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(57) ABSTRACT

A microfluidic biochip for detecting disease antigens using
gold nano interdigitated electrode circuit under a controlled
self-driven flow condition is disclosed. The biochip incor-
porates hydrophilic microchannels for controlled self-driven
flow and gold nano interdigitated electrodes for capacitive
sensing with enhanced sensitivity. The biochip’s microchan-
nel has a surface treated with oxygen plasma to control
microchannel surface hydrophilicity and flow rate of the
biofluid sample. Carbon Nanotubes (CNTs) are utilized as an
intermediate layer to enhance the binding capability to nano
electrodes to enhance sensitivity. Due to the carboxylic
groups of the CNTs, covalent bond binding between the
antibodies and the CNTs allows the antibodies to adhere
more readily on the surface of the electrodes. The quantity
of antibodies attaching to the surface is increased due to the
high surface to area ratio in CNTs.
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Biomarkers
CA-125 36 U/ml [10] 0.1 U/mL 15% (at stage 1) 95%{12]
[17] ,
50% (at all stages)
{12}
HE-4 44 pmol/L 0.06 40% {at stage 1} 95% {12}*
{prevocaopausal) prool/mL A
[18] 76% (at all stages)
62 pmol/L (121
{(postmenopausal)
{11}
RECAF 7500 U/ml. {10] 1.7 pg/mL 75% {at stage 1-2) 100%
[16] , {107
83% (at all stages)
2y
Prestasin 7.5 ug/mi {13] - 2% (at all stages) | 94%[13}*
[13}*
Apo A-1 0.8 mg/mL 2,04 ug/L | 93.9% (at stage 1-2) 95%
{ Anything below {19} o [15]*
constdered as
QVO 4]
TIR [5G agimb 0.1 ag/L [20]} 93.9% (at stage 1-2) 95%
- | (161
{Anything below 91.6% (at stage 3-4)
this Bmit is [13]#*
considered as
OV {14]
*Biomarker used in conjunction with CA-125 for specificity and sensitivity measurements
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sensitivity measurements
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MICROFYLUIDIC BIOCHIP WITH
ENHANCED SENSITIVITY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of the
filing date of U.S. Provisional Patent Application No.
62/576,208 filed on Oct. 24, 2017, and U.S. Provisional
Patent Application No. 62/589,097 filed on Nov. 21, 2017
the disclosures of which are hereby incorporated herein by
reference.

FIELD OF USE

[0002] This disclosure relates to a micro biochip for
detecting disease antigens by using interdigitated electrodes,
and allows enhanced sensitivity in biosensing using the
carbon nanotubes. More particularly, it relates to a novel
way of detecting disease-specific antigens using gold nano
interdigitated electrodes and carbon nanotubes in a con-
trolled self-driven flow.

BACKGROUND

[0003] Early detection of a disease can improve patient
treatment outcomes that help to save lives and also reduce
patient treatment expenses significantly. Most diseases, such
as cancer, are curable when they are detected in their early
stages. For example, the survival rate for ovarian cancer
varies significantly depending on the stage at which the
disease is diagnosed. With technologies currently in use,
85% of ovarian cancer cases are detected at advanced stages,
at which the survival rate is 31%. Only 15% of the ovarian
cancer cases are detected at early stages (stages 1A & 1B) at
which the survival rate is 93%. Improvements in the case
with which the disease diagnosis process can be performed
would lead to more frequent self-evaluations in which
patients would have a much higher chance of having an
earlier diagnosis. This in turn would help to enhance treat-
ment outcomes.

[0004] Biochips are one technology currently under study
to improve disease 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 com-
pounds may interact with biomolecules on these chips that
when analyzed may detect a disease state. However, the
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.
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[0005] The ability of point-of-care (POC) systems to
detect several biomarkers as varied biosensor arrays leads to
personalized therapies and continuous monitoring of treat-
ment of the disease. However, there is still a large need for
growth in their performance rating. For example, noise
reduction is further needed in the detection signal. Some
have suggested space confinement between interdigitated
electrodes in the nanoscale to help minimize the noise from
the detection signal. However there are still many drawbacks
to such space confinement methods including reduction of
space to place antigen detectors.

[0006] Carbon nanotubes (CNTs) have attracted some
attention in recent years due to their ultra-high specific
surface area and outstanding electrical, mechanical and
electrochemical properties. CNTs due to their large length-
to-diameter aspect ratios provides high surface to volume
ratio, which enables them to obtain high ultra fast detection
of biological species even at low concentration. The CNTs
in the field of biosensing have advantages like better elec-
tron-transfer for sensing activity, higher stability and longer
durability. Additional to this, functionalized CNTs can be
used to attach or bind any desired chemical species for
enhancing the solubility and biocompatibility of the tubes.
Although CNTs are very good for biosensing, their appli-
cations on interdigitated electrodes based capacitive biosen-
sor under shear flow rate conditions have been met with
difficulties and no success.

[0007] Thus, 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 research-
ers. There is also a need in the art to understand the
sensitivity of the CNTs based sensor under dynamic condi-
tions of analytes on top of a sensor surface, and optimize
stability and functionality of CNTs based sensor when
antigens, such as but not limited to the CA-125 cancer
antigens, passes through an integrated microfluidic channel.

BRIEF SUMMARY

[0008] This innovation primarily intended to the field of
complex diseases diagnosis, by detecting the disease antigen
using a gold nano interdigitated electrode circuit under a
controlled self-driven flow condition in a microfluidic bio-
chip. Depending on the implementation there may be one or
more nano interdigitated electrode circuits in the microflu-
idic biochip. Disease diagnosis is still tedious and expensive
in the majority of the cases. The proposed biochip replaces
complex disease diagnosis process with the implementation
of a Point-of Care (POC) biochip. Early detection of the
disease can enhance the preventive measures, increase cur-
ability of the disease, reduce health care costs, and finally,
improve the quality of life for patients. To successfully
detect the disease-specific antigen (like CA-125 a prominent
cancer antigen), the biochip incorporates hydrophilic micro-
channels for controlled self-driven flow and gold nano
interdigitated electrodes for capacitive sensing with
enhanced sensitivity. There may be one or more microchan-
nels depending on the implementation of the microfluidic
biochip. The biofluid sample flow in microchannels is self-
driven due to the capillary effect of the biofluid in the
hydrophilic microchannels. Therefore no pumps are needed.
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The microchannel in the biochip is surface treated with
oxygen plasma, for example, to control the hydrophilicity of
the microchannel surface which in turn controls the flow rate
of biofluid in the microchannel. There may be other methods
to alter the hydrophilicity, for example, using micro pattern-
ing methods on the surface of the microchannel. Gold nano
interdigitated electrode circuit is fabricated on the surface of
the microchannel to detect the biomolecular interactions in
the microchannel. When the biofluid sample with CA-125
antigens, is self-driven in the microchannel, the CA-125
antigens from the biofluid form an antigen/antibody conju-
gations with the CA-125 antibodies that are immobilized on
the Surface-activated SAM layer of the gold nano interdigi-
tated electrodes. This antigen/antibody conjugation is
detected via the change in the capacitance of the uniquely
designed nano circuit in the biochip. Detection of CA-125
antigen from a biofluid sample using the gold nano inter-
digitated electrodes in a microfluidic channel under a con-
trolled self-driven flow condition is thus accomplished.
[0009] The insulation on top of the gold interdigitated
electrodes is critical, in order to avoid the chances of short
circuit and minimize the noise. Self-Assembled Monolayer
(SAM) primarily helps to provide proper insulation. SAM
layer forms significantly better adhesion on top of gold when
compared to any other oxides or semiconductors. CA-125, a
prominent cancer antibody, is used as an example; however
the principles of this invention may be utilized with other
antigens/antibody pairs to detect other diseases from a
biofluid sample including, but not limited, to biomarkers like
kallikreins (KLK6 & KI.K7) which are highly active at the
earlier stages of the diseases like ovarian cancer.

[0010] The self-driven flow in the microchannel is also
controlled by altering the contact angle. The contact angle is
varied by various surface treatments to the PDMS micro-
channel. The controlled flow rate of biofluid with targeted
biomolecules in microchannels helps to form the antigen/
antibody conjugation in microchannel. When the biofluid
sample is self-driven in the microchannel, the targeted
biomolecules from the biofluid form biomolecular interac-
tions with the corresponding biomolecules that are immo-
bilized on the gold nano interdigitated electrodes. Again,
biomolecular interactions are detected via the change in the
capacitance of the uniquely designed nano circuit in the
biochip. Thus the change in electrical properties of the
circuit helps to detect the biomolecular interactions.

[0011] Possible uses of the biochip further include, but are
not limited to, lab on the chip technology, point of care
devices, point of screening devices, and detection of drug
effectiveness. One novelty of the technology is the enhanced
detection of the antigen/antibody interaction under shear
flow condition. The biofluid sample is self-driven in the
microchannel by itself without any external devices. The
flow rate of the biofluid sample flow can be controlled
without any external flow control devices. The blood plasma
can be separated from the whole blood during the flow in the
microchannel. Enhanced sensitivity with the enhancement
of the immobilized antibody intensity on the sensing region
of the biochip is accomplished.

[0012] Depending on the embodiments, possible varia-
tions within the scope of this invention include, but are not
limited to, having the biochip circuit fabricated with any
conducting material other than gold, such as but not limited
to other metals or alloys having sufficient conductivity
properties for this biochip application. Other variations
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include, but are not limited to, using the biochip with
biomolecules of any type which flow in biofluid. The
microchannel size can also vary depending on the imple-
mentation. The interdigitated electrodes (IDE) size may also
vary depending on application. One or more interdigitated
electrodes may be utilized.

[0013] The microfluidic chip and accompanying compo-
sition also allows enhanced sensitivity in biosensing using
the carbon nanotubes. Detection of targeted biomolecules
from a biofluid sample is accomplished under a controlled
self-driven flow condition in a microchannel using gold
nano interdigitated electrodes and carbon nanotubes.

[0014] The composition and apparatus successfully detect
a disease-specific antigen, a biochip. The biochip incorpo-
rates hydrophilic microchannels for controlled self-driven
flow and gold nano interdigitated electrodes for capacitive
sensing with enhanced sensitivity. A biofluid sample flows in
microchannels and is self-driven due to a capillary effect of
the biofluid in the hydrophilic microchannels. The micro-
channel in the biochip is surface treated with oxygen plasma,
for example, to control the hydrophilicity of the microchan-
nel surface which in turn controls the flow rate of biofluid in
the microchannel. Other methods to alter hydrophilicity may
be used such as, but not limited to, using micro patterning
methods on the surface of the microchannel.

