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ENHANCED SENSITIVITY AND SPECIFICITY FOR
POINT-OF-CARE (POC) MICRO BIOCHIP

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims the benefit of the filing date of U.S. Provisional Patent

Application No. 62/459,173, filed February 15, 2017, and U.S. Provisional Patent Application

No. 62/459,240, also filed February 15, 2017, the disclosures of both are hereby incorporated herein

by reference.

TECHNICAL FIELD

[0002] This invention relates to an apparatus and method of preparing a point-of-care micro

biochip for disease diagnostics. More particularly, it relates to a novel apparatus and way to increase

sensitivity and specificity of antigen test readings from a single sample source.

BACKGROUND

[0003] Early detection of diseases can, among other thing, enhance preventive measures,

increase curability of the disease, reduce health care costs, and improve the quality of life for patients.

Most diseases, like some forms of cancer, are curable when they are detected at earlier stages.

For example, ovarian cancer, a complex disease, has significant variation in the survival rate

depending on the stage at which the disease is diagnosed. With the current prevailing

technologies, 85% of ovarian cancer cases are detected at advanced stages, at which the

survival rate is 31 . However, only 15% of the ovarian cancer cases are detected at early

stages, for example stages 1A & IB, at which the survival rate is much higher at 93%.

[0004] There is a need in the art to allow the disease diagnosis process to become easier

and more available to patients. Such access would lead to more frequent self-evaluations in

which patients would have a much higher chance of having an earlier diagnosis. Early

detection can help to enhance treatment outcomes.

[0005] However, current conventional diagnosis processes are inefficient and lack the detection

sensitivity needed for early diagnosis. For example current techniques lack the continuous

monitoring of the disease and treatment. A patent must submit to lab testing that may take several

days to complete. Furthermore, current testing mostly contains standard test biomarkers and lacks

the ability to personalize testing for each patient. Current state of the art testing lacks the ability to

efficiently detect several biomarkers and lacks the capability to offer a varied biosensor array for

personalized therapies.

[0006] Biochips hold promising results for early diagnosis. Biochips are defined as devices on

which biomolecules such as DNA, proteins, sugar chains and cells containing these biomolecules are

fixed in a large number, termed DNA, protein, glycochips and cell chips, respectively. Target



molecules and compounds may interact with biomolecules on these chips that when analyzed may

detect a disease state.

[0007] However current state of the art biochips have many drawbacks. For example, diagnosis

including screening and monitoring in the early phase after onset is difficult with current health

check-up sensitivity and specificity. There is still a need to detect diseases such as cancers,

lifestyle-related diseases such as hypertension and diabetes, and infectious diseases including

influenza rapidly, simply and accurately at a low cost using one drop of blood or test sample.

Furthermore some biochips lack the ability to utilize other patient samples other than blood, for

example other bodily fluids such as urine, saliva, spinal fluid, and the like. Also some biochips are

manufactured with glass that causes problems due to etching of the glass, cost of manufacturing, and

extreme limitation of biochip construction. Use of other materials such as polymer based materials

has failed due to the hydrophobic nature of the polymer material and its tendency for reducing the

flow of any fluid.

[0008] Thus there still remains a need for an easy to use diagnostic device and method that may

be used in the doctor's office, hospital, laboratory, or home settings without the above drawbacks.

Furthermore there also remains a need in the art for a diagnostic device or method that utilizes a

single patient sample and enhances sensitivity and/or specificity of disease detection.

[0009] There is still a need to detect diseases such as cancers, lifestyle-related diseases such as

hypertension and diabetes, and infectious diseases including influenza, rapidly, simply and accurately at

a low cost using one drop of blood or test sample. Furthermore some biochips lack the ability to utilize

other patient samples other than blood, for example other bodily fluids such as urine, saliva, spinal fluid,

and the like. Also, some biochips are manufactured with glass that causes problems due to etching of

the glass, cost of manufacturing, and extreme limitation of biochip construction. Use of other materials

such as polymer based materials has failed due to the hydrophobic nature of the polymer material and its

tendency for reducing the flow of any fluid.

[0010] In addition, although biochip technology holds great potential for use in health

monitoring systems around the world, and in particular in remote areas, there remain significant

areas for improvement in the performance and ease of use of such technology. Complex

disease diagnostics such as cancer diagnostics is still a nascent area of research that has not

been completely explored by biochip researchers. Further improvement through study and

development in this area would be desirable.

SUMMARY OF THE INVENTION

[0011] The present invention solves the problems of current state of the art and provides many

more benefits. Disclosed is a point-of-care (POC) micro biochip that may be used to diagnose

complex diseases, like cancer, in the doctor office, hospital, laboratory or even home settings



The (POC) micro biochip incorporates a controlled self-driven flow of the bio fluid such as,

but not limited to, blood onto gold or similar metallic conductive material, nano interdigitated

electrodes to sense biomolecular reactions in nano and femto levels. Such metallic materials

may include, but are not limited to, silver, gold, platinum or other conductive metals. The

nano interdigitated electrodes contain an immobilized biomarker specific to the disease desired

to be identified. The biomarker is any measurable substance in an organism whose presence is

indicative of some phenomenon such as disease, infection, or environmental exposure. An antigen,

for example, would react within the sample creating an antigen-antibody complex formation

that affects the electrical properties of the biochip circuit. Such electrical properties include,

but are not limited to, capacitance, impedance, voltage and any combination thereof.

[0012] The biochip device and method are versatile and cost effective. Poly(dimethylsiloxane)

(PDMS) may be utilized as well as any 3D printer material or polymeric material to construct

hydrophilic microchannels. The microchannels may be manufactured using any 3D printer that

increases the number of channel configurations available for the biochip. In addition, the PDMS or

other 3D printer material is treated either by plasma treatment or other wetting treatments to increase

the hydrophilicity of the material. The microchannels provide self-driven flow of the sample due to

a capillary action in the microchannels. Various designs of the microchannels may be manufactured

to increase the capillary effect of the flow of the sample.

[0013] A single sample source such as a drop of blood is only required for the biochip diagnostic

testing. The bio fluid may include, but is not limited to, tissue (dissolved in solution), blood, spinal

fluid, saliva, urine and the like. Detection is easy to use and enhances sensitivity and/or specificity

of disease detection.

[0014] Increasing the amount of nano interdigitated electrodes in the at least one

microchannel to sense biomolecular reactions in nano and femto levels will increase the

sensitivity of the biochip to detect or monitor a disease state. The number of channels may

also be increased to increase sensitivity; however, only at least one microchannel is required

for the device and method. Furthermore, various biomarkers may be included in the micro

channel and/or in other micro channels to increase the selectivity of what disease state is being

detected. Thus several diseases may be identified on one biochip. Also, the selection of what

the biochip is detecting may be easily configured.

[0015] The surface treatment of the microchannels, for example PDMS microchannels, helps in

controlling the contact angle from a range of 107.12° to 47.07°. The self-driven flow in microchannel

is controlled by altering the contact angle. The controlled flow rate in microchannels helps to

provide necessary conditions in microchannels for biological reactions like antigen/ antibody complex

formation. Antibodies such as CA-125 are immobilized on the nano interdigitated electrodes, for

example, gold electrodes, using thiourea and glutaraldehyde. The nano scale capacitance variation is



detected in POC micro biochip when the sample is self-driven on the gold nano interdigitated

electrodes coated with CA-125 antibodies, for example, due to antigen/antibody complex formation

with the cancer antigens CA-125 in the sample. The POC micro biochip provides the information on

existence of specific disease antigens (cancer antigens) in the blood sample from a finger prick. This

information helps physicians to suggest the patient for next level of cancer diagnosis. The invention

may also assist in developing new POC devices with non-optical sensing mechanisms like electrical

sensing with no need for micro pumps to inject the sample.

[0016] Flow of a sample in the microchannel is self-driven due to the capillary effect of the

sample in the hydrophilic microchannel. The microchannel is designed to control the flow mechanism

and amplify the capillary effect of the sample flow. Gold nano interdigitated electrodes are fabricated

on the surface of the microchannel to detect the biomolecular interactions in the microchannel.

