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1
ULTRASENSITIVE BIOCHEMICAL SENSOR

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

REFERENCE TO RELATED APPLICATTONS

The present claims priority under 35 U.S.C. §119(e) to
U.S. Provisional Application Nos. 60/473,202, filed May 22,
2003 and 60/516,485, filed Oct. 31, 2003.

FIELD OF THE INVENTION

The present invention relates to a sensor for the detection of
analytes 1n a sample. In particular it relates to sensors com-
prising integrated circuits that can detect the binding of one or
more analytes of iterest to receptors on the active region of
the sensor surface.

BACKGROUND OF THE INVENTION

The 1dentification of analytes of interest in a sample has a
wide variety of applications 1n many fields. For example, in
medical diagnostics 1t 1s desirable to be able to screen bodily
fluids, such as blood, for the presence of particular analytes
that may be indicative of a disease or disorder. In other areas,
such as bioterror and environmental remediation, 1t 1s 1impor-
tant to be able to 1dentily the presence of toxic compounds or
infectious agents in the environment.

Sensors for identifying analytes of interest may be based
on transistors used 1n integrated circuits. One such sensor 1s

described 1n U.S. Pat. No. 5,466,348, which 1s incorporated
by reference herein 1n 1ts entirety.

SUMMARY OF THE INVENTION

In one aspect of the present invention a sensor 1s provided
for detecting the presence of an analyte of interest 1n a sample.
The sensor may be used, for example, to detect the presence
of toxins, pathogens, disease markers, nucleic acids, proteins
or other molecules or complexes 1n a sample.

The sensor preferably comprises [a] at least one receptor
tvpe lor the analyte of interest bound to the active region of a
field effect transistor (FET). The active region, 1n turn, over-
lies a conducting [p+] p or » channel connecting a source and
drain region. Thus, the p-channel sensor typically operates 1n
enhancement mode upon binding of a negatively charged
analyte. The n-channel operates in enhancement mode upon
binding of a positively charged analyte. The sensitivity of the
sensor may be increased by applying a bias to a back gate.

In some embodiments, the active region comprises a gate
clectrode, such as a polysilicon gate, over a gate dielectric
layer. In other embodiments, a gate electrode 1s not present
and the receptor 1s bound to the dielectric layer, for example
a silicon nitride layer.

The receptor 1s preferably selected from the group consist-
ing ol antibodies, antibody fragments, peptides, oligonucle-
otides, DNA, RNA, aptamers and organic molecules. The
receptor is specific for a particular type of analyvte such as, for
example and without limitation, biochemical weapons such
as anthrax, botulinum toxin, and ricin, environmental toxins,
insecticides, aerosol agents, proteins such as enzymes, pep-
tides, nucleic acids such as DNA, RNA and oligonucleotides,
pathogens such as viruses and bacteria, blood components,
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and drugs. In one embodiment, the receptor 1s bound to the
active region via a linker molecule.

In another aspect, a method for identifying the presence of
one or more analytes in a sample 1s provided. The active
region of a sensor 1s contacted with the sample and sensor
output 1s measured. The presence of an analyte of interest 1n
the sample 1s 1dentified where the sensor output 1indicates a
change 1n the conductance of the channel upon contacting the
sample. The sensor output 1s preferably a measure of conduc-
tance, voltage, current, or resistance. The change of conduc-
tance resulting from analyte binding may be enhanced by
contacting the bound analyte with a secondary charged [mol-
ecule] particle. A secondary charged [molecule] particle may
be, for example, an antibody or a bead.

Preferably, the sensor comprises one or more receptors for
the analyte of interest bound to the active region. The active
region overlies a [p+] p conducting channel connecting a
source and drain region. The source and drain region are
typically [n-] p doped.

According to another aspect of the invention, a sensor 1s
provided for detecting the presence of an analyte in the
sample, where the sensor comprises a field etlect transistor
operating 1n enhancement mode. Binding of the analyte of
interest to receptors on the active region of the sensor
increases conduction through a channel connecting a source
and drain region. In one embodiment the channel is a [p+] p
conducting channel and the analyte 1s negatively charged. In
another embodiment the channel is an [n-] » conducting
channel and the analyte 1s positively charged. In the embodi-
ment with the n conducting channel, the source and drain are
n doped. In a further embodiment, conduction is increased by
the enhancement of a conducting inversion layer 1n the chan-
nel.

The sensors may be arranged to form an array for detecting,
the presence of one or more analytes 1 a sample. In one
embodiment the array comprises two or more sensors for
detecting multiple different toxins in a sample. In another
embodiment the array comprises two or more sensors for
detecting the multiple disease markers 1n a sample.

The arrays may comprise multiple sensors with the same
type of receptors or sensors with orthogonal receptors for
confirming the presence of a particular analyte. In one
embodiment the array comprises a {irst sensor for detecting
the presence of a first analyte of interest and a second sensor
for detecting the presence of a second analyte. In one embodi-
ment, the first and second analytes are related and the pres-
ence ol the second analyte provides confirmation of the pres-
ence of the first analyte.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic illustration of a sensor incorporating,
an assortment of different receptors groups. Here the recep-
tors are attached to the active region of a sensor as shown.
Each type of receptor provides specific binding to a specific
target molecule. I any of the target molecules are present,
binding results 1 a sensor output signal (signature). In this
example, the number of receptors specific to each target 1s
assumed to be equal 1n surface density (receptor number/
square micron).

FIG. 2 1s a bar chart showing the sensor output signal upon
analyte binding to the sensor illustrated 1n FIG. 1. A sensor
signal for each binding target, 1s schematically represented.
The dotted lines indicate what the signal output S, through S,
would be for receptors groups R, through R, 11 these recep-
tors were fully bound by the specific corresponding antigen.
The solid line represents the signal from the sensor for the
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second receptor (R,). The different signal magnitudes arise
from different receptor and target properties such as magni-
tude of charge and/or chemical potential associated with the
bound target biochemaical.

FIG. 3 schematically illustrates a sensor with adjusted
receptor densities. A sensor surface overlaying an active sen-
sor region 1s shown. Different groups of receptors specific to
different diseases, and with corresponding different surface
densities, are attached to the chemically active surface. The
receptor densities for each target are chosen such that the
resultant signal for binding to any of the receptor sets 1s of
approximately the same magnitude regardless of which target
1s present 1n the sample, as indicated by the bar heights in FIG.
4.

