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(57) ABSTRACT

A method for metastasis diagnosis, including adhering a
plurality of Human Umbilical Vein Endothelial Cells (HU-
VECs) on an array of electrodes patterned on a substrate to
cover the array of electrodes by HUVECs, measuring an
initial electrical signal from each electrode of the array of
electrodes, introducing a metastatic-suspicious sample onto
the substrate and measuring a set of time-lapse electrical
signals from the array of electrodes. Each electrode has an
On/Off two-state, including an On state for an entirely-
covered electrode by a HUVEC and an Off state for a
partially-covered electrode by a HUVEC. Diagnosing
metastasis responsive to detecting a state change from On to
Off for at least one electrode of the array of electrodes.
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METHOD AND SYSTEM FOR METASTASIS
DIAGNOSIS AND PROGNOSIS

CROSS REFERENCE TO RELATED
APPLICATION

[0001] The present application claims priority from pend-
ing U.S. Provisional Patent Application Ser. No. 62/348,953,
filed Jun. 12, 2016, entitled “ ELECTRICAL INVASION
ASSAY BASED ON NANO-ROUGHENED PMMA SUB-
STRATE” and pending U.S. Provisional Patent Application
Ser. No. 62/403,723, filed Oct. 4, 2016, entitled “AN OPTI-
CAL-ELECTRICAL METHOD AND DEVICE FOR
METASTASIS DIAGNOSIS”, which are both incorporated
by reference herein in their entirety.

TECHNICAL FIELD

[0002] The present application generally relates to the
metastasis diagnosis and prognosis, using methods and
systems based on the invasion tendency of metastatic cells
to the Human Umbilical Vein Endothelial Cells (HUVECs).

BACKGROUND

[0003] Metastasis occurs when cancer cells acquire a
migratory epithelial-to-mesenchymal transition (EMT) phe-
notype, initiated from groupings of cells that appear to break
off from primary tumors. Invasive phenotype is the funda-
mental property of such cells in correlation with their
invasion to endothelial vascular layer in the beginning of the
metastasis. Identifying metastatic cancer cells in a sample
resected from the secondary tissue of the patients by biopsy,
core needle biopsy (CNB), endoscopy, colonoscopy, Lymph
node aspiration, and fine needle aspiration (FNA) is the most
important step in cancer staging and therapeutic regimes.

[0004] Accurate detection of the occurrence of metastasis
in the samples removed by biopsy has a major impact on
patients’ survival rates. Existing pathological methods are
designed to track the presence of abnormally aggressive
cells in the fixed samples prepared from removed tissues by
cytological and immunohistochemical staining procedures.
The small volume of the biopsied tissue from the organs in
question for metastasis results in limited number of histo-
pathological samples investigated by pathologists and
reduces rates of accurate diagnosis especially in early stages
of metastasis. Current molecular technologies specifically
negatively limit the ability to demonstrate metastasis in
biopsy samples with low cellular population. Although
cancer cells are detectable in some cases using traditional
methods, they might be rare or only exist in regions of the
removed sample that are not investigated by a pathologist,
thereby leading to missing any aggressive cancer cells.
Accordingly, to do a detailed analysis using traditional
methods which doesn’t miss any cancer cells is both time
consuming and expensive.

[0005] Therefore, there is a need for an approach, a
system, and a method to accurately detect the presence of
metastasis in unprocessed samples for cancer diagnosis,
prognosis, drug development, and cancer treatment applica-
tions. A chemistry-free approach may enable specific and
label-free efficient capture of metastatic cells with a simple,
fast, and chemistry free method in small biopsy samples
which will improve the diagnostic impact of CNB before
surgery or therapeutic treatments.
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SUMMARY

[0006] In one general aspect of the present disclosure, an
exemplary system for diagnosis of metastasis in a meta-
static-suspicious sample is disclosed. The system may
include a bio-chip that may include a biosensor, an electrical
signal extraction board and a processor. The biosensor may
include a substrate, an array of electrodes that may be
patterned on the substrate, and a Human Umbilical Vein
Endothelial Cell (HUVEC), in which the HUVEC may be
adhered on the substrate and on the array of electrodes to
form a biological trap for a metastatic cell. The electrical
signal extraction board may be utilized to apply a voltage on
the array of electrodes. It may further receive a set of
time-lapse electrical signals from the array of electrodes.
The array of electrodes may be electrically connected to the
electrical signal extraction board. The processor may be
configured to record and analyze the set of time-lapse
electrical signals received by electrical signal extraction
board and the electrical signal extraction board may be
connected to the processor. The metastatic-suspicious
sample may be introduced into the bio-chip and the diag-
nosis of metastasis may be conducted via monitoring and
analyzing the time-lapse electrical signals that may be
recorded by the processor.

[0007] In an exemplary embodiment, diagnosis of metas-
tasis may include diagnosing metastasis for the metastatic-
suspicious sample if a reducing trend in the time-lapse
electrical signals is present. For example, the reducing trend
may include a reduction of more than about 50% during a
time interval of at least about 4 hours after introducing the
metastatic-suspicious sample.

[0008] Inan exemplary implementation, the substrate may
include a silicon-based substrate, for example, a nano-
roughened silicon-based substrate and each single HUVEC
may be individually adhered on one of the electrodes of the
array of electrodes. The set of time-lapse electrical signals
may include a set of time-lapse electrical impedances. The
voltage may be applied with an amount of about 400 mV
with a frequency between about 1 KHz and about 150 KHz.

[0009] In an exemplary implementation, the disclosed
system may further include an optical unit, which may be
configured to capture a set of time-lapse optical images from
the biosensor and the optical unit may be connected to the
processor. The processor may concurrently record and ana-
lyze the set of time-lapse electrical signals received by the
electrical signal extraction board and the set of optical
images taken by the optical unit for metastasis detection.
The metastasis diagnosis may be conducted based on the set
of time-lapse electrical signals and the set of optical images
that may be recorded and analyzed by the processor.

[0010] In an exemplary embodiment, the metastasis diag-
nosis may include diagnosing metastasis responsive to
detecting a reducing trend with a reduction of more than
about 50% in the set of time-lapse electrical signals and an
invasion of a metastatic cell to a HUVEC is observed in an
image of the set of optical images during a time interval of
at least about 4 hours after loading or introducing the
metastatic-suspicious sample.

[0011] In an exemplary embodiment, the array of elec-
trodes may be patterned on the substrate with a regular
pattern or a non-regular pattern, for example, a parallel
regular pattern or a circular regular pattern. The array of
electrodes may include an array of gold microelectrodes.
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[0012] In an exemplary embodiment, the bio-chip may
further include an outer body that may be configured to place
around the bio-chip and a filtering member. The outer body
may include a cavity embedded on top of the outer body and
the cavity may include a hole and a reservoir. The cavity
may be used for introducing or adding a sample that may be
suspicious to include a metastatic cell.

[0013] Inan exemplary embodiment, the filtering member
may include a gold grid with a mesh size in a range of about
25 pm to about 50 ||m. The filtering member may be placed
between the hole and the biosensor.

[0014] In an exemplary embodiment, a method for fabri-
cating a biosensor for metastasis diagnosis is disclosed. The
method may include spinning a photoresist layer on a
substrate layer, patterning the photoresist layer via a photo-
lithography process to form a patterned substrate, forming a
nano-roughened surface on the patterned substrate, forming
an array of microelectrodes and an array of electrical con-
nections on the nano-roughened surface by depositing a
bilayer of Ti/Au on the nano-roughened surface, electrically
passivating of an area of the Ti/Au deposited nano-rough-
ened surface except the array of microelectrodes and the
array of electrical connections, and forming a metastatic cell
sensing trap on each microelectrode. The forming a meta-
static cell sensing trap on each microelectrode may include
adding a solution of HUVECs on the biosensor and forcing
an attachment between a HUVEC and a microelectrode on
the biosensor using a dielectrophoresis process.

[0015] In an exemplary embodiment, the substrate layer
may include a Poly(methyl methacrylate) (PMMA) layer or
a glass layer. Forming a nano-roughened surface on the
patterned photoresist layer may comprise holding the pat-
terned substrate in a reactive ion etching (RIE) system. The
depositing a bilayer of Ti/Au on the nano-roughened surface
may be conducted using a sputtering process.

[0016] Consistent with exemplary embodiments, a method
for fabricating a biosensor for metastasis diagnosis is dis-
closed. The method may include fabricating a mold, pouring
a PDMS mixture on the mold, degassing and curing the
poured mold, peeling off the cured PDMS mixture layer
from the mold forming a patterned PDMS layer, where the
patterned PDMS layer may include a plurality of tracks
configured to be as a plurality of positions for an array of
microelectrodes and an array of electrical connections,
bonding the patterned PDMS layer on a glass substrate,
forming an array of microelectrodes and an array of elec-
trical connections on the plurality of tracks via depositing a
bilayer of Ti/Au on the patterned PDMS layer using a
sputtering process, electrical passivating of an area of the
Ti/Au deposited on the patterned PDMS except the plurality
of tracks and forming a metastatic cell trap on each micro-
electrode.