When the sample flows through the microchannel, the disease-specific antigens from the blood form

an antigen-antibody complex with the antibodies that are immobilized on the electrodes as the sample

reaches the electrodes. This antigen-antibody interaction is detected via the change in an electrical

property, such as capacitance, of the nano circuit incorporated in the biochip. These experimental

results provide evidence of the detection of disease-specific antigens (e.g. , CA-125) using the biochip

based on a micro volume of a sample, such as a blood drop from a finger prick or other body fluid.

[0017] In another embodiment, it was found that when the biofluid sample (disease antigens with

phosphate buffer saline solution) was passed on the corresponding antibodies that are immobilized on

the gold interdigitated electrodes, the capacitance variation of the sensing circuit was caused due to

the antigen antibody interaction. However, the capacitance measured during antigen-antibody

interaction with the microfluidic flow condition (270.34 pF) was lower than 'without microfluidic

flow' condition (296.09 pF) due to the instability of the immobilized antibodies on the sensing

surface, that was caused by the shear stress during the microfluidic flow.

[0018] Furthermore, the sensitivity variation in the device due to microfluidic flow was

established by detecting antigens from the biofluid using gold interdigitated electrodes. Based on the

measured results, the functionality of the individual layers in the sensing platform was validated with

changes in capacitance measurements. The detection of the antigens from the biofluid sample using

the interdigitated electrodes in the microfluidic flow condition was verified. The capacitive sensitivity

of the biosensor 'with microfluidic flow' condition again was found lower than 'without microfluidic

flow' condition due to shear stress within the micro channels of the device.

[0019] The above objects and advantages are met by the present invention. In addition the

above and yet other objects and advantages of the present invention will become apparent from the

hereinafter-set forth Brief Description of the Drawings, Detailed Description of the Invention and

claims appended herewith. These features and other features are described and shown in the following

drawings and detailed description.



BRIEF DESCRIPTION OF THE DRAWINGS

[0020] So that those having ordinary skill in the art will have a better understanding of how to

make and use the disclosed device and method, reference is made to the accompanying figures

wherein:

[0021] FIGS. 1A is a schematic of a POC micro biochip of the present invention and Figure IB

is a schematic of a POC micro biochip with a spiral microchannel of the present invention;

[0022] FIGS. 2A-2B are schematics of a POC micro biochip with microchannels and nano

interdigitated electrodes;

[0023] FIG. 2C illustrates a top view of the biochip of FIG. 1A;

[0024] FIG. 2D illustrates a partial close up view of the biochip of FIG. 1A ;

[0025] FIG. 3 is a schematic of a blood drop on a poly (dimethylsiloxane)(PDMS) surface;

[0026] FIG. 4 illustrates a schematic of bio fluid flowing in capillary channel due to surface

tension;

[0027] FIG. 5A illustrates a schematic representing relationship between contact angle and

hydrophobicity of PDMS surface;

[0028] FIG. 5B is a schematic of a microchannel with a shear rate measurement;

[0029] FIG. 5C is an image of the microchannel during flow of a biofluid sample;

[0030] FIG. 6 illustrates a schematic with oxygen plasma treatment to PDMS surface;

[0031] FIG. 7A illustrates a schematic of POC micro biochip functionality during the blood

sample flow in microchannels;

[0032] FIG. 7B is an enlarged view of a portion of FIG. 7A shown after a blood sample interacts

with antibodies;

[0033] FIG. 7C is an enlarged view of another portion of FIG. 7A shown before a blood sample

interacts with antibodies;

[0034] FIG. 7D an image of a biosensor with a microfluidic setup;

[0035] FIG. 7E a schematic of a microfluidic flow setup on a sensing surface;

[0036] FIG. 7F a schematic of immobilized antibodies on interdigitated electrodes;

[0037] FIGS. 8A and 8B illustrate schematic representations of capacitance sensor circuit design

in a biochip;

[0038] FIG. 9 illustrates measurement of capacitance variation during antigen indentation;

[0039] FIG. 10 illustrates schematic representation of photolithography process for both positive

and negative resist on Si wafer;



[0040] FIG. 11A and 11B illustrate Si wafers, FIG. 11A illustrates a Si wafer after the

photolithography process (channels formed from photo resist) and FIG. 1IB illustrates a Si wafer after

the dry etching process with microchannels of height 107um;

[0041] FIG. 12A and 12B illustrate a micro biochip, FIG. 12 A illustrates a micro biochip

size comparison and FIG. 12B illustrates a mrcrochannel in the biochip fabricated with PDMS using

photo-lithographic technique;

[0042] FIG. 13 illustrates a schematic of PDMS molds fabrication process using Si wafer

with mrcrochannel structures;

[0043] FIG. 14 illustrates oxygen plasma treatment equipment;

[0044] FIG. 15 illustrates a schematic of a gold nano interdigitated electrode fabrication

process;

[0045] FIG. 16A illustrates a microscopic image of gold interdigitated electrodes fabricated

on the Si wafer;

[0046] FIG. 16B is another microscopic image of a gold interdigitated electrodes on a Si

wafer;

[0047] FIG. 17A illustrates an Atomic Force Microscopic (AFM) image of the gold

interdigitated electrodes fabricated on the Si wafer in Figure 1 A;

[0048] FIG. 17B illustrates AFM images of the surface of the interdigitated electrodes with

Bare electrodes in the SAM layer;

[0049] FIG. 17C illustrates AFM images of the surface of the interdigitated electrodes with

Bare electrodes showing immobilized antibodies;

[0050] FIG. 18A illustrates a chemotic representation of CA-125 antibody immobilization on

nano gold interdigitated electrodes;

[0051] FIG. 18B illustrates a schematic of steps implemented to setup an experimental trial

of biosensing (a) gold interdigitated electrodes on a Si wafer, (b) insulation of electrodes using surface

activated SAM layer, (c) antibodies immobilization and (d) antigens binding with the immobilized

antibodies;

[0052] FIG. 19 illustrates an electrical probe station to detect capacitance change due to

Antigen/Antibody complex formation;

[0053] FIG. 20 illustrates a setup for imaging blood drop to measure the contact angle;

[0054] FIG. 2 1 illustrates an image of Sessile blood drop (4.2µ1volume) on PDMS surface

treated with oxygen plasma for various durations (0 sec, 25 sec, 75 sec, & 100 seconds, respectively);

[0055] FIG. 22 illustrates a graph of contact angle made by blood drops on PDMS surfaces

treated with oxygen plasma for various time durations (0 sec, 25 sec, 75 sec, & 100 sec);



[0056] FIG. 23A and 23B illustrate blood flow in the straight section (Top) and curved

section (Bottom) of microchannel of 200µ width and 107 µ ;

[0057] FIG. 24 illustrates a graph of flow rate of the blood in microchannels on PDMS

surfaces treated with oxygen plasma for various time durations (0 sec, 25 sec, 75 sec, & 100 sec);

[0058] FIG. 25 illustrates a graph of capacitance variation versus logarithm of antigen

concentration of CA-125;

[0059] FIG. 26 illustrates a plot of capacitance measurements with frequency for bare

electrodes, insulated electrodes with SAM layer, and electrodes with disease antigens; and

[0060] FIG. 27 illustrates plot of capacitance measurements with frequency for baseline

(PBS solution without antigens), biofluid sample during microfluidic flow and biofluid sample

without microfluidic flow.

DETAILED DESCRIPTION

[0061] In general, the invention overcomes the disadvantages of past attempts to detect

disease-specific antigens. The invention's device and method for point-of- care (POC) micro

biochip incorporates at least one hydrophilic microchannel for controlled and self-driven flow of a

patient's bodily fluid. Blood is given below as merely an example of bodily fluid and in no means is

meant to limit the scope of the invention. The invention may be utilized with any bodily fluid such

as, but not limited to, spinal fluid, saliva, blood, urine, tissue (in solution) and any combination

thereof. Multiple metallic nano interdigitated electrodes disposed within the channels give enhanced

sensitivity detection. The present invention functions and utilizes one or more of the following

features as shown in the below examples and below detailed description.

