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SENSOR AND METHOD FOR DETECTION OF A 
TARGET SUBSTANCE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation-in-part of U.S. 
patent application Ser. No. 11/080,064, filed Mar. 14, 2005, 
entitled “A Sensor And Method For Detection Of A Target 
Substance', which is a continuation-in-part of U.S. patent 
application Ser. No. 10/944,140, filed Sep. 16, 2004, entitled 
“A Sensor And Method For Detection Of A Target Sub 
stance', which claims priority under 35 U.S.C. 119(e) from 
Provisional U.S. patent application Ser. No. 60/504,334. 
filed Sep. 17, 2003, entitled “Electrochemical, Reagentless, 
Hand-Held Sensor And Method For Detection Of DNA 
Hybridization And Other Molecular Binding And Cleaving 
Events, both of which are incorporated herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

0002 The techniques and mechanisms of the present 
invention were made with Government support under 
National Science Foundation Grant No. CHE0079225. 

BACKGROUND 

0003. The modern concept of biological sensors evolved 
considerably over the forty years since it was first demon 
strated that enzymes could be immobilized at a surface of an 
electrochemical detector. Demands to reduce the sample 
Volume, the cost and the time of analysis, and to increase 
sensitivity and selectivity have been most pressing in bio 
logical and biomedical Sciences. This has fueled develop 
ment of micro-analytical devices and bio-sensors with a 
wide range of applications in the clinical and defense 
settings, in gene and forensic analysis, in environmental 
monitoring, food safety and many other settings. While 
selectivity of biological sensors always derives from the 
unique molecular recognition interactions, such as antibody 
antigen binding or complimentary deoxyribonucleic acid 
(DNA) hybridization, transduction and amplification of 
these events into analytically useful signal is often a major 
challenge. 

0004 Interest in detecting DNA in a sequence-specific 
manner has grown steadily in recent years. The ability to 
rapidly and inexpensively detect DNA of specific sequences 
may allow more efficient pathogen, point mutation and gene 
detection. Multiple approaches of detecting DNA in a 
sequence-specific fashion have been explored, including 
optical (for example, chemiluminescence fluorescence, 
Raman spectroscopic and Surface plasmon resonance), elec 
tronic as well as numerous electrochemical methods. His 
torically, fluorescence methods have been the most sensitive. 
However, advances in the electrochemical detection of DNA 
are becoming competitive in terms of sensitivity. 

0005 Detection of pathogenic species in water is also an 
important and challenging problem. Several examples 
reporting direct response sensor devices sensitive to bacte 
ria, viruses and bacterial toxins exist. These include, for 
example, colorimetric sensors designed to detect influenza 
virus and E. Coli and an electrochemical sensor responding 
to E. Coli enterotoxin. 
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0006 These technologies, however, have certain disad 
vantages. It is therefore desirable to provide improved 
methods and apparatus for electrochemical sensing of a 
target Substance. In one example, it is desirable to provide 
sensors having microfabrication efficiencies that are highly 
accurate and yet inexpensive enough so that they are dis 
posable. 

SUMMARY 

0007. In one aspect, the invention features a sensor. The 
sensor comprises molecular tethers attached to a sensor 
Surface Such that at least Some of a plurality of beads, as a 
result of a biological interaction between a target Substance 
and the tethers, can at least one of be attached to the sensor 
surface by the tethers or released from the sensor surface by 
cleaving the tethers. The sensor further includes a measure 
ment system configured and arranged to determine the 
population of beads at the sensor surface after the introduc 
tion of the analyte into the sensor. 
0008 Various implementations of the invention may 
include one or more of the following features. A tether 
includes a hybrid double-stranded DNA molecule, an anti 
body, a modified antibody, a modified antigen or a peptide. 
0009. In yet another aspect, the invention is directed to a 
sensor to determine if a target Substance is present in an 
analyte. The sensor comprises a plurality of beads located in 
a channel and attached to a surface of the channel by a 
molecular tether. The tether can be selectively cleaved in the 
presence of a target Substance to release at least some of the 
beads from the surface of the channel. The sensor further 
includes a measurement system configured and arranged to 
determine the population of beads in the channel after the 
introduction of the analyte into the channel. 
0010 Various implementations of the invention may 
include one or more of the following features. The target 
Substance is a target antigen and a molecular tether includes 
a modified antigen and an antibody with the modified 
antigen having a lower binding constant than the target 
antigen. The modified antigen has an approximately 2 orders 
of magnitude lower binding constant than the target antigen. 
The target substance is a target DNA and a molecular tether 
is a hybridized double-stranded DNA tether with one of the 
single-stranded DNA fragments of the double-stranded 
DNA tether being complementary to the target DNA. The 
hybridized double-stranded DNA tether includes first and 
second single-strand DNA fragments. The first single-strand 
DNA fragment is attached to a surface of the channel, and 
the sequence of the first single-strand DNA fragment is 
complementary to the target DNA. The second single-strand 
DNA fragment is attached to a surface of a bead. The 
measurement system may be a signal transduction system, a 
conductivity measurement system, a coulometric measure 
ment system, a spectrometric measurement system, an opti 
cal measurement system, or an electrochemical counting 
system. 

0011. In another aspect, the invention is directed to a 
sensor to detect a target antigen. The sensor comprises a 
plurality of beads attached to a sensor surface by a modified 
antigen and an antibody wherein the modified antigen has a 
lower binding constant than the target antigen. 
0012. In still another aspect, the invention is directed to 
a sensor to detect a target antibody. The sensor comprises a 
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plurality of beads attached to a sensor surface by a modified 
antibody and an antigen wherein the modified antibody has 
a lower binding constant than the target antibody. 
0013 In another aspect, the invention is directed to a 
sensor to detect a target Substance in an analyte. The sensor 
comprises a channel and a plurality of beads are located in 
the channel and attached to a Surface of the channel by a 
molecular tether. The tether can be selectively cleaved in the 
presence of a target Substance to release at least some of the 
beads from the surface of the channel. Measurement means 
are provided for determining the population of beads in the 
channel after the introduction of the analyte into the channel. 
0014. In yet another aspect, the invention features a 
method of detecting a target Substance. The method includes 
providing a number of molecular tethers at a channel Surface 
of a sensor Such that at least Some of a plurality of beads, as 
a result of a biological interaction between a target Substance 
and the tethers, can at least one of be attached to the channel 
surface by the tethers or released from the channel surface 
by cleaving the tethers. An analyte is introduced into the 
channel. Thereafter, the population of beads at the channel 
Surface is determined to indicate a presence of the target 
Substance in the analyte. 
0.015 Various implementations of the invention may 
include one or more of the following features. The tethers 
include a hybrid double-stranded DNA molecule, an anti 
body, a modified antibody, a modified antigen or a peptide. 
The target substance is a target DNA and a molecular tether 
is a hybridized double-stranded DNA tether with one of the 
single-stranded DNA fragments of the double-stranded 
tether being complementary to the target DNA. The hybrid 
ized double-stranded DNA tether includes first and second 
single-strand DNA fragments. The first single-strand DNA 
fragment is attached to a surface of the channel, and the 
sequence of the first single-strand DNA fragment is comple 
mentary to the target DNA. The second single-strand DNA 
fragment is attached to a Surface of a bead. 
0016 Other implementations of the invention may 
include one or more of the following features. The target 
Substance is a target antigen and a molecular tether includes 
a modified antigen and an antibody with the modified 
antigen having a lower binding constant than the target 
antigen. The target Substance is a target antibody and a 
molecular tether includes a modified antibody and an anti 
gen with the modified antibody having a lower binding 
constant than the target antibody. 
0017. The invention can include one or more of the 
following advantages. The sensor can detect a target Sub 
stance Such as DNA and a range of immunogens (antigens), 
a large group of macromolecules including cancer-specific 
proteins, toxins and numerous other pathogens. The sensor 
may be microfabricated and made Small enough to be 
hand-held. The sensor may be disposable. The sensor func 
tions without the use of reagents. The sensor may be part of 
an array. Each sensor of the array may respond to a specific 
DNA sequence. The sensor can simultaneously detect dif 
ferent target Substances in Sub-micron liter (ull) Volumes of 
a solution at nano-Molar (nM) concentration levels. 
0018. These and other features and advantages of the 
present invention will be presented in more detail in the 
following specification of the invention and the accompa 
nying figures, which illustrate, by way of example, the 
principles of the invention. 
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BRIEF DESCRIPTION OF DRAWINGS 

0019. The invention may best be understood by reference 
to the following description taken in conjunction with the 
accompanying drawings that illustrate specific embodiments 
of the present invention. 
0020 FIG. 1A is a diagrammatic side view representation 
of a sensor according to the present invention. 
0021 FIG. 1B is a diagrammatic enlarged view of a 
portion of the sensor of FIG. 1A. 
0022 FIG. 1C is a diagrammatic representation of the 
operation of the sensor of FIG. 1A. 
0023 FIG. 2A is a diagrammatic top view of a sensor 
device. 

0024 FIG. 2B is a diagrammatic enlarged view of a 
portion of the sensor device of FIG. 2B. 
0025 FIG. 2C is a diagrammatic view of the sensor of 
FIG. 2A without any beads in the sensor channel. 
0026 FIG.3 graphically illustrates the reproductibility of 
potential versus time (EVS t) transients due to spectator 
species diffusion in a sensor channel. 
0027 FIG. 4 is a diagrammatic representation of the 
operation of a sensor in accordance with another embodi 
ment of the present invention. 
0028 FIG. 5 is a diagrammatic representation of the 
operation of a sensor in accordance with yet another 
embodiment of the present invention. 
0029 FIG. 6 is a diagrammatic representation of a system 
to monitor micro-bead detachment. 

