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(57) ABSTRACT

An aptamer-based solid-state electrochemical biosensor for
label-free detection of Salmonella enterica serovars utilizing
immobilized aptamers. The device is realized by forming a
matrix array of parallel capacitors, thus allowing the realiza-
tion of low-cost, portable, fully integrated devices. Protein-
aptamer binding modulates the threshold voltage of a circuit,
changing the impedance (capacitance) of the circuit. This
circuit is further characterized by an electrode coded with a
p-Si substrate, enhancing the affinity between the Salmonella
outer membrane proteins (OMPs) and the aptamer. An
aptamer embedded detection plate is configured within a
testing lid device that fits a standard, commercially available

(Us) polymer specimen jar. A sample is mixed with broth for
incubation and cultivation of any present Salmonella bacteria
(21) Appl. No.: 12/684,025 to obtain acceptable concentration of the pathogen for testing.
The information obtained can then be transmitted by wireless
(22) Filed: Jan. 7,2010 network.
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METHOD AND APPARATUS FOR FORMING
OF AN AUTOMATED SAMPLING DEVICE
FOR THE DETECTION OF SALMONELLA

ENTERICA UTILIZING AN
ELECTROCHEMICAL APTAMER
BIOSENSOR

RELATED APPLICATIONS

[0001] The application is related to co-pending U.S. patent
application Ser. No. 12/422,125, titled ‘Method and Appara-
tus for Forming a Homeostatic Loop Employing an Aptamer
Biosensor’, filed Apr. 10, 2009.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The invention relates to the field of chemical bio-
sensors, specifically the use of electrochemical aptamer bio-
sensors utilized in an automated in situ test for the presence of
Salmonella enterica bacteria.

[0004] 2. Description of the Prior Art

[0005] Salmonellais a genus of rod-shaped, gram-negative,
non-spore forming, and predominantly motile enterobacteria.
Salmonellae are a significant cause of food borne illness
worldwide. Around 1.4 million cases of salmonellosis are
reported annually in the US, with approximately 16,000 hos-
pitalizations and 550 deaths. Salmonella alone is associated
with 26% of all the food borne diarrheal cases leading to
hospitalization. Sa/monella bacteria are especially dangerous
to humans because of their zoonotic nature, meaning that they
have the ability to infect across several species.

[0006] Enteritis Sa/monella (e.g. Salmonella enterica) can
cause diarrhea, which usually does not require antibiotic
treatment. But people at risk such as infants, HIV patients,
small children, the elderly, and those with suppressed immu-
nity can become seriously ill. Osteomyelitis may develop in
children with sickle cell anemia who are infected with Sal-
monella. Salmonella bacteria is capable of causing typhoid
fever. This infects over 16 million people worldwide each
year, with 500,000 to 600,000 of these cases proving to be
fatal, according to the World Health Organization.

[0007] Salmonella can survive for weeks outside a living
body. Ultraviolet radiation and heat accelerate their demise;
they perish after being heated to 55° C. (131° F.) for one hour,
orto 60° C. (140° F.) for half an hour. They have been found
in dried excrement after over 2.5 years. To protect the popu-
lation from Salmonella infection, governments and other
rule-making bodies have enacted many rules regarding the
handling of food. For cooking at home, it is recommended
that food be heated for at least ten minutes at 75° C. (167° F.)
at the center of the food that is being prepared. Sa/monella is
not destroyed by freezing.

[0008] Because of this, there have been many attempts to
control the spread of Salmonella bacteria in the food supply.
One method of this is to disseminate information on proper
food handling and cooking techniques. This is done by a wide
variety of rules and regulations regarding the production,
shipping, and handling of food.

[0009] Oneaspect of food regulation is determining accept-
able levels of Sal/monella bacteria in food products. The
USFDA has, for example, set an acceptable level for Salmo-
nella in the water supply as not greater than 3 cfu/4 gm.
(www.fda.gov.)
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[0010] Of particular concern is salmonellosis caused by
multidrug resistant (MDR) strains such as Salmonella
enterica serovar Typhimurium DT104 or S. enterica serovar
Newport. Drug resistant strains are, by their nature, much
more difficult to treat than other strains of Sa/monella. They
can be particularly devastating to at-risk groups, such as
infants and the elderly. It is in the case of MDR strains of
Salmonella especially that it is important to have accurate,
easy to administer testing of food sources. In this way, the
initial transmission of the pathogen to humans can be reduced
or eliminated.

[0011] Because ofthe great need for accurate testing for the
presence of Salmonella, there are many testing methods avail-
able today commercially. The USFDA has guidelines for
testing (see USFDA Setting a Risk Threshold for Enteric
Diseases in Drinking Water), as has the USDA (see Salmo-
nella Testing). Testing is traditionally accomplished either
through DNA based methods (e.g. GENE-TRAK Colorimet-
ric, and TAQMAN by PE Applied Biosystems), through
Immunoassay based methods (e.g. EIA Foss by Foss Elec-
tric), through immuno-latex aggulation based methods (e.g.
Spectate by May & Baker Diagnostics Ltd.), and also some-
times through other biochemical methods such as a motility
detection system (e.g. Sa/monella Rapid Test by Oxoid).
[0012] These tests are widely used and accurate, but some
can take many days to accomplish, and many of these tests are
not highly automated, namely they all rely on the technician
to determine the outcome of the test. Additionally, these tests
are accomplished at a certain point of time, often by in-lab
enrichment of the bacterial sample.

[0013] Aptamers are well known in the field for their ability
to bind to specific substances. Nucleic acid based aptamers
are highly stable also. Aptamer specificity is often determined
utilizing the systematic evolution of ligands by exponential
enrichment (SELEX) method. This allows for high specificity
to a wide variety of molecules. Aptamers are now gaining use
as markers and linkers to cells. Aptamers are able to bind to
the outer membrane proteins of cells and therefore act as
markers and binders to the cell. (Joshua K. Herr et al.,
Aptamer-Conjugated Nanoparticles for Selective Collection
and Detection of Cancer Cells, Analytical Chemistry, Vol. 78,
No. 9, pp. 2918-2924, May 2006.)