[0015] When the biofluid sample with disease antigens, is
self-driven in the microchannel, the disease antigens from
the biofluid form an antigen/antibody conjugations with the
immobilized antibodies on the surface-activated (SAM)
layer of the gold nano interdigitated electrodes. This antigen/
antibody conjugation is detected via a change in the capaci-
tance of the uniquely designed nano circuit in the biochip. A
CNT based biosensor is compared with a non-CNT based
biosensor for checking enhancement in sensitivity when
using the CNT based biosensor. Depending on the imple-
mentation nanoparticles may be made from either metallic
materials, including but not limited to, gold (AU) and/or
silver (Ag), or non-metallic carbon materials including car-
bon nanotubes (CNT), graphenes, or active carbons may be
utilized. Furthermore, nanoparticles may be selected from a
group consisting of a metallic material, a gold (Au) material,
a silver (Ag) material, a non-metallic carbon material, a
carbon nanotube (CNT), a graphene, an active carbon, and
any combination thereof.

[0016] Depending on the embodiment, a non-Carbon
nanotube (CNT) based biosensor consists of antibodies
immobilized on top of the SAM layer using glutaraldehyde.
CA-125 antibodies are bonded covalently with the CNTs to
provide more stability of the antibodies even under shear
flow rate conditions. The increased percentage of the car-
boxylic functionalized group on the surface of the CNTs
provides a platform to attach more antibodies, which would
directly influence in a positive fashion stability and sensi-
tivity.

[0017] Carbon nanotubes (CNTs) are also used as an
intermediate layer to enhance the binding capability to the
nano electrodes to enhance the sensitivity. Due to carboxylic
groups of the CNTs, binding is with a covalent bond
between the antibodies and the CNTs. The quantity of
antibodies attaching to the surface is increased due to high
surface to area in CNTs. Enhanced sensitivity is furthered
with using the covalent bond between the antibodies and the
sensing electrodes. Enhanced sensitivity is also furthered
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using enhancement of the immobilized antibody intensity on
the sensing region of the biochip.

[0018] Unlike prior devices and methods, this device and
composition utilizes detection of the biomolecules in the
nano and sub nano scale size. The detection can also be in
pico and femto scale concentration. Furthermore, unlike the
prior art device, detection can be performed when the fluid
is in motion in a microchannel where the biofluid is self-
driven in microchannel using capillary action.

[0019] Possible variations of the invention include, but are
not limited to, the CNTs changed with different carboxylic
groups and percentages of such groups so that the binding of
antibodies can be increased. The density of the CNTs may
also be altered to increase sensitivity.

[0020] Further inventive objects include but are not lim-
ited to the following. The invention contemplates attaching
CNTs (carbon nanotubes) on the surface of the electrodes to
enhance the binding capability of the antibodies to the
electrodes and also to increase the quantity of CNTs attached
to electrodes. With enhanced binding of antibodies, the
antibodies can sustain the shear flow of the fluid in the
microchannel and assist in detecting antigens with a higher
sensitivity. The invention has numerous applications for
example, a lab on chip technology, point of care devices,
point of screening devices, and detection of drug effective-
ness.

[0021] 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 appar-
ent 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

[0022] The present invention will be better understood on
reading the following detailed description of non-limiting
embodiments thereof, and on examining the accompanying
drawings, in which:

[0023] FIG. 1 illustrates a microfluidic biochip with spiral
microchannel and nano interdigitated circuit;

[0024] FIGS. 2A and 2B illustrate a Si wafer after the
photolithography process (channels formed from photo
resist) as shown in FIG. 2A-Left and Si wafer after the dry
etching process with microchannels of height 107 um as
shown in 2B-Right.

[0025] FIGS. 3A and 3B illustrate microscopic images,
FIG. 3A shows the microscopic image of the gold interdigi-
tated electrodes fabricated on the Si wafer (Left) and FIG.
3B shows gold electrodes with SAM layer (Thiourea)
(Right);

[0026] FIG. 4 illustrates a schematic representation of
CA-125 antibody immobilization on nano gold interdigi-
tated electrodes using the Surface-activated SAM layer;
[0027] FIG. 5 illustrates a schematic of a blood drop on a
PDMS surface with showing interfacial tensions and contact
angle;

[0028] FIGS. 6A-D illustrate images of Sessile blood drop
(4.2 ul volume) on PDMS surface treated with oxygen
plasma for various durations (0 sec, 25 sec, 75 sec, & 100
sec);

Apr. 25,2019

[0029] FIG. 7 illustrates a plot of contact angle made by
drops on PDMS surfaces treated with oxygen plasma for
various durations (0 sec, 25 sec, 75 sec, & 100 sec);
[0030] FIG. 8 illustrates Plot of flow rate of blood in
microchannels on PDMS surfaces treated with oxygen
plasma for various durations (0 sec, 25 sec, 75 sec, & 100
sec);

[0031] FIG. 9 illustrates a schematic representation of
capacitance sensor circuit;

[0032] FIGS.10Aand 10B illustrate schematics, FIG. 10A
is a schematic of an electrode with active ‘Top’ and ‘Side’
surfaces of the electrode as shown in (FIG. 9) and FIG. 10B
is the equivalent circuit model of (FIG. 10A) with single
surface model for both Top and Side surfaces;

[0033] FIG. 11 illustrates a plot of capacitance measure-
ments at bare electrodes, SAM layer, and Surface-activated
SAM layer with frequency;

[0034] FIG. 12 illustrates a plot of capacitance measure-
ments of total (after Ag/Ab conjugation) and baseline (be-
fore Ag/Ab conjugation) and with frequency;

[0035] FIG. 13 illustrates a plot of gynecologic diseases
effecting woman population (USA) in 2017,

[0036] FIG. 14 illustrates a plot of 5-year survival rate of
the ovarian disease patients at each stage;

[0037] FIG. 15 illustrates a chart showing specificity and
sensitivity of early detection ovarian disease biomarkers
from various studies;

[0038] FIG. 16 illustrates a schematic model of a POC
micro biochip incorporated with microchannels and nano
circuit;

[0039] FIG. 17 illustrates a PDMS mold with serpentine
microchannel of 200 um width and 107 um height with U.S.
quarter coin for representative size;

[0040] FIG. 18 illustrates an Atomic Force Microscopic
(AFM) image of the gold interdigitated electrodes;

[0041] FIG. 19 illustrates a schematic representation of
CA-125 Disease antibody immobilization on nano gold
interdigitated electrodes;

[0042] FIG. 20 illustrates a schematic of the biofluid
flowing in capillary channel due to surface tension;

[0043] FIG. 21 illustrates a schematic of POC micro
biochip functionality during the blood sample flow in micro-
channels;

[0044] FIG. 22 illustrates a schematic model of capaci-
tance nano interdigitated circuit;

[0045] FIG. 23 illustrates a plot of capacitance measure-
ments of total (after Ag/Ab complex) and baseline (before
Ag/Ab complex) and with frequency;

[0046] FIGS. 24A and 24B illustrate Point-of-Care (POC)
Biochips, FIG. 24A illustrates a Point-of-Care (POC) Bio-
chip as USB device and FIG. 24B illustrates a Point-of-Care
(POC) Biochip as 10T device;

[0047] FIG. 25 illustrates a Point-of-Care (POC) Biochip
as USB device supported with software to display the results
on a laptop to which a USB is connected;

[0048] FIG. 26 illustrates a Point-of-Care (POC) Biochip
as IOT device supported with software to display the results
in a wireless device;

[0049] FIG. 27 illustrates Blood Drop Images (4.2 pl
volume) on PDMS surface treated with oxygen plasma for
various durations; and

[0050] FIG. 28 illustrates a plot of the flow rate variation
with the surface treatment duration.



US 2019/0118178 Al

[0051] FIG. 29 is a microscopic image of interdigitated
electrodes;
[0052] FIG. 30 is an illustration of a surface activation

process of the carboxy CNT for antibody binding;

[0053] FIG. 31A is a flow diagram of various layer for-
mations on top of the sensor;

[0054] FIG. 31B is a photographic image of one embodi-
ment of the biosensor;

[0055] FIG. 32 is an AFM image of the interdigitated gold
electrode coated with SAM layer;

[0056] FIG. 33 is a graph illustrating capacitance versus
frequency plot for different layers on top of sensor;

[0057] FIG. 34 is a graph illustrating capacitance versus
frequency plot for the baseline and after Ag-Ab conjugation;

[0058] FIG. 35 is an illustration of a surface activation
mechanism of non-CNTs based biosensor using glutaralde-
hyde;

[0059] FIG. 36 is a graph illustrating Ag-Ab conjugation

capacitance comparison between CNTs and Non-CNTs
based biosensor;

[0060] FIG. 37 is a schematic diagram showing one
embodiment of a carbon nanotube (CNT) based biosensor;
[0061] FIG. 38 is a graphic illustration showing addition
of a functional group and surface activation;

[0062] FIGS. 39A-39D illustrate additional carbon-based
nanomaterials for nano electrodes, for example, left to right
and top to bottom 39A graphene, 39B graphite, 39C carbon
nanotube, and 39D fullerene;

[0063] FIGS. 40A-40B illustrate additional carbon based
nanomaterials for nanoelectrodes; and

[0064] FIGS. 41A-41D illustrate additional functional
group and surface activation on graphene, four nitrogen
functional groups in N-G, 41A pyrrolic N (N_H), 41B
pyridinic N, 41C graphitic N, and 41D pyridinic-N oxide.

DETAILED DESCRIPTION

[0065] In general, the invention overcomes the disadvan-
tages of past attempts to detect disease-specific antigens. As
used herein, “sample” refers to a sample from a mammalian
patient. Non-limiting examples of a sample include, but are
not limited to, tissue or bodily fluids. Bodily fluids can
include blood, urine, saliva, spinal fluid, any combination of
these, or any other fluid originating in the body. Where blood
is referenced specifically, it is referred to merely for illus-
trative purposes and is in no way meant to limit the scope of
the invention.

[0066] In a first aspect, the present invention relates to a
point of care (hereinafter “POC”) micro biochip. The terms
“POC micro biochip,” “microfluidic chip,” “microfluidic
biochip,” “biochip,” and “biosensor” are used interchange-
ably herein. The biochip includes at least one hydrophilic
microchannel designed so that a sample, such as a blood
sample, flows through the microchannel without assistance
from any external devices. The biochip also includes at least
one electrical property sensing mechanism in the form of
gold nano interdigitated electrodes (hereinafter “IDE”) on
the surface of the microchannel. As referenced herein, an
IDE may refer to a pair of electrodes, i.c., positive and
negative, at a single location on the biochip. The compo-
nents of the IDEs are discussed in greater detail below. The
electrical property detected can be capacitance, impedance,
resistance or voltage, for example. By sensing changes in the
electrical property at the electrodes, a complex formation of
an antigen (Ag) and antibody (AB) can be detected. The
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biochip further includes an inlet and outlet. The inlet is
designed so that any microchannel structure on the biochip
originates at the inlet, whether there are one, two, three or
more microchannels. The inlet provides a depository loca-
tion for the sample being tested. Similarly, the outlet is
located at an opposite end of the microchannel from the
inlet, and represents a point of departure for the sample from
the biochip.