[0062] In the present invention, a POC micro biochip incorporates at least one hydrophilic

microchannel to have a bodily fluid sample, such as but not limited to blood, flow without any

need of external devices and electrical sensing, such as but not limited to capacitance,

mechanism with nano interdigitated electrodes on the surface of the microchannel or

microchannels to detect an antigen (Ag)-antibody (AB) complex formation, as shown in

Figures 1A-1B and Figures 2A-2B. As shown in Figure IB, the microchannel does not need

to be linear as shown in Figure 1A and may be configured in various geometrical shapes.

Shown in Figure I B is a spiral shape. The use of a 3D printer assists in making various

shapes. Using glass, for example, would limit the geometrical shapes due to complex etching

manufacturing and costly techniques needed to make such designs.

[0063] The spiral shape, for example, due to a centrifuge effect may be very

advantageous. For example, when the bodily fluid sample is blood, plasma is separated from

the blood due to the centrifuge effect of the spiral design. Also the spiral design allows



different concentrations of the bodily fluid at each section. Various shapes and designs may

be incorporated in the present invention to allow various benefits in the detection process.

[0064] The biochip is designed with one or multiple channels that are connected to the

same inlet through which the sample flows, so as to provide feasibility of detecting different

disease antigens from the same sample at the same time. Depending on the embodiment,

multiple biomarker embedded or coated electrodes may have the same or different biomarkers.

If one or more channels have the same biomarker, the sensitivity of detection is increased. In

the POC biochip, a gold nano interdigitated electrodes (IDE), for example, may be fabricated

at different sections of the microchannel to sense the biological reactions at multiple locations

of microchannel, in order to multiply the sensing mechanism and enhance the detection

sensitivity. The gold nano IDEs are connected to individual contact pads so that the signal

from each IDE can be separately monitored. A specific antibody can be immobilized at a

specific IDE so that the concentration of the corresponding antigens can be detected by the

antigen-antibody complex formed at that IDE. Detection of concentration of each individual

antigen in the sample can enhance the detection specificity. The conceptual details of the

self-driven flow in the microchannel and the electrical property, such as capacitance, sensing

mechanism in biochip are explained in the sections below.

[0065] Figures 2A and 2B are an example of a POC biochip fabricated and utilized to

generate results for different antigens from the same sample. Multiple Nano interdigitated

electrodes (IDE), for example, of the same or different biomarkers may be fabricated at

different sections of the microchannel to sense the biological reactions at multiple locations of

microchannel or different microchannels. Thus increased sensitivity is possible with the

present invention whether the biochip is detecting one antigen, or multiple antigens from the

same biochip and same one sample.

[0066] Capillary phenomena are well known in the art. Indeed, applications of capillary

flow have been emerging since the early 1980s such as in lab-on-a-chip technology, inkjet

propulsion, and the like. However, such use has not been seen in biochip technology due to

the difficulty of manufacturing biochips with the necessary configurations to cause a capillary

effect. Utilizing capillary driven flow instead of a micro-pump in the present invention

minimizes the complexity of the microfluidic assembly and also reduces costs significantly.

[0067] The biochip of the present invention incorporates microchannels in order to serve

two primary criteria: 1. to enhance the interaction between bio fluid (such as blood) and the

sensing mechanism with high surface area to volume ratio. 2. To incorporate the self-driven

flow in the microchannel without any external devices-no micro pumps needed with the

present invention.



[0068] Minimizing the external device requirement for flow generation in the

microchannel helps to reduce high sample volume (from milliliter to microliter) requirements

and reduces the contamination of the blood sample. When a blood drop comes in contact with

the micro capillary channel, the surface tension of the blood draws the drop into the

microchannel and induces the fluid into motion. The capillary flow is generated due to

characteristics of the surface of the microchannel and its interaction with the fluid. Capillary

action is the result of both adhesion force (between the fluid and the walls of channel) and

surface tension of the fluid. Surface tension is the tensile force attained by the interface due

to the imbalance of the cohesive forces of the molecules on the interface and the inner

molecules of the fluid. The adhesion force (attraction force between the solid and liquid

molecules) of blood with the surface of the microchannel causes the forward force at the

edges. The surface tension will hold the surface intact and induce the whole liquid surface to

move forward instead of moving only at the edges. The surface tension quantifies the capillary

phenomena.

[0069] The influence of surface tension of the bio fluid (blood) on the capillary flow

depends on the contact angle. In layman's terms, the contact angle is the angle that liquid

creates with a solid surface, when the liquid and the solid surfaces come in contact. The

internal balance of the cohesive forces (such as hydrogen bonds and Van der Waals forces) of

liquid molecules and the adhesive forces (mechanical and electrostatic forces) of liquid and

solid molecules, will define the contact angle created between the solid and liquid interfaces.

[0070] One embodiment of the biochip is constructed from a polydimethylsiloxane (PDMS)

mold. It includes two hydrophilic microchannels as shown in FIG. 2A, with other views

shown in FIG. 2C and FIG. 2D. Each microchannel is connected to and originates from the

same inlet through which a sample (e.g. , blood) is dispensed, so as to provide feasibility of

detecting different disease antigens from the same sample at the same time. The

microchannels depicted in FIG. 1 have a width of 200 µη , though widths ranging between 50

and 1000 µη are also contemplated.

[0071] Continuing to refer to the biochip of FIG. 2A, each microchannel may include three

gold nano IDEs so that the biochip includes six in total. Each IDE is coated with a particular

and unique antibody. The biochip also includes contact pads which serve to connect each IDE

with probes of an electrochemical analyzer(s) to record and analyze readings taken from each

IDE. Both IDEs and contact pads are fabricated on a silicon substrate. The IDEs are

connected to individual contact pads so that the signal from each IDE can be separately

monitored. In this manner, a specific antibody can be immobilized at a specific IDE so that the

concentration of the corresponding antigens can be detected by the antigen-antibody complex

formed at that IDE. Detection of a concentration of separate individual antigens in the sample



via the separate IDEs can enhance the detection specificity. Thus, an advantage of this biochip

is that several types of antigens can be detected simultaneously through a single sample drop.

For example, the biochip depicted in FIG. 2A can sense the presence of up to six different

antigens such as cancer, pneumonia, lung cancer and pancreatic cancer, to name a few. This in

turn results in an improved specificity of results, particularly when compared with a biochip

having a single electrode and a single pair of contact pads. Another advantage of the biochip is

that through its simplicity and portable size, it can be used to perform diagnostic testing in

convenient locations, such as in the home or office.

[0072] The biochip can be varied in many ways. For example, three, four or more

microchannels extending from the inlet can be included on the biochip. Each microchannel can

include two, three, four or more IDEs, and each microchannel can have a different number of

IDEs than another microchannel. In another example, multiple electrodes spaced apart from

one another can be connected to a single pair of contact pads. This can be done for one or more

pairs of contact pads. The incorporation of additional electrodes for a particular circuit

provides a structure that senses the biological reactions at multiple locations of a microchannel.

It also multiplies the effect of the sensing mechanism to enhance the detection sensitivity. In

this manner, the biochip structure depicted in FIG. 2A can be combined with features that

enhance sensitivity to create a biochip with both improved specificity and sensitivity.

[0073] In yet another example, the microchannel of the biochip can be a spiral

configuration. Sample flow in the spiral configuration benefits from a centrifugal effect due to

the microchannel shape. Other microchannel shapes other than those already described are

also contemplated.

[0074] In another example, the mold for the biochip can be a material other than PDMS,

including many biocompatible polymers. It is contemplated as within the scope of the

invention that materials for the mold are not limited to those that are receptive to oxygen plasma

treatment, and when other materials are used, other treatments effective to make the mold

surface hydrophilic are also contemplated. Some specific examples of other mold materials

include glass and ceramics.

[0075] In yet another example, conductors other than gold can be used for the IDEs.

Generally speaking, any material with good conductivity can be used, such as silver and

platinum. Conductors that are the most chemically stable can be chosen when multiple options

are available.

[0076] In another aspect, described in greater detail as part of the experiment below, the

biochip PDMS mold and accompanying microchannels can be manufactured using 3D printing.

An advantage of 3D printing is that it increases the possibilities for microchannel design and



thus provides increased flexibility. It is also contemplated that other biocompatible polymers

capable of manufacture using 3D printing can be used.