[0014] Utilizing aptamer binding to Salmonella enterica
has undergone proof of principle testing under Raghavendra
Joshi et al. (Raghavendra Joshi et al., Selection, character-
ization, and application of DNA aptamers for the capture and
detection of Salmonella enterica serovars, Molecular and
Cellular Probes, Vol. 23, pp. 20-28, 2009). In those experi-
ments, two highly specific Salmonella enterica aptamers
were discovered. The genetic sequence of those aptamers is:

Aptamer 33:
TATGGCGGCGTCACCCGACGGGGACTTGACATTATGACAG

Aptamer 45:
GAGGAAAGTCTATAGCAGAGGAGATGTGTGAACCGAGTAA

[0015] By utilizing the above two sequenced aptamers,
Joshi et al, were able to utilize aptamer-infused magnetic
particles to separate and concentrate Salmonella enterica
bacteria in a sample.

[0016] U.S.Pat. No. 5,510,241 (“Thorns”) discloses a test-
ing system for Sa/monella bacteria, but does so utilizing
monoclonal antibodies.
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[0017] U.S.Pat.No. 5,582,981 (“Toole etal.”) discloses use
of aptamer technology for binding to specific substances, but
utilizes polymerase chain reaction. PCR testing requires a
laboratory environment and a trained technician.

[0018] U.S. Pat. No. 5,635,617 (“Doran et al.”) discloses a
specific target gene and protein of Sa/monella bacteria; how-
ever, it does not apply this to a procedure for automated
testing for the pathogen in food.

[0019] U.S.Pat.No.5,712,17 (“Kouvonen et al.”) discloses
a rapid immunoassay test strip that could be utilized for
testing for pathogens, but does not disclose a way to do so in
an automated way, and Kouvonen’s method further requires a
trained technician to accomplish the testing.

[0020] U.S. Pat. No. 5,840,867 (“Toole et al.”) discloses
several specific aptamer sequences that may be utilized for
targeting. However, it does not disclose a specific method for
their use, nor does it disclose an aptamer specific to Salmo-
nella enterica outer membrane proteins.

[0021] U.S. Pat. No. 6,680,377 B1 (“Stanton et al.””) dis-
closes the composition of aptamers as beacons. Because this
is not an electrochemical feedback system, it requires trained
lab personnel and lab equipment. Also, this piece of prior art
does not disclose a detection system for Salmonella enterica.
[0022] What is needed in the field is a highly automated,
accurate system that can be used outside of the laboratory
environment, specifically at “Points-of-Inspection” such as
ports, border check-points, and weighing stations along the
Interstate Freeway System by lay practitioners to accurately
test for the presence of Salmonella in food samples in situ.

BRIEF SUMMARY OF THE INVENTION

[0023] The disclosed invention and method provides a
highly automated system for testing for Salmonella enterica
bacteria. These testing procedures are highly automated so as
to allow minimal training to be required in order to carry out
the examination. Further, a method is disclosed herein for
testing that allows results to be wirelessly transmitted while
goods are in transit, allowing for quick processing at loading
and unloading locations.

[0024] The device is formed from a standard polymer
specimen cup attached to a specialized testing device lid. The
testing device lid utilizes Sa/monella enterica specific aptam-
ers in a microfluidics electrochemical sensor array, allowing
for testing results to be timed and interpreted by pre-pro-
grammed computer software. Use of microfluidic technology
increases the sensitivity of the aptamer sensor array.

[0025] The testing device lid employs a standard Universal
Serial Bus (USB) connector built into the external surface of
the lid. Internally, the lid features an aptamer sensor array
which optionally features a built-in micropump to ensure
proper fluid circulation during testing. The aptamer sensor
array is built into a printed circuit board (PCB) that allows for
control of the sensor array. The PCB also includes a tempera-
ture sensor. Temperature sensor readings are periodically
tracked by a software algorithm to accurately predict the state
of the testing process.

[0026] The base of the device utilizes a USB connection to
connect to the testing device lid. Embodied in the base station
of the invention is a wireless antenna for communication of
testing results to WiFi computer networks often available at
shipping yards. There is an additional USB connection on the
front of the device, allowing the base station to be pro-
grammed by a standard desktop computer with appropriate
compatible software. Further, this USB connection may be
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utilized to connect and upgrade the device, providing an
additional externalized battery supply for long voyages, or by
up-linking to a cellular phone or sat-phone capable device to
provide worldwide network access to the testing unit.
[0027] The base of the device utilizes a standard Liquid
Crystal Display (LCD) screen to output visually the state and
results of the testing procedure without the need to connect to
a standard personal computer. A PCB board features a central
processing unit, flash memory for storage, and other compo-
nents needed to provide proper running protocols for the
device. The base station also utilizes standard rechargeable C
sized or like batteries as a power source when needed. A
plug-in device to recharge the batteries is located on the front
of the base station adjacent to the LCD screen.

[0028] The device is utilized by adding a small amount of
commercially available broth (such as BHI broth) to the ster-
ile standard specimen cup, removing the optional plastic cov-
ering protecting the aptamer sensor plate, adding a sample of
the food to be tested, and then subsequently firmly attaching
the testing device lid to the specimen cup. The cup and lid is
then turned upside-down and placed in this orientation upon
the base station. The base station utilizes an always on real-
time clock. Based upon the ambient temperature and time, the
protocols designed into the base station will analyze the
sample at the appropriate times to ensure accurate measure.
[0029] After the broth is added to the specimen cup, the
sample is added. Incubation is accomplished at ambient tem-
perature to increase the bacterial load to testable levels. The
programming of the unit allows for independent calculation
of the length needed to test the Sa/monella bacterial load in
the sample.