[0067] Referring to the biochip of FIG. 1, shown is a
microfluidic biochip with spiral microchannel and nano IDE
circuit. The biochip has a surface treated microchannel to
control the self-driven flow in the microchannel. The micro-
fluidic biochip incorporates the surface treated microchan-
nels to facilitate a biofluid sample to flow without any need
of external devices and the nano interdigitated circuit to
sense the nano scale biological reactions. FIG. 1 is used as
an example of the microfluidic biochip fabricated and uti-
lized to generate the test results discussed herein. The
biochip is incorporated with the spiral microchannel of 200
pum width and 107 um depth and nano gold interdigitated
circuit. Again these dimensions and the material of metal
may be changed depending on the application. The fabrica-
tion steps and the functionality of the microchannels and
nano circuit are explained in detail herein.

[0068] The biochip incorporates microchannels in order to
serve the following criteria: (1) to control the self-driven
flow of biofluid sample in the microchannel with no external
flow control devices; (2) to minimize the sample volume
requirement to micro level; and (3) to enhance the interac-
tion between biofluid and the sensing mechanism with high
surface area to volume ratio. Minimizing the external flow
control device requirement reduces the contamination of the
biofluid sample. When the biofluid comes in contact with the
micro capillary channel, the surface tension of the biofluid
draws the drop into the microchannel and induces the fluid
into motion. The capillary flow is generated due to charac-
teristics of the surface of the microchannel and its interac-
tion with the fluid. The surface tension quantifies the cap-
illary phenomena where the 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 biofluid
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 primary steps
involved in the fabrication of hydrophilic polydimethylsi-
loxane (PDMS) microchannel are fabrication of PDMS
microchannels and surface treatment of PDMS (hydropho-
bic to hydrophilic) that will now both be described.

[0069] Fabrication of the PDMS microchannels for the
experiments disclosed herein included the following. Again
these are merely given as examples and in no way meant to
limit the scope of the invention.

[0070] Silicon wafers with microchannels were fabricated
at the Center for Functional Nano materials at Brookhaven
National Laboratory, Upton, N.Y. A silicon wafer of 4 inch
diameter and 1 mm thickness was used to fabricate the
microchannels on it. An ample Si-wafer thickness (1 mm) is
chosen, since the channel structures are etched from Si wafer
which are 100 um to 200 um height. The Silicon Wafer of
4-inch diameter was cleaned with acetone, isopropanol
alcohol and deionized (DI) water. The wafer was dehydrated
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at 115° C. for about a minute using a hot plate and later
allowed to reach the room temperature.

[0071] A positive photoresist (SPRTM 955) was deposited
on top of the wafer. The positive photoresist was used to
remove the material other than the channel area. The Si
wafer, was coated with photoresist, placed on a spin coater
and rotated at 1200 rpm for one minute to achieve the
required thickness of photoresist on the wafer. The photo-
resist coated Si-wafer was placed on the UV light exposure
tool (Karl Suss MABAG6) and exposed to UV rays for 14
seconds. Due to UV exposure, the area not covered by the
mask became soft. The wafer needed to be treated with
CD-26 chemical and DI water to remove the photoresist
remaining on the wafer on the UV exposed area. A Deep
Reactive Ton Etching (DRIE), also called the Bosch process
was used to etch a depth of 107 um. Areas not covered by
the photoresist were etched from the Si wafer. Microchan-
nels of height 107 um as shown in FIG. 2 were formed on
the Si wafer.

[0072] A PDMS base was blended with a curing agent in
definite proportion (1:10). Thorough mixing of solution was
needed to make sure that the curing agent was uniformly
distributed. Degassing was performed multiple times so that
all the air bubbles trapped in the PDMS mixture were
removed. The PDMS was cured at 100° C. for 35 minutes.
When PDMS was cured, application of a steady pressure
should help peel off the PDMS from Si wafer mold. A micro
hole punching machine (Central Machinery, 5-Speed bench
drill press) was used to make holes in the PDMS mold to
create the inlet and outlet for the microchannels.

[0073] Surface treatment of the PDMS wafer to control the
flow in the microchannel of the biochip included the fol-
lowing steps. Again, this is merely given as an example of
the principles of the invention, and not intended to limit the
scope of the invention to a particular embodiment.

[0074] PDMS (polydimethylsiloxane) is hydrophobic by
nature and has a contact angle greater than 90 degrees. It
resists the wettability of fluid on the surface. For the liquid
to flow, a hydrophilic surface whose contact angle is less
than 90 degrees was required. The hydrophobicity of the
PDMS can be altered by performing various surface treat-
ments like active group attachments (Tsraelachvili et al
2000), oxygen plasma treatment (Ginn et al 2003), chemical
coating (Xiao et al 2002), and thermal aging (Eddington et
al 2006).

[0075] In the present example given, the oxygen plasma
treatment was used to convert hydrophobic nature of PDMS
to hydrophilic nature. The hydrophilicity attained by surface
treatment was sustained depending on factors like the tem-
perature and humidity of the environment in which the
PDMS mold was preserved. 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. The oxygen
plasma treatment also helps in increasing the adhesion
property of the PDMS, so that it can be easily bonded with
other substrates. However, the surface treatment due to
oxygen plasma treatment is not permanent. PDMS regains
its hydrophobicity after a certain period that is approxi-
mately 6 hours.
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Example 1

[0076] The primary steps involved in the fabrication of
gold nano interdigitated electrodes were fabrication of gold
nano interdigitated electrode (IDE) circuit and CA-125
Antibody immobilization on Electrodes. These steps are
further described below. Again, these examples are given
merely to explain the principles of the invention and are not
meant to limit the scope of the invention to any particular
embodiment.

[0077] For fabrication of the gold nano interdigitated
electrode circuit (IDE) the silicon 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-AG6. The desired thickness of electrodes is
100 nm. The soft baking of the Silicon wafer was performed
on a hot plate at around 180° C. for 120 seconds. The
dimensions of the interdigitated electrodes fabricated were
500 nm width, 300 nm spacing (between the fingers) and
100 nm height as shown in FIG. 3A.

[0078] Electron beam Lithography (EBL) procedure was
used to develop the pattern of nano interdigitated electrodes
as per the CAD model of the interdigitated electrodes. The
patterned Si wafer is then developed with MIBK: IPA for 60
s and washed with IPA for another 60 s and then dried with
Nitrogen gas. A layer of Titanium of approximately 10 nm
was deposited on the patterned grooves of the Si wafer using
the Physical Vapor Deposition (Kurt J. Lesker PVD-75
Evaporator). Deposition of Titanium was for the improve-
ment of the adhesion of gold on Silicon wafer. An approxi-
mately 90 nm of gold was deposited on top of the Si wafer.
The lift-off process was performed by removing the positive
tone photoresist using Acetone Ultrasonic bath for 3 min-
utes. The Si wafer with gold nano electrodes was then rinsed
with distilled water and dried with Nitrogen gas.

[0079] FIG. 3A is the microscopic image of the nano
interdigitated electrode and FIG. 3B is the atomic force
microscopic image of gold nano electrode with the Self-
assembled monolayer (SAM).

[0080] The CA-125 Antibody immobilization was accom-
plished on the electrodes as follows. The gold nano elec-
trodes are electrically insulated using the SAM (Self-as-
sembled monolayer) and then coated with antibodies. The
electrodes are immersed in a 50 mM Thiourea solution
(CH4N,S) for 12 hours to form the SAM layer (Self-
assembled Monolayer) as shown in the FIG. 3b. To remove
the excessive Thiourea solution, the surface of the electrode
is rinsed with ethanol and Millipore deionized water and
then dried using Nitrogen gas. The electrical insulation of
the SAM layer is confirmed by evaluating the short circuit/
current leakage using the 2 point probe station. Glutaralde-
hyde (CsH,0,) was used to promote surface activation on
the SAM layer, for enhanced antibody binding as shown in
FIG. 4. The CA-125 antibodies of 10 ng/ml are placed on top
of the Surface-activated SAM layer at 4° C. for 12 hours to
immobilize the antibodies. A 10 mM 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 (Limbut et al 2006).

[0081] The PDMS microchannel was bonded with the
Si-wafer on with the nano interdigitated circuit fabricated, in
order to have the biofluid sample flow on top of the
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immobilized CA-125 antibodies. The biofluid sample used
in this example was with the concentration of 55 pg/ml of
CA-125 antigens at pH 7.4.

[0082] FIG. 4 shows the schematic model of the various
steps involved in surface activation and immobilization of
the CA-125 antibodies on the gold electrodes.

[0083] The principles of the controlled self-driven flow of
the biofluid in the PDMS microchannel using the surface
treatment are discussed below. Again, this example utilizes
blood as a biofluid, however the invention is in no way
limited to utilizing blood as a biofluid sample as previously
explained.

[0084] The contact angle of a liquid drop on a solid surface
was defined in this example 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 (PDMS) surface Were Y04 i Viioodsotia
& Yootict air WHETE ¥ 11,04 4:r- 18 the interfacial tension between
blood and air, ;5045014 18 the interfacial tension between
blood and PDMS substrate and v, ., 1s the interfacial
tension between the PDMS substrate and air as shown in
FIG. 5.