[0077] In yet another aspect, the invention relates to a method of performing a disease

diagnostic test. In one embodiment, a sample is deposited into the inlet of the biochip. Once

the sample passes the inlet, it splits into each of the microchannels, which both originate at the

inlet. The sample then advances simultaneously in each of the microchannels through a

capillary effect described in greater detail below. When the sample in each microchannel

reaches an IDE (or a second IDE, as shown in FIG. 2C and FIG. 2D), a biomolecular reaction

may occur if there is an antigen or other biomolecule that causes a biomolecular reaction in

response to its contact with the antigen or other biomolecule on the IDE. If a biomolecular

reaction takes place, electrical measurements, such as capacitance, taken by the IDE before and

after the sample reaches the IDE, will show a change in value. This in turn is signaled to a user

of the biochip via contact pads connected to the IDE and from there to probes of an

electrochemical analyzer, where data may be produced for a user to view. Further explanation

on how the biochip uses electrical properties to sense biochemical reactions at the IDEs is

provided below.

[0078] In the biochip of FIGS. 2A-2D, the above process takes place at each IDE for each

microchannel. In the configuration shown, specificity of diagnostic results is greatly improved

over existing approaches because each of six IDEs (A+/A-, B+/B-, C+/C-, D+/D-, E+/E- and

F+/F-) can include a unique antibody. As mentioned above, the antibody can be any desired to

be tested and is not limited. In this manner, a single sample drop can be analyzed for the

presence of up to six different pathogens. Once the sample passes the final IDE in each

microchannel, i.e., C+/C- and D+/D-, the sample advances to the outlet and exits the biochip.

[0079] In a variant, the method can be employed using any other biochip contemplated

herein. Non limiting examples of such variations include performance of the method with

biochips having different microchannel configurations, a different number of microchannels,

different materials and/or different configurations and quantities of IDEs on the biochip.

[0080] The contact angle of a liquid drop on a solid surface is defined by the mechanical

equilibrium of the drop under the action of the interfacial tensions. The three interfacial

tensions observed when a blood drop is placed on a solid, such as a PDMS surface, are

where
d ai

is the interfacial tension between blood and air, is

the interfacial tension between blood and PDMS substrate and is the interfacial tension

between the PDMS substrate and air as shown in FIG. 3.

[0081] As per Young's law, i = ° + ™ cos9



[0082] From the above Equation (1), the contact angle Θcan be calculated per the derived

solid,£ -Tbil,ood.solidΘ= cos

Equation (2), )

[0083] Surface tension causes a capillary pressure difference across the interface between

two fluids (liquid and air). Seen in Figure 4 is a microchannel of circular cross section with

radius "r" filled with two immiscible fluids with surface tension σ. The meniscus can be

approximated as a portion of a sphere with radius "R." The pressure difference across the

meniscus is defined by Equation (3): _ (3)
R

[0084] The radius "R" of the meniscus will depend only on the contact angle Θ and the

radius of the channel "R" seen in Equation (4): ΛΡ = - s (4).
R

[0085] Altering the contact angle of the fluid with specially treated surfaces will help in

controlling the surface tension driven flow. The surface tension gradient primarily depends on

temperature gradient, concentration gradient, electric field and the contact angle variation. In order

to preserve the natural properties of the sample of bodily fluid, in this example blood, in a diagnosis

process, the concentration of the blood or the temperature of the blood should not be altered.

Altering the contact angle is a way for controlling the surface tension effect on the capillary flow of

blood in the microchannel.

[0086] Depending on the embodiment, one or more microchannels may be fabricated with a 3D

printer using a material such as PDMS (polydimethylsiloxane). PDMS by nature is a hydrophobic

surface that is not conducent to use with fluid analysis (whose contact angle is greater than 90

degrees) which resists the wettability of fluid on the surface. For the liquid to flow naturally, a

hydrophilic surface (whose contact angle is less than 90 degrees) is required as shown in FIG. 5A.

[0087] The hydrophobic nature of the PDMS can be altered to a hydrophilic nature by

performing various surface treatments like for example, such techniques that include, but are not

limited to, active group attachments, Oxygen plasma treatment or other plasma treatment, chemical

coating, thermal aging, and any combination thereof. In the example given herein, oxygen plasma

treatment was used to convert hydrophobic nature of PDMS to hydrophilic nature. The hydrophilicity

attained by surface treatment is sustained depending on factors like the temperature and humidity of

the environment in which the PDMS mold is preserved.

[0088] Microfluidic flow of biofluid was investigated. In one embodiment, the microchannel

with a width of 'w' (515 um) and of depth 'h' (107um) was employed to generate the microfluidic

flow on the sensing platform as shown in FIGs. 7D, 7E and 7F. The biofluid flow in the microchannel

generates a shear on the sensing surface. The shear rate is defined by the change in the biofluid flow

velocity (U ) with respect to the microchannel height at the microchannel surface (y=0) and it is



calculated by applying the boundary conditions of Poiseuille flow as shown below in the following

equation:

[0090] Where Q is the flow rate of the biofluid which is measured as 0.25 uL/sec (FIG. 5B).

Thus the shear rate (σ) is calculated as 294.11 sec 1 . The shear rate influence on the stability of the

immobilized disease antigens antibodies on the sensing surface and the corresponding effect on

sensitivity of the antigen-antibody interaction. Typically found was as the shear rate increases the

sensitivity of the antigen-antibody interaction decreases. This effect was determined due to the

reduced stabilization of the antibodies due to the shear stress. FIG. 5C is the microscopic image

during the biofluid flow in microchannel.

[0091] In one embodiment, the oxygen plasma treatment of the PDMS introduces polar

functional groups such as the Silanol groups (SiOH) on the surface of the PDMS. The silanol groups

are responsible for converting the PDMS property from hydrophobic to hydrophilic as shown in FIG.

6. The oxygen plasma treatment also helps in increasing the adhesion property of the PDMS, so that

it can be easily bonded with other substrates or another PDMS slab. However, the surface treatment

due to Oxygen plasma treatment is not permanent. PDMS regains its hydrophobicity after a certain

period (for example 6 hours). Thus, by treating the PDMS microchannel with plasma treatment, the

contact angle can be altered and therefore the capillary effect caused by the surface tension can be

controlled. By controlling the capillary effect, the flow in microchannel primarily dependent on the

capillary effect can also be controlled.

[0092] The sensing mechanism is implemented, depending on the embodiment, using a

non-optical methodology like an electrical methodology. This methodology will drastically reduce

the setup cost and enhance the accuracy of the results. In the present POC micro biochip, an

electrical methodology (measuring change in capacitance for example) is implemented for the sensing

antigen-antibody interaction as shown in FIGs 7A, 7B, and 7C. FIG. 7A illustrates one embodiment

of a POC micro biochip functionality during a body fluid sample flow in microchannels when nano

electrodes, in this example connected in series-, is utilized. Depending on the embodiment the

electrodes may be connected in parallel. Again, the body fluid may be blood or other patient body

fluid such as but not limited to salvia, urine, tears, blood, secretions, and the like. The electrical

biosensor detects the biomolecular reactions with the changes in electrical properties like voltage,

current, impedance, capacitance, resistance, and any combination thereof. The approach of measuring

the capacitance has advantages like high sensitivity, even for small changes (femto scale), freedom of

sensor size variation and low power consumption requirement. FIG. 7B illustrates the body sample

after interaction with antibodies and FIG. 7 C shows the body sample before interaction with

antibodies.



[0093] FIGS. 7 D, 7E, and 7F illustrates microfluidic flow of disease antigens that was employed

by attaching the microchannel on the sensing surface and passing the biofluid or sample through the

microchannel as shown in FIGS 7D. The PDMS microchannel was fabricated primarily in two steps

(1) fabrication of Si-mold with protruded microchannel (2) The PDMS microchannel from the

Si-moid.

