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(57) Abstract: Provided herein are a methods of analyzing particles and isomotive dielectrophoresis devices, and methods of forming
dielectrophoresis devices. The method of analyzing particles includes providing an isomotive dielectrophoresis device; positioning a
sample within the device, the sample including at least one particle; applying an electric field to the device, the electric field inducing
a constant dielectrophoresis force on the at least one particle of the sample; and monitoring a translation of the at least one particle.
One isomotive dielectrophoresis device includes a first electrode having a first surface geometry; a second electrode having a second
surface geometry; and an electrically insulating material at least partially surrounding the first electrode and the second electrode.
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ISOMOTIVE DIELECTROPHORESIS FOR DIELECTRIC ANALYSIS OF PARTICLE SUB-
POPULATIONS

RELATED APPLICATIONS

[0001] This application claims priority from U.S. Provisional Application Serial No. 62/359,850,
filed July 8, 2016, and U.S. Provisional Application Serial No. 62/393,391, filed September 12, 2016,

the entire disclosures of which are incorporated herein by this reference.
TECHNICAL FIELD

[0002] The presently-disclosed subject matter generally relates to methods and devices for particle
analysis. In particular, certain embodiments of the presently-disclosed subject matter relate to methods

and devices for isomotive dielectrophoresis (isoDEP) particle analysis.
GOVERNMENT INTEREST

[0003] This invention was made with government support under grant numbers 1550509 and
1560235 awarded by the National Science Foundation (NSF). The government has certain rights in the

invention.
BACKGROUND

[0004] The movement of a charged particle within a DC field is called “electrophoresis.”
Dielectrophoresis (DEP) is the translation of a polarizable particle by applied non-uniform electric
fields. Unlike electrophoresis, particles do not need to carry a charge in DEP. The polarization of a
particle with DEP is based, in part, on the interfacial polarization at the interface of the liquid/particle
boundary under an applied electric field. Selectivity of DEP sorting occurs due to differences in the
particles’ dielectric properties (conductivity, permittivity) and resultant polarization when subjected to
an electric field. This selectivity may be used to either attract or repel the particles from regions of
greater field strength. For example, an AC field is typically used for dielectrophoresis to either (i)
mitigate electrophoretic movement and/or (i1) translate negligibly charged neutral particles.

[0005] Through particle manipulation, DEP has been able to capture, sort, concentrate, and
characterize a variety of particles and biological entities as small as a few nanometers. The polarization
behavior of a particle observed over a spectrum of AC frequencies also provides insight into its state
and composition, a characteristic utilized in electrorotation. Thus, an important characteristic of DEP is
that by tracking the magnitude and direction of manipulated particles’ velocities over a range of applied
AC frequencies, the dielectric properties of the particles can be extracted and subsequently used for
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particle identification or analysis. For example, DEP has been used to differentiate subpopulations of
cells including live and dead bacteria, healthy and damaged phytoplankton, breast cancer sublines,
circulating tumor cells from non-transformed cells, leukocyte subpopulations (T lymphocytes, B
lymphocytes, granulocytes, monocytes), and blood types.

[0006] However, from the perspective of particle analysis, the primary disadvantage of current
dielectrophoretic systems is that the applied DEP force is spatially non-uniform, especially in three
dimensions, which complicates or prevents comprehensive cellular sub-population analysis. In contrast
to a uniform field, where the net dielectrophoretic force on the particle is zero, DEP requires a non-
uniform electric field to provide a non-zero net force on the particle. The magnitude of the DEP force is
a proportional to the gradient of the field-squared (VEZ,,¢) and, therefore, is highly dependent on the
electrode geometry and layout. The most prevalent DEP systems use co-planar metal electrodes. In
these planar designs, the DEP force is inherently greatest close to the surface of the electrodes, but
exponentially decreases with height above the electrode plane. Therefore, samples are exposed to highly
non-uniform DEP forces. For example, using co-planar electrodes with a 25 um gap, the magnitude of
the DEP force is approximately 100 times greater for a particle 1 um above the electrode edge
compared to when it is 10 um away — a distance comparable to the diameter of some biological cells.

[0007] Additionally, there are several electrohydrodynamic phenomena that may deter the operation
of DEP devices, namely AC electro-osmosis (ACEO) and electrothermal (ET) flow. ACEO occurs
when the electric field acts upon the charges accumulated on the surface of a polarized electrode,
inducing hydrodynamic slip. In general, ACEO increases at lower AC frequencies, becomes negligible
at high fluid conductivities, is a function of electrolyte type, and is proportional to £ ET flow is
generated when the electric field acts upon dielectric gradients (permittivity, conductivity) in the fluid.
These dielectric gradients are generated through non-uniform heating via Joule heating or external
heating sources. ET flow is proportional to £ (external heating) or £* (Joule heating) and becomes
negligible at high AC frequencies; ET flow can be reduced through proper heat transfer design to
eliminate regions of large temperature gradients. Joule heating in electrokinetic chips is proportional to
E” and the conductivity of the media (o). Joule heating can been avoided by using low conductivity
media (< 1.0 S/m).

[0008] In view of the challenges and/or disadvantages discussed above, most DEP applications
focus on trapping, manipulating, or sorting particles, not particle analysis. That said, to address these
issues, several designs have been used to more effectively distribute DEP forces, including placing
electrodes on the top and bottom of the channel and 3D electrode fabrication. However, 3D electrode
fabrication is nontrivial and typically requires complex microfabrication equipment and/or facilities.
Other techniques that utilize glass/polymer structures, namely insulator-based DEP and contactless

DEP, typically require relatively large voltages (> 100 V). These relatively large voltages may lead to
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unwanted electrokinetic effects that can induce device dielectric breakdown or disturb biological
samples. Further, a previous study generated a relatively constant DEP force within an insulative
microchannel constriction, though analysis was restricted to a specific channel region. Therefore, while
non-uniform forces may be suitable for sorting applications, a constant DEP force field would simplify
analysis where resultant dielectric properties could be determined from analyzing particle trajectories.

[0009] An alternate technique includes electrorotation (ROT). Cellular ROT involves the use of
rotating fields generated, typically, by a four-electrode system that are designed to isolate single cells
(FIG. 1, left). The direction and rate of particle spin is a function of the field spatial configuration and
its AC frequency as well as the dielectric properties of the media and cell. ROT can discriminate
dielectric differences between single cells and has been used to differentiate cells with different
morphologies and other biological characteristics (FIG. 1, right).

[0010] ROT systems provide detailed electrokinetic measurements of cell subpopulations, though
its most significant disadvantage is its limited throughput which results from its inherent design of
trapping and analyzing individual cells (FIG. 1, left). For example, Han, et al. used ROT to differentiate
between six cell types but acquired ROT data using an average of nine cells for each cell type (54 cells
total). Further, the physics of laminar microfluidic flows makes it nontrivial to position individual cells
within an electrode region whose geometry is on the same scale as the diameter of the cell (FIG. 1, left).
Analyzing a larger cell subpopulation will provide additional insight into how that specific cell type is
affected by external stimuli (e.g., environmental factors).

[0011] Other techniques for cell subpopulation analysis include flow cytometry and electrical
impedance spectroscopy (EIS). Flow cytometry is a laser-based technique used for cell counting, cell
sorting, and biomarker detection that can process thousands of cells per second. Scattered light is
detected from a fluorescently labeled cell as it passes through a laser beam (or multiple beams).
Specialized software analyzes collected data to determine cell size, internal properties, phenotype, etc.
One of the primary benefits is that flow cytometry enables simultaneous measurements of different cell
characteristics as several labels could be applied to the sample population. However, disadvantages
include (i) the high cost of flow cytometers, (ii) the complexity of its operation, usually requiring a
trained technician to operate, (iii) the large, bulky size of flow cytometry systems, and (iv) the time/cost
associated with the application of fluorescent labels to the sample. Therefore, flow cytometry systems
are found in a relatively small number of universities and scientific research centers and seldom used in
remote/portable research applications.

[0012] Label-free single cell characterization is possible using EIS. EIS allows the quantitative
measurement of the inherent electrical and dielectric properties of cells and can be integrated with other
lab-on-a-chip technologies. EIS systems measure the electrical impedance of cells at a particular AC

frequency. There are two types of EIS systems, dynamic and static. Dynamic EIS systems provide
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higher throughput, although they also have limited sensitivity (i.e., measurements are typically acquired
at one specific AC frequency). Static EIS systems trap individual cells and obtain detailed impedance
spectra (i.e. over a range of AC frequencies) of the cell enabling highly sensitive measurements.
However, static EIS systems have limited throughput since detailed spectra take additional
measurement time and require cell isolation. Furthermore, static EIS systems require more sophisticated
equipment (i.e. expensive impedance analyzers like Agilent 4294A, $47,500) to perform impedance
measurements across a broad range of AC frequencies.

[0013] As such, any improvements to the articles and methods for the analysis of cell

subpopulations would be both highly desirable and beneficial.
SUMMARY

[0014] The presently-disclosed subject matter meets some or all of the above-identified needs, as
will become evident to those of ordinary skill in the art after a study of information provided in this
document.

[0015] This summary describes several embodiments of the presently-disclosed subject matter, and
in many cases lists variations and permutations of these embodiments. This summary is merely
exemplary of the numerous and varied embodiments. Mention of one or more representative features of
a given embodiment is likewise exemplary. Such an embodiment can typically exist with or without the
feature(s) mentioned; likewise, those features can be applied to other embodiments of the presently-
disclosed subject matter, whether listed in this summary or not. To avoid excessive repetition, this
summary does not list or suggest all possible combinations of such features.

[0016] Provided herein, in some embodiments, is a method of analyzing particles, comprising
providing an isomotive dielectrophoresis device; positioning a sample within the device, the sample
including at least one particle; applying an electric field to the device, the electric field inducing a
constant dielectrophoresis force on the at least one particle of the sample; and monitoring a translation
of the at least one particle. In one embodiment, the at least one particle includes a cell. In another
embodiment, positioning the sample within the device comprises injecting the sample into the device
until bulk fluid motion is halted. In a further embodiment, the constant dielectrophoresis force
comprises a constant force within an analytical space of the device.

[0017] In some embodiments, applying the electric field to the device comprises applying an AC
signal across a channel in the device. In one embodiment, the AC signal is between 100 Hz to 100
MHz, 1 kHz and 100 MHz, 1 kHz and 50 MHz, 1 kHz and 10 MHz, or any suitable combination, sub-
combination, range, or sub-range thereof. In some embodiments, applying the electric field to the
device comprises applying an AC signal through a channel in the device. In some embodiment, the

method further comprises extracting dielectric properties of the at least one particle. In some
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embodiments, the method further comprises determining a cell physiology from the dielectric
properties.

[0018] Also provided, in some embodiment, is an isomotive dielectrophoresis device, comprising a
first electrode having a first surface geometry; a second electrode having a second surface geometry;
and an electrically insulating material at least partially surrounding the first electrode and the second
electrode. The first electrode and the second electrode are arranged and disposed to provide a constant
dielectrophoresis force within an analytical space of the device. In one embodiment, the first electrode
and the second electrode are arranged and disposed to provide a constant gradient field-squared within
the analytical space of the device. In another embodiment, the first electrode and the second electrode
define a microchannel therebetween. In a further embodiment, the constant dielectrophoresis force is
applied across the microchannel. In some embodiments, the analytical space of the device comprises a
portion of the microchannel.

[0019] In one embodiment, a method of forming the isomotive dielectrophoresis device comprises
selecting a curvature of the first electrode and a curvature of the second electrode based upon the
equation v = 2 kr¥/2sin(39/,).