[0085] As per Young’s law,

Veolid,air™ Y blood solid ™\ blood,air €05 € (Equation 1)

[0086] From equation 1, the contact angle 6 can be cal-
culated using equation 2:

(Equation 2)

o= cos,l(%olid,air ~ Yblood,solid ]

Vbiood air

[0087] The surface tension driven flow can be controlled
by altering the contact angle of the fluid with the surface.
The contact angle of the fluid can be changed by various
surface treatments to the surface on which the fluid is
intended to flow. The contact angles of blood in this example
or experiment was measured with a precision of an experi-
mental uncertainty of +2° of variation within the theoretical
values. Capillary diameter of blood is determined by the
Equation 3 as shown below:

Ybiood
Aplood = | ——
Pblood &

[0088] According to Hmcir and Rosina (1996) the surface
tension of the blood (y,,,.,) at 22° C. is 55.89x10~> N/m and
the density of the blood (p,,,,,) 1s 1060 kg/m3. Considering
the acceleration due to gravity (g) as 9.81 m?/s, the capillary
length of blood (A,,,;) 1s calculated as 2.31 mm as per Eq-3.
Assuming the drop shape as sphere the blood drop radius is
confined to | mm, since the diameter of the blood drop
sample should be less than the capillary diameter of blood
(2.31 mm). The volume of the blood drop used in the
experiment with 1 mm radius is 4.2 ul. The assumptions
made while measuring the contact angle are: [a] The rough-
ness factor of PDMS is ignored, so that the contact angle
variations were made just by the surface properties instead
of the roughness effect. [b] The values of V1,0 4i Yotood.sotia
& Yyou1,0:» ar€ assumed to be constant throughout the experi-
ment. [¢] The surface tension of the blood is higher than the

(Equation 3)
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surface tension of the PDMS with surface treatments. [d]
The PDMS sample fabricated are rigid, smooth and homog-
enous.

[0089] The contact angle was varied with the duration of
the plasma treatments to the PDMS. The contact angle of
blood drop with the PDMS sample has decreased from
107.12° to 47.07° as shown in FIGS. 6 A-6D and FIG. 7 with
the plasma treatment duration from 0 sec to 100 sec.
[0090] FIGS. 6A-6D show the images of the drop placed
on the PDMS that are treated with plasma for the duration
of 0 sec, 25 sec, 75 sec and 100 sec. The contact angles
measured for the drop on the PDMS surface that are treated
with plasma for the duration of 0 sec, 25 sec, 75 sec and 100
sec are 107.12°, 88.12° 62.65° and 47.07° respectively.
FIG. 7 shows the plot of the contact angle variation with the
duration of the plasma treatment. Increase in the duration of
oxygen plasma treatment of PDMS samples decreased the
contact angle made by the drop with the PDMS surface. This
implies that the PDMS surface is converted from hydropho-
bic to hydrophilic with the oxygen plasma treatment.
[0091] The blood flow in microchannel is self-driven due
to the capillary effect induced by the surface tension of the
blood. As the channel surfaces are plasma treated, the
contact angle is 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 also control the blood flow in the microchannel.
The plot of the blood flow rate in the plasma treated surfaces
for various durations is shown in FIG. 8.

[0092] The blood flow rate in the microchannel has
increased from 0.04 p/sec to 0.46 pl/sec when the surface of
the PDMS is treated with plasma from 0 sec to 100 sec.
From FIG. 8, it was evident that the biofluid can be self-
driven in microchannel with controlled flow rate by treating
the surface of microchannel with various durations of the
plasma treatment. The scope of this experiment was limited
to demonstrate the self-driven flow of blood in microchannel
with controlled flow rate.

[0093] The sensing mechanism implemented in the bio-
chip used a non-optical methodology which can drastically
reduce the setup cost and enhance the accuracy of the
results. The biological formations and changes in the micro-
channel are captured using the nano interdigitated electrode
circuit.

[0094] When the biofluid sample with antigens flow in the
microchannel, over the antibodies that are immobilized on
the nano circuit, the antigens from the sample interact with
the antibodies and form the antigen/antibody conjugation.
The antigen/antibody conjugation results in the change in
the dielectric properties of medium and causes the change in
the capacitance in the nano circuit. The antigens in the
biofluid sample can be detected with the change in the
capacitance measurement of the nano circuit.

[0095] As the antigen/antibody complex is unique, only
specific antigen will from antigen/antibody conjugation with
the specific antibody. By sensing the electrical signal (ca-
pacitance variation) from the antigen/antibody conjugation,
the antigens in the biofluid sample can be detected.

[0096] FIG. 9 explains the simplified schematic of the
capacitance model of the sensing mechanism in the biochip.
The layers which influence the capacitance in the comprised
capacitance model are Bare electrodes (Cg,,. £;), Surface-
activated SAM layer (Cg,,), Antibody (C ) and Antigen/
Antibody conjugation
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CAg/ Ab .
Conjugation

At stage-1, the capacitance is measured before the antigen/
antibody conjugation. At stage-2, the capacitance is measure
after the antigen/antibody conjugation. The capacitance
measured before the antigen/antibody conjugation is the
‘Baseline’ capacitance

CBaxeline
(Before Ag/Ab conjugation)

In ‘Baseline’ capacitance measurement, the Bare electrodes,
Surface-activated SAM layer and Antibody layers are con-
sidered. The capacitance measured afier the antigen/anti-
body conjugation is the ‘Total” capacitance (

CToral
(After Ag/Ab conjugation)

In ‘Total’ capacitance measurement, the Bare electrodes,
Surface-activated SAM layer and Antigen/Antibody conju-
gation layers are considered. The generic capacitance is
calculated using the model as shown in FIG. 9.

[0097] The effective surface area of the electrode that
contributes to the capacitance are, “Top’ surface area and
‘Side’ surface area as shown in FIG. 10A. The net capaci-
tance ‘C’ of the active surface area (Top+Side) of the
electrodes in the comprised capacitance model is given by
the Equation 4,

(Equation 4)

A A
Aeffrop Hside

[0098] where ¢ is the relative permittivity of the material
between the electrodes and €, is the vacuum permittivity,
Aeﬁro & A . arethe eﬁectlve surface areas on the Top and
Side”surfaces of the electrode, and deﬁ & d,  are the
effective distances between the Top and Side surfaces of the
electrodes.

[0099] When the SAM*, Antibody & Antigen/Antibody
layers are assumed to be homogenous over the surface of
electrode, the capacitance of the circuit can be calculated
from the equivalent model, with the single surface (Top+
Side) as shown in FIGS. 10A-10B.

[0100] Hence, the net capacitance ‘C’ of the circuit can be
calculated as per Equation 5,

(Aeﬂ-] (Equation 5)
C=g-c0-

dgff

where ¢, is the relative permittivity of the material between
the electrodes and ¢, is the vacuum permittivity, A, is the
effective surface area and d is the effective distance
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between electrodes. The capacitance of the Bare electrodes
(Cg,,. £r) in the nano circuit are calculated as per Equation
6,

Algare 1 ] (Equation 6)

Chare L = £rg,, ;€0 ( 7
ffBare EL

where ¢, is the relative permittivity of the material
between the bare electrodes and g, is the vacuum permit-
tivity, A4, 5 1s the effective surface area of bare electrode,
and d Fom is the effective distance between the bare elec-
trodes. Slmllarly the capacitances of the individual layers
(Csanres Cup & Cugrap conjugarion) €20 be calculated using the
Bquation 5, with the corresponding €, ¢, A, d, - values of
each layer. It can be inferred from this equation, that a
significant change in the capacitance can be caused in three
ways: (i) by altering the distance d_sbetween the two elec-
trodes, (ii) by altering the overlapping area A, between the
two electrodes and (iii) by a change in the dielectric per-
mittivity between the electrodes. For the simplified case,
assuming the interdigitated electrodes are sufficiently thick,
the resistance ‘R’ in the solution is given by the Equation 7,

e
L ZISM(—ZL ]

1
n-lk  (mdg
o

(Equation 7)

Rsotution =

[0101] where n is the number of fingers and 1 is the length
of fingers of the interdigitated electrodes, k is the conduc-
tivity of the biofluid sample, d,is the spacing between the
electrodes and L is the width of the electrode.

[0102] The capacitive measurements at different layer of
the sensing platform were calculated using Agilent 4284A
Electrical Analyzer. All the capacitive measurements were
carried out in the frequency range of 10 Hz to 100 Hz with
an increment of 10 Hz at a time. The variation in capacitance
is due to the change in the dielectric properties of the
double-layers from each interface that directly adds up to the
capacitive series. The capacitance at the bare electrodes
(Cgare £r) 18 measured directly by connecting the probes of
the electrical analyzer, to the contact pads of the Gold nano
interdigitated electrodes. The capacitance measurements are
from the bare electrodes without any layers on the elec-
trodes. The capacitance of bare electrode is 9.4 nF at 10 kHz
and then gradually decreased to 8.7 nF at 100 kHZ as shown
in the FIG. 11.

[0103] The SAM layer (Self-assembled monolayer)
formed using the Thiourea (CH,N,S) on the gold interdigi-
tated electrodes as shown in FIG. 3B. In Equation 8,
Courrenare £ 15 the capacitance at the SAM layer on the
electrode. The capacitance at the SAM layer on the Bare
electrodes (Csyaz.pae £) 15 measured by connecting the
probes of electrical analyzer, to the contact pads of the gold
nano interdigitated electrodes after the formation of SAM
layer on the Bare electrodes. The capacitance measured at
the SAM layer is 9.2 pF at 10 kHz and then dropped to 8.6
pF at 100 kHz. as shown in FIG. 11.
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1 1 -1 (Equation 8)

CsamsBare EL = | 57— + +——
Csamr Chare EL

[0104] where Cg,,1s the capacitance caused due to SAM
layer and Cg,,, 5 is the capacitance caused due to Bare
electrodes.

[0105] The Glutaraldehyde (CsHGO,) is used to activate
the surface of the gold nano interdigitated electrodes with
the self-assembled monolayer as shown in FIG. 4. The
surface activation of the SAM layer is required to strengthen
the bonding of the antibody (CA-125) to the monolayer. The
Glutaraldehyde (CsHgO,) replaces the Hydrogen (H,) in
Thiourea with one of the aldehyde group (—CHO) of
Glutaraldehyde and form a bi-product (H,O). Thus the
Surface-activated SAM layer provide the feasibility for the
amide group (NH,) of CA-125 antibody, to replace the
oxygen in the exposed aldehyde group of surface-activated
SAM layer and form a bi-product (H,O). Thus, the Glutar-
aldehyde helps in forming a strong linkage between the
SAM layer (Thiourea) and the antibodies.

[0106] InEquation 9. Cg . 1s the capacitance caused due
to the Surface-activated SAM layer. The capacitance at the
Surface-activated SAM layer on the Bare electrodes
(Csyrrrspare £z) 18 measured by connecting the probes of
electrical analyzer, to the contact pads of the gold nano
interdigitated electrodes, after the surface activation of the
SAM layer on the Bare electrodes. The capacitance mea-
sured at the Surface-activated SAM layer is 9.2 pF at 10 kHz
and then reduced to 8.55 pF at 100 kHz as shown in F1G. 11.