[0030] Accordingly, the present invention may have one or
more of the following advantages:

[0031] It is therefore an embodiment of the invention to
allow for a simple and highly automated procedure for testing
for Salmonella enterica bacteria by utilizing a standard speci-
men cup with a specially designed testing device lid.

[0032] Itis a further embodiment of the invention that the
calculation of the testing for Sa/monella enterica bacterial be
accomplished in a base station device incorporating tempera-
ture and aptamer biosensor data from the cup, and to provide
an accurate measurement of the progress of the testing pro-
cedure.

[0033] It is yet another embodiment of the invention that
the base station device is enabled with wireless capability to
allow in situ inspection of data from testing.

[0034] Itisanother embodiment of the invention that it may
be powered by battery, by DC current from a truck or car, or
by AC current from a wall socket or other source.

[0035] In a further embodiment of the invention, once the
sampling process is completed, the device may be attached
externally to a shipping container in a case. This case may be
bolted, welded, or magnetically attached to the outside of a
container.

[0036] It is another embodiment of the invention that the
test may be started at the first point of shipment, and that the
testing unit may follow that cargo container. In this way,
regardless of the testing time needed, the testing time overlaps
with the travel time of the cargo. Utilizing this method, many
shipments would have completed their test for Sa/monella
before they reach their destination, thereby making the autho-
rization of the shipment more efficient.

[0037] It is another embodiment of the invention that data
could be harvested from the automated testing device at wire-
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less access points located at Points-of-Inspection, providing
real-time access to the data. One example of the use of this for
practical purposes follows. A trucker hauling spinach with the
device analyzing a sample during transit could drive through
a weigh station where there is WiFi access. At that time, if the
sample is deemed tainted, the central office for the shipment
company could be notified via the internet, and the central
office would notify the trucker to take the tainted spinach to an
alternative site because it is no longer fit for human consump-
tion. Connection between the analyzer unit and the central
office could be further heightened by connecting the base
station to a cell phone or satellite phone connection via the
USB port on the front of the base station.

[0038] Itis finally an embodiment of the invention that data
is collected over time, allowing for aggregation of Salmonella
enterica bacterial growth to be recorded over the time of each
shipment, allowing for more detailed studies to be performed
regarding food spoilage.

[0039] While the apparatus and method has or will be
described for the sake of grammatical fluidity with functional
explanations, it is to be expressly understood that the claims,
unless expressly formulated under 35 USC 112, are not to be
construed as necessarily limited in any way by the construc-
tion of “means” or “steps” limitations, but are to be accorded
the full scope of the meaning and equivalents of the definition
provided by the claims under the judicial doctrine of equiva-
lents, and in the case where the claims are expressly formu-
lated under 35 USC 112 are to be accorded full statutory
equivalents under 35 USC 112. The invention can be better
visualized by turning now to the following drawings wherein
like elements are referenced by like numerals.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] FIG. 1 is a perspective externalized view of the
apparatus.
[0041] FIG.2A is an external view of the specimen cup and

testing lid device with a clear view of the docking hole and
USB docking port connection between the specimen cup lid
and the base.

[0042] FIG. 2B is an alternate external view of the of the
specimen cup, highlighting the electrochemical aptamer test-
ing site placement upon inside of the lid device.

[0043] FIG.2C is aside view of the internal components of
the testing lid device for the specimen cup, highlighting the
aptamer sensor plate attached to the PCB, and the USB con-
nection.

[0044] FIG. 2D is a perspective view of the printed circuit
board with attached aptamer electrochemical sensor plate,
present within the testing lid device of the invention. The
temperature sensing chip is visible on the PCB.

[0045] FIG. 2E depicts the reverse side of the printed circuit
board shown in FIG. 2D and an array of electrodes coded with
Salmonella sensors forming a series of grooved capacitive
plates disposed thereon.

[0046] FIG. 3 is a perspective view of the base unit, with
internal components visible. The PCB, wireless antennae,
output display screen, and data connection port can be viewed
in this drawing.

[0047] FIG.4A isacross section of an isometric view of the
capacitive arrangement of the Sa/monella detector.

[0048] FIG. 4B is a graphic depiction of the Salmonella
sensor hybridization element.
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[0049] FIG. 4C is a graphic depiction of the Salmonella
sensor hybridization element, including a depiction of the
structure and nucleotide sequence.

[0050] FIG. 5 is a cross-section of the apparatus with a
schematic representation of the electrical detection module.
[0051] FIG. 6 is a schematic representation of the preferred
embodiment of the invention depicting one cell of an equiva-
lent electrode-electrolyte node from the capacitor array.
[0052] FIG. 7is a schematic representation of the capacitor
matrix array depicting the equivalent circuit.

[0053] FIG. 8is apossible layout of the temperature sensor,
which is a component of the lid assembly, of the unit.
[0054] FIG. 9 is a schematic block diagram of the compu-
tations performed by the Central Processing Unit on the
printed circuit board in the base of the invention.

[0055] The invention and its various embodiments can now
be better understood by turning to the following detailed
description of the preferred embodiments which are pre-
sented as illustrated examples of the invention defined in the
claims. It is expressly understood that the invention as defined
by the claims may be broader than the illustrated embodi-
ments described below.

DEFINITIONS

[0056] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meanings as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials simi-
lar or equivalent to those described herein can be used in the
practice or testing of the present invention; the methods,
devices, and materials are now described. All publications
mentioned herein are incorporated herein by reference for the
purpose of describing and disclosing the materials and meth-
odologies which are reported in the publications which might
be used in connection with the invention. Nothing herein is to
be construed as an admission that the invention is not entitled
to antedate such disclosure by virtue of prior invention.
[0057] “Serovar” or “Serotype” are both short forms of
referring to the serological variants of Sa/monella bacteria.
The particular serovar of a Salmonella strain refers to the
individual classification of that bacteria within the genus, as
based upon cell membrane antigens. Serotyping often plays
an essential role in determining species and subspecies. The
Salmonella genus of bacteria, for example, has been deter-
mined to have over 4400 serotypes, including Salmonella
enterica serovar Typhimurium, S. enterica serovar Typhi, and
S. enterica serovar Dublin.