[0020] Further provided, in some embodiments, is an isomotive dielectrophoresis device comprising
a first insulative feature having a first surface geometry, a second insulative feature having a second
surface geometry, and at least one electrode positioned upstream and at least one electrode positioned
downstream of an analytical space. The first insulative feature and the second insulative feature are
arranged and disposed to form a microchannel extending from the inlet to the outlet of the device, and
the first surface geometry of the first insulative feature and second surface geometry of the second
insulative feature are arranged and disposed to provide a constant dielectrophoresis force within an
analytical space of the device. In one embodiment, the first electrode and the second electrode are
arranged and disposed to provide a constant electrical field gradient within the analytical space of the
device. In another embodiment, the constant dielectrophoresis force is applied through the
microchannel. In a further embodiment, the analytical space of the device comprises a portion of the
microchannel.

[0021] In one embodiment, a method of forming the isomotive dielectrophoresis device comprises
selecting a curvature of the first electrode and a curvature of the second electrode based upon the
equation V = 2 kr¥/2cos(39/,).

[0022] Further features and advantages of the presently-disclosed subject matter will become
evident to those of ordinary skill in the art after a study of the description, figures, and non-limiting

examples in this document.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1 shows an image of a typical four-electrode electrorotation (ROT) system (left) and a
graph illustrating a sample spectra demonstrating subpopulation differentiation of six cell types (right).

[0024] FIG. 2 shows a multilayered spherical model with labeled dielectric properties of the liquid
solution (s), membrane (1), and cytoplasm (¢) (left) and associated Re[Ky ] and Im[K¢p] spectra.

[0025] FIGS. 3A-E show graphs and images of an electrode-based isomotive dielectrophoresis
system according to an embodiment of the disclosure. (A) shows an electrode geometry for isoDEP
force. For the shown electrode geometry, a value of VEZ,,=6.8x10"" V*/m® will be produced for an
applied potential of 10 V. (B) shows an electrode-based isoDEP system using extruded two-dimensional
electrodes, with the respective equipotential lines (solid lines) and electric field lines (dashed lines)
illustrated therein. (C) shows an electric field being applied across the microchannel of an electrode-
based isoDEP system. (D) shows a cross-section view of the isoDEP system of FIGS. 3A-C. (E) shows
a picture of a fabricated microelectrode isoDEP device including two electrodes with rg4 =77 um and
Teo = 577 um.

[0026] FIGS. 4A-E show graphs and images of an insulator-based isomotive dielectrophoresis
system according to an embodiment of the disclosure. (A) shows an isoDEP system using insulative
microchannel curvature, with the respective equipotential lines (solid lines) and electric field lines
(dashed lines) illustrated therein. (B) shows a schematic view of a Su-8 mold geometry with 1o =77
um and reo» = 577 pm. The experimental observation area is shown as well as how the AC signal was
applied. (C) shows an electric field being applied through the channel. (D) shows a cross-section view
of the isoDEP system of FIGS. 4A-C with electrodes at the fluid inlet and outlet of the system,
according to an embodiment of the disclosure. (E) shows a cross-section view of the isoDEP system
including electrodes embedded upstream and downstream of the analytical space, according to an
embodiment of the disclosure.

[0027] FIG. 5 shows that the magnitude of velocity that a particle undergoes during
dielectrophoresis is a function of its dielectric properties. It is either repelled from the “origin’ of the
device (positive DEP) or attracted towards the device (negative DEP). For either case, particle
translation moves radially to/from the origin. 1 refers to the distance from the origin to the respective
curve at 0=60° and L is the distance between the origin and the electrode. The theoretical isoDEP radial
trajectory of a nDEP and pDEP particle is shown.

[0028] FIG. 6 is a schematic view of an isoDEP process including injecting a sample, applying a
field, and acquiring an image.

[0029] FIGS. 7A-C show images illustrating fabrication of an isoDEP system. (A) shows a top
view of features milled into a copper sheet. (B) shows the sheet subsequently plated with nickel/gold

and diced. (C) shows the metal sheet sealed between two acrylic substrates, one containing fluid access
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ports. General-use epoxy and conductive epoxy will be used to seal the microchannels and create
electrical connections, respectively.

[0030] FIG. 8 shows 8 um polystyrene particles trapped in a 3D quadropole electrode machined
with a 100 um bit.

[0031] FIG. 9 is Photolithographic mask for the fabrication of proof-of-concept isomotive DEP
devices. The red lines denote final device dimensions of approximately 11.0 mm x 11.0 mm. The
yellow areas denote the regions that will be etched via deep reactive ion etching (DRIE). The grid in the
figure provides a 5.0 mm scale.

[0032] FIGS. 10A-B shows images of isoDEP devices according to an embodiment of the
disclosure. (A) shows diced 4 wafer illustrating the final isomotive DEP devices. (B) shows an
individual device with two identical channels next to a penny for scale.

[0033] FIGS. 11A-B shows images demonstrating consistent radial translation of particles in an
1SoDEP device. (A) shows radial translation using polystyrene particles exhibiting negative DEP
(overlaid particle images are 1.25 seconds apart). (B) shows radial translation using silver-coated
particles exhibiting positive DEP (overlaid particle images are 0.67 seconds apart).

[0034] FIGS. 12A-B show images illustrating the path of individual particles undergoing nDEP
towards the origin. (A) shows the path of individual particles (n = 110) undergoing nDEP towards the
origin at 100 kHz, 15 V. (B) shows a linear fit for each respective path. (t¢o = 0.5mm).

[0035] FIGS. 13A-B show images of particle scaled velocity and trajectory. (A) shows a
comparison of a particle’s scaled velocity (Vpgp/a®) with the average of the group (n = 110). (B) shows
the angle at which the particle’s trajectory deviates from the theoretical direction (i.e., pure radial
trajectory).

[0036] FIGS. 14A-B show images illustrating negative and positive DEP with an insulative isoDEP
device according to an embodiment of the disclosure. (A) shows negative DEP with the insulative
1SoDEP device at 300 V and 2 kHz. (B) shows positive DEP with the insulative isoDEP device at 300 V
and 2 kHz. Polystyrene particles were used in (A) with overlaid particle images 2.0 seconds apart.
Silver-coated hollow glass particles were used in (B) with overlaid particle images 0.33 seconds apart.
The image insert in (B) shows pearl chaining in the direction of the applied electric field.

[0037] FIG. 15 shows the path of individual particles (n = 18) undergoing negative DEP translation
towards the origin over a period of 2.0 seconds at 300 V and 2 kHz. The dashed line denotes a 120°

angle with the system origin labeled with a black circle.
DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0038] The details of one or more embodiments of the presently-disclosed subject matter are set

forth in this document. Modifications to embodiments described in this document, and other
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embodiments, will be evident to those of ordinary skill in the art after a study of the information
provided in this document. The information provided in this document, and particularly the specific
details of the described exemplary embodiments, is provided primarily for clearness of understanding
and no unnecessary limitations are to be understood therefrom. In case of conflict, the specification of
this document, including definitions, will control.

[0039] While the terms used herein are believed to be well understood by those of ordinary skill in
the art, certain definitions are set forth to facilitate explanation of the presently-disclosed subject matter.

[0040] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as is commonly understood by one of skill in the art to which the invention(s) belong.

[0041] All patents, patent applications, published applications and publications, GenBank
sequences, databases, websites and other published materials referred to throughout the entire disclosure
herein, unless noted otherwise, are incorporated by reference in their entirety.

[0042] Where reference is made to a URL or other such identifier or address, it understood that such
identifiers can change and particular information on the internet can come and go, but equivalent
information can be found by searching the internet. Reference thereto evidences the availability and
public dissemination of such information.

[0043] Although any methods, devices, and materials similar or equivalent to those described herein
can be used in the practice or testing of the presently-disclosed subject matter, representative methods,
devices, and materials are described herein.

[0044] The present application can “comprise” (open ended) or “consist essentially of” the
components of the present invention as well as other ingredients or elements described herein. As used
herein, “comprising” is open ended and means the elements recited, or their equivalent in structure or
function, plus any other element or elements which are not recited. The terms “having™ and “including”
are also to be construed as open ended unless the context suggests otherwise.

[0045] Following long-standing patent law convention, the terms “a”, “an”, and “the” refer to “one
or more” when used in this application, including the claims. Thus, for example, reference to “a cell”
includes a plurality of such cells, and so forth.

[0046] Unless otherwise indicated, all numbers expressing quantities of ingredients, properties such
as reaction conditions, and so forth used in the specification and claims are to be understood as being
modified in all instances by the term “about”. Accordingly, unless indicated to the contrary, the
numerical parameters set forth in this specification and claims are approximations that can vary
depending upon the desired properties sought to be obtained by the presently-disclosed subject matter.

[0047] As used herein, the term “about,” when referring to a value or to an amount of mass, weight,
time, volume, concentration or percentage is meant to encompass variations of in some embodiments

+20%, in some embodiments £10%, in some embodiments +5%, in some embodiments =1%, in some
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embodiments +0.5%, and in some embodiments £0.1% from the specified amount, as such variations
are appropriate to perform the disclosed method.

[0048] As used herein, ranges can be expressed as from “about” one particular value, and/or to
“about” another particular value. Itis also understood that there are a number of values disclosed
herein, and that each value is also herein disclosed as “about™ that particular value in addition to the
value itself. For example, if the value “10” is disclosed, then “about 10 is also disclosed. It is also
understood that each unit between two particular units are also disclosed. For example, if 10 and 15 are
disclosed, then 11, 12, 13, and 14 are also disclosed.

[0049] As used herein, “optional” or “optionally” means that the subsequently described event or
circumstance does or does not occur and that the description includes instances where said event or
circumstance occurs and instances where it does not. For example, an optionally variant portion means
that the portion is variant or non-variant.

[0050] As used herein, “polarizable particle” means a particle that forms concentrations of charge
when subjected to a field. One example includes the formation of a dipole (two poles of charge) in the
direction of the field. These poles form at the interface between the particle/fluid.

[0051] The presently-disclosed subject matter describes analytical devices and methods that provide
advantages over existing DEP devices and other technologies. For example, in some embodiments, the
devices and methods include electrokinetic analysis that provides detailed dielectric measurements of
individual cells. In one embodiment, the detailed dielectric measurements of individual cells facilitate
and/or provide identification of cell sub-populations. In another embodiment, the detailed dielectric
measurements of individual cells facilitate and/or provide measurement of variants within a cell
population.

[0052] In some embodiments, the presently-disclosed subject matter includes a method of
generating a constant dielectrophoretic (DEP) force. The time-averaged dielectrophoretic force of a
homogeneous spherical particle is:

Fpgp = 2mepma®Re[KeyVE: s (D

where gis permittivity and the subscript m refers to fluid medium properties, a is the particle radius,

Ems 15 the root mean square electric field, and the term Ky, refers to the Clausius-Mossotti factor,

which is defined as:
Kem = (&5 —&7) /(&5 + 2¢5,) (2
where the subscript p refers to particle properties. The complex permittivity ¢ is given by
e =¢e—jo/(w) 3)

where ois conductivity, w = 2nf, fis the AC frequency, and jis v—1.
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[0053] According to Equation (1), a particle’s resultant DEP motion is a function of particle radius
(known or measured optically using established methods), Clausius-Mossotti factor (a function of the
applied AC frequency, fluid conductivity, fluid permittivity, particle conductivity, and particle
permittivity), and gradient of electric field squared (VEZ,,¢ ). The Clausius-Mossotti factor is assumed
unknown, can be measured through quantifying particle translation, is different for various cell and
particle types (conductive vs insulative, live vs dead, cancerous vs noncancerous, etc.), and a detailed
frequency sweep can provide detailed insight into cell/particle composition and/or state (e.g.,
compromised cell membrane). The gradient of electric field squared is assumed known from electrode
geometry.

