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(57) ABSTRACT 

This invention provides novel sensors that facilitate the 
detection of essentially any analyte. In general, the biosen 
sors of this invention utiliZe a binding agent (e.g. biomol 
ecule) to speci?cally bind to one or more target analytes. In 
preferred embodiments, the biomolecules spans a gap 
betWeen tWo electrodes. Binding of the target analyte 
changes conductivity of the sensor thereby facilitating ready 
detection of the binding event and thus detection and/or 
quantitation of the bound analyte. A molecular sensing 
apparatus comprising. 
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Fig. 10 
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ELECTRONIC DETECTION OF BIOLOGICAL 
MOLECULES USING THIN LAYERS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. Ser. No. 
09/970,087, ?led on Oct. 2, 2001, Which claims priority 
from US. Ser. No. 60/292,583, ?led on Jun. 11, 2001, Which 
are incorporated herein by reference in their entirety. 

STATEMENT AS TO RIGHTS TO INVENTIONS 
MADE UNDER FEDERALLY SPONSORED 

RESEARCH AND DEVELOPMENT 

[0002] [Not Applicable] 

FIELD OF THE INVENTION 

[0003] This invention pertains to a biosensor for detecting 
and/or quantifying analytes. More particularly, this inven 
tion pertains to a biosensor based on a detection element that 
is a single macromolecule spanning tWo electrodes. 

BACKGROUND OF THE INVENTION 

[0004] Biosensors are devices that can detect and/or quan 
tify analytes using knoWn interactions betWeen a targeted 
analyte and a binding agent that is typically a biological 
macromolecule such as an enZyme, receptor, nucleic acid, 
protein, lectin, or antibody. Biosensors have applications in 
virtually all areas of human endeavor. For example, biosen 
sors have utility in ?elds as diverse as blood glucose 
monitoring for diabetics, the recognition of poisonous gas 
and/or explosives, the detection of chemicals commonly 
associated With spoiled or contaminated food, genetic 
screening, environmental testing, and the like. 

[0005] Biosensors are commonly categoriZed according to 
tWo features, namely, the type of macromolecule utiliZed in 
the device and the means for detecting the contact betWeen 
the binding agent and the targeted analyte. Major classes of 
biosensors include enZyme (or catalytic) biosensors, immu 
nosensors and DNA biosensors. 

[0006] EnZyme (or catalytic) biosensors typically utiliZe 
one or more enZymes as the macromolecule and take advan 

tage of the complimentary shape of the selected enZyme and 
the targeted analyte. EnZymes are proteins that perform most 
of the catalytic Work in biological systems and are knoWn for 
highly speci?c catalysis. The shape and reactivity of a given 
enZyme limits its catalytic activity to a very small number of 
possible substrates. EnZyme biosensors rely on the speci?c 
chemical changes related to the enZyme/analyte interaction 
as the means or recogniZing contact With the targeted 
analyte. For eXample, upon interaction With an analyte, an 
enZyme biosensor may generate electrons, a colored chro 
mophore or a change in pH as the result of the relevant 
enZymatic reaction. Alternatively, upon interaction With an 
analyte, an enZyme biosensor may cause a change in a 
?uorescent or chemiluminescent signal that can be recorded 
by an appropriate detection system. 

[0007] Immunosensors utiliZe antibodies as binding 
agents. Antibodies are protein molecules that generally do 
not perform catalytic reactions, but speci?cally bind to 
particular “target” molecules (antigens). Antibodies are 
quite speci?c in their interactions and, unlike most enZymes, 
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they are capable of recogniZing and selectively binding to 
very large bodies such as single cells. Thus, in addition to 
detection of small analytes, antibody-based biosensors alloW 
for the identi?cation of certain pathogens such as dangerous 
bacterial strains. 

[0008] DNA biosensors typically utiliZe the complimen 
tary nature of the DNA or RNA. double-strands and are 
designed for the speci?c detection of particular nucleic 
acids. A DNA biosensor sensor generally uses a single 
stranded DNA as the binding agent. The nucleic acid mate 
rial in a given test sample is placed into contact With the 
binding agent under conditions Where the biosensor DNA 
and the target nucleic acid analyte can form a hybrid duplex. 
If a nucleic acid in the test sample is complementary to a 
nucleic acid used in the biosensor, the tWo interact/bind. The 
interaction can be monitored by various means such as a 
change in mass at the sensor surface or the presence of a 
?uorescent or radioactive signal. In alternative arrange 
ments, the target nucleic acid(s) are bound to the sensor and 
contacted With labeled probes to alloW for identi?cation of 
the sequence(s) of interest. 

