at least one of said bonding reactions 1s a dative

bond.

9. The method of claim 8 wherein said dative bond
includes at least on bonding atom that 1s a metal.

10. The method of claim 9 wherein said metal 1s gold.
11. The method of claim 9 wherein said metal 1s platinum.

12. The method of claim 1 wherein said first bonding
surface first reactant and said second bonding surface first
reactant are the same.

13. The method of claim 1 wherein said linker 1s bis-
epoxy-polyethylene glycol.

14. The method of claim 1 wherein said linker 1s male-
imido-polyethylene glycol.

15. A method for constructing a multilaminate structure,
sald method comprising the steps of:

attaching a first adherend to a second adherend, said
attached adherends serving as first adherend 1n any
subsequent iteration of the step; and

performing said attaching step by contacting a bonding
surface of said first adherend to a bonding surface of
sald second adherend, wherein a first reactant for a
chemical bonding reaction i1s plurally present on said
first adherend bonding surface, a second reactant for
said chemical bonding reaction 1s plurally present on
said second adherend bonding surface, and said sur-
faces are contacted for a time and under conditions
sufficient to permit said chemical reaction to bond a
sufficient number of said first reactants to said second
reactants to attach said first adherend bonding surface
to said second adherend bonding surface.

16. A method for constructing a multilaminate structure,
the method comprising at least on iteration of the step of:

attaching a first adherend to a second adherend, said
attached adherends serving as firs adherend 1n any
subsequent iteration of the step;

wherein said attaching step i1s performed by contacting a
bonding surface of said first adherend to a bonding
surface of said second adherend in the presence of a
linker molecule, wherein a first reactant for a first
chemical bonding reaction i1s plurally present on said
first adherend bonding surface, wherein a {irst reactant
for a second chemical bonding reaction 1s plurally
present on said second adherend bonding surface,
wherein said linker includes a second reactant for said
first chemical bonding reaction and a second reactant
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for said second chemical bonding reaction, and said 17. A multilaminate structure produced by at least one
surfaces and said linker are contacted for a, time and iteration of the process of claim 15.
under conditions sufficient to permit said first and 18. A multilaminate structure produced by at least on
second chemical reactions to bond said linker concur- iteration of the process of claim 16.
rently to said first adherend surface and said second 19. The method of claim 3 wherein said step of disposing
adherend surface in numbers sufficient to attach said includes exposure of said bonding surface to a gas plasma.

forst adherend bonding surface to said second adherend
bonding surface. £ % k% %
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