[0054] The DEP force in Equation (1) also assumes that the particle is spherical and homogeneous.
However, in some embodiments, Equation (1) may be modified for multi-shelled and non-spherical
particles which can be used to describe biological particles. For example, refer to the multilayered
spherical model in FIG. 2 with labeled dielectric properties of the liquid solution (s), membrane (m),
and cytoplasm (c). DEP and ROT experimentation can yield Re[K )] and Im[K,,,] spectra (arbitrary
representative curves shown in FIG. 1). The spectra is shifted with changes in cell morphology (ex:
membrane thickness) and dielectric properties (¢, ¢). For example, a dead cell may have a leaky
membrane such that the cytoplasm is released — such changes can be identified with these spectra. Such
cell dielectric characteristics can be extracted from fitting acquired measurements to an assumed
geometrical cell model.

[0055] Particle shape aside, the dielectrophoretic force is dependent on the real part of the Clausius-
Mossotti factor and governs the attraction or repulsion of particles from regions of high field strength. If
Re[Kcp] is negative, the particle experiences negative DEP (nDEP) and is repelled from larger field
regions; vice versa for a positive value of Re[K,], when a particle experiences positive DEP (pDEP) it
is attracted to high field regions. In one embodiment, the range of values for Re[Ky,] is between +1 and
-0.5. In another embodiment, the experimentally altering the medium changes the direction of DEP.

[0056] Following the discussion above, in some embodiments, generating an isomotive
dielectrophoretic (DEP) force includes providing a potential according to one of the following forms (in

cylindrical coordinates):
V= 2/3kr3/2 sin(36/2) (4a)
V=2/3k;r3/2cos(36/2) (4b)

where k£ and k&; are constants for the microelectrode and insulative platforms, respectively. From this,

the following equation is derived:

|Ermsl = & ri/z V(Ermsz) = k*f (5)
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(the insulative case will yield the same result using %; instead of k). Therefore, the gradient of the field-
squared, and thus the DEP force, is constant between any two equipotential lines that follow Eq. (4).
The resultant force is applied in the radial direction.

[0057] Also provided, in some embodiments of the presently-disclosed subject matter, are isomotive
dielectrophoresis (isoDEP) systems arranged and disposed to provide isomotive dielectrophoresis
(isoDEP). In one embodiment, isoDEP refers to a dielectrophoretic device where the dielectric
properties of particles (e.g., cells) are extracted from particle tracking or particle velocimetry
measurements. For example, in another embodiment, an electric field is applied and polarizable
particles with negligible net charge are translated due to dielectrophoresis (DEP), or the translation of
particles in a non-uniform field. In a further embodiment, as illustrated in FIGS. 3A-4E, the isoDEP
devices and/or methods described herein apply a uniform DEP force to all particles within the optical
viewing area, providing uniform (isomotive) microparticle translation.

[0058] In contrast to existing DEP devices and/or methods, the isoDEP systems disclosed herein
generate an electric field such that the induced DEP force is constant for all particles within the optical
viewing area (i.e., analytical space). In one embodiment, from straightforward particle tracking
throughout the isoDEP region, the applied DEP force can be measured and the dielectric properties of
individual particles can be obtained. In another embodiment, several AC frequencies can be applied to
acquire a comprehensive dielectric response.

[0059] In certain embodiments, iSoDEP is accomplished through a unique geometry where the
gradient of the field-squared (VEZ,,¢) is constant. In some embodiments, applying a uniform DEP force
includes arranging and disposing one or more electrodes to apply the uniform DEP force. In one
embodiment, the electrodes are configured to provide a constant value of VEZ,,, in the viewing area
when an electric field is applied thereto. In another embodiment, as illustrated in FIGS. 3A-E, in
contrast to the two-dimensional isomotive DEP solution suggested by Herbert Pohl, the isoDEP devices
described herein include a three-dimensional electrode geometry. Additionally, while Pohl describes a
two-dimensional solution for particle sorting, which requires continuous fluid flow, in some
embodiments, the presently-disclosed subject matter provides individual particle analysis where a flow
of the sample is stopped during an analysis period.

[0060] The three-dimensional electrode geometry includes any suitable geometry and/or profile
capable of providing a constant DEP force within a desired analytical space. For example, FIGS. 3A-B
illustrate two curves representing equipotential boundaries to an isomotive field solution, where
Equation (4a) represents the equation of each line of voltage, V. As illustrated in FIG. 3B, the resultant
electric field (dashed lines) produces a constant gradient of the field squared, according to Equation (5).

In some embodiments, this uniform electric field is applied between the electrodes and across the
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microchannel formed therebetween (FIG. 3C). Therefore the DEP force is constant in the region
between two such boundaries.

[0061] Suitable geometries and/or profiles include, but are not limited to, straight-walled, curved,
rounded, angled, oblique, or a combination thereof. Additionally, opposing surfaces of the one or more
electrodes may include the same, substantially the same, or different geometrical shapes and/or sizes.
For example, referring again to FIGS. 3A-B, the surface of one electrode includes two flat or
substantially flat portions intersecting at an obtuse angle while an opposing surface of another electrode
includes a curved geometry substantially corresponding to the angle of the surface of the first electrode.
The curvature of the two electrodes follows the profile defined in Equation 5. Additionally, in some
embodiments, a ground electrode (V = 0; FIG. 3B) following a 120° angle with the system’s origin at
its bend is provided. These three-dimensional electrodes are contained by electrically insulating
material, such as glass, and provide a two-dimensional field throughout the depth of a chamber formed
therein. In one embodiment, for example, the electrodes are positioned between electrically insulative
layers, and are positioned to directly contact a sample flowing through the microchannel formed
therebetween (FIG. 3D).

[0062] The geometry, positioning, and/or arrangement of the electrodes is determined and/or
selected to provide a constant value of VEZ,, sufficient for tracking particles within the isoDEP device.
In one embodiment, selection and/or determination of the geometry, positioning, and/or arrangement of
the electrodes is based, at least in part, upon the size and/or shape of the particles being tracked. For
example, in FIG. 3A, Electrode 1 has a minimum radius of curvature of 50 um while Electrode 2 is
positioned such that a 10 V potential applied between the electrodes induces a value of VEZ,,. sufficient
to provide adequate passage of suspended particles and/or simultaneous observation of multiple cells
having a diameter of between about 5 and 50 pm. Additionally or alternatively, applying a higher
voltage facilitates the application of isoDEP to smaller cells. For example, a voltage amplifier may be
used to apply voltages greater than 10 V, which facilitates tracking of smaller cells, widens the
microchannel, and/or provides simultaneous viewing of more cells. In another example, decreasing the
spacing between Electrode 1 and Electrode 2 increases the value of VEZ,,; and facilitates application of
1soDEP to smaller cells, such as, but not limited to, bacteria and/or mammalian cells having a diameter
of between about 1 and 10 pm.

[0063] Turning to the microelectrode of FIG. 3B, in one embodiment, the extruded electrodes
follow the curvature of the equipotential lines and/or form the wall of the microchannel itself. For a
microelectrode isoDEP configuration (FIG. 3B), the relationship between £, the applied potential across

the electrodes, AV, and the geometry of the device is
3/2 3/2
AV = 2/3 k ((7'60,2) - (7'60,1) ) (6)
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where 7, refers to the distance between the origin and the respective equipotential line at 6= 60°.

Further, assuming small inner electrode curvature (750, ~ 0) results in k% = (9/4) AV? / (r60_2)3.
Three-dimensional electrodes may be fabricated in a variety of ways, including sub-millimeter
Computer Numeric Control (CNC) machining of a metal layer, electroplating, or deep reactive ion
etching (DRIE) of highly-doped silicon wafers.

[0064] In some embodiments, as illustrated in FIGS. 4A-E, the microchannel defining electrodes of
the system shown in FIGS. 3A-E are replaced with insulative features. The insulative features include
similar or identical geometry, positioning, and/or arrangement as the microchannel defining electrodes
described above. That is, geometrically, the same or similar boundary curvature is applied for both types
of devices; with electrodes serving as sidewalls in FIGS. 3A-E and insulative material serving as
sidewalls in FIGS. 4A-E. In embodiments where the insulative material serves as sidewalls, the
electrodes are positioned upstream and downstream of the analytical space. These electrodes may
include any suitable shape and/or size, including, but not limited to, shapes and sizes other than those
described for the sidewall electrodes of the system shown in FIGS. 3A-E. As used herein, the term
“upstream” refers to any location in a sample pathway before the analytical space, as determined with
respect to a direction of flow through the device or system. The term “downstream,” as used herein,
refers to any location in a sample pathway after the analytical space, as determined with respect to a
direction of flow through the device or system. In one embodiment, for example, the electrodes are
positioned at a sample inlet and sample outlet of the system (FIG. 4C). In another embodiment, the
upstream electrode is positioned anywhere between the sample inlet and the analytical space, and the
downstream electrode is positioned anywhere between the analytical space and the sample outlet (FIG.
4E).

[0065] The equation of each line of voltage in the isoDEP field of the system including inlet and
outlet electrodes is provided by replacing the sinusoidal term in Equation (4a) with a cosine term, giving
Equation (4b). The resultant equipotential lines (solid lines) and electric field (dashed lines) are
illustrated in FIG. 4A. An equipotential of V= 0 follows & = 60° when potentials of opposite polarity
are applied upstream and downstream from the origin. The resultant field will also produce a constant
gradient of field squared, as in Equation (5).

[0066] As shown in FIGS. 3B and 4A, in contrast to the microchannel electrodes described above,
which apply an electric field across the channel (FIG. 3B), the inlet and outlet electrodes apply an
electric field through the channel (FIG. 4A). In some embodiments, a greater voltage is provided to
apply the electric field through the channel as compared to the voltage provided to apply the electric
flied across the channel. The resultant dielectrophoretic force is in the radial direction for both devices;
particles will translate inward towards the origin for positive DEP and in the opposite direction for

negative DEP.
13



WO 2018/009892 PCT/US2017/041238

[0067] Referring still to the insulative isoDEP shown in FIG. 4A, in one embodiment, the
microchannel follows a similar curvature to that of the microelectrode design. In another embodiment,
for the insulative isoDEP configuration of FIG. 4A, [ is the distance from the origin to an upstream
electrode. This results in k? = (9/4) AV?2 /L3, which provides a difference in the applied potentials for
each derived scenario (e.g., AV =V applied across the r5ogap in FIG. 3B versus AV =2V applied across
2L in FIG. 4A).

[0068] The use of insulative structures for dielectrophoresis has been extensively studied with most
devices being fabricated out of glass or via soft lithography. Regardless of the fabrication method, in
some embodiments, there are limitations in producing the precise inside corner at the 120° bend (dashed
line, FIG. 5). Accordingly, in one embodiment, the insulative isoDEP system includes two curves that
are more straightforward to fabricate. The variable 7, in FIG. 5 refers to the distance between the
origin and the respective curve at 9= 60°. As such, the largest gap in the microchannel is 7595 — 7601
The variable L refers to the distance between the origin and the electrode for insulative isoDEP devices
(FIG. 5). FIG. 5 also illustrates the resulting translation of a particle within an isoDEP environment. A
particle experiencing nDEP will translate in the radial direction towards the origin; pDEP particles will
translate radially in the opposite direction.

[0069] In some embodiments, a particle size (i.e., radius, @) is extracted through image analysis,
leaving the Clausius-Mossotti factor (K¢y,) as the only unknown parameter in Equation 1 above. In one
embodiment, the particle reaches its terminal velocity within milliseconds of the application of field and
the Clausius-Mossotti factor is extracted through DEP-induced particle velocimetry measurements
(FIGS. 6A-C). Although shown with regard to a system including an electrode defined channel, as will
be understood by those of ordinary skill in the art, a similar process including injecting a sample,
applying a field, and acquiring an image may be used with a system including an insulative defined
channel. In another embodiment, the particle’s velocity changes as the AC frequency is swept over a
specified range. In a further embodiment, the dielectric properties of the particle(s) are obtained by
tracking each particle individually for a variety of applied AC field frequencies.