[0017] In an exemplary embodiment, the mold may be
fabricated via spinning a photoresist layer on a substrate
layer and patterning a plurality of microfluidic channels on
the photoresist layer through a photolithography process to
form the mold. The metastatic cell trap may be formed on
each microelectrode by adding a solution of HUVECs on the
biosensor and forcing an attachment between a HUVEC and
a microelectrode on the biosensor.

[0018] In an exemplary embodiment, the substrate layer
may include a silicon wafer and the PDMS mixture may
include a mixture of Poly(dimethylsiloxane) (PDMS) pre-
polymer and cross-linker with an about 10:1 ratio. Curing
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the poured mold may be done at a temperature of about 65°
C. for at least about 4 hours. Forcing an attachment between
the HUVEC and the microelectrode on the biosensor may
include applying an electrically active positioning system to
adhere a single HUVEC on a microelectrode using a dielec-
trophoresis (DEP) technique.

[0019] In an exemplary embodiment, a method for metas-
tasis diagnosis is described. The method may include adher-
ing a plurality of Human Umbilical Vein Endothelial Cells
(HUVECs) on an array of electrodes patterned on a substrate
to cover the array of electrodes by HUVECs, measuring an
initial electrical signal from each electrode of the array of
electrodes, introducing a metastatic-suspicious sample onto
the substrate and measuring a set of time-lapse electrical
signals from the array of electrodes. Each electrode of the an
array of electrodes may have an On/Off two-state including
an On state for an entirely-covered electrode by a HUVEC
and an Off state for a partially-covered electrode by a
HUVEC. A metastasis diagnosis may include detecting a
state change from On to Off for at least one electrode of the
array of electrodes.

[0020] In an exemplary embodiment, the electrical signal
may comprise an electrical impedance. The set of time-lapse
electrical signals may comprise a set of electrical imped-
ances measured every 30 seconds after introducing or intro-
ducing the metastatic-suspicious sample onto the substrate.
The state change may occur within 5 hours or less for a
metastatic sample. The state change from On to Off may
include an about 50% or more reduction of an electrical
signal within the set of electrical signals in comparison with
the initial electrical signal for one electrode.

[0021] In an exemplary embodiment, adhering a plurality
of HUVECs on an array of electrodes may include selec-
tively adhering a single HUVEC on each electrode of the
array of electrodes and adhering the plurality of HUVECs on
an array of electrodes may be done by applying an electrical
field. For example, adhering the plurality of HUVECs on an
array of electrodes may be done by a method comprising
electrostatic cell patterning, or dielectrophoresis (DEP), or
cell printing method.

[0022] In an exemplary embodiment, the metastatic-sus-
picious sample may include an unprocessed living sample
resected from a patient. The metastatic-suspicious sample
may be resected by an operation, for example, biopsy
operation, core needle biopsy (CNB), endoscopy, colonos-
copy, Lymph node aspiration, or fine needle aspiration
(FNA), etc. The metastatic-suspicious sample may include a
plurality of cell lines.

[0023] In an exemplary embodiment, the method may
further include capturing a set of time-lapse optical images
from the array of electrodes. The set of time-lapse optical
images may include an initial image before the introducing
the metastatic-suspicious sample onto the substrate and a
plurality of time-lapse optical images after the introducing
the metastatic-suspicious sample onto the substrate.

[0024] In an exemplary embodiment, the metastasis diag-
nosis may further include observing an invasion of a meta-
static cell from the metastatic-suspicious sample to a
HUVEC adhered onto an electrode. The metastasis diagno-
sis may include detecting a state change from On to Off for
at least one electrode of the array of electrodes and observ-
ing an invasion of a metastatic cell from the metastatic-
suspicious sample to a HUVEC adhered onto an electrode.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG. 1A illustrates a schematic of an electrical
system for diagnosis of metastasis, consistent with one or
more exemplary embodiments of the present disclosure.
[0026] FIG. 1B illustrates a schematic of an integrated
optical-electrical system for diagnosis of metastasis, consis-
tent with one or more exemplary embodiments of the present
disclosure.

[0027] FIG. 2A illustrates a schematic of a bio-chip used
for diagnosis of metastasis, consistent with one or more
exemplary embodiments of the present disclosure.

[0028] FIG. 2B illustrates a schematic of a biosensor for
diagnosis of metastasis, consistent with one or more exem-
plary embodiments of the present disclosure.

[0029] FIG. 3 illustrates a method to fabricate a biosensor
with a nano-roughened surface for diagnosis of metastasis,
consistent with one or more exemplary embodiments of the
present disclosure.

[0030] FIG. 4 illustrates a method to fabricate a biosensor
with a PDMS substrate for diagnosis of metastasis, consis-
tent with one or more exemplary embodiments of the present
disclosure.

[0031] FIG. 5A-E illustrate a schematic of capturing and
diagnosing a metastatic cell from unprocessed CNB sample
derived from the lymph of any suspicious secondary tissue,
based on the active interaction by a single vascular trap and
retraction of the trap based on invasion of metastatic cell,
consistent with one or more exemplary embodiments of the
present disclosure.

[0032] FIG. 6A illustrates a method for metastasis diag-
nosis, consistent with one or more exemplary embodiments
of the present disclosure.

[0033] FIG. 6B illustrates an example integrated optical-
electrical method for metastasis diagnosis, consistent with
one or more exemplary embodiments of the present disclo-
sure.

[0034] FIG. 7A illustrates a field emission scanning elec-
tron microscope (FESEM) micrograph of an example of a
nano-roughened PMMA substrate, consistent with one or
more exemplary embodiments of the present disclosure.
[0035] FIG. 7B illustrates a field emission scanning elec-
tron microscope (FESEM) micrograph of an example of a
smooth PMMA substrate, consistent with one or more
exemplary embodiments of the present disclosure.

[0036] FIG. 7C illustrates an electron microscopy image
of an example of the contact sites of an exemplary adhered
HUVEC cell on a nano-roughened PMMA substrate, con-
sistent with one or more exemplary embodiments of the
present disclosure.

[0037] FIG. 7D illustrates an electron microscopy image
of an example of the contact sites of an exemplary adhered
HUVEC cell on a smooth PMMA substrate, consistent with
one or more exemplary embodiments of the present disclo-
sure.

[0038] FIG. 8A illustrates an image of the surface of an
exemplary biosensor fabricated according to a method in
accordance with EXAMPLE 1, consistent with one or more
exemplary embodiments of the present disclosure.

[0039] FIG. 8B illustrates an image a magnified portion of
the surface of an exemplary fabricated biosensor before
adding a solution of HUVECs accordance with EXAMPLE
1, consistent with one or more exemplary embodiments of
the present disclosure.
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[0040] FIG. 8C illustrates an image a magnified portion of
the surface of an exemplary fabricated biosensor at about 27
min after applying DEP on an added solution of HUVECs in
accordance with EXAMPLE 1, consistent with one or more
exemplary embodiments of the present disclosure.

[0041] FIG. 9A illustrates an example time-lapse electrical
impedance curve for two exemplary microelectrodes of an
example biosensor diagnosing exemplary metastatic MDA-
MB 468 cell lines, consistent with one or more exemplary
embodiments of the present disclosure.

[0042] FIG. 9B illustrates an example optical image of
two exemplary microelectrodes of an example biosensor
diagnosing exemplary metastatic MDA-MB 468 cell lines,
consistent with one or more exemplary embodiments of the
present disclosure.

[0043] FIG. 9C illustrates an example of time-lapse opti-
cal images of two exemplary metastatic cell traps of an
example biosensor diagnosing exemplary metastatic MDA-
MB 468 cell lines during about 3:20 hours after introducing
the metastatic cells, consistent with one or more exemplary
embodiments of the present disclosure.

[0044] FIG. 10A illustrates an example time-lapse electri-
cal impedance curve for two exemplary microelectrodes of
an example biosensor for exemplary MCF-7 cell lines,
consistent with one or more exemplary embodiments of the
present disclosure.

[0045] FIG. 10B illustrates an example of time-lapse
optical images of two exemplary metastatic cell traps of an
example biosensor diagnosing exemplary MCF-7 cell lines
during about 4.5 hours after introducing the MCF-7 cells,
consistent with one or more exemplary embodiments of the
present disclosure.

[0046] FIG. 11A illustrates exemplary set of optical
images (top) and the corresponding schematics (down) of
two exemplary live metastatic cells (ID: 1, designated by ¥)
detached from an isolated lymph of a patient and attacking
two individual single HUVEC sensing traps (designated by
A), consistent with one or more exemplary embodiments of
the present disclosure.

[0047] FIG. 11B illustrates an example trend of time-lapse
electrical responses of two example of electrodes covered by
two exemplary HUVECs invaded by two exemplary meta-
static cells (ID: 1), consistent with one or more exemplary
embodiments of the present disclosure.