[0094] First step: The Si-mold with microchannel was fabricated at the Center for Functional

Nano materials at Brookhaven National Laboratory, Upton, New York. A silicon wafer of 4 inch

diameter and lmm thickness was used for Si-mold to fabricate the microchannels on it. Si-wafer was

cleaned with acetone, Tsopropanol alcohol and D T water. The wafer was dehydrated at 15°C for

about a minute using a hot plate and later allowed it to reach the room temperature. A positive

photoresist (SPRTM 955) was deposited on top of the wafer. The Si wafer, which was coated with

photoresist, was placed on a spin coater and rotated at 1200 rp for one minute to achieve the

required thickness of photoresist on the wafer. Photoresist coated Si -wafer was placed on the UV

light exposure tool (Kar Suss MABA6) and exposed to UV rays for 14 seconds. Due to UV exposure,

the area which was not covered by the mask became soft. The wafer needs to be treated with CD-26

chemical and D water to remove the photoresist remaining on the wafer on the UV exposed area. A

Deep Reactive Ion Etching (DRIE), also called the Bosch process was used to etch a depth of 107um

Areas that are not covered by the photoresist are etched from the Si wafer. Thus the microchannels of

height 107um were formed on the Si wafer.

[0095] Second step: The Si-mold (S-wafer with microchannel) was used to fabricate the PDMS

with microchannel . The PDMS base was mixed with the curing agent at 10:1 ratio and was kept in the

vacuum chamber to degas the air bubbles. The PDMS mixture was poured on the Si-mold and

degassed again under vacuum, to remove any air bubbles that were formed. Then the PDMS mixture

with Si-mold was baked at 125 °C for 20 minutes. Then the baked PDMS mold was removed from the

Si-mold gently. This forms the cavity of microchannel on the PDMS layer. The inlet and outlet holes

are made to the microchannel so that the fluid sample can flow through it. The PDMS microchannel

was treated with oxygen plasma for 100 sec with 'plasma cleaner -PDC 32G' in order to covert its

hydrophobic nature to hydrophilic nature and also to attach the Si-wafer to the PDMS mold. The

PDMS microchannel was thus closed with the Si-wafer with interdigitated electrodes, so that the

microchannel has 3 sides with PDMS surface and one side with Si-wafer surfaces with sensing

platform as shown in FIG. 7D, 7E, and 7F.

[0096] When gold is used as interdigitated electrodes (IDE), which are in nanoscale, the IDE

identifies the nano scale variations in electrical measurements like capacitance or impedance. It has

been proven that the sensitivity of nanoscale is much higher and better as compared to conventional

micron electrodes as the electric field generated by the nano scaled electrodes ranges from

100nm-200nm which fulfills the region of interest, since antigens and antibodies lies in this range.



The space confinement between the interdigitated electrodes in nanoscale helps in minimizing the

noises from the detection signal. The insulation on top of the gold interdigitated electrodes is

critical, in order to avoid the chances of short circuit and minimize the noise.

[0097] Self-assembled monolayer (SAM) primarily helps to provide proper insulation. SAM

layer forms significantly better adhesion on top of gold, for example, when compared to any other

oxides or semiconductors. CA 125, a prominent cancer antibody, is used in the below experimental

example. Again other biomarkers like kallikreins (KLK6 &KLK 7) which are highly active at the

earlier stages of the diseases like ovarian cancer as well as other biomarkers may be utilized with the

present invention in being immobilized on the electrodes. The capacitance between the two

electrodes is given by Equation (5) below,

_ A
( Geometry — 'So (5)

d
[0098] Where r is the relative permittivity of the material between the two electrodes and ε„ is

the vacuum permittivity, A is the electrode surface area, and d is the distance between two electrodes.

It can be inferred from this equation (5), that a significant change in the capacitance can be caused in

three ways: (i) by altering the distance d between the two electrodes, (ii) by altering the overlapping

area A between the two electrodes and (iii) by a change in the dielectric permittivity between the

electrodes. For the simplified case assuming the interdigitated electrodes are sufficiently thick, the

resistance in the solution is given by, Equation (6):

R s
(6)

[0099] Where n is the number of fingers and I is the length of fingers of the interdigitated

electrodes, k is the conductivity of the bio fluid sample, WS is the spacing between the electrodes and

L is the width of the electrode and spacing between electrodes.

[0100] The antigen (Ag) - antibody (Ab) interactions are highly selective. The change in the

net molecular size due to antigen/antibody complex (Ag/Ab) formation creates a disturbance in the

distribution of charges, by creating a dipole moment at the dielectric interface. The hydrocarbon

chains present in the proteins are polar in nature. The net charge variation due to the interaction of

the hydrocarbons of antibodies and antigens, create a process of local polarization that directly

influences the dielectric permittivity of the complex on the electrode surface. The dipole -dipole

interaction stimulates the polarization on the electrode surface. With this phenomenon, the dielectric

of each antigen/antibody complex over the range of frequencies has unique characteristic that helps to

identify the complex formation. As a result, the measured capacitance of the sensor varies with the

relative changes in dielectric properties on sensor surface.



[0101] The capacitances are measured at two stages in the experiment. In the first stage

(stage-1), the capacitance is measured before the antigen and antibody complex formation (CBaseime) as

shown in Equation (7), where C
O

CSAM
a n d CA i d are the capacitance due to bare gold nano

interdigitated electrodes, the SAM layer and the antibodies. When the blood flows through the

microchannel, the disease specific antigens in the bio fluid interact with the antibodies that are

immobilized on the surface of electrodes, and form the antigen-antibody complex. In the second

stage (stage-2), capacitance is measured after the antigen/antibody complex formation

1 1
C

Baseline
= C

Geometry + -
C

SAM Antibody
(7)

1 1
Γ

TOTAL
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Total Baseline

9
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[0102] as in Equation 8, where is the capacitance due to

Antigen/Antibody complex formed. The difference in capacitance ( C ) between stage-2 and

stage-1, provides the information of capacitance change caused due to antigens in the bio fluid

sample, as in Equation (9). The resistance of solution (R ) as in Equation (6), is considered.

This change in capacitance provides information about existing disease antigen in the bio fluid as

shown in FIGS. 8A-8B and FIG.9.

EXAMPLE 1

[0103] The following experimental techniques and instruments were used to test the use of

inventive device and method. While the following example illustrates the invention's use with

PDMS microchannel fabrication using a Si wafer and diagnostic testing of a single blood sample for

reaction with CA125, the invention is not limited to using PDMS or a Si wafer or testing blood or

testing blood for CA125.

[0104] The primary steps involved in the fabrication of hydrophilic PDMS microchannel are:

Fabrication of Silicon Wafer with microchannels, PDMS mold fabrication using Si wafer, Surface

treatment of PDMS (hydrophobic to hydrophilic).

[0105] The Silicon wafers with microchannels are fabricated at the Center for Functional Nano

materials at Brookhaven National Laboratory, Upton, New York. A silicon wafer of 4 inch diameter

and 1mm thickness is used to fabricate the microchannels on it. An ample Si- wafer thickness



(lmm) is chosen, since the channel structures are etched from Si wafer which are Ι ΟΟµ to 200µ

height. Depending on the embodiment the height may range from 100 µιη -Ι ΟΟΟµ and preferably

be about 200µη .

[0106] A Silicon Wafer of 4-inch diameter was cleaned with acetone, Isopropanol alcohol and

deionized (DI) water. The wafer was dehydrated at 115°C for about a minute using a hot plate and

kept on a cold plate to attain room temperature. A negative photoresist (SPRTM 955) was deposited

on top of the wafer. The negative photoresist was used to remove the material other than the channel

area. The Si wafer, which was coated with photoresist was placed on a spin coater using a specific

size chuck and the spin coater was rotated at 1200 rpm for one minute, which removes the excess

photoresist, leaving a thin layer of (micro meters) of SPRTM 955 on the wafer. Coated Si -wafer

was placed on the UV light exposure tool (Karl Suss MABA6) with exposure time as 14 seconds.

Due to UV exposure, the area which was not covered by mask became soft. The wafer needs to be

treated with CD-26 chemical and DI water to remove the photoresist remaining on the wafer on the

UV exposed area. Wafer is then dried with a nitrogen gun to remove any water content as shown in

FIG. 10.