[0070] Accordingly, in one embodiment, the devices and/or methods described herein include
determining and/or obtaining a detailed “particle velocity/’frequency” spectrum for each tracked
particle, which is similar to a “rotation speed”/”frequency” ROT spectrum (FIG. 1, right). That is, in
some embodiments, the isoDEP device and/or method is and/or provides a translational equivalent to
the rotational analysis of ROT. Thus, in another embodiment, the isoDEP device and/or method
facilitates and/or provides simultaneous monitoring of the translation of many particles. In a further
embodiment, this simultaneous monitoring improves DEP analytical throughput of individual particles

and/or cells by at least one to two orders of magnitude, as compared to ROT.
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[0071] The dielectric properties of the particle may be obtained by any suitable particle tracking
method. For example, in one embodiment, tracking each particle individually includes single particle
tracking velocimetry/spectroscopy. Particle tracking velocimetry is a technique to track a particle
(typically in a liquid media) from acquired digital images. A microparticle typically reaches terminal
velocity within a microfluidic environment within milliseconds. If an external (unknown) force is
applied to a particle, hydrodynamic drag forces will counter it. Therefore, velocimetry measurement
may be used to quantify an unknown external force. The radius of a particle needs to be determined,
which can be estimated through various means including microscopic imaging. Additional optical
characterization techniques (e.g., cell staining and fluorescent tagging) may be incorporated as well for
comprehensive analysis. Furthermore, additional optical stimuli (e.g., optical tweezers, infrared
photostimulation, etc.) may be incorporated to analyze the particle’s response to external stimuli.

[0072] Unlike other DEP devices, isoDEP provides an electrokinetic analytical tool that is not
meant to trap, divert, or concentrate particle samples. In some embodiments, electrokinetic techniques
provide increased portability and/or decreased cost as compared to fluorescent techniques (e.g., flow
cytometry). Accordingly, in one embodiment, the presently-disclosed subject matter may be applied to
portable, remote diagnostic techniques, such as, for example, lab-on-chip technologies (e.g., first
responders, remote environment monitoring, impoverished healthcare facilities). Additionally, as
compared to existing DEP devices, advantages of the presently-disclosed subject matter include, but are
not limited to, (i) providing a uniform DEP force that permits many particles to be observed
simultaneously; (i1) providing application of straightforward microchannel injection without the need
for precise particle placement relative to an electrode feature; (iii) permitting application of existing
particle tracking velocimetry methods to extract K¢, information for each tracked cell simultaneously,
and (iv) providing increased throughput.

[0073] In some embodiments, isoDEP provides high-throughput particle and/or cell analysis,
including extraction of electrical and dielectric properties of each particle and/or cell (membrane
permittivity/conductivity, cytoplasm permittivity/conductivity, etc.), which directly correlate to the cell
physiology. Additionally or alternatively, the devices and/or methods described herein detect
statistically significant variances in a particle sample (dielectric and/or geometry). In one embodiment,
the devices and/or methods described herein provide analysis of cell subpopulations (i.e., individual
analysis of cells). Analysis of cell subpopulations includes, but is not limited to, differentiation between
different cell species, differentiation between physiological conditions (e.g., healthy and unhealthy), or
a combination thereof. Suitable cell subpopulations include, but are not limited to, live and dead
bacteria, healthy and damaged phytoplankton, breast cancer sublines, circulating tumor cells from non-
transformed cells, leukocyte subpopulations (e.g., T lymphocytes, B lymphocytes, granulocytes,

monocytes), and blood types. In another embodiment, isoDEP provides cell manipulation without or

15



WO 2018/009892 PCT/US2017/041238

substantially without damaging cells from exposure to the applied field. For example, the devices and/or
methods may include the use of low-conductivity (e.g., < 1 S/m) media and/or effective heat transfer
design to decrease or eliminate sample heating.

[0074] In certain embodiments, the devices and/or methods described herein include autonomous
sample injection, image acquisition, and/or analyses. For example, in one embodiment, the devices
and/or methods include isoDEP device integration, fluid handling (injection and valve control),
visualization (camera optics, illumination, image acquisition), and/or data processing. In another
embodiment, the devices and/or methods provide measurement of one hundred individual particles in
less than ten minutes, which is an acquisition rate of approximately two orders of magnitude greater
than ROT methods.

[0075] Also provided, in some embodiments of the presently-disclosed subject matter, are methods
for individual particle analysis. In one embodiment, the method for individual particle analysis includes
providing an isoDEP device, positioning a sample within the device, stopping or substantially stopping
a flow of the sample within the device, applying an electric field to the device, and monitoring a
translation of one or more particles in the samples. In another embodiment, applying the electric field to
the device provides a constant value of VEZ,, in a viewing area thereof. In a further embodiments, the
method includes determining one or more properties of the one or more particles based upon the
translation of the particle(s). In some embodiments, the method facilitates and/or provides simultaneous
monitoring of the translation of many particles.

[0076] Further provided herein, are methods of forming the isoDEP systems disclosed herein. In
one embodiment, for example, a method of forming the isoDEP device illustrated in FIGS. 3A-E
includes fabricating the electrodes through computer numeric controlled (CNC) machining (e.g.,
milling). The CNC machining includes any suitable sized and/or shaped bit to form the desired shape of
the one or more electrodes. Suitable bits include, but are not limited to, bits having a diameter of 0.1
mm or smaller, such as, but not limited to, bits of between about 25 um and 100 um. In another
embodiment, the curvature of the inner electrode boundary (Electrode 1, FIG. 3A) is limited by a
diameter of the micrometer end-mill used during fabrication. In a further embodiment, for a minimum
radius of curvature of 50 um (i.e., using a 100 um diameter bit), the resultant electrode perimeter is
shown as “Electrode 1 boundary™ in FIG. 3A.

[0077] In some embodiments, the size of the bits is selected such that the depth of the milled feature
does not exceed twice the diameter of the bit. In some embodiments, the machining provides straight
electrode sidewalls (< 5° taper) with a milled profile that matches the desired electrode boundary (FIG.
3A) to within 2 um. Additionally or alternatively, in some embodiments, fabricating the electrodes
includes forming one or more microfluidic channels therein. In some embodiments, the electrodes of the

1SODEP device simultaneously serve as the microchannel walls. Accordingly, the electrodes may
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include any material that is suitable for conducting electricity and/or compatible with the liquid sample.
Suitable materials include, but are not limited to, copper, silver, gold, aluminum, doped silicon, or a
combination thereof. As will be understood by those skilled in the art, the presently-disclosed subject
matter is not limited to the examples described above and, in some embodiments, may include any other
conductive material that is compatible with a liquid sample being used. The method may also include
scaling an analytical solution to facilitate designing of the isoDEP device for a particular cell diameter.

[0078] In some embodiments, forming the isoDEP device includes electroplating the electrode
material with one or more electroplating materials. Suitable electroplating materials include, but are not
limited to, nickel, copper, chromium, zinc, tin, silver, gold, or a combination thereof. In one
embodiment, the electroplating increases a biocompatibility of the electrodes and/or the isoDEP device.
In another embodiment, after machining (e.g., milling) and/or electroplating the electrodes, the method
includes sandwiching and/or at least partially surrounding the electrode with a substrate material. For
example, in a further embodiment, the method includes spinning a thin film of UV epoxy onto two
acrylic substrates, one of which includes fluid access ports, and sandwiching the machined material
between the substrates. Next, the UV epoxy is cured and the substrate is diced into individual devices,
isolating the two electrodes (FIG. 7). Conductive and non-conductive epoxy is then applied around a
perimeter of the device to make electrical connections and seal the channels, respectively.

[0079] Although described above with regard to a milling procedure, as will be appreciated by those
skilled in the art, any other suitable fabrication method may be used to form the isoDEP device
described herein. For example, in an alternate embodiment, an additional high-precision micromilling
machine with nanometer resolution and an assortment of 25 um to 100 um carbide square end mills is
used. In another example, metallic laser cutting may be used. In a further example, highly-doped silicon
wafers patterned via deep reactive ion etching (DRIE) is used; though etching is typically conducted in
a clean room environment and is more costly.

[0080] In some embodiments, the isoDEP system including the insulative feature defined channel
(FIGS. 4A-E) is formed from a mold. For example, in one embodiment, the mold is formed from Su-8,
which is spun and pattered onto a base, such as a glass wafer. The Su-8 is pattered with any suitable
geometry for the isoDEP platform, and includes a microchannel gap of any suitable size. After forming
the geometry of the Su-8, inlet and outlet well features are connected with the microchannel to form the
mold. In another embodiment, forming the isoDEP system includes pouring an insulative material over
the mold and then curing the insulative material, such as, for example, by baking the material over the
mold. Once cured, the insulative material is peeled from the mold and bonded to a planar insulative
piece. The fluid inlets and outlets are then formed by any suitable method and the electrodes are
provided therein. In certain embodiments, hollow needles are inserted into the cured material to form

the fluid inlets and outlets and provide the electrodes in a single step.
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[0081] Fabrication is not restricted to soft-lithography. There exists different insulative
dielectrophoresis platforms that have been fabricated, typically, out of polymer (like PDMS) or glass.
Insulative microfluidic devices can be fabricated via soft lithography, chemical etching, hot embossing,
injection molding, CNC milling, or other established methods. Due to the similarity in fabrication
methods, other insulative dielectrophoretic methods may incorporate isoDEP features in their system.
One example is the incorporation of DC insulator DEP to introduce electrokinetic flow (combined
electrophoresis and electro-osmosis). Also, contactless DEP (¢cDEP) may be used to prevent direct
contact between the electrode and fluid sample.

[0082] In some embodiments, insulative dielectrophoretic systems decrease cost and/or reduce
complexity of device fabrication as compared to those containing microelectrodes. In certain
embodiments, the insulative isoDEP features are relatively large for microfluidic devices, including
channel widths that are generally greater than 0.1 mm while still conforming to the curvature of the
analytical solution (FIG. 4A). In addition, the preceding theoretical treatment of the insulative isoDEP
system suggests that &£; may be, interestingly, independent of the microchannel gap (r49) thus enabling
flexibility in its design.

[0083] The presently-disclosed subject matter is further illustrated by the following specific but
non-limiting examples. The following examples may include compilations of data that are
representative of data gathered at various times during the course of development and experimentation

related to the present invention.
EXAMPLES

[0084] Example 1 — Calculation of a k; value

[0085] The following will calculate a value for £; for a particular insulative isoDEP configuration. In
this example, 74, refers to the distance between the origin and the respective insulator boundary at 8 =
60° with the channel’s largest gap being r0-760.1. L is the distance from the origin to the electrode with

an applied potential of V. Therefore, at 7 = L and 6 = 0°,
V= 2/3 k; 13/2 kLZ — %Vz (1/L3) (7)
This analytical expression for k; was used to compare experimental results with theory.

[0086] Example 2 — Formation of a DEP system

[0087] This Example describes formation of an analytical DEP system capable of measuring the
dielectric properties of individual particles. The governing isoDEP equations were derived as disclosed
above and applied to two different isoDEP prototypes: (i) one fabricated from deep reactive ion etching
(DRIE) of a conductive silicon wafer (1-10 Q-cm) whose patterned features served as electrodes and
microchannel sidewalls simultaneously; (ii) a second where the electric field is applied lengthwise

through a PDMS microchannel whose geometry follows a specific curvature.
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[0088] Both positive and negative dielectrophoresis was demonstrated with the isoDEP devices
using silver-coated hollow glass spheres and polystyrene particles, respectively. Particle tracking was
used to compare particle trajectory with the expected dielectrophoretic response; further, particle
velocity was used to measure the Clausius-Mossotti factor of individual polystyrene particles (18-24.9
um) in both devices with a value of -0.40 + 0.063 (n = 110) and -0.48 £ 0.055 (n = 18) for the DRIE and
PDMS isoDEP platforms, respectively. The isoDEP platform is capable of analyzing multiple particles
simultaneously, providing greater throughput than traditional electrorotation platforms.