DETAILED DESCRIPTION 

0030) Reference will now be made in detail to some 
specific embodiments of the invention including the best 
modes contemplated by the inventor for carrying out the 
invention. Examples of these specific embodiments are 
illustrated in the accompanying drawings. While the inven 
tion is described in conjunction with these specific embodi 
ments, it will be understood that it is not intended to limit the 
invention to the described embodiments. On the contrary, it 
is intended to cover alternatives, modifications, and equiva 
lents as may be included within the spirit and scope of the 
invention as defined by the appended claims. For example, 
the techniques of the present invention will be described in 
the context of a glass-based electrochemical sensor, 
although other materials. Such as plastics and polymers, 
could also be used. 

0031. In the following description, numerous specific 
details are set forth in order to provide a thorough under 
standing of the present invention. The present invention may 
be practiced without some or all of these specific details. In 
other instances, well known process operations have not 
been described in detail in order not to unnecessarily 
obscure the present invention. 

0032. As shown in FIGS. 1A and 1B, a sensor 10 includes 
an upper plate or membrane 12 spaced from a lower plate or 
membrane 14 to form a channel 16. A first electrode 18 is 
located at one end of the channel, and a second electrode 20 
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is located at an opposite end of the channel. The distance 
between the electrodes is (g). The electrodes have a length 
(1). (See FIG. 2A). 
0033. The electrode 18 is a generator electrode. It gen 
erates a spectator species, for example, chloride ions, that 
diffuse in an aqueous solution in the channel 16, and which 
do not chemically interact with the any chemical species in 
the channel. The spectator species are generated at a con 
stant rate galvanostically. In other words, to generate spec 
tator species Such as chloride, a constant current pulse is 
applied to the generator electrode. 
0034. The second electrode 20 is a sensor electrode that 
potentiometrically monitors the arrival rate of the spectator 
species. It is thus configured to detect the concentration of 
the spectator species at its end of the channel, after the 
spectator species has traveled along the channel from the 
generator electrode to the sensor electrode. 
0035. Both electrodes may be formed on, as shown, an 
inner surface 14a of the lower plate 14. Alternatively, the 
electrodes could be fabricated on an inner surface 12a of the 
upper plate 12. As discussed below, the sensor would also 
include appropriate counter and reference electrodes. 
0036) The channel is populated by a plurality of beads or 
micro-beads 22. The beads also act as spacers in the channel 
between the top plate 12 and the bottom plate 14. Alterna 
tively, spacer dots, as discussed below, may be used to space 
the upper plate 12 from the lower surface 14. The beads may 
be spherical in shape. Other shapes, however, are also 
possible. For instance, the beads may be cubical in shape. 
0037. The beads are attached to a surface of the channel 
by a molecular tether (molecular bridge) involving the target 
Substance (for example, ssDNA or antigen). The molecular 
tether can be cleaved (broken) in the presence of a target 
Substance that the sensor is designed to detect. As shown in 
FIG. 1B, for example, the beads may be attached to the inner 
surface 14a of the bottom surface 14 by a number of DNA 
(deoxyribonucleic acid) tethers 24. 

0038. The tethers 24, in one embodiment, are formed by 
the hybridization of two single-strand DNA (ssDNA) frag 
ments. As is known, DNA hybridization occurs when a 
single-stranded DNA of a particular sequence of nucleotide 
bases interacts with a “Watson-Crick’ complementary 
strand of a ssDNA, resulting in the formation of a hybrid, 
double stranded DNA (dsDNA) molecule. One fragment 
24a, in the presently-described embodiment, is initially 
attached to the surface 14a of the membrane 14 in the gap 
between the generator electrode 18 and the sensor electrode 
20. The sequence of this ssDNA fragment is selected to be 
complementary to the target ssDNA, that is, the DNA to be 
detected by the sensor. The second, shorter ssDNA fragment 
24b is attached to the surface of the bead 22. The number of 
hybridized tethers linking each bead to the channel surface 
14a is controlled by the surface density of the two compo 
nents. The high bead density shown in FIG. 1A corresponds 
to the desired initial state of the sensor. 

0.039 The functioning of the sensor involves two inde 
pendent elements: recognition of a specific sequence of the 
target DNA, for example, and a signal transduction function. 
The signal transduction function involves measurements of 
the rate of diffusion of the spectator species along the 
channel in the inter-electrode gap, the gap between the 
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electrodes 18 and 20. The length of this gap, as noted, is (g). 
The diffusion of the non-interacting spectator species is 
monitored by recording potential versus time (E VS t) 
transients at the potentiometric sensor electrode 20. The rise 
time and the shape of the transients depend on the free 
volume of the solution in the channel between the generator 
electrode 18 and the sensor electrode 20, and thus on the 
number and density of the micro-beads in the channel. 
0040. The E vs t transient recorded in the initial state of 
the sensor is expected to exhibit a rapid rise of potential at 
the sensor electrode 20 due to a rapid diffusion of the 
spectator species through the relatively small free Volume in 
the channel. The latter can be computed by subtracting the 
volume of the beads from the total volume of solution in the 
channel. The theoretical expectation of the functional depen 
dent of the measured sensor's potential on time is available 
by solving Fick's equation of diffusion. The concentration of 
the spectator species versus time at the sensor electrode, a 
distance (g) from the generator electrode, C(g,t), obeys the 
following equation obtained by solving Fick's law of dif 
fusion: 

Df 12 g? (1) 2(2) est-i- C(g, t) = C + (g, t) = Cin nFoAD 

g erica II: 

where C is the initial, background spectator species; A is 
the cross-sectional area of the channel (a product of the 
channel height (h) and the length of the electrodes (1)); p is 
a fractional free volume of the channel; D is the diffusion 
constant of spectator species; i is the magnitude of the 
current used to generate the spectator species; n is the 
number of electrons involved in the elementary generation 
reaction; and F is the Faraday constant (approximately 
96.500 C/mol). 
0041. The inter-electrode gap (g) may be between about 
10 and 50 microns (um). Spherical beads may have a 
diameter of approximately 2-5 microns and a density of 
about 2.5 g/cm. The thickness or height of the channel (h) 
is determined by the diameter of the beads, and/or spacers of 
the same height. Thus, for a 2 micron bead, (h) would be 
equal to approximately 2 microns. The length of the elec 
trodes (1) may be between about 50 and 1,000 microns. The 
diffusion of the spectator species between the generator and 
sensor electrodes is linear as the channel height is much less 
than its length (h-g). 

0042. The plates 12 and 14 may be made of an electri 
cally insulating glass, such as microscope slides. Alterna 
tively, the plates may be made of other smooth, electrically 
insulating materials such as a silicon dioxide-coated silicon 
wafer, Sapphire or certain ceramic and polymer materials. 
The micro-beads may be made of an inert material Such as 
borosilicate glass. The beads may also be made of other 
materials such as latex and silicon dioxide. 

0043. The electrodes may be photolithographically fab 
ricated on the membrane 14. The generator electrode 18 is 
made of thin gold film over-coated with silver and a silver 
chloride (AgCl) film. Chloride ions (Cl) are thus generated 
as the spectator species by the application of a negative 
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(reducing) current pulse to the generator electrode. The 
active layer of the sensor electrode 20 is also silver/silver 
chloride (Ag/AgCl). 
0044) The diffusion of the chloride ions is monitored by 
recording the Evst transients at the sensor electrode 20. The 
rise and the shape of the transients, as noted, depend on the 
free volume of the solution in the channel between the 
generator electrode 18 and the sensor electrode 20. The rate 
of diffusion of the spectator species in the inter-electrode gap 
is thus used to measure the population density of the beads 
22 in the channel 16. 

0045. To incorporate the DNA recognition element of the 
sensor, the ssDNA strands 24a (the probe ssDNA) comple 
mentary to the target DNA are chemically bound to the 
channel Surface in the inter-electrode gap. They are used as 
molecular tethers immobilizing the individual beads in the 
channel 16. Each bead is attached to the device surface by 
a small number (as low as one) of the dsDNA tethers 24. 
0046. As represented by FIG. 1C, the DNA sensing 
process involves competitive hybridization between the sur 
face bound ssDNA fragment 24a in the inter-electrode gap 
and the target DNA 25. This involves breaking or dehybrid 
ization of the dsDNA tether and results in the release of at 
least some of the micro-beads. This is possible since the 
original tether attaching the beads consists of a shorter 
section of the dsDNA than the one formed during the sensing 
process. 

0047. Following the initial recording of the E vs t tran 
sient, the top plate 12 of the device is removed and a small 
Volume (as Small as 1 n) of an analyte or sample solution 
is placed on the surface of the channel 16 and then equili 
brated. This could involve a period of 5 to 60 minutes and 
a slightly increased temperature above room temperature. 
Presence of the target DNA in the analyte solution will result 
in its hybridization with the complementary surface bound 
DNA 24a, as mentioned above. This will result in a release 
of at least some of the beads from the surface 14a of the plate 
14. The term release means a complete release of a bead 
from a channel Surface. In some cases, not all the tethers 
joining a bead to a channel surface will be broken. However, 
in other cases, this will occur. In either case, the free volume 
of the analyte solution in the channel will be increased. 
0.048 Consequently, a second measurement of the spec 
tator species diffusion in an aqueous solution in the channel, 
carried out after rinsing the surface of the device (channel) 
and replacing the top plate to recreate the channel, will 
accurately report the difference, if any, in the population of 
the beads in the channel. The rinsing step is designed to a) 
rinse away the micro-beads that are no longer tethered to the 
device Surface, b) to remove the analyte sample and thus to 
terminate the incubation process and c) to establish the exact 
and desired base concentration of the spectator chloride ions 
in the channel. (See Equation 1). The second measurement 
will measure the new population density of the micro-beads 
in the channel. If the latter is smaller than the initial than this 
indicates that the specific, target ssDNA was present in the 
analyte. By quantitatively comparing Such measurements 
with the set of control experiments done with known con 
centrations of dsDNA (sensor calibration), one can also 
deduce the concentration of the specific ssDNA in the 
sample. 
0049. The top plate 12 may be removably secured to the 
channel sidewalls. As such, the plate 12 may simply be lifted 
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up to introduce a solution into the channel. Alternatively, the 
plate 12 may be fixed to the channel sidewalls, and the plate 
would include inlet and outlet ports for the introduction and 
removal of an analyte solution and of the released beads. 
This would require that the top plate have two positions: 
higher and lower so that the beads, should they become 
released, could then be washed away. Suitable microfluidic 
control mechanisms such as valves, pumps and routers could 
be used to introduce and remove a solution from the channel. 

0050. The inter-electrode gap may also include electri 
cally-conductive pads (not shown) located between the 
generator electrode 18 and the sensor electrode 20. These 
pads may be formed by evaporating gold on one or both of 
the surfaces 12 and 14. The pads would not be in electrical 
contact with either the generator or sensor electrode, but 
would function as independent electrodes. Thus, the pads 
should be no closer than about 1 micrometer to either the 
sensor or generator electrode. These pads would be used if 
it were necessary to bind different types of ssDNA to 
different devices of a larger array of sensors. The sensor 10, 
as discussed below (see also FIG. 2A), would also include 
an additional counterelectrode (described below). A com 
mon reference electrode would be involved in applying and 
controlling the potential of the pad with an auxiliary poten 
tiostat (not shown). 
0051. The sensor 10, as discussed below, includes a 
reference electrode and a counterelectrode. A potentiostat 
(now shown) is used to provide a desired potential relative 
to the reference electrode. The counterelectrode closes the 
potentiostatic circuit. 
0.052 As shown in FIGS. 2A, 2B and 2C, a sensor device 
40 includes a parallel array of electrodes. Specifically, the 
sensor device 40 includes a central generator electrode 1 8a 
positioned between two sensor electrodes 20a and 20b. The 
generator electrode is located at the juncture of the channels 
16a and 16b of the device. The inter-electrode gap (g) 
between the generator electrode 18a and sensor electrode 
20a can be the same as that between the generator electrode 
18a and the sensor electrode 20b. As such, the generator 
electrode is symmetrically positioned between the two sen 
Sor electrodes. 

0053. The target substance introduced into the channel 
16a may be the same as the target Substance introduced into 
the channel 16b. Alternatively, the target substance in the 
respective channels may be different. 
0054 The sensor device 40, in this latter configuration, is 
designed to simultaneously detect different target Substances 
Such as different ssDNA fragments of specific sequences. 
The biological binding mechanism or tether in the respective 
channels would also be different. Therefore, the DNA tethers 
are selected to be complementary to the different target 
DNAS. 

0055. The sensor device 40 further includes two coun 
terelectrodes 42 and 44. These electrodes are two symmet 
ric, externally shorted bars. They assure an even current 
distribution. A reference electrode 46 is also part of the 
sensor 40. 

0056. As discussed, a galvanostat is used to apply a 
constant current between the generator 18a and counterelec 
trodes 42, 44. In addition, in order to apply potential to the 
inter-electrode pads, if present, an auxiliary potentiostatic 
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circuit would be used. It would consist of the pad, function 
ing as a working electrode, and an additional counterelec 
trode (not shown in FIG. 2A). The common reference 
electrode 46 would be used to complete the potentiostatic 
circuit. The potential of each pad of the array of sensors 
would be independently controlled. A pad, however, and its 
counter and reference electrodes need not be positioned in 
any specific way relative to each other. This is because that 
circuit would not pass essentially any current. As mentioned 
above, one reference electrode could function for both 
circuits of the generator electrode and the conductive pad. 
0057 The sensor and generator electrodes are photolitho 
graphically fabricated using gold on a glass Substrate. The 
electrodes may be fabricated by electroplating of silver 
followed by its partial oxidation to AgCl in a KCl electro 
lyte. The reference and counter electrodes can also be 
photolithographically fabricated. The area 48 (the diago 
nally hatched pattern) is coated with an insulator, Such as a 
polymer, to determine the length (1) of the generator and 
sensor electrodes. The dotted line rectangular area 50 marks 
the area enclosed by the upper plate 12. FIG. 2B illustrates 
the beads 22 attached to the channel surface in the inter 
electrode gap. FIG. 2C shows the channel without the beads. 
0.058. The beads, as noted, may act as spacers between 
the upper and lower surfaces of the sensor. Alternatively, 
spacer dots, for example, polymer spacers, may be litho 
graphically deposited at the corners of the upper or cover 
plate 12. The thickness of the spacers may be approximately 
equal to, for instance, the diameter of a spherical bead. A 
mechanical Squeezing device can be used to assemble the 
sensor device. 

0059. The sensor device 40 includes two channels, and 
the associated sensor and generator electrodes. It is also 
possible to construct a device that has more than two 
channels along with the necessary sensor and generator 
electrodes for testing whether the analyte solution contains 
more than two specific ssDNA fragments. 

0060 An array of sensors includes an ensemble of indi 
vidual sensors described above. Each sensor would include 
generator and sensor electrodes, each having their own 
inter-electrode gap, either including or not including elec 
trically-conductive pads. The purpose of Such an array 
would be to contain a large number of sensors in one 
hand-held device which when exposed to one aliquot of a 
sample would simultaneously indicate the presence of sev 
eral target compounds of interest. 

0061 As shown in FIG. 3, the E vs t transients due to 
chloride ion (Cl) diffusion are reproducible. Specifically, 
three sets of chloride ion Electrochemical Time-of-Flight 
(ETOF) experiments (points) and three fits of Equation 1 to 
the data using channel thickness (h) as the adjustable param 
eter (lines) are illustrated. The experiments were done with 
a device like that of FIG. 2A wherein g=50 lum, the average 
height h=3.09 um, i=1.0 LA, Cl=1.00 mM, and D = 
1.90x10 cm/s. However, the channels did not contain any 
beads. (See FIG. 2C). 
0062) The sensor response (EVs t) can be obtained using 
the Nernst equation with the experimentally obtained slope 
value. Using 50 um gap (g) devices with 3.1 um thickness 
(h), a good agreement between the theory and experiment 
was obtained, as shown in FIG. 3, for Cl diffusion. To 
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document reproducibility of the device assembly, three 
transients obtained in three separate experiments are shown 
involving repetitive opening and reassembling of the device 
40. The average thickness of the channel obtained by fitting 
has the variable is 3.09+0.02 um (+0.6%). The rate of Cl 
generation can be varied in the range 0.01-1 Limol/s (is 
1-100 mA/cm). The lower limit is set by the maximum 
time of 1 ms allowed for the double-layer charging of the 
generator electrode. 
0063. There exist numerous well developed procedures 
for binding ssDNA to glass and other solid surfaces. For 
example, one strategy relies on biotin-streptavidin binding. 
In the first step, glass beads are exposed to a solution of 
bovine serum albumin (BSA), a protein known to strongly 
and irreversibly bind to glass Surfaces forming a monolayer 
coating. Inclusion of a controlled fraction of biotinylated 
BSA will allow control over the coverage of streptavidin and 
consequently the ssDNA. Five'-biotinylated DNA strands of 
the type 5'-biotin-(dT)-TGT GCT AGT ACA GAC-3' can 
be used. The 10 thymine segment functions as a spacer 
group. The fifteen bases “recognition” segment can be used 
to bind the beads to the probe DNA on the device surface. 
The 25 bases probe DNA can be attached to the gold coated 
inter-electrode Surface, assuming gold pads are present in 
the inter-electrode gap, via thiol chemisorption. This strat 
egy, as opposed to BSA adsorption, is chosen for two 
reasons. BSA adsorption might interfere with the micro 
electrode functioning. Furthermore, the ability to indepen 
dently control the potential of the gold pads in the inter 
electrode gap will be essential in the preparation of the 
micro-array devices where individual units will carry dif 
ferent probe DNA strands. Chemisorption of thiol DNA 
derivatives such as 5'HS (CH)-AGA TCA GTG CGT 
CTG TAC TAG CAC A-3' is impeded at high negative 
potentials. Therefore, keeping just one unit of an array at 
open circuit and the rest at about -1.1 V will direct assembly 
of a particular probe DNA onto a single, selected inter 
electrode pad. The last 15 bases of the probe DNA are 
complimentary to the terminal 15 bases of the biotinylated 
bead DNA. The complementary target ssDNA may be 
between 15 and 25 bases long. All custom synthesized 
ssDNA samples are commercially available. 

0064. The number of DNA tethers that can be formed 
between a single bead and the device Surface depends on the 
surface concentration of the ssDNA fragments, the length of 
a tether and the radius of the bead. The latter determines the 
curvature of the bead Surface. Relying on a purely geometric 
argument, the area (S) of a spherical cap of height t (equal 
to the average length of a DNA tether) is S=2 trt; if t is 
estimated to be 10 nm, then S=6.3x10' cm. The maxi 
mum Surface density of the attached ssDNA chains on glass 
beads is limited by the size of BSA (about 44 nm /molecule: 
streptavidin is Smaller, assuming binding of one ssDNA per 
biotinylated BSA). This gives 2.3x10" molecules/cm. An 
estimate of the maximum coverage of about 2x10' mol 
ecules/cm can be used as the maximum surface density of 
the double-stranded tethers. This, combined with the contact 
surface area S, yields 1000 as an estimate of the maximum 
number of tethers. 

0065. The force required to break or “melt” a double 
stranded DNA tether is known from the art describing single 
DNA molecule “stretching methods such as “magnetic 
beads”, “laser tweezers' approaches and atomic force 
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microscopy. These measurements offer insight into the elas 
tic and inelastic regimes encountered in Such single mol 
ecule stretching and “unzipping. In the latter case, when a 
5' and 3' terminals of a double helix at one end of a DNA 
molecule are pulled apart, the forces are about 10-15 pN 
(pico-Newtons) and correspond to stepwise breaking of 
individual base pairs (thus unzipping). When the opposite 
ends of a dsDNA are pooled, the so called overstretching 
transition (also referred to as dsDNA melting transition) is 
observed in the 65 to 200 pN range. Much larger forces are 
involved in breaking a covalent bond within dsDNA. For 
example, a single molecule of dsDNA was broken by a 
receding meniscus method at a force of 960-140 pN. 

0066. In the sensor of the present invention, forces on the 
order of 100 pN will likely be required to break a single 
tether. Thus, a bead attachment by even a single dsDNA 
tether is likely a sufficiently strong attachment to resist 
rinsing, thereby preventing false positive readings. 

0067. The DNA surface density on glass beads can be 
determined by epi-fluorescence microscopy. Following 
DNA binding via the BSA/streptaviding scheme, the beads 
can be treated with a fluorescently labaled ssDNA reagent 
such as OliGreen (Molecular Probes Inc.). The goal is to 
control the binding density in the range of about 2x10-2x 
10 molecules/cm. This spans the range of the attachment 
densities from a high of 1000 tethers per bead to one tether 
per bead. In the latter case, a single bead would carry only 
about 200 DNA strands (and thus fluorophores). Neverthe 
less, these measurements are well within the sensitivity of 
the fluorescence microscope equipped with a cooled CCD 
camera. The surface density of the DNA strands on gold will 
be measured using a chronocoulometric procedure. It 
involves Saturation binding of ruthenium hexamine to the 
DNA phosphate groups. Precise DNA surface density is 
obtained from the intercepts of the Anson plots after the 
double-layer capacitance charge Subtraction. Sensitivity of 
these measurements extends to about 1x10' molecules/cm. 
Clearly, in order to control the number of dsDNA tethers 
binding individual beads to the gold surface, the DNA 
binding density on the beads will need to be controlled via 
control of the mole fraction of the biotinylated BSA in the 
BSA solutions. 

0068. Following incubation of the DNA derivatized 
device surface with a suspension of the DNA derivatized 
beads and rinsing, the bead Surface density can be deter 
mined by optical microscopy. Determination of the number 
of tethers attaching each bead is far more challenging. 
However, it does not exceed the sensitivity of fluorescence 
microscopy with a thermoelectrically cooled CCD camera. 
One approach is to rely on dimeric cyanine dyes (such as 
YOYO-1 characterized by and available from Molecular 
Probes Inc.) specifically developed to stain dsDNA. These 
dyes are known to fluoresce only after intercalating into 
dsDNA. To avoid quenching, gold Surfaces must not be used 
in these measurements. Instead, probe DNA can be bound to 
glass Surfaces via biotin-streptavidin protocol. This will not 
significantly alter the number of tethers per bead as long as 
that number is determined by the smaller surface density of 
the ssDNA on the beads. 

0069. The response of the chloride ETOF devices loaded 
with the beads needs to be calibrated. Since regardless of the 
bead attachment density the system is always above perco 
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lation threshold, the shape of E V t transients can be 
quantitatively predicted knowing the number of the beads in 
the inter-electrode gap and the dimensions of the diffusion 
channel. Thus, the effective porosity or void-volume fraction 
(p, see Equation 1) can be calculated and compared with the 
experimental results. Any discrepancy between the experi 
ment and the calculations would most likely be due to the 
difference between the nominal and actual bead size or due 
to bead size dispersion. In either case, these experiments will 
allow for the calculation of the average bead diameter to be 
used in the Subsequent DNA sensing measurements. 

0070 The sensor should be highly sensitive and have a 
reasonable response time, for instance, on the order of about 
10-30 min. As discussed, target DNA sensing involves 
recording two E V t transients, before and after exposure of 
the sensor to a DNA sample. Following sensor calibration, 
the top plate of the sensor can be removed and a small 
Volume of a sample solution carrying the target DNA 
deposited onto the sensing Surface. Following incubation 
and rinsing, the top plate is reassembled and the E V t 
transient recorded. 

0071. The sensitivity of the sensor depends on a number 
of variables, including the concentration of the target DNA 
and the length of the target DNA sequence. As discussed, the 
beads are attached via DNA tethers. Each tether may contain 
a 15-base double-strand. The probe-DNA may be 25 bases 
long. The length of the complimentary target DNA may be 
varied between 15 and 25 bases, to optimize sensitivity. In 
view of the small size of an individual inter-electrode gap 
area, the volume of the sample solution could be exceed 
ingly small (for example, about 1 n). The sample solution 
should also carry a known chloride ion concentration (about 
10x10" M). The later is an input parameter in the inter 
pretation of the ETOF transients (see Equation 1). Tempera 
ture and incubation time are also naturally important param 
eters to control. 

0072 Detection of the competitive probe-target DNA 
hybridization requires release of at least one bead. This in 
turn requires dissociation of all dsDNA tethers linking a 
bead to the surface of the device. Due to the constrained 
space between a bead and the device surface, the sensitivity 
of the sensor most probably is inversely related to the 
number of tethers binding individual beads. 

0073. A variable pressure flow cell can be used to 
develop a controlled way of rinsing the device surface to 
remove the unattached beads following probe-target DNA 
hybridization. It will allow control over the water flow 
Velocity and thus the hydrodynamic force acting on the 
beads attached to the cells surface. Briefly, such a cell may 
consist of two parallel glass plates (about 2x10 cm) sepa 
rated by a distance w-20-50 um. In addition to this parallel 
plate narrow slit element, the flow system can include a 
pump, a buffer reservoir and a flow meter. The maximum 
water (buffer solution) velocity (v) that still corresponds 
to laminar flow conditions can be calculated from the critical 
value of a Reynolds number, Res 100 for the narrow slit 
cell. Re=wppv/L, where p and L are water density and 
viscosity. V may approximately equal 100 cm/s. Such 
flow will require a hydrostatic pressure (AP) of 4 bar 
(calculated using AP=8 uLV/w, where L=10 cm, the 
length of the cell). Flow velocity of this magnitude would 
exert a force F of 1 nN (nano-Newton) on a 2 um bead 
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attached to one of the plates of the cell. The estimate of the 
critical Reynolds number is rather conservative. It is likely 
that 5 to 10 times larger hydrodynamic forces can be 
generated with this flow system. This simple apparatus will 
allow microscopic observation of the release of the beads 
following incubation with a target DNA sample solution, as 
well as an assessment of the minimum force required to 
detach the beads. Note that the estimate of the force required 
to “melt a single dsDNA tether of about 65-200 pN is well 
within the force range of this flow cell apparatus. Therefore, 
a distinction should be able to be made between beads 
attached by 1 to 10 tethers just by controlling buffer flow 
velocity in the parallel plate cell and relating it to the 
hydrodynamic force required for detachment. This capabil 
ity will be important in the process of optimizing sensor 
sensitivity. The estimates of the hydrodynamic forces in the 
flow cell also work under the conditions of low surface 
densities of the beads. 

0074 The smallest number of detached beads that can be 
detected depends on several design parameters. In view of 
Equation 1, it is clear that the sensor response is sensitive to 
the changes of the fractional free-volume (or permeability p) 
in the channel. Changes on the order of 5-10% can be easily 
detected visually. To optimize sensitivity, the device size can 
be minimized and thus the total number of the beads in the 
inter-electrode gap is minimized. To increase sensitivity, it is 
also possible to use micro-beads larger than 2 Lim in diam 
eter. 

0075. A more precise and practical approach to obtain 
channel permeability (and thus bead density) relies on the 
measurements of transit times, T., defined as time passed 
between the application of the current pulse and the sensor 
potential reaching a value, for example, 50 mV or 70 mV 
negative relative to its initial value. From calculated E V t 
transients, it is known that T depends linearly on p. Thus, the 
precision of the measurement of the bead density will 
depend on a) the definition of t, b) the noise level in the E 
VSt recordings and c) the precision of the device assembly. 
The latter is less than 1% 

0.076 The measurements of sensor potential are also of 
high precision (low noise) and the fact that an absolute level 
measurements is not required is also an advantage. Alto 
gether, it is expected that a 1% precision in signal transduc 
tion will be achieved. This corresponds to detection of a 
single bead detachment. 
0077. While the above assessment of sensor sensitivity 
with respect to the bead population is straightforward, it is 
more difficult to predict sensor sensitivity with respect to the 
concentration of the target DNA. To achieve and to accu 
rately measure very low detection limits, on the order of low 
pico-molar (pM, or 10' M) or femto-molar (fM, or 10' 
M), the surface concentration of the probe DNA in the 
inter-electrode gap should be decreased to limit sequestering 
of the target DNA unrelated to the competitive hybridization 
and bead release. 

0078. The sensitivity of the sensor will depend on a 
number of parameters relating to the device design and to the 
equilibria involved in the competitive hybridization between 
the target and probe DNA strands. These are expected to 
depend on the difference in the number of complimentary 
bases in the probe-target double-strand and in the ssDNA 
segment linking the beads to the Surface. In any given case, 
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it is expected that the sensor will exhibit an on/off type 
behavior (detachment of all the beads) when exposed to 
samples of complimentary target DNA with concentrations 
well above the detection limit. In the concentration range 
approaching the detection limit, it is expected that a fraction 
of the beads will be detached. The detection limit could be 
Sub-pM. Most importantly, it may depend on and improve 
with the decreasing number of dsDNA tethers liking indi 
vidual micro-beads to the device Surface. The key advantage 
of the ETOF signal transduction mechanism, in addition to 
the fact that it will require only simple electronic measure 
ment circuit, is its intrinsic sensitivity. It could ultimately 
allow detection of single molecule events by transducing 
breaking of a dsDNA tether into a detachment of a bead 
deduced by measurements of the time required to observe a 
specific change of a sensor potential. 

0079 A number of implementations and techniques have 
been described. However, it will be understood that various 
modifications may be made to the described components and 
techniques. For example, advantageous results still could be 
achieved if steps of the disclosed techniques were performed 
in a different order, or if components in the disclosed device 
are combined in a different manner, or replaced or Supple 
mented by other components. 
0080 For example, other biological binding and cleaving 
events, such as competitive antigen-antibody recognition or 
enzymatic cleaving of a specific peptide sequence, can be 
relied on as the process responsible for the selective recog 
nition of a target Substance, triggering the release of a 
surface-bound bead. 

0081 For instance, as shown in FIG. 4, a sensor 60 uses 
a number of antibody-antigen-antibody tethers to attach the 
beads 22 to a sensor Surface 14a. The sensor is designed to 
respond to a particular antigen 62. The tethers 64 consist of 
a sandwich of two antibodies 66a and 66b (represented by 
Y-like symbols), and two antigen molecules 62 bridging the 
antibodies. In this type of a sensor, two different monoclonal 
antibodies (one bound to a sensor surface 14a and the other 
to a Surface of a bead 22) could be used, each targeting a 
different epitope of the antigen. Alternatively, a combination 
of a monoclonal and polyclonal antibody, or just one poly 
clonal antibody attached to both the bead and device sur 
faces can also be used. The scheme of competitive antibody 
antigen interaction (proceeding from left to right in the 
figure) involves an assumption of facile kinetics of the 
antigen-antibody dissociation. A reverse scheme in which 
the target antigen recognition step involves micro-bead 
attachment to the device Surface can also be implemented as 
described below. 

0082 An example of a target immunogen is free prostate 
specific antigen (PSA). In view of the importance of sensi 
tive and specific detection of PSA in the early detection of 
prostate and breast cancer, the rational of this selection is 
apparent. In this case, monoclonal PSA antibodies (mAnti 
PSA) will be first attached to the device surface and satu 
rated with PSA. The bead attachment will involve exposure 
of the device Surface to a suspension of micro-beads carry 
ing polyclonal PSA antibodies (pAnti-PSA) on their surface. 
As in the DNA case, the sensing process will involve 
competitive antibody-antigen interactions between PSA in 
the analyte solution with mAnti-PSA PSA panti-PSA 
tethers leading to the release of the micro-beads. 
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0083. Additionally, in yet another embodiment, a sensor 
includes an antigen-antibody complex comprising a modi 
fied antigen exhibiting a lower binding constant than the 
native antigen. The sensor relies on breaking or cleaving of 
this pre-established antigen-antibody complex via competi 
tive interactions with an analyte, the native antigen. This will 
result in a free energy driving force of the exchange step. 
The sensor uses the dissociation of the antigen-antibody 
complex both as a way of achieving sensor selectivity and 
specificity, and as its signal transduction mechanism. 
0084 As shown in FIG. 5, such a sensor 70 includes a 
number of microspheres 22 bound to a sensor surface 14a by 
a number of molecular tethers 72 incorporating a modified 
antigen-antibody complex. The tethers 72 include a modi 
fied antigen 74 and an antibody 76. The antigen 74 has a 
lower binding constant than a native or target antigen 78. 
The antibody molecules 76 are initially immobilized on the 
device surface 14a while the modified antigen protein 74 is 
attached to the surface of the micro-spheres 22 by, for 
example, a molecular spacer or linker 74a. Formation of the 
antibody-antigen complex 72 links the micro-spheres to the 
device surface. This sets the initial, active state of the sensor. 
0085. The analysis step involves exposure of the sensor 
device to a Volume, for example, of a sample solution. If the 
latter contains a targeted immunogenic protein its interac 
tions with the sensors antigen-antibody complex during an 
incubation period results in the exchange of the antigens and 
the breaking of a tether 72. 
0.086 Two conditions are required to make this scheme 
practical: the exchange interactions between the original 
antigen-antibody complex and the analyte antigen must be 
energetically favorable as well as kinetically facile. The use 
of a modified antigen with an approximately 2 orders of 
magnitude lower binding constant than a target antigen will 
meet both requirements. Such modification will not only 
make the exchange equilibria with the analyte antigen 
thermodynamically favorable, but it will also improve the 
exchange kinetics. Knowing that K=k/k (K is the equi 
librium constant or binding constant of the antibody-antigen 
complex, k is the binding rate constant, and k is the 
dissociation rate constant), Surface modification of the anti 
gen will result in an increase of the dissociation rate con 
stant. Thus, following a simple rinse, breakage of all tethers 
holding a micro-bead can be easily detected with an optical 
microscope. Alternatively, the release of micro-spheres can 
be used to generate an electrical signal. Another approach 
relies on paramagnetic micro-spheres or beads; their detach 
ment in a magnetic field generated by a stack of Small 
permanent magnets circumvents the rinsing step. The gen 
eral design of this approach is shown in FIG. 6. 
0087 As shown in FIG. 6, the sensor 70 is positioned on 
a stage 80 of an inverted microscope assembly 82. The 
microscope assembly 82 includes a light source 84 and a 
charged coupled device (CCD) camera 86. Light from the 
light source is directed to an optics portion 88 of the 
microscope assembly via a transreflector 90. The camera 86 
also views the optics 88 by way of the transreflector. A stack 
or group of permanent magnets 92 is located above the 
sensor 70. The position of the magnets is selected to generate 
a desired magnetic force on the paramagnetic beads 22. 
0088. The tethers 72, in one embodiment, may include a 
modified PSA antigen molecule 74 and a PSA antibody 76. 
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The target antigen 78 is also PSA. The molecular linker or 
spacer 74a may be attached to a bead 22 via a streptavidin 
protein 75. The antibody 76 is also attached to the sensor 
surface 14a via a streptavidin protein 77 and a protein 78, 
Such as BSA, that is used to coat non-biological Surfaces. 
BSA, as noted, strongly absorbs on glass, plastic or other 
Surfaces. 

0089. One attachment scheme involves commercially 
available, for example, from Bangslabs or Dynabeads para 
magnetic, streptavidin-coated beads. Next PSA is biotiny 
lated. This can be easily accomplished, for example, by 
treating it with one of any number of NHS-biotin deriva 
tives, including molecules with spacer groups between the 
hydroxysuccinimide and biotinyl ends of the molecule for 
easier binding, and the hydroxysulfo-groups allow the reac 
tants to all be water soluble. An additional factor encourag 
ing the use of molecular spacers is that multiple bonds 
holding micro-spheres together increase the strength of the 
tether only when the antigen molecule is placed at the end 
of a spacer group. The amount of PSA attached to the beads 
may be measured using fluorescently labeled PSA and 
epi-fluorescence microscopy. Standard streptavidin-biotin 
complex formation is used. This is shown in FIG. 6 where 
the streptavidin protein 75 is adsorbed at the upper bead 
Surface. Biotin is a very Small molecule in comparison. It is 
symbolized by a dot 79 in one of the four docking grooves 
of the streptavidin protein 75 or 77. 

0090. To consider the sensitivity of a sensor, reference is 
again made to FIG. 5. The active surface of an individual 
sensor may comprise an area of approximately 50x50 um. 
Thus, an area of 1 mm may contain an array of 100 or more 
individual micro-sensors each designed to detect a specific 
protein or a DNA sequence. The active area of each sensor 
may be populated by a random array of approximately 100 
micro-beads (about 1 um in radius). Each micro-bead may 
be attached to the device surface by approximately 100 or 
fewer molecular tethers each involving a complex between 
a modified antigen and its specific antibody or a dsDNA. 

0091. The expected high sensitivity of the sensor derives 
from two factors intrinsic to its design. First, the signal 
transduction (involving either optical microscopy or genera 
tion of electrical signal) incorporates an intrinsic amplifica 
tion element in that a small number of single molecule 
events (dissociation of the molecular tethers) result in an 
easily detectable macroscopic event—detachment of a rela 
tively large particle. The second factor concerns the antigen 
exchange reaction. The latter can be represented by: 

Ab-Ag'+Age Ab-Ag+Ag' (2) 

where Ab represents antibody, and Ag and Ag represent the 
modified and native or unmodified antigen protein, respec 
tively. It is important to note that the each exchange equi 
librium involves an immobilized Ab-Ag' complex and an 
Ag protein both confined within a small reaction Volume 
between the surfaces of the micro-bead and the sensor 
Surface. Due to this confinement effect, reaction or equation 
(2) can be considered to be a unimolecular process. This then 
leads to: 
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p K (3) 
K. = I, and thus: p = 1 + K. 

where K is the equilibrium constant of reaction (2), and p 
is the probability of a Successful exchange (breaking of a 
tether). In macroscopic terms, the latter is synonymous with 
the reacting fraction of the initial population of Ab-Ag+Ag 
in the confined reaction volume. Naturally, K is simply the 
ratio of the binding constants of the native (K) and modified 
(K) antigen: K=K/K'. A surface modification of an antigen 
protein can result in at least two orders of magnitude 
decrease of its binding constant yielding p of 0.99. In 
thermodynamic terms, the “confinement effect” refers to the 
entropy of mixing which is not a component of the free 
energy of reaction (2) when the latter takes place in a 
reaction volume much smaller than K or K. Next the 
question is asked: how different is p if equilibrium or 
reaction (2) is considered in a classical “non-confined 
system? Then, the relationship between p and K is straight 
forward: 

p? (4) 
=1-2 e 

This yields p=0.91 for K of 100. Therefore, whether the 
confinement effect is significant, it is concluded that essen 
tially every encounter between an analyte antigen and a 
modified antigen-antibody complex will result in its disso 
ciation. In other words, when K is about 100 or greater, 
reaction (2) becomes nearly irreversible. Naturally, this 
thermodynamic argument must be broadened by considering 
the kinetics of the exchange and specifically the magnitude 
of the dissociation rate constant, k. The latter can be 
estimated assuming that the binding rate constant, k, is 
diffusion limited. Its magnitude is about 107-10 M's'. 
The latter is based on the fact that the rate constant of 
bimolecular collisions of the molecules diffusing with a 
diffusion constant (D) of about 10 cm/s is about 10 
M's', and that only about 1-10% of those collisions are 
fruitful. As mentioned above, a decrease of K by two orders 
of magnitude puts its upper bound value at about 10" M'. 
Therefore, the dissociation rate constant can be expected to 
be greater than 10-10° s'. In the case of PSA, for 
example, which exhibits K values of about 10 M', the k. 
(following PSA modification) is expected to be 1-10 s.' 
These values do not forecast a need for excessively long 
equilibration times in order to comply with the exchange 
kinetics. Thus overall, a crucial postulate is arrived at that 
within this set of constraints the sensor will act as an 
integrating device, as each antigen that reacts with and 
breaks a tether is effectively trapped for the duration of the 
experiment. Therefore, sensor sensitivity is expected to be a 
time-dependent function since in the range of low analyte 
concentrations, the sensors response will become diffusion 
controlled. Heretofore, no existing immunoassay method 
has exhibited this property. 
0092. To expand on this unique characteristic, the sensi 
tivity of a sensor described above may be estimated. The 
detachment of 5 micro-beads as a conservative minimum 
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detection limit is considered. Assuming that, on average, 
each one is attached by 100 tethers, accumulation of 500 
antigen molecules is necessary to generate a measurable 
signal. Diffusion of antigen to the active area of the sensor 
can be modeled as hemi-spherical diffusion to a disk with a 
radius of about 30 um. Under these conditions, the diffusive 
flux J(r) is constant and can be expressed by: 

4DC (5) 

where D is diffusion constant of the antigen (Ds 1x10 
cm/s) and C*Imol/cm) is its initial bulk concentration. 
Clearly, accumulation of a certain number of moles (N/NA) 
of antigen diffusing, at constant rate, to the sensors active 
region is directly proportional to time and the initial antigen 
concentration: 

where NA is the Avogadro number, t is time, and r is the 
radius of the sensor containing the micro-beads responding 
to, for example, a particular antigenic protein. In one 
embodiment, the sensor radius (r) may be about 30 microns, 
containing 100 or 200 micro-beads. Thus allowing, for 
example, for a 15 min incubation time, yields a detection 
limit of 0.08 pM. A lower detection limit could be realized 
by: 1) decreasing the number of micro-spheres in the indi 
vidual sensor active region (This would decrease the sensor 
radius (r), and thus increase the antigen flux to the sensor. It 
would also decrease the threshold number of detached 
micro-beads (assumed to be 5 in the embodiment above)); 2) 
decreasing the number of molecular tethers attaching each 
micro-sphere, or 3) increasing the incubation time. Thus, a 
sub-fM detection limit is realistic following proper sensor 
optimization. Finally, it is worth pointing out that the micro 
sensor detection limit is independent of the antigen-antibody 
binding constant. In the calculation above, it was only 
assumed that the antigen modification can result in a hun 
dred fold decrease of its natural binding constant. 

0093. Several known chemical reactions may be used to 
modify specific amino acid residues as a means of altering 
the topography of the epitope of PSA involved in binding 
with a specific anti-PSA IgG. (PSA is prostate specific 
antigen—our test case, anti-PSA is one of the PSA antibody 
proteins.) One of several hydrophilic amino acid residues 
could be randomly targeted assuming that some of them are 
present in the epitope region of the protein. (Epitope region 
is a fragment of a protein Surface which is contacted by a 
complimentary region of its antibody to form the antigen 
antibody complex.) Excessive modification, however, would 
destabilize antigen-antibody complex and defeat the purpose 
of using the modified PSA to form stable molecular tethers 
attaching micro-beads to the device Surface. 

0094. The strength of the antibody-antigen interaction is 
a result of many factors, including ion pairing, hydrogen 
bonding, dipolar and hydrophobic interactions. See, J. Janin 
et al., “The structure of protein-protein recognition sites”. J. 
Biol. Chem., 1990, 265, 16027-16030, which is incorporated 
herein by reference. The latter include steric considerations 
and solvent effects. Ideally, a small modification is induced 
Such as altering the topography of the protein Surface that 
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would, for example, decrease the extent of hydrophobic 
interactions or disrupt one hydrogen bond. Indeed, a loss of 
a single hydrogen bond would result in a decrease of the 
binding energy by ca 20 kJ/mol. This corresponds to chang 
ing the equilibrium constant by two orders of magnitude, as 
desired. On the other hand, a more significant alteration Such 
as, for example, elimination of a salt bridge, if such exists, 
would likely excessively decrease the binding energy. Con 
sequently, while little is known about the exact surface 
structure of the PSA epitopal region, for example, chemical 
modifications that eliminate charged groups are not at the 
top of the list of possible modifications to be explored. 
Bearing these general considerations in mind, the list of 
possible modifications includes the following: 

0.095 Methylation of lysine. This can be carried out by 
adding mM concentrations of formaldelhyde and a reducing 
agent such as sodium cyanoborohydride to a protein solution 
in a 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(Hepes) buffer solution. See, N. Jentoffet al., “Labeling of 
proteins by reductive methylation using Sodium cyanoboro 
hydride', J. Biol. Chem., 1979, 254, 4359-4365, and R. H. 
Rice et al., “Stabilization of bovine trypsin by reductive 
methylation, Biochim. Biophys. Acta, 1977, 492, 316-321, 
which are incorporated herein by reference. Other reducing 
agents, such as Sodium borohydride, have also been used, 
but the cyanoborohydride reaction is less harsh, and is less 
likely to significantly alter the overall protein structure, for 
example by reducing disulfide bonds. This reaction is spe 
cific to lysine and the amine terminus of the protein. It does 
not eliminate the positive charge on the protein Surface. 
Finally, should the addition of a methyl group only slightly 
reduce the binding constant, the formaldehyde could be 
replaced with ethanal or propanal to add a larger ethyl or 
propyl group to the amine. 

0.096 Methylation of histidine. This can be done using 
the procedure described by M. J. P. Dekker et al., “Identi 
fication of a second active site residue in escherichia coli 
I-threonine dehydrogenase: methylation of histidine-90 with 
methyl p-nitrobenzenesulfonate, Arch. Biochem. Biophys, 
1995, 316, 413-420, which is incorporated herein by refer 
ence. Briefly, a few mM of methyl p-nitrobenzenesulfonate 
(MNBS) is added to a protein solution in a 100 mM 
potassium phosphate pH 7 buffer. This results in the pref 
erential methylation of histidine residues. Similar to the case 
of lysine, should a methyl group prove to insufficiently 
lower the binding constant, ethyl or propyl groups could be 
tried instead. 

0097 Modification of cysteine. This can be accomplished 
by following the procedure outlined by J. F. Schindler et al., 
"Conversion of cysteinyl residues to unnatural amino acid 
analogues”, J. Protein Chem., 1996, 15, 737-742, which is 
incorporated herein by reference. In this scheme, alkane 
chains of any length can be added to cysteine chains simply 
by reacting the 1-bromo or 1-iodo alkane of the desired 
length with the protein in a pH 9.5 buffer. 

0.098 Iodination of tyrosine. In view of the size of iodine, 
its modification might prove excessive. The effect of this 
modification on the binding constant must be experimentally 
determined. Even if the size of iodine is excessive, tyrosine 
modification could prove effective if the tyrosine is located 
near the edge of the epitopal region. lodination can be 
accomplished by adding five- to ten-fold excess of I dis 
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solved in KI and 25 mM sodium borate to a solution of 
protein. This results in the addition of 1-2 iodines per 
tyrosine. See, R. L. Lundblad, “Chemical Reagents for 
Protein Modification, 3" Edition. CRC Press, Boca Raton, 
Fla. 2005 pp. 213-215, which is incorporated herein by 
reference. 

0099. Addition of various groups to arginine. For 
example, when protein is added to a pH 7.4, 0.125 M Tris 
buffer containing 0.1 M KCl, 0.01 M MgCl2 and a dilute 
Suspension of dinitrophenol, the dinitrophenol adds to any 
exposed arginine residues. See, H. M. Levy et al., “Inacti 
Vation of myosin by 2,4-dinitrophenol and protection by 
adenosine triphosphate and other phosphate compounds’. J. 
Biol. Chem., 1963, 238, 3654-3659, which is incorporated 
herein by reference. Alternatively, a 3% solution of phe 
nylglyoxal in buffer can be added to the buffered protein 
solution and the reaction allowed to proceed for 24 hours. 
This results in the addition of phenylglyoxal to arginine 
groups. See, K. Takahashi, “The reaction of phenylglyoxal 
with arginine residues in proteins”. J. Biol. Chem., 1968, 
243, 6171-6179, which is incorporated herein by reference. 
0.100 Reactions involving carboxyl groups. These 
schemes commonly involve Woodwards reagent K being 
added to the protein in an -pH 3 solution along with a 
nucleophile Such as ethylamine, and results in the formation 
of an amide. See, R. B. Woodward et al., “A new synthesis 
of peptides”. J. Am. Chem. Soc., 1961, 83, 1010-1012, and 
P. Bodlaender et al., “The use of isoxazolium salt for car 
boxyl group modification in proteins’. Biochemistry, 1969, 
8, 4941, which are incorporated by reference herein. This 
scheme would eliminate a negative charge on the protein 
surface and might be too harsh. However, if a carboxyl 
group resides near the edge of the epitopal region, its 
modification may lead to a desired effect. 
0101 Regarding a DNA version of a sensor, it should be 
appreciated that the difference in the binding constants 
between a modified antigen and an antibody relative to 
native antigen-antibody complex is, in the DNA sensor 10 
(FIGS. 1A-1B), intrinsically reflected in the different length 
of the two ssDNA fragments: one, longer bound to the 
sensor surface (the recognition DNA) and the other, shorter 
bound to a bead surface. The target DNA is expected to be 
longer than the ssDNA bound to the bead. As a result it will 
quickly be able to replace and break the tether 24. 
0102) In the case of the enzymatic cleaving of a specific 
peptide sequence, in another embodiment, a molecular tether 
would be forwarded attaching the beads to the surface using 
that particular peptide chain. When a sample contains the 
enzyme that cleaves that peptide the bead is released. 
0103) The general idea of competitive interactions 
between a target compound and the same compound form 
ing a tether that attaches a micro-bead requires lability of the 
target compound—recognizing compound interactions. In 
other words, slow kinetics of ssDNA-ssDNA hybridization/ 
dehybridization or antigen-antibody association/dissociation 
could require excessively long incubation times. While the 
kinetics of DNA hybridization has been shown to be suffi 
ciently facile to be compatible with this sensor's principle of 
operation, the kinetics of antigen-antibody binding has not 
been investigated in many cases. The available data Suggest 
that the range of the dissociation rate constants (k) exhib 
ited by the various antigen-antibody complexes spans sev 
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eral orders of magnitude from about 10 to 10 s ". 
Clearly, those antigens which exhibit k values of their 
antigen-antibody complexes smaller than about 10 s' 
could not be easily detected with the technique described 
above. In those cases, an alternative strategy exists. It 
involves the reverse of the competitive binding approach 
discussed above. 

0104 For example, in the embodiment of FIG. 4, the 
device surface would be populated with the antibodies 
specific for a particular target antigen, but would not contain 
any micro-beads. Micro-beads would also carry on their 
surface a small number density of the antibody molecules 
for the target antigen. Initially, a small Volume of the analyte 
solution would be deposited onto the channel surface and 
incubated. The antigen, if present, would bind to the anti 
bodies on the sensor Surface. Next, after a rinse, a second 
incubation would expose the device to a suspension of 
micro-beads carrying on their Surface monoclonal antibod 
ies specific for a different part, epitope of the antigen, or a 
polyclonal antibody (a mixture of antibodies specific for the 
same antigen but recognizing and binding to its various 
fragments). This will result in attachment of the beads to the 
device Surface. Following a rinse, as discussed above, the E 
vs t transient would report the population density of the 
beads which in turn would allow a determination to be made 
as to the presence and concentration of the target antigen 
protein in the sample. The reverse scheme, of course, could 
also be used for DNA and peptide sensing. 
0105. In a reverse approach, in the embodiment of FIGS. 
5 and 6, the presence of specific antibody could be deter 
mined. To accomplish this, a target antibody would be first 
chemically modified to get Ab'. It would then be used to 
attach micro-beads to the sensor Surface. The same attach 
ment protocol would be used except native (unmodified) 
PSA antigen, for example, would now be used. Now, expo 
Sure of a sensor to a small Volume of a serum sample would 
result in bead release if a PSA antibody is present. This is 
because that native, unmodified antibody would easily 
replace the modified antibody in the attaching tether and 
thus break the linkage. 
0106 A generally applicable signal transduction mecha 
nism designed to function in a hand-held biological sensor 
and sensor arrays has been described. Two applications of 
the transduction mechanism have been presented. One appli 
cation is targeting immunogens (antigens), a large group of 
macromolecules (for example cancer-specific proteins, tox 
ins and numerous other pathogens) capable of inducing a 
humoral immune response, in other words, inducing the 
generation of antibodies. The antigens must be poly or at 
least bivalent (exhibiting more than one epitope, an active 
region on the Surface of an immunogenic macromolecule 
involved in selective binding with the antibody). Since 
essentially all large macromolecules exhibit this property, 
this class of biological sensors is designed to target a broad 
range of antigens. The second application deals with DNA 
sensing. Indeed, in both of these areas, few, if any, generally 
applicable signal transduction schemes exist that could be 
relied on in sensor design. Indirect techniques such as 
enzyme-linked immunosorbent assay (ELIZA) and assays 
relying on the polymerase chain reaction (PCR) for signal 
amplification are not compatible with sensor methodology 
as they involve secondary reagents and time consuming 
processes. 
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0.107 A sensor of the present invention uses a signal 
transduction mechanism that is adaptable to a range of 
biological or chemical sensors. It can translate a chemical 
event, even a singular molecule chemical event, into an 
electrical readout. The signal transduction mechanism also 
incorporates a Substantial amplification factor in that a single 
molecule event, such as DNA hybridization, could result in 
the release of a microscopic object, for example, a micro 
bead. 

0108) Additionally, other strategies exist for determining 
the number of beads released from the surface of the sensor 
channel relative to those that remain bound to the channel 
Surface. These strategies can be grouped into two categories: 
(1) Those that can count the beads by measuring changes in 
the Volume of a solution confined within a sensor channel 
occupied by the beads. These systems or methods require 
that the channel encompassing the beads be of the same 
dimensions before and after the chemical step resulting in 
bead release. (2) Those that count released beads using a 
direct method. 

0.109 The above-discussed signal transduction mecha 
nism illustrated in FIGS. 1A-2C is an example of the first 
group, that is, a system or technique involving measure 
ments of the Solution Volume change in the sensor channel. 
Other Such system and techniques include conductivity 
measurements, coulometric measurements and spectromet 
ric measurements. 

0110 Conductivity measurements are often used in liquid 
chromatography detectors. The beads would be confined to 
a sensor channel of a fixed height or thickness (h) with two 
metal, for example, gold, electrodes constituting the oppos 
ing plates of the channel. The conductance of the Solution 
between the plates is proportional to the concentration of an 
inert electrolyte, for example KCl, in the channel; the 
spacing between the electrodes; and the bead population 
density (the lower the bead density the higher the conduc 
tance of the electrolyte solution). 
0111 A technique involving coulometric measurements 
of a redox spectator species in a solution in the sensor 
channel could also be used. Such a system would require 
that one of the opposing plates of the sensor channel be 
coated with a metal, such as gold, and serve as a working 
electrode. If the solution in the channel contained redox 
active molecules of a known concentration, the total charge 
collected during their electrochemical reduction or oxidation 
can be interpreted in terms of the population density of the 
beads in the sensor channel. One of a number of redox active 
species could be selected for this purpose. For example, 
ferric ions (Fe), oxygen (O) naturally present in water 
equilibrated with air, ascorbic acid (vitamin C), or chloride 
ions (CI, chloride is not directly electro-active but its 
content could be quantified by electro-oxidation of silver) 
could be used. 

0112 Spectrometric measurements of the absorbance due 
to a spectator species in the channel could also be employed. 
Here, the solution in the channel of the sensor would contain 
species absorbing light in a particular range of wavelengths 
of the visible region. Numerous inexpensive, water soluble, 
organic dye molecules, for example, such as those used as 
food coloring compounds, could be used. Transparent glass 
or polymeric beads would be required in this case. A Small 
light beam from a light emitting diode or a similar light 
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Source would be directed to pass through the channel in 
between and parallel to the plates creating the channel. 
Measurements of the light intensity with a small solid-state 
optical sensor could be then interpreted in terms of the bead 
population in the sensor channel. 

0113. The second group involves the direct measurement 
of the bead population in the sensor channel. For example, 
the embodiment of FIG. 6 uses an optical microscope to 
detect bead detachment. Other optical measurement and 
electrochemical bead counting techniques can be used. 

0114. One optical measurement of the bead number den 
sity in the sensor channel is similar to the spectrometric 
measurement technique described above, except the beads 
would be made light absorbing. This could be done in a 
number of ways such as by immobilization of light absorb 
ing dye molecules on the bead Surface or by incorporating a 
light absorbing compound into the bead forming material. 
Detection of the light passing through the sensor channel 
would indicate the number of the beads in the path of the 
light beam. This measurement would not require that the 
channel be of some known height. 

0115 The beads in the sensor channel could also be 
electrochemically counted. This system would require that 
the beads contain a magnetic core, for example, one made of 
ferric oxide, and that they be electrochemically-active. Sev 
eral different strategies could be used to accomplish the 
latter. For example, the surface of the beads could be coated 
with a thin film carrying electrochemically active molecules. 
Alternatively, the beads could be over-coated with a thin 
film of a metal, such as silver. The latter could be converted 
electrochemically to a coating of AgCl. The sensor would 
comprise of two plates positioned parallel to each other at a 
distance larger than a bead diameter. A Small permanent 
magnet would be positioned above the top plate. The bottom 
surface of the top plate would be coated with, for example, 
gold, and would function as a working electrode. Any 
released beads would be attracted to the top plate by the 
magnetic force and thus make electrical contact with the 
electrode. The latter would be held at a constant potential at 
which redox molecules on the bead surface or the silver 
coating (in presence of chloride ions) would be electro 
chemically oxidized or reduced, generating a certain fixed 
electrical charge per bead. Thus, the total charge collected 
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would be directly proportional to the number of the beads 
released from the sensor Surface. 

0.116) Similarly, metal coated beads, for example, gold 
coated beads, that do not carry any redox active molecules 
could also be used. Here, when the beads contact the top 
plate electrode, which is held a constant potential, a charge 
would flow due to electrical charging of the surface of the 
metal coated beads. This charge would be proportional to the 
bead surface area and would likewise indicate its release 
form the sensor channel Surface. The total charge due to this 
electrochemical "double-layer charging” of the individual 
beads would be again proportional to the total number of the 
released beads. 

0.117) In summary, the sensor strategy outlined above 
involves two chemically and physically independent pro 
cesses: chemical sensing involving breaking of the molecu 
lar tethers used to attach the beads, and chemical or physical 
detection of the resulting (decreased) bead population. The 
latter can be accomplished in a number of different ways as 
shown above. 

0118. In view of this general two step operation mode 
(chemical/biological sensing, and signal transduction gen 
erating an electrical, easy to measure signal), it is apparent 
to recognize that this entire Scheme, as also discussed above, 
could also be implemented in reverse order. Specifically, 
chemical/biological sensing could be reconfigured to result 
in bead attachment, starting with beads attached to the 
device Surface. The signal transduction would then report 
the increase of the bead population attached to the device 
Surface using one of the several techniques discussed above. 
0119) Although many of the components and processes 
are described above in the singular for convenience, it will 
be appreciated by one of skill in the art that multiple 
components and repeated processes can also be used to 
practice the techniques of the present invention. 
0120 While the invention has been particularly shown 
and described with reference to specific embodiments, it will 
also be understood by those skilled in the art that changes in 
the form and details of the disclosed embodiments may be 
made without departing from the spirit or scope of the 
invention. For example, the embodiments described above 
may be implemented using a variety of materials. Therefore, 
the scope of the invention should be determined with 
reference to the appended claims. 

<223> OTHER INFORMATION: Selected as an example of a study designed to 
test the behavior of the sensor. 

<400 SEQUENCE: 1 

tgtgctagta cagac 15 
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-continued 

<210> SEQ ID NO 2 
<211& LENGTH 24 
&212> TYPE DNA 
<213> ORGANISM: Artificial Sequence 
&220s FEATURE 
<223> OTHER INFORMATION: Selected as an example of a study designed to 

test the behavior of the sensor. 

<400 SEQUENCE: 2 

agat cagtgc gtctgtacta gcac 

What is claimed is: 
1. A sensor to determine if a target Substance is present in 

an analyte comprising: 
molecular tethers attached to a sensor Surface Such that at 

least some of a plurality of beads, as a result of a 
biological interaction between a target Substance and 
the tethers, can at least one of be attached to the sensor 
surface by the tethers or released from the surface by 
cleaving the tethers; and 

a measurement system configured and arranged to deter 
mine the population of beads at the sensor Surface after 
the introduction of the analyte into the sensor. 

2. The sensor of claim 1 wherein a tether includes a hybrid 
double-stranded DNA molecule, an antibody, a modified 
antibody, a modified antigen or a peptide. 

3. A sensor to determine if a target Substance is present in 
an analyte comprising: 

a plurality of beads located in a channel and attached to 
a surface of the channel by a molecular tether that can 
be selectively cleaved in the presence of a target 
Substance to release at least some of the beads from the 
Surface of the channel; and 

a measurement system configured and arranged to deter 
mine the population of beads in the channel after the 
introduction of the analyte into the channel. 

4. The sensor of claim 3 wherein the target substance is a 
target antigen and a molecular tether includes a modified 
antigen and an antibody with the modified antigen having a 
lower binding constant than the target antigen. 

5. The sensor of claim 4 wherein the modified antigen has 
an approximately 2 orders of magnitude lower binding 
constant than the target antigen. 

6. The sensor of claim 3 wherein the target substance is a 
target DNA and a molecular tether is a hybridized double 
stranded DNA tether with one of the single-stranded DNA 
fragments of the double-stranded DNA tether being comple 
mentary to the target DNA. 

7. The sensor of claim 6 wherein the hybridized double 
stranded DNA tether includes first and second single-strand 
DNA fragments, the first single-strand DNA fragment being 
attached to a Surface of the channel, the sequence of the first 
single-strand DNA fragment being complementary to the 
target DNA, and the second single-strand DNA fragment 
being attached to a surface of a bead. 

8. The sensor of claim 3 wherein the measurement system 
is a signal transduction system, a conductivity measurement 
system, a coulometric measurement system, a spectrometric 
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measurement system, an optical measurement system, or an 
electrochemical counting system. 

9. A sensor to detect a target antigen comprising: a 
plurality of beads attached to a sensor surface by a modified 
antigen and an antibody wherein the modified antigen has a 
lower binding constant than the target antigen. 

10. A sensor to detect a target antibody comprising: a 
plurality of beads attached to a sensor surface by a modified 
antibody and an antigen wherein the modified antibody has 
a lower binding constant than the target antibody. 

11. A sensor to detect a target Substance in an analyte 
comprising: 

a channel; 

a plurality of beads located in the channel and attached to 
a surface of the channel by a molecular tether that can 
be selectively cleaved in the presence of a target 
Substance to release at least some of the beads from the 
surface of the channel; 

measurement means for determining the population of 
beads in the channel after the introduction of the 
analyte into the channel. 

12. A method of detecting a target Substance comprising: 

providing a number of molecular tethers at a channel 
Surface of a sensor Such that at least Some of a plurality 
of beads, as a result of a biological interaction between 
a target Substance and the tethers, can at least one of be 
attached to the channel surface by the tethers or 
released from the channel surface by cleaving the 
tethers; 

introducing an analyte into the channel; and 

thereafter, determining the population of beads at the 
channel Surface to indicate a presence of the target 
Substrate in the analyte. 

13. The method of claim 12 wherein the tethers include a 
hybrid double-stranded DNA molecule, an antibody, a modi 
fied antibody, a modified antigen or a peptide. 

14. The method of claim 12 wherein the target substance 
is a target DNA and a molecular tether is a hybridized 
double-stranded DNA tether with one of the single-stranded 
DNA fragments of the double-stranded DNA tether being 
complementary to the target DNA. 

15. The method of claim 14 wherein the hybridized 
double-stranded DNA tether includes first and second 
single-strand DNA fragments, the first single-strand DNA 
fragment being attached to a Surface of the channel, the 
sequence of the first single-strand DNA fragment being 
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complementary to the target DNA, and the second single- 17. The method of claim 12 wherein the target substance 
strand DNA fragment being attached to a surface of a bead. is a target antibody and a molecular tether includes a 

16. The method of claim 12 wherein the target substance modified antibody and an antigen with the modified anti 
is a target antigen and a molecular tether includes a modified body having a lower binding constant than the target anti 
antigen and an antibody with the modified antigen having a body. 
lower binding constant than the target antigen. k . . . . 