[0058] Pathogen as used herein refers to a biological agent
that causes disease or illness to its host.

[0059] Electrochemistry as used herein refers to a branch of
chemistry that studies chemical reactions which take place in
a solution at the interface of an electron conductor (a metal or
a semiconductor) and an ionic conductor (the electrolyte),
and which involve electron transfer between the electrode and
the electrolyte or species in solution.

[0060] Aptamer as used herein refers to oligonucleic acids
or peptide molecules that bind to a specific target molecule.
[0061] Salmonella as used herein refers to a genus of rod-
shaped, predominantly motile, enterobacteria. It can be found
in animal, human, and non-living habitats.

[0062] Pilus (plural Pili) as used herein refers to a hair-like
appendage found on the surface of many bacteria. The terms
pilus and fimbria are often used interchangeably, although
some researchers reserve the term pilus for the appendage
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required for bacterial conjugation. All pili are primarily com-
posed of oligomeric pilin proteins.

[0063] IVB Pili as used herein refers to bacterial pili that
generate motive forces.

[0064] Monocytic-Cell as used herein refers to a type of
white blood cell, part of the human body’s immune system.

[0065] Electrophoresis as used herein refers to the motion
of dispersed particles relative to a fluid under the influence of
a spatially uniform electric field.

[0066] Plasmon as used herein refers to a quantum of
plasma oscillation. The plasmon is a quasiparticle resulting
from the quantization of plasma oscillations just as photons
and phonons are quantizations of light and sound waves,
respectively.

[0067] “Surface modification” as used herein refer to the
process of detailed by Y. Han et al., 2006 which describes
preparing the SiO, surface, as it is cleaned with MeOH/HCI
(1/1) for 30 minutes at room temperature, rinsed with ultra
pure water (Milli-Q Gradient A10 18.2 M, and dried with
Argon. In the next step, the surface is modified with NH,
groups by a silanization step with 3-aminopropyltriethoxysi-
lane (APTES) either in the gas phase. For gas-phase silaniza-
tion, the chips are placed in a desiccator containing a few
drops of silane. The desiccator is sealed and heated above
100° C., and the chips were left to react for 1-2 hours under a
low pressure (~1 mbar) with the silane vapor. This technique
employs biocompatible scaffolds provide viable alternatives
forming the prosthetic materials for adhesion. The use of self
assembled peptide amphiphile nanofiber coated scaftold to
grow the linker, is advantageous because of its high surface
area, which permits a large number of sites for the succinic
anhydride, adhesion and growth. (Succinic anhydride, also
called dihydro-2,5-furandione, is an organic compound with
the molecular formula C,H,0;.) The fibrous nature of the
coating allows the linker, to penetrate the surface by diffu-
sion, and the matrices have sufficient surface area and expo-
sure to the linker. The linker, is further combined with an
amino-silanization. (The surface of a quartz or glass wafer
(810, 14) is treated with different aminosilanes in solution
where surface density increased sharply with the reaction
time and produced the multilayer.) The amino-silanization,
scaffolds provide viable alternatives forming the prosthetic
materials for adhesion to the SiO, insulator surface/

[0068] “Aptamer immobilization™ as used herein refer to
the process detailed by Hyun-Seung Lee et al., 2009, which
describes immobilization, whereby an Salmonella DNA
aptamers named above are dissolved in phosphate buffer (PB,
200 mM, pH 8) to prepare aptamer solution at a concentration
of 20 mM. Each vial is incubated at room temperature for 4
hours. After that, aptamer solution (500 pl.) is added and
incubated at pH 7.5 and room temperature. The resulting
substrates are washed with phosphate buffer saline (PBS) and
water in a sequential manner. Finally, the substrates are air-
dried and the immobilization is analyzed by atomic force
microscopy (AFM), indicating an average of ~3 nm increase
of surface thickness due to the immobilization of Salmonella
enterica aptamers.

[0069] The concept of using single-stranded nucleic acids
(aptamers) as affinity molecules for protein binding was ini-
tially described in 1990 (Ellington and Szostak 1990, 1992;
Tuerk and Gold 1990), and is based on the ability of short
sequences to fold, in the presence of a target, into unique,
three-dimensional structures that bind the target with high
affinity and specificity. Fugene W. M Ng et al., 2006,
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describes that aptamers are oligonucleotide ligands that are
selected for high-affinity binding to molecular targets.

[0070] “Fabrication of silicon insulator surface” as used
herein refer to the process detailed by Hyun-Seung Lee etal.,
2009, which describes a layer of Au (100 um) deposited to
form the interleaved array of electrodes 103, inside an insu-
lating enclosure 17. Silicon crystal for p-doping 15 is grown
on the Au conductor surface 16, with a constant flow of SiH,
precursor at 530° C. under the gas pressure of 50 Torr. During
this process, silicon crystals are in situ doped with B,H as
p-dopants at the relative pressure ratio of SiH,:B,H, to be
10:1x1072. The flow of SiH, is continued but B,Hy is stopped
when the p-substrate 15, reaches 1 um. After the additional Si
layer reaches 10 nm, the flow of SiH, is stopped; the tempera-
ture is raised to 820° C. and gas chamber is opened to the
atmospheric pressure, allowing oxidation in the dry atmo-
sphere to form the SiO, insulation layer.

[0071] “Capture reagent” as used herein, is a molecule or
compound capable of binding the target analyte or target
reagent, which can be directly or indirectly attached to a
substantially solid material. The capture agent can be any
substance for which there exists a naturally occurring target
analyte (e.g., an antibody, polypeptide, DNA, RNA, cell,
virus, etc.) or for which a target analyte can be prepared, and
the capture reagent can bind to one or more target analytes in
an assay.