FI1G. 4 1s a bar graph illustrating the sensor signal output for
the receptor configuration of FIG. 3. Sensor receptor attach-
ment resulting 1n a “standard” reference signal amplitude 1s
shown by the first bar 1n the sequence. The sensor output
signal amplitude 1s the same for each target 1n this design.
Here, the second receptor group (R.,) 1s bound by 1ts target,
producing the signal indicated by the solid bar, with only that
target present in the sample. The remaining receptors (R, R;,
R,) remain unbound with zero contribution to the output
signal, as indicated by the dotted bars.

FI1G. 5 1s abar graph 1llustrating signal output from a sensor
configured to detect multiple analytes, such as multiple dis-
case indicators. If multiple targets are present for the configu-
ration of FIG. 3, then multiple “standard” amplitudes of
approximately equal magnitude will contribute additively to
the overall sensor output amplitude. Here, one “unit” of sen-
sor output amplitude S, indicates a marker for one disease 1s
present, a sensor output signal of 2S,, indicates that markers
for two diseases are present 1n the sample, and so on. The
sensor thus identifies how many disease related agents are
present 1n the sample.

FI1G. 6 15 a bar graph 1llustrating weak signal output result-
ing from a low analyte concentration. In a situation where the
concentration of the target analyte 1s very low, the sensor
output signal may be lower than expected (5,<S,). This
allows the sensor to be used to differentiate between concen-
trations of analyte. For example, where a disease 1s in the
carly stages of development, a disease related analyte may be
present at a lower concentration than when the disease 1s at a
more advanced stage of development.

FIG. 7 shows a schematic cross section of a field effect
transistor (FET). Here a buried conducting [p-channel] p
channel is formed in an [n-Si] » Si substrate. The device has
voltage tuning of sensor sensitivity. The gate area 1s repre-
sented with a silicon nitride gate dielectric layer covered with
a polysilicon gate. The nitride layer also serves as a protective
layer over other features 1n the transistor. Other gate dielec-
trics may be used. Receptors are attached to the gate.

FIG. 8 1s a schematic cross section of a field effect transis-
tor (FET) with a naked gate dielectric. Other materials
besides poly-S1 may be used for the gate, and a gate may be
formed 1n the absence of separate gate matenials, as 1llustrated
here. A transistor with just a nitride gate dielectric layer 1s an
attractive embodiment of such a sensor. In this case, receptors
are attached to the gate dielectric to form the gate. Additional
processing of the gate region may occur depending upon the
type of receptors attached and the nature of the analyte of
interest.

FIG. 9 schematically illustrates a biosensor array. The
array comprises rows and columns of biosensors, each sensor
in turn comprising receptors for a particular analyte. Redun-
dancy 1s provided by all sensors 1n each row having the same
type of receptor. Orthogonal receptors to the same target are
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present in different rows. For large sensor arrays, a single row
may have redundancy and orthogonal sensors as well as

receptors for multiple different targets. In this example, the
sensors are electronic devices integrated with addressing and
information output circuitry. Memory devices (not shown)
and logic circuitry (not shown) together with readout circuitry
(not shown) and other circuitry may be integrated on the same
substrate or connected through hybrid means.

FIG. 10 provides a top view representation of a possible
sensor layout. A top view of four different sensors with dif-
ferent geometrical features i1s shown. The active sensor
regions are 1n the lower central portion of each quad. An array
here would constitute an array of either component members
of the chip shown, or an array of the group shown, thereby
comprising an array of groups of sensors. Such sensor group
array components may comprise sensor configurations which
vary according to the sensor objectives, sensitivity issues,
receptor binding 1ssues or other desirable features.

FIGS. 11-25 are a series of cross sections illustrating the
formation of a field effect transistor.

FIG. 26 1s a flow chart summarizing the process steps in
forming a field effect transistor.

PR.

(L]
By
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DETAILED DESCRIPTION OF THE
EMBODIMENT

The present mvention provides an electronic sensor for
detecting analytes 1n a sample. The sensor comprises one or
more receptors that are specific for the analytes of interest
attached to a sensing platform. The sensing platform 1s pret-
erably a semiconductor based transistor which produces an
clectrical signal in response to analyte binding. As discussed
turther below, the sensor 1s compatible with a wide spectrum
of targets and allows for the simultaneous detection of mul-
tiple analytes. In preferred embodiments, multiple sensors are
arranged to form a sensor array.

“Analyte” and “‘target” refer to a specific matenal, the
presence, absence, or amount of which 1s to be detected, and
that 1s capable of interacting with a receptor. The analytes that
may be detected include, without limitation, molecules, com-
pounds, complexes, nucleic acids, proteins, viruses, bacteria,
cells and tissues. As a result, the methods disclosed herein are
broadly applicable to many different fields including medical
diagnostics, proteomics, genomics, public health, environ-
mental monitoring, drug testing, biodefense, automated test-
ing and telemedicine. Exemplary analytes include, without
limitation, biochemical weapons such as anthrax, botulinum
toxin, and ricin, environmental toxins, 1nsecticides, aerosol
agents, proteins such as enzymes, peptides, nucleic acids such
as DNA, RNA and oligonucleotides, pathogens such as
viruses and bacteria, blood components, drugs, etc. The target
may be naturally occurring or synthetic. One of skill in the art
will be able to readily adapt the methods to the particular
needs of a specific field.

“Substrate” when used herein refers to the underlying
maternal of the array on which the sensors are formed. Typi-
cally the substrate 1s a solid support and has a rigid or surface.
In a preferred embodiment, the substrate 1s a semiconductor
waler, preferably a silicon water. The individual sensors are
formed on and/or in the substrate 1n the desired pattern. The
receptors are then attached to the active region of each sensor.

The “active region” of the sensor 1s the region to which the
receptors are attached and 1n which a signal 1s detected in
response to the binding of an analyte. The “active region” 1s
not to be confused with the “active area,” or doped well n
which a transistor 1s defined. Typically, the active region of
the sensor 1s the top gate region of a transistor. However, in
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some embodiments the active region comprises the gate
dielectric over the channel region, such that the receptor
becomes the gate after binding.

“Receptor” refers to any molecule that 1s capable of inter-
acting with a target molecule. Receptors can be, for example
and without limitation, antibodies, antibody fragments, pep-
tides, nucleic acids such as oligonucleotides, aptamers, DNA,
and RNA, organic molecules, and polypeptides.