[0048] FIG. 11C illustrates an example trend of time-lapse
electrical responses of one example electrode covered by
HUVECs remain non-invaded by exemplary non-metastatic
cells (ID: 15), consistent with one or more exemplary
embodiments of the present disclosure.

[0049] FIG. 12A illustrates an exemplary H&E resulted
image of the patient ID: 1 sample having a metastatic cancer,
consistent with one or more exemplary embodiments of the
present disclosure.

[0050] FIG. 12B illustrates an exemplary H&E resulted
image of the patient ID: 15 sample having a non-metastatic
condition, consistent with one or more exemplary embodi-
ments of the present disclosure.

DETAILED DESCRIPTION

[0051] The following detailed description is presented to
enable a person skilled in the art to make and use the
methods and devices disclosed in exemplary embodiments
of the present disclosure. For purposes of explanation,
specific nomenclature is set forth to provide a thorough
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understanding of the present disclosure. However, it will be
apparent to one skilled in the art that these specific details
are not required to practice the disclosed exemplary embodi-
ments. Descriptions of specific exemplary embodiments are
provided only as representative examples. Various modifi-
cations to the exemplary implementations will be readily
apparent to one skilled in the art, and the general principles
defined herein may be applied to other implementations and
applications without departing from the scope of the present
disclosure. The present disclosure is not intended to be
limited to the implementations shown, but is to be accorded
the widest possible scope consistent with the principles and
features disclosed herein.

[0052] Intravasation of metastatic cells into blood stream
initiated by their invasion to endothelial barrier of vascular
layer would be a significant diagnostic characteristic of
metastasis. Many proteins implicated in tumor metastasis
have been identified to act either as negative, such as
E-Cadherin, or positive, such as avp3, 4, 6, CD24, and
CXCR?2 factors. Expression of positive proteins started by
disruption in basement membrane, adhesion of tumor cells
to vascular endothelium, retraction of endothelial junctions
or necrosis of some endothelial cells. In vitro models are
utilized to investigate the invasive ability of unknown cells
removed from the patients to vascular layer turned to an
interested field in metastatic diagnosis. The simple setup, the
easy readout, the kinetic analysis, the evaluation of cell
morphology and the feasibility to perform the assay with
standard laboratory equipment are some of the challenges
limiting the usability of developed methods.

[0053] The strength of the cancer cells invasion to
endothelial barrier may be a strong indication for metastatic
ability of tumor cells. Investigating the possible expression
of metastasis related proteins required, complicated bio-
chemical processes, along with expensive biomarkers and
skillful operators make it a difficult process especially when
the number of metastatic cells are so rare. The various
components of tumor-endothelial cells interactions can be
simulated in vitro by challenging a monolayer of Human
Umbilical Vein Endothelial Cells (HUVECs) with removed
tumor cells from a patient. Investigations implicated by
electron and phase-contrast imaging indicated that the in
vitro sequence of events fairly represent the in vivo meta-
static process. However, fabricating an integrated diagnostic
system to evaluate metastatic ability of unknown tumors
based on their invasion to endothelial barriers is still a
challenge which limits the entrance of vascular invasion
assay in clinics. Some electrical biosensors have been intro-
duced based on changed electrical response of the HUVEC
covered microelectrodes after their interaction with tumor
cells. Some major limitations restricted their development,
including: first, an adhesive layer such as fibronectin, lami-
nin or collagen is required to enhance the attachment of
HUVEC cells to the electrodes. Electrical capacitance made
by such layers has been reported to be in similar ranges
measured for HUVEC cells which would perturb the
response of the sensor. Second, minimum concentration of
cancer cells required to induce measurable changes in the
electrical signals of the sensor (by retracting the HUVEC
barrier) must be further than their real value in patients’
tumor, for example, one cancer cells per 2.5 HUVEC cells.
It wouldn’t be applicable in clinical trials in which tracing
the rare concentration of metastatic cells would be so
crucial. Applying advantages of new technologies such as
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nanotechnology, photonics and tissue engineering may help
to provide new assays with better efficiencies.

[0054] Herein, an impedimetric invasion assay is
described to diagnose metastatic cells from primary cancer-
ous ones, for example, in an unprocessed sample resected
from a patient without any need for an adhesive layer or an
excess amount of cancer cells within the sample. Using a
low concentration of tumor cells in this invasion assay may
open the way for its application in clinical experiments.

[0055] Disclosed herein is an exemplary system and an
exemplary method to detect the presence of invasive/meta-
static cells in a metastatic-suspicious sample, for example,
an unprocessed tumor/lymph node sample of a cancer
patient such as a breast cancer patient. Herein, an exemplary
electrical impedimetric system and method with the assis-
tance of a bio-chip is described to monitor the invasion of
rare metastatic cells to endothelial barrier so that the meta-
static cells may be diagnosed within an unprocessed sample
via a label-free approach. The present disclosure includes an
integrated optical-electrical system and method including
both electrical and optical monitoring the invasion of meta-
static cells to the HUVECs for metastasis prognosis or
diagnosis at early stages for unprocessed resected samples.

[0056] The diagnostic principles of the exemplary
embodiments consistent with present disclosure may be
fundamentally different from that of marker-based patho-
logical methods. Herein, the metastatic cells may be cap-
tured in a freshly removed solid or liquid sample in single or
cluster forms due to their invasive activity regardless of their
morphology and marker binding affinity. Thus, allowing
detection of metastatic cells that might otherwise escape
from labeling and staining. Moreover, captured cells may be
retained under a live dynamic function, unlike with assays
where cells are fixed, lysed or exposed to damaging stresses,
for example, IHC, RT-PCR, etc. assays. So the captured
metastatic cells could be reanalyzed by marker based meth-
ods, for example, epi-fluorescence microscopy. In addition,
other types of the cells existed in the biopsied tissue like
non-invasive epithelial cells, peripheral lipids and blood
cells may not apply invasive interaction by HUVEC traps so
wouldn’t be captured by the disclosed system and method.
As aresult, no false alarms should be reported by the present
disclosed system and method. This technology may enable
scan-free processing of the whole-sample.

[0057] In the present disclosure, the term “sample” may
refer to a metastatic-suspicious sample that may include a
cell line or a biopsied small amount of a patient tissue that
may be either solid or liquid and may be analyzed for cancer
diagnosis.

[0058] FIG. 1 shows a schematic of an electrical system
100 for diagnosis of metastasis in a metastatic-suspicious
sample, consistent with one or more exemplary embodi-
ments of the present disclosure. The electrical system 100
may include an impedimetric system to measure and moni-
tor the electrical impedance for metastasis diagnosis. The
system 100 may include a bio-chip 101, an electrical signal
extraction board 102, and a processor 103. The bio-chip 101,
the electrical signal extraction board 102, and the processor
103 may be electrically connected to each other. The meta-
static-suspicious sample may be introduced into the bio-chip
101 and the diagnosis of metastasis may be done via
monitoring a set of time-lapse electrical signals that may be
recorded by the processor.
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[0059] In an exemplary embodiment, the electrical signal
extraction board 102 may be configured to apply a voltage
on an array of electrodes of the bio-chip 101 and receive the
set of time-lapse electrical signals from the array of elec-
trodes of the bio-chip 101. The received set of time-lapse
electrical signals may be sent to the processor 103 that may
be configured to record and analyze the electrical signals
received by electrical signal extraction board 102 to detect
a metastasis condition.

[0060] In an exemplary implementation, about 400 mV of
voltage may be applied on the array of electrodes of the
bio-chip 101. The applied voltage may have a frequency
between about 1 KHz and about 150 KHz.

[0061] In an exemplary implementation, the set of time-
lapse electrical signals may include a set of time-lapse
electrical impedance values. Furthermore, a metastasis con-
dition may be detected by the system 100 via monitoring and
analyzing the time trend variations of the time-lapse elec-
trical signals. A metastasis may be detected if the time-lapse
electrical signals have a reducing trend with a reduction
amount of more than about 50% reduction, or in some
examples, more than about 70% reduction within a time
interval of at least about 4 hours after loading the metastatic-
suspicious sample into the biosensor 101. The metastatic-
suspicious sample may be a cell line from a cell bank, for
example, epithelial cell lines that may include MCF-7 cell
lines. Moreover, the sample may be an unprocessed sample
that may be resected from a cancer patient, for example, a
breast cancer patient.

[0062] As shown in FIG. 1B, the system 100 may further
include an optical unit 104 that may be configured to capture
a set of time-lapse optical images from the biosensor 101.
The optical unit may be connected to the processor. The
processor 103 may concurrently record and analyze the set
of time-lapse electrical signals received by the electrical
signal extraction board 102 and the set of optical images
taken by the optical unit 104 to detect a metastasis condition.
The metastasis diagnosis may be conducted based on moni-
toring the set of time-lapse electrical signals and the set of
optical images that may be recorded by the processor 103.
[0063] Inanexemplary implementation, the processor 103
may include an analyzer software that may match the set of
time-lapse electrical signals from the array of electrodes
with the set of time-lapse images to evaluate the syndicate
between a sharp reduction of electrical signals and HUVECs
retraction by invasive metastatic cells. For example, an
invert microscopic imaging system with phase contrast and
florescent equipment may be embedded at the bottom of the
biosensor substrate to record any invasive interactions in
real time.