[0072] “Target analyte” as used herein, is the substance to
be detected in the test sample using the present invention. The
analyte can be any substance for which there exists a naturally
occurring capture reagent (e.g., an antibody, polypeptide,
DNA, RNA, cell, virus, etc.) or for which a capture reagent
can be prepared, and the target analyte can bind to one or more
capture reagents in an assay. “Target analyte” also includes
any antigenic substances, antibodies, and combinations
thereof. The target analyte can include a protein, a peptide, an
amino acid, a carbohydrate, a hormone, asteroid, a vitamin, a
drug including those administered for therapeutic purposes as
well as those administered for illicit purposes, a bacterium, a
virus, and metabolites of or antibodies to any of the above
substances.

[0073] “Target analyte-analog” as used herein, refers to a
substance which cross reacts with an analyte capture reagent
although it may do so to a greater or lesser extent than does the
target analyte itself. The target analyte-analog can include a
modified target analyte as well as a fragmented or synthetic
portion of the target analyte molecule so long as the target
analyte analog has at least one epitomic site in common with
the target analyte of interest.

[0074] “Test sample” as used herein, means the electrolyte
solution containing the target analyte to be detected and
assayed using the present invention. The test sample can
contain other components besides the target analyte, can have
the physical attributes of a liquid, or a gas, and can be of any
size or volume, including for example, a moving stream of
liquid. The test sample can contain any substances other than
the target analyte as long as the other substances do not
interfere with the binding of the target analyte with the cap-
ture reagent or the specific binding of the first binding mem-
ber to the second binding member. Examples of test samples
include, but are not limited to: Serum, plasma, sputum, semi-
nal fluid, urine, other body fluids, and environmental samples
such as ground water or waste water, soil extracts, air and
pesticide residues.
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[0075] “Methods and reagents” used by authors for the
purpose of analysis and testing of the proposed apparatus are
based on information provided by Hyun-Seung Lee et al.,
2009 paper. The following reagents were used without further
purification for the propose of identifying the method:
3-Aminopropyl diethoxysilane (APDES), succinic anhydride
(SA), sodium carbonate (SC), phosphate buffered saline
(PBS) tablet, sodium dodecylsulfate (SDS), 1-ethyl-3-[3-
(dimethylamino) propyl|carbodiimide (EDC), N-hydrox-
ysulfo succinimide (sulfo-NHS), sodium hydroxide (NaOH),
sodium chloride (NaCl) (Sigma-Aldrich Co. St. Louis, Mo.).
[0076] The “SELEX” process is used by this invention to
mean a technique for screening a very large library of oligo-
nucleotides with random sequences by iterative cycles of
selection and amplification.

[0077] “Effective sensor geometry” is used by this inven-
tion to mean the physical geometry G, of the biosensor and
the arrangement of its sensing structures that maximize the
sensing area with minimum volume. The capacitance due to
the sensor geometry C, ., 15 described in Equation 1 using
the dielectric (€,) as a variable that correlates with target
analyte concentration in the test sample.

A (1)
Ceometry — €r€0 i

[0078] where €, is the combined relative permittivity (di-
electric constant) of the medium consisting of Salmonella
bacteria, bodily fluid, Succinic anhydride linker, Amino
hybridization substance, SiO, insulator, and p-Si substrate;
€, is the permittivity of the free space (8.854x107*2 F/m); A
is the total area of electrode plates with width, and length; and
d is the separation between the plates. The values of A and d
are chosen so that the change in capacitance can be effectively
measured with the following capacitance measurement tech-
nique.

[0079] For example, with the cross sectional area (d,,,x
W...p) of the biosensor is approximately 1 cmx1 cm, which is
broken into pairs of electrode plates arranged in a digitated
fingers pattern, with every other electrode plate is tied to form
two sets of plates. Following the insulator fabrication process
described above, the combined thickness of one sensor plate
is 102.02 pm (the sum of the thicknesses of electrode, two
layers of p-substrate, two layers of insulator). With the plate
area of 1 cm® providing capacitance of around 10 uF, the size
of the plates A and the distance between the plates d can be
adjusted to meet the requirements of the detection circuit. The
only variable in Equation 1 is the combined dielectric con-
stant €, that changes with Sa/monella bacteria molecule
hybridization with the surface.

[0080] The “Measurement technique” of the electrochemi-
cal cell, as noted by FIGS. 1, 1A, 2, & 2A, is based on said
sensing principle of a variable capacitor cell where the dielec-
tric (€,) of the electrode/solution interface model, is the vari-
able. In this model, the Salmonella bacteria outer membrain
protein, Salmonella enterica aptamer, introduces additional
insulating layers, between electrode and solution, resulting in
ameasurable change in capacitive component of the interface
model. The charge-based capacitance measurement (CBCM)
technique can measure this change in capacitive component
of the electrode-solution interface impedance. The measure-
ment principle of this CBCM technique is to charge and
discharge the electrochemical cell at an appropriate fre-
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quency, and measure its equivalent capacitance from the aver-
age current in half-period, noted in Equation 2.

_AQ  CAV @)
low =775 = 773 = 2CAVF

[0081] where AV and fare knownandl,,, canbemeasured.
This measurement technique consists of two separate circuits.
The Op Amp voltage follower increases the input impedance
of the electrochemical cell so that the cell can be driven by a
near perfect square wave, from a digital output signal line
from a microcontroller. The frequency (f) of the square wave
is chosen as the maximum frequency that completely charges
and discharges the capacitor in the electrochemical cell in the
half period. The second part converts I, into voltage value
with a known resistor value R, and amplified with an Op-
Amp. V, at the output of the Op Amp, can be calculated as
shown in Equation 3.

dVi, 3)

Vi = =CoarRy i

[0082] An OpAmp integration circuit converts the transient
voltage values, into a square wave, as shown in Equation 4.

1 Vi “4)

Vour =——= | =—d1t
out C2 R2

[0083] Substituting Equation 2 into 3, the output of the
above, as a function of its input can be calculated as shown in
Equation 5 leading to Equation 6.