[0089] Example 3 — Determining length scale

[0090] This example illustrates the required length scale of a microelectrode-based isoDEP device.
In other words, determining a value of the gradient of the field-squared (||VEZ,s|| = k?) that would be
sufficient for analyzing tracked particles within an isoDEP device. The translating particle has reached
terminal velocity and its motion is balanced by the drag force (Fpzp = deg), resulting in a
dielectrophoretic velocity (vpzp) proportional to the dielectrophoretic force. Stokes” drag is assumed
(neglecting wall influences) with a friction factor of 6 zua where g is fluid viscosity. Variable values of
the following exercise were arbitrarily chosen with fluid properties approximately those of water. For a
particle radius of 5 um, a Re[f¢y ] value of 0.1 (from a possible range of -0.5 to +1.0), a particle
velocity of one particle diameter per second (10 pum/s), a fluid viscosity () of 0.001 Pa-s, and a fluid

relative permittivity of 80,

F 2 3RelK, VEZ
Vpgp = DEP/6TL"ua: TEma e[ CM](” rms”)/6n‘ua (8a)

IVEZ, || = 3 Voer #) =17x102 V?/ .. (8b)

a® Re[Kqy] em

[0091] Assume, for simplicity, that the inner electrode follows equipotential V'; =0 (1494 = 0). To
meet the preceding parameters, with an applied potential of J, = 100 V the electrode will have a width
of 7g0,2 = 1.10 mm; this value reduces to 0.24 mm for /> = 10 V. This example illustrates how the
governing analytical expressions can be used to design and scale an appropriate isoDEP platform based
on the experimental parameters (ex: rate or image acquisition, voltage limits, etc.). The analytical
solution provides a design parameter such that the electrode geometry can be properly configured and
adapted for a variety of cell sizes.

[0092] It is noted that Equation (1) assumes a stationary field. However, if there is a spatial non-

uniformity in the electric field’s phase (¢), the extended DEP force is given by

FDEP = 2n55a3Re[KCM]VEers + 47T€sa3lm[KCM](Erzms,xV(px + Erzms,yV(py + Erzms,zV(pz) (9)
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The second term is dependent on the imaginary part of the Clausius-Mossotti factor and the spatial non-
uniformity of the field’s phase. In particular, a rotating field will induce particle rotation, a phenomenon
called electrorotation (ROT).

[0093] It is significant to note the similarity between isoDEP and electrorotation (ROT) for the
electrokinetic analysis of single particles. ROT is a technique that involves the use of rotating fields
generated, typically, by a four-electrode rotating-field system and has been used to differentiate cells.
The rotational speed of the particle is measured as a function of the applied frequency and subsequent
particle dielectric properties are determined from correlating these measurements to the imaginary
component of the Clausius-Mossotti factor. For this isoDEP platform a particle’s velocity will change as
the AC frequency is swept over a specified range in accordance to a varying a Re[K¢y]. As such,
1soDEP is essentially the translational equivalent of the rotational analysis in ROT. The primary
disadvantages of ROT are the requirement of a rotating field and its limited throughput. The described
1soDEP technique, however, requires a common AC potential and can track multiple particles that are
simultaneously exposed to the same gradient of field-squared.

[0094] Examples 4-10 are directed to the isoDEP system including the electrode defined channel.

[0095] Example 4 - Comparison with Other Techniques.

[0096] A general overview comparing flow cytometry, EIS (static and dynamic), ROT, and isoDEP
is shown in Table 1. isoDEP provides a detailed, sensitive measurement for each cell which is as
sensitive as ROT and static EIS. Additionally, although the processing rate of isoDEP is may be less
than that of flow cytometry and dynamic EIS, it is at least one to two orders of magnitude greater than
ROT and static EIS. Furthermore, in certain embodiments, the cost of isoDEP device fabrication and
operation is significantly lower than the other techniques.

[0097] First, isoDEP devices can be fabricated using a benchtop micromill as opposed to cleanroom
fabrication methods (unlike ROT, EIS microfluidic chips) which comparatively require significant
infrastructure and facilities. Second, iSoDEP operation requires a benchtop waveform generator and a
digital camera which is a significant reduction in operation cost compared to ROT (four-channel
waveform generators), static EIS (impedance analyzers), and, especially, flow cytometry. Reduced
costs also enable more frequent tests which is important for applications that require frequent

monitoring. Another advantage is the portability of isoDEP.
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[0098] Table 1. General overview comparing various cell subpopulation analytical techniques. $:
Requires specialized fabrication facilities (i.e. cleanroom) or specialized equipment for operation. $$:
Requires specialized fabrication facilities and specialized equipment for operation.

[0099] Example 5 — Analysis of phytoplankton.

[00100] Phytoplankton growth is a function of light and temperature, buoyancy, inorganic
nutrient availability, interactions with organic compounds, organic micronutrients, and competition and
predation factors. Phytoplankton assemblages in water bodies have been studied extensively over the
past century and are excellent indicators of environmental conditions that determine water quality.
Therefore, understanding the physiological status of live phytoplankton cells in aquatic environments
(e.g., the detection of healthy or unhealthy phytoplanktonic cells) is important because of their function
as primary producers, their position at the base of aquatic food webs, and their ability to rapidly respond
to environmental change. A recent, significant example of this came about on August 2, 2014 when
environmental monitors for Toledo determined that microcysin toxin in public water supplies had levels
higher than recommended by the World Health Organization. Residents could not drink or cook with
tap water and boiling water would not be effective.

[00101] Several DEP methods have been used on phytoplankton cells that identify, sort, and
electrokinetically characterize their viability of freshwater. Neochloris oleoabundans has been sorted
and concentrated for biofuel production using DEP. Electrorotation has been used to distinguish
between viable-healthy and non-viable 7Tetraselmis cells in marine environments. Insulator-based DEP
has been used to examine the dielectric properties of the cell membranes of viable and non-viable
Selenastrum capricornutum, a common freshwater species. The development of isoODEP methods
described herein would (1) decrease the cost of electrokinetic characterization of cells as compared to
other methods, and (2) provide portability in the field (onto water bodies) for real-time analysis of the
physiological status of phytoplankton assemblages in situ. This information would give important
insight into the overall health of an aquatic ecosystem.

[00102] Several taxa of phytoplankton may be used to test the isoDEP concept (Table 2). These
taxa are not intended to limit the application of the presently-disclosed subject matter, rather, they are
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selected because they (1) are significant representatives of phytoplanktonic assemblages in freshwater
ecosystems, (2) are geographically ubiquitous and, therefore, lend comparative power to other studies,
(3) are variable in size and shape, (4) are indicators of a wide range of environmental conditions (“algal
blooms™), (5) are physiologically diverse and comparable (e.g., one Microcystis strain is capable of
producing microcystin, a noxious toxin in freshwaters, while another Microsystis strain does not), (6)
are relatively easy to culture and maintain, (7) are easily induced into log-phase growth (“healthy” cells)

prior to experimentation, (8) are commercially available, and (9) can be transported easily.

TABLE 2
Taxon Division Cell Shape Cell Size Commercial
Source
Chlorella vulgarus Chlorophyta Spheroid 10 um Carolina
Selenastrum Chlorophyta Crescent 10 pm UTEX
capricornutum
Cyclotella meneghiniana | Bacillariophyta | Discoid 15-30 pm UTEX
Cymbella tumida Bacillariophyta | Crescent 50 um UTEX
Microcystis  aeringinosa | Cyanophyta Spheroid 5—7 um UTEX
(non-toxic, non-
microcystin producing)
Microcystis — aeringinosa | Cyanophyta Spheroid 5—=7 pm UTEX
(microcystin producing)

[00103] The tested species include two species of green algae, Chlorella vulgaris and
Selenastrum capricornutum (Chlorophyceae), two diatoms, Cyclotella meneghiniana and Cymbella
tumida (Bacillariophyceae), and two strains of blue-green bacteria, Microcystis aeringinosa
(Cyanophyceae). Toxin-producing and non-toxin producing strains of Microcystis lend another
ecophysiological dimension to comparisons in that Microcystis is a significant problem in highly
productive (eutrophic) systems. Microcystis toxin (microtoxin) causes severe and acute toxicological
responses in other aquatic organisms when subjected to bloom conditions. All identified species are
ubiquitous in freshwater phytoplanktonic assemblages and are relatively easy to culture and maintain.

[00104] Phytoplankton cultures used in this project are maintained under sterile conditions in
Percival incubators at Hancock Biological Station (HBS), Murray State University (Murray, KY).
Maintenance of actively metabolizing and growing phytoplankton cultures takes place in accordance
with methods of Lorenz et al. The physiological status of cultures is monitored and cells will be
prepared for experimentation using methods of MacIntyre and Cullen. Appropriate QA/QC procedures
are adhered to for cultures over the course of this study. Comparisons of the physiological response of
healthy cells by isoDEP are made with cells that are senescing (out of log-phase growth) or killed (by
boiling or poisoning).

[00105] By measuring the electrokinetic response of several freshwater phytoplankton species
(Table 2), isoDEP provides identification and differentiation thereof. Rapid, accurate detection of
potentially harmful algal blooms and degraded water quality using isoDEP methods indicates a positive
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outcome from these experiments that will contribute to other applications in unhealthy or otherwise
compromised aquatic systems (e.g., polluted, contaminated, eutrophic). An advantage of using isoDEP
technology in water quality studies is that it is rapid, accurate, and can detect subtle changes in algal cell
health (and, thus, ecosystem health), and can be taken into the field (on shipboard) for instant results
without having to collect, maintain, and transport live samples back to a land-based laboratory for
testing.

[00106] Example 6 — Fabrication and system operation.

[00107] A commercially available miniature end mill (Mini-Mill 1, Minitech Machinery,
Norcross, GA), which has a spindle accuracy of 0.8 um and spindle speed up to 60,000 rpm, is used for
this example. A 100 um end mill is used to create the electrodes from copper sheets as outlined in FIG.
7. The milled features include the electrode geometry as well as microfluidic channels (FIG. 7A). After
machining the specified features in the copper sheet, the metal is electroplated with nickel then gold to
provide a robust finish to their product. Further, the plated layer of gold aids in electrode
biocompatibility.

[00108] Next, a thin film of UV epoxy is spun onto two acrylic substrates (one of which contains
fluid access ports) that are used to sandwich the machined metal sheet. After curing, the substrate is
diced into individual devices (FIG. 7B) which subsequently isolates the two electrodes (FIG. 7C).
Finally, conductive and non-conductive epoxy is applied around the perimeter of the device to make
electrical connections and seal the channels, respectively (FIG. 7C).

[00109] Using the process above, a milled DEP quadropole device was formed using a
copperclad PCB substrate. The quadropole electrode from this work is shown in FIG. 8, and was
created using a 100 um bit with the copperclad substrate and subsequent DEP trapping of 8 um
particles. This demonstrated that straight-sidewall 3D electrodes can be milled from a 36 um thick
copper layer, thereby making the electrodes of the device serve simultaneously as the microchannel
walls (similar in principle to the proposed isoDEP device).

[00110] Example 7 — Confirmation of isomotive DEP field.

[00111] To confirm that the isoDEP device design exerts a constant DEP force on similar
particles, identical homogeneous spherical polystyrene microparticles (size-standard 10 um) will be
injected into the iSoDEP device and, upon electric field activation, all particles should translate at the
same constant velocity regardless of their position within the channel. The device will be mounted on an
inverted microscope (Nikon Ti-U) and particles will be visualized using a 4X objective and digital
camera (PCO Sensicam QE). Images will be acquired such that individual particle velocity can be
extracted. Free PTV software (accumulated and posted on his research website) will be utilized for

velocimetry analysis.
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[00112] The goal will be to observe constant particle velocity over the acquired field-of-view.
Characteristics that would inhibit this goal would be derived from the fabrication of the device itself. A
particle velocimetry map of the microchannel will be obtained to determine if identified velocimetry
inconsistencies are specific to a particular microchannel region or feature. Alternatively, velocimetry
inconsistencies may be attributed to the statistically inhomogeneous distribution of particle diameters
(results will be compared accordingly).