[0064] Inanexemplary implementation, the processor 103
may utilize a software that may record the set of time-lapse
electrical signals received by the electrical signal extraction
board 102 and the set of time-lapse images taken by the
optical unit 104. If an electrical signal drops below a
threshold (30% of the first electrical signal of the time-lapse
electrical signal), the system may warn the user about a
potential metastasis occurrence and may show the affected
trap on a screen of the processor 103 for visual confirmation.
[0065] In an exemplary implementation, metastasis may
be diagnosed or detected by the system 100 of FIG. 1B if the
set of time-lapse electrical signals have a reducing trend
with a reduction amount of for example, more than about
50% reduction, or in some examples, more than about 70%
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reduction and also an invasion of a metastatic cell to a
HUVEC may be observed in an image of the set of optical
images taken by the optical unit 104. The metastasis diag-
nosis may be done during a time interval of at least 4 hours
after loading or introducing the metastatic-suspicious
sample into the bio-chip 101.

[0066] FIG. 2A illustrates a schematic of a bio-chip 101 of
the system 100 that may be used for diagnosis of metastasis,
consistent with one or more exemplary embodiments of the
present disclosure. The bio-chip 101 may include a biosen-
sor 201, an outer body 202, and a filtering member 203.
[0067] In an implementation, the outer body 202 may be
placed around the bio-chip for example, for protecting
purposes and easily clinical utilizing of the biosensor 201.
The outer body 202 may include a cavity 204 that may be
embedded on top of the outer body 202 that may be
configured for introducing or adding a sample that is sus-
picious to include a metastatic cell.

[0068] In an exemplary implementation, the cavity 204
may include a hole 205 and a reservoir 206 shown in FIG.
2A. The volume of the cavity may be about 200 pl. The
cavity 204 may be embedded on top of the outer body 202
to introduce a biopsied sample funneling the detached cells
through the single HUVECs sensing traps to mediate the
invasion conditions.

[0069] In an exemplary implementation, the filtering
member 203 may be placed between the hole 205 and the
biosensor 201, and may be used for filtering a sample
entered from the hole 205. The filtering member 203 may
prevent entering of impurities, contaminations, or residuals
along the entered sample. The filtering member 203 may
include a grid with a mesh size in a range of about 25 um to
about 50 pm and the grid may be made of Gold.

[0070] FIG. 2B illustrates a schematic of a biosensor 201
for diagnosis of metastasis, consistent with one or more
exemplary embodiments of the present disclosure. The bio-
sensor 201 may include a substrate 207, an array of elec-
trodes 208, and at least one Human Umbilical Vein Endothe-
lial Cell (HUVEC) 210. The array of electrodes 208 may be
electrically connected to the electrical signal extraction
board 102 via an array of electrical connectors 209.
[0071] In an exemplary implementation, the substrate 207
may have a width of about 100 um. The substrate 207 may
include a silicon-based substrate or glass substrate, for
example, the substrate may include a layer of Poly(methyl
methacrylate) (PMMA) or a layer of Polydimethylsiloxane
(PDMS). The PMMA, PDMS and other examples of a
substrate 207 material, which may be used in exemplary
embodiments may provide a biocompatible hydrophobic
surface for use in the present cancer cells diagnosis appli-
cations.

[0072] Insome exemplary embodiments, the substrate 207
may include a roughened surface, for example, a nano-
roughened surface for enhanced adhesion of the HUVECs
210 on the substrate 207. The nano-roughened surface may
be applied to enhance HUVECs 210 adhesion via increasing
hydrophobicity and cell-substrate contact sites instead of
applying an adhesive layer between the HUVECs 210 and
the substrate 207. Also, the nanostructured surface may
improve direct electrical contact between the HUVECs 210
and the surface of the substrate 207. A fast adhesion and
slow proliferation of HUVEC cells on such surfaces may
stop the overgrowing of the cultured HUVECs endothelial
layer during testing of the invasion assay.
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[0073] In an exemplary implementation, the array of elec-
trodes 208 may be patterned on the substrate 207, for
example, with a regular pattern or a non-regular pattern. In
a specific example, the array of electrodes 208 may be
patterned on the substrate 207 with a parallel regular pattern
or a circular regular pattern. The array of electrodes 208 may
include an array of microelectrodes that may be made of
gold and with a size approximately equal to the size of
HUVEC:s 210.

[0074] Referring to FIG. 2B, a plurality of HUVECs 210
may be attached or adhered on the substrate 207 to form a
plurality of biological traps for a metastatic cell. In exem-
plary embodiments, at least one single HUVEC 210 may be
attached on one electrode of the electrodes 208 placed on the
substrate 207. In an exemplary embodiment, the single
HUVEC 210 may be individually attached on the one
electrode so that it covers a portion of the electrode and the
substrate 207. The HUVEC 210 may prepare a biological
trap for a metastatic cell that may tend to invade the HUVEC
210, consequently resulting in retraction of the HUVEC 210
from the electrode 208 so that a change in an electrical signal
received from the electrodes 208 may occur.

[0075] In an exemplary embodiment, a method for fabri-
cating a biosensor for metastasis diagnosis is disclosed, for
example, biosensor 201 with a nano-roughened surface.
FIG. 3 illustrates a method 300 to fabricate the biosensor
201 with a nano-roughened surface for diagnosis of metas-
tasis. Referring to the method 300, it may include spinning
a photoresist layer on a substrate layer (step 301), patterning
the photoresist layer via a photolithography process to form
a patterned substrate (step 302), forming a nano-roughened
surface on the patterned substrate (step 303), forming an
array of microelectrodes and an array of electrical connec-
tions on the nano-roughened surface by depositing a bilayer
of Ti/Au on the nano-roughened surface (step 304), electri-
cal passivating of an area of the Ti/Au deposited nano-
roughened surface except the array of microelectrodes and
the array of electrical connections (step 305); and forming a
metastatic cell sensing trap on each microelectrode (step
306).

[0076] In step 301, a layer of photoresist may be spin
coated on the substrate 207, for example, a PMMA substrate.
The photoresist layer may serve as a mask for making a
nano-roughened structure on the substrate 207.

[0077] In step 302, the photoresist layer formed in step
301 may be patterned, for example, using a photolithogra-
phy process so that a patterned substrate may be formed. The
formed pattern may be a desired region for producing
nano-features to obtain a nano-roughened substrate.

[0078] In step 303, a nano-roughened surface may be
formed on the patterned substrate of the step 302. For this
purpose, the patterned substrate obtained from step 302 may
be placed in a reactive ion etching (RIE) system to form
nano-sized roughened surface in the region of the patterns of
the substrate 207.

[0079] In step 304, an array of microelectrodes and an
array of electrical connections may be formed on the nano-
roughened surface by depositing a bilayer of Ti/Au on the
nano-roughened surface. The bilayer of Ti/Au may include
a thin layer of titanium (Ti) with a thickness of, for example
about 5 nm covered with a thin layer of gold (Au) with a
thickness of, for example about 30 nm. The bilayer of Ti/Au
may be deposited on the nano-roughened surface using a
sputtering process.
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[0080] In step 305, an area of the Ti/Au deposited nano-
roughened surface may be electrically passivated except the
array of microelectrodes and the array of electrical connec-
tions. In this step, the Ti/Au bilayer may be removed from
the substrate surface except electrodes and connection lines
to form the microelectrodes 208 only on nano-roughened
region.

[0081] In step 306, one or more metastatic cell sensing
traps may be formed on each of the microelectrodes 208 by
adhering one or more HUVEC 210 on the biosensor 201.
The metastatic cell sensing traps may be formed via: adding
a solution of HUVECs 210 on the biosensor 201; and forcing
an attachment between a HUVEC 210 and a microelectrode
208 on the biosensor 210, for example, using a dielectro-
phoresis process (DEP).

[0082] In another exemplary embodiment consistent with
the present disclosure, a method for fabricating a biosensor
for metastasis diagnosis, for example, the biosensor 201 is
disclosed. FIG. 4 illustrates exemplary method 400 to fab-
ricate the biosensor 201 with a nano-roughened surface for
diagnosis of metastasis. Referring to this figure, the method
400 may include fabricating a mold (step 401), pouring a
PDMS mixture on the mold (step 402), degassing and curing
the poured mold (step 403), peeling off the cured PDMS
mixture layer from the mold forming a patterned PDMS
layer (step 404), bonding the patterned PDMS layer on a
glass substrate (step 405), forming an array of microelec-
trodes and an array of electrical connections on the plurality
of tracks via depositing a bilayer of Ti/Au on the patterned
PDMS layer using a sputtering process (step 406), electri-
cally passivating of an area of the Ti/Au deposited on the
patterned PDMS except the plurality of tracks (step 407),
and forming a metastatic cell trap on each microelectrode
(step 408).