Vo = ! fc Rd‘/i"dt ©)
out = C2R2 cell ¥ ] dr

CeettR1 ©

Vour = CaRa in

[0084] The output voltage, which is sampled by an ADC, is
proportional to the value of C

cell”

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0085] The disclosed invention and method provides a
highly automated system for testing for Salmonella enterica
bacteria (2).

[0086] FIG. 1 shows an externalized view of the entire
testing apparatus as a whole. A base station unit (600) utilizes
a built-in LCD (602) for display of data. Examples of data
shown would be progress of testing, current temperature,
average temperature, current power level of the batteries, time
to finishing of testing, and other such information. FIG. 1
exhibits a wireless antenna for data transmission (601), a
standard USB connection (603) for data and power transfer to
an externalized programming device such as a personal com-
puter (not shown), and external power supply connector (604)
for power which can be utilized from an AC or DC power
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source. An additional externalized battery (not shown) can be
connected via the power port (604) or via the USB port (603)
by means known in the art.

[0087] FIG.2A depicts atesting device specimen cup (500)
and lid (501). A USB communication port (406) within the lid
(501) to the base station (600) is visible.

[0088] FIG. 2B is an inverted view of the liquid sealed
container (500) for the food sample and container lid (501)
that is shown in FIG. 2A. Because the orientation is changed
in this view, a Sa/monella aptamer sensor (502) coupled to the
underside of the lid (501) is visible.

[0089] FIG. 2C shows the container lid (501) and its inter-
nalized components. The USB connection (406) is visible
again, and is shown coupled to a Printed Circuit Board (PCB)
(400) in the lid (501). Also coupled to the underside of the
PCB (400) in the lid (501) is a Salmonella aptamer sensor
(502).

[0090] FIG. 2D is a perspective view of the PCB (400)
coupled within the 1id (501) and the coupled Salmonella
aptamer sensor (502). FIG. 2E depicts the reverse side of the
PCB (400) shown in FIG. 2D. In FIG. 2E, the PCB (400) and
anarray of electrodes coded with Sa/monella sensors forming
capacitive plates (103) is seen. Note that these sensors are
grooved. In this configuration, no pumping device is needed
inside the sample cup (500) to assist the aptamer sensors
(502) with proper flow. However, it should be expressly
understood that a pumping device can be added as an alter-
native embodiment of the invention to improve flow without
departing from the original spirit and scope of the invention.
[0091] FIG. 3 shows a preferred embodiment of the internal
components of the base station unit (600). The wireless
antenna (601) is shown again, along with the LCD (602),
USB connection (603), and power port (604), as previously
described. In addition, a base PCB (610) in the base station
(600) s visible, which houses a CPU, flash memory, and other
solid state components of the base station (600). A plurality of
batteries (615) are also comprised within the base station
(6000. Here it is envisioned that two C size rechargeable
batteries known in the art may be used, but other battery
power sources or sizes can be used without straying from the
scope of the invention.

[0092] FIG. 4A depicts the width (Wcap) (52) of the Sal-
monella aptamer sensors (502) and the relative distance
(Dcap) (51) between the aptamer sensors (502). These gaps
(51, 52) are important in determining proper capacitance for
the sensing of the presence of Salmonella enterica bacteria.

[0093] FIG. 4B is a magnified view of an individually
immobilized aptamer sensor (502). A Salmonella enterotica
(2) is visible with its binding domain on an outer membrane
protein (1). An immobilized S. Typhimurium aptamer (11) is
shown, linked via a linker (Succinic anhydride) (12) to an
amino-silanization molecule (13). The amino-silanization
molecule (13) is connected to a SiO2 insulator (14), a p-Si
substrate (15), and finally to a conductive electrode (16) for
the electronics interface. Together, these elements form the
smallest working construct of the aptamer sensor plate (502).
The insulation plate (17) (not shown) would be placed
directly between the PCB (400) in the lid (501) and the
aptamer biosensor plate (502). FIG. 4C is a diagram showing
the molecular shape of the immobilized S. Typhimurium
aptamer (11). The linker (Succinic anhydride) (12) and the
amino-silanization molecule (13) are also shown in their
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placement and orientation. The SiO2 insulator (14) is also
viewable where it is connected to the amino-silanization mol-
ecule (13).

[0094] FIG. 5is a schematic representation of the preferred
embodiment of the invention depicting an equivalent electri-
cal circuit of the capacitor array (103) shown in FIG. 2E. An
effective sensor geometry Gx (300) is shown, coupled to an
electrode plate assembly (100). An Op Amp buffer (201)
increases the input impedance of a detector circuit (200), and
ensures a near perfect square wave from an input signal (207).
A current signal (208), which is proportional to the amount of
hybridization of the analytes with the capture reagents, is
detected at the output of circuit (200) due to its impedance. An
active amplifier (202), transforms the current signal (208),
into a voltage signal (209), whose area under the curve is
proportional to the hybridization.

[0095] FIG. 6 is a schematic representation of the preferred
embodiment of the invention depicting an equivalent electri-
cal circuit of the capacitor array, and an alternate representa-
tion of the detector circuit shown in FIG. 5. The circuit sche-
matic, noted by reference designator (110), comprises a
resistance of the interface between electrode A and test
sample solution (RA) (105), a double-layer capacitance
between electrode A and test sample solution (CA) (106), the
resistance (RS) (107) of the test sample solution within the
sensor body (100), a resistance of electrode B/solution inter-
face (RB) (108), and a double-layer capacitance of electrode
B/solution interface (CB) (109). The capacitor array (110)
forming the biosensor, is interfaced with the capacitive detec-
tor circuit (200). The Op Amp buffer (201) increases the input
impedance of the detector circuit (200), and ensures a near
perfect square wave from the input signal (207). A current
signal (208), which is proportional to the amount of hybrid-
ization of the analytes with the capture reagents, is detected at
the output of detector circuit (110) due to its impedance. The
active amplifier (202) transforms the current signal (208) into
a voltage signal (209), whose area under the curve is propor-
tional to the hybridization.