[0009] While the potential utility for biosensors is great 
and While hundreds of biosensors have been described in 
patents and in the literature, actual commercial use of 
biosensors remains limited. Aspects of biosensors that have 
limited their commercial acceptance include a lack the 
sensitivity and/or speed of detection necessary to accom 
plish certain tasks, problems With long term stability, dif? 
culty miniaturiZing the sensor, and the like. In addition, a 
number of biosensors must be pre-treated With salts and/or 
enZyme cofactors, a practice that is inefficient and bother 
some. 

SUMMARY OF THE INVENTION 

[0010] This invention pertains to the development of a 
novel molecular sensing apparatus (biosensor) and to meth 
ods of use thereof. In preferred embodiments, the sensing 
apparatus comprises a ?rst electrode, a second electrode, an 
insulator betWeen the ?rst electrode and the second elec 
trode; and a binding agent (e. g. a biological macromolecule) 
connecting the ?rst electrode to the second electrode. In 
particularly preferred embodiments, the binding agent is 
attached to the electrode in a manner that permits charge to 
How from the electrode to the binding agent or from the 
binding agent to the electrode. Preferred binding agents 
include, but are not limited to, biological macromolecules 
(eg a nucleic acid, a protein, a polysaccharide, a lectin, a 
lipid, etc.) With a nucleic acid being most preferred. While 
the nucleic acid can be essentially any length, preferred 
nucleic acids range in length from about 5 nucleotides to 
about 5,000 nucleotides, more preferably from about 8 
nucleotides to about 1,000 nucleotides or 500 nucleotides, 
still more preferably from about 10 nucleotides to about 300 
nucleotides, and most preferably from about 15, 20, 25, 30 
or 50 nucleotides to about 100 nucleotides or 150 nucle 
otides in length. Typically, the nucleic acid is of suf?cient 
length to speci?cally hybridiZe to a target nucleic acid in a 
complex population of nucleic acids (eg total genomic 
DNA) under stringent conditions. 

[0011] In preferred embodiments, the biological macro 
molecule is functionaliZed With a chemical group thereby 
facilitating the attachment of the macromolecule to the 
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electrode(s). Preferred chemical groups include, but are not 
limited to a sulfate, a sulfhydryl, an amine, an aldehyde, a 
carboXylic acid, a phosphate, a phosphonate, an alkene, an 
alkyne, a hydroXyl group, a bromine, an iodine, a chlorine, 
a light-activatable (labile) group, a group activatable by an 
electric potential, and the like. In certain embodiments, the 
biological macromolecule is functionaliZed With a second 
biological macromolecule (eg a receptor, a receptor ligand, 
an antibody, an epitope, a nucleic acid, a lectin, a sugar, and 
the like). In preferred embodiments, hoWever, such second 
biological macromolecules eXclude nucleic acids. 

[0012] Preferred insulators are insulators having a resis 
tivity greater than about 10‘" ohm-meters, more preferably 
greater than about 10-2 ohm-meters, and most preferably 
greater than about 10-‘, 1, or 10 ohm-meters. Suitable 
insulators include, but are not limited to SiO2, TiO2, ZrO2, 
quartZ, porcelain, ceramic, polystyrene, Te?on (other high 
resistivity plastics), an insulating oXide or sul?de of a 
transition metal in the periodic table of the elements, and the 
like. 

[0013] In certain preferred embodiments, the ?rst elec 
trode and the second electrode are separated by a distance in 
the range of 1 to 1010 Angstroms. Typically the ?rst 
electrode and the second electrode are separated by a dis 
tance less than about 300 Angstroms, preferably less than 
about 150 Angstroms, more preferably less than about 70 
Angstroms, and most preferably less than about 50 ang 
stroms. 

[0014] In certain embodiments, the ?rst electrode and/or 
the second electrode have a resistivity of less than about 10.2 
ohm-meters, preferably less than about 10.3 ohm-meters, 
more preferably less than about 10.4 ohm-meters, and most 
preferably less than about I05, or 10.0 ohm-meters. Particu 
larly preferred electrodes comprise a material such as ruthe 
nium, osmium, cobalt, rhodium, rubidium, lithium, sodium, 
potassium, vanadium, cesium, beryllium, magnesium, cal 
cium, chromium, molybdenum, silicon, germanium, alumi 
num, iridium, nickel, palladium, platinum, iron, copper, 
titanium, tungsten, silver, gold, Zinc, cadmium, indium tin 
oxide, carbon, or a carbon nanotube, certain preferred 
embodiments, the ?rst electrode is functionaliZed to contain 
a chemical group that can be derivatiZed or crosslinked (e.g., 
a sulfate, a sulfhydryl, an amine, an aldehyde, a carboXylic 
acid, a phosphate, a phosphonate, an alkene, an alkyne, a 
hydroXyl group, a bromine, an iodine, a chlorine, a light 
activatable group, a group activatable by an electric poten 
tial, etc.). The ?rst and/or second electrode can bear a 
self-assembled monolayer Particularly preferred 
SAMs comprise a compound selected from the group con 
sisting of an alkanethiol, a phospholipid, a bola amphiphile, 
and an oligo(phenylenevinylene). 