1 o7t

4
Csam Chare EL

(Equation 9)
Csant* +Bare EL =

[0107] Based on the capacitance measurements at Bare
electrodes, SAM layer, and Surface-activated SAM layer at
different frequencies, the following conclusions are made:
(1) The significant difference of the capacitance measure-
ments at the Bare electrodes (Cy,,, ;) to the capacitance
measurements at the SAM layer (Cg 4,4, 5470 £z) and Surface-
activated SAM layer (Cg s 5are £2) 18 due to the adsorption
of the thiol monolayer to the gold electrode surface which
causes the significant change in the dielectric properties. (2)
The difference in the capacitance measurements at SAM
layer (Cqarpare rr) and Surface-activated SAM layer
(Cosrrranare 2) 18 very minimal over the frequency, as the
change in the dielectric properties at SAM layer and Sur-
face-activated SAM layer is very minimal. Since, Cq 41y, pore
EL~C o nmpore g1 1t €an be inferred that Cg,,~Cg 3
[0108] In Equation 10 at stage-1, the capacitance at the
Baseline

Baseline
(Before Ag/Ab conjugation)

is measured after the CA-125 antibodies are immobilized on
the surface-activated SAM later of the Gold nano interdigi-
tated electrodes and before the antigen/antibody conjuga-
tion. The capacitance at the Baseline (before antigen/anti-
body conjugation) is measured by connecting the probes of
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electrical analyzer, to the contact pads of the gold nano
interdigitated electrodes, after the immobilization of the
CA-125 antibodies. The capacitance measurement at the
immobilized antibody layer, before the antigen/antibody
conjugation is 18.7 pF at 10 kHz and the reduced to 11.3 pF
at 100 kHz as shown in FIG. 12.

! SRR
| Crorerr  Csur Cap

(Equation 10)

Chaseline

(Before AglAb conjugation)

where Cz,,. 7, Counp and C,, are the capacitance due to
Bare electrodes, Surface-activated SAM layer and Antibod-
ies layer.

[0109]
Total

In Equation 11 at stage-2, the capacitance at the

CToral
(After Ag/Ab conjugation)

is measured After the CA-125 antigen/antibody conjugation,
when the biofluid sample (with CA-125 antigens) flow in the
microchannel under the controlled self-driven flow condi-
tion, over the immobilized CA-125 antibodies on the sur-
face-activated SAM layer of the Gold nano interdigitated
electrodes.

Cromt = (Equation 11)

(After Ag/Ab conjugation)

1 1 1 -l

A
Cparegr.  Csawvr  Cagjab Conjugation

[0110]  where Cg,, g7 Csyare a0d C iy conugarion ar€ the
capacitance due to Bare electrodes, Surface-activated SAM
layer and Antigen/Antibody Conjugation layer. The change
in the net molecular size due to antigen/antibody conjuga-
tion creates a disturbance in the distribution of charges, and
creates 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 creates a process of
local polarization that directly influences the dielectric pet-
mittivity of the antigen/antibody conjugation on the elec-
trode surface. The dipole-dipole interaction stimulates the
polarization on the electrode surface. With this phenomenon,
the dielectric of each antigen/antibody conjugation has
unique characteristic over the range of frequencies, which
helps to identify the conjugation formation. The ‘Total’
capacitance after CA-125 antigen/antibody conjugation is
296 pF at 10 kHz, which reduced to 110.9 pF at 100 kHz as
shown in FIG. 12. As per Equation 12, the difference in
capacitance (AC) between stage-1 and stage-2 (from Equa-
tions 10, 11 & 12), provides the information of capacitance
change caused due to the conjugation of antigen/antibody,
which indicate the existence of antigens in the biofluid
sample.
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AC = Crpg = Chaseline {Equation 12)

(After AgiAb conjugation)  (Before Ag/Ab conjugation)

[0111] Based on the capacitance measurements at the
Baseline (Before Ag/Ab conjugation) and at “Total’ (After
Ag/Ab conjugation) during the biofluid sample flow on the
sensing mechanism, at different frequencies, the following
conclusions are made: (1) The capacitance measurements of
Total (After Ag/Ab conjugation) are decreasing from 296 pF
to 110.9 pF, with the increase in the frequency from 10 kHz
to 100 kHz, because as the frequency increases, the net
polarization in all the layers on the interdigitated electrode
decreases, that directly influence the dielectric properties.
The decrement in the dielectric value reduces the capaci-
tance with the increment of frequency. With the same reason,
the capacitance measurements of Baseline (Before Ag/Ab
Coagulation) are also decreasing from 18.7 pF to 11.3 pF,
with the increase in the frequency from 10 kHz to 100 kHz,
but the change in capacitance is not evident in the plot FIG.
12, due to the scale of the plot. (2) The capacitance mea-
surements at Total (After Ag/Ab conjugation) is higher than
the Baseline (Before Ag/Ab conjugation) over the frequency
because as the dielectric permittivity of the CA-125 antigen/
antibody conjugation is directly increased by local polariza-
tion, which is due to the net charge variation with the
interaction of the hydrocarbons of antigens and antibodies.

[0112] From the observations it is understood that the
functionality of the sensing mechanism is successfully
evaluated under the controlled self-driven flow condition
with the significant change of capacitance values from
‘Baseline’ to “Total’.

[0113] The American Cancer Society stated that a total of
1,688,780 new cancer cases and 600,920 deaths from cancer
are projected to occur in the United States of America in
2017 (as per the Cancer Facts and Figures, 2017). Cancer
still remains the second most common cause for death in the
United States, which is about 1 in every 4 deaths. Ovarian
cancer ranks as the fifth most common cancer in women
Though there are high number of cases being reported for
Uterine Cancer among all the gynecological cancers, Ovar-
ian cancer has the highest mortality rate among all the
gynecologic malignancies (as shown in FIG. 13).

[0114] In 2017, there is an estimated 22,440 new ovarian
cancer cases to be reported and 14,080 ovarian cancer deaths
are expected to occur (in USA). Ovarian cancer deaths are
5% among all the cancer deaths of woman.

[0115] The current available technologies can only detect
only 15% of ovarian cancer cases at early stages (ie., stage
1A & stage IB), with the survival rate of 93%, while the
remaining 85% of ovarian cancer cases are detected at the
advanced stages, with the survival rate being just 31% (as
shown in FIG. 14). The significant rise of the survival rate
of these cancer cases emphasizes the need of early stage
diagnosis.

[0116] Enabling the cancer diagnosis as an easy and
simple process can increase the number of diagnosis and
thus have an increased chance of early stage diagnosis.
National Cancer Institute (NCI) stated that there has been no
effective screening tests exists for early detection of many
cancers. Cancer diagnostics is still a frontier that has not
been completely explored by biochip researchers.
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[0117] 1In this second example, the POC micro biochip is
primarily intended to diagnose the ovarian cancer at the
early stage with a blood sample from a finger prick. The
POC micro biochip is an immune-assay which can detect the
cancer antigens in the blood at very low concentration. The
change in the capacitance measurement of the nano circuit
of the biochip indicated the formation of antigen/antibody
complex.

[0118] FEarly Stage Ovarian Cancer Biomarkers

[0119] The best technologies currently available for early
detection of the ovarian cancers are the combination of
screenings of elevated CA-125 and transvaginal ultra-
sound—TVS (when elevated levels of CA-125 are
detected). However these technologies do not met the cri-
teria for cost effectiveness espoused by United States Pre-
ventive Services Task Force. Therefore there has been no
screening recommended by any professional group for ovar-
ian cancer in general public. FIG. 15 illustrates a table of
specificity and sensitivity of early detection ovarian cancer
biomarkers from various studies.

[0120] The elevated levels of CA-125 are not present in
the 20% of the ovarian cancer patients and also the elevated
levels of CA-125 are shown in benign conditions such as
liver cirrhosis, endometriosis and peritonitis. CA-125 levels
also fluctuate with due to pregnancy and menstrual cycles.
However CA-125 has been effectively used in conjugation
with other biomarkers such as Human Epididymis Protein 4
(HE-4), Alpha-fetoprotein Receptor (RECAF), Prostasin,
Apolipoprotein A-1 (Apo-Al) and Transthyretin (TTR) to
increase its sensitivity and specificity as the early detection
biomarkers (as shown in FIG. 15).

[0121] The threshold value is the concentration of bio-
marker in serum that indicates the existence of ovarian
cancer. It is the concentration of the biomarker that differ-
entiates the ovarian cancer patients (OVC) from the normal
population. The limit of detection is acquired by the standard
assays. The concentration of biomarker HE-4 naturally
increases with age. Older women will have higher concen-
tration of HE-4 that younger woman. Apo-Al and TTR,
when used with CA-125 yield highest sensitivity and speci-
ficity. However, Apo-Al and TTR are under expressed in
OVC patients. OVC patients will have lower concentration
of Apo-Al and TTR compared to healthy people. The POC
biochip uses the conjugation of biomarkers that are listed
above in order to detect the ovarian cancer at the early
stages.

[0122] Point-of-Care (POC) Micro Biochip Design
[0123] The POC micro biochip is incorporated with sur-
face treated microchannels to control the self-driven flow of
blood sample without any external flow control devices and
a capacitance sensing mechanism to detect the biological
interactions such as antigen (Ag)-antibody (Ab) complex
formation (as shown FIG. 16). The biochip is designed with
multichannel distribution from a single inlet of the blood
sample, to improve the feasibility of detecting multiple
antigens using multiple antibodies coated in different chan-
nels. Detecting the multiple cancer antigens from the same
sample can enhance the sensitivity of the biochip. In POC
biochip the multiple gold nano Interdigitated Electrodes
(IDE) are incorporated at different sections of the micro-
channel to sense the biological interactions with the
enhanced signal and thus also increase the sensitivity. The
gold nano IDEs are connected to individual contact pads, to
monitor the signal from each IDE separately. Attaching each
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IDE with a unique cancer antibody helps to sense the signal
of the corresponding antigen/antibody complex formation
individually and thus the individual concentrations of the
specific antigens in the blood sample can be detected. The
existence of ovarian cancer can be determined from the
blood sample, by detecting the corresponding ovarian cancer
antigens. Thus the POC biochip can detect ovarian cancer
existence and its severity, by detecting the cancer antigens
existence and its composition in the blood sample.

[0124] Surface Treated Microchannels

[0125] The microchannels are designed with the specific
aspect ratios (width of about from 200 um to 500 pm and
depth of about 107 um) to amplify the self-driven capillary
flow and self-separation of plasma from blood. A Si wafer of
4 inch diameter is cleaned and spin coated with a positive
photoresist (SPRTM 955), which is then exposed to UV rays
using the UV mask aligner for 14 seconds. The wafer is then
treated with CD-26 and DI water to let the photoresist
remain only at the microchannel structures. The Si wafer
was then etched using Deep Reactive Ion Etching (DRIE) to
107 um, which elevate the microchannel structures and
remove the material from rest of the areas. Polydimethylsi-
loxane (PDMS) was mixed with appropriate composition
(1:10) and then poured on top of etched Si-wafer with
microchannel structures after degassing at vacuum chamber.
The PDMS along with the Si wafer was baked at 60 degree
centigrade for an hour. Then the PDMS layer was carefully
peeled and made holes for the inlet and outlet to the
microchannel as shown in the FIG. 17. The PDMS mold was
then aligned with Si-wafer with nano circuit.