The Sensor

As 1llustrated 1n FIG. 1, the sensor comprises one or more
receptors 10 attached to an active region 50 which 1s formed
on an underlying solid support 100. Each receptor 1s specific
for an analyte of interest. The sensor 1s contacted with a
sample and 1f the analyte of interest 1s present, binding of the
analyte 150 to a receptor 10 results in a sensor output signal.
The type and magmtude of the signal will depend, 1n part,
upon the charge associate with the analyte.

In some embodiments the sensor comprises more than one
type of receptor 10. Each type of receptor 10 1s specific for a
particular analyte. Multiple copies of each type of receptor 10
are preferably attached to the active region 50 1n order to
produce a detectable signal upon binding. The number of
receptors 10 necessary to produce a detectable signal waill
depend upon the nature of the analyte and can be readily
determined by the skilled artisan.

Thus, the density of receptors 10 on the active area 50 1s
adjusted 1n order to produce a detectable signal 1f an analyte
ol interest 1s present 1n the sample. In addition, the density and
absolute number of receptors 10 on each sensor may be
adjusted 1n order to provide additional information about the
type and number of analytes 150 present 1n a sample. For
example, as described below, if approximately equal numbers
of two or more types of receptor are present, 1t 1s possible to
determine both the presence and identity of one or more of the
corresponding analytes 1n the sample. On the other hand, the
number of receptors 10 of each type can be adjusted such that
the sensor can identily the number of analytes 150 present.

In a particular embodiment, the total number of each type
of receptor on a given sensor 1s approximately equal. That 1s,
the number of receptors specific for each analyte 1s approxi-
mately equal. In addition the number of receptors for each
analyte type 1s preferably high enough to produce a detectable
signal but low enough that the receptors are readily saturated
by a sample containing that analyte type. The magnitude of
the output signal produced by binding of each analyte will
depend on the receptor and target analyte properties, includ-
ing the charge and/or the chemical potential associated with
the bound analyte. Because of the equal density of each type
of receptor, differences in the amplitude of the measured
signal are attributable to the identity of the analyte and not to
differences 1n the number of receptor molecules bound. The
type of signal expected for each analyte can be predetermined
by exposing the sensor to one analyte at a time 1n a calibration
process. As a result, the distinct signal produced by binding of
cach analyte allows for the determination of the identity of a
particular analyte in the sample (FIG. 2). In addition, 1f more
than one analyte 1s present, the combined output signal 1s
parsed to determine the identity of more than one analyte.

In another embodiment, the density and absolute number
of each type of receptor 1s not equal (FIG. 3). Preferably, the
number ol each type of receptor 1s selected such that the
resultant signal for binding of any of the analytes i1s of
approximately the same magmtude, regardless of the identity
of the analyte. FIG. 4 illustrates this embodiment, 1n which
binding of each type of analyte to 1ts particular receptors
produces an 1dentical signal. The total number of different
types of analytes present can then be determined based on the
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total amplitude of the signal. For example, if two types of
analytes are present a signal would be measured that 1s twice
as large as 11 a single type of analyte was present. In this way,
it can be determined how many of the types of analytes being
tested for are present 1n the sample. This example 1s illustrated
in FIG. 5, where each analyte 1s an indicator of a different
disease. Here, a signal of particular amplitude (far left bar)
indicates the presence of one type of analyte, corresponding
to one disease. A signal that 1s of twice the magnitude (middle
bar) 1s mndicative of two diseases and a signal that 1s three
times larger (far right bar) 1s indicative of three diseases.

In some situations, the amount of analyte present 1n a
sample may not be sulficient to saturate all of the receptors. In
this case, as illustrated in FIG. 6, the magnitude of the signal
produced by analvte binding may be less (solid line) than the
expected signal (broken line). A control sample, comprising a
known concentration of analyte, can be used to determine the
expected signal for each sensor through routine experimen-
tation.

In addition, a signal that 1s less than expected may provide
additional information about the analyte or about conditions
related to the presence of an analyte. For example, 1f a sensor
1s used to diagnose the presence of a disease, a smaller than
expected signal from a disease related antigen may indicate
that the disease 1s at an early stage. Thus, the sensor can be
utilized to determine the stage of a disease in addition to
simply diagnosing the disease.

In one embodiment the sensor comprises orthogonal recep-
tors. Here, “orthogonal” refers to two or more receptors that
are specific for the same analyte. Preferably, each of the
receptors recognizes a different portion of the analyte. For
example, the sensor may comprise two or more antibodies to
a particular antigen. In this case, each antibody preferably
binds to a different epitope on the target antigen. In another
specific embodiment two or more different oligonucleotides
are provided that bind to the same analyte. For example, two
different oligos may bind to different parts of the same DNA
or RNA strand. The use of orthogonal receptors provides
additional redundancy and avoids false positives and false
negatives that may occur if only a single receptor type 1s used
for a particular analyte.

In some embodiments, the sensor operates as a switch. In
these embodiments the number and density of receptors 1s
selected such that the production of any measurable signal
corresponds to a particular concentration of an analyte 1n the
sample. In this way the presence of a mimimum concentration
of analyte 1n a sample can be determined. This may be usetul,
for example, in determining 1f an environmental sample com-
prises a minimum level of a toxin. In these embodiments, the
channel, as described below, 1s preferably not conducting 1n
the absence of analyte binding to the active region.

With reference to FI1G. 7, 1n the preferred embodiments the
sensor comprises a lield effect transistor (FET) operating 1n
enhancement mode. However, 1n some embodiments and
with some analytes the transistor will operate 1n depletion
mode. Receptors are bound to the gate region of the transistor.
In one embodiment the receptors are bound to a gate electrode
of poly-Si1, as 1llustrated 1 FIG. 7. In the illustrated embodi-
ment, a buried conducting p-channel 200 1s 1solated from an
n-substrate 250. The p channel 1s preferably p+ and conducts
in the absence of any mput from the top gate. The channel
connects a sourceregion 360 and a drain 370. [The source and
drain are preferably n+.]