[0015] In a particularly preferred embodiment, the bio 
logical macromolecule is attached to the ?rst and/or to the 
second electrode directly by a thiol group or through a linker 
bearing a thiol group. In another particularly preferred 
embodiment, the biological macromolecule is attached to 
the ?rst and/or to the second electrode directly by a phos 
phonate or through a linker bearing a phosphonate. In 
preferred embodiments, the biological macromolecule is 
attached to the ?rst and/or to the second electrode by a linker 
(e.g., DFDNB, DST, ABH, ANB-NOS, EDC, NHS-ASA, 
SIA, oligo(phenylenevinylene), etc.). 
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[0016] The apparatus can further comprise a substrate 
(other than the electrode and/or insulator) Where the ?rst 
electrode and the second electrode are integrated With the 
substrate. In certain embodiments, the ?rst electrode and the 
second electrode are integrated With the insulator to form a 
substrate. The electrodes can be formed in essentially any 
desired shape (e.g. convex, concave, teXtured, corrugated, 
patterned uniformly, randomly patterned, etc.). Certain pre 
ferred electrode orientations include annular, planar, and 
orthogonal. In certain embodiments, the ?rst electrode com 
prises a ?rst surface and a second electrode comprises a 
second surface Where the ?rst surface and the second surface 
are not co-planar. 

[0017] The apparatus can comprise a plurality of electrode 
pairs. Thus, in certain embodiments, the ?rst electrode and 
the second electrode comprise a ?rst electrode pair, and the 
molecular sensing apparatus further comprises a second 
electrode pair comprising a second ?rst electrode and a 
second electrode. In certain embodiments, the apparatus 
comprises at least 3, preferably at least 10 or 20, more 
preferably at least 50, 100, or 1,000, and most preferably at 
least 10,000 or at least 1,000,000 electrode pairs. 

[0018] In certain embodiments, the apparatus further com 
prises a measurement device electrically coupled to the ?rst 
electrode and to the second electrode of at least one said 
electrode pair. Preferred measurement devices measure an 
electromagnetic property selected from the group consisting 
direct electric current, alternating electric current, permitiv 
ity, resistivity, electron transfer, electron tunneling, electron 
hopping, electron transport, electron conductance, voltage, 
electrical impedance, signal loss, dissipation factor, resis 
tance, capacitance, inductance, magnetic ?eld, electrical 
potential, charge and magnetic potential. One particularly 
preferred measurement device is a potentiostat. 

[0019] The apparatus can further comprise an electrical 
circuit electrically coupled to the ?rst electrode and the 
second electrode. One such circuit comprises an electrical 
signal gating system (eg a CMOS gating system.), and/or 
a voltage source, and/or a multipleXor, and/or a computer. 

[0020] In certain embodiments, the electrodes comprising 
the ?rst and second electrode pairs have attached the same 
(species of) biological macromolecule. In certain embodi 
ments, different electrode pairs, have attached different 
biological molecules. 
[0021] In certain embodiments, the ?rst electrode and/or 
the second electrode comprise a semi-conducting material. 
Preferred semiconducting materials have a resistivity rang 
ing from about 10-6 ohm-meters to about 107 ohm-meters. 
Preferred semiconducting materials include, but are not 
limited to silicon, dense silicon carbide, boron carbide, 
Fe304, germanium, silicon germanium, silicon carbide, 
tungsten carbide, titanium carbide, indium phosphide, gal 
lium nitride, gallium phosphide, aluminum phosphide, alu 
minum arsenide, mercury cadmium telluride, tellurium, 
selenium, ZnS, ZnO, ZnSe, CdS, ZnTe, GaSe, CdSe, CdTe, 
GaAs, InP, GaSb, InAs, Tc, PbS, 1nSb, PbTe, PbSe, and 
tungsten disul?de. 

[0022] In one embodiment, the apparatus comprises: a 
?rst-electrode having a ?rst surface; a second electrode 
having a second surface coplanar to the ?rst surface; an 
insulator betWeen said ?rst surface and said second surface; 
and a nucleic acid joining the ?rst electrode to said second 
electrode. 








