[0126] PDMS is highly inert and hydrophobic in its
nature. To convert the PDMS to hydrophilic, the PDMS
surface is exposed to oxygen plasma for various durations.
In this example, the hydrophilicity of PDMS was controlled
by the variation in duration of the plasma treatment. The
plasma treatments are performed on the ‘Plasma Cleaner-
PDC-32G’ with oxygen flow rate of 20 sccm and 98.8 bar
pressure. The radio frequency (RF power supply-150 W) of
13.56 MHz frequency was used for plasma excitation.
[0127] Gold Nano Interdigitated Circuit

[0128] To fabricate the gold nano circuit on the Si wafer,
it is initially cleaned with isopropanol and coated with a
positive photoresist (PMMA-AG6). Considering the required
height of the PMMA, the spin coater is set to appropriate
speed and later it is dried before it follows the lithography
steps at the Electron Beam Lithography (EBL) tool. The
desired nano circuit pattern is formed on the Si wafer after
it is washed with MIBK:IPAf for 60 seconds. To improve the
adhesion between gold and silicon, a layer of Titanium (app
10 nm) is deposited. 90 nm of gold is deposited on the nano
circuit patterned Si wafer, using the Physical Vapor Depo-
sition (PVD) process using Kurt J Lesker PVD-75 Evapo-
rator. The lift-off process is implemented to remove the
photoresist by cleaning with Acetone ultrasonic bath and
later dried with nitrogen gas. Thus the gold nano interdigi-
tated electrodes are formed as shown in FIG. 18.

[0129] The gold nano electrodes are insulated with the
Self-assembled monolayer (SAM) and then coated with
cancer antibodies. To form the SAM layer, the electrodes
were immersed in a 50 mM Thiourea solution for 12 hours.
Then the surface of the electrodes is rinsed with ethanol and
Millipore deionized water and dried using Nitrogen gas.
Glutaraldehyde was used to promote surface activation on
the SAM layer. The ovarian cancer specific antibodies are
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aliquotted with a concentration of 10 ng/ml and then placed
on top of the surface activated SAM layer at 4° C. for 12
hours to immobilize the antibodies. To block the unwanted
sites or the bare spots on electrode surface a 10 mM of
1-dodecanthiol in ethanolic solution was added on top. Thus
the cancer specific antibodies are immobilized on gold nano
interdigitated electrodes as shown in FIG. 19.

[0130] The PDMS mold with microchannels is properly
aligned with the nano patterned interdigitated circuit to
facilitate the blood sample to flow on the cancer antibodies
that are immobilized on the nano circuit in order to form
antigen/antibody complex as shown in FIG. 16.

[0131] Results and Discussion

[0132] Controlled Self-Driven Flow of Blood in Micro-
channel
[0133] The contact angle of the blood drop on the solid

(PDMS) surface is defined by the mechanical equilibrium of
the drop, with the influence of the interfacial tensions. The
three interfacial tensions identified when a blood drop is
placed on a solid (PDMS) surface are Y,1,04.4rs Ysoutd,ar &
Votood.sotis WHEIE Y14 i, 19 the interfacial tension between
the PDMS surface and air, ¥,,,,4, ., 18 the interfacial tension
between the blood and air and Y,y .4 15 the interfacial
tension between blood and PDMS surface as shown in FIG.
5

[0134] Again, as per Young’s law,
Veotid.air™blood solid*Vblood.air €05 © (1)

From eq (1), the contact angle 6 can be calculated, as shown
eq (2),

Vsolid air ~ Vblood solid 2
Cosf =| ————
Vblood,air

The surface tension is the primary cause of the capillary
pressure difference across the interface between two fluids
(liquid and air). The schematic of the microchannel (FIG.
20), of circular cross section with radius r, that is filled with
two immiscible fluids (blood and air) with surface tension o,
the meniscus is approximated as a portion of a sphere with
radius R, and the pressure difference across the meniscus is:

The radius R of the meniscus depends only on the contact
angle 8 and the radius of the channel r as in eq-4:

AP—— 20Cosh 4
R
[0135] The contact angle of the blood drop is measured at

the various durations of the plasma treatment to understand
the hydrophilicity of the PDMS surface and to understand
the flow rate of blood in microchannel. The contact angle
measured with no plasma treatment to PDMS is 109.14°.
The contact angles measured at 25 seconds, 50 seconds, 75
seconds and 100 seconds duration of the plasma treatment
are 86.13°,79.54°, 61.25° and 46.15° respectively (as shown
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in FIG. 27). FIG. 27 is Blood Drop Images (4.2 pl volume)
on PDMS surface treated with oxygen plasma for various
durations.

[0136] The surface treatment on the PDMS surface helps
in controlling the contact angle from a range of 109.14° to
46.15° (FIG. 27). Increasing the duration of oxygen plasma
treatment to PDMS surface has decreased the contact angle
of the blood drop on the PDMS surface. This explains that
the PDMS surface is converted from hydrophobic to hydro-
philic nature with the duration of surface treatment.

[0137] By varying the contact angle of the fluid with the
necessary surface treatments to the surface of microchannel
helps in controlling the self-driven flow, when driven by the
surface tension. The blood flow rate in microchannel has
increased from 0.03 pl/sec to 0.47 pl/sec, when the surface
of microchannel is treated from 0 seconds to 100 seconds as
shown in FIG. 28. Therefore the flow rate of capillary driven
blood flow in microchannel can be controlled by the dura-
tion of the plasma treatment in the microchannel.

[0138] Sensing Cancer Antigen from the Biofluid Sample
[0139] In POC micro biochip, an electrical methodology
(measuring change in capacitance) is implemented for the
sensing antigen-antibody interaction as shown in FIG. 21.
The electrical biosensor in the biochip detects the biomo-
lecular reactions and interactions with the changes in elec-
trical properties like voltage, current, impedance, capaci-
tance, and the like. The approach of measuring the
capacitance has advantages like high sensitivity, even for
small changes (femto scale), freedom of sensor size varia-
tion and low power consumption requirement.

[0140] When the biofluid sample with ovarian cancer
antigens flow in the microchannel, over the ovarian cancer
antibodies that are immobilized on the nano circuit, the
antigens from the sample interact with the corresponding
antibodies and form the antigen/antibody complex. As the
antigen/antibody complex is unique, only the ovarian cancer
specific antigen will from antigen/antibody complex (Ag/Ab
complex) with the ovarian cancer specific antibody. The
antigen/antibody complex results in the change of the dielec-
tric properties of medium and thus causes the change in the
capacitance of the nano circuit. With the change in the
capacitance measurement of the nano circuit the existence of
the antigens in the biofluid sample can be detected as shown
in FIG. 21.

[0141] FIG. 22 explains the simplified schematic of the
capacitance model of the sensing mechanism in the biochip.
The primary layers of sensing mechanism that influence the
capacitance measurements are bare electrodes (Cg,,. £/ ),
surface-activated SAM layer (Cs,,+), ovarian cancer Anti-
body (C,,) and ovarian cancer Antigen/Antibody complex

C agiap
Complex

as shown in FIG. 22.

[0142] All the capacitive measurements were carried out
in the frequency range of 10 Hz to 100 Hz with an increment
of 10 Hz at a time using the Agilent 4284A Electrical
Analyzer. The capacitance at the bare electrodes (Cg,,. £;)
is measured by connecting the probes of the electrical
analyzer, to the contact pads of the gold nano interdigitated
electrodes. Similarly the capacitance at different layers is
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measured by connecting the probes to the contact pads of the
gold nano interdigitated electrodes with different layers on
them.

[0143] At stage-1, the capacitance at the Baseline

CBaxeline
(Before Ag/Ab complex)

is measured after the immobilization of the ovarian cancer
specific antibodies (before the ovarian cancer antigen/anti-
body complex formation) as in eg-5.

1 1 Lt ©)

Cpaseii =|l—t=—+—
Bascline Cparerr  Csamx Cap

(Before Ag/Ab complex)

[0144] where C;,,. 7, Cg ap and C, are the capacitance
due to bare electrodes, surface-activated SAM layer and
antibodies layer.

[0145] At stage-2, the capacitance at the Total

CToral
(After Ag/Ab complex)

is measured after the ovarian cancer antigen/antibody com-
plex formation (as in eq-6), when the biofluid sample (with
ovarian cancer antigens) flow in the microchannel under the
controlled self-driven flow condition, over the immobilized
ovarian cancer antibodies on the surface-activated SAM
layer of the Gold nano interdigitated electrodes.

1 1 1 ! ©]

= —
Cparevl,  Csam Cagiab Conjugation

CToxal
(After Ag/Ab conjugation)

[0146] where Cy,,, 27> Conm a0d C oty it compugarion 2r€ the
capacitance due to Bare electrodes, Surface-activated SAM
layer and Antigen/Antibody Conjugation layer.

[0147] The “Total’ capacitance after ovarian cancer anti-
gen/antibody complex formation is 270.09 pF at 10 kHz,
which reduced to 95.92 pF at 100 kHz as shown in FIG. 13.
As per eq-7, the change in capacitance (AC) between the
stage-1 & stage-2 (from eq-5 & 6), provides the information
of the capacitance change due to formation of ovarian cancer
antigen/antibody complex, which indicated the ovarian can-
cer antigens in the biofluid sample.

AC = Crpgy

(After Ag/ Ab complex)

- CBaxeline (7)
(Before Ag/Ab complex)

[0148] The capacitance measurements of Total (After
Ag/Ab complex) are decreasing from 270.09 pF to 95.92 pF,
with the increase in the frequency from 10 kHz to 100 kHz,
since as the frequency increases, the net polarization in all
the layers on the interdigitated electrode will decrease, that
directly influence the dielectric properties. The decrement in
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the dielectric value reduces the capacitance with the incre-
ment of the frequency values. With the same reason, the
capacitance measurements of Baseline (Before Ag/Ab Com-
plex) are also decreasing from 18.7 pF to 11.29 pF, with the
increase in the frequency from 10 kHz to 100 kHz, but the
change in capacitance is not properly evident in the plot
(FIG. 23), due to the its scale.