[00113] Fluorescent imaging will be used for more precise particle tracking (i.e. tracking the
individual particle’s fluorescent peak). However, fluorescent analysis is nontrivial to implement for
portable micro-devices and alternative methods may need to be sought for future development. For
example, particle shadow velocimetry (PSV) uses a pulsed LED and has demonstrated velocimetry
resolution comparable to fluorescent/excited PIV methods. Proper cell imaging cannot be overlooked
since morphological information for each particle can be extracted accordingly and, further, the cell’s
size gives insight into its DEP force (which is directly proportional to the volume of the particle).

[00114] Example 8 — Demonstrate bead subpopulation identification.

[00115] In this example a heterogeneous sample containing multiple particle diameters and types
is tested. Larger particles of the same type are expected to experience faster DEP-induced velocities as
the DEP force scales with particle volume (Equation 1); therefore, particles of different diameter may be
identified using isoDEP. Further, particles of different type (polystyrene, silica) experience different
Re[fcuy] values at different AC frequencies and, therefore, may be differentiated with the isoDEP
device. Polystyrene and silica, in particular, have similarly-shaped Re[f.,] profiles but have
measureable differences in their crossover frequency (i.e. the frequency at which Re[f:y] = 0); isoDEP
is able to resolve the different particle types accordingly.

[00116] For some known particle diameter (a), particle velocity (vpep), and field gradient
(VEZ,5). the Clausius-Mossotti factor may be extracted from isoDEP measurements. As such,
frequency-dependent Re[f,),] measurements of polystyrene and silica particles are compared to those in
literature (these particle types are found extensively in DEP experimental research) and evaluated for
similarity.

[00117] Example 9 — Assess unwanted electrokinetic effects in isoDEP devices.

[00118] There were several aforementioned electrokinetic effects that may interfere with particle
translation within an isoDEP device, namely ACEO, ET flow, and Joule heating. This example provides
electrokinetic observations for a range of DEP-relevant frequencies (1 kHz — 10 MHz), voltages (< 20
V), and medium conductivities (10 mS/m — 1 S/m). Although described with a frequency range of from
1 kHz to 10 MHz, other frequency ranges may be used, including, but not limited to, 100 Hz - 100
MHz, 1 kHz — 100 MHz, 1 MHz — 100 MHz, 10 MHz — 100 MHz, or any suitable combination, sub-

combination, range, or sub-range thereof. First, numerical simulations are conducted to predict expected
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electrohydrodynamic behavior. Second, 2 um fluorescent polystyrene particles is injected and tracked
under various AC field and fluid conductivities in order to assess the significance of the other
electrokinetic effects. To assess Joule heating, the chip is monitored by an in-house infrared microscope
(InfraScope, OFI Corporation) to directly measure field-induced heating.

[00119] Based upon the measurements above, the appropriate range of operation parameters for
the isoDEP device to minimize unwanted electrokinetic effects is determined. However, it is expected
that electrohydrodynamic mechanisms (ACEO, ET flow) will be significantly reduced compared to
traditional coplanar electrode designs (ex: interdigitated electrodes); coplanar electrodes are
characterized by regions of extremely high localized fields (i.e. at electrode edges) which is not an
inherent characteristic of isoDEP electrodes.

[00120] Example 10 — Design and fabrication.

[00121] A proof-of-concept design was fabricated at the University of Louisville Micro/Nano
Technology Center. The electrodes for the final device were constructed from a highly doped silicon
wafer (0.35 mm thick, B-doped to a resistivity of 1-10 Q-cm).

[00122] Selection of Electrode Geometry. In theory, any two arbitrary equipotential lines can be

chosen as long as they are of the form (using polar coordinates)
V= ;kr3/zsin(39/2) (4a)

The equipotential lines, and thus the electrode geometry, were initially chosen as follows:

[00123] The inner Electrode 1 is assigned a curvature with a minimum radius of 0.5 mm. Even
though an inner electrode with a perfect 120° is acceptable, there are inherent challenges associated with
fabricating a “perfect” inner comer without some degree of curvature. The minimum distance that the

Electrode 1 equipotential curve will be from the origin will occur at = 60° calculated with

Timin = ——— 7 = 77.35 um (P1)

cos30

[00124] Assumptions are needed to determine a value of k. Assuming Stoke’s drag on a spherical

particle that has reached terminal velocity, its DEP-induced velocity is

— VEZ, =k?= 3vpgp U

— 27T‘(‘:ma3Re [fCM]VEers/
VUpgp = 6

Tap a? Relfem] &m (P2)

Assuming a particle radius, a, of 10 um, viscosity of 0.001 Pa-s, a Re[f¢p] value of 0.1, medium
relative permittivity of 80, and a velocity of one diameter per second, the resultant values are
VEZ,s = k? =8.471e12, k =291e6 (P3)

[00125] For a known 7y, (from P1), 6= 60°, and & (from P3) the value of V; for the Electrode 1
is 1.320 V. The curvature of Electrode 1 is (for this example)
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vy = 1320 =2 (29104549)r2sin(30/,) (P4)

[00126] The curvature of Electrode 2 is determined through an assumed applied voltage. For an

assumed voltage difference of 100 V| the curvature of Electrode 2 is
V, = (100 + 1.320) = § (2910454.9)r3/25in(39/2) (P5)

[00127] Two device sizes were used for proof-of-concept demonstration. Each design used the
same inner Electrode 1 profile. A second device assumed a voltage difference of 50 V, leading to a

curvature of
Vs = (50 +1320) = 2(2910454.9)r¥2sin(30/,) (P6)

[00128] In summary, the curvatures chosen for one of the devices is V; and V> and those of the
second device is V; and V3. Any electrode profiles can be chosen following this method.

[00129] The variable r¢ is used here to describe the largest gap distance between the two
electrodes for a particular device, this occurs at a value of 8= 60°. The larger device (AV' =100 V) has a
value of r59; = 1319.7 um whereas the smaller device (A}J"= 50 V) has a value of rg9> = 810.4 um.

[00130] A photolithographic mask was created using these features with the design shown in
FIG.9.

[00131]  Fabrication. For fabrication, the 4™ silicon doped wafer was anodically bonded to a 4”
diameter borosilicate glass wafer (0.7 mm thick) followed by DRIE of the pattern. Next, a second glass
wafer was anodically bonded on the other side of the silicon wafer. Finally, the wafer was diced to
produce the final devices. The diced wafer is shown in FIG. 10A and an individual device is shown in
FIG. 10B with two identical channels.

[00132]  Preliminary Tests with Beads. The following describes preliminary testing of the above
isomotive DEP proof-of-concept device using microparticles suspended in liquid media. According to
theory, a particle will translate towards or away from the device’s origin (FIG. 5) depending on if the
particle is experiencing negative DEP or positive DEP, respectively.

[00133] The devices were tested using polystyrene particles (24.9 um diameter, carboxylate
modified, Spherotech) and silver coated hollow glass spheres (5-30 um diameter, Cospheric). The
particles were suspended in a deionized water solution with an electrical conductivity less than 1 mS/m.
Electrical wires were affixed to the electrodes at the perimeter of the device using conductive epoxy.
The sample was injected manually with a syringe and was adjusted until bulk fluid motion halted. An
AC signal was then applied across the channel (1 kHz to 10 MHz, up to 100 V). The device was
viewed with an inverted microscope (Nikon Ti) using a 2X objective lens.

[00134] FIG. 11A shows a composite image of polystyrene particles traveling towards the origin
exhibiting negative DEP (nDEP) for an AC signal of 100 kHz and 34.4 V. The shown overlaid particle
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images represent their respective position after several 1.25 second intervals. Preliminary qualitative
observations suggest that the velocity of each particle is nearly constant (i.e. their spacing between each
time step is consistent) and, further, particles translate in a radial direction; a more detailed particle
tracking analysis is ongoing.

[00135] FIG. 11B shows a composite image of silver coated particles translating away from the
origin exhibiting positive DEP (pDEP) for an AC signal of 500 kHz at 33 V. The shown overlaid
particle images represent their respective position after 0.67 second intervals. Consistent with the
negative DEP results, translation is away from the origin of the device at a consistent rate. Consistent
with DEP theory, larger particles translate at a greater velocity.

[00136] FIGS. 12A-B show the path and linear fit for 110 individual particles undergoing nDEP
as in FIG. 11A. FIGS. 13A-B show scaled particle velocity and deviation of particle trajectory from the
theoretical direction, respectively.

[00137] It is important to note that even though this was demonstrated with a microfabricated
device with DRIE there are many alternatives to device fabrication. As long as the channel/electrode
walls are electrically conductive and vertical (depth-wise) the device should perform as above. In some
embodiments, non-vertical walls or walls containing “rough” features will generate edge effects that
will compromise particle translation for those in close proximity to the wall; this can be eliminated with
proper fabrication. Further, if the particles are focused to the channel center (e.g., hydrodynamic stream)
these unwanted effects can be further minimized.

[00138] Examples 11-12 are directed to isoDEP systems including the insulative feature
defined channel.

[00139] Example 11 — Design and fabrication.

[00140] For proof-of-concept demonstration of insulative isoDEP a PDMS microfluidic device
was fabricated from a master mold of Su-8, a common procedure for microfluidic devices. In brief, a
single layer of Su-8 50, approximately 100 um thick, was spun and pattered onto a soda-lime glass
wafer. The patterned mimicked the geometry of the previous microelectrode isoDEP platform with a
microchannel gap of 500 um at = 60° (rs9 ;=77 um, rp>= 577 um). Inlet and outlet well features of
2.0 mm diameter were connected with the microchannel; their center was approximately 3.0 mm from
the device origin. An illustration of the Su-8 mold geometry is shown in FIG. 4B. PDMS was poured
over the master mold and baked in an oven at 65 °C for at least two hours. After curing, the PDMS was
peeled from the mold and plasma bonded to a planar PDMS piece. Fluid inlets and outlets were created
by inserting 22 gauge stainless steel needles; the needles themselves also simultaneously served as
device electrodes (FIG. 4B). The AC signal originated at an arbitrary waveform generator (Keithley
3390) and was amplified using an in-house custom-built amplifier; the output signal was monitored

using a benchtop oscilloscope.
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[00141] Example 12 — Testing Dielectrophoretic Behavior

[00142] Two types of particles were used to test the dielectrophoretic behavior of the insulative
1sSoDEP device. Carboxylate modified polystyrene particles, 18-24.9 um in diameter (Spherotech, Inc.),
and silver-coated hollow glass particles, 5-30 um in diameter (Cospheric LLC), where used to
demonstrate negative DEP and positive DEP, respectively. Particles were suspended in low
conductivity water (0.2-0.5 mS/m) before being injected manually into the device via a syringe. The
center of the device was observed (“Observation area”, F1G. 4B) with an inverted microscope (Nikon
Ti-U) with 3X magnification and videos were recorded with a color camera (DCC1645C-HQ,
ThorLabs) at 15 frames per second. Bulk flow was manually adjusted until flow was observed to be
stagnant with one or more particles in the observation area. Particles settled to the bottom of the
microchannel before the AC field was applied. The applied AC signal for all reported experiments was
300V at 2 kHz; for this system’s /. of approximately 3 mm the resulting applied field is on the order of
50 V/mm.

[00143] Multiple videos of polystyrene particles were acquired and analyzed similarly as
previously demonstrated. In brief, videos were color inverted and converted to grayscale before being
process with TrackMate, an ImageJ plugin that measures particle position and their respective diameter.
A custom MATLAB program used the measured position data to calculate particle velocity and
trajectory. All particle tracking data was cropped to 60 frames (2.0 seconds). For proper comparison
between similar particles, a scaled dielectrophoretic velocity (vpep/a®) was calculated for each one.
Next, scaled velocity was used to determine each particle’s Clausius-Mossotti factor (Re[f¢y ). Last,
the trajectory of each particle was fit to a linear path and used to calculate, to what extent, it deviated
from the theoretical radial translation.