[0083] Instep 401, a mold may be fabricated, for example,
via a process that may include spinning a photoresist layer
on a base layer, for example, a silicon wafer. Furthermore,
it may entail patterning a plurality of microfluidic channels
on the photoresist layer. For example, the plurality of
microfiuidic channels may be patterned on the photoresist
layer using a photolithography process to obtain the mold.
[0084] In step 402, a mixture including the substrate 207
material may be poured on the mold obtained from step 401.
The mixture may include a prepolymer, for example, PDMS
and, a cross-linker.

[0085] In step 403, the poured mold obtained from step
402 may be degassed and cured. For example, the poured
mold may be cured at a temperature of about 65° C. for at
least about 4 hours after degassing.

[0086] In step 404, the cured PDMS mixture layer may be
peeled off from the mold so that a patterned PDMS layer
may be obtained. The obtained patterned PDMS layer may
include a plurality of tracks that may later serve as a plurality
of positions for the array of microelectrodes 208 and an
array of electrical connections 209.

[0087] In step 405, the patterned PDMS layer may be
bonded on a glass substrate. For example, the cured PDMS
peeled off from the mold may be bonded with a glass
substrate after a surface activation in oxygen plasma.
[0088] In step 406, an array of microelectrodes 208 and an
array of electrical connections 209 may be formed on the
plurality of tracks via depositing a bilayer of Ti/Au on the
patterned PDMS layer bonded on the glass substrate in step
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405. The Ti/Au bilayer may be deposited on the patterned
PDMS layer, for example using a sputtering process.
[0089] In step 407, an area of the Ti/Au deposited on the
patterned PDMS may be electrically passivated except the
plurality of tracks, which may be the region of the array of
microelectrodes 208 and the array of electrical connections
209. After the passivation, an ethanol solution may be
flushed through the microfluidic channels and then the
microfiuidic channels may be washed, for example using
deionized water and PBS before future uses for metastasis
diagnosis.

[0090] Instep 408, a metastatic cell trap may be formed on
each microelectrode via a process that may include adding
a solution of HUVECs on the biosensor 201 and forcing an
attachment between a HUVEC 210 and a microelectrode
208 on the biosensor 201.

[0091] In an exemplary implementation, an electrically
active positioning system may be applied as a preferred
cell-registration technique to safely and rapidly place single
HUVECs 210 on the microelectrodes 208. The HUVECs
210 may be individually adhered on the microelectrodes
208, for example by using a dielectrophoresis (DEP) tech-
nique applying a force on polarizable bodies in a non-
uniform electric field. The registered single HUVEC cells
210 may play the role of active traps to capture the meta-
static cells. The HUVECs 210 may maintain their positions
after adhesion on the microelectrodes 208.

[0092] Inan exemplary implementation, an array of single
HUVECs 210 may be patterned and formed on the micro-
electrodes 208 within several minutes. A single HUVEC 210
may be spread to cover the surface of a registered electrode
208 in less than about 5 hours.

[0093] In an exemplary implementation, the disclosed
system and method herein may diagnose a metastasis based
on invasion tendency of the metastatic cells to the HUVECs.
The exemplary system and method may be based on track-
ing the chemokines by metastatic cells, for example,
chemokines S100A8 and S100A9 that may be released from
HUVEC sensing traps. Metastatic cells may detach them-
selves from a biopsied sample or a cell line sample and
retract the HUVECs traps. Retraction and detachment of
HUVECs from the array of electrodes (microelectrodes),
patterned on the biosensor surface, may induce sharp
changes in electrical response, for example, an electrical
impedance of the sensing elements that may match with
some observable changes in optical images from the optical
unit.

[0094] FIGS. 5A-E show an exemplary schematic of the
invasion of an exemplary metastatic cell from an unpro-
cessed CNB sample derived from the lymph of any suspi-
cious secondary tissue, based on the active interaction of the
metastatic cell 501 with a single vascular trap (HUVEC)
210. As it may be observed in FIGS. 5C-E, the invasion of
the metastatic cell 501 may cause a retraction of the trap 210
from the microelectrode 208 resulting in reduces the elec-
trical resistance of the sensing region, for example, a reduc-
tion in electrical impedance.

[0095] It should be understood that the presence of
HUVEC sensing traps may stimulate the metastatic cells
existing in a biopsied sample. The chemokines S100A8 and
S100A9 that may be produced by endothelial vascular cells
at the pre-metastatic niche may attract metastatic cells and
facilitate their extravasation and invasion at the secondary
site by inducing the formation of tumor cell invadopodia.
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Presence of MMP proteins at the external sites of invado-
podia may be so crucial in their ability to proteolyse and
disturb vascular cells. Hence, invasion to the vascular
endothelial barrier may be one of the imminent steps of
metastasis followed by entrance of cancer cells’ nano-
conduits into HUVECs and disturbing their morphology and
proliferation. So the exemplary systems and metods may be
optimized to handle the active migration of the detached
metastatic cells without using any micro-pumps to induce
flow speed.

[0096] In an exemplary implementation of the present
disclosure, observing a sharp reduction, for example, about
80% in the time-lapse electrical responses diagrams, for
example, in electrical impedance diagrams for at least one
electrode covered by a HUVEC sensing trap, about 4 hours
after introducing the biopsied sample or metastatic cell-lines
to the biosensor may indicate an invasive interaction
between a cell and a HUVEC trap. If this sample has been
resected from the primary organ, the cancer may be invasive
and if it has been removed from the peripheral tissues, for
example, sentinel lymph nodes (in breast cancer), the cancer
may have entered the micro-metastatic stage.

[0097] In an exemplary embodiment, a method for metas-
tasis diagnosis is disclosed. The method may be an electrical
impedimetric method or an integrated electrical impedime-
tric-optical method for diagnosis or prognosis of metastasis
based on the metastatic cells invasion to the HUVECs.
[0098] FIG. 6A shows an examplary method 600 for
metastasis diagnosis that may include adhering a plurality of
Human Umbilical Vein Endothelial Cells (HUVECs) on an
array of electrodes patterned on a substrate to cover the array
of electrodes by HUVECs (step 601), measuring an initial
electrical signal from each electrode of the array of elec-
trodes (step 602), introducing a metastatic-suspicious
sample onto the substrate (step 603), and measuring a set of
time-lapse electrical signals from the array of electrodes
(step 604). Each electrode may have an On/Off two-state
that may include an On state for an entirely-covered elec-
trode by a HUVEC and an Off state for a partially-covered
electrode by a HUVEC. The metastasis diagnosis may
include detecting a state change from On to Off for at least
one electrode of the array of electrodes.

[0099] In step 601, an array of electrodes that may be
patterned on a substrate, for example, a glass substrate, may
be covered by a plurality of HUVECs. In an example, a
single HUVEC may be selectively adhered on each elec-
trode of the array of electrodes.

[0100] In an exemplary implementation, the adhering of
the plurality of HUVECsS on the array of electrodes may be
conducted by applying an electrical field on the substrate
that includes a solution including a plurality of HUVECs
floated on the array of electrodes. In an example, adhering
the plurality of HUVECs on an array of electrodes may be
conducted by a method that may be one of an electrostatic
cell patterning method, a dielectrophoresis (DEP) method,
or a cell printing method.

[0101] In step 602, an initial electrical signal from each
electrode of the array of electrodes may be measured. For
example, the electrical signal may comprise an electrical
impedance which is an electrical resistance of the electrode.
In an On state for an electrode, the electrode may be
entirely-covered by a HUVEC with a coverage of about
100%. In an example, each electrode may be entirely-
covered by a HUVEC so that each electrode may have no
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initial electrical signal resulting an On state initially for the
array of electrodes. In one exemplary implementation, the
initial electrical signal may be measured using an electrical
signal board and may be recorded by a processor for further
analyses.

[0102] In step 603, a metastatic-suspicious sample may be
exposed, entered, or introduced onto the substrate. The
metastatic-suspicious sample may include an unprocessed
living sample resected from a patient. The metastatic-sus-
picious sample may include a liquid or a solid metastatic-
suspicious sample. The metastatic-suspicious sample may
be resected by an operation that is selected from the group
consisting of biopsy operation, core needle biopsy (CNB),
endoscopy, colonoscopy, Lymph node aspiration and fine
needle aspiration (FNA). In other examples, the metastatic-
suspicious sample may include a plurality of cell lines.
[0103] In step 604, a set of time-lapse electrical signals
may be measured from the array of electrodes. A metastatic
sample may be diagnosed by monitoring a time trend of
electrical signals including the initial electrical signal and
the time-lapse electrical signals. Accordingly, if a state
change from On to Off for at least one electrode of the array
of electrodes is detected; then the metastatic-suspicious
sample may be a metastatic sample and a metastasis may be
diagnosed. The state change may occur within about 5 hours
or less for a metastatic sample.

[0104] In an implementation, the set of time-lapse elec-
trical signals includes a set of electrical impedances mea-
sured every 30 seconds after introducing the metastatic-
suspicious sample onto the substrate. The set of time-lapse
electrical signals may be measured for a time period of about
5 hours.