[0149] In other embodiments, the principles of the inven-
tion may be incorporated into other physical manifestations.
Below are a few examples and are not meant to limit the
scope of the invention.

[0150] FIGS. 24A and 24B illustrates Point-of-Care
(POC) Biochips, FIG. 24A illustrates a Point-of-Care (POC)
Biochip as USB device and FIG. 24B illustrates a Point-of-
Care (POC) Biochip as IOT device.

[0151] FIG. 25 illustrates a Point-of-Care (POC) Biochip
as USB device supported with software to display the results
on a laptop to which a USB is connected.

[0152] FIG. 26 illustrates a Point-of-Care (POC) Biochip
as 10T device supported with software to display the results
in a wireless device.

[0153] The self-driven flow in the microchannel is con-
trolled by the surface treatments on the microchannel sur-
face. The controlled flow rate in microchannels provides
necessary conditions for biological reactions like antigen-
antibody complex formation. Controlling the flow rate with-
out any external devices helps to minimize the contamina-
tion of the sample. The change in the capacitance due to the
ovarian cancer antigens in the blood sample helps to deter-
mine the existence of cancer. The biochip research is cur-
rently progressing to detect the early stage ovarian cancer
antigens in pico and femto level concentrations with the
enhanced sensing mechanism. The information of existence
of early stage ovarian cancer antigens in the blood sample,
enables the physicians to schedule the patient for next level
of cancer diagnosis. This research work promotes in devel-
oping new standalone POC devices to detect the ovarian
cancer at early stages and save thousands of woman.

Example II

[0154] The detection and determination of the cancer
biomarkers are very crucial to diagnose at the early stages of
the disease. The biosensor of the present disclosure
improves the detection by reducing the process time, cost
and space of the device. A surface modification protocol is
utilized for better sensitivity under shear flow rate conditions
using carbon nanotubes (CNTs). An interdigitated electrode
transducer was modified using functionalized CNTs for
signal enhancement. The biosensor was integrated with
PDMS microfluidic channels for controlled self-driven flow.
Experimental results shown indicate disease-specific anti-
gens, such as CA-125, are detected using the principles of
the present disclosure from a micro volume of biofluid
sample using the CNTs modified interdigitated electrodes
under capillary flow condition. This result is a vast improve-
ment over current state of the art biosensors.

[0155] In general, the invention overcomes the disadvan-
tages of past attempts to detect disease-specific antigens.
Again as used herein, “sample” refers to a sample from a
mammalian patient. Non-limiting examples of a sample
include tissue or bodily fluids. Bodily fluids can include
blood, urine, saliva, spinal fluid, any combination of these,
or any other fluid originating in the body. Where blood is
referenced specifically, it is referred to merely for illustrative
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purposes and is in no way meant to limit the scope of the
invention. The following examples are given merely for
illustrative purposes only and are in no way meant to limit
the scope of the invention to these specific examples.

Materials and Methods

Chemicals and Apparatus

[0156] Phosphate buffer saline (PBS), 1-ethyl-3-(-3-dim-
ethylaminopropyl) carbodiimide (EDC), N-hydroxysuccin-
imide (NHS), Carboxy functionalized Carbon nanotubes
(CNTs), Thiourea (CH,N,S) were purchased from Sigma
Aldrich (USA). The CA-125 monoclonal antibodies and the
CA-125 antigens were purchased from Meridian Life Sci-
ence. The Polydimethylsiloxane (PDMS) base and curing
agent were bought from Fisher Scientific. De-ionized water
was used throughout the experiments.

Sensor Fabrication

[0157] The Interdigitated nanoelectrodes are developed
using photolithography technique. A thermal oxidized based
silicon wafer is spin coated with a positive tone photoresist
PMMA-6. The coated silicon wafer is patterned using JEOL
IBX6300-FS Electron beam Lithography equipment. The
patterned silicon wafer is developed with MIBK: IPA for 60
seconds and washed with IPA for another 60 s and then dried
with Nitrogen gas. Following this step, an approximate of 15
nm thickness of Titanium is layered on top of the patterned
silicon substrate as Titanium improves the adhesion of gold
on Silicon. Around 95 nm thickness of Gold is deposited on
top of the Titanium coated Silicon substrate by high vacuum
evaporator (Kurt J. Lesker PVD-75 Evaporator). After the
metal depositions, the lift-off process is performed by
removing the positive tone photo resist by cleaning the
substrate in acetone ultrasonic bath for 3 mins and then
followed by rinsing with Isopropenol and de-ionized water
in order to prevent redeposition.

[0158] FIG. 29 shows the microscopic image of the pat-
terned interdigitated electrodes.

[0159] The interdigitated nanoelectrodes were cleaned
multiple times with ethanol and de-ionized water before
addition of other chemical layers. The sensor surface was
coated with Self Assembled Monolayer (SAM) by incubat-
ing the sensor in 50 mM solution of Thiourea overnight
followed by rinsing with ethanol and de-ionized water. The
formation of the SAM layer was confirmed using two point
electrical probe station. The CNTs were placed on top of the
modified sensor with SAM layer.

[0160] The surface of the CNTs having a carboxylic
functionalized group was activated using 50 mM concen-
tration of EDC and NHS for approximately 4 hours. The
surface activation of the functionalized carbon nanotubes
enables it to bind with the antibodies covalently [22].
Surface activation mechanism is shown in FIG. 30.

Immobilization of the Antibodies

[0161] The sensor surface was washed using PBS solution
before the immobilization of the antibodies. Followed by
this step, the immobilization of the antibodies was done by
incubating the modified sensor with 0.5 pl of 7 mg/ml
CA-125 antibodies in PBS for 2 hours. The incubation
process was done at 4° C. The sensor surface was rinsed
using PBS solution and approximately 1 pl of ethanolamine



US 2019/0118178 Al

was added on top of the modified sensor for 1 h to block the
non-reacted groups on the sensor surface. The sensor was
then cleaned with PBS and dried with nitrogen gas.

Addition of the Antigen

[0162] The biosensor is integrated with the PDMS micro-
fluidic channel on top through which the antigens solutions
are meant to be passed. A drop of CA-125 antigens solution
(5 uL) having 560 pug/ml concentration is placed on the inlet
of the hydrophilic PDMS channel. The antigens solution
flows through the microfluidic channel due to capillary
effect and interacts with the antibodies, which are exposed
on top of the sensor platform. The schematic model of the
biosensor is shown in FIGS. 31A-31B.

Measurement of Capacitance

[0163] The capacitance is measured at all the stages hav-
ing different layers. All the measurement were taken using
two point probe station and the dielectric parameters were
calculated by using Agilent 4284 A Precision LCR meter.

[0164] FIG. 32 shows the probe station used in this
experiment for capacitive measurements. The scanned fre-
quency was in the range between 10 kHz and 100 kHz with
a step of 10 khz at each succession. The capacitance was
calculated for (a) bare electrodes, (b) insulation of the
electrodes by SAM layer; (c) after addition of carboxylic
functionalized Carbon Nanotubes, (d) after immobilization
of the CA-125 antibodies and (e) after conjugation of
CA-125 antigens and antibodies. All the measurements were
taken at 100 mV amplitude with the DC voltage at 0.5V.

[0165] FIG. 33 illustrates capacitance versus frequency
plot for different layers on top of sensor. FIG. 34 shows the
plot between capacitance and frequency at 0.5V for the
different stages.

Results

Interdigitated Electrodes

[0166] The interdigitated electrodes are designed for
capacitive measurements. The advantage of using interdigi-
tated electrodes is to increase the effective net surface area
of the capacitive measurements within the same volume or
space. The interdigitated electrodes work in a similar way to
that of the conventional parallel plate capacitor. The dielec-
tric properties of the medium between the parallel plates
provide the electrical information such as conductivity,
permittivity, capacitance, and impedance. The interdigitated
electrodes produce the electric field lines which penetrate
the medium and depending on the geometry and configu-
ration of the electrodes, the electric field can penetrate
deeper and wider. The capacitance of the interdigitated
electrodes is defined as

e=es(3)
=8|

[0167] where ¢ is the dielectric constant between the plates
and g, (8.85 pF/m) is the constant of permittivity of the free
space, A is the area of the electrodes and d is the distance
between the parallel electrodes.

Apr. 25,2019

Formation of SAM

[0168] The formation of the SAM layer was confirmed by
AFM image of the electrodes. The purpose of the SAM layer
is to insulate the electrodes to prevent the electrodes from
short circuiting.

[0169] FIG. 33 shows the AFM image of the electrodes.
The increase in the height of the electrodes and roughness at
the surface confirm the formation of the SAM layer. The
capacitive measurements, in addition to the AFM image,
confirm the SAM layer insulation on top of the electrodes.

Capacitance Measurements at Different Layers

[0170] The dielectric permittivity of the SAM layer is
lower than that of bare electrodes due to which the capaci-
tance is slightly lower to the bare electrodes. FIG. 34 shows
the lower capacitance curve of the SAM layer compared to
the bare electrodes. The carbon nanotubes exhibit excellent
electrical, chemical and structural properties that makes
them highly promising for nanoscale sensing.

[0171] The carbon nanotubes having better permittivity
resulted in higher capacitance to that of both bare electrodes
and the SAM layer. The carbon nanotube having around 3%
surface coverage of carboxylic functionalized group was
used for the experiment which would covalently bind the
antibodies to the carbon nanotubes. Due to the lack of
sufficient coverage of the carboxylic group on CNTs, the
concentration of the immobilized antibodies on top of CNT
based sensor is low compared to other nanoparticles based
biosensor platform. As a result, the capacitance curve of the
immobilized CA-125 antibodies is similar to surface acti-
vated CNTs except at the lower frequencies. This curve is
also regarded the ‘Baseline’ as considering this as the
baseline, the capacitance of the antigen-antibody [Ag-Ab]
conjugation is measured.

Capacitance Measurements Before and after Ab-Ag Conju-
gation

[0172] The antigens and the antibodies interaction are
highly specific and selective. The specific antigens and
antibodies interaction increases the net molecular size due to
its complex formation. The change in the size of the complex
will disturb or interfere with the distribution of the charges
present in the dielectric medium. The antigens binding to the
antibodies directly affect the distribution of charges in
dielectric interface, which results in dipole moment. The
dipole-dipole interaction stimulates the polarization in the
dielectric interface. As a result, the dielectric property of
each antigen complex over the range of frequencies has its
unique variation which is measured to check the significant
changes. With this phenomenon, the measured capacitance
or impedance of the sensor varies with the relative changes
in dielectric properties on sensor surface.

[0173] FIG. 35 shows the plot between the capacitance
and frequency of the ‘Baseline’ and ‘after the antigen-
antibody conjugation’.