[00144] FIGS. 14A-B demonstrates the trajectory of translating particles undergoing negative
DEP (FIG. 14A) and positive DEP (FIG. 14B) at 300 V and 2 kHz using an insulating isoDEP device
with arg gap of 500 um. The particles translated in the radial direction in accordance with expected
theory. Particle spacing between overlaid images (2.0 seconds apart for FIG. 14A, 0.33 seconds for
FIG. 14B) is consistent, suggesting relatively constant dielectrophoresis-induced velocity. Further, the
insert in FIG. 14B shows the chaining of two particles aligned in the direction of the applied field;
interestingly, inherent to the nature of this insulative isoDEP system, the direction of the
dielectrophoretic force is approximately orthogonal to the direction of the electric field near 6 = 60°, and
transitions to the radial direction near 0° and 120°. Since the direction of the dielectrophoretic force is
known and constant for this isoDEP device, the influence DEP force and directionality on particle-chain
formation and integrity could be extensively studied.

[00145] The trajectories of 18 polystyrene particles subjected to negative dielectrophoresis are
shown in FIG. 15. Compared to previous results using the microelectrode isoDEP device (FIG. 3B), the
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trajectories of the insulative isoDEP device were not significantly influenced when the particles were in
close proximity to the wall, this was likely due to the smooth contour of the microchannel. In some
cases bulk fluid motion was observed and, to some extent, compromised the trajectory of the particles;
future versions of the isoDEP system will incorporate to eliminate bulk fluid motion during
electrokinetic analysis.

[00146]  Another factor that influences particle translation is the influence of the microchannel
wall on the exerted hydrodynamic drag which is a function of the particle’s proximity to a planar
surface. A particle in close proximity to a surface can experience over three times greater hydrodynamic
drag and, even though sufficient time was allowed to have the tracked particles sediment prior to field
activation, their depth-wise position may not be consistent. In addition, the nature of Su-8
photolithography produces sidewalls that are slightly inclined, though that did not appear to
significantly influence results; however, deep-reactive ion etching could be used to create a master mold
with vertical walls, as demonstrated previously with other electrokinetic microfluidic chips, and may be
considered for future insulative isoDEP devices.

[00147]  For the particles studied undergoing negative DEP, their scaled velocities (vpgp/a®) were
measured and 12/18 were within 10% of the mean and 17/18 were within 20%. The trajectory of every
tracked particle was within 20° of the theoretical radial trajectory with 15/18 being within 10°. Next, a

particle’s scaled velocity was used to determine their respective Clausius-Mossotti factor using
2 R VEZ 3uc
Vppp = e a’Re[foy] rms/CW 6ma > Relfoy] = (UDEP/az) u w/gm kl.z (10)

where C,, is the hydrodynamic drag correction due to the influence of the wall (assumed to be 3.08) and
u 1s fluid viscosity (assumed to be 0.00089 Pa-s); the relative permittivity of the fluid was assumed to
be 80. The gradient field squared (k) was calculated to be 3.36x10"" V*/m’ using Eqn. (7) with V=150
V and . =2.48 mm (electrode distance was measured visually using feedback from the microscope’s
motorized stage). The average Re[fy] for the tracked 18 particles was -0.48 with a standard deviation
0f 0.055. This result is in close proximity to the theoretical value of -0.50 and, further, demonstrated
closer convergence to the theoretical value compared the first microelectrode isoDEP study that had a
value of -0.40 for the same particles.

[00148] Unlike microelectrode based isoDEP devices where the electrodes themselves may serve
as heat sinks (FIG. 3B), insulative isoDEP devices (FIG. 4A) are primarily constructed from the same
material (PDMS for this work). Since the thickness of the device is much smaller than its footprint
(millimeters compared to centimeters), conductive heat transfer through its thin boundaries will be the
primary mode of heat transfer. Therefore, significant temperature gradients will be generated orthogonal
to the direction of the electric field, a desirable system characteristic in order to reduce the effects of

electrothermal flow. As such, similar to the previous isoDEP device, electrothermal hydrodynamic
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motion was observed under certain experimental conditions. Using low-conductivity media (0.2-0.5
mS/m) no significant electrothermal flow was observed at the upper limit of the amplifier (~400 V).
Using diluted PBS (35 mS/m), electrothermal motion was observed starting at approximately 300 V.
Future work will model various insulative isoDEP designs to determine how to significantly reduce
electrothermal flow, especially for higher conductivity biological media.

[00149] Examples 13-18 are directed to isoDEP systems including both the electrode based and
insulative feature defined channel.

[00150] Example 13 — Design and fabrication of the electrode based isoDEP device.

[00151] Two fabrications procedures were implemented to demonstrate proof-of-concept isoDEP
using both methodologies. For the microelectrode version, several devices were created with 7,
electrode gaps ranging from 0.25 mm to 1.4 mm. Fabrication followed a procedure where a highly
doped silicon wafer (0.35 mm thick, 1-10 Q-cm) was patterned via deep reactive ion etching (DRIE)
and anodically bonded between two borosilicate glass wafers. The decision to fabricate devices via
DRIE was made due to the straight vertical features associated with this microfabrication procedure;
tapered electrode sidewalls would generate inconsistent fields and would distort the goal of attaining a
constant gradient field-squared. That is, the straight sidewalls provided a constant depth-wise
application of the field.

[00152]  FIG. 3E shows a completed microelectrode isoDEP device with 74 ; = 77 pm and 749 =

577 um (i.e. a 500 pum 74y gap). The device was mounted to a microscope slide with quick-drying
epoxy; the epoxy was also used to seal the “Electrode Gaps™ (FIG. 3E) that prevented electrical
shorting between the adjacent electrodes. A diamond bur (0.9 mm diameter, 801L/009C, Crosstech) was
subsequently used to drill holes into the upper glass substrate and enable fluid access. Next, pieces of
single-sided rubber adhesive (FDA-compliant silicone rubber, #8991K52, McMaster-Carr) with
punched holes served as ports to interface the device with plastic tubing. Electrical connections to the
device were accomplished by applying conductive epoxy (CW2400, Circuit Works) to the perimeter of
the device at the exposed portions of the doped silicon electrodes; thin wires were embedded in the
conductive epoxy and cured in a 60 °C oven for 20 minutes.

[00153] Example 14 - Design and fabrication of the insulator-based isoDEP device

[00154] For the insulative isoDEP platform (FIG. 4B), a PDMS microfluidic device was

fabricated via soft lithography from a master mold of Su-8, a common procedure for microfluidic
devices. In brief, a single layer of Su-8 50, approximately 120 um thick, was spun and pattered onto a
soda-lime glass wafer. The microchannel was designed with a gap of 500 pm at 8= 60° (rg91 =77 pm,
T60,2 = 577 um). The centers of the inlet and outlet wells (2 mm in diameter) were 3.0 mm from the
device origin. PDMS was poured over the master mold and baked in an oven at 65 °C for at least two

hours. After curing, the PDMS was peeled from the mold and plasma bonded to a planar PDMS piece.
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Fluid inlets and outlets were created by inserting 22 gauge stainless steel needles; the needles
themselves also simultaneously served as device electrodes (FIG. 4B).

[00155] Example 15 — Experimental methods

[00156] The AC signal originated at an arbitrary waveform generator (Keithley 3390) and
subsequently amplified using either a commercial benchtop amplifier (2100HF, Trek; up to 150V, 1
MH?z) or an in-house custom-built amplifier (up to ~800 V, 10 kHz). The signal output was monitored
with a benchtop digital multi-meter (Agilent 34405A).

[00157] For qualitative experiments carboxylate modified polystyrene particles, 18-24.9 um in
diameter (Spherotech, Inc.), and silver-coated hollow glass particles, 5-30 um in diameter (Cospheric
LLC), were used to demonstrate nDEP and pDEP, respectively. Particles were suspended in low
conductivity water (0.6 mS/m) before being injected manually into the device. A portion of the sample
was viewed at the device’s center (“Observation area”, FIGS. 3E and 4C) using an inverted
microscope (Nikon Ti-U) with trans-illumination, digital images were acquired with a color camera
(DCC1645C-HQ, ThorLabs). Flow was manually adjusted until one or more particles were observed in
the viewing area, at that time a quarter-turn flow valve was closed to halt flow. Particles were allowed
to sediment (< 1 min.) before the AC field was applied. For quantitative nDEP experiments, a video was
acquired at 15 fps for at least 10 seconds after the application of the field. This process was repeated
until the trajectories of a number of polystyrene particles were recorded (» = 110 for microelectrode
1soDEP, n = 18 for insulative isoDEP). Grayscale and color inversion filters were applied with video-
editing software (VirtualDub) before being processed with ImageJ. TrackMate, a particle tracking plug-
in for ImageJ (imagej.net/TrackMate), was used to measure particle diameter and position for each
video frame. Particles that were adhered to a surface or collided with an electrode wall were omitted
from particle tracking analysis.

[00158] A custom MATLAB program determined particle velocity and trajectory from particle
position data. First, all particle tracking data was cropped to a common length (165 frames or 11
seconds for microelectrode isoDEP, 60 frames or 4.0 seconds for insulative isoDEP). Next, for each
respective particle identified within a particular frame, i, its initial position within that frame was
extracted (x;, 3;) as well as its coordinates for the next four subsequent frames (X1, Vis1: X2, Viez: Xi3.,
Viss: X4, Vira). A straight line was fit to these points to determine its mean displacement in the x- and y-
directions over these five frames; mean velocity was subsequently calculated from the mean
displacement divided by the time period of five frames. Next, the calculated particle velocities from
each frame were averaged over the duration of its trajectory for an overall average particle velocity. A
scaled velocity (vpep/a®) was also calculated for each particle using their respective measured particle
diameter (2a); in theory, the scaled velocity for like particles should be identical for isoDEP if all other

experimental conductions are held constant. Further, the Clausius-Mossotti factor (Re[Ky]) was
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calculated from the measured scaled velocity with additional assumptions regarding the properties of
the fluid. Last, each particle’s trajectory was fit to a linear path; the angle at which this fitted path

133

deviated from the theoretical radial trajectory (FIG. 5) is termed a particle’s “angle of deviation™.

[00159]  For the microelectrode isoDEP device, qualitative pDEP and nDEP experiments were
conducted with a 800 um device (1501 = 77 um, 740, = 877 um) at frequencies of 500 kHz and 100
kHz, respectively, with an applied potential of 34 V. The applied voltage and curvature, using the
preceding analysis, results in £ = 1.5 x 10" V*/m’. Quantitative microelectrode isoDEP tests were
conducted with a 500 um device (501 = 77 pm, 749, = 577 pm) at 100 kHz and 15 V (¥ = 2.91x10"
V*m?). For the insulative isoDEP device, the applied AC signal was 300 V at 2 kHz; this results in &’ =
3.36x10" V¥/m’® using with 7= 150 V and L = 2.48 mm (electrode distance was measured visually
using feedback from the microscope’s motorized stage). The applied frequencies for these cases were
arbitrarily chosen as the observed velocities of the particles did not change over a range of tested
frequencies (1 kHz — 1 MHz, data not shown); this was expected as the Clausius-Mossotti factor would
be relatively independent of AC frequency for large (> 2 um) homogeneous particles.

[00160] Example 16 — Demonstration of nDEP and pDEP

[00161] FIGS. 11A-B and 14A-B illustrate nDEP of polystyrene particles and pDEP of silver-

coated hollow glass particles using both isoDEP devices. Following expected theory, the particles
translated in the radial direction, either towards (nDEP) or away (pDEP) from the origin. Further,
qualitatively, particle translation appears to be constant during its trajectory as demonstrated with
consistent spacing between particle images. Refer to Supporting Information for experimental videos
demonstrating isoDEP particle translation using negative and positive DEP.