[0105] In an implementation, the state change from On to
Off includes retraction of a HUVEC from an electrode,
where the HUVEC was adhered on the electrode as a result
of'step 601. The retraction of the HUVEC from the electrode
may result in a reduction in the measured electrical signals,
for example, electrical impedance values. In an example, the
state change from On to Off may include a 50% or more
reduction of an electrical signal, for example, a reduction in
electrical impedance within the set of electrical signals in
comparison with the initial electrical signal for the electrode.
[0106] In an exemplary implementation, after complete
spreading of each single HUVEC on the sensing traps, more
than about 80% of the electrical current flowed through the
electrode may be blocked. So a global response for all of the
sensing traps in the biosensor related to the percent of
blocked current may be defined. That may be equal to the
increased impedance of the electrode. When a HUVEC
completely covers whole of an electrode, the impedance
blocking in about 4 kHz may be about 100% and the
response of the sensing trap may be assumed as 1. In
contrast, if the endothelial cell completely has been detached
from its assigned single electrode, the impedance blocking
would reach about 0% and hence the response may be
assumed to 0. Any metastatic/invasive interaction with
HUVEC sensing traps may retract the HUVECs from the
electrodes and reduce the response of the electrode to about
0.

[0107] In an exemplary implementation, the method 600
may further include capturing a set of time-lapse optical
images from the array of electrodes that may be captured
concurrently with the step 604 to achieve a more accurate
method for metastasis diagnosis.
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[0108] In an implementation, the disclosed system and
method may score as positive those samples that induces at
least one reductive spike (1—0) in the electrical response
diagram of at least one single HUVEC sensing trap, the
metastatic interaction may be observed live in the set of
time-laps images. Electrical responses and the optical
images may validate diagnosis based on their individual
traits, thereby, exhibiting great syndication.

[0109] FIG. 6B shows method 600a for metastasis diag-
nosis that may include a further step 605 that may include
taking a set of time-lapse optical images from the array of
electrodes. In an example, the steps 604 and 605 may be
synchronously performed with each other.

[0110] In step 605, a set of time-lapse optical images may
be captured from the array of electrodes, for example,
utilizing a microscope. The set of time-lapse optical images
may include an initial image before introducing the meta-
static-suspicious sample onto the substrate (step 603) and a
plurality of time-lapse optical images after the introducing
the metastatic-suspicious sample onto the substrate (step
603).

[0111] Referring to method 6004, the metastasis diagnosis
may include observing an invasion of a metastatic cell from
the metastatic-suspicious sample to a HUVEC adhered onto
an electrode in an optical image among the set of time-lapse
optical images. In an example, the metastasis diagnosis may
include detecting a state change from On to Off for at least
one electrode of the array of electrodes and observing an
invasion of a metastatic cell from the metastatic-suspicious
sample to a HUVEC adhered onto an electrode in an optical
image among the set of time-lapse optical images.

EXAMPLES
Example 1

Fabricating a Biosensor With a Nano-Roughened
PMMA Substrate

[0112] In this example, a PMMA chip with a diameter of
about 3 cm that may include an array of 6 circular shape
microelectrodes with a diameter of about 200 um was
fabricated according to a simple and cheap process flow as
may be described hereinbelow.

[0113] First, a thin layer of photoresist (Microposit 1813)
was spin coated on the PMMA substrate as a mask for
making nano-roughened structures. The photoresist layer
was then patterned by a photolithographic process to obtain
a desired region for producing nano-features. Subsequently,
the substrate with a patterned photoresist layer was placed in
a reactive ion etching (RIE) system. Thereafter, the pat-
terned area was processed by SF, H, and O, gases (with
typical flows of about 100 Sccm, about 80 Scem and about
85 Scem) in the presence of RF Plasma (at about 13.56
MHz) to form a nano-roughened surface. SF, which may be
ionized in the presence of RF Plasma, may play the key role
as the etching radical. The plasma power of the bombarding
sub-cycle was about 150 W and the period of the bombard-
ing sub-cycle was about 50 sec. A combination of H,/O, and
SF, during the settling step may result in the creation of a
protecting layer over the side walls of the formed nano-hills
in each sub-cycle. Using this method, a nano-roughened
array were obtained on PMMA, with sizes down to about 60
nm in width and about 110 nm in depth. The resist layer was
then stripped by acetone. Therefore, an Au/Ti bilayer (with
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a thickness of about 30/5 nm), was deposited on the PMMA
using a sputtering process. The sputtering process was
carried on by patterning the photoresist using reverse of the
same mask containing the electrode design. Then, the Au/Ti
bilayer was removed from the surface except electrodes and
connection lines. So the metallic microelectrodes were
formed exactly on the nano-roughened region. The prepared
device was then bonded to a readout PCB and held in a
cavity for biological tests.

[0114] FIGS. 7A and 7B show field emission scanning
electron microscope (FESEM) micrographs of the surface
morphology of a nano-roughened PMMA surface (FIG. 7A)
and a smooth PMMA surface (FIG. 7B). Producing the
nanostructures noticeably increased the roughness of the
surface. It may be observed that the interactive surface of
nano-indented surface (FIG. 7A) increased observably in
comparison with a smooth PMMA substrate (FIG. 7B).
[0115] Human Umbilical Vein Endothelial Cells (HU-
VECs) were cultured in an EC basal medium (EBM) with
additional about 10% FBS, and guaranteed to sub-cultured
for three population doublings. To start cellular experiments,
HUVEC cells were cultured on the surface of the biosensor
for about 13 hours to form a confluent layer.

[0116] FIGS. 7C and 7D show exemplary electron micros-
copy images of an example of the contact sites of an
exemplary adhered HUVEC cell 701 on a nano-roughened
PMMA substrate (FIG. 7C) and an exemplary adhered
HUVEC cell 702 on a smooth PMMA substrate (FIG. 7D).
It may be observed that the nano-indentations may enhance
the hydrophobicity of the surface and increase the contact
sites between cell 701 membrane and substrate which may
result in an improved adhesion of the cells 701 on the
surface of the PMMA without requirements to any adhesive
proteins (FIG. 7C). HUVEC cell 702 may exhibit a lower
extension with reduced contact sites on the smooth surface
(FIG. 7D).

Example 2

Fabricating a Biosensor With a PDMS/Glass
Substrate

[0117] In this example, an example of the biosensor 201
was fabricated. The fabricated exemplary biosensor was
included 16 single parallel microelectrodes, each equipped
with a single consecutive metastatic cell sensing traps (a
single HUVEC) that was selectively covered whole of the
microelectrode by DEP patterning. The biosensor width was
about 100 um and the volume of the cavity including
reservoir was about 200 pl.

[0118] For mold fabrication, a SU-8 photoresist spun on a
silicon wafer was patterned in the form of microfluidic
channels through a chrome photomask by a conventional
photolithography  technique. Poly(dimethylsiloxane)
(PDMS) prepolymer and cross-linker (Sylgard 184) were
mixed with a 10:1 ratio and the obtained mixture was poured
on the mold, first degassed, and then cured at about 65° C.
for at least about 4 hours. The biosensor was built by
bonding the cured PDMS peeled off from the mold and a
glass substrate after surface activation in oxygen plasma.
The fabricated biosensor was primed by flushing ethanol
through microfluidic channels and then washed using deion-
ized water and PBS before use.

[0119] A procedure for cell patterning based on DEP was
Applied to obtain a selective and viable pattern of single
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HUVECs just on the sensing traps. First, HUVECs were
suspended in an EGTA-containing DEP buffer and flown
into the cavity of the fabricated biosensor with a rate of
about 5 ul/min. Then, an AC signal (about 5 Vpp, about 5
MHz) was applied to the sensing microelectrodes to gener-
ate p-DEP forces to guide cells on the array of traps during
the cell seeding process, shaking the chip during cell pat-
terning may suppress from the physical attachment of the
cells in non-desired places. Moreover, a calcium-containing
DEP buffer without EGTA (about 0.75 mM CaCl2; pH of
about 7.0, about 305 Osm, about 2.74x10-2 S/m) may be
injected at about 5 pul./min to improve the detachment of
non-patterned cells. Subsequently, the AC. turned off after
the HUVECs were patterned singularly on sensing traps,
DMEM with about 10% FBS and about 1% penicillin/
streptomycin was injected at about 5 pul./min to replace the
calcium-containing DEP buffer. The exemplary time lapse
optical images that were taken from the patterning process
indicated that the spread of each of the HUVECs on a single
traps was about 4 hours. Finally, the HUVECs-covered
microelectrodes were measured by an electrical readout
system to be ensure from the blocking of each sensing region
by a HUVEC trap. Then, the biosensor and the correspond-
ing system may be ready to be interacted by a biopsied
sample of a patient.

[0120] As the cells are more polarizable than the surround-
ing media, the dipoles induced in the cells may be aligned
parallel to the applied electric field. The field may be
spatially non-uniform and the maximums may be occurred
on the microelectrodes patterned on the surface of the
biosensor. So a resultant force due to DEP may pull the cells
towards field maxima.