[0174] When the antigens solution is passed through the
microfluidic channel, the interaction between the antigens
and the antibodies takes place, which results in the change
of dielectric properties of the medium over the sensor
surface. The change in the dielectric properties directly
influences the change in the capacitance over a range of
frequency. The highest capacitance values are observed at 10
kHz for both Baseline and after Ag-Ab conjugation in the
selected frequency range. The capacitance of the ‘Baseline
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is around 10 pF and is increased to a value around 321 pF
after the antigens interaction. The significant change is the
capacitance values represent the conjugation of the CA-125
antigens and antibodies. The plot also demonstrates the
functionality of the CNTs based interdigitated electrodes
biosensor.

Capacitance Comparison Between CNT and Non-CNT
Based Biosensor

[0175] The CNT based biosensor is compared with the
non-CNT based biosensors for checking the enhancement in
sensitivity. The non-CNT based biosensor consists of anti-
bodies immobilized on top of the SAM layer using Glutar-
aldehyde. The Thiourea layer on top of gold electrodes is
surface activated using Glutaraldehyde. As a result, the
antibodies are bound to the modified Thiourea layer.
[0176] FIG. 36 shows the surface activation mechanism of
the non-CNTs based sensing platform. The plot shows the
capacitive measurements comparison between CNT based
and non-CNT based biosensor after the antigen-antibody
conjugation. The capacitance curve with the CNTs shows
significantly higher capacitive values compared to the non-
CNTs based biosensor. Both capacitive curves were mea-
sured between 10 kHz to 100 kHz frequency at 0.5V and 100
mV amplitude. The lowest capacitive difference between
CNT and non-CNT based biosensors were recorded to be at
10 kHz with the values of 321.06 pF and 296 pF respec-
tively. The significant difference in the values of the capaci-
tance was observed at 100 kHz. The difference between the
two curves is increasing with frequency as shown in F1G. 37.
[0177] As the frequency increases, the polarity of the
interdigitated electrodes increases significantly making the
capacitance unstable and lower. The CNT based biosensor
showed the capacitance value of approximately 160 pF and
the non-CNT based ones around 111 pF at 100 kHz. Since
the CNTs and the antibodies have better dielectric permit-
tivity, the capacitance of the sensing platform shows sig-
nificantly higher capacitance values compared to the non-
CNTs based biosensor. The higher capacitive values of the
CNT based biosensor depict its sensitivity enhancement
over the non-CNT based biosensor. The potential reason for
the enhancement is the higher number of the antibodies on
top of the sensor surface as CNTs provides high surface to
volume ratio.

[0178] As a result, significantly more number of antibod-
ies is present for the antigens conjugation. Another good
aspect is the covalent bonding between the CNTs and the
antibodies due to carboxylic functionalized group present on
top of CNTs which persisted even under the shear flow rate
conditions. The covalent bonding prevented the CA-125
antibodies from getting washed on the sensor surface which
resulted in presence of more antibodies comparatively for
successful binding. Again, the invention also functions and
utilizes one or more of the following features as shown in the
below examples and below detailed description. Disclosed
as shown in FIG. 38 is a graphic illustration showing
addition of a functional group and surface activation.
[0179] FIGS. 39A-39D illustrates additional carbon-based
nanomaterials for nano electrodes. For example, FIG. 39A is
graphene, FIG. 39B is graphite, FIG. 39C is a carbon
nanotube, and FIG. 39D is fullerene. FIGS. 40A-40B illus-
trate additional carbon based nanomaterials for nano-elec-
trodes and FIGS. 41A-41D illustrate additional functional
group and surface activation on graphene, four nitrogen
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functional groups in N-G. As illustrated in FIGS. 41A-41D
shown are FIG. 41A pyrrolic N (N_H): FIG. 41B pyridinic
N; FIG. 41C graphitic N; and FIG. 41D pyridinic-N oxide.

CONCLUSION

[0180] In summary, a functional CNTs based biosensor
with interdigitated electrodes pattern and integrated micro-
fluidic channel was developed with significant improve-
ments and advancements over the current state of the art
devices. The interdigitated electrodes supported the sensing
mechanism at minimal space and even at lower concentra-
tion of the CA-125 antigens. The carbon nanotubes showed
higher capacitance values that directly influenced the
enhancement of the sensitivity of the sensor due to their high
surface to volume ratio and better electron transfer rate. The
CA-125 antibodies are bonded covalently with the CNTs,
which provided more stability of the antibodies even under
shear flow rate conditions. The experiments in these
examples used 3% surface coverage of carboxylic function-
alized CNTs. However, depending on the embodiments,
additional surface coverage may be possible. The increased
percentage of the carboxylic functionalized group on the
surface of the CNTs may provide a platform to attach more
antibodies which would directly influence the stability and
sensitivity. The CNTs based interdigitated electrodes bio-
sensor may serve as a promising platform for the other
disease biomarkers for detection purposes.

[0181] Although the invention herein has been described
with reference to particular embodiments, it is to be under-
stood that these embodiments are merely illustrative of the
principles and applications of the present invention. It is
therefore to be understood that numerous modifications may
be made to the illustrative embodiments and that other
arrangements may be devised without departing from the
spirit and scope of the present invention as defined by the
appended claims.

What is claimed is:

1. A microfluidic chip with enhanced sensitivity to suc-
cessfully detect the disease-specific antigen, comprising

a biochip having a microchannel for a controlled self-

driven flow of a biofluid sample, and

a gold nano interdigitated electrode for capacitive sensing

with enhanced sensitivity.

2. The microfluidic chip of claim 1 wherein, biofluid
sample flow in the microchannel is self-driven due to the
capillary effect of biofluid in the hydrophilic microchannel.

3. The microfluidic chip of claim 1, wherein the micro-
channel is surface treated with oxygen plasma to control
hydrophilicity of a microchannel surface for controlling flow
rate of biofluid in the microchannel.

4. The microfluidic chip of claim 1, wherein the gold nano
interdigitated electrode is part of a circuit, and the circuit is
fabricated on a surface of the microchannel to detect biomo-
lecular interactions in the microchannel.

5. The microfluidic chip of claim 4, wherein the biofluid
sample has a cancer antigen that forms an antigen/antibody
conjugation with a cancer antigen antibody immobilized on
a surface-activated SAM layer of the gold nano interdigi-
tated electrode.

6. The microfluidic chip of claim 5, wherein the antigen/
antibody conjugation is detected via a change in the capaci-
tance of the circuit in the biochip.



US 2019/0118178 Al

7. The microfluidic chip of claim 1, wherein the controlled
self-driven flow in the microchannel is controlled by a
surface treatment on a microchannel surface.

8. The microfluidic chip of claim 1, wherein the controlled
self-driven flow rate in the microchannel provides necessary
conditions for biological reactions including a antigen-
antibody complex formation.

9. The microfluidic chip of claim 6, wherein the change in
the capacitance is due to the cancer antigens in the biofluid
sample and assists to determine an existence of cancer.

10. The microfluidic chip of claim 9, wherein the biofluid
sample is a blood sample, and information of existence of
early stage ovarian cancer antigens in the blood sample
enables the physicians to schedule a patient for a next level
of cancer diagnosis.

11. The microfluidic chip of claim 1, wherein the biochip
is incorporated into a point of care device connected to a
computer using USB.

12. The microfluidic chip of claim 1, wherein the biochip
is incorporated into a point of care device connected to a
wireless device as 10T.

13. The microfluidic chip of claim 1, wherein the biochip
is incorporated into a point of care device connected to a
computer using USB supported with software to display
results on a laptop to which the USB is connected.

14. The microfluidic chip of claim 1, wherein the biochip
is incorporated into a point of care device connected to a
wireless device as IOT supported with software to display
results in a wireless device.

15. A microfluidic chip with enhanced sensitivity, com-
prising

a nano circuit having at least one interdigitated nano

electrode;

a hydrophilic microchannel for a biofluid sample to flow

therethrough;

at least one self assembled monolayer (SAM) layer cov-

ering the electrode;

an antibody disposed about the electrode for detection of

an antigen; and

wherein an antigen/antibody conjugation is detected by

capacitance change in the nanocircuit, and the biofluid
sample flows in the microchannel and is a self-driven
flow due to a capillary effect of the biofluid in the
hydrophilic microchannel.

16. The microfluidic chip of claim 15, wherein the inter-
digitated nano electrode contains gold (Ag).

17. The microfluidic chip of claim 15, wherein the anti-
body is immobilized on the SAM layer using glutaralde-
hyde.

18. The microfluidic chip of claim 15, further including a
plurality of nanoparticles disposed about the SAM layer; and
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wherein the antibody is disposed onto the nanoparticles to
allow the antibody to adhere more readily on a surface of the
electrodes; and wherein the nanoparticles are selected from
a group consisting of a metallic material, a gold (Au)
material, a silver (Ag) material, a non-metallic carbon
material, a carbon nanotube (CNT), a graphene, an active
carbon, and any combination thereof.

19. The microfluidic chip of claim 15, wherein the self-
driven flow in the microchannel is controlled by the surface
treatments on a microchannel surface.

20. The microfluidic chip of claim 15, wherein a con-
trolled flow rate in the microchannel provides for a biologi-
cal reaction.

21. The microftuidic chip of claim 15, wherein the bio-
logical reaction is an antigen-antibody complex formation.

22. The microfluidic chip of claim 15, further including
carbon nanotubes (CNT) disposed on the SAM layer,
wherein the CNT has a capacitance value that directly
influences enhancement of sensitivity of the biosensor due to
ahigh surface to volume ratio of the CNT and better electron
transfer rate as compared to without the CNT on the SAM
layer.

23. The microfluidic chip of claim 22, wherein the anti-
body is bonded covalently with the CNT to provide stability
of the antibody under shear flow rate conditions from the self
driven flow of the biofluid sample.

24. The microfluidic chip of claim 22, wherein an
increased percentage of a carboxylic functionalized group
on a surface of the CNT provides a platform to attach
antibodies and directly influence stability and sensitivity of
the antibody.

25. The microfluidic chip of claim 22, wherein the inter-
digitated electrodes are used as a platform for various
disease biomarkers for detection of various diseases.

26. A composition for a microfluidic chip consisting of:
at least one nano electrode containing gold (Ag);

a self assembled monolayer (SAM) layer covering the
electrode;

a plurality of carbon nanotubes (CNT) disposed on the
SAM layer;

at least one antibody attached to a surface of the CNT; and

wherein carboxylic groups of the CNT provide covalent
bond binding between the antibody and the CNT to
allow the antibody to adhere more readily on a surface
of the electrode.

* #* * #* #®
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