The gate stack 280 of the illustrated embodiment com-
prises a polysilicon layer 290 over a gate dielectric, which
comprises a layer of silicon nitride 300 over a layer of silicon
oxide 320 intheillustrated embodiment. The gate dielectric 1s
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preferably between about 100 A and about 2000 A, more
preferably about [800] 2000 A. In the illustrated embodiment
the layer of silicon oxide 320 is about 400 A thick and the
layer of silicon nitride 300 is about [400] 2000 A thick. Other
conductive materials besides polysilicon may be used for the
top gate electrode. Receptors (not shown) are attached to the
gate electrode to form the active region, as described 1n more
detail below. In other embodiments a material that facilitates
receptor binding 1s deposited over the gate electrode and the
receptors are attached to this maternial. In the preferred
embodiments, however, the receptors are preferably not
attached to [an insulator, such as] a field oxide or other
regions outside the active gate regions, [overlying] but over-
lay the gate electrode on a gate material which may be an
insulator.

With reference to FIG. 8, in other embodiments a gate
clectrode 1s not present and the receptors are bound to the gate
dielectric layer 300 to form the active region. In still other
embodiments a material that facilitates receptor binding 1s
deposited over the gate dielectric layer 300 and the receptors
are attached to this matenal.

The gate dielectric also preferably serves as a barrier mate-
rial that protects the substrate, for example from deleterious
interactions with the sample. As illustrated 1n FIGS. 7 and 8,
the gate dielectric extends over and protects the rest of the
transistor except at the contact openings. When 1t functions as
a protective layer, the gate dielectric 1s preferably deposited to
a thickness that 1s able to protect the sensor from a particular
sample, as can be readily determined by the skilled artisan.

As the majority of biological analytes are negatively
charged, a conducting p-channel 1s utilized 1n the preferred
embodiments. However, one of skill in the art will recognize
that other configurations of the transistor may be utilized
depending on the particular circumstances. While a buried
conducting p-channel as 1llustrated operates in enhancement
mode for the detection of negatively charged analytes, it
would work in depletion mode for the binding of positively
charged analytes. Thus, 11 a particular sensor 1s configured to
signal the presence of a positively charged analyte (1.e., com-
prises receptors specific for a positively charged analyte), a
conducting n-channel can be utilized such that the transistor
operates 1n enhancement mode. In other embodiments the
transistor operates 1n enhancement mode via formation or
enhancement of a conducting inversion layer in a channel
region upon analyte binding. For example, binding of a posi-
tively charged analyte could form a conducting n— inversion
layer 1n a p+ channel region. In each of these embodiments,
the transistor preferably operates i enhancement mode.
Thus, manipulation of the bias on a back gate 1s preferably
utilized to enhance sensitivity as described below.

The receptors may be bound directly to the active region
over the channel of the transistor. Alternatively, linker mol-
ecules may be utilized to attach the receptors to the active
region. In still other embodiments, the receptors are synthe-
s1zed directly on the active region.

Receptors that are specific for the analytes of interest are
identified. Typically the receptors have been previously 1den-
tified as capable of binding the analyte of interest. However,
in some embodiments new receptors capable of binding the
analyte of interest are identified. For example, antibodies to a
particular analyte may be produced by well-known methods.
In another example, aptamers that are capable of binding the
analyte of interest are identified by screening.

Once a receptor has been 1dentified, a suificient amount of
the receptor 1s produced or obtained to form the sensors. The
receptors are then applied to the active region of the sensor.
Typically the active region of each sensor will comprise a
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single type of receptor. However, in some embodiments, the
active region of the sensor will comprise more than one type
of receptor. For example, in one embodiment, the active
region of a sensor comprises two or more types ol receptor
that are specific for the same analyte. In other embodiments
the active region of a sensor comprises two or more receptors
that are specific for different analytes. One of skill 1n the art
can readily determine the appropriate receptor composition
for each sensor based on the particular application.

The receptors are attached to the active region of the sensor
by methods well-known 1n the art. The active region prefer-
ably comprises a material to which the particular type of
receptor can be attached. This material can be chosen by the
skilled artisan. In one embodiment the receptors are attached
to an active region comprising a polysilicon gate. In another
embodiment the active region does not comprise a poly-Si
gate and the receptors are attached to a gate dielectric layer,
such as a silicon nitride layer. The surface to which the recep-
tors are attached may be modified to facilitate attachment.

The receptors are preferably selectively attached to the
active region, such that they are not present on other areas of
the sensor. This may be done by masking the other areas (e.g.,
using conventional resist masks), attaching the receptors to
the active area, and removing the mask. In another embodi-
ment, receptors are selectively attached to the active area by
controlling the application such that receptors are only pro-
vided to the active area. In still further embodiments, the
receptors are selectively attached to the active area by selec-
tively activating the active area for receptor binding. An
example of such selective activation 1s described below.

In one embodiment the receptors are selectively attached to
the active region via linker molecules. Linker molecules are
provided on the surface of the active region of the sensor. The
linker molecules are then contacted with the receptors under
conditions such that the receptors are bound to the substrate.
In some embodiments the linker molecules comprise a pro-
tective group that must be removed prior to receptor binding.
The protective group may be removed, for example, by
exposing the linker molecule to the proper activating condi-
tions, such as light, radiation, electric fields, electric currents
or other activators. By controlling the activating conditions, a
defined region can be activated. For example, 11 the protective
group 1s removable by light, a defined region of the substrate
comprising the active area may be 1lluminated (e.g., through
a lithography reticle or through a patterned mask on the
substrate), thus activating the linker molecules 1n that area. A
receptor may then be contacted with the entire substrate, but
will only bind to the activated linker molecules in the defined
region. The defined region may be a particular region of the
active region of a discrete sensor. In preferred embodiments,
however, the defined region comprises the entire active region
of one or more discrete sensors. In this way, a particular
receptor can be bound to one or more specific sensors 1n an
array, without binding to the remaining sensors. A different
discrete area of the substrate may then be activated, such as
the active region of a second sensor. A second type of receptor
may then be bound to the activated region. The process may
be repeated to form an array of sensors, each with a defined
specificity, as discussed 1n more detail below.

In some embodiments, rather than attaching receptors that
have been previously synthesized, receptors can be synthe-
s1zed directly on the active regions of the sensors.

The sample to be analyzed 1s allowed to contact the active
region of the sensor and the output signal 1s processed and
interpreted. Thus, the active region 1s preferably accessible
(e.g., by opening contact vias through an overlying insulating
layer) after any higher level metallization.
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The areas of the substrate and sensors outside of the active
region are preferably covered with a protective material to
prevent undesirable interactions with the substrate. The pro-
tective material may also serve to prevent binding of charged
molecules from the sample outside of the active region. As
discussed above, the gate dielectric may serve as a protective
material. In other embodiments (not shown) the protective
material 1s an oxide that 1s deposited over the substrate and
patterned to expose the active regions of the sensors. In still
other embodiments the protective material 1s an organic mate-
rial that can be patterned to expose the active regions. In a
particular embodiment the protective matenal 1s parylene.