[0096] FIG. 7 shows an equivalent circuit to that of the
detector circuit (110) of the Salmonella biosensor and how
the circuit can be decomposed to model for each pair of
capacitive plates (103) in the capacitor matrix array (300).
Each pair of capacitive plates (103) forms an electrode-elec-
trolyte interface with the solution which can be represented
with an equivalent circuit (120). Because the solution
medium is dynamic, the circuit for each plate pair is shorted
at the electrode and solution interface. Thus, the equivalent
circuit of the entire sensor can be written as the combined
circuits of each plate pair, which is electrically in parallel to
its neighbor pair. Equations 9-13 allow the parameters of the
detector circuit (110) be derived from the parameters of each
plate pair (120).

Ca=CatllCarll .- ICay = Y, Cai ®
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-continued

1 a2
Rp = RpplIRuall ... IRpy =

(13)
Rs = RyllRall ... IR =

Rei

[0097] FIG. 8 is a visual schematic of a temperature sensor
(403) disposed on the PCB (400) coupled within the 1id (501).
A microcontroller (401) in the lid (501) acts as the master
control by reading a Salmonella aptamer sensor (402) and the
temperature sensor (403) and then writing this data to a
memory present on the base PCB (610) in the base station
(600). An optional circulation pump (404) is also controlled
by the microcontroller (401), while the power supply (405)
for the cup (500) is provided by means of USB communica-
tion from the lid USB port (406) to the base station (600).
[0098] FIG. 9 is a schematic block diagram of the compu-
tations performed by a Central Processing Unit (CPU) (611)
on the base PCB (610). The CPU (611) in the base station
(600) communicates and commands all other aspects of the
base PCB (610). Wireless communication via the antenna
(601) to an external receiver (612) allows communication
between the aptamer based salmonella detection system and
a central control location such as an external computer for
data collection. The lid USB communication (613) to the lid
(501) provides the input from the sample analysis taking
place in the cup (500). Further, a power supply (614) for the
base station (600) is provided via batteries (615) under nor-
mal operation. The use of the antenna (601) and batteries
(615) allows cordless and wireless use of the device.

[0099] The invention described herein is designed to be
highly automated so as to allow minimal training to be needed
in order to carry out the examination. For example the device
can be installed on the container that is transporting the goods
to be tested. The device is housed in a weatherproof box (not
shown), and is attached securely to the outside of the con-
tainer to travel with the goods. This would allow testing to be
verified on the other end of the route, if needed.

[0100] To prepare atesting cycle, broth (such as BHI broth)
will be added in a set amount to the cup (500), allowing
enough room for addition of a sample of the food. The food
sample is then added to the specimen cup (500). Next, the lid
detection device (501) is prepared for use by pulling a plastic
tabbed cover (not shown) from the aptamer sensing plate
(502). Subsequently, the lid (501) is placed firmly on the
specimen cup (500), and this combination unit is then turned
upside down and placed into the base station (600) as seen in
FIG. 1.

[0101] After this preparation procedure, the remainder of
the testing is automated. Results can be wirelessly transmitted
atany WiFiaccess point via the antennae (601), such as those
present in warechouses and at weigh stations. After the testing
procedure is accomplished, the cup (500) and lid (501) are
disposed of, and the base station (600) is utilized with a new
cup (500) and lid (501).

[0102] Standard off-the-shelf components are utilized
whenever possible for the purpose of diminishing the cost of
the device, while also maintaining the high level of quality
and versatility that can be garnered by utilizing standardized
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parts. The custom components involved in the making of the
device, including the base station (600), lid (501), and cup
(500), are the PCB boards (610, 400), the aptamer plate (100),
the software, and the various device housings.

[0103] Programming ofthe device can be accomplished via
the USB connection (603) on the base station (600). The base
(600) of the device utilizes a Liquid Crystal Display (LCD)
screen (602) to output visually the state and results of the
testing procedure without the need to connect to a standard
personal computer. The device is programmed at a central
location so that the field use of the device is as simplified as
possible, and also to avoid tampering with the device via
manipulation of the controls. The device may be powered by
an electrical source of any kind, including the batteries (615),
the DC current from a truck or car or externalized battery (not
shown) attached via the power charging port (604), or by AC
current from a wall socket, or other source (not shown) to the
charging port (604).

[0104] In an alternative embodiment, if the device is
mounted on the outside of a shipping container, the device
may utilize a solar power photo-electric cell layer on the
outside of the weatherproof enclosure (not shown) for the
device as a power source.

[0105] Finally, the device allows for previously unavailable
simplified collection of data on food spoilage. Because the
device runs at all times, and utilizes a real-time clock along
with a temperature sensor, the device is capable of recording
conditions within the sample at all times during the transit of
the device. This kind of information has not been available
previously, and will allow for the designing of higher accu-
racy predictions in regards to food spoilage, based upon time
and temperature conditions.

[0106] In summary, the disclosed invention allows for
highly automated, accurate testing for Sal/monella enterica
bacteria in food sources, during transit, accomplished by
lightly trained personnel, but also providing high accuracy
and reasonable cost. Further, the device will collect informa-
tion on Salmonella enterica over time and record this infor-
mation, allowing for greater accuracy and more dependable
results.

[0107] Many alterations and modifications may be made by
those having ordinary skill in the art without departing from
the spirit and scope of the invention. Therefore, it must be
understood that the illustrated embodiment has been set forth
only for the purposes of example and that it should not be
taken as limiting the invention as defined by the following
invention and its various embodiments.