[0107] A Deep Reactive Ion Etching (DRIE), also called the Bosch process was performed to

etch more depth (107um). Areas not covered by the photoresist were etched from the Si wafer, so

that the channels were formed. The height of the channels attained is 107µ as shown in FIG. 11A

and FIG. 11B.

[0108] PDMS Base was blended with a curing agent in definite proportion (1:10). Thorough

mixing (about 10 minutes of whisking) was needed to make sure that the curing agent was uniformly

distributed. This ensured that the final PDMS mold was uniformly cross linked between base and

curing agent. Degassing was performed multiple times so that all the air bubbles trapped in the

PDMS mixture were removed. Curing of the PDMS primarily depends on temperature and time.

[0109] The curing temperature is indirectly proportional to the time. The PDMS was cured at

100°C for 35 minutes. When PDMS was suitably cured, application of a steady pressure should help

peel off the PDMS from Si wafer mold, as shown in FIG. 13.

[0110] Though PDMS is a soft material, punching a hole at the inlet and outlet of the

microchannel was a critical process due to the micro dimensions. The micro hole punching machine

(Central Machinery, 5-Speed bench drill press) was used to make holes in the PDMS mold. These

holes act as inlet and outlet for the microchannels. The PDMS molds were treated with oxygen

plasma and placed against Si wafer with electrodes and immobilized antibodies, to form the closed

microchannels. The PDMS mold with serpentine microchannel is shown with the inlet and outlet of

the fluid flow in FIG. 12A and FIG. 12B.

[0111] PDMS surface is highly inert and hydrophobic in nature. In order to convert the PDMS

to hydrophilic in nature, the PDMS was exposed to oxygen plasma for various durations. In this



experimental example, the hydrophilicity of PDMS was measured with respect to variation in duration

of the plasma treatment. All plasma treatments were conducted on the 'Plasma Cleaner PDC-32G'

with an oxygen flow rate of 20sccm and 100 bar pressure. A radio frequency (RF power supply of

150W) of 13.56 MHz was used for plasma excitation. FIG. 14 shows the plasma treatment

equipment used for this experimental example.

[0112] The primary steps involved in the fabrication of gold interdigitated electrodes were:

Fabrication of gold nano interdigitated electrodes and CA-125 Antibody immobilization on

Electrodes.

[0113] A Silicon (Si) wafer was cut as per the dimensions desired and cleaned with isopropanol

before starting the electrode fabrication. The Silicon wafer was then spin coated with positive tone

photoresist. The photoresist used was PMMA-A6. The desired thickness of electrodes was lOOnm.

Although depending on the implantation other thicknesses may be utilized. Ideally, the height of the

PMMA deposits should be more than 3 times the height of the electrodes. The soft baking of the

Silicon wafer was performed on a hot plate at around 180° C for 120 seconds. The coated Silicon

wafer then undergoes Electron beam Lithography procedure as per the CAD model provided for the

EBL machine. The desired pattern (Interdigitated) was formed on top of the coated Silicon wafer.

The patterned Si wafer was then developed with MIBK:IPA for 60s and washed with IPA for another

60s and then dried with Nitrogen gas. Once developed, the Silicon wafer was placed in a Physical

vapor deposition machine for deposition of metal on the wafer. A layer of Titanium (approx.lOnm)

was deposited on the patterned grooves of the chip. This was done to improve the adhesion of gold

on Silicon. Gold was deposited over the wafer by high vacuum evaporator (Kurt J Lesker PVD-75

Evaporator). A layer of approximately 90nm of Gold was deposited on top of the Si wafer. The

lift-off process was performed by removing the positive tone photoresist by cleaning the wafer in

Acetone Ultrasonic bath for 3 minutes and then thoroughly rinsed with Isopropenol in order to prevent

redeposition. The fabricated wafer with gold deposition was then rinsed with distilled water and

dried with Nitrogen gas. The electrodes were fabricated by following the fabrication steps as shown

in FIG. 15, FIG. 16A, FIG. 16B and FIG. 17A, FIG. 17B, FIG. 17C.

[0114] FIG. 16A, FIG. 16B, and FIG. 17A show the microscopic images of the interdigitated

electrodes fabricated on the Si wafer for the experimental example. The gold nano electrodes were

insulated using the SAM (Self-assembled monolayer) and then coated with antibodies. The

electrodes were immersed in a 50mM Thiourea solution for 12 hours to form the SAM layer. The

surface of the sensor was then rinsed with ethanol and Millipore deionized water and dried using

Nitrogen gas. For enhanced antibody binding, Glutaraldehyde was utilized to promote surface

activation on the SAM layer. The CA-125 antibodies were aliquoted to a concentration of lOng/ml,

and placed on top of the surface activated SAM layer at 4°C for 12 hours to immobilize the

antibodies. FIG. 19 illustrates an electrical probe station to detect the change in electrical properties



of the nano circuit of the POC biochip. In this example the change in capacitance is monitored.

Again, the scope of the invention is not so limited to monitoring change in capacitance and can be

utilized to monitor any change in electrical property or combination of electrical properties.

[0115] Surface characterization of different layers on sensing platform was examined. The

modifications of the silicon substrate with each layer of sensing platform were validated using the

AFM measurements. AFM images were taken to confirm the fabrication of interdigitated electrodes,

SAM layer on the interdigitated electrodes and antibody immobilization on the electrodes. In FIG.

17A, the relatively smooth surface of the bare electrodes when compared to the surface with SAM

layer on the electrodes was observed. When the antibodies were immobilized on the electrodes with

SAM layer a more rough surface morphology was observed. Quantitative increase in the roughness of

the electrode surface at individual layers is observed. AFM images of the surface of the

interdigitated electrodes with Bare electrodes indicated the roughness. In Fig. 17B shown is an

AFM image of the SAM layer and in FIG. 17C immobilized antibodies.

[0116] The increase in the net height of the electrodes and surface roughness confirms the

formation of the SAM layer and antibody immobilization on the electrodes. The capacitive

measurements additional to AFM image confirm the SAM layer insulation and the antibodies

immobilization on the electrodes.

[0117] In one example, a lOmM of 1-dodecanthiol in ethanolic solution was added on top of the

electrodes to block the unwanted sites or the bare spots on electrode surface. The PDMS

microchannel was aligned with the nano patterned interdigitated circuit to have the blood sample flow

on the cancer antibodies that are attached to the surface of the electrodes as shown in FIG. 1A and

FIG. 2A.

[0118] FIG. 18A illustrates a chemotic representation of CA-125 antibody immobilization on

nano gold interdigitated electrodes.

[0119] FIG. 18B illustrates a schematic of steps implemented to setup an experimental trial of

biosensing (a) gold interdigitated electrodes on a Si wafer, (b) insulation of electrodes using surface

activated SAM layer, (c) antibodies immobilization and (d) antigens binding with the immobilized

antibodies. The biofluid sample in one example was 55 ug/ml of disease antigens concentration in

PBS solution at pH 7.4. The biofluid sample was passed on the immobilized antibodies on the

electrodes, to form antigen -antibody interaction as shown in FIG. 18B.

[0120] Further depending on the embodiment, gold interdigitated electrodes on Si-wafer were

washed for 3 times with ethanol and de-ionized water and dried with the Nitrogen gas. Then the

electrodes were immersed in a 50mM Thiourea solution (CH4N2S) and incubated for 12 hours to form

the SAM layer Self-assembled Monolayer (SAM layer). To remove the excessive Thiourea solution,

the surface of the electrode was rinsed with ethanol and Millipore deionized water and then dried

using Nitrogen gas. The electrical insulation of the SAM layer was confirmed by evaluating the short



circuit/current leakage using the 2 point probe station. Glutaraldehyde (C5H 0 2) was used to promote

the surface activation on the SAM layer, for enhanced antibody binding to the electrodes shown in

FIG. 18A and FIG. 18B.

[0121] Immobilization of disease antigens antibodies on the electrodes was accomplished in one

example as follows. The disease antibodies were immobilized on the gold interdigitated electrodes by

incubating the electrodes with 0.5ul of 7mg/ml antibodies in Phosphate -buffered saline (PBS) solution

for 2 hours at 4°C. A lOmM of 1-dodecanthiol in ethanolic solution was added on top of the SAM

coated electrodes to block the unwanted sites or the bare spots on electrode surface for 1 hour. Thus

the antibodies were immobilized on the gold interdigitated electrodes on Si-wafer as shown in FIG.