[00162] Electro-orientation of adhered particles is highlighted for the pDEP cases (FIGS. 11B,
14B); their alignment is consistent with the direction of the electric field. Interestingly, inherent to the
nature of the insulative isoDEP system, the direction of the dielectrophoretic force is approximately
orthogonal to the direction of the electric field near €= 60°, and transitions to the radial direction near
0° and 120°. Since the direction of the dielectrophoretic force is known (and constant) for isoDEP, the
influence that the DEP force and directionality on particle-chain formation and integrity could be
studied.

[00163] Example 17 — Particle trajectory

[00164] Next, polystyrene particles were tracked for quantitative evaluation of the devices’
performance. Particle trajectories (FIGS. 12A and 15) were consistently migrating towards the device
origin. However, in specific regions within the channel the particle motion deviates from theory,
particularly for the microelectrode device when colloids are in close proximity to the wall of the
microchannel. DRIE inherently does not produce smooth features; as such, rough electrode features will

distort the electric field in close proximity to the wall and, therefore, compromise particle trajectory,

32



WO 2018/009892 PCT/US2017/041238

detracting it from the theorized motion. Relatively, the trajectories of the insulative isoDEP device were
not significantly influenced when the particles were in close proximity to the wall; this was likely due to
the smoother contour of the PDMS microchannel. In addition, the nature of Su-8 photolithography
produces sidewalls that are slightly tapered, though that did not appear to significantly influence results;
however, DRIE could be used to create a master mold with vertical walls, as demonstrated previously
with other electrokinetic microfluidic chips, and may be considered for future insulative isoDEP
devices.

[00165] In addition, slight (though significant) bulk fluid motion was observed due to the use of
flexible tubing and use of valves relatively far from the device’s ports. The impact of bulk fluid motion
is illustrated in the “jagged™ trajectories of some of the particles (FIG. 12A). Future isoDEP platforms
will incorporate rigid tubing and proper valving to reduce bulk fluid motion. For subsequent analysis, a
linear fit was applied to the trajectory of each respective particle (refer to Supporting Information).

[00166]  Next, for each particle, their respective scaled velocity (vpep/a®) was normalized with
their average. In theory, for similar homogeneous particles their behavior should be identical (i.e. a
value of 1.0). In general, particles close to the center of the device performed more consistently
compared to those further from the perimeter. For the microelectrode isoDEP device 55/110 and 91/110
of the particles were within 10% and 20% of the average scaled velocity, respectively. For the insulative
1SoDEP device 12/18 were within 10% of the mean and 17/18 were within 20%. Bulk fluid motion was
likely the source of the observed systematic error (refer to Supporting Information).

[00167] The angle of deviation from a particle’s linear trajectory to that of the theoretical radial
direction was determined (i.e. a value of 0° means particle trajectory follows theory). For the
microelectrode isoDEP device, 77/110 and 107/110 of the particles were within 10° and 20° of the
theoretical trajectory, respectively (refer to Supporting Information). Every tracked particle was within
20° of the theoretical radial trajectory for the insulative isoDEP device with 15/18 being within 10°.

[00168] Velocity data was used to extract the Clausius-Mossotti factor for each particle using
Eqn. 7a and making assumptions on fluid properties (a viscosity of 0.000890 Pa-s and a relative
permittivity of 80). Further, it was assumed that the particle translated adjacent to the bottom of the
microchannel as the electric field was applied once the particles settled; this characteristic increases the
hydrodynamic drag by an assumed factor of 3.08 (Faxén’s correction [40]), a reasonable approximation
compared to previous works [41, 42]. The average Re[K),] for the population of studied particles for
the microelectrode and insulative isoDEP devices were -0.40 £0.063 (one standard deviation) and -0.48
£ 0.055. Theoretically this value should be -0.50 for o, << g;,; more precise knowledge of fluid
properties, particle location with respect to the microchannel wall, and dielectric composition of the
particle would improve the accuracy of the acquired experimental values of Re[f¢y] herein.

[00169] Example 18 — Observed electrohydrodynamics
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[00170] Electrohydrodynamic motion was observed at larger applied potentials (> 50V for
microelectrode isoDEP, > 400 V for insulator isoDEP); a more comprehensive investigation will be
conducted in future work to determine the impact of such fluid motion on particle trajectory.
Electrohydrodynamic motion, in general, is either AC electro-osmosis (ACEO) and/or electrothermal
(ET) flow. ACEO occurs when the electric field acts upon the charges accumulated on the surface of a
polarized electrode, inducing hydrodynamic slip. It is expected that this isoDEP device will produce
negligible ACEO flow as the tangential component of the electric field at the electrode surface is
significantly weaker compared to other studied ACEO microelectrode geometries like interdigitated
electrodes. Therefore, it is hypothesized that ET flow is the cause of the observed electrohydrodynamic
motion. In ET flow the electric field acts upon dielectric gradients (permittivity, conductivity) in the
fluid caused by Joule heating. The silicon in the microelectrode isoDEP device may serve as a heat sink
as well as provide more efficient heat transfer (compared to the glass boundaries) and, thus, propagate
temperature gradients in the same direction as the applied field. Insulative isoDEP systems are likely
more favorable from a heat transfer perspective as temperature gradients are more orthogonal to the
field direction relative to the silicon-based devices, thereby reducing the effects of electrothermal flow.
Future work will study the heat transfer and resulting electrohydrodynamics of isoDEP devices.

[00171] Results of Examples 13-18

[00172] Device Considerations. The allure of insulative dielectrophoretic systems is the
inexpensive cost and reduced complexity of device fabrication compared to those containing
microelectrodes, though a significantly higher voltage is required for similar DEP performance.
Regardless of the fabrication method chosen, isoDEP features are relatively large when compared to
traditional microfluidic devices as microchannel widths are generally greater than 0.1 mm; however,
conforming to the curvature of the analytical solution (FIGS. 3B and 4A) is important for proper device
performance. Particular to insulative isoDEP devices &; may be, interestingly, independent of the
microchannel gap (for L >> r44), thus enabling flexibility in its design.

[00173] Due to the similarity in fabrication methods, other insulative dielectrophoretic methods
may integrate iSoODEP into their system. One example is the integration of DC insulator-based DEP to
introduce electrokinetic flow (combined electrophoresis and electro-osmosis). Also, contactless DEP
may be used to prevent direct contact between the electrode and fluid sample. The suppression of
unwanted flow (bulk flow, electrohydrodynamics) coupled with ideal electrode fabrication (smooth
parallel sidewalls) will result in unhindered particle trajectory.

[00174] Concluding remarks. The dielectrophoresis systems introduced here produced a uniform
gradient of the field-squared (||VEZ,;||), providing a constant, isomotive dielectrophoretic force
throughout the region of observation. This was demonstrated using microelectrodes and an insulative

microchannel both following a specific curvature. Experiments demonstrated both positive and negative
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dielectrophoresis; the Clausius-Mossotti factor can be measured for individual particles using particle
tracking velocimetry. It is worth reiterating that such particle-tracking analysis is non-trivial for DEP
systems where the dielectrophoretic force is not constant and the location of the particle (relative to the
electrode) needs to be determined. The purpose of the isoDEP platform is to extract the complex
frequency-dependent Clausius-Mossotti factor of individual particles, similar in concept to
electrorotation. However, in traditional electrorotation the particle needs to experience nDEP
simultaneously for analysis whereas iSoDEP can analyze particles undergoing pDEP and nDEP.
Further, a significantly higher throughput of isoDEP is expected over traditional electrorotation
platforms, including at least one to two orders of magnitude greater throughput. Moreover, this platform
provides optical access to the sample enabling the integration of optically-based manipulation (ex:
optical tweezers) and analysis (ex: immunostaining) enabling comprehensive single-cell analysis.

[00175] Example 19 — Derivation of Equations (4a) and (4b)

[00176] The potential. V, in a charge-free region of space between two electrodes is described by

the Laplace equation:
ViV =0 (D1
With the constraint set that the resulting dielectrophoretic force is applied in the radial direction only,

the solution of the Laplacian in cylindrical coordinates is

V = Ar™ sin(n@) (D2)
where 4 and » are constants. For E = —VV the equation is:

E= —(av/ar)f - (Vr)(av/ag)é (D3)

E = —nAr™(sin(n8) # + cos(nd) §) (D4)

E?=F-E =n?A%r?n2 (D5)

V(E?) = 2(n — Dn?A%r?n 3¢ (D6)

[00177] In order for the resulting dielectrophoretic force to be constant it requires that 2n — 3 =

0 orn = 3/2 such that:
2
V(E?) = (34/,)¢ (D7)
A substitution of another constant k = 34/2 yields Equation 4a
V= 2/3kr3/2 sin(38/2) (4a)

[00178] The above derivation for a constant gradient field squared is valid for Equation (4b) as

well

V= 2/3 k; r3/% cos(38/2) (4b)
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[00179]  All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each individual publication, patent, or patent
application was specifically and individually indicated to be incorporated by reference, including the

references set forth in the following list:
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43



WO 2018/009892 PCT/US2017/041238

CLAIMS

What is claimed is:
1. A method of analyzing particles, comprising:
providing an isomotive dielectrophoresis device;
positioning a sample within the device, the sample including at least one particle;
applying an electric field to the device, the electric field inducing a constant
dielectrophoresis force on the at least one particle of the sample; and
monitoring a translation of the at least one particle.

2. The method of claim 1, wherein the at least one particle includes a cell.

3. The method of claim 1, wherein positioning the sample within the device comprises

injecting the sample into the device until bulk fluid motion is halted.

4, The method of claim 1, wherein the constant dielectrophoresis force comprises a

constant force within an analytical space of the device.

5. The method of claim 1, wherein applying the electric field to the device comprises

applying an AC signal across a channel in the device.

6. The method of claim 5, wherein the AC signal is between 100 Hz and 100 MHz.

7. The method of claim 1, wherein applying the electric field to the device comprises

applying an AC signal through a channel in the device.

8. The method of claim 1, further comprising extracting dielectric properties of the at

least one particle.

9. The method of claim 8, further comprising determining a cell physiology from the

dielectric properties.

10. An isomotive dielectrophoresis device, comprising;
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a first electrode having a first surface geometry;

a second electrode having a second surface geometry; and

an electrically insulating material at least partially surrounding the first electrode and
the second electrode;

wherein the first electrode and the second electrode are arranged and disposed to

provide a constant dielectrophoresis force within an analytical space of the device.

11. The device of claim 10, wherein the first electrode and the second electrode are
arranged and disposed to provide a constant gradient field-squared within the analytical space

of the device.

12. The device of claim 10, wherein the first electrode and the second electrode define a

microchannel therebetween.

13. The device of claim 12, wherein the constant dielectrophoresis force is applied across

the microchannel.

14.  The device of claim 12, wherein the analytical space of the device comprises a portion

of the microchannel.

15. A method of forming the device of claim 10, the method comprising:
selecting a curvature of the first electrode and a curvature of the second electrode

based upon the equation v = 2kr3/2sin(39/,),

16. An isomotive dielectrophoresis device, comprising;

a first insulative feature having a first surface geometry;

a second insulative feature having a second surface geometry; and

at least one electrode positioned upstream and at least one electrode positioned
downstream of an analytical space;

wherein the first insulative feature and the second insulative feature are arranged and
disposed to form a microchannel extending from the inlet to the outlet of the device; and

wherein the first surface geometry of the first insulative feature and second surface
geometry of the second insulative feature are arranged and disposed to provide a constant

dielectrophoresis force within an analytical space of the device.
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17. The device of claim 16, wherein the first electrode and the second electrode are
arranged and disposed to provide a constant electrical field gradient within the analytical

space of the device.

18. The device of claim 16, wherein the constant dielectrophoresis force is applied

through the microchannel.

19. The device of claim 16, wherein the analytical space of the device comprises a portion

of the microchannel.
20. A method of forming the device of claim 16, the method comprising:

selecting a curvature of the first electrode and a curvature of the second electrode

based upon the equation v = 2kr3/2cos(39/,).
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