In the preferred embodiments, the sensor output parameter
1s a voltage, current or resistance change 1n response to bind-
ing of the analyte to one or more of the receptors. The sensor
output results from the attached charge and/or a chemical
potential change on the active region as a result of analyte
binding.

The sensitivity of the sensor can be tuned across a large
dynamic range. The sensitivity may be modified by channel
doping. In the preferred embodiments, the channel 1s doped
with a dopant type to msure that a buried conducting channel
1s formed that operates 1n an enhancement mode. By operat-
ing in an enhancement mode, the device typically displays a
linear resistance change 1in response to analyte binding. Thus,
the sensor 1s preferably operated below the pinch off condi-
tion. However, 1n other embodiments analyte binding 1s deter-
mined based on a change in the saturation current. As used
herein, “enhancement mode” i1ndicates that binding of the
analyte of interest enhances conduction in the channel
between the source and the drain.

In embodiments 1n which the sensor comprises a conduct-
ing channel, the sensitivity 1s preferably enhanced by reverse
bias of the channel/substrate PN junction. In these embodi-
ments a back PN junction, or back gate, 1s used to reduce
channel conductance, resulting 1n an increased proportionate
signal upon substrate binding. Preferably, the initial conduc-
tion 1s kept low by manipulating the voltage on this back gate.
For example, conductance through an implanted p+ conduct-
ing channel 1s reduced by applying a positive voltage to the
back gate, which leads to partial depletion of the channel. In
some embodiments, the bias or reverse bias 1s measured as a
SENSOor parameter.

In addition, the sensitivity can be tuned by selecting a
particular size for the active channel area. Sensitivity 1s
increased by making a smaller active region as fewer analyte
molecules can be detected by a sensor with a smaller channel
area compared to a sensor with a larger active region. Prefer-
ably, the active region 1s made as small as possible to increase
sensitivity and to reduce costs, while remaiming large enough
to accommodate a suilicient number of receptors to produce
a desired signal upon analyte binding.

As discussed above, the sensitivity of the sensor may also
be controlled by varying the density of receptors on the active
region. By increasing the density of receptors, the sensitivity
can be increased.

In other embodiments, sensitivity 1s increased after analyte
binding by enhancing the charge of the bound analyte. This 1s
referred to as “charge amplification™ and 1s preferably used
where the original target molecule 1s of low density, has low
or no charge, or when the concentration of analyte 1s low.
Charge amplification may be accomplished, for example, by
contacting the bound analyte with a secondary charged mol-
ecule or complex that specifically binds to the analyte, which
in turn 1s bound to the sensor. The secondary charged mol-
ecule may be, for example, a bead, a detergent, a protein, an
aptamer, an oligonucleotide or an antibody. In addition, the
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charge of the secondary molecule may be altered to further
increase the signal. In a particular embodiment the secondary
charged molecule 1s an antibody with modified charge. In
some embodiments, the secondary charged molecule com-
prises a bead or other synthetic material that has been modi-
fied to have a desired charge. The bead 1s then dertvatized with
a molecule that allows the bead to specifically bind the ana-
lyte. Upon binding to the analyte, which has bound to the
receptor, the secondary charged molecule increases the signal
from the sensor proportionate to the charge that 1t carries. In
other embodiments, the secondary charged molecule is 1ntro-
duced to the sample and allowed to bind the analyte, 1f
present, prior to contacting the sensor with the sample.

The ability to enhance the sensitivity of the sensor allows
for the 1dentification of small amounts of an analyte of interest
in a sample. The sensor can be tuned to detect at least as few
as 100 electronic charges. Detection down to 1-10 pM of
analyte 1s achievable.

FIGS. 11 through 235 illustrate the formation of a FET
including a buried P or P+ type channel for use in a sensor.
These steps are summarized generally 1n FIG. 26. However,
one of skill 1n the art will recognize that other conventional
methods may be used to form the FET utilized 1n the sensor.

In FIG. 11, an oxide 220 is formed on [a p-] an  substrate
250. A photoresist 350 1s deposited and patterned to create a
substrate contact opening (FIG. 12). [A p++] An n++well 380
1s formed 1n the substrate (FIG. 13) and the substrate is
covered with a thin film of silicon oxide 220 and silicon
nitride 230 (FIG. 14). A layer of photoresist 352 1s deposited
and patterned and the silicon nitride 230 1s selectively
removed (FIG. 15) over the areas in which the field oxide 240
is formed (FIG. 16). A second [mask] masking pattern 355 is
formed and the nitride 230 and oxide 220 are removed over
the source and drain windows (FIG. 17) and the source 360
and drain 370 regions are [n-] p++ doped (down arrows), as
illustrated in FIG. 18. The nitride layer 230 1s removed over
the active region 280 (FIG. 19), a third [mask] masking pat-
tern 356 1s formed and a buried p or p+ channel 200 1s formed
(down arrows; FI1G. 20). The remaining oxide 220 1s removed
to produce the structure illustrated 1n FIG. 21. A gate oxide
320 is [deposited] provided (F1G. 22) and patterned [through]
using a tourth mask 357 (FIG. 23). Metal contacts 400 are
formed as shown 1n FIG. 24. Next, sealing layer 300 1s depos-
ited and patterned with another mask (not shown) to expose
the metal contacts 400 (FIG. 25). Finally, a polysilicon gate
290 1s formed over the buried channel 200 as illustrated 1n
FIG. 25. To form a sensor, receptors are subsequently
attached to the gate 290 as described above.

It will be understood that other sequences can be employed
to arrive at the desired structure.

Arrays

In preferred embodiments, an array of sensors 1s formed on
a single semiconductor substrate and fully integrated with the
appropriate addressing and information output circuitry.
Memory devices, logic circuitry, readout circuitry, and other
appropriate circuitry can be integrated as well, or connected
through hybrid means. It 1s within the skill of one 1n the art to
prepare the circuitry to suit their particular circumstances.