18A and FIG. 18B. The consistency of the antibodies immobilization on the electrodes for all the

experiments and at all the iterations was verified using the surface characterization and electrical

measurements in order to maintain uniform sensing conditions.

[0122] A Signatone electrical probe station was used to determine the capacitance variation of

the antigen indentation with the antibody as shown in FIG. 19. The change in capacitance is

measured with the logarithmic value of the concentration of the antigen. The change in variation

indicates the existence of the cancer antigen in the blood sample, since the cancer specific antibodies

(CA-125) are coated on the sensing platform of the biochip.

[0123] The Results of the experimental example were as follows. The contact angle

measurements were done using the custom made contact angle measurement system known in the art.

This setup consists of optical lens with a 50mm diameter (Thorlabs, BK7 A-coated plano-convex lens,

25.4 mm diameter) and a Sony cyber shot digital camera (8-mega pixels resolution). The contact

angle measurement setup is shown in FIG. 20. The static contact angle measurements were made

based on sessile drop technique.

[0124] FIG. 2 1 shows an image of Sessile blood drop in a PDMS surface treated with oxygen

plasma at various time durations. Standard "Image-J" software was used to measure the exact

contact angle from the captured images. All the corresponding contact angle measurements were

repeated 8 times to check the consistency. The contact angles measured accordingly achieve a

precision with an experimental error of ±2° of variation within the theoretical values. Capillary

diameter was determined by the below equation (10).

[0125]

[0126] According to previously known studies, the surface tension of blood ( i d) at 22°C is

55.89 X 10-3 N/m [31] and the density of the blood ( biood) is 1060 kg/m3. The acceleration due to

gravity (g) is 9.81 m2/s. The capillary length of blood (λ ) is 2.31 mm. The blood drop volume



considered is 4.2 ul, (whose radius is 1mm if the drop shape is assumed as sphere). The diameter of

the blood drop sample (which is 2mm) should be less than the capillary diameter of blood (2.31mm).

[0127] The assumptions made while measuring the contact angle were: [a] The roughness factor

of PDMS was ignored, so that the contact angle variations were made just by the surface properties

instead of the roughness effect [b] The values of bi0od,air Ybiood.soiid & soii ir were assumed to be

constant throughout the experiment [c] The surface tension of the blood was higher than the surface

tension of the PDMS with surface treatments [d] The PDMS sample fabricated were rigid, smooth

and homogenous [e] The blood coagulation was not considered and the duration of the experiment is

100 seconds.

[0128] The contact angle was varied with the various surface treatments. The contact angle of

blood with the PDMS sample had decreased from 107.12° to 47.07° as shown in FIG. 21.

[0129] FIG. 22 that illustrates a graph of contact angle. Increase in the duration of oxygen

plasma treatment for PDMS samples decreased the contact angle made by blood drop with the PDMS

surface. This result implies that the PDMS surface is converted from hydrophobic to hydrophilic

with the oxygen plasma treatment.

[0130] The blood flow in microchannel was due to the capillary effect induced by the surface

tension of the blood as shown in FIG. 23A, and FIG. 23B. As the channel surfaces are plasma treated,

the contact angle was controlled with the duration of plasma treatment. Since the contact angle

controls the capillary effect induced in the blood volume, the duration of plasma treatment can also

control the blood flow in the microchannel. So, in the POC biochip the blood flow in microchannels

was controlled using the surface treatments without using any external pumps. The images of the

blood in straight and curved channels are shown in FIG. 23A, and FIG. 23B. The plot of the blood

flow rate in the plasma treated surfaces for various durations is shown in FIG. 24. Shown in FIG. 24 is

the graph of flow rate of the body sample, in this example blood, in the microchannels on PDMS

surfaces with oxygen plasma for various time durations such as 0 se , 25 se , 75 sec and 100

seconds.

[0131] Although this experiment was focused on blood flow control in a POC microchannel to

support a biological reaction of antigen and antibody, it is within the scope of this invention to utilize

the teachings of this invention with a variation of blood flow at various sections of the microchannel

and utilization of the non-permanent effect of plasma treatment (plasma effect sustain for 6 hours at

standard air condition and regains its hydrophobic nature). Variation of hydrophobicity of PDMS

surface due to exposure in controlled environment after plasma treatment may be utilized in the POC

for various beneficial effects on testing, such as separation of components of the sample, among other

things.

[0132] The plot of log concentration variation in the analyte generates the change in the

capacitance at nano level as shown in FIG. 25. These changes in capacitance confirm the change in



the analyte due to the antigen and antibody interaction. The capacitance change was caused due to

the formation of antigen and antibody complex formation. The antigen and antibody bond formation

provided evidence of cancer antigens (CA-125) existence in the blood sample which helps to diagnose

the cancer specific disease in the blood sample.

[0133] In one example, the capacitance measurements were made at two stages: Stage -1: During

the different layers of biosensor fabrication (like bare electrodes, insulated electrodes with SAM layer,

and electrodes with DISEASE ANTIGENS antibodies). Stage-2: During the antigen-antibody

interaction 'with' and 'without' microfluidic flow conditions. The electrical measurements in this

experiment were measured using the Signatone 2 point probe station and with Agilent 4284A

Precision LCR meter. The LCR meter readings were processed using LabVIEW NI 488.2 version

software to plot the data. The targeted frequency range was between 10 kHz and 100 kHz with a step

of 10 kHz at every succession. Each capacitance measurement was done at lOOmV amplitude with the

DC voltage of 0.5V. All the capacitance measurements at corresponding frequency shows the

averaged values of three measurements with error bars (the standard deviation of three measurements

at each data point) as shown in FIG. 26 and FIG. 27.

[0134] Furthermore, the capacitance measurements were performed at the above different stages

of the experiment to study the influence of microfluidic flow on the sensing mechanism. The antigen-

antibody interaction 'with' and 'without' microfluidic flow of disease antigens on the sensing

platform was observed to study the influence of microfluidic flow on sensitivity.

[0135] In the first stage, during layer fabrication, capacitance measurements were taken at each

modification of the Si-substrate at different layers of the sensing platform.

[0136] FIG. 26 shows the plot of capacitance variation with frequency for bare electrodes,

insulated electrodes with SAM layer, and electrodes with immobilized antibodies. The capacitance at

the bare electrodes was measured by connecting the probes of electrical analyzer, to the contact pads

of the gold nano interdigitated electrodes as 9.12 pF at 10 kHz and 8.59 pF at 100 kHz. Similarly, the

capacitance of the insulated electrodes with the SAM layer was measured by connecting the electrical

analyzer probes to the contact pads of electrodes coated with SAM layer, as 9.20 pF at 10 kHz and

8.53 pF at 100 kHz. The LCR meter measures the impedance of the net circuit and converts that into

capacitance measurement based on the real and imaginary parts of impedance. The higher electron

transfer resistance of the SAM layer on the electrodes directly influences the real part of the

impedance. The increment in the resistance causes the increment in the net impedance. As a result, the

net capacitance of the insulated electrodes with SAM layer has shown lower values when compared to

the bare electrode capacitance over the frequency. After the immobilization of the antibodies on the

surface activated SAM layer of the electrodes, the capacitance at the immobilized antibodies layer

were measured. The measurements were taken by connecting the electrical analyzer probes to the

contact pads of the electrodes with immobilized antibodies. The capacitance measurement at the



immobilized antibody layer was 18.76 pF at 10 kHz frequency and then reduced to 11.29 pF at 100

kHz frequency as shown in FIG. 26.

[0137] During Stage-2, capacitance measurements were made during the Antigen-Antibody

interaction 'with' and 'without' microfluidic flow of disease antigens. The capacitance

measurements were taken during the antigen-antibody interaction with microchannel and without

microchannel. TFIG. 27 shows the curves plotted between the capacitance variation and frequency for

different conditions such as PBS solution with microfluidic flow, biofluid (antigen in buffer solution)

with microfluidic flow and biofluid (antigen in buffer solution) without microfluidic flow.