[0121] When the polarity of the applied field was reversed,
DEP continued to pull the HUVEC towards the field maxi-
mum, allowing AC operation at high frequencies to reduce
electrical loading of the cell membrane. After trapping a
single HUVEC at the maximum region of the field, existed
on the sensing region of microelectrodes, the media solution
was flowed across the surface as a destabilizing force to
remove the additional cells might be trapped on non-desired
places to implement the position of single HUVECs just on
the sensing electrodes. The applied flows were powerful
enough to remove the additional cells but too weak to
remove the strongly trapped cell directly above each elec-
trode.

[0122] FIG. 8A shows an image of the surface of an
exemplary biosensor 201 fabricated according to the present
example. The configuration of the 16 microelectrodes 208
may be observed in this figure. The size of the main
detecting biosensor region may be about 0.5x0.5 cm?. Each
couple of electrodes 208 with a size of about 10 um and a
distance of less than about 10 pm were repeated in multiple
rows for redundancy.

[0123] FIG. 8B shows an image of a magnified portion
801 (in FIG. 8A) of the surface of an exemplary biosensor
201 before adding a solution of HUVECs and DEP forcing
that fabricated according to the present example. The micro-
electrodes 208 are represented in this figure.

[0124] FIG. 8C shows an image of the magnified portion
801 of the surface of an exemplary biosensor 201 that was
fabricated according to the present example at about 27 min
after DEF forcing on the added solution of HUVEC: to the
biosensor. This figure represents the HUVECs 210 that may
be covered the microelectrodes 208. It may be observed that
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the single HUVECs 210 were selectively covered each
electrical trap (microelectrdoes 208), which was achieved by
electrophoretic process (electrostatic driving force biased on
the system).

Example 3

Biosensor Characterization and Optimization Using
Cell Lines

[0125] In this example, an exemplary system and method
were utilized to diagnose metastatic cell lines. Accordingly,
an array of individual sensing traps including an array of
microelectrodes, each microelectrode covered by a single
HUVEC, was used to investigate the non-metastatic cell
lines (MCF7) and metastatic cell lines from breast cancers
(MDAMBA468).

[0126] Cell Lines Culture:

[0127] MCF7 cell lines isolated from grade I of human
breast tumors and MDA-MB468 cell lines isolated from
grade IV of human breast tumors were obtained from the
standard cell banks of the National cell bank of Iran (NCBI).
These obtained cell lines were maintained at a temperature
of about 37° C. (in about 5% CO,, about 95% air) in a
RPMI-1640 medium or a DMEM medium supplemented
with about 5% fetal bovine serum and about 1% penicillin/
streptomycin. The fresh medium was replaced every other
day. In exemplary diagnosis tests for cell lines, the meta-
static cancerous cells (MDA-MB468 cell lines) and primary
cancerous cells (MCF7 cell lines) were individually added
(by the concentration of about 1o versus endothelial cells)
to each HUVEC covered sensing wells after culturing the
HUVECs on the surface of the biosensor. Then, electrical
impedance as well as optical images of the sensors were
recorded in time lapses. All cell lines were tested and found
negative for a Mycoplasma contamination. The cells were
detached from the plates by trypsin and counted by a neobar
laam.

[0128] Metastatic Cell Lines Diagnosis

[0129] An analytical version of the fabricated biosensor
with 16 single sensing-trapping electrodes was used herein.
The electrical impedance of single HUVEC covered sensing
traps was measured at a frequency of about 4 kHZ. Rare
concentrations (50 cells#/ml) of MDA-MB 468 and MCF-7
cells were separately introduced into the cavity of two
individual biosensors. The biosensor was covered by a
mixed solution of 5 MDAMB468 and 50000 MF10 breast
cells.

[0130] FIGS. 9A-C show the optical-electrical results for
the metastatic MDA-MB 468 cell lines. FIG. 9A shows an
example time-lapse electrical impedance for two exemplary
microelectrodes 901 and 902 (designated in FIG. 9B) during
about 3 hours and 20 min after introducing the metastatic
cells 903 onto the fabricated and used biosensor, consistent
with one or more embodiments of the present disclosure.
Individual cells have a width less than about 10 um and the
sensing electrodes covered by single HUVECs have a width
more than about 15 um wide. FIG. 9B shows an example
captured image at about 36 min after introducing the meta-
static cells 904 onto the fabricated and used biosensor,
consistent with one or more embodiments of the present
disclosure. FIG. 9C (top) shows an exemplary set of time-
lapse images corresponding to FIG. 9A including a set of
images taken at 1:09 hours, 1:29 hours, 2:50 hours and 3:20
hours after introducing the metastatic cells 903. Moreover,

Sep. 21, 2017

FIG. 9C (bottom) illustrates a schematic set of images
respective to those at the top of this figure for more clari-
fying of the MDA-MB 468 cell’s 903 invasion to the
HUVECs 210. It may be observed from these figures that
MDA-MB 468 cells 903 invaded HUVEC traps 210 and
retracted the HUVEC traps 210 from the surface of the
electrodes in less than about 3.5 hours and lowered the
electrical response of the single sensing trap to 0.2 of the
initial value. Even presence of two metastatic MDA-MB468
cells 903 induced electrical spike response in a sensing trap.
This might be correlated with the strong tendency of meta-
static cells 903 to invade the HUVECs 210 layer. Live
matching (between electrical response and optical image)
system of the disclosed system may elaborate the time
correlation between the metastasis induced HUVEC retrac-
tion and significant reduction in electrical response of the
traps. It should be noted that the forces acting on the
HUVEC traps 210 just have been initiated from metastatic
attraction of cancer cells as no drag forces no fluid flow, and
no reaction forces applied from the system.

[0131] In contrast, MCF-7 cells didn’t present any aggres-
sive interactions by HUVEC sensing traps 210 and no
changes in the electrical response was observed. FIG. 10A
shows an example time-lapse electrical impedance for two
exemplary microelectrodes 901 and 902 (designated in FIG.
10B) during about 4 hours and 30 min after introducing the
MCEF-7 cells 1001 onto the fabricated and used biosensor,
consistent with one or more embodiments of the present
disclosure.

[0132] FIG. 10B shows a set of images captured at 2
hours, 3 hours, 4 hours, and 4.5 hours after introducing the
MCF-7 1001. According to these figures, no invasive inter-
action was observed and recorded for MCF-7 cells in similar
time. Cells 1001 just attach beneath the HUVEC traps 210
but neither retract them nor induce reductive electrical
spikes. HUVECs 210 maintained their primary location with
minor fluctuation during about 4.5 hours after addition of
MCF-7 cells 1001.

[0133] Finally, after about 5 hours from the introduction of
the cell solution to the individual devices, the exemplary
disclosed system captured 4/5 MDA-MB-468 cells and
0/200 of MCF-7 cells in a great match between HUVECs
retraction from the electrodes (recorded by the microscope
optical unit) and significant reduction in the electrical
response (measured by the electrical signal extraction
board).

Example 4

Identification of Invasive/Metastatic Cells in
Biopsied Samples of Patients

[0134] In this example, an exemplary system and method
was applied to Core needle biopsied samples collected by
interventional radiologist from the breast tumor and sentinel
lymph nodes of 20 patients (19 females and 1 male) with
breast cancers. Moreover, additional sample study were
done on surgically removed samples of some patients (2/20).
Minor part of each sample was tested by an exemplary
fabricated biosensor and the major part was prepared in
parallel for pathological assays including H&E, IHC and
RT-PCR methods. About 4-5 hours after live recording the
optical and electrical data, the presence of metastatic/inva-
sive cells in the lymph/ tumor sample could be detected or
diagnosed by the exemplary system.
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[0135] FIGS. 11A and 11B show exemplary capturing and
diagnosis of exemplary metastatic cells (designated by ¥) in
SLN samples of a patient with metastatic cancer (resected by
CNB) by disclosed system and methods. It may be observed
that a representative live metastatic cell, detached itself from
the biopsied SLN sample of a patient (with metastatic breast
cancer: ID1) invading to a HUVEC sensing trap (designated
by A) and subsequent retracting it from the electrodes in less
than about 4.5 hours (FIG. 11A). As a result, the disclosed
system may report a considerable reduction in an electrical
response of two invaded traps 901 and 902 (FIG. 11B). This
matching could be observed in simultaneous images derived
from the optical captures. It is worth noting that time-lapse
images of all of the individual traps exhibited reductive
spikes were captured during the metastatic interaction. So
the patient was scored as positive for metastasis.

[0136] FIG. 11C shows an example set of time-lapse
electrical responses curve for an exemplary sensing trap 901
for the patients those were diagnosed as negative lymph
nodes (ID: 15), in which none of the detached cells from the
biopsy samples invaded to the HUVEC single traps so that
no significant changes were observed in the recorded elec-
trical impedance.