In one aspect, “array” means a predetermined spatial
arrangement of sensors present on a substrate. In the preferred
embodiment the sensors are formed in a silicon substrate.
However, in other embodiments the sensors are formed sepa-
rately and attached to a solid support. Preferably, the array 1s
addressable. That 1s, the location and specificity of each sen-
sor 1s known. However, the specificity of the sensors present
at each location 1s known or may be determined. In one
embodiment an addressable location comprises more than
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one type of sensor. In another aspect, “array” can refer to the
spatial arrangement of receptors on the active region of a
particular sensor.

The sensors 1n the array may all be specific for the same
analyte. That 1s, each of the receptors 1n the array may com-
prise receptors that are specific for the same analyte. This
arrangement may be used, for example, 1n the case of an array
that 1s designed to detect a single analyte. The presence of
multiple receptors with the same specificity provides redun-
dancy and confirmation of the presence of the analyte.

In other embodiments, the array comprises sensors that are
specific for different analytes. Such an array could be used to
detect and/or 1dentity more than one analyte 1n a sample. An
exemplary array 1s illustrated in F1G. 9. This array comprises
multiple rows and columns of sensors, each of which com-
prises receptors that are specific for a particular analyte.
Addressing enables the identification of which transistor 1s
alfected, and how, by exposure to the sample.

The array may comprise multiple sensors that are specific
for the same analyte. For example, in the array illustrated 1n
FIG. 9 each of the sensors 1n a particular row comprises the
same receptor. This redundancy provides confirmation of the
presence ol a particular analyte.

In addition, the array may comprise sensors with orthogo-
nal receptors. This 1s 1llustrated 1n FIG. 9, where the sensors
in the first row 400 each comprise the same type of receptor,
while the sensors 1 the second row 500 each comprise an
orthogonal receptor. Thus, each of the sensors 1n the first and
second row will signal the presence of the same antigen.
However, each of the sensors 1n the second row comprises a
receptor that recognizes a different portion of the analyte
recognized by the receptors on the sensors 1n the first row 400.
For example, each of the sensors in the first row 400 may
comprise a first antibody to an analyte of interest while each
of the sensors in the second row 300 comprises a second
antibody that differs from the first but that 1s specific for the
same analyte of interest. The presence of orthogonal recep-

tors provides for additional redundancy and avoids false posi-
tives or negatives that may be associated with a single recep-
tor type.

In other embodiments the array comprises sensors with
receptors that allow for the confirmation of the detection of a
particular analyte based on the presence of a second analyte.
In these embodiments one or more sensors or groups ol sen-
sors 1n the array are specific for a {irst analyte, while one or
more different sensors or groups ol sensors are specific for a
second analyte. Here, the second analyte 1s one that would not
be present 1n the sample unless the first analyte 1s present.
This enhances the redundancy of the test and avoids false
positives. For example, if a receptor for a particular infectious
agent, such as a virus, 1s present on one sensor or group of
SeNnsors 1n an array, sensors with receptors to a protein that 1s
produced by a patient 1n response to miection may also be
included. Thus, a sample from a patient could be screened for
the presence of the infectious agent and a positive signal
could be confirmed by the presence of the associated protein.

An array can comprise a low-density number of address-
able locations, e.g. 1 to about 100, medium-density, e.g. about
a hundred or more locations, or a high-density number, e.g. a
thousand or more. Typically, the array format 1s a geometri-
cally regular shape, which may facilitate, for example, fabri-
cation, handling, stacking, reagent and sample introduction,
detection, and storage. The array may be configured 1n a row
and column format, with regular spacing between each loca-
tion. Alternatively, the locations may be arranged 1n groups,
randomly, or in any other pattern. In one embodiment an array
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comprises a plurality of addressable locations configured so
that each location 1s spatially addressable for high-throughput
handling.

FIG. 10 illustrates a group of four sensors with different
geometric features on a single silicon chip. In particular, the
s1ze and shape of the active area 600 varies among the 1llus-
trated sensors. An array may constitute an array of either
component members of the chip shown, or an array of the
group, thereby forming an array of groups of sensors rather
than an array of individual sensors. Such sensor group array
components may comprise sensor configurations that vary
according to the sensor objectives, sensitivity 1ssues, receptor
binding i1ssues or other desirable features.

In a preferred embodiment, sensors that are specific for a
particular analyte are grouped together on the substrate. For
example, all of the sensors that are specific for a particular
analyte may be located 1n a single row on the substrate.
Sensors are specific for a particular analyte 1f each of the
sensors comprises receptors that are specific for one particu-
lar analyte. The signals from all of the sensors that are specific
for a particular analyte may be combined to provide an
enhanced signal indicative of the presence of a specific ana-
lyte. In other embodiments, the signals are maintained sepa-
rately.

In other embodiments, the sensors that are specific for a
particular analyte are not grouped together.

In a preferred embodiment each of the sensors 1n the array
are connected to addressing circuitry that allows for the col-
lection and analysis of a signal from each sensor. Based on the
signal, the presence of one or more analytes of interest 1s
determined. Depending on the arrangement of the array and
the design of the sensors, the nature of the analyte and the
amount of the analyte may be identified as well. For example,
sensors may be included that generate a signal only 1n the
presence ol a specific minimum concentration of analyte, as
discussed above. The activity of sensors that are tuned to a
particular concentration of analyte provide an indication of
the minimum concentration of analyte in the sample. If a
sensor tuned to a higher minimum concentration 1s not acti-
vated, a maximum analyte concentration can also be deter-
mined.

Typically, each sensor 1n an array comprises one type of
receptor. In this case, the number of sensors 1s at least as great
as the number of different types of receptors to be used to
identify the analytes of interest, and thus at least as great as the
number of analytes to be detected. For example, 11 the pres-
ence of ten analytes 1s to be detected 1n a sample, at least ten
sensors with receptors specific for those analytes will be
present on the substrate. However, 11 orthogonal receptors are
utilized to provide confirmation of binding of a particular
analyte, the number of sensors will be higher. The number of
sensors will be determined, for example, by the number of
analytes to be detected and the physical size of the substrate
on which the array 1s formed.

In one embodiment, at least one sensor comprises more
than one type of receptor. Here, the sensor may comprise two
or more types of receptor that are specific for the same ana-
lyte. Alternatively, the sensor may comprise receptors that are
specific for two or more analytes.

Each sensor 1n the array may be designed to provide the
same signal upon binding of an analyte of interest. In another
embodiment, the signal provided by each sensor or each type
of sensor 1s variable.