[0138] For the study with a microfluidic flow condition, the sensing platform was enclosed with

PDMS microchannel as shown in FIGS. 7D-7F. All fluids (buffer solution and biofluid sample) were

passed through the microchannel of same dimensions and at a constant flow rate (0.25uL/sec) to

employ the same microfluidic flow in all the experiments and at all the iterations. As the initial step,

the phosphate buffer saline (PBS) solution has been passed through the microchannel and the

capacitance measurements were taken during the flow and it is regarded as Baseline. The capacitance

values were measured as 101.56 pF at 10 kHz frequency and slowly decreased to 89.45pF at 100 kHz

frequency. It was observed that the capacitance measurements almost remained unchanged over the

frequency change

[0139] In the next step, the biofluid sample (antigens with PBS solution) was passed on the

sensing platform with the same microfluidic flow condition. The capacitance measurement in the

microfluidic flow condition during antigen-antibody interaction was measured as 270.34 pF at 10 kHz

frequency and gradually decreased to 99.58 pF at 100 kHz frequency as shown in FIG. 27.

[0140] The disease antigens antigen-antibody interacts are highly selective and specific. The

change in the net molecular size due to antigen/antibody complex formation creates a disturbance in

the distribution of charges, and creates a dipole moment at the dielectric interface of sensing surface.

The hydrocarbon chains present in the proteins are polar in nature. The net charge variation due to the

interaction of the hydrocarbons of antibodies and antigens creates a process of local polarization that

directly influences the dielectric permittivity of the antigen/antibody complex on the electrode

surface. The dipole-dipole interaction stimulates the polarization on the electrode surface. The

dielectric of each antigen/antibody complex has unique characteristic over the range of frequencies.

Hence when the capacitance measurements during the biofluid sample and the PBS solution

(Baseline) in the microfluidic flow conditions were compared, the capacitance measurement at 10 kHz

raised from 101.56 pF to 270.34 pF due to the interaction of antigens in the biofluid sample with the

immobilized antibodies on the sensing platform.

[0141] For the study without microfluidic flow condition, to understand the sensitivity variation

due to the microfluidic flow, the biofluid sample with exact same sensing composition (to the

microfluidic flow condition) was placed directly as a drop on the sensing platform without using any



microchannel and the corresponding capacitance values were measured and compared with the

capacitance measurements during the microfluidic flow. The capacitance values when the biofluid

sample is placed on the sensing platform at the stationary condition (without microfluidic flow)

during the antigen-antibody interaction was measured as 296.09 pF at 10 kHz frequency and then

lowered to 110.92 pF at 100 kHz frequency. The capacitance measurement during the

antigen-antibody interaction has increased from 270.34 pF to 296.09 pF at 10 kHz when compared

between 'with' and 'without' microfluidic flow condition.

[0142] The tight confinement of the fluid flow layer in pressure driven microfluidic exert high

surface shear stress which can impact the stabilization of the antibodies that are bound to the sensing

platform. The shear force applied by the fluid on the surface of the sensing platform in microchannel

induces mechanical breakage of the weak bonds of the antibodies with the sensing platform. The

breakage in bonds results in the increase in instability of the immobilized antibodies. So due to lack of

any shear in 'without microfluidic flow 'condition, the stability of the antibody was significantly

higher which directly enhanced the sensitivity. Therefore the capacitance measurement of the antigen-

antibody interaction is lower in the 'with microfluidic flow' condition when compared to 'without

microfluidic flow' condition.

[0143] While there has been shown and described various embodiments of the instant invention

it is to be appreciated that the invention may be embodied otherwise than is herein specifically shown

and described and that, within said embodiments, certain changes may be made in the form and

arrangement of the parts without departing from the underlying ideas or principles of this invention as

set forth in the claims appended herewith.



CLAIMS

What is claimed is:

1. A biochip device for disease diagnostics, comprising

a point-of-care (POC) micro biochip having at least one hydrophilic microchannel for

controlled and self-driven flow of at least one source sample of a bodily fluid and amplify a capillary

effect;

a plurality of metallic nano interdigitated electrodes (IDE) disposed within the microchannel

for at least providing enhanced sensitivity detection of a disease state, and the electrodes having at

least one type of antibody disposed thereon; and

a nano circuit incorporated in the biochip wherein a disease-specific antigen from the sample

forms an antigen-antibody complex interaction that affects electrical properties detected via an

electrical change in the nano circuit.

2. The device of claim 1, wherein the microchannel is designed in a geometric pattern.

3. The device of claim 2, wherein the geometric pattern is a spiral pattern.

4. The device of claim 1, wherein at least a part of the microchannel is made of bio-compatible

materials.

5. The device of claim 4 wherein the bio-compatible materials include

poly(dimethylsiloxane) (PDMS) .

6. The device of claim 1 wherein the electrodes are selected from a group consisting of (a)

transition metals including gold, silver, platinum, iron, copper, cobalt, (b) alkali or alkaline metals

including lithium, and magnesium, (c) semimetals including silicon, and germanium, (d) conductive

non-metals including carbon and any combination thereof.

7. The device of claim 1 wherein a microfluidic flow condition of the source sample is generated

by the microchannel, and the electrical change in the nano circuit has a capacitance of 270.34

picofarads ( pF).

8. The device of claim 1 wherein a non-microfluidic flow condition of the source sample is

generated and the electrical change in the nano circuit has a capacitance of 296.09 picofarads (pF).



9. The device of claim 1 wherein the electrical change is lower in a microfluidic flow condition

of the sample than without the microfluidic flow condition.

10. A method of using a biochip device for disease diagnostics, comprising

applying only a single amount of a bodily fluid sample to a micro biochip; and

allowing sample flow that is self-driven and controlled through at least one microchannel

disposed in the micro bio chip, the microchannel having at least one biomarker immobilized on a

multiple amount of metallic electrodes in communication with the microchannel; and

wherein disease-specific antigens from the sample form an antigen-antibody complex

interaction that affects electrical properties; and the antigen-antibody interaction is detected via an

electrical change in a nano circuit incorporated in the biochip.

11. The method of claim 10, wherein the electrical change includes a change in an electrical

property selected from the group consisting of impedance, capacitance, resistance, voltage, current,

and any combination thereof.

12. The method of claim 10, further includes obtaining diagnostic results of at least one disease

state.

13. The method of claim 10 further includes drawing the sample from a finger prick.

14. The method of claim 10, wherein the micro channel is spiral.

15. The method of claim 10, wherein a non-microfluidic flow condition of the source sample is

generated.

16. A method for disease diagnostics, comprising:

preparing a sample for deposit into a biochip, wherein the biochip includes:

a biocompatible polymer mold having a microchannel thereon, the microchannel

extending from an inlet on the mold to an outlet on the mold;

a paired positive and a negative nano interdigitated electrodes, the electrodes separated

from each other along a length of the microchannel, the positive and the negative nano interdigitated

electrodes each comprising:

a coating of biomarkers to detect antigens or antibodies; and

a connection to two contact pads for communication with an analyzer;



depositing the sample into the inlet of the biochip, causing the sample to advance through the

microchannel; and

analyzing the sample based on an interaction between the sample and the nano interdigitated

electrodes.

17. The method of claim 16, wherein the biomarker coating of the nano interdigitated electrodes is

adapted to detect at least one antigen or antibody.

18. A point-of-care (POC) micro biochip for disease diagnostics, comprising:

a biocompatible polymer mold including at least one microchannel, each microchannel

extending from an inlet on the mold to an outlet on the mold;

two conductive nano interdigitated metallic electrodes each coated with a unique biomarker,

the conductive nano interdigitated electrodes in communication with the microchannel at separate

locations; and

two contact pads for each conductive nano interdigitated electrode to transmit electrical

measurements to an external device.

19. The biochip of claim 18, wherein each microchannel has a width of 50 to 1000 m, and the

metallic electrodes contains gold.

20. The biochip of claim 18, wherein the biocompatible polymer mold is made at least in part of a

biocompatible material including polydimethylsiloxane, and the biochip has a

self-assembled monolayer (SAM) to provide insulation and adhesion on the metallic electrodes.
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