[0137] In addition, a standard diagnostic method Hema-
toxylin-FEosin (H&E) staining was applied on the 20 samples
from the 20 patients to compare with the results obtained by
applying the disclosed system and method. FIGS. 12A and
12B show exemplary H&E images of the sentinel lymph
nodes of the patients ID: 1 (FIG. 12A) and ID: 15 (FIG.
12B). It may be observed from the H&E images of the
sentinel lymph nodes of the patient ID: 1 that the Nest of
tumoral cells with hyperchromic nuclei was distinguishable
in lymph node structure. Such result corroborated the correct
detection of metastasis in this patient by the disclosed
system and method. Referring to FIG. 12B, H&E results
indicated reactive lymphoid hyperplasia without any signs
of malignancy for patient ID: 15.

[0138] Comparing the results from the present bio-chip,
system and method with those from H&E tests showed that
all of the lymph node 20 samples biopsied from the patients
with metastatic cancers based on the H&E diagnosis (ID: 1
to ID: 12) were shown with sensing traps capture of meta-
static cells by the disclosed system and method. Moreover,
all of the biopsied breast tumors diagnosed as invasive
carcinoma in H&E, exhibited invasion to at least one sensing
trap in the set of optical images.

[0139] But, the bio-chip captured metastatic cells in the
lymph node samples of 3/20 patients (patents ID: 18, 19 and
20) diagnosed as invasive carcinoma without any lymph
node metastasis by H&E methods. Hence, these patients
were assumed as doubtful people to metastatic cancer. In this
regard, the patients were categorized in three groups due to
the results of their lymph node assay by H&E and the
bio-chip; G1: known metastatic cases (positively scored by
both H&E and bio-chip), G2: known safe lymph nodes
(negatively scored by both H&E and bio-chip) and G3:
doubtful cases (negatively scored by H&E but positively
scored by bio-chip). No patient was observed with negative
score in bio-chip and positive score in H&E. These three
groups and the corresponding data are shown in Table 1.
[0140] Immunohytochemical (IHC) and Molecular Analy-
sis (RT-PCR) of Patients

[0141] To test the versatility of the bio-chip for accurate
addressing the presence of metastatic cells in core needle
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biopsied SLNs, immunohistochemical markers of metastaic
cells were applied on the samples through an IHC assay as
a more advanced staining technique. IHC may be employed
to investigate the earliest changes in transformed tissues,
identifying metastatic associated cellular changes might not
normally visible with H&E. To be ensure from the micro-
metastasis, presence of the cells expressed PCK and Vimen-
tin were deeply investigated by preparing multi-level IHC
from the SLNs of the patients from all groups with special
consideration on group G3 (doubtful patients).

[0142] Table 1 shows the IHC results of SLNs in all
patients. Expression of PCK and Vimentin in SLNs of the
known metastatic cases (G1) confirmed the correlated diag-
nosis of both bio-chip and H&E for those patients (patients
ID: 1-12). Also, negative expression of PCK and Vimentin
in the SLNs of the known non-metastatic cases (G2) sup-
ported their safe lymph nodes as indicated by both bio-chip
and H&E (patients ID: 13-17). It is worth noting that the
trace of tumor cells expressed PCK and Vimentin was
identified in SLNs of all G3 patients (patients ID 18, 19 and
20). Such results revealed the presence of metastasis in
doubtful patients which had been diagnosed by bio-chip.
The cells in epithelial to mesenchymal transition, would
express both the PCK and Vimentin simultaneously which
would be the first signature of micrometastasis. Most micro
metastasized breast cancer cells might appear to exist in a
hybrid epithelial-mesenchymal state, a phenotype observed
in instances of breast circulating tumor cells and consistent
with the possibility of trans-endothelial (metastatic) migra-
tion. Other point was that following one of the doubtful
patients (patient ID: 20), after the surgical resection of the
lymph node (due to the surgeon’s opinion), indicated the
involvement of Yio lymph’s frozen sections to malignant
cells in H&E image. This is a hopeful achievement that
detecting a metastatic case from the lymph CNB sample
before any pathological analysis would be possible by the
bio-chip.

[0143] Also, RT-PCR tests were investigated on the
patients from all of three groups. Analysis of the results
(Table 1) may show that: (i) All of the lymph nodes extracted
from the G1 patients, expressed detectable levels of tran-
scripts encoding metastatic associated proteins (such as
Vim, MMP2&9 and N-Cadherin) in comparison with a
normal lymph sample. (ii) The primary breast tumor assayed
in some of these patients (Patients ID: 1-3) expressed high
levels of N-Cadherin (iii) 4/5 patients in G2 didn’t express
Vim. Moreover, very Low expression of N-Cadherin and
MMP9 as well as low expression of MMP2 were observed
in the SLNs of all G2 samples. Significant expression of
N-Cadherin in tumor samples assayed in 3 patients from G2,
revealed the invasive state of the breast tumors similar to
G1. (iiii) All three patients from G3 (doubtful cases)
expressed detectable levels of Vim as well as meaningful
levels of MMP2&9. Expression of N-Cadherin was signifi-
cant in one sample (Patient ID: 19) meanwhile it was minor
in two others (Patients ID: 18 and 20). Trace of N-Cadherin
was significant in the breast tumor samples of the patients
from G3. The mentioned results of RT-PCR in doubtful
patients indicated the trace of metastasis in their SLNs as
another support to the precise diagnosis of bio-chip.
[0144] The impact of bio-chip in detecting the metastasis
in the samples which could be hardly diagnosed even by
THC and RT-PCR may be observable. The low shear stress
of the metastatic cells and biochemical signals received from
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vascular cells, facilitate the detachment of metastatic cells
from original biopsied tissue to invade the sensing traps of
bio-chip in less than about 5 hours.
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[00149] Table 1. The bio-chip, H&E, IHC and RT-PCR diagnostic results ol breast tumors &
SLNs removed from breast cancer patients by CNB. Detection of metastasis in each assay is
correlated with expression levels of transcripts associated with the presence of malignancy in

the lymph region such as Vim, N-Cad, MMP2, and MMP9.
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What is claimed is:

1- A method for metastasis diagnosis, comprising:

adhering a plurality of Human Umbilical Vein Endothelial

Cells (HUVECsS) on an array of electrodes patterned on
a substrate to cover the array of electrodes by
HUVECs,

measuring an initial electrical signal from each electrode

of the array of electrodes,

introducing a metastatic-suspicious sample onto the sub-

strate; and
measuring a set of time-lapse electrical signals from the
array of electrodes, wherein each electrode has an
On/Off two-state, including an On state for an entirely-
covered electrode by a HUVEC and an Off state for a
partially-covered electrode by a HUVEC; and

diagnosing metastasis responsive to detecting a state
change from On to Off for at least one electrode of the
array of electrodes.

2- The method of claim 1, wherein the electrical signal
comprises an electrical impedance.

3- The method of claim 2, wherein the set of time-lapse
electrical signals comprises a set of electrical impedances
measured every 30 seconds after introducing the metastatic-
suspicious sample onto the substrate.

4- The method of claim 1, wherein the state change occurs
within 5 hours or less for a metastatic sample.

5- The method of claim 1, wherein the state change from
On to Off includes a fifty percent or more reduction of an
electrical signal in at least one of the set of electrical signals
in comparison with the initial electrical signal for a respec-
tive electrode.

6- The method of claim 1, wherein adhering the plurality
of HUVECS on an array of electrodes comprises selectively
adhering a single HUVEC on each electrode of the array of
electrodes.
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7- The method of claim 1, wherein adhering the plurality
of HUVECs on an array of electrodes comprises adhering
the plurality of HUVECs by applying an electrical field.

8- The method of claim 7, wherein adhering the plurality
of HUVECs on an array of electrodes further comprises
adhering the HUVECs by electrostatic cell patterning,
dielectrophoresis (DEP), or cell printing method.

9- The method of claim 1, wherein the metastatic-suspi-
cious sample includes an unprocessed living sample resected
from a patient.

10- The method of claim 9, wherein the metastatic-
suspicious sample is resected by biopsy operation, core
needle biopsy (CNB), endoscopy, colonoscopy, Lymph node
aspiration, or fine needle aspiration (FNA).

11- The method of claim 1, wherein the metastatic-
suspicious sample includes a plurality of cell lines.

12- The method of claim 1, further comprising:

capturing a set of time-lapse optical images from the array

of electrodes,

wherein the set of time-lapse optical images includes an

initial image before introducing the metastatic-suspi-
cious sample onto the substrate and a plurality of
time-lapse optical images after introducing the meta-
static-suspicious sample onto the substrate.

13- The method of claim 12, wherein diagnosing metas-
tasis further comprises observing an invasion of a metastatic
cell from the metastatic-suspicious sample to a HUVEC
adhered onto an electrode.

14- The method of claim 12, wherein diagnosing metas-
tasis comprises:

detecting a state change from On to Off for at least one

electrode of the array of electrodes; and

observing an invasion of a metastatic cell from the

metastatic-suspicious sample to a HUVEC adhered
onto an electrode.

#* #* #* #* #*