Addressing circuitry enables large numbers of sensors to
be imncluded 1n an array on a single substrate. Thus, the overall
s1ze of the array 1s not limited and will be determined based on
a variety of factors, including the number of sensors, the
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physical size of the sensors, and physical constraints on the
s1ze ol the substrate. For example, the total size of the sub-
strate and number of sensors may be limited by the available
sample size. The total size may also be limited by the circuitry
required to link the individual sensors. In one embodiment,
the sensors are present on a substrate with an area of about
100 cm? or less. In another embodiment the sensors are all
present on a substrate with an area of about 10 cm” or less.

For detecting the presence of one or more analytes in a
sample, the sample 1s contacted with the array of sensors and
the electrical properties are measured at each sensor. If a
change 1n the electrical properties 1s 1dentified at any sensor,
the analyte that interacts with the receptors on that sensor 1s
identified as being present 1n the sample.

In another embodiment, the measured signal 1s a summa-
tion of the signal from all of the sensors. In this case, a signal
indicates that at least one of the analytes of interest 1s present
in the sample. The type or magnitude of the signal may also be
interpreted to determine which analytes are present 1n the
sample.

In one embodiment, the instrumentation 1s configured to
selectively sample for particular sensors or groups of sensors
within the array, and thus for particular analytes.
Applications

The analysis of samples for the presence of one or more
particular analytes finds uses in a wide range of fields, from
medical, basic biological research, pharmaceutical, agricul-
tural, environmental, homeland defense and industrial diag-
nostics to genomics and proteomics.

The arrays of the invention are usetul for diagnostic appli-
cations and for use 1n diagnostic devices. In one embodiment
the arrays are used to establish a correlation between the
presence of a particular analyte, such as a pathogen or a
particular protein, and a disease or a particular stage of a
disease. In a further embodiment, once such a correlation
between the presence and/or amount of an analyte and a
particular disease or a particular stage of a disease has been
made, or 1s known, the arrays of the invention may be used to
diagnose a particular disease or a stage of a disease 1n a tissue
ol an organism.

Accordingly, in one embodiment, the invention provides a
method of diagnosing a disease or disorder 1n a patient. Mul-
tiple diseases can be screened for at the point of care and
results provided immediately. One or more analytes that are
known to be associated with the disease or disorder from
which a patient 1s believed to be sullering are selected. For
example, 11 a patient 1s suspected of suffering from a viral
infection, the methods of the present invention may be used to
identily the presence of one or more proteins that are known
to be associated with the infectious agent are selected for
identification. For example, a sample from a patient suspected
of being infected with HIV may be analyzed for the presence
of one or more proteins known to be associated with HIV.

Similarly, the sensors and arrays may be used to evaluate
the efficacy of treatment. For example, the presence of one or
more analytes known to be associated with a disease or dis-
order determined 1n a biological sample from a patient prior to
and after treatment. This may help determine the efficacy of
particular treatment options.

The sensors may also be used to compare the expression
patterns of proteins 1n different populations of cells or tissues.
For example, cells may be subject to different conditions and
the expression pattern of particular proteins compared to the
protein expression pattern of a control cell or population. For
example, the protein expression pattern of a cancer cell may
be compared to the protein expression pattern of a control cell
or population.
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The ability to compare the expression of particular proteins
between two cells or two population of cells may be useful in
the 1dentification and validation of new potential drug targets,
as well as for drug screening. In particular, a protein may be
identified which 1s particularly expressed in diseased cells,
but not innormal cells. Such a protein may be a target for drug
intervention, such as with inhibitors targeted to such a differ-
entially expressed protein and the effect of different drug
candidates on protein expression may be observed.

In a particular embodiment, the arrays may be used to
screen environmental samples for the presence of one or more
toxic agents or pathogens, such as botulinum toxin, ricin and
anthrax, for example in bioterrorism defense or environmen-
tal remediation. The arrays allow for the simultaneous detec-
tion, 1dentification and quantification of the potential agents
in the sample. In addition, the ability to build in redundancy
decreases the risk of false reporting, including both false
positives and false negatives.

In another particular application, the arrays are used for
blood bank screening. If a potential donor has recently con-
tracted a disease or disorder, such as HIV or hepatitis infec-
tion, traditional assays may not be able to detect the infection.
An array comprising one or more sensors that are specific to
a multitude of blood born diseases 1s prepared. Thus, a single
array can be used to screen for multiple diseases. A blood
sample 1s obtained from the potential donor, such as by finger
prick, and contacted with the array. A positive signal from the
array would indicate the presence of a disease and the dona-
tion would be rejected. As the presence of any one of the
diseases that are screened would be suificient to reject the
donation, 1t 1s not necessary to have an addressable array and
costs can be reduced. However, 11 an addressable array 1s
used, the identity of the disease or disorder can be readily
determined and the potential donor can be counseled accord-
ingly.

In an industrial setting a product or intermediate may be
analyzed for the presence of a particular compound.

Although the foregoing invention has been described 1n
terms of certain preferred embodiments, other embodiments
will be apparent to those of ordinary skill in the art and the
skilled artisan will be able to readily adapt the disclosed
methods and sensors to a particular use. Additionally, other
combinations, omissions, substitutions and modification will
be apparent to the skilled artisan, 1n view of the disclosure
herein. Accordingly, the present invention 1s not intended to
be limited by the recitation of the preferred embodiments, but
1s 1nstead to be defined by reference to the appended claims.

I claim:

1. A sensor for detecting the presence of an analyte 1n a
sample comprising a receptor for the analyte of interest bound
to an active region of a field effect transistor (FET), wherein
the active region overlies a [p+] p or » buried conducting
channel connecting a source region and a drain region.

2. The sensor of claim 1, wherein the active region com-
prises a polysilicon gate.

3. The sensor of claim 1, wherein the active region com-
prises a gate dielectric layer.

4. The sensor of claim 3, wherein the gate dielectric layer 1s
a silicon nitride or silicon dioxide layer.

5. The sensor of claim 4, wherein the receptor 1s bound to
the silicon nitride or silicon dioxide layer.

6. The sensor of claim 1, additionally comprising a back
gate.

7. The sensor of claim 6, wherein the sensitivity of the
sensor 1s increased by applying a bias to the back gate.

8. The sensor of claim [7] /, wherein the receptor is
selected from the group consisting of antibodies, antibody
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fragments, peptides, polypeptides, oligonucleotides, DNA,
RNA, aptamers, [and] organic molecules, and infectious
agenis.