[0108] Therefore, it must be understood that the illustrated
embodiment has been set forth only for the purposes of
example and that it should not be taken as limiting the inven-
tion as defined by the following claims. For example, not-
withstanding the fact that the elements of a claim are set forth
below in a certain combination, it must be expressly under-
stood that the invention includes other combinations of fewer,
more or different elements, which are disclosed in above even
when not initially claimed in such combinations. A teaching
that two elements are combined in a claimed combination is
further to be understood as also allowing for a claimed com-
bination in which the two elements are not combined with
each other, but may be used alone or combined in other
combinations. The excision of any disclosed element of the
invention is explicitly contemplated as within the scope of the
invention.
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[0109] The words used in this specification to describe the
invention and its various embodiments are to be understood
notonly in the sense of their commonly defined meanings, but
to include by special definition in this specification structure,
material or acts beyond the scope of the commonly defined
meanings. Thus if an element can be understood in the context
of'this specification as including more than one meaning, then
its use in a claim must be understood as being generic to all
possible meanings supported by the specification and by the
word itself.

[0110] The definitions of the words or elements of the fol-
lowing claims are, therefore, defined in this specification to
include not only the combination of elements which are lit-
erally set forth, but all equivalent structure, material or acts
for performing substantially the same function in substan-
tially the same way to obtain substantially the same result. In
this sense it is therefore contemplated that an equivalent sub-
stitution of two or more elements may be made for any one of
the elements in the claims below or that a single element may
be substituted for two or more elements in a claim. Although
elements may be described above as acting in certain combi-
nations and even initially claimed as such, it is to be expressly
understood that one or more elements from a claimed com-
bination can in some cases be excised from the combination
and that the claimed combination may be directed to a sub-
combination or variation of a subcombination.

[0111] Insubstantial changes from the claimed subject mat-
ter as viewed by a person with ordinary skill in the art, now
known or later devised, are expressly contemplated as being
equivalently within the scope of the claims. Therefore, obvi-
ous substitutions now or later known to one with ordinary
skill in the art are defined to be within the scope of the defined
elements.

[0112] Theclaims are thus to be understood to include what
is specifically illustrated and described above, what is con-
ceptionally equivalent, what can be obviously substituted and
also what essentially incorporates the essential idea of the
invention.

We claim:

1. An electrochemical sensor array utilizing an aptamer-
probe complex for detecting the presence of a target mol-
ecule, the aptamer-probe complex comprising:

an aptamer capable of binding to an indicator protein and
change the properties of the indicator protein; and

a probe capable of binding to a target molecule,

wherein the aptamer and probe are coupled to each other
such that the binding between the aptamer and the indi-
cator protein changes when the probe binds to the target
molecule.

2. The sensor array of claim 1 further comprising:

a substrate;

aplurality of sealed micro machined capacitors coupled to
the substrate;

a recognition group attached to the plurality of micro
machined capacitors, the recognition group being recep-
tive to a target;

a detector for sensing each of the plurality of capacitors;
and

ameans for computing the results obtained from the detec-
tor.

3. The sensor array of claim 2 wherein the plurality of
micro machined capacitors each have a plurality of surfaces,
each of the plurality of surfaces having a recognition group
coupled to it.
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4. The sensor array of claim 3 wherein the recognition
groups coupled to the plurality of micro machined capacitors
are responsive to Salmonella enterica outer membrane pro-
tein targets.

5. The sensor array of claim 3 wherein the plurality of
surfaces have at least one aptamer-probe complex with elec-
trochemical affinity attractive to the target molecule coupled
to it.

6. The sensor array of claim 2 wherein the plurality of
capacitors forms a sensor with means to report changes in the
indicator protein to a microcontroller.

7. The sensor array of claim 2 where the recognition groups
comprise successive layers of:

a Si0, insulator;

an amino-silanization layer; and

a linker such as Succinc anhydride acting as an immobi-

lizer.

8. The sensor array of claim 1 further comprising means for
analyzing and displaying the results obtained from the detec-
tor.

9. The sensor array of claim 8 further comprising means for
wirelessly transmitting the results obtained from the detector
via a WiFi network.

10. A system for Sa/monella testing with a sensor compris-
ing:

a substrate;

a sealed micromachined mesh capacitor-array coupled to

the substrate;

a recognition group coupled to the substrate, the recogni-

tion group being receptive to a target; and

a detector for detecting the target; and

a delivery system for delivering a fluid for analysis to the

Sensor.

11. The system of claim 10 wherein the delivery system
comprises:

an input port;

a reservoir coupled to the input port; and

an output port coupled to the reservoir, wherein at least a

portion of the substrate being exposed to the fluid in the
reservoir.

12. The system of claim 10 wherein the delivery system
further provides for an unrestricted circulation flow of the
fluid through the sensor.

13. The system of claim 10 further comprising means for
powering the system by either a plurality of internalized
non-rechargeable batteries, by a plurality of internalized
rechargeable batteries, or by an external AC or DC power
source.

14. The system of claim 10 further comprising means for
the system to be coupled to the outside of a shipping container
or other shipping vehicle.

15. The system of claim 14 further comprising a solar
power photo-electric cell layer coupled to the system such
that power is provided to the system as long as it is coupled to
the outside of the shipping container or other shipping
vehicle.

16. A method for testing for Sa/monella in a fluid sample
comprising:

exposing a sensor comprising a substrate coupled to a

sealed micro machined capacitor-array to the fluid
sample to be analyzed;

exposing a recognition group coupled to the capacitor-

array to the sample fluid;
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receiving a target molecule by the recognition group; and

analyzing the target molecule to determine if the target

molecule found in the sample fluid being analyzed is
Salmonella.

17. The method of claim 16 wherein analyzing the target
molecule comprises direct actuation by an electronic means
in contact with the sensor.

18. The method of claim 16 wherein analyzing the target
molecule comprises determining one of a change in the
capacitive value of the sensor, a change in impedance, or a
rate of change of the system over time.

Jul. 7, 2011

19. The method of claim 16 further comprising recording
time and temperature changes in the fluid sample, thereby
enabling real-time analysis and accurate estimation of patho-
gen content in the sample, via a flash memory record disposed
on an internalized printed circuit board.

20. The method of claim 16 further comprising powering
the sensor by either a plurality of internalized non-recharge-
able batteries, by a plurality of internalized rechargeable bat-
teries, or by an external AC or DC power source.
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