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(57) ABSTRACT

The present invention relates to integrated micro-cantile-
vers, micro-bridges or micro-membranes 1 micro-liquid
handling systems. Such micro-liquid handling systems pro-
vide novel detection mechanisms for monitoring the physi-
cal, chemical and biological properties of fluids 1n such
systems. The present invention further relates to micro-
cantilever, micro-bridge or micro-membrane type sensors
having integrated readout. Such constructions allow lami-
nated flows of different liquids to flow in a channel without
mixing, which opens up for new type of experiments and
which reduces noise related to the liquid movement. The
present 1nvention even further relates to sensors having
adjacent or very closely spaced micro-cantilevers, micro-
bridges or micro-membranes which can be exposed to
different chemical environments at the same time.
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Bioprobe measurement in water/ethanol (active material: resist)

—

S
E
O
m £
3 | 20 ul ethanot (1.4 % in H_O)
Q i
— -1F ! .
I
N i
= |
& |
2 l
> i
9} , 40 ul ethanol (2.8 % In HQOI ]
| 60 ul ethanol (4.2 % tn H,0)
0 10 20 30

Time [min]j

Fig. 15



US 2003/0154771 Al

TRANSDUCER FOR MICROFLUID HANDLING
SYSTEM

FIELD OF THE INVENTION

[0001] The present invention relates to a sensor using
microscopic flexible mechanical structures such as micro-
cantilevers, micro-bridges or micro-membranes integrated
into microscopic chambers. In particular, the present inven-
fion relates to a sensor for measuring biochemical properties
of fluids 1in such chambers.

TECHNICAL BACKGROUND

10002] The measurement of the properties of fluids flow-
ing 1n microscopic channels 1s of importance 1n the field of
micro liquid handling systems, which includes systems for
Mmeasuring:

[0003] 1) physical properties such as flow rates vis-
cosity and local temperature

[0004] 2) chemical properties such as pH and chemi-
cal composition

[0005] 3) biological properties such as identification
of organic constituents 1n fluids, including DNA
fragments, proteins, and complete biological cells

[0006] Microliquid handling systems typically consist of
narrow channels of order 100 microns wide and 100 microns
deep engraved or embossed 1nto the surface of a thin wafer
of a material such as silicon, glass or plastic using repro-
duction techniques based on micromachining. The surface
containing the channels 1s usually bonded to another surface,
in order to seal the channels. Fluids pumped through the
resulting channels typically flow 1n a completely laminar
fashion. As a result, several different fluids can be flowed 1n
laminated streams through such Microsystems, without any
significant mixing of the fluids.

[0007] An important advantage of a microliquid handling
system 1s that very small quantities of fluid can be directed
in a controlled fashion to various parts of the system, where
various analytical techniques can be used to determine the
properties of the liquid. This can be done using external
analytical techniques such as optical detection. The con-
trolled flow of the fluid 1s achieved via pumps and valve
systems that can be either external or integrated with the
microchannels.

|0008] Micro-cantilevers are devices where changes in the
mechanical properties of a microscopic micro-cantilever are
used to detect changes in the environment of the micro-
cantilever. The micro-cantilever 1s typically of the order of
100 microns long, 10 microns wide and one micron thick.
The micro-cantilevers are made of a material such as silicon,
silicon nitride, glass, metal or combination of any of these,
using micromachining techniques. A change 1n the mechani-
cal properties can for example be a stress formation 1n the
micro-cantilever due to changes in surface stress of the
micro-cantilever. Stress formation can also occur due to
changes 1n temperature of the micro-cantilever due to a
bimorph effect, 1if the micro-cantilever 1s made of two
materials with different thermal expansion coefficients. Such
stress formations 1n the micro-cantilever can be detected 1n
a variety of ways. Often the stress formation will result 1n a
deflection of the micro-cantilever. In these situations the
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deflection can be detected by detlection of a laser light beam
by areflecting surface of the micro-cantilever. Change in the
resistivity of a piezoresistor integrated onto the micro-
cantilever 1s another method, which has the advantage that
it does not depend on a deflection of the micro-cantilever
and 1t does not require optical access to the micro-cantilever.

[0009] Change in resonance frequency is another example
of a change 1in a mechanical property. A change 1n mass of
the micro-cantilever can occur i1f material binds to the
micro-cantilever, and such a change will produce a change
in the resonance frequency of the micro-cantilever. Such
changes can be monitored by actuating the micro-cantilever
at a frequency near its resonance frequency, and monitoring,
changes 1n the amplitude of the resulting dynamic bending
of the micro-cantilever, using methods similar to those
described above for the detection of stress formation.

[0010] Using these changes in mechanical properties,
micro-cantilevers, have been used to detect chemical reac-
tions occurring on the surface of the micro-cantilever, either
in gas phase or 1n liquid phase. For gas phase experiments
the measurements have been performed 1n a gas chamber
utilizing optical detection of a micro-cantilever bending.
Micro-cantilevers with integrated piezoresistive read-out
have been used for thermogravimetry 1n air. Under ambient
conditions the micro-cantilever-based detection technique
has proven very sensitive. It has been demonstrated that
mass changes down to 0.5 ng and temperature changes down
to approximately 10~ C. can be resolved. Furthermore, a
change of surface stress on the order of 10~ N/m has been
detected. In liquids, J. Chen [J. Chen, Ph. D thesis Simon
Fraiser University (1995)] reports on a piezoresistive micro-
cantilever for mass change detection. Detection of polysty-
rene spheres was performed 1n a 3 water tank in which the
micro-cantilever was placed. By vibrating the micro-canti-
lever, changes 1n the resonance frequency and thereby mass
changes of the micro-cantilever could be monitored. The
micro-cantilever deflection was monitored by integrated
piezoresistive read-out.

[0011] PCT patent application W099/38007 published
Jul. 29, 1999 describes a system for detecting analytes in a
fluid using functionalised micro-cantilevers mounted 1n a
tube. A bending of the micro-cantilever 1s induced by
molecular interactions on one side of the micro-cantilever.
The bending 1s monitored optically by the reflection of a
laser beam of the end of the micro-cantilever. Examples of
application include the formation of self assembled mono-
layers (SAM’s) of alkylthiols on a goldcoated micro-canti-
lever and the partially reversible adsorption of low density
lipoproteins. The possibility of testing multiple analytes
against multiple analytes 1s mentioned. A solution for gen-
erating a reference signal 1s proposed exploiting the twisting
movement of the micro-cantilever and the ability to distin-
oguish the twisting from the bending movement. Low flow
rates are recommended 1n order to avoid perturbations of the
micro-cantilever. This 1s a clear indication that the envi-
sioned flow system 1s of macroscopic dimensions.

[0012] A micro-cantilever array placed at the top of an
open channel has been realised in polymer [ C. P. Lee et al.,

Prooceeding of the ¢ TAS’98 workshop (1998) 245-252; L.
P. Lang et al., Sensors and Actuators A 71 (1998) 144-149].
C. P Lee et al. suggest that these micro-cantilevers can be
modified for the use of biochemically functionalized tips for
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use in atomic force microscopy (AFM) or in scanning near
field microscopy (SNOM). Hence, this proposed application
1s related to surface 1imaging.

[0013] Commercially available micro-cantilevers have
been used as sensors in liquid. D. R. Baselt et al. [D. R.
Baselt et al., Proceedings of the IEEE. Vol. 85 4 (1997)
672-679] report on piezoresistive micro-cantilevers applied
as biosensors using magnetic particles. The coated micro-
cantilevers are placed in a liquid cell in which the detection
takes place. The micro-cantilevers measure the interaction
between particles immobilised on magnetic beads and the
immobilised particles on the micro-cantilever surface. If the
magnetic beads bind to the surface, the application of a large
magnetic field will cause a bending of the micro-cantilever.

10014] U.S. Pat. No. 5,719,324 describes a micro-cantile-
ver based sensor, where a mass change of the micro-
cantilever 1s detected as a change 1n the resonance frequency
of the micro-cantilever. Furthermore, a stress change of a
micro-cantilever material 1s monitored as a micro-cantilever
deflection. For mass detection, a piezoelectric actuator oscil-
lates the micro-cantilever and the micro-cantilever deflec-
tion 1s registered by optical read-out. It 1s mentioned that the
mass detection principle can also be applied 1n liquid.

[0015] It is a disadvantage of the above-mentioned sys-
tems that micro-cantilever based experiments are carried out
in large liquid containers. Such large liquid container sys-
tems are very ditficult to stabilise thermally. Furthermore, 1n
such large container systems the required volume of chemi-
cals 1s unnecessary high.

[0016] It is a further disadvantage of most of the above-
mentioned systems that the micro-cantilever deflection is
detected optically. This disadvantage 1s due to the fact that
it may be difficult to obtaimn optical access to a speciiic
micro-cantilever—especially 1n the case where a plurality of
micro-cantilevers are closely spaced and 1n the case where
the liquid 1s not transparent.

[0017] It is an object of the present invention to integrate
micro-cantilevers, micro-bridges or micro-membranes into
closed micro-liquid handling systems, in order to provide
novel detection mechanisms for monitoring the physical,
chemical and biological properties of fluids 1n such systems.

|0018] It is a still further object of the present invention to
provide a micro-cantilever, micro-bridge or micro-mem-
brane type sensor having integrated readout. A closed micro-
liquid handling system allows laminated flows of different
liquids to flow 1n the channel without mixing, which opens
up for new type of experiments and which reduces noise
related to the liquid movement.

[0019] It is a still further object of the present invention to
provide adjacent or very closely spaced micro-cantilevers,
micro-bridges or micro-membranes which can be exposed to
different chemical environments at the same time by:

[0020] Laminating the fluid flow wvertically in the
micro-channel into two or more streams, so that
micro-cantilevers or micro-membranes on opposing
sides of the micro-channel are immersed 1 different
fluids, or so that a micro-cantilever, micro-bridge, or
micro-membrane 1s exposed to two different fluids.

[0021] Laminating the fluid flow horizontally in the
micro-channel, so that micro-cantilevers or micro-
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bridges recessed to different levels 1 the micro-
channel or micro-membranes placed at the top and at
the bottom of the channel are exposed to different

fluids.

[10022] In this way, changes in viscous drag, surface stress,
temperature, or resonance properties of adjacent or closely
spaced micro-cantilevers, micro-bridges or micro-mem-
branes mduced by their different fluid environments, can be
compared.

[0023] Neighbouring or very closely spaced micro-canti-
levers, micro-bridges or micro-membranes can be coated
with different chemical substances using the method just
described for immersing adjacent or neighbouring micro-
cantilevers, micro-bridges or micro-membranes 1n different
fluids. After coating, the micro-channels can be flushed with
other fluids to remove the coating material, and to compare
the reactivity of neighbouring or very closely spaced micro-
cantilevers, micro-bridges or micro-membranes with ditfer-
ent coatings.

10024 It is a still further object of the present invention to
provide a micro-cantilever, micro-bridge or micro-mem-
brane based sensor where the liquid volume 1s minimised in
order to reduce the use of chemicals and 1n order to obtain
a system which 1s easy to stabilise thermally.

SUMMARY OF THE INVENTION

[0025] The above-mentioned objects are complied with by
providing, 1n a {first aspect, a sensor for detecting the
presence of a substance 1n a fluid, said sensor comprising:

[0026] means for handling the fluid, said handling
means comprising an 1interaction chamber of
micrometer dimensions, an inlet and an outlet,

[0027] a first flexible member having a surface, said
surface holding a substance, wherein the surface
holding the substance 1s at least partly positioned
inside the interaction chamber so that at least part of
the substance 1s exposed to the fluid, and

[0028] means for detecting a mechanical parameter
assoclated with the first flexible member, said
mechanical parameter being related to the presence
of the substance 1n the fluid.

[10029] By micrometer dimension is meant that the inter-
action chamber has dimensions in the 50-500 microns range
(width and depth). The first flexible member may comprise
a micro-cantilever having a first and a second end, the first
end being attached to the interaction chamber. The micro-
cantilever may have a rectangular form and may be approxi-
mately 50 um wide, 200 um long and 1 um thick.

[0030] The mechanical parameter being associated with
the first flexible member may both be a static or dynamic
parameter. By static 1s meant that the flexible member may
be subject to a static deformation—e.g. bending. Static
deformations are typically induced by stress changes in the
flexible member. By dynamic 1s meant the flexible member
may be driven at or near 1ts mechanical resonance frequency.
Upon detection of a substance i the fluid the resonance
frequency may chance due to a change of mass of the
flexible member.

[0031] Alternatively, the first flexible member may com-
prise a micro-bridge having a first and a second end, wherein
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the first and second ends are attached to the interaction
chamber. The dimensions (wide, length and thickness) of a
micro-bridge may be similar to the dimensions of the
micro-cantilever. Alternatively, the first flexible member
may form part of a boundary defining the interaction cham-
ber. The boundary may here be one of the sidewalls of the
interaction chamber.

[0032] The detecting means for detecting the mechanical
parameter assoclated with the first flexible member may
comprise a piezoresistive element, preferably being an inte-
oral part of the first flexible member. Preferably, the piezore-
sistive element forms part of a balanced bridge, such as a
Wheatstone bridge. Alternatively, the detecting means may
comprise a laser, an optical element and a position sensitive
photo detector.

[0033] The sensor according to the first aspect of the
present 1mvention may further comprise an actuator for
moving the flexible member relative to the interaction
chamber. The actuator may be implemented in several
ways—<e.g. by comprising piezoelectric elements, compris-
ing means for providing an electrostatic induced movement,
comprising means for providing a magnetic induced move-
ment, or by comprising means for providing a thermal
induced movement.

|0034] The handling means may be fabricated in a mate-
rial selected from the group consisting of metals, glasses,
polymers or semiconductor materials, such as silicon.

[0035] The substance being held by the surface of the first
flexible member may be selected from the group consisting
of metals, polymers, biochemical molecules or micro-bio-
chemical structures. The group of biochemical molecules

and micro-biochemical structures comprises enzymes,
DNA, Cells and proteins.

[0036] The sensor according to the first aspect of the
invention may further comprise a second flexible member
being at least partly positioned inside the interaction cham-
ber so that at least part of the second flexible member 1s
exposed to the fluid The sensor may further comprise means
for detecting a mechanical parameter associated with the
second flexible member. This detecting means may com-
prise a piezoresistive element being an integral part of the
second flexible member. The piezoresistive element may
form part of a balanced bridge, such as a Wheatstone bridge.

[0037] The second flexible member may serve as a refer-
ence to the first flexible member and thereby being adapted
to generate a reference signal via the detecting means.

[0038] In a second aspect, the present invention relates to
a sensor for detecting the presence of a substance in a fluid,
said sensor comprising;:

[0039] means for handling the fluid, said handling

means comprising an interaction chamber, an inlet
and an outlet,

[0040] a first flexible member having a surface, said
surface holding a substance, wherein the surface
holding the substance 1s at least partly positioned
inside the interaction chamber so that at least part of
the substance 1s exposed to the fluid, and

[0041] means for detecting a mechanical parameter
associlated with the first flexible member, said
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mechanical parameter being related to the presence
of the substance in the fluid, wherein the detecting
means form an integral part of the first flexible
member.

10042] The first flexible member, the detecting means, the
actuator may be implemented as previously mentioned. The

interaction chamber may be of micrometer dimensions—i.e.
the 50-500 um range.

[0043] The handling means may be fabricated in a mate-
rial selected from the group consisting of metals, glasses,
polymers or semiconductor materials, such as silicon. The
substance being held by the surface of the first flexible
member may be selected from the group consisting of
metals, polymers, biochemical molecules or micro-bio-
chemical structures. The group of biochemical molecules

and micro-biochemical structures comprises enzymes,
DNA, Cells and proteins.

[0044] In order to obtain a reference signal the sensor
according to the second aspect may further comprise

[0045] a second flexible member being at least partly
positioned 1nside the interaction chamber so that at
least part of the second flexible member 1s exposed
to the fluid, and

[0046] means for detecting a mechanical parameter
assoclated with the second flexible member.

[0047] Also here the detecting means may comprise a
piezoresistive element, said piezoresistive element being an
integral part of the second flexible member, and wherein the
piezoresistive element forms part of a balanced bridge, such
as a Wheatstone bridge.

[0048] In a third aspect, the present invention relates to a
sensor for detecting the presence of a substance 1n a fluid,
sald sensor comprising:

[0049] means for handling the fluid, said handling

means comprising an interaction chamber, an inlet
and an outlet,

[0050] a first flexible member having a surface, said
surface holding a substance, wherein the surface
holding the substance 1s at least partly positioned
inside the interaction chamber so that at least part of

the substance 1s exposed to the fluid, and wherein the

first flexible member forms an integral part of the
handling means, and

[0051] means for detecting a mechanical parameter
assoclated with the first flexible member, said
mechanical parameter being related to the presence
of the substance 1 the fluid.

[0052] That the flexible member forms an integral part of
the handling also means that the flexible member may be
fabricated separately and then afterwards being attached to
the handling means using a plug-on or snap-on solution. The
handling and flexible member may then afterwards be
encapsulated to form at least part of the final sensor.

[0053] Again, the first flexible member, the detecting
means, and the actuator may be implemented as previously
described. Also suitable materials for fabrication of the
handling means and suitable substances have previously
been described.
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[0054] Furthermore, the detecting means for detecting the
mechanical parameter associated with the first flexible mem-
ber may comprise a laser, an optical element and a position
sensitive photo detector.

[0055] A reference signal may be generated by a second
flexible member being at least partly positioned inside the
interaction chamber so that at least part of the second
flexible member 1s exposed to the fluid. The reference signal
itself may be generated by a detecting means for detecting
a mechanical parameter associated with the second flexible
member. The detecting means may comprise a piezoresistive
clement, said piezoresistive element being an integral part of
the second flexible member, and wherein the piezoresistive
clement forms part of a balanced bridge, such as a Wheat-
stone bridge.

[0056] In a fourth aspect, the present invention relates to
a sensor for detecting the presence of a substance in a fluid,
said sensor comprising;:

[0057] means for handling the fluid, said handling

means comprising an interaction chamber, an inlet
and an outlet,

[0058] a first flexible member having a surface, said
surface holding a substance, wherein the surface
holding the substance 1s at least partly positioned
inside the interaction chamber so that at least part of

the substance 1s exposed to the fluid, and wherein

fabrication of the first flexible member 1s part of
fabrication of the handling means,

[0059] means for detecting a mechanical parameter
assoclated with the first flexible member, said
mechanical parameter being related to the presence
of the substance 1 the fluid.

[0060] The fact that the fabrication of the first flexible

member 1s part of the fabrication of the handling means 1s to
be understood 1n the following way. The fabrication of the
handling means 1nvolves a plurality of steps. One or more of
these step may involve the fabrication of the first flexible
member. This 1ssue 1s addressed in further details 1in
“Detailed description of the invention™

[0061] The first flexible member, the detecting means, and
the actuator may be implemented as previously described.
Also suitable materials for fabrication of the handling means
and suitable substances have previously been described.
Also according to this aspect, the sensor may further com-
prise

[0062] a second flexible member being at least partly
positioned 1nside the interaction chamber so that at
least part of the second flexible member 1s exposed
to the fluid, and

[0063] means for detecting a mechanical parameter
assoclated with the second flexible member.

[0064] In a fifth aspect, the present invention relates to a
sensor for detecting the presence of a first and a second
substance 1n a fluid, said sensor comprising:

[0065] means for handling the fluid, said handling
means comprising an 1nteraction chamber of
micrometer dimensions, an inlet and an outlet,
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[0066] a first flexible member having a surface, said
surface holding a first substance, wherein the surface
holding the first substance 1s at least partly posi-
tioned 1nside the interaction chamber so that at least
part of the first substance 1s exposed to the fluid,

[0067] a second flexible member having a surface,
said surface holding a second substance, wherein the
surface holding the second substance 1s at least partly
positioned 1nside the interaction chamber so that at

least part of the second substance 1s exposed to the
fluid,

[0068] a first detecting means for detecting a first
mechanical parameter associated with the first flex-
1ble member, said first mechanical parameter being
related to the presence of the first substance 1n the

fluid, and

[0069] a second detecting means for detecting a sec-
ond mechanical parameter associated with the sec-
ond flexible member, said second mechanical param-
cter being related to the presence of the second
substance 1n the fluid.

[0070] The first and second flexible members may com-
prise a micro-cantilever having a first and a second end,
wherein the first end 1s attached to the interaction chamber.
Alternatively, the first and second flexible members may
comprise a micro-bridge having a first and a second end,
wherein the first and second ends are attached to the inter-
action chamber. Finally, each of the first and second flexible
members may form part of a boundary defining the inter-
action chamber. This boundary may be a sidewall of the
interaction chamber.

[0071] The detecting means may comprise piezoresistive
clements being integral parts of the first flexible member.
The detecting means may also comprise lasers,optical ele-
ments and a position sensitive photo detectors.

[0072] The sensor may further comprise actuators for the
flexible members. These actuators may comprise piezoelec-
tric elements being integral parts of the micro-cantilevers.
Other types of actuators may also be applied.

[0073] The handling means may be fabricated in a mate-
rial selected from the group consisting of metals, glasses,
polymers or semiconductor materials, such as silicon. The
substances being held by the surface of the first and second
flexible members may be selected from the group consisting
of metals, polymers, biochemical molecules or micro-bio-
chemical structures. The group of biochemical molecules
and micro-biochemical structures comprises enzymes,

DNA, Cells and proteins.

[0074] In a sixth and final aspect, the present invention
relates to a sensor for detecting the presence of a first and a
second substance 1n a moving laminated fluid, said lami-
nated fluid comprising, 1n a cross section perpendicular to a
direction of movement, a first and a second region, said
SENsOr comprising:

[0075] means for handling the laminated fluid, said
handling means comprising an interaction chamber,
an 1nlet and an outlet,

[0076] a first flexible member having a surface, said
surface holding a first substance, wherein the surface
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holding the first substance 1s at least partly posi-
tioned 1nside the interaction chamber so that at least
part of the first substance 1s exposed to the first
region of the laminated fluid,

[0077] a second flexible member having a surface,
said surface holding a second substance, wherein the
surface holding the second substance 1s at least partly
positioned inside the interaction chamber so that at
least part of the second substance 1s exposed to the
second region of the laminated fluid,

[0078] means for detecting a first mechanical param-
eter associlated with the first flexible member, said
first mechanical parameter being related to the pres-
ence of the first substance 1n the first region of the

fluid, and

[0079] means for detecting a second mechanical
parameter assoclated with the second flexible mem-
ber, said second mechanical parameter being related
to the presence of the second substance 1n the second
region of the fluid.

[0080] By a moving laminated flow 1s meant that a mea-
surements may be performed 1n a continues liquid flow or,
alternatively, that the liquid 1s mtroduced 1nto the chamber
and then temporarily stopped while the measurements are
being performed. After the measurements have been per-
formed the liquid 1s guided away from the chamber.

[0081] The detecting means for detecting the mechanical
parameters assoclated with the first and second flexible
members may comprise piezoresistive elements being inte-
oral parts of the flexible members. Alternatively, the detect-
ing means for detecting the first and second mechanical
parameters associated with the first and second flexible
member, may comprise lasers, optical elements and a posi-
fion sensitive photo detectors.

[0082] Furthermore actuators may be applied for moving
part of the flexible elements relative to the handling means.
These actuators may comprise piezoelectric elements, said
piezoelectric elements being integral parts of the flexible
members. Also with regard to this aspect, the handling
means may be fabricated in a material selected from the
ogroup consisting of metals, glasses, polymers or semicon-
ductor materials, such as silicon. The substances to by held
be the flexible members may be as previously mentioned.

[0083] It is an advantage of the present invention that
piezoresistors are mtegrated and used to measure the deflec-
fions of the flexible members.

[0084] It is a still further advantage of the present mnven-
fion that a plurality flexible members can be integrated
closely together in a micro-system, so that one flexible
member can serve as a reference to another, or that nearby
flexible members can be immersed 1 different laminated
streams 1n a fluid flow, so that one fluid can serve as a
reference to another.

[0085] It is a still further advantage of the present mnven-
fion that it provides a sensor where the liquid volume 1is
minimised 1n order to reduce the use of chemicals and 1n

order to obtain a system which 1s easy to stabilise thermally.

|0086] The above object, advantages and features,
together with numerous other advantages and features will
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be evident from the detailed description below of preferred
embodiments of the present 1nvention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0087] FIG. 1: Schematic cross-sectional view of a micro-
channel with integrated micro-cantilever.

[0088] FKIG. 2: Recessed micro-cantilevers placed in a
micro-channel.

[0089] FIG. 3: Two micro-cantilever resistors and two
support resistors placed in a Wheat-stone bridge.

[0090] FIG. 4: Schematic drawing of triangular micro-
cantilever with one piezoresistor placed on each arm.

10091] FIG. 5: Schematic cross-sectional view of the
process sequence of the lower part of the channel and the
micro-cantilever.

10092] FIG. 6: Schematic top view of the micro-cantile-
ver-based biochemical sensor after the fabrication of the
lower part of the channel

10093] FIG. 7: Schematic cross-sectional view of the
process sequence, with the lower part of the channel defined

by RIE and the upper part of the channel defined by the use
of a photosensitive polymer as spacer layer

10094] FIG. 8 Schematic cross-sectional view of the pro-
cess sequence, with the lower part of the channel defined by
wet etching and the upper part of the channel by use of a
photosensitive polymer as spacer layer

[10095] FIG. 9: Schematic cross-sectional view of the
process sequence ol the upper part of the channel. The
channel 1s defined by the use of anodic bonding.

[10096] FIG. 10: Schematic top view of the micro-mem-
brane-based biochemical sensor with the channel made of a
photosensitive polymer.

10097] FIG. 11: Principle of exposing closely spaced
micro-cantilevers to different chemical environments by
using vertically laminated flow (a), horizontally laminated
flow (b) and by moving the micro-cantilever through dif-
ferent layers of laminated flow (c).

[0098] FIG. 12: Principle of using one micro-cantilever as
measurement micro-cantilever and the other micro-cantile-
ver as reference.

[10099] FIG. 13: Principle of using two laminar flow. One
as the measurement flow and the other as a reference tlow.

10100] FIG. 14: Experimental set-up for the measurement
of alcohol diffusion 1n a polymer coated micro-cantilever.

10101] FIG. 15: Micro-cantilever response to injected
alcohol as a function of time.

DETAILED DESCRIPTION OF THE
INVENTION

[10102] Micrometer-sized mechanical structures such as
micro-cantilevers, micro-bridges and micro-membranes can
be used as very sensitive sensors 1n environments ranging
from cryogenic temperatures and ultra-high vacuum to
ambient conditions and physiological liquids. Especially the
latter makes 1t interesting for biochemical applications.
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[0103] Basically, a biochemical reaction at a micro-canti-
lever, micro-bridge or micro-membrane surface can result in
a temperature change or in a change 1n the surface stress.
The temperature change 1s observed by coating the micro-
scopic Hlexible structure with a metal layer. As a result, the
flexible sensor will be stressed due to the bimetallic etfect.
Furthermore, a change 1n mass load can be detected as a
change in the resonance frequency of the microscopic flex-
ible structure. In order to detect biochemical reactions at the
microscopic ilexible structure surface, part of the micro-
scopic flexible structure must be coated with a ‘detector film’
that reacts with the bio-molecules under investigation.

10104] For experiments in liquid it has seen to be crucial
to 1nclude reference measurements on a flexible structure
which has not been coated with a detector film. If the coated
and uncoated flexible structure are placed closely together 1n
the same environment, the reference measurement can be
used to cancel out background noise related to for example
liquid movement and thermal drift.

[0105] By monitoring the stress formation in the micro-
scopic flexible structure or the microscopic flexible struc-
fures resonance frequency as a function of time 1t 1s possible
to study the kinetics of surface processes. One very prom-
1sing application 1s to use an array of microscopic flexible
structures 1n order to detect the presence of different kinds
of molecules simultaneously.

[0106] Often, a change in mechanical properties 1is
detected as a detlection of the microscopic flexible structure
using an external optical system. However, for an array of
microscopic flexible structures, this type of read-out
becomes very complicated and operation 1n liquid 1s even
more problematic. Moreover, this read-out depends on a
measurable deflection of the microscopic flexible structure.
For array and liquid applications 1t would therefore be
advantageous to integrate a read-out mechanism on the
microscopic flexible structure. Furthermore, an integrated
piezoresisitve sensor would provide a direct measure of the
stress formation 1n the microscopic flexible structure. At
present, very few experiments have been carried out on
biological systems, which normally implies a liquid envi-
ronment, and microscopic flexible structures with integrated
read-out have rarely been applied. Furthermore, the majority
of the micro-cantilever-based experiments carried out until
now have used micro-cantilevers developed for atomic force
microscopy. Such micro-cantilevers are not necessarily opti-
mally designed for biochemical sensing.

10107] The microscopic flexible structure-based sensors
have a huge potential, especially 1n the field of biochemical
analysis. The detection technique can be used to construct
smarter and simpler biochemical detectors, but 1t should also
allow novel studies of single molecular interactions due to
the extremely high mechanical sensitivity of micro-me-
chanical structures.

[0108] According to the present invention, the micro-
scopic flexible structure-based biochemical sensor 1s fully
integrated 1n a micro-channel suitable for liquid flow mea-
surements and the device 1s preferably integrated with a
micro-liquid handling system.

[0109] In a preferred embodiment of the present invention
the sensor includes:

[0110] 1) Asupporting body made in silicon in which
micro-channels are etched. The width of each chan-
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nel 1s 100-500 um and the depth 1s on the order of
100 um. The length of the channel 1s on the order of
mm.

[0111] 2) Micro-cantilevers which extend partially
across the width of a micro-channel. The micro-
cantilevers are attached to the sidewall of the chan-
nel. The micro-cantilevers are typically rectangular
and are approximately 50 um wide, 200 ym long and
1 um thick. The micro-cantilevers are fabricated in
silicon, silicon oxide and silicon nitride.

[0112] 3) An integrated detection system to measure
changes 1n the mechanical properties of the micro-
cantilever. This system preferably comprise piezore-
sistive elements on adjacent micro-cantilevers con-
nected with similar resistive elements on the
supporting body 1n order to form a Wheatstone
bridge for accurate measurement of resistance
changes 1n the piezoresistor. The piezoresistors are
placed on the top of the micro-cantilevers and the
supporting body and they are fully encapsulated in
dielectric layers such as silicon oxide and silicon
nitride.

[0113] 4) Electronic feed-throughs which ensure
clectrical contact to the piezoresistive elements. The
clectrical wires are placed on top of the supporting,
body and the wire material 1s metal or highly doped
silicon. The wires have a width of 100 um, a thick-
ness of approximately 1 #m and a length on the order
of mm.

[0114] 5) A spacer layer, which has to fully encap-
sulate the electrical wiring, so that liquid 1s not
entering and short circuiting the electrical connec-
tions. The spacer layer has a thickness of 100 yum so
that there 1s a clearance below and above the micro-
cantilevers for the liquid to flow freely 1n the chan-
nel. The cover plate 1s fabricated 1n a UV curable
polymer.

[0115] 6) A cover plate placed on top of the spacer
layer. The cover plate has to form a hermetic sealing
of the channel and 1s fabricated in a UV curable
polymer and bonded to the spacer layer by a thermal
treatment. The cover plate has a thickness of
approximately 100 um.

[0116] For specific applications the sensor might further
comprise:

[0117] 7) An integrated actuator mechanism which
can be used to drive the micro-cantilever at 1ifs
resonance frequency or to induce a static bending of
the micro-cantilever. The micro-cantilever 1s actu-
ated by either electromagnetic/electrostatic forces or
by 1ntegrating a piezoelectric layer or a heater ele-
ment on the micro-cantilever. For electromagnetic/
clectrostatic actuation the micro-cantilever has to be
coated with a conducting/magnetic material and
externally exited by an electric/magnetic field.

[0118] 8) A reference electrode for electrochemical
measurements. The electrode must be 1n contact with
the liquid and can be inserted through the cover
plate.
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[0119] Other realisations can involve different materials.
The spacer layer and cover plate can be fabricated 1n glass
which 1s bonded to the silicon support body. Micro-cantile-
ver and supporting body can be fabricated mn polymer
materials and the channels can be formed by embossing or
injection moulding.

[0120] Other realisations can involve different detection
techniques, such as external optical detection through the
cover plate or integrated optical systems where a displace-
ment of the micro-cantilever modifies the transmission of an
optical waveguide placed on or near the micro-cantilever.
Other integrated detection principles could be piezoelectric
or capacitive. For piezoelectric detection of the micro-
cantilever deflection a piezoelectric film 1s placed on the
micro-cantilever, and {for capacitive measurements the
micro-cantilever 1s coated by a conducting film and a
counter electrode 1s placed below or above the micro-
cantilever.

[0121] Other realisations can involve recessed micro-can-
tilevers (FIG. 2), so that there is no need to form a spacer
layer, or so that the cover plate can be eliminated, relying
instead on capillary flow to guide fluids through channels.
Furthermore, recessed micro-cantilevers can be used to
perform measurements at different heights 1 the liquid.
Moreover, the micro-cantilevers can be placed perpendicu-
lar to the liquid flow and micro-cantilevers can be placed on
cither side of the channel.

[0122] On each micro-cantilever one piezoresistive ele-
ment 1s placed. By connecting two micro-cantilevers and
two resistors on the supporting body in a Wheatstone bridge
(FIG. 3) it is possible to perform a common mode rejection
of noise 1n the system. One micro-cantilever then serves as
a reference micro-cantilever whereas the other 1s used to
detect a specific biochemical reaction. A reference measure-
ment 1s crucial 1n liquid where turbulence and thermal drift
have a significant influence on the measurement.

[0123] Other realisations can involve triangular shaped
micro-cantilevers with piezoresistors placed on each of the
two arms forming the triangular micro-cantilever (FIG. 4).
This will enable the torsion as well as the vertical detlection
of the micro-cantilever to be detected.

[0124] Other realisations can involve micro-bridges and
micro-membranes 1nstead of micro-cantilevers.

[0125] In a second embodiment of the present invention,
a complete micro-cantilever, micro-bridge or micro-mem-
brane transducer system comprises the microstructure
described 1n the above preferred embodiment of the inven-
tion, as well as:

[0126] 1) External electrical connections to the
micro-cantilever, micro-bridge or micro-membrane
system, to apply a controlled voltage to the piezore-
sistive elements placed 1n Wheatstone bridges and to
monitor the electrical output from the piezoresistors.

[0127] 2) Voltage sources amplifiers and voltmeters
to detect changes i1n the piezoresistors due to a
micro-cantilever bending.

[0128] 3) AC voltage source to apply AC signals to
the piezoresistors for actuation or resonance detec-
tion.
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[0129] 4) External fluidic connection to the micro-
channels to pump fluids 1n and out of the micro-
channels.

0130] Fabrication

0131] The said sensor fully integrated in a micro-channel
1s fabricated by use of micro-machining. This technique
allows dimensions 1n the micrometer regime and high repro-
ducibility. For the fabrication of a micro-bridge or a micro-
cantilever sensor the fabrication is exactly the same and only
the design differs. In the following examples the resistors are
defined 1 poly-crystalline silicon. By using a silicon-on-
insulator wafer the resistors can be defined in single-crys-
talline silicon which exhibits higher signal-to noise ratio.

EXAMPEL 1

Micro-Cantilever-Based Sensor

[0132] In the following, the fabrication of a micro-canti-
lever-based sensor 1s described. The micro-cantilever con-
sists of 5 layers, where one of the layers serves as the
piezoresistor. The sensor could also be formed with only
three layers: A layer defining the piezoresistor and a layer on
both sides of the resistor for the encapsulation.

[0133] The starting material 1s a 500 um thick single side
polished <100> silicon wafer. A 100-1000 nm thick thermal
oxide 1s grown 1n order to form an etch-stop layer for the
later micro-cantilever releasing and channel etch process.
FIGS. 5.a-5./ show, 1n a side view, a schematic illustration
of the process. A low pressure chemical vapour deposition
(LPCVD) poly-silicon layer, 300-800 nm thick, is deposited
on top of the oxide, succeeded by the growth of 500-1000
nm thick oxide for the fabrication of stress compensated
micro-cantilevers (FIGS. 5.b-¢).

10134] A 200-350 nm LPCVD poly-silicon layer is depos-
ited on top of the oxide. This layer defines the piezoresistive
elements (piezoresistors) (FIG. 5.d). Boron is implanted in
the poly-silicon to obtain approximately a doping concen-
tration of about 3-10'” ¢cm™. At this doping level a high
gauge factor (K=30) and a low TCR (temperature coefficient
of resistance) value (FIG. 5.e) are obtained.

[0135] A photo resist layer is spun on top of the wafer, and
the resistor pattern 1s transferred to the resist by photoli-
thography. The resistors are then anisotropically etched in
the poly-silicon by reactive 1on etching (RIE) in order to
obtain well-defined resistor dimensions (FIG. 5.f).

[0136] Micro-cantilever and channel are then defined by a

second photolithography step. The oxide/silicon/oxide layer
can then be etched by either (FIG. 5.g):

[0137] a) 1. Hydrofluoric acid (HF) etching of the top
oxide layer

[0138] 2. Anisotropic RIE of the silicon

[0139] 3. HF etching of the bottom oxide layer
[0140] or

[0141] b) 1. Anisotropic RIE of the oxide

[0142] 2. Anisotropic RIE of the silicon

[0143] 3. Anisotropic RIE of the oxide
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0144 In order to encapsulate the resistors and to protect
the micro-cantilever sidewalls when KOH/RIE etching of
the channel, a 50-200 nm thick thermal oxide 1s grown on
top of the resistor (FIG. 5./). Hereafter, a 20-100 nm thick
LPCVD nitride 1s deposited to be used as an etch mask, but
also as a diffusion barrier (FIG. §.i).

[0145] For the fabrication of contact holes through the
nitride/oxide layer, a thin resist 1s spun on top of the wafer.
The contact-hole mask 1s transferred to the resist by photo-
lithography. The nitride 1s etched by RIE and the oxide is
ctched by HF. The nitride/oxide in the channels are also

removed (FIG. §5.))

[0146] Metal for electrical connections, typically chro-
mium/gold or aluminium are deposited by lift-off technique.
This 1s done by spinning a thin layer of resist on top of the
waler. The metal wire mask 1s transferred to the resist by
photolithography. The metal 1s evaporated on top of the
waler and finally the resist is stripped 1n acetone leaving the
metal wires on top of the support structure(FIG. 5.k).

10147] For the use of metal as an immobilisation layer on
the micro-cantilever, a metal layer 1s deposited on top of the
micro-cantilever also by lift-off (FIG. 5./). By depositing
micro-cantilever metal 1n a second lift-off step, 1t 1s possible
to use other metals and metal thicknesses than used for the
electrical connections. Another metal layer can be deposited
on the reference micro-cantilever in order to make the two
micro-cantilevers as i1dentical as possible

[0148] A schematic top view of the micro-cantilever-based
biochemical sensor at this point in the fabrication 1s shown
in FIG. 6. The top of the channel structure 1s coated by
nitride 1 and the sides and the bottom of the etched channel
1s silicon 2. The micro-cantilever 1s coated by an optional
metal layer for immobilisation of molecules 3, and the
micro-cantilever has a piezoresistor integrated 4. The
piezoresistor has two contact pads § to which metal wires
have been connected.

[0149] In order to integrate the sensor in a closed channel,
a top part of the channel 1s required. The upper part of the
channel can be fabricated by two different principles:

[0150] 1. The channel can be fabricated by depositing

a spacer layer 1n polymer, which actually defines the
sidewalls of the top part of the channel. A cover lid
1s then bonded or glued to the polymer.

[0151] 2. The upper part of the channel is etched in a
glass or silicon wafer, which 1s bonded or glued to
the micro-cantilever wafer.

[0152] The two fabrication procedures are described
below:

[0153] Principle number 1 can be split out in two fabri-
cation procedures:

[0154] 1a): Closed Reactive Ion Etched Channel with
Polymer Spacer:

[0155] A 30-100 um thick photosensitive polymer layer is
spun on the top side of the wafer seen 1 FIG. 5./m. The
spacer mask 1s transferred to the photosensitive polymer by
photolithography, see F1G. 7.a

[0156] It is now possible to etch the channel and release
the micro-cantilever by 1sotropic RIE using the metal on the
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micro-cantilever and the photosensitive polymer as etch
masks. The depth of the channel 1s between 30-100 um
(FIG. 7.b).

[0157] The oxide below the micro-cantilever is etched by

HF, yielding a stress compensated micro-cantilever (FIG.
7.0).

|0158] Finally, a top plate consisting of silicon, Pyrex,
polymer or any combination of these 1s sealed to the
photosensitive polymer walls either by gluing or by local
heating of the top of the photosensitive polymer layer. The
melted polymer will form a bond to the top plate (FIG. 7.d).

[0159] 1b) Closed KOH Etched Channel with Polymer
Spacer

[0160] In order to fabricate a well-controlled channel the
waler 1s etched 1in KOH after the micro-cantilever has been
defined and the micro-cantilever metal has been deposited.
The metal and the nitride on the micro-cantilever act as etch
masks 1n this process. The KOH etch 1s finished when the
micro-cantilever 1s released resulting 1in a channel depth of

30-100 um, see FIG. 8.a.

[0161] The oxide below the micro-cantilever is etched by
HF, yielding a stress compensated micro-cantilever (FIG.

8.b).

[0162] A 30-100 um thick polymer layer is transferred to
the top side of the wafer, defineing the spacer layer see FIG.

8.c.

[0163] Finally, a top plate consisting of silicon, Pyrex,
polymer or any combination of these 1s sealed to the
photosensitive polymer walls either by gluing or by local
heating of the top of the photosensitive polymer layer. The
melted polymer will form a bond to the top plate (FIG. 8.d).

[0164] 2): Closed Channel by Bonding the Top and the
Bottom Part of the Channel:

[0165] In order to fabricate a well-controlled channel the
waler 1s etched in KOH after the micro-cantilever metal has
been deposited. The metal and the nitride act as etch masks
in this process. The KOH etch 1s finished when the micro-
cantilever 1s released resulting 1n a channel depth of 30-100
um, see FI1G. 9.a.

[0166] The oxide below the micro-cantilever is etched in
HF, yielding a stress compensated micro-cantilever (FIG.

9.5).

10167] A 20-200 nm thick LPCVD nitride layer 1s depos-

ited on a 500 um thick single side polished <100> silicon
waler 1n which the top part of the channel i1s to be defined

(FIG. 9.¢).

[0168] Thin resist is spun on the back side of the wafer,
and a mask defining the holes for contacting the metal wires

1s transferred by photolithography. The pattern 1s transferred
to the nitride by RIE (FIG. 9.d). The exposed silicon areas

are then etched in KOH. The KOH etch 1s stopped when the
created micro-membranes have a thickness 30-100 um

(FIG. 9.¢).

[0169] Thin resist is then spun on the front side of the
waler and a mask defining the channel and holes for con-
tacting the metal wires 1s transferred to the resist by photo-
lithography. The pattern 1s transferred to the nitride by RIE

(FIG. 9.f). The channel and the contact-hole are then etched
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until the 30-100 ym micro-membrane 1s etched away at the
contact hole, resulting in a channel depth of 30-100 um

(FIG. 9.9).

[0170] Between 2-10 um glass is evaporated on the front
side of the wafer for the anodic bonding process (FIG. 9.A).
Finally, the two wafers are bonded by anodic bonding (FIG.

8.7).

[0171] Instead of using KOH etch in order to fabricate the
upper part of the channel and the contact holes, 1t 1s possible
to use RIE 1nstead. It 1s also possible to use a Pyrex wafer
instead of a silicon water. For a Pyrex water HF 1s used to
1sotropically etch the channel and the contact-holes.

EXAMPEL 2

Micro-Membrane-Based Sensor

[0172] For the fabrication of a micro-membrane-based
sensor 1n a channel, the fabrication 1s also performed by
micromaching. In contrast to the micro-cantilever or micro-
bridge-based sensor, the micro-membrane 1s normally
placed 1n the bottom of the channel. This design makes it
possible to contact the resistors from the backside. Never-
theless, 1n following example the resistors will be contacted
from the same side as the channel.

[0173] The first steps ( FIGS. 5.4.-5.f)in the fabrication

sequence 15 basically the same as descriebed for the micro-
cantilever or micro-bridge based sensor.

[0174] After the resistors have been defined by RIE the
resistors are encapsulated 1n a 50-200 nm thick thermal
oxide. Hereafter, a 20-100 nm thick LPCVD nitride 1s
deposited to be used as an etch mask, but also as a diffusion

barrier (FIG. 10.a.)

[0175] For the fabrication of contact holes through the
nitride/oxide layer, a thin resist 1s spun on top of the wafer.
The contact-hole mask 1s transferred to the resist by photo-
lithography. The nitride 1s etched by RIE and the oxide is
etched by HF (FIG. 10.5.).

[0176] Metal for electrical connections, typically chro-
mium/gold or aluminium are deposited by lift-off technique.
This 1s done by spinning a thin layer of resist on top of the
waler. The metal wire mask 1s transferred to the resist by
photolithography. The metal 1s evaporated on top of the
waler and finally the resist 1s stripped 1n acetone leaving the
metal wires on top of the support structure(FIG. 10.c.).

[0177] For the use of metal as an immobilisation layer on
the micro-cantilever, a metal layer 1s deposited on top of the
micro-membrane also by lift-off (FIG. 10.d.). By depositing
micro-cantilever metal 1n a second lift-off step, 1t 1s possible
o use other metals and metal thicknesses than used for the
clectrical connections.

[0178] The micro-membrane is now defined by KOH

ctching from the backside. First, a thin resist layer 1s spun on
the backside of the wafer. The backside mask 1s the tran-

ferred to the resist. Hereafter, the nitride/silicon/oxide sand-
wich 1s etched 1n RIE. The water 1s then etched in KOH,

where the oxide will act as a etchstop. (FIG. 10.¢e.)
0179] The oxide is then removed in a HF etch (FIG. 10.f))

0180] A channel is now fabricated on top of the micro-
membrane. This can be fabricated by two different prin-
ciples:
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[0181] 1. The channel can be fabricated by depositing
a spacer layer 1n polymer, which actually defines the
sidewalls of the top part of the channel. A cover lid
1s then bonded or glued to the polymer.

[0182] 2. The upper part of the channel is etched in a
glass or silicon wafer, which 1s bonded or glued to
the micro-cantilever wafer.

|0183] The two fabrication procedures are described
below:

0184] 1) Spacer Layer in Polymer

0185] A 30-100 um thick photosensitive polymer layer is
spun on the top side of the water. The spacer mask 1is

transferred to the photosensitive polymer by photolithogra-
phy, see FIG. 10.¢g

|0186] Finally, a top plate consisting of silicon, Pyrex,
polymer or any combination of these 1s sealed to the
photosensitive polymer walls either by gluing or by local
heating of the top of the photosensitive polymer layer. The
melted polymer will form a bond to the top plate (FIG.

10.7).

[0187] 2) Closed Channel by Bonding the Top Part to the
Substrate

|0188] This method is exactly the same as described in the

“Closed channel by bonding the top and the bottom part of
the channel” section in the fabrication sequence of a micro-
cantilever-based sensor in a channel.

Applications of the Present Invention

[0189] In the following, examples of different applications
of the present invention are listed and commented. The
application of the present invention should however not be
limited to the listed examples.

0190] Laminated Flow:

0191] Adjacent or very closely spaced micro-cantilevers
can be exposed to different chemical environments at the

same time by (FIG. 11)

[0192] 1) Laminating the fluid flow vertically in the
micro-channel mto two or more streams, so that
micro-cantilevers on opposing sides of the micro-
channel are immersed 1n different fluids.

[0193] 2) Laminating the fluid flow horizontally in
the micro-channel, so that micro-cantilevers
recessed to different levels 1n the micro-channel are
immersed 1n different fluids.

[0194] 3) Laminating the fluid flow either horizon-
tally or vertically and moving the micro-cantilevers
through the different fluids by actuating the micro-
cantilevers.

[0195] In this way, micro-cantilever signals from different
fluid environments can be compared. Moreover the technol-
ogy can be used for coating narrowly spaced micro-canti-
levers with different chemical substances. Examples on both
aspects will be described below.

0196] Functionalisation:

0197] Functionalising the micro-cantilevers can be per-
formed using conventional immobilisation chemistry, which
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casily applies to the micro-cantilever materials. However,
for the closely spaced micro-cantilevers 1n micro-channels
new technologies for applying the different coatings are
needed. The functionalisation of narrowly spaced micro-
cantilevers can be performed by one or more of the tech-
nologies described below:

[0198] 1) In the micro-fabrication of the device, the
micro-cantilevers can be coated with different thin
film layers which are compatible with the fabrication
process. The thin films can be metal, silicon and
dielectric layers. The different thin films can then be
used to bind molecules which have a specific binding
to a specific thin film.

[0199] 2) The molecules to be attached on the micro-
cantilever surface can be synthesised with a photo
activated binding site. Molecules are then attached to
the micro-cantilever surface by placing the micro-
cantilever 1in a liquid solution with the coating mol-
ecules and exposing the micro-cantilever to UV
light. The UV light induces the creation of a bond
between the micro-cantilever surface and molecules.
This coating can be performed in the channel after it
has been closed, by injecting different coating mol-
ecules 1n the channel and illuminating the micro-
cantilevers 1individually through the cover plate. By
scanning a laser across the device small well-defined
arcas can be coated with specific coatings. Between
cach coating the system must be rinsed and a new
coating solution 1njected in the channels.

[0200] 3) Using an inkjet printer principle small
droplets of liquid can be delivered. These systems
arc commercially available for DNA chip fabrica-
tion. Such a liquid delivery system can be used to
spray droplets of different liquids on closely spaced
micro-cantilevers. The delivered droplets typically
have a diameter of 100 um. This coating technique
must be performed before the channel is sealed.

[0201] 4) When the channels are sealed, laminated
flow can be used to coat narrowly spaced micro-
cantilevers by having two or more laminated flows 1n

the system. Micro-cantilevers placed in different
heights and/or on different sides of the channel will
thus be immersed 1n different liquids. After coating,
the micro-channels can be flushed with other fluids
to remove the residual coating material. By repeating,
the technique, several layers of coating can be added
to the micro-cantilever. In order to bind molecules to
only one side of the micro-cantilever photoimmo-
bilisation or pre-deposited thin films can be used.

[0202] 5) Selective coating can be performed by
laminating two or more streams 1n the micro-channel
and placing the micro-cantilever 1 one of the
streams by a static bending. Moreover, a controlled
movement of the micro-cantilever through separated
laminated streams can be used to coat the micro-
cantilever with multiple layers such as glutaralde-
hyde-avidin-biotin.

[0203] 6) Selective and reversible coating of the
micro-cantilever, with for example metalloproteins,
can be acheived eclectrochemically. A conducting
layer on the micro-cantilever can be used as the
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working electrode. The counter electrode might be
an 1ntegrated part of the system. Also it 1s often
desirable to include a reference electrode for control
of the applied potential.

10204] Reference Micro-Cantilever and Reference Mea-
surement:

[0205] To minimise the effect of turbulence and thermal
drift 1n the system, a reference micro-cantilever can be
implemented. The reference micro-cantilever 1s placed close
to the measurement micro-cantilever and in the same mea-
surement environment. However, the reference micro-can-
filever 1s not coated with a detector film. The reference
micro-cantilever might be coated with another film which
does not act as a detector or which detects a second
substance. By subtracting the reference signal from the

measurement signal most background noise can be elimi-
nated, see FIG. 12.

[0206] For most biochemical applications it is important
to perform a reference measurement 1n a reference liquid.
Often it 1s the increase/decrease 1n the concentration of a
specific molecule which 1s of interest. For such relative
measurements a reference liquid i1s necessary. The micro-
cantilever placed 1n the reference solution should be 1den-
tical to the measurement micro-cantilever 1n the measure-
ment solution, see FIG. 13. The measurement solution and
the reference solution can be investigated 1n the same
channel at the same time by laminating the flow and let the
two streams run 1n parallel. Micro-cantilevers placed on
cither side of the channel will measure the reaction in two
different fluids. Quasi-simultaneous measurements In ana-
lytes and 1n reference solutions can be performed by moving
the micro-cantilever through the two liquids.

0207] Daiffusion Measurements in Added Layers:

0208] Molecules entering the detector films on the micro-
cantilever change the stress of the film, which results 1n a
micro-cantilever bending. For example, diffusion in cell
micro-membranes can be investigated and the activity of
specific micro-membrane channels which are regulated by
voltage or by the binding of another molecule can be
investigated.

[0209] Preliminary experiments on the diffusion of alco-
hol 1n polymers have been performed using micro-cantile-
vers with piezoresistive read-out. One of two micro-canti-
levers integrated 1n a Wheatstone bridge 1s coated with a UV
sensitive resist 1n which the stress 1s changed when sub-
jected to alcohol. F1G. 14 shows micro-cantilevers placed in
a small open liquid container 7 with DI water. Liquid alcohol
1s mjected 8 and the output voltage from the Wheatstone
bridge 1s recorded 9 as a function of time. The output voltage

from the Wheatstone bridge reflects the difference in the
deflection of the two micro-cantilevers.

[0210] The micro-cantilever response to three different
amounts of Ethanol i1s shown m FIG. 15. The arrows
indicate the times at which new alcohol 1s placed on the
surface of the water, close to the micro-cantilever. It 1s
clearly seen, how the micro-cantilever responds 1immedi-
ately to the alcohol after which the signal decreases as the
alcohol 1s diluted 1n the water and evaporated from the
surface. The magnitude of the signal reflects the amount of
injected alcohol. Thus the diffusion of alcohol into the
polymer causes the stress in the polymer to change. The
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process 1s reversible and when the alcohol leaves the film,
the micro-cantilever returns to the start position. The mecha-
nism can be used to construct a sensor for measuring alcohol
concentrations 1n liquid.

[0211] The time dependent micro-cantilever response can
also be used to mvestigate the dynamics of layer formation

on the micro-cantilever surface. For example the formation
of self-assembled monolayers can be investigated.

[0212] Conformal Changes of Protein Layers:

10213] Conformal changes of proteins adsorbed on a
micro-cantilever will give rise to a change in resonance
frequency and stress of the micro-cantilever. Hereby it is
possible to study the conformal changes of proteins caused
by external parameters such as pH-value, 1on-concentration
and temperature. For example the metalloprotein azurin
adsorbed on gold 1s know to undergo conformational
changes when subjected to different pH-values. How azurin
binds to gold, and how the binding 1s changed when the
pH-value 1s changed 1s not well understood, and the micro-
cantilever-based measurements can give additional informa-
fion on the binding propertics. Many active enzyme func-
fions also results in stress changes. Thereby enzyme activity
levels 1n different environments can be investigated.

0214] Gene Detection:

0215] One of the major applications of the invention is
the detection of multiple disease-associated genes. Single
stranded DNA from the disease-associated genes 1s attached
to micro-cantilevers by one of the coating technologies
described above using conventional binding chemistry. Nar-
rowly spaced micro-cantilevers placed 1n one channel can be
coated with DNA sequences from different genes. A treated
blood sample consisting of single stranded DNA 1s then
flushed through the system. If one of the disease-associated
ogenes 1s present 1n the sample 1t will bind specifically to the
corresponding DNA string attached to the micro-cantilever.
DNA strings, which have been non-specifically bounded can
be detached by a heat treatment. The specific binding will
result 1n a surface stress change as well as 1n a resonance
change of the micro-cantilever. Hereby 1t 1s possible to
perform a screening of several genes simultancously. The
method could also apply to DNA sequencing.

[0216] Antigen-Antibody Reaction:

[0217] The idea of screening for specific genes can be
expanded to the detection of different antibodies. For this
application closely spaced micro-cantilevers are coated with
different antigens, using conventional binding chemistries.
Antibodies bind specifically to antigens, whereby it 1s pos-
sible to screen for different antibodies in a blood sample.

[0218]

Electrochemistry:

10219] Applying a conducting layer on the micro-cantile-
ver and a reference electrode 1n the channel 1t 1s possible to
perform electrodeposition and electrochemistry on layers on
a micro-cantilever surface. For example 1n can be investi-
cgated how the stress 1n layers of mettaloproteins such as
azurin and yeast cytochrom ¢ respond to different potentials.
Furthermore redox-processes might be monitored. More-
over, the adsorption and desorption of electrodepositable
molecules can be investigated.
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1. A sensor for detecting the presence of a substance 1n a
fluid, said sensor comprising;

means for handling the fluid, said handling means com-
prising an interaction chamber of micrometer dimen-
sions, an 1nlet and an outlet,

a first flexible member having a surface, said surface
holding a substance, wherein the surface holding the
substance 1s at least partly positioned inside the inter-
action chamber so that at least part of the substance 1s
exposed to the fluid, and

means for detecting a mechanical parameter associated
with the first flexible member, said mechanical param-
cter being related to the presence of the substance 1n the

fluid.

2. A sensor according to claim 1, wherein the first flexible
member comprises a cantilever having a first and a second
end, wherein the first end 1s attached to the interaction
chamber.

3. A sensor according to claim 1, wherein the first flexible
member comprises a bridge having a first and a second end,
wherein the first and second ends are attached to the inter-
action chamber.

4. A sensor according to claim 1, wherein the first flexible
member forms part of a boundary defining the interaction
chamber.

5. A sensor according to claim 1, wherein the detecting
means for detecting the mechanical parameter associated
with the first flexible member comprises a piezoresistive
clement, said piezoresistive element being an integral part of
the first flexible member.

6. A sensor according to claim 1, wherein the detecting
means for detecting the mechanical parameter associated
with the first flexible member comprises a laser, an optical
clement and a position sensitive photo detector.

7. A sensor according to claim 6, wherein the piezoresis-
five element forms part of a balanced bridge, such as a
Wheatstone bridge.

8. A sensor according to claim 1 further comprising an
actuator for moving the flexible member relative to the
interaction chamber.

9. A sensor according to claim 8, wherein the actuator
comprises a piezoelectric element.

10. A sensor according to claim &8, wherein the actuator
comprises means for providing an electrostatic induced
movement of the flexible member.

11. A sensor according to claim 8, wherein the actuator
comprises means for providing a magnetic induced move-
ment of the flexible member.

12. A sensor according to claim 8, wheremn the actuator
comprises means for providing a thermal induced movement
of the flexible member.

13. A sensor according to claim 1, wherein the handling
means 1s fabricated in a material selected from the group
consisting of metals, glasses, polymers or semiconductor
materials, such as silicon.

14. A sensor according to claim 1, wherein the substance
being held by the surface of the first flexible member 1s
selected from the group consisting of metals, polymers,
biochemical molecules or micro-biochemical structures.
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15. A sensor according to claim 1, further comprising,

a second flexible member being at least partly positioned
inside the interaction chamber so that at least part of the
second flexible member 1s exposed to the fluid, and

means for detecting a mechanical parameter associated

with the second flexible member.

16. A sensor according to claim 15, wherein the detecting
means comprises a piezoresistive element, said piezoresis-
five element being an integral part of the second flexible
member, and wherein the piezoresistive element forms part
of a balanced bridge, such as a Wheatstone bridge.

17. A sensor for detecting the presence of a substance 1n
a fluid, said sensor comprising:

means for handling the fluid, said handling means com-
prising an 1nteraction chamber, an 1nlet and an outlet,

a first flexible member having a surface, said surface
holding a substance, wherein the surface holding the
substance 1s at least partly positioned 1nside the inter-
action chamber so that at least part of the substance 1s
exposed to the fluid, and

means for detecting a mechanical parameter associated
with the first flexible member, said mechanical param-
cter being related to the presence of the substance 1n the
fluid, wherein the detecting means form an integral part
of the first flexible member.

18. A sensor according to claim 17, wherein the first
flexible member comprises a cantilever having a first and a
second end, wherein the first end 1s attached to the interac-
tion chamber.

19. A sensor according to claim 17, wherein the detecting
means for detecting the mechanical parameter associated
with the first flexible member comprises a piezoresistive
clement.

20. A sensor according to claim 19, wherein the piezore-
sistive element forms part of a balanced bridge, such as a
Wheatstone bridge.

21. A sensor according to claim 17, wherein the interac-
tion chamber 1s of micrometer dimensions.

22. A sensor according to claim 18 further comprising an
actuator for moving the second end of the cantilever relative
to the interaction chamber.

23. A sensor according to claim 22, wherein the actuator
comprises a piezoelectric element, said piezoelectric ele-
ment being an integral part of the canfilever.

24. A sensor according to claim 17, wherein the handling
means 1s fabricated in a material selected from the group
consisting of metals, glasses, polymers or semiconductor
materials, such as silicon.

25. A sensor according to claim 17, wherein the substance
being held by the surface of the first flexible member 1s
selected from the group consisting of metals, polymers,
biochemical molecules or micro-biochemical structures.

26. A sensor according to claim 17, further comprising

a second flexible member being at least partly positioned
inside the mteraction chamber so that at least part of the
second flexible member 1s exposed to the fluid, and

means for detecting a mechanical parameter associated
with the second flexible member.

27. A sensor according to claim 26, wherein the detecting

means comprises a piezoresistive element, said piezoresis-

five element bemng an integral part of the second flexible
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member, and wherein the piezoresistive element forms part
of a balanced bridge, such as a Wheatstone bridge.

28. A sensor for detecting the presence of a substance 1n
a fluid, said sensor comprising:

means for handling the fluid, said handling means com-
prising an interaction chamber, an inlet and an outlet,

a first flexible member having a surface, said surface
holding a substance, wherein the surface holding the
substance 1s at least partly positioned inside the inter-
action chamber so that at least part of the substance 1s
exposed to the fluid, and wheremn the first flexible
member forms an integral part of the handling means,
and

means for detecting a mechanical parameter associated
with the first flexible member, said mechanical param-
cter being related to the presence of the substance 1n the
fluid.

29. A sensor according to claim 28, wherein the {first
flexible member comprises a cantilever having a first and a
second end, wherein the first end 1s attached to the interac-
tion chamber.

30. A sensor according to claim 28, wherein the detecting
means for detecting the mechanical parameter associated
with the first flexible member comprises a piezoresistive
clement, said piezoresistive element being an itegral part of
the first flexible member.

31. A sensor according to claim 30, wherein the piezore-
sistive element forms part of a balanced bridge, such as a
Wheatstone bridge.

32. A sensor according to claim 28, wherein the detecting
means for detecting the mechanical parameter associated
with the first flexible member comprises a laser, an optical
clement and a position sensitive photo detector.

33. A sensor according to claim 28 further comprising an
actuator for moving the second end of the cantilever relative
to the interaction chamber.

34. A sensor according to claim 33, wherein the actuator
comprises a piezoelectric element, said piezoelectric ele-
ment being an integral part of the cantilever.

35. A sensor according to claim 28, wherein the handling
means 1s fabricated 1n a material selected from the group
consisting of metals, glasses, polymers or semiconductor
materials, such as silicon, and wherein the interaction cham-
ber 1s of micrometer dimensions.

36. A sensor according to claim 28, wherein the substance
being held by the surface of the first flexible member 1s
selected from the group consisting of metals, polymers,
biochemical molecules or micro-biochemical structures.

37. A sensor according to claim 28, further comprising,

a second flexible member being at least partly positioned
inside the 1nteraction chamber so that at least part of the
second flexible member 1s exposed to the fluid, and

means for detecting a mechanical parameter associated
with the second flexible member.

38. A sensor according to claim 37, wherein the detecting
means comprises a piezoresistive element, said piezoresis-
five element being an integral part of the second flexible
member, and wherein the piezoresistive element forms part
of a balanced bridge, such as a Wheatstone bridge.

39. A sensor for detecting the presence of a substance 1n
a fluid, said sensor comprising:
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means for handling the fluid, said handling means com-
prising an interaction chamber, an inlet and an outlet,

a first flexible member having a surface, said surface
holding a substance, wherein the surface holding the
substance 1s at least partly positioned 1nside the inter-
action chamber so that at least part of the substance 1s
exposed to the fluid, and wherein fabrication of the first
flexible member 1s part of fabrication of the handling
means,

means for detecting a mechanical parameter associated
with the first flexible member, said mechanical param-
cter being related to the presence of the substance 1n the
fuid.

40. A sensor according to claim 39, wheremn the first
flexible member comprises a cantilever having a first and a
second end, wherein the first end 1s attached to the interac-
fion chamber.

41. A sensor according to claim 39, wherein the detecting
means for detecting the mechanical parameter associated
with the first flexible member comprises a piezoresistive
clement, said piezoresistive element being an integral part of
the first flexible member.

42. A sensor according to claim 40 further comprising an
actuator for moving the second end of the cantilever relative
o the interaction chamber.

43. A sensor according to claim 39, wherein the handling
means 1s fabricated in a material selected from the group
consisting of metals, glasses, polymers or semiconductor
materials, such as silicon, and wherein the interaction cham-
ber 1s of micrometer dimensions.

44. A sensor according to claim 39, wherein the substance
being held by the surface of the first flexible member 1s
selected from the group consisting of metals, polymers,
biochemical molecules or micro-biochemical structures.

45. A sensor according to claim 39, further comprising

a second flexible member being at least partly positioned
inside the mteraction chamber so that at least part of the
second flexible member 1s exposed to the fluid, and

means for detecting a mechanical parameter associated
with the second flexible member.

46. A sensor according to claim 45, wherein the detecting,
means comprises a piezoresistive element, said piezoresis-
five element bemng an integral part of the second flexible
member, and wherein the piezoresistive element forms part
of a balanced bridge, such as a Wheatstone bridge.

47. A sensor for detecting the presence of a first and a
second substance 1n a fluid, said sensor comprising;:

means for handling the fluid, said handling means com-
prising an interaction chamber of micrometer dimen-
sions, an inlet and an outlet,

a first flexible member having a surface, said surface
holding a first substance, wherein the surface holding
the first substance 1s at least partly positioned inside the
interaction chamber so that at least part of the first
substance 1s exposed to the fluid,

a second flexible member having a surface, said surface
holding a second substance, wherein the surface hold-
ing the second substance 1s at least partly positioned
inside the mteraction chamber so that at least part of the
second substance 1s exposed to the fluid,
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a first detecting means for detecting a first mechanical
parameter associated with the first flexible member,
said first mechanical parameter being related to the
presence of the first substance in the fluid, and

a second detecting means for detecting a second mechani-
cal parameter associated with the second flexible mem-
ber, said second mechanical parameter being related to
the presence of the second substance 1n the fluid.

48. A sensor according to claim 47, wherein each of the
first and second flexible members comprises a cantilever
having a first and a second end, wherein the first end 1is
attached to the interaction chamber.

49. A sensor according to claim 47, wheremn each of the
first and second flexible members comprises a bridge having
a first and a second end, wherein the first and second ends
are attached to the interaction chamber.

50. A sensor according to claim 47, whereimn each of the
first and second flexible members forms part of a boundary
defining the interaction chamber.

51. A sensor according to claim 47, wherein the first
detecting means comprises a piczoresistive element, said
piezoresistive element being an integral part of the first
flexible member.

52. A sensor according to claim 47, wherein the second
detecting means comprises a piczoresistive element, said
piezoresistive element being an integral part of the second
flexible member.

53. A sensor according to claim 51, wherein each of the
piezoresistive elements forms part of a balanced bridge, such
as a Wheatstone bridge.

54. A sensor according to claim 47, wherein the detecting,
means for detecting the first and second mechanical param-
eters associated with the first and second flexible member,
respectively, comprises a laser, an optical element and a
position sensitive photo detector.

55. A sensor according to claim 47 further comprising,
actuators for moving the first and second flexible members
relative to the interaction chamber.

56. A sensor according to claim 55, wherein the actuators
comprise piezoelectric elements, said piezoelectric elements
being an integral part of the cantilevers.

57. A sensor according to claim 55, wheren the actuators
comprise means for providing an electrostatic induced
movement of the second end of the cantilevers.

58. A sensor according to claim 55, wherein the actuators
comprise means for providing a magnetic induced move-
ment of the second end of the cantilevers.

59. A sensor according to claim 55, wherein the actuators
comprise means for providing a thermal induced movement
of the second end of the cantilevers.

60. A sensor according to claim 47, wherein the handling
means 1s fabricated in a material selected from the group
consisting of metals, glasses, polymers or semiconductor
materials, such as silicon.

61. A sensor according to claim 47, wherein the sub-
stances being held by the surface of the first and second
flexible members are selected from the group consisting of
metals, polymers, biochemical molecules or micro-bio-
chemical structures.

62. A sensor for detecting the presence of a first and a
second substance 1n a moving laminated fluid, said lami-
nated fluid comprising, 1n a cross section perpendicular to a
direction of movement, a first and a second region, said
SENsOr comprising:
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means for handling the laminated fluid, said handling
means comprising an interaction chamber, an inlet and
an outlet,

a first flexible member having a surface, said surface
holding a first substance, wherein the surface holding
the first substance 1s at least partly positioned inside the
interaction chamber so that at least part of the first
substance 1s exposed to the first region of the laminated

fluid,

a second flexible member having a surface, said surface
holding a second substance, wherein the surface hold-
ing the second substance 1s at least partly positioned
inside the mteraction chamber so that at least part of the
second substance 1s exposed to the second region of the
laminated fluid,

means for detecting a first mechanical parameter associ-
ated with the first flexible member, said first mechani-
cal parameter being related to the presence of the first
substance 1n the first region of the fluid, and

means for detecting a second mechanical parameter asso-
ciated with the second flexible member, said second
mechanical parameter being related to the presence of
the second substance 1n the second region of the fluid.
63. A sensor according to claim 62, wherein the detecting
means for detecting the first mechanical parameter associ-
ated with the first flexible member comprises a piezoresis-
five element, said piezoresistive element being an integral
part of the first flexible member.
64. A sensor according to claim 63, wherein the detecting
means for detecting the second mechanical parameter asso-
ciated with the second flexible member comprises a piezore-
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sistive element, said piczoresistive element being an integral
part of the second flexible member.

65. A sensor according to claim 62, wherein the detecting
means for detecting the first and second mechanical param-
eters associlated with the first and second flexible member,
respectively, comprises a laser, an optical element and a
position sensitive photo detector.

66. A sensor according to claim 62, further comprising a
first actuator for moving part of the first flexible element
relative to the handling means.

67. A sensor according to claim 66, wherein the first
actuator comprises a piezoelectric element, said piezoelec-
tric element being an integral part of the first flexible
member.

68. A sensor according to claim 62, further comprising a
second actuator for moving part of the second flexible
clement relative to the handling means.

69. A sensor according to claim 68, wherein the second
actuator comprises a piezoelectric element, said piezoelec-
tric element bemng an itegral part of the second flexible
member.

70. A sensor according to claim 62, wherein the handling
means 1s fabricated in a material selected from the group
consisting of metals, glasses, polymers or semiconductor
materials, such as silicon.

71. A sensor according to claim 62, wherein the sub-
stances being held by the surface of the first and second
flexible members are selected from the group consisting of
metals, polymers, biochemical molecules or micro-bio-
chemical structures.
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