9. The sensor of claim 1, comprising two or more receptors
specific for the same analyte.

10. The sensor of claim 1, comprising two or more recep-
tors specific for different analytes.

11. The sensor of claim 10, wherein the density and abso-
lute number of each receptor [is] are not equal, such that the
resultant signal for binding of any analyte of interest 1s
approximately the same magnitudel, regardless of the iden-
tity of the] for each target analyte.

12. The sensor of claim 10, wherein the number and density
of the receptors specific for each analyte are approximately
equal.

13. The sensor of claim 1, wherein the sensor operates 1n
enhancement mode upon binding of a negatively charged
analyte for the p buried conducting channel or upon binding
of a positively charged analyte for the n buried conducting
channel.

14. The sensor of claim 1, wherein the receptor 1s bound to
the active region via a linker molecule.

15. The sensor of claim 14, wherein the linker molecule
turther comprises a protective group that prevents binding of
the receptor and must be removed by exposure to an activator
prior to receptor binding.

16. The sensor of claim 1, wherein conduction of the chan-
nel is [increased] changed by enhancement or depletion of a
conducting inversion layer 1n the channel.

17. The sensor of claim 1, wherein the analyte 1s selected
from the group consisting of toxins, insecticides, polypep-
tides, nucleic acids, pathogens and drugs.

18. The sensor of claim 1, wherein the number and density
ol receptors are chosen so that a specific change in conduc-
tance of the channel will occur only 1f a target analyte 1s
present 1in the sample at a concentration greater than or equal
to a predetermined minimum concentration.

19. The sensor of claim 1, wherein the active region 1s as
small as possible[, just] while large enough to hold enough
receptors to generate a measurable signal when the target
analyte binds to the receptors [bind to the target analyte, so
that the sensitivity of the sensor is increased].

20. A method for identifying the presence of an analyte of
interest in a sample comprising:

contacting the active region of a sensor with the sample,

wherein the sensor comprises one or more receptors for

the analyte of interest bound to an active region and

wherein the active region overlies a buried [p+] p or 7

conducting channel connecting a source and drain;
measuring sensor output; and

identifying the presence of the analyte of interest where the

sensor output indicates a change in conductance of the
channel upon exposing the active region to the sample.

21. The method of claim 20, wherein the sensor output 1s at
least one selected from the group consisting of conductance,
curvent, charge, capacitance, voltage, and resistance.

22. The method of claim 20, wherein the change 1n con-
ductance 1s caused by binding of the analyte to the receptor.

23. The method of claim 22, wherein the analyte 1s nega-
tively or positively charged.

24. The method of claim 22, wherein binding of the analyte
of interest [enhances] alters conductance between the source
and drain.

25. The method of claim 20, wherein the change in con-
duction is [enhanced] altered by contacting the bound analyte
with a secondary charged [molecule] particle.
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26. The method of claim 25, wherein the secondary
charged [molecule] particle is an antibody.

27. The method of claam 25, wherein the secondary
charged [molecule] particle is a bead.

28. The method of claim 20, wherein there are two or more
analytes of interest and types of receptors, wherein the den-
sity and absolute number of each type of receptor 1s not equal,
such that the resultant signal for binding of any analyte of
interest is approximately the same magnitude|, regardless of
the 1dentity of the analyte, and further comprising determin-
ing the number of analytes of interest that are present from the
sensor output].

29. The method of claim 20, wherein the sensor output
indicates a specific change in conductance only if [the] a
target analyte 1s present in the sample at a concentration
greater than or equal to a predetermined minimum concen-
tration.

30. The method of claim 20, wherein there are two or more
analytes of interest and receptors specific for each analyte of
interest, wherein the number and density of the receptors
specific for each analyte are approximately equalf, further
comprising determining the identity of the analytes present
by the amplitude of the sensor output].

31. An array comprising two or more sensors for detecting,
the presence of an analyte 1n a sample, each sensor compris-
ing a receptor for a particular analyte of interest bound to an
active region of a field effect transistor (FET), wherein the
active region overlies a [p+] p or r buried conducting channel
connecting a source region and a drain region.

32. The array of claim 31, comprising two or more sensors
for detecting multiple [toxins] target analytes.

33. The array of claim 31, comprising two or more sensors
for detecting multiple disease markers.

34. The array of claim 31, wherein at least two sensors
comprise receptors that are specific for the same analyte.

35. The array of claim 31, comprising a first sensor for
detecting the presence of a first analyte of interest and a
second sensor for detecting the presence of a second analyte
of interest.

36. The array of claim 35, wherein the presence of the
second analyte of interest provides confirmation of the first
analyte of interest.

377. The array of claim 31, comprising at least two orthogo-
nal receptors.

38. The method of claim 20, further comprising comparing
an expression pattern of proteins in different populations of
cells or tissues.

39. The method of claim 38, further comprising comparing
the protein expression pattern of suspected cancer cells to
those of a control cell or population.

40. The sensor of claim 2, further comprising a coating on
the polysilicon gate, wherein the coating is silicon nitride or
silicon dioxide.

41. The sensor of claim I, wherein the sensov operates in
depletion mode upon binding of a positively charged analyte

for the p buried conducting channel or upon binding of a

negatively charged analyte for the n buried conducting chan-
nel.

42. The method of claim 25, wherein the conductance of the
channel is increased by contacting the bound analyvte with a
secondary chavged particle.

43. The method of claim 25, wherein the conductance of the
channel is decreased by contacting the bound analyte with a
secondary chavged particle.

44. The method of claim 28, further comprising determin-
ing the number of analytes of intevest that ave present from the
sensor output.
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45. The method of claim 30, further comprising determin- and ricin, environmental toxins, insecticides, aerosol agents,
ing the identity of the analytes present by the amplitude of the proteins such as enzvmes, peptides, oligonucleotides, DNA,
sensor output. RNA, pathogens such as viruses and bacteria blood compo-

46. The method of claim 20, further comprising identifica- nents, and drugs.
tion of at least one analyte of interest. 5 48. The method of claim 20, wherein the contacting com-

47. The sensor of claim 7, wherein the analyte is selected
from the group comsisting of molecules, compounds, com-
plexes, nucleic acids, proteins, viruses, bacteria, cells, tis-
sues, biochemical weapons such as anthrax, botulinum toxin, I I

prises exposing a sensor to the